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SUMMARY 

The e f f e c t s of low l u b r i c a n t flowrates on both f r i c t i o n torque 

and temperature d i s t r i b u t i o n i n r o l l i n g contact bearings i s 

i n v e s t i g a t e d . A t h e o r e t i c a l analysis of the e f f e c t s of 

l u b r i c a n t s t a r v a t i o n on both f i l m thickness and r o l l i n g t r a c t i o n 

i s included. 

Experimental r e s u l t s are presented which i n d i c a t e t h a t 

both f r i c t i o n torque and component temperatures are reduced 

w i t h no apparent d e t r i m e n t a l e f f e c t , except at extremely low 

values of speed and v i s c o s i t y . 

Comparison between the experimental r e s u l t s and the 

t h e o r e t i c a l a n a l y s i s shows t h a t , at low loads, the p o s i t i o n of 

the f i l m i n l e t p o i n t i s Independent of speed but dependent on 

f l o w r a t e . The p o s i t i o n of the f i l m i n l e t point i s estimated 

from t h i s comparison: the f i l m i n l e t region i s shown to be 

very small. 
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^ equivalent radius of contact 
S non - dimensional h o r i z o n t a l coordinate ; See Figure 3. 
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§ f i l m i n l e t parameter defined i n Equation 3.1.39. 

the value of 5 f o r a f i l m i n l e t p o s i t i o n ^ 
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a c t i o n of the load 
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t£ the r o l l i n g component of t r a c t i o n 
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U = %^/B'(i 

= load per u n i t length of c y l i n d e r 
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% number of r o l l e r s i n the bearing assembly 

OC pressure exponent of v i s c o s i t y 
C t o t a l r o l l i n g t r a c t i o n r a t i o : 
^ v i s c o s i t y 
1̂  v i s c o s i t y at e n t r y t o contact 
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\ angle t o f i r s t r o l l e r i n an assembly from l i n e of action of the load 

i n f i n i t e r o l l i n g t r a c t i o n r a t i o : - /Tf^^ 
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^ i n l e t parameter r a t i o : 
J( the value of 5 at which the starved pressure curve s t a r t s 
<^ r o l l i n g t r a c t i o n r a t i o : 



SECTION 1 

1.1 I n t r o d u c t i o n and E x p e r i m e n t a l B a c k g r o u n d 

I t i s now w e l l e s t a b l i s h e d t h a t t h e mode o f 

l u b r i c a t i o n i n c o r r e c t l y f u n c t i o n i n g r o l l i n g c o n t a c t 

b e a r i n g s i s t h a t o f E l a s t o - h y d r o d y n a m i c l u b r i c a t i o n , 

and t h e phenomenon o f t h i s t y p e o f l u b r i c a t i o n has 

been t h o r o u g h l y i n v e s t i g a t e d , b o t h t h e o r e t i c a l l y and 

e x p e r i m e n t a l l y , d u r i n g t h e p a s t two decades. 

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

w i t h m i n i m a l l u b r i c a n t has o n l y l a t e l y been c o n s i d e r e d : 

i n many ways t h e p r o b l e m i t s e l f can be c o n s i d e r e d as 

r e c e n t s i n c e o n l y l a t e l y has t h e need f o r s e p a r a t e 

a n a l y s i s been a p p r e c i a t e d . 

The t h e o r e t i c a l i n v e s t i g a t i o n s c a r r i e d o u t i n t h e 

p a s t have i n g e n e r a l assumed t h e case o f a c o n t a c t w e l l 

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

t h e t i m e , s i n c e i t has been u s u a l i n i n d u s t r y f o r 

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

The r e s u l t s o f t h e t h e o r e t i c a l i n v e s t i g a t i o n s were 

t h o u g h t t o a p p l y w i t h o u t any s e v e r e r e s t r i c t i o n s t o a l l 

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

i n so f a r as t h e c o n d i t i o n was t h o u g h t t o e x i s t . 

E x p e r i m e n t a l work c a r r i e d o u t by Fogg and Webber 

(IS) d u r i n g t h e p e r i o d 19A1 - 19A6 n o t e d t h e f a c t , s i n c e 

c o n f i r m e d by many o t h e r i n v e s t i g a t o r s , t h a t a r o l l i n g 

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

s m a l l amounts o f l u b r i c a n t . However^ Fogg and Webber 

c o n c l u d e d f r o m t h e i r r e s u l t s t h a t , f o r t h e c o n d i t i o n s 
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i n v e s t i g a t e d ( u s i n g b o t h b a l l and r o l l e r b e a r i n g s o f 

50 ram b o r e - c o m p a r a b l e t o t h e t e s t b e a r i n g s used 

i n t h i s p r e s e n t i n v e s t i g a t i o n ) , an o i l j e t f e e d o f 

2000 - 3000 gra/minute p r o v i d e d a w o r t h w h i l e r e d u c t i o n 

i n b e a r i n g o p e r a t i n g , t e m p e r a t u r e o v e r r e s u l t s o b t a i n e d 

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

o f o i l s u p p l i e d as an o i l / a i r m i s t . I t was f u r t h e r 

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

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

m easured f r i c t i o n t o r q u e g e n e r a t e d w i t h i n t h e b e a r i n g . 

The r e s u l t s o f Fogg and Webber t h e r e f o r e i n d i c a t e d 

t h a t low f l o w r a t e l u b r i c a t i o n had l i t t l e t o o f f e r , 

a p a r t f r o m much r e d u c e d l u b r i c a n t usage, o v e r an 

o i l j e t s y s t e m , g i v i n g ranch h i g h e r f l o w r a t e s . T h e i r 

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

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

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

o p e r a t i o n ( n a m e l y , s u f f i c i e n t l u b r i c a n t and a dequate 

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

c o p i o u s l y l u b r i c a t i n g r o l l i n g c o n t a c t b e a r i n g s . 

I n most a p p l i c a t i o n s , o f c o u r s e , such a s o l u t i o n was, 

and i s , p e r f e c t l y a c c e p t a b l e and much o f t h e l a t e r 

e x p e r i m e n t a l work f o l l o w i n g t h a t o f Fogg and Webber 

has been c o n c e r n e d w i t h e s t a b l i s h i n g t h e more 

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

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

A g r e a t d e a l o f t h i s l a t e r work has been n o t e d 

by G a r n e l l and H i g g i n s o n (21) who i n i t i a t e d a s y s t e m a t i c 

i n v e s t i g a t i o n i n t o t h e l u b r i c a t i o n mechanism o f 
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r o l l e r b e a r i n g s . T h i s work has been c o n t i n u e d by 

o t h e r i n v e s t i g a t o r s , t h i s p r e s e n t work b e i n g one o f 

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

e a r l i e r work i n t h i s s e r i e s , i n common w i t h t h a t o f 

o t h e r i n v e s t i g a t o r s a t t h e t i m e , has been c o n c e r n e d 

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

agreement w i t h o r i n excess o f t h e recommendations o f 

b e a r i n g m a n u f a c t u r e r s . 

The work o f G a r n e l l and H i g g i n s o n c o n t a i n e d 

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

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

and was f u r t h e r r e p o r t e d by G a r n e l l (20). I n t h i s 

l a t e r w o r k , G a r n e l l r e p o r t s a p r e l i m i n a r y t h e o r e t i c a l 

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

r o l l e r b e a r i n g assembly and, i n t h i s c o n t e x t , d e s c r i b e s 

t h e i r method o f o b t a i n i n g e x p e r i m e n t a l f r i c t i o n 

t o r q u e r e a d i n g s f o r a b e a r i n g w i t h j u s t a d equate 

l u b r i c a t i o n w i t h no excess o i l . T h i s method was 

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

r e f e r e n c e s n o t e d , and c o n s i s t e d o f r e m o v i n g t h e 

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

w i t h no a d d i t i o n a l l u b r i c a n t u n t i l t h e o i l f i l m s i n 

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

p r e s e n t i n v e s t i g a t i o n , i t seems p r o b a b l e t h a t t h e i r 

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

a ' s t a r v e d ' c o n d i t i o n t h a n i n t h e c o n d i t i o n t h e y 

assumed. However, p r o v i d i n g t h i s anomaly i s n o t e d , 

t h e r e s u l t s p r e s e n t e d by G a r n e l l and H i g g i n s o n p r o v i d e 

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



t h i s p r e s e n t w o r k , w h i c h have been c a r r i e d o u t as a 

c o n t i n u a t i o n o f t h e s e r i e s o f e x p e r i m e n t s t h e y 

i n s t i t u t e d . 

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

by Fogg and Webber h a v e , s i n c e t h e d a t e o f t h e i r w o r k , 

been common p r a c t i c e i n t h e s p e c i a l i s e d f i e l d o f a e r o 

e n g i n e o p e r a t i o n . However, as a r e s u l t o f e x p e r i m e n t s 

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

S m i t h (Si) r e p o r t s t h a t g r o s s s l i p o f r o l l e r s and 

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

u n d e r e x t r e m e c o n d i t i o n s o f speed and l o a d . T h i s 

r e s u l t i s u n d e r l i n e d by Boness (5), who c a r r i e d o u t 

f u r t h e r work i n t h e s e r i e s i n i t i a t e d by G a r n e l l and 

H i g g i n s o n . I n t h e pape r n o t e d . S m i t h a l s o r e p o r t e d 

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

p r e m a t u r e b e a r i n g f a i l u r e . 

Boness, i n a d d i t i o n t o f u n d a m e n t a l work on t h e 

i s o v i s c o u s l u b r i c a t i o n o f r i g i d c y l i n d e r s (S ) (4 ), 

p e r f o r m e d an e x p e r i m e n t a l i n v e s t i g a t i o n i n t o t h e 

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

up t o 4000 gm/minute) on t h e dynamics o f cage and 

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

f i x e d cage b e a r i n g c o n f i g u r a t i o n s (5 ) (6 ) . A l t h o u g h 

some o f t h i s work c a n n o t be d i r e c t l y r e l a t e d t o t h e 

c o n d i t i o n s i n a n o r m a l l y o p e r a t i n g r o l l e r b e a r i n g , 

Boness's r e s u l t s p r o v i d e an i n t e r e s t i n g i n s i g h t i n t o 

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

b o t h r o l l e r and cage s l i p . P a r t i c u l a r l y n o t a b l e . 



w i t h i n t h e c o n t e x t o f t h i s i n t r o d u c t o r y d i s c u s s i o n , 

a r e t h e r e s u l t s w h i c h show t h a t a r e d u c t i o n i n 

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

and r o l l e r s l i p , Boness f u r t h e r r e p o r t s t h a t a 

r e d u c t i o n i n l u b r i c a n t f l o w t o t h e minimum r e q u i r e d 

f o r f u l l h y d r o d y n a m i c c o n d i t i o n s - an e l u s i v e t a r g e t 

- can r e d u c e cage s l i p by up t o 75%. 

I t i s r e c o g n i s e d w i t h i n t h e a e r o e n g i n e i n d u s t r y 

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

l u b r i c a t i o n o f b e a r i n g s . Many a t t e m p t s have been 

made t o p r e v e n t g r o s s s l i p by means o t h e r t h a n a 

r e d u c t i o n i n l u b r i c a n t s u p p l y , w i t h q u a l i f i e d s u c c e s s . 

One such p r e v e n t a t i v e i s t h e p r o v i s i o n o f b e a r i n g 

o u t e r r a c e t r a c k s o f c a r e f u l l y c o n t r o l l e d 

e l l i p t i c a l f o r m , b u t such a s o l u t i o n i s n e c e s s a r i l y 

cos t l y . 

A l b e i t w i t h l a c k o f o t h e r e v i d e n c e , one presumes 

t h a t t h e a e r o e n g i n e i n d u s t r y ' - s p r e s e n t commitment 

t o c o p i o u s l u b r i c a t i o n i s based o f o t h e r f a c t o r s i n 

a d d i t i o n t o t h e c o n v e n i e n c e o f p r o v i d i n g b o t h 

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

Such h i g h l u b r i c a n t usage r e q u i r e s c o o l i n g and 

f i l t e r i n g e q u i p m e n t t o p r e p a r e t h e l a r g e volumes o f 

l u b r i c a t i n g o i l f o r r e - c i r c u l a t i o n . The s e v e r e 

w e i g h t r e s t r i c t i o n s w h i c h a r e b e i n g imposed on p r e s e n t 

day a e r o i n s t a l l a t i o n s have p r o m p t e d t h e m a n u f a c t u r e r s 

t o seek o t h e r s o l u t i o n s t o t h e many p r o b l e m s o f b e a r i n g 

l u b r i c a t i o n . The c o n v e n i e n c e o f c o p i o u s l u b r i c a t i o n 

i s f a s t becoming an e m b a r r a s s m e n t . 



I n t e r m s o f t h e b e n e f i t s a v a i l a b l e f r o m a 

s a v i n g i n v / e i g h t , b o t h o f l u b r i c a n t and i n s t a l l a t i o n , 

i t a p p e a r s t h a t an o i l / a i r m i s t l u b r i c a t i n g d e v i c e used 

w i t h i n a ' t o t a l - l o s s ' s y s t e m c o u l d o f f e r an a c c e p t a b l e 

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

l u b r i c a t i o n . Such a s y s t e m , i n w h i c h t h e s m a l l 

q u a n t i t i e s o f l u b r i c a n t used are c h a n n e l l e d t o w aste 

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

Boness's r e s u l t s , a l s o p r o v i d e a means o f l u b r i c a t i o n 

i n w h i c h b o t h r o l l e r and cage s l i p are m i n i m i s e d . 

The v a l u e o f an i n v e s t i g a t i o n i n t o t h e e f f e c t s 

o f low l u b r i c a n t f l o w r a t e s on t h e b e h a v i o u r o f 

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

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

and Dowson (5 ) , f o r i n s t a n c e , s u g g e s t t h a t a s t u d y 

o f l u b r i c a n t ' s t a r v a t i o n ' i s n e c e s s a r y f o r t h e f u l l 

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

b e a r i n g s used i n g y r o s c o p e s . I n t h i s a p p l i c a t i o n , t h e 

l u b r i c a n t q u a n t i t y i n t h e b e a r i n g i s e x t r e m e l y l i m i t e d 

t o e n s u r e p r e c i s e o p e r a t i o n o f t h e i n s t r u m e n t . 

Many b e a r i n g s o p e r a t i n g i n q u i t e mundane s i t u a t i o n s 

a r e l u b r i c a t e d by c o m m e r c i a l o i l / a i r m i s t systems 

such as t h o s e m a n u f a c t u r e d by N o r g r e n L i m i t e d , The 

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

q u i t e s r a a l l and so an i n v e s t i g a t i o n i n t o t h e e f f e c t s 

o f low l u b r i c a n t f l o w r a t e s w o u l d be a p p l i c a b l e t o t h e s e 

c a s e s , A f u r t h e r i r a p o r t a n t p o i n t , c o n c e r n e d w i t h t h e 

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

f l o w r a t e s a r e known t o e x i s t , i s p r o p o s e d by 
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M u n n i c h (26). T h i s a u t h o r s u g g e s t s t h a t , even i n 

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

b e a r i n g l i f e f o r m u l a e as a b a s i s f o r b e a r i n g s e l e c t i o n 

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

where t h e f a i l u r e mechanism p r e v a l e n t i n t h e 

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

mechanism o b s e r v e d f o r b e a r i n g s o p e r a t i n g w i t h 

m i n i m a l l u b r i c a n t . 

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

s t a r v a t i o n may be a more common o c c u r a n c e t h a n i s 

g e n e r a l l y s u p p o s e d , and t h a t t h e r e i s a g e n e r a l need 

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

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

m i n i m a l l u b r i c a n t . I t i s o b v i o u s l y e s s e n t i a l t h a t t h e 

l u b r i c a n t r e q u i r e m e n t s o f a p a r t i c u l a r b e a r i n g i n s t a l l ­

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

a s m a l l b u t s a t i s f a c t o r y l u b r i c a n t s u p p l y can be 

p r o v i d e d . 

I t i s t h e p u r p o s e o f t h i s t h e s i s t o p r o v i d e a 

p r e l i m i n a r y i n v e s t i g a t i o n , b o t h e x p e r i m e n t a l l y and 

t h e o r e t i c a l l y , i n t o t h e e f f e c t s o f low l u b r i c a n t 

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



SECTION 2 

2 . 1 T h e o r e t i c a l D e v elopments 

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

by R e y n o l d s , c o n s i d e r e d t h e case o f s o l i d , u n d e r f o r m i n g 

m a t e r i a l s l u b r i c a t e d by a f i l m o f i n c o m p r e s s i b l e 

l u b r i c a n t . Numerous a u t h o r s have e x t e n d e d t h i s work 

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

c o n t a c t of t h i s n a t u r e and t h e r e s u l t i n g a n a l y s i s 

p r o v i d e s an a c c e p t a b l e e s t i m a t e o f t h e s e q u a n t i t i e s , 

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

c o n t a c t o p e r a t i n g u n d e r c o n d i t i o n s o f moderate speed 

and l i g h t l o a d . 

T h a t a n a l y s i s i s n o t a p p l i c a b l e t o more s e v e r e 

c o n d i t i o n s s i n c e i t u n d e r e s t i m a t e s , i n p a r t i c u l a r , 

t h e l u b r i c a n t f i l m t h i c k n e s s known t o e x i s t a t such a 

c o n t a c t . 

A number o f i n v e s t i g a t i o n s , i n c o r p o r a t i n g e i t h e r 

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

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

f i l m have o b t a i n e d u s e f u l e x t e n s i o n s t o t h e c l a s s i c a l 

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

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

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

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

c o n t a c t i n c o r p o r a t i n g b o t h t h e s e e f f e c t s was g i v e n by 

Dowson and H i g g i n s o n (14) who, by means o f a n u m e r i c a l 

p r o c e d u r e , o b t a i n e d an e x p r e s s i o n f o r l u b r i c a n t f i l m 

t h i c k n e s s i n an e l a s t o h y d r o d y n a m i c c o n t a c t . 
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The r i g o r o u s a n a l y s i s o f Dowson and H i g g i n s o n was, 

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

G r u b i n i l l ) , who, by means o f an i n s p i r e d s i m p l i f ­

i c a t i o n , was a b l e t o p r o v i d e an e x p r e s s i o n r e l a t i n g 

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

h e a v i l y l o a d e d l u b r i c a t e d c o n t a c t . The work o f 

G r u b i n c o n t a i n s t h e b a s i c a s s u m p t i o n s made i n t h e 

t h e o r e t i c a l a n a l y s i s g i v e n i n t h i s p r e s e n t work and 

so G r u b i n ' s a n a l y s i s i s d e s c r i b e d i n more d e t a i l 

i n t h e f o l l o w i n g s e c t i o n . 

The work o f b o t h G r u b i n and Dowson and H i g g i n s o n 

used t h e a s s u m p t i o n o f an i n l e t b o u n d a r y t o t h e 

c o n t a c t f i l m a t a p o i n t remote f r o m t h e c o n j u n c t i o n . 

Such a m a t h e m a t i c a l l y c o n v e n i e n t a s s u m p t i o n was 

t h o u g h t t o be w e l l j u s t i f i e d f o r t h e case o f a f u l l y 

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

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

g r e a t e r t h a n e i t h e r t h e f i l m t h i c k n e s s a t t h e 

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

T h i s a s s u m p t i o n o f an e x t e n s i v e f i l m was a l s o 

t h o u g h t t o be j u s t i f i a b l e when c o n s i d e r e d i n t h e l i g h t 

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

h e a v i l y l o a d e d c o n t a c t s . 

However, w i t h n o t a b l e i n s i g h t . Crook ( 9 ) 

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

o u t on a two d i s c m a c h i n e , " t h e d e v e l o p m e n t o f p r e s s u r e 

i n t h e o i l may n o t commence a t a p o i n t remote f r o m t h e 

c o n j u n c t i o n o f t h e d i s c s on t h e e n t r y s i d e 

b u t may commence a t a p o i n t c o m p a r a t i v e l y c l o s e t o t h e 
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c o n j u n c t i o n . The e f f e c t o f t h i s w o u l d be 

t o r e d u c e t h e p r e d i c t e d f i l m t h i c k n e s s " . 

Crook a l s o showed t h a t t h e l u b r i c a n t on t h e d i s c s 

r e m a i n e d on t h e s u r f a c e s f o r many c y c l e s and was o n l y 

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

l u b r i c a n t s u p p l y need o n l y r e p l a c e t h e s m a l l l u b r i c a n t 

l o s s e s a t t h e c o n t a c t . 

L a u d e r (24), who was a l s o c o n c e r n e d w i t h 

e s t a b l i s h i n g a more p h y s i c a l l y a c c e p t a b l e i n l e t 

b o u n d a r y c o n d i t i o n t h a n t h a t used by G r u b i n and by Dowson 

and H i g g i n s o n ( a n d who i n f a c t s u g g e s t e d an i n l e t 

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

f i l m shape a t e n t r y t o a l u b r i c a t e d c o n t a c t ) , n o t e d 

t h a t K a p i t s a had shown t h a t t h e t h e o r e t i c a l d i s t r i b u t i o n 

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

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

I t t h e r e f o r e appears t h a t t h e a s s u m p t i o n o f a 

re m o t e i n l e t b o u n d a r y t o a c o n t a c t c o u l d o v e r e s t i m a t e 

t o some degree t h e q u a n t i t y o f l u b r i c a n t i n use a t a 

c o n t a c t and t h a t such an a s s u m p t i o n c o u l d l e a d , i n 

some c a s e s , t o an e r r o n e o u s e s t i m a t e o f f i l m t h i c k n e s s 

and o t h e r p a r a m e t e r s o f t h e c o n t a c t . 
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2.2 G r u b i n A n a l y s i s f o r EHD C o n t a c t s 

G r u b i n (iZ.) c o n s i d e r e d t h e case o f an e l a s t i c 

c y l i n d e r i n c o n t a c t w i t h a r i g i d p l a n e , t h e c o n t a c t 

b e i n g l u b r i c a t e d by a f l u i d having p r e s s u r e - dependent 

v i s c o s i t y . 

Under t h e e f f e c t o f an a p p l i e d e x t e r n a l f o r c e 

t h e c y l i n d e r w i l l become f l a t t e n e d w i t h i n t h e c o n t a c t 

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

t h e c o n t a c t r e g i o n w i l l a l s o be m o d i f i e d . An e x a c t 

s o l u t i o n f o r t h e d e f o r m a t i o n o f t h e s e s u r f a c e s was 

g i v e n by H e r t z ( s e e , f o r example, (51)) v;ho a l s o 

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

m a t e r i a l s i n c o n t a c t . 

G r u b i n c o n s i d e r e d t h a t t h e p r e s e n c e o f a 

l u b r i c a n t f i l m w o u l d have l i t t l e e f f e c t on t h e s t r e s s 

d i s t r i b u t i o n and d e f o r m e d shape o f t h e c o n t a c t i n g 

s u r f a c e s e x c e p t t o cause t h e s u r f a c e s t o be s e p a r a t e d 

by a p a r a l l e l f i l m o f f l u i d o f t h i c k n e s s k g . T h i s 

m o d e l o f d e f o r m a t i o n i s shown i n f i g u r e 2 

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

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

i t can be shown t h a t t h e r e l a t i o n s h i p between t h e 

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

p r e s s u r e <^ w h i c h w o u l d be g e n e r a t e d i n a f l u i d w i t h 

c o n s t a n t v i s c o s i t y under t h e sam.e c o n d i t i o n s i s 

G r u h i n c o n s i d e r e d t h a t t h e f l u i d p r e s s u r e at t h e 
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i n l e t t o t h e H e r t z i a n c o n t a c t r e g i o n must be v e r y h i g h 

and t o o k t h e l i m i t i n g case o f an i n f i n i t e p r e s s u r e 

a t t h i s p o i n t . The above e q u a t i o n t h e r e f o r e g i v e s 

t h a t I 
^ . - - tn 

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

o f c o n t a c t d e f o r m a t i o n g i v e n by d r y c o n t a c t w i t h a 

p a r a l l e l f i l m s e p a r a t i o n , G r u b i n p r o d u c e d an e x p r e s s i o n 

f o r f i l m t h i c k n e s s \\Q i n c l o s e agreement w i t h b o t h 

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

r e s u l t s . 

A f u l l e r d i s c u s s i o n o f G r u b i n s V7ork appears i n 

r e f e r e n c e ( i 4 ) . 

I n common w i t h most o t h e r i n v e s t i g a t o r s , G r u b i n s 

a n a l y s i s assumes t h a t t h e s t a r t i n g p o i n t f o r t h e 

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

t h e edge o f t h e H e r t z i a n c o n t a c t r e g i o n . I t i s u s u a l 

t o a p p l y t h e c o n d i t i o n 

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

amount o f l u b r i c a n t : t h i s i s r e f e r r e d t o as a f u l l y 

f l o o d e d c o n d i t i o n . 

The p r e s e n t w o r k , i n common w i t h t h a t o f 

W o l v e r i d g e , B a g l i n and A r c h a r d (3^), uses a s i m i l a r 

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

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

v a l u e s o f t h e h o r i z o n t a l c o - o r d i n a t e c l o s e t o 

t h e edge o f t h e H e r t z i a n c o n t a c t r e g i o n ; t h i s i n l e t 

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

14 



w i t h s m a l l amounts o f l u b r i c a n t . T h i s c o n d i t i o n 

has come t o be known as s t a r v e d l u b r i c a t i o n . 

15 



SECTION 

T h e o r e t i c a l A n a l y s i s o f f ^ t a r v e d L u b r i c a t i o n 

3 . 1 E v a l u a t i o n o f r i l r ; T h i c k n e s s 

T h i s p a r t i c u l a r case o f e l a s t o - h y d r o d y n a m i c 

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

W o l v e r i d g e , B a g l i n and A r c h a r d (36), and a l s o i n a more 

g e n e r a l way by M u n n i c h (26) . 

W o l v e r i d g e , B a g l i n and A r c h a r d have d e v e l o p e d 

a s y s t e m a t i c a n a l y s i s o f t h e e f f e c t s o f l u b r i c a n t 

s t a r v a t i o n on t h e f i l m t h i c k n e s s f o r a c y l i n d e r 

i n c o n t a c t w i t h a p l a n e s u r f a c e . T h e i r a n a l y s i s 

uses t h e a s s u m p t i o n s o f G r u b i n : t h e p r e s e n t a n a l y s i s 

f o l l o w s i n p r i n c i p l e t h a t o f t h e above a u t h o r s 

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

d i f f e r e n t i n some r e s p e c t s . T h i s p r e s e n t a n a l y s i s 

a l s o e x t e n d s t h e work o f W o l v e r i d g e , B a g l i n and A r c h a r d 

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

s t a r v e d l u b r i c a t i o n c o n d i t i o n . T h e i r work i s , i n many 

r e s p e c t s , t h e b a s i s f r o m w h i c h t h e ^ t h e o r e t i c a l 

a n a l y s i s c o n t a i n e d i n t h i s p r e s e n t work commences 

and e x p l a i n s why i t has been c o n s i d e r e d d e s i r a b l e 

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

as an A p p e n d i x t o t h i s t h e s i s . The r e a d e r w i l l n o t e 

i n A p p e n d i x (U) t h a t t h e n o n - d i m e n s i o n a l q u a n t i t i e s 

used by W o l v e r i d g e , B a g l i n and A r c h a r d d i f f e r f r o m 

t h o s e used i n t h e a n a l y s i s w h i c h f o l l o w s . I t i s t h e 

a u t h o r s b e l i e f t h a t t h e use o f t h e more g e n e r a l l y 

a c c e p t e d n o n - d i m e n s i o n a l v a r i a b l e s p r o v i d e s a c o n s i d e r ­

a b l e s i m p l i f i c a t i o n i n t h e a n a l y s i s , and i t i s t h e s e 



v a r i a b l e s t h a t have been used t h r o u g h o u t t h i s p r e s e n t 

w o r k . 

R e y n o l d s e q u a t i o n . 

can be m o d i f i e d t o t a k e a c c o u n t o f a l u b r i c a n t w i t h a 

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

i n e q u a t i o n (2'Z'l) , t h e e q u a t i o n b e i n g e x p r e s s e d i n 

t e r m s o f t h e r e d u c e d p r e s s u r e . 

Hi 

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

v a r i a b l e s , 

t h e e q u a t i o n becomes 

3J.4 

For a c o n t a c t g e o m e t r y as assumed by G r u b i n 

and shown i n f i g u r e Z t h e gap between t h e b o u n d a r y 

s u r f a c e s i s g i v e n by H e r t z as 

Crook (40) has shown t h a t , i n t h e c o n v e r g i n g e n t r y 

r e g i o n , t h i s can be a p p r o x i m a t e d by 

The G r u b i n a s s u m p t i o n o f a l u b r i c a n t f i l m sbape 

17 



g i v e n by t h e d e f o r m a t i o n o f t h e s u r f a c e s i n d r y 

c o n t a c t has been s u c c e s s f u l i n p r e d i c t i n g f i l m t h i c k ­

n esses f o r t h e c o n d i t i o n o f f u l l y f l o o d e d l u b r i c a t i o n . 

I t seems r e a s o n a b l e t o suppose t h a t , s i n c e t h e f i l m 

e x t e n t i s r e d u c e d , t h e G r u b i n a s s u m p t i o n w i l l be even 

more a p p l i c a b l e f o r c o n d i t i o n s o f s t a r v e d l u b r i c a t i o n . 

C o n s i d e r i n g a l s o t h e Crook a p p r o x i m a t i o n t o t h e 

e x p r e s s i o n f o r d r y H e r t z i a n d e f o r m a t i o n . A p p e n d i x (A) 

shows t h a t t h i s a p p r o x i m a t i o n g i v e s b e t t e r agreement 

with t h e H e r t z i a n e x p r e s s i o n i n t h e r e g i o n c l o s e t o 

t h e edge o f t h e H e r t z i a n c o n t a c t zone. I t i s a g a i n 

r e a s o n a b l e t o assume t h a t t h e a p p r o x i m a t i o n w i l l 

more n e a r l y r e p r e s e n t t h e t r u e f i l m shape c l o s e t o 

t h e c o n t a c t r e g i o n and w i l l t h e r e f o r e be even more 

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

f l o o d e d c a s e . 

I t i s c o n v e n i e n t t o c o n s i d e r t h e e x p r e s s i o n 

f o r f i l m t h i c k n e s s i n t e r m s o f a new h o r i z o n t a l 

c o - o r d i n a t e , § , measured f r o m t h e edge o f t h e H e r t z i a n 

z o n e , as shown i n f i g u r e 3 

I t can be seen t h a t , i n t h e e n t r y r e g i o n . 

an d 
6. 5 - ^ 5^8 

The Crook a p p r o x i m a t i o n t h e r e f o r e becomes 

or 

H9 



/ 



The n o n - d i m e n s i o n a l f o r m o f R e y n o l d s e q u a t i o n 

becomes 

From e q u a t i o n (3'J'to 

and p u t t i n g i U 
^0 J 

Ho/ 
S I M 

s i m p l i f y i n g . 

MIS 

E q u a t i o n (Ĵ -IS) t h e r e f o r e i s a " G r u b i n - t y p e " m o d i f i e d 

v e r s i o n o f R e y n o l d s e q u a t i o n u s i n g t h e Crook a p p r o x ­

i m a t i o n t o t h e H e r t z i a n d r y c o n t a c t g e o m e t r y . 

The i n t e g r a t i o n o f 

has been c a r r i e d o u t by W o l v e r i d g e , B a g l i n and A r c h a r d , 

g i v i n g 

The p r e s e n t a n a l y s i s r e f e r s t o t h e v a l u e o f t h i s 

19 



i n t e g r a l f o r p a r t i c u l a r v a l u e s o f 'J c o r r e s p o n d i n g 

t o 5 w i t h some f i n i t e v a l u e S*J^ by t h e n o t a t i o n I 

N u m e r i c a l v a l u e s o f t h e i n t e g r a l f o r a f u l l range 

o f t h e v a r i a b l e ^ have been e v a l u a t e d by W o l v e r i d g e , 

B a g l i n and A r c h a r d and a r e shown i n a m o d i f i e d f o r m i n 

t a b l e (4 ) . I t i s n o t p o s s i b l e a t t h i s s t a g e t o 

e v a l u a t e c o r r e s p o n d i n g v a l u e s o f S^tl^e h o r i z o n t a l co­

o r d i n a t e , s i n c e t h e r e l a t i o n s h i p b etween ^ and S 

c o n t a i n s an unknovxn v a l u e o f b u t two n o t a b l e 

v a l u e s , c o r r e s p o n d i n g t o S'O and ^SOO a r e : 

s» '2- , o 

I t w i l l a l s o be seen t h a t 

From e q u a t i o n 

1^4 I 
where t h e s u f f i x j [ r e f e r s t o t h e v a l u e o f § a t 

w h i c h t h e p r e s s u r e c u r v e s t a r t s , and t h e s u f f i x S 

i d e n t i f i e s t h e v a l u e o f a t any d i s t a n c e S f r o m 

t h e edge o f t h e H e r t z i a n c o n t a c t r e g i o n . 

At t h e i n l e t p o i n t S*J^ t h e l u b r i c a n t p r e s s u r e 

w i l l be z e r o and so t h e n o n - d i m e n s i o n a l r e d u c e d 

p r e s s u r e a t t h i s p o i n t w i l l be z e r o , g i v i n g 

I - I 
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TABLE 4.-

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

g i v e n i n e q u a t i o n (j'i'ff) 

2 foi? S^^ 2 foi? S^^ X 
n -0.201533 0 

0. 152 63 -0.198267 0.003266 
0.30526 -0.186146 0.015387 
0.45789 -0. 167240 0.034293 
0.61052 -0. 145188 0.056345 
0.76315 -0.122770 0.078763 
0.91578 -0 .101598 0.099935 
1.068A1 -0.082414 0.119119 
1.22104 -0.065435 0 .136098 
1.37367 -0.050599 0 . 150934 
1.52630 -0.037719 0.163814 
3 .05260 +0.027125 0.228658 
4 .57890 +0.046976 0.248509 
6 . 10520 0.055157 0.256691 
7 .63150 0.059247 0.260780 
9 . 15 780 0.061567 0.263100 

10.68410 0.063004 0.264538 
12 .21040 0.063955 0.265488 
13.73670 0.064615 0.266148 
15 .26300 0.065092 0.266625 
22 .89450 0.066238 0.267772 
30.52600 0.066646 0.268179 
38.15750 0.066837 0.268370 
45.78900 0.066941 0.268474 
53.42050 0.067003 0.268536 
61.05200 0.067044 0.268573 
68.68350 0.067072 0.268605 
76.31500 0.067092 0.268625 

152 .63000 0.067156 0.268689 
763.15000 0.067176 0.268711 

0.067179 0.268711 



The second G r u b i n a s s u m p t i o n i s t h a t t h e p r e s s u r e 

a t t h e i n l e t t o t h e H e r t z i a n c o n t a c t r e g i o n ( S « 0 ) 

w i l l be v e r y h i g h : we t a k e G r u b i n s l i m i t i n g case o f 
( . . . 

fl^S Si t h i s p o i n t . 

The r e l a t i o n s h i p b etween t h e a c t u a l p r e s s u r e js 

and t h e r e d u c e d p r e s s u r e i s g i v e n by e q u a t i o n (2'M) , 

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

t h i s becomes 

I f o r t h e c o n d i t i o n s a t i n l e t t o t h e H e r t z i a n c o n t a c t 

r e g i o n , 

^S.o G 
E q u a t i o n (i-V^ can be r e - w r i t t e n f o r 3* O g i v i n g 

T h i s e x p r e s s i o n can be e v a l u a t e d d i r e c t l y f o r an 

i n l e t p o i n t S » 0 0 a l l o w i n g a v a l u e o f f o r t h i s 

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

c o n t a c t , t o be o b t a i n e d . 

T h i s p a r t i c u l a r v a l u e o f 14̂  f o r a f u l l y f l o o d e d 

c o n t a c t v ? i l l be i n d i c a t e d by [̂ ĵ  , For t h i s c a se, 

e q u a t 1 on becomes 

and i t has a l r e a d y been n o t e d t h a t 

has a v a l u e o f 0.26871 g i v i n g 
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Crook ( i O ) g i v e s t h e v a l u e o f t h e f i l m t h i c k ­

ness i n a f u l l y f l o o d e d c o n t a c t as: 

'00 

wh e r e 

N o t i n g t h a t , i n t h e p r e s e n t n o t a t i o n 

g i v i n g , m p a r t i c u l a r , ^ « ^ 
Co 

i t i s e a s i l y shown t h a t Crooks f o r m u l a f o r a f u l l y 

f l o o d e d c o n t a c t i s e q u i v a l e n t t o 

O f W " * 
The p r e s e n t a n a l y s i s i s t h e r e f o r e i n c l o s e 

a g r e e m e n t . 

For t h e case o f s t a r v e d l u b r i c a t i o n , d e f i n e d by 

an i n l e t c o n d i t i o n S'^^C^'here has some v a l u e 

l e s s than60)» d i r e c t e v a l u a t i o n o f e q u a t i o n ($'i'2̂  i s 

n o t p o s s i b l e because t h e v a r i a b l e , as d e f i n e d i n 

e q u a t i o n (3'i'll̂  , i t s e l f c o n t a i n s t h e f i l m t h i c k n e s s 

i n s h o r t ) c o r r e s p o n d i n g t o S'^ • t h e 

p a r t i c u l a r i n l e t p o i n t . 

I t i s p o s s i b l e t h o u g h t o e x p r e s s t h e f i l m 

t h i c k n e s s Wo^for t h i s i n l e t c o n d i t i o n as a 

p r o p o r t i o n o f t h e f i l m t h i c k n e s s Mo.for t h e f u l l y 
00 

f l o o d e d c o n d i t i o n . 

F o r t h e f u l l y f l o o d e d case e q u a t i o n 



g i v e s 

$906 
- I 

$90 . 

and f o r t h e s t a r v e d c a s e , S*C^/ 

Fo r any s t a r v e d c o n d i t i o n t h e r e f o r e 

r . I 
5*0 

3'J'SJ 

where S ^ ^ t h e f i l m t h i c k n e s s r a t i o . 

T h i s e q u a t i o n must i t s e l f be e v a l u a t e d i n terms 

o f t h e v a r i a b l e 'J w h i c h c o n t a i n s t h e s t a r v e d f i l m 

t h i c k n e s s Wfl^, However, i f p a r t i c u l a r v a l u e s o f t h e 

n o n - d i m e n s i o n a l f a c t o r s U, G and W a r e s p e c i f i e d t h e 

v a l u e o f can be c a l c u l a t e d and, u s i n g v a l u e s o f 

t h e f i l m t h i c k n e s s r a t i o ^ o b t a i n e d f r o m e q u a t i o n 

(J'l-H , v a l u e s o f can be f o u n d . 

These v a l u e s o f ^^Pj^> t o g e t h e r w i t h e q u a t i o n 

a l l o w t h e v a l u e s o f Q used i n t h e c a l c u l a t i o n o f 

Tj^j^ i n e q u a t i o n (J'l'Jt) t o be r e l a t e d t o v a l u e s o f t h e 

n o n - d i m e n s i o n a l i n l e t p o i n t T h i s has been done 

f o r f i g u r e S , w h i c h shows t h e v a r i a t i o n i n f i l m 

t h i c k n e s s r a t i o ^ w i t h change i n i n l e t p o i n t S'J^ 

f o r G = 5000, U = 1 X lo"''"^ and U = 3 x 10~^; t h e s e 

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

s t e e l c o n t a c t l u b r i c a t e d by a m i n e r a l o i l . 

A c u r v e s uch as t h a t shown i n f i g u r e 5 i s n o t 

g e n e r a l l y a p p l i c a b l e t o any l u b r i c a t e d c o n t a c t because 

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



'fc- .... 

• / • • M i 

I T 
jr. 



G, U and W b e f o r e t h e c u r v e can be p l o t t e d . 

I n o r d e r t o overcome t h i s d i f f i c u l t y , i t i s 

d e s i r a b l e t o p r o v i d e a h o r i z o n t a l c o - o r d i n a t e based on 

^ b u t c o n t a i n i n g t h e n o n - d i m e n s i o n a l f a c t o r s G, U 

and W, such t h a t t h i s new c o - o r d i n a t e , say S ^ i s a 

f u n c t i o n o f ^ a l o n e . 

From e q u a t i o n (3444 i t f o l l o w s t h a t , s i n c e t h e 

I n t e g r a l v a l u e s a r e a l l f u n c t i o n s o f ^ a l o n e , 

and s i n c e 

5-̂ -36 

The r e l a t i o n s h i p g i v e n i n e q u a t i o n ( J l ^ ) t o g e t h e r w i t h 

e q u a t i o n g i v e s 

w h i c h r e d u c e s t o 
.>4 

3 f 3 5 

C60) 
I f t h e v a r i a b l e ^ i s d e f i n e d 

5 ' ' i ^ y 

i t f o l l o w s t h a t 

6 . (i) ^'^ 

U s i n g e q u a t i o n s i^''^h and (5441^ i t can e a s i l y be shown 



and 

F i g u r e v shows t h e v a r i a t i o n o f t h e f i l m 

t h i c k n e s s r a t i o ^ w i t h i n l e t p a r a m e t e r S • T h i s 

c u r v e a p p l i e s t o a l l c y l i n d r i c a l c o n t a c t s . 

I t s h o u l d be n o t e d t h a t t h e v a r i a b l e S d i f f e r s 

by o n l y a n u m e r i c a l f a c t o r f r o m t h e v a r i a b l e 

d e f i n e d by T J o l v e r i d g e , B a g l i n and A r c h a r d . F i g u r e ^ 

i s t h e r e f o r e d i r e c t l y c o m p a r a b l e w i t h f i g u r e 7 

i n r e f e r e n c e ) (see A p p e n d i x ( U ) ) , g i v e n t h a t S*4'44*' 

Z5 





3.2 E v a l u a t i o n o f I n l e t P r e s s u r e D i s t r i b u t i o n 

I t has been shown i n e q u a t i o n ^^'V^ t h a t t h e non-
d i m e n s i o n a l r e d u c e d p r e s s u r e Gl^at any p o i n t S i n a 
l u b r i c a t e d c o n t a c t can be e x p r e s s e d i n t e r m s o f t h e 
v a l u e o f t h e i n t e g r a l ( d e f i n e d i n e q u a t i o n (Ĵ 'IT) ) a t 

^ t h e i n l e t p o i n t , and t h e v a l u e o f t h e 

i n t e g r a l a t t h e p a r t i c u l a r p o i n t S • 

For a s t a r v e d c o n t a c t , where t h e i n l e t p o i n t i s 

J e q u a t i o n (J'J'^ becomes 

I 
5 

At t h e edge o f t h e H e r t z i a n c o n t a c t r e g i o n , 

t h e G r u b i n a s s u m p t i o n g i v e s t h e c o n d i t i o n (\ — • 

and so e q u a t i o n becomes 

C o m b i n i n g e q u a t i o n s (J-M) and &H) , 

^ \ 1 1 , . * - 1 . 1 
and f r o m e q u a t i o n 

U s i n g t h e above e q u a t i o n s ii'Vi) and (J'Z'4) t h e 

v a l u e s o f t h e n o n - d i m e n s i o n a l p r e s s u r e ^ a t any 

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

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

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



p r e s s u r e ^ t o a base o f e i t h e r S or <S f o r a 

number o f f i l m i n l e t p o i n t s S^*^ ' 

Because o f t h e G r u b i n a s s u m p t i o n o f an i n f i n i t e 

p r e s s u r e a t t h e edge o f t h e H e r t z i a n c o n t a c t r e g i o n , 

c u r v e s such as t h o s e p r o p o s e d above have no p h y s i c a l 

s i g n i f i c a n c e b u t C a s t l e and Dowson ( 8 ) , whose 

r e s u l t s J p r o v i d e s o l u t i o n s i n agreement w i t h t h i s 

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

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

EHD c o n t a c t . 

These p r e s s u r e c u r v e s a r e r e p r o d u c e d i n f i g u r e 7. 
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3.3 E v a l u a t i o n o f P o l l i n g T r a c t i o n 

The use o f t h e C r u b i n model f o r t h e p r e d i c t i o n 

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

t h a n t h e use o f t h i s model f o r t h e p r e d i c t i o n o f 

l u b r i c a n t f i l m t h i c k n e s s e s because n e i t h e r t h e 

e x p r e s s i o n f o r r n o r used i n t h e a n a l y s i s a c c u r a t e l y 

R e p r e s e n t s t h e c o n d i t i o n s known t o e x i s t i n an a c t u a l 

c o n t a c t . I t c a n n o t t h e r e f o r e be e x p e c t e d t h a t t h e 

v a l u e o f t h e r o l l i n g t r a c t i o n w i l l be v e r y a c c u r a t e 

w i t h o u t some s u p p o r t i n g e v i d e n c e . 

However, i t s h o u l d be n o t e d t h a t , as shown i n 

A p p e n d i x ( A ) , t h e Crook a p p r o x i m a t i o n f o r 

i s i n b e t t e r agreement w i t h t h e H e r t z i a n v a l u e o f 

g^y^ 3 t p o i n t s c l o s e t o t h e H e r t z i a n c o n t a c t and 

so w o u l d more n e a r l y r e p r e s e n t t h e d r y H e r t z i a n 

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

a n a l y s i s has been used t o c a l c u l a t e v a l u e s o f r o l l i n g 

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

q u i t e c l o s e t o t h e few f u l l c o mputer s o l u t i o n s 

a v a i l a b l e as shown i n t a b l e 5 ' 

S i n c e b o t h t h e G r u b i n model and t h e Crook a p p r o x ­

i m a t i o n t o f i l m shape ( t h e s e b e i n g t h e b a s i s o f t h i s 

p r e s e n t a n a l y s i s ) w o u l d be e x p e c t e d t o g i v e a more 

a c c u r a t e r e p r e s e n t a t i o n o f t h e case o f a c o n t a c t 

o p e r a t i n g u n d e r s t a r v e d c o n d i t i o n s , t h e r e a r e g rounds 

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

a n a l y s i s w i l l be a c c e p t a b l y c l o s e t o t h e r e a l 

s i t u a t i o n . 
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The h y d r o d y n a m i c f o r c e components a c t i n g on a 

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

shown i n f i g u r e 9i 

The f r i c t i o n a l t r a c t i o n p e r u n i t f a c e w i d t h o f 

c o n t a c t on t h e s u r f a c e s i s g i v e n by Crook (JZ) as 

whe r e 

fcjf i s t h e c o n t r i b u t i o n due t o pure r o l l i n g 

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

I t has a l s o been shown i n r e f e r e n c e ( 1 2 ) t h a t 

and 

x^he r e 

3 S J 

l \ = t h e f i l m t h i c k n e s s a t a d i s t a n c e X - f r o m 

t h e c e n t r e o f t h e H e r t z i a n c o n t a c t , 

j? = t h e p r e s s u r e a t p o s i t i o n 

^ = t h e v i s c o s i t y a t p o s i t i o n 9^ 

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

t h e c o n t a c t ^ « (^I'^^i) 

C o n s i d e r i n g t h e r o l l e r e q u i l i b r i u m under t h e 

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

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

fc^S+fejZ . The t o t a l t r a c t i o n a t t h e o u t e r r a c e i s 

t h e r e f o r e 2 ^ j t » d i r e c t i o n o f r o t a t i o n of t h e 

i n n e r r a c e . The p r e s e n t a n a l y s i s c o n s i d e r s o n l y t h e 

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

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

The c o n t a c t s l i p n e c e s s a r y t o p r o v i d e t h i s e q u i l i ­

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

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

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

t h e s l i p i s i n f a c t s m a l l . F o r s t a r v e d l u b r i c a t i o n , 

where l u b r i c a n t f i l m t h i c k n e s s e s w i l l be somewhat 

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

u n d e r f u l l y f l o o d e d c o n d i t i o n s , i t w o u l d appear t h a t 

c o n t a c t s l i p w i l l be even l e s s t h a n t h a t i n t h e f u l l y 

f l o o d e d c a s e . 

E q u a t i o n (H'^j) f o r t h e r o l l i n g t r a c t i o n w i t h i n t h e 

c o n t a c t can be r e - w r i t t e n as 

|MC*T 
by u s i n g t h e non d i m e n s i o n a l f a c t o r s 

The i n t e g r a l p a r t o f e q u a t i o n (3^4) can be r e -

e x p r e s s e d as 

'w.p' 'w.p' CIS • 

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

z e r o a t b o t h i n l e t and o u t l e t and so 

E q u a t i o n t h e r e f o r e reduces t o 

30 



T h i s e q u a t i o n w o u l d n o r m a l l y be e v a l u a t e d f o r 

t h e w h o l e c o n t a c t l e n g t h , b u t t h e i n t e g r a l l i m i t s can 

be m o d i f i e d by m a k i n g c e r t a i n o b s e r v a t i o n s about t h e 

n a t u r e o f t h e c o n t a c t . I t i s h e l p f u l t o c o n s i d e r t h e 

p r e s s u r e and f i l m t h i c k n e s s p r o f i l e s f o r a t y p i c a l EHD 

c o n t a c t and a c u r v e o f t h e v a r i a t i o n o f p r e s s u r e ^ 

w i t h f i l m t h i c k n e s s iv t h r o u g h t h e c o n t a c t . These 

c u r v e s a r e shown i n f i g u r e j l . 

I t i s o b v i o u s f r o m e q u a t i o n (J'3'S t h a t t h e a r e a 

c o n t a i n e d by t h e ^ / k c u r v e i s p r o p o r t i o n a l t o t h e 

r o l l i n g t r a c t i o n g e n e r a t e d w i t h i n t h e c o n t a c t . I t 

w i l l be n o t e d t h a t : 

i ) t h e r e g i o n o f n e a r l y c o n s t a n t w i t h i n t h e 

H e r t z i a n c o n t a c t r e g i o n v ; i l l make l i t t l e c o n t r i b ­

u t i o n t o t h e t o t a l r o l l i n g t r a c t i o n because t h e 

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

due t o t h e symmetry about t h e c e n t r e - l i n e o f t h e 

p r e s s u r e and f i l m shape, 

i i ) t h e o u t l e t f r o m t h e c o n t a c t i s a r e g i o n where b o t h 

and H w i l l be s i g n i f i c a n t . However, as 

w i l l be n o t e d f r o m t h e l*/^ c u r v e , t h e area r e p r e s e n t ­

i n g t h e c o n t r i b u t i o n o f t h e o u t e r r e g i o n i s many 

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

o f t h e i n l e t r e g i o n . I t w i l l a l s o be n o t e d t h a t 

i n c l u s i o n o f a r e a B i n t h e c o n t r i b u t i o n o f t h e 

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

A, t h e c o n t r i b u t i o n o f t h e o u t l e t r e g i o n . 

I t i s t h e r e f o r e i n t h e s p i r i t o f t h i s p r e s e n t 

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

$1 
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r e g i o n t o t h e t o t a l r o l l i n g t r a c t i o n . 

R e - w r i t i n g e q u a t i o n (J'J'S) f o r t h e i n l e t r e g i o n 

o n l y , and n o t i n g t h a t ^Ss-^X, 

I t has been shown t h a t 

g i v i n g 

and, f r o m t h e p r e v i o u s s e c t i o n 

4JtJ P 
The e v a l u a t i o n o f b o t h and 15 

• 

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

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

t r a c t i o n Tl^jj t o be e v a l u a t e d . T h i s can be done 

n u m e r i c a l l y by a method such as t r a p e z o i d a l i n t e g r a t i o n 

and a c o mputer p r o g r a m f o r t h e e v a l u a t i o n o f T f j ^ 

u s i n g t h i s method i s shown i n f i g u r e 12, 

I t i s o f c o u r s e p o s s i b l e t o show t h e v a r i a t i o n of 

"T]j^ w i t h f i l m i n l e t p o i n t S*3̂  by p l o t t i n g Ti?^ 

t o a base o f S b u t , as w i t h t h e f i l m t h i c k n e s s r a t i o 

^ * ^ / l J such a c u r v e w i l l o n l y be a p p l i c a b l e f o r 

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

G, U and W. F i g u r e 45 shows t h i s c u r v e f o r G = 5000, 

U = 1 X 1 0 " a n d y = 3 X l o " - \ 



MASTER RAH4 
feVAL.OF RtLUNO TRACTION 
RfcAL Tl ( i O ) ,T9C3U) ,T1U(iO) ,T1<:(iU) ,Hi(3U) ,S1 f S^CSO) ,SJ ( i y u ) ,(iQ 

R£AD(6»1) ( T K I ) ,I«T 
1 fURMAT(66tt, 1 ) 

U«TE-1U 

DO ^U* is1»3U 
T»T1 ( I ) 
CALL WBAiT.Tlb) 
T V ( l ) a T 1 i 
Tiot i )»Tv ( I )*o,<:on33i;6^'' 

H<:CI) «T1^(|)*H1 
S K I ) • T T ( l ) * t ( l i 2 ( n ) / (<J, 40U»<f*W)) **l<;/3, 0) 
si : ( i ) s s m > * i , u 6 * ( ( w * * u . / h W ( ( < j * u ) * * u , S ) ) 
S 4 ( I ) a1 .U/S^(U 
WRlTEOf^U) G,U>W|T1U}»S1(I)»S^(l}rH1 , T W(I},H^(I),S4(I) 

JO FORMAT(l»X,^HG»,Fb.U/,16X,2MU«.fc1i.i/»1«X,iMW«#E13.>/flOXflUMTAU I 
1 NLET", Fl i. 5/»1 2X,ttHS) 1NLET«»F13.:>/,8X»12HS BAR inuT , f\5, ̂  / , MX, f 
ĤHO INF«.fe13,i/#6X»14HH0 CHl/HO IhF»»F1i.i/»1iX»^MHO CHI«,E13,i/f6 
iX«14H1/S BAR INLET*fF1i,d/} 

Y S S I ( I ) / 4 N - 1 ) 
S 3 ( l ) • S K I ) 
t 5 ( N ) •16-10 
00 <»0, J«2,(N-1) 

M>V- ST/^\^€0 /0HM/^(B Tf/^cTtOf^ 



8 3 ( J ) »SHI )«((J»1)*Y) 
40 CONTINUE 

0OiU,M«1,N,1 

CALL WBA(T#T15) 

&P(M)»-(ALO(i(l -GQ{M))) 
P(M>»( ((,P(M) )/(,) 

P 0 H ( M ; » P { M ) * D H ( M ) 
SO CONTINUE 

TR1 • P D H ( 1 ) / 2 
T«^ • P D H ( N ) / 2 
T R 3 •y.uuououoooo 
006U Ka<:,(N-1),1 

T R 3 * T K 3 * P 0 M ( K ) 
* 0 CONTINUE 

TK • ( T R 1 * T R ^ * T R 3 ) * 4 V / ^ . 0 ) 
RAl b T R / U . l<»y4^E»07 
RAi «((S<J(I)**i,1415V)/tS2(l)**^,0)) 
RAJ •((U,*:i<;*RA2)/(1,0*^0.212*RA<;))) 
RA4 »1UU,U*t(RA1-RA3> / ( R A 1 ) > 
RAS »l(U,^U*RA2)/(1.U*(0.<;u*RA<!))) 
RA6 •lUU,U*(tRAl»RA>)/(RAl)) 
WRITEd f yO) »TR«RA1 ,RAi,RA4»,RA:>,RA6 

rO FORMAT CVX , WHROLL. T R AC. s . E 1 3 . i / f V X »1/H RO L L . T R AC . R AT I 0« » F1 3 , b / »VX 
1,11MFUNCU0N lB,F13.>/»yX.1<>HpEKCENI ERROR a»F13,>/,yXf11HFUNCTl O N 
22«»F13.S/»9X#14hPERCENT ERR0R3,Fi3,i///) 

iQ CONTINUE 
STOP 
E N D 

SUBROUTINE WBA (T.TI!}) 
T2»T**y,S 
T3«T**1,> 
T 4 « a * ( ( 2 * T 3 ) - i ) ) / ( y * ( ( i * T 3 i **<:>) 
Ti«U.:>*AL0Gt((1*T<:)**2)Ml*T-T2)) 
T6«t3**U, i)*ATAN( ( i - T i D M ( 3 * * 0 , i ) * T ^ ) ) 
T/«T5*T6 
16mlf*d/if,0 
T1S«T4-Tb 
RETURN 
E N D 



... 



The i n l e t p a r a m e t e r S » d e f i n e d i n e q u a t i o n ( 3 ^ , 

p r o v i d e s a more u s e f u l h o r i z o n t a l c o - o r d i n a t e , b u t i t 

w i l l be n o t e d t h a t li^^ i t s e l f i s n o t i n d e p e n d e n t o f 

C, U and W. 

C o n s i d e r i n g a g a i n t h e e v a l u a t i o n o f Tf^ i t f o l l o w s 

f r o m e q u a t i o n s and (ii'i) t h a t 

Equat i o n p, 1 V e s 

and, f r o m e q u a t i o n s (3̂M̂  and (^l^ 

I t can t h e r e f o r e be shown t h a t 

S i m i l a r l y f o r 

and o f c o u r s e i n t h i s case w i l l be 

i n v a r i a b l e . 

I f a r o l l i n g t r a c t i o n r a t i o 7̂  ' ̂ JT i s d e f i n e d i t 
"̂ ^̂  At ^ 

w i l l be seen t h a t t h i s r a t i o i s a f u n c t i o n °^ \C/5^^ 

a l o n e i . e . 

The d e f i n i t i o n o f t h e v a r i a b l e ^ g i v e s 

s o 

3S 



I t t h e r e f o r e f o l l o w s t h a t 

va 

The p r e s e n t a n a l y s i s e v a l u a t e s f o r p a r t i c u l a r 

l u e s o f G, U and W b u t e q u a t i o n shows t h a t . 

V7here 

p r o v i d e d t h e r e s u l t s a r e e x p r e s s e d i n terms o f t h e 

r o l l i n g t r a c t i o n r a t i o and r e l a t i v e t o t h e i n l e t 

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

any l u b r i c a t e d c y l i n d r i c a l c o n t a c t . 

The v a l u e o f 1]̂ ^ c a n n o t be e v a l u a t e d d i r e c t l y 

b ecause o f t h e i n t e g r a l l i m i t s n e c e s s a r y i n e q u a t i o n 

and t h e v a l u e must be e s t i m a t e d by e x t r a p o l a t i o n 

f r o m r e s u l t s o b t a i n e d f o r l a r g e v a l u e s o f SjC , 

F i g u r e J4 shows t h e v a r i a t i o n o f l l f j ^ w i t h l o g /^S^ 

f o r t h e v a l u e s o f G, U and V. used p r e v i o u s l y . I t w i l l 

be n o t e d t h a t as ^ ' ' ' ^ j ^approaches z e r o , T^j^ approaches 

a v a l u e o f ^'&*^\^, T h i s v a l u e has been a s s i g n e d 

t o Tlfg^ t h i s p a r t i c u l a r s e t o f n o n - d i m e n s i o n a l 

c o n d i t i ons. 

F i g u r e 45 shows t h e v a r i a t i o n o f t h e r o l l i n g 

t r a c t i o n r a t i o / w i t h i n l e t p a r a m e t e r As s t a t e d 

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

p a r t i c u l a r v a l u e s o f G, U and V, e q u a t i o n shows 

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

c y l i n d r i c a l c o n t a c t . 
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3.4 The B e a r i n g Assembly 

The a n a l y s i s so f a r d e v e l o p e d has been w h o l l y 

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

a s i n g l e c y l i n d r i c a l c o n t a c t . 

T h i s t h e o r e t i c a l work can be e x t e n d e d t o p r e d i c t 

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

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

l u b r i c a n t d i s t r i b u t i o n a r e made. F i g u r e shows a 

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

d i s t r i b u t i o n a s suming a r i g i d b e a r i n g h o u s i n g and 

p e r f e c t b e a r i n g g e o m e t r y . 

The p r e s e n t a n a l y s i s uses t h e above s i m p l i f y i n g 

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

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

m odel an a c t u a l b e a r i n g a s s e m b l y . A d e v i a t i o n f r o m 

e i t h e r o f t h e above c o n d i t i o n s can have a c o n s i d e r a b l e 

e f f e c t on t h e l o a d s h a r i n g between t h e r o l l e r s o f an 

a s s e m b l y . Dowson and H i g g i n s o n (14) have a n a l y s e d t h e 

case o f non r i g i d components and b e a r i n g c l e a r a n c e ; 

M i i n n i c h , E r h a r d and N iemeyer have i n v e s t i g a t e d 

t h e e f f e c t s o f h o u s i n g s t i f f n e s s . Each a n a l y s i s shows 

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

change i n l o a d d i s t r i b u t i o n w i t h i n t h e a s s e m b l y . 

F o r t h e i d e a l i s e d case shown i n f i g u r e j f i , 

Dowson and H i g g i n s o n have shown t h a t 

where P i s t h e t o t a l b e a r i n g l o a d and ^ t h e number 
i o f r o l l e r s i n t h e a s s e m b l y . 
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I t f o l l o w s t h a t 

C o n s i d e r i n g a g a i n e q u a t i o n m , i t w i l l be seen 

t h a t t h e v a r i a b l e Sj^ t o w h i c h b o t h f i l m t h i c k n e s s 

r a t i o 1^ and r o l l i n g t r a c t i o n r a t i o have been 

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

and W i n a d d i t i o n t o b e i n g a f u n c t i o n of t h e f i l m i n l e t 

p o i n t S*«3̂ * For a g i v e n i n l e t c o n d i t i o n t h e r e f o r e , 

w i l l v a r y w i t h G, U and W. W h i l s t G and U w i l l 

be c o n s t a n t f o r g i v e n o p e r a t i n g c o n d i t i o n s and b e a r i n g 

m a t e r i a l , W, t h e non d i m e n s i o n a l r o l l e r l o a d , w i l l 

depend on t h e r o l l e r ' s p o s i t i o n i n t h e a s s e m b l y . 

The v a r i a t i o n i n SjC w i t h r o l l e r p o s i t i o n i s o f t h e 

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

c o n t a c t c o n d i t i o n s f o r a l l r o l l e r s f r o m known, o r 

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

l o a d e d r o l l e r . I t i s n e c e s s a r y t o make c e r t a i n 

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

t h e a s sembly b e f o r e t h i s v a r i a t i o n i n 5 '̂̂ '̂̂  

de t e r m i n e d . 

Crook ( 5 ) has n o t e d t h a t , i n e x p e r i m e n t s c o n d u c t e d 

on a two d i s c m a c h i n e , t h e l u b r i c a n t f i l m s on t h e 

r o l l i n g s u r f a c e s were t e n a c i o u s l y m a i n t a i n e d d u r i n g 

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

f r o m t h e s u p p l y . 

L a u d e r (24), d i s c u s s i n g e x p e r i m e n t s c a r r i e d o u t 

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

i s o v i s c o u s , i n c o m p r e s s i b l e l u b r i c a n t and r i g i d s u r f a c e s 
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( l u b r i c a n t f l o w r a t e b e i n g j u s t a dequate t o m a i n t a i n f u l l 

l u b r i c a t i o n ) n o t e d t h a t a t any g i v e n l o a d and speed 

c o n d i t i o n t h e i n l e t b o u n d a r y o f t h e l u b r i c a n t f i l m t o o k 

up a w e l l d e f i n e d p o s i t i o n . One o f L a u d e r ' s aims was 

t h e v i s u a l o b s e r v a t i o n o f t h e f i l m p r o f i l e a t i n l e t : he 

n o t e d t h a t t h i s p r o f i l e was d i s t u r b e d by an i n c r e a s e i n 

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

o f t h e i n l e t b o u n d a r y a p p e a r e d t o move away f r o m t h e 

c o n j u n c t i o n , a l b e i t s l i g h t l y . R e adings of f i l m t h i c k ­

n e s s , p r e s s u r e and f r i c t i o n f o r c e were n o t n o t i c e a b l y 

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

(Z4), L a u d e r p r o p o s e d t h e f i l m i n l e t c o n d i t i o n 

Boness ( 7 ) has c o n s i d e r e d t h e work o f Lauder and, 

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

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

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

d i f f i c u l t i e s i n c o m p u t a t i o n p r e v e n t e d Boness f r o m 

s a t i s f a c t o r i l y c o n c l u d i n g t h i s w o r k , he s u g g e s t s t h a t 

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

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

f o r c e a t t h e r o l l i n g c o n t a c t , t h e e f f e c t on t h e f r i c t i o n 

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

t h a t t h e i n l e t c o n d i t i o n p r o p o s e d by Lauder r e p r e s e n t s 

t h e minimum o i l s u p p l y r e q u i r e d by a l u b r i c a t e d c o n t a c t , 

and i s n o t u n i q u e t o a l l p r o b l e m s . 

Boness s t a t e s t h a t a t t h e t i m e o f h i s w o r k , no 

g e n e r a l u p - s t r e a m b o u n d a r y c o n d i t i o n has been f o u n d w h i c h 
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can be a p p l i e d t o a l l c o n t a c t s . To t h e a u t h o r ' s 

k n o w l e d g e , t h i s i s s t i l l t h e case. 

As a r e s u l t o f h i s w o r k , Boness c o n s i d e r s t h a t t h e 

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

by t h e o i l f l o w r a t e t o t h e c o n t a c t zone. 

The o b s e r v a t i o n s o f L a u d e r f o r t h e case o f s l i d i n g 

c o n t a c t and t h e p r e d i c t i o n s o f Boness f o r t h e case o f 

r o l l i n g c o n t a c t w o u l d appear t o i n d i c a t e d i f f e r e n t 

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

o f t h e l u b r i c a n t f i l m . B o t h a u t h o r s do a g r e e , t h o u g h , 

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

t h e r a t e o f l u b r i c a n t f l o w t o g e t h e r w i t h l o a d and speed 

c o n d i t i o n s a t t h e c o n t a c t . The emphasis p l a c e d on each 

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

s l i d i n g , b e i n g c o n s i d e r e d . 

Boness's work can be d i r e c t l y r e l a t e d t o t h e 

r o l l i n g c o n t a c t s w i t h i n a b e a r i n g a s s e m b l y , s u g g e s t i n g 

t h a t i n t h i s case t h e l u b r i c a n t f l o w r a t e w i l l be a 

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

b o u n d a r y . Once t h e f l o w r a t e has been f i x e d , l e s s 

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

as speed and l o a d c o n d i t i o n s a t t h e c o n t a c t are 

a l t e r e d . 

F u r t h e r , t h e o b s e r v a t i o n s o f Crook ( w h i l s t 

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

p o s s i b l y be a p p l i e d t o a b e a r i n g assembly as w e l l . 

T h i s s u g g e s t s t h a t once t h e q u a n t i t y o f l u b r i c a n t on a 

r o l l e r has been d e t e r m i n e d by t h e r a t e o f l u b r i c a n t 

s u p p l y , t h i s q u a n t i t y r e m a i n s s e n s i b l y c o n s t a n t -
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i r r e s p e c t i v e o f t h e r o l l e r ' s p o s i t i o n i n t h e ass e m b l y . 

The f o l l o w i n g work makes no a t t e m p t t o p r o v i d e a 

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

t h e f i l m i n l e t p o i n t i n t e r m s o f a l l t h e v a r i a b l e s 

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

t h a t , as an i n i t i a l s t e p , t h e p o s i t i o n o f t h e i n l e t 

b o u n d a r y i s known. Crook's r e s u l t s have been t a k e n as 

g i v i n g some j u s t i f i c a t i o n t o t h e a s s u m p t i o n t h a t t h e 

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

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

From f i g u r e 1/ » s h o w i n g a s i n g l e l u b r i c a t e d 

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

s i m p l y be d e s c r i b e d as t h e p o i n t ^ L f f f s ^ j , t h i s v a l u e 

o f b e i n g t h e same f o r a l l r o l l e r s i n t h e ass e m b l y . 

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

t h e r o l l e r s i n t h e assembly c o u l d be p r o p o s e d , and 

A p p e n d i x (S) c o n t a i n s an a l t e r n a t i v e a n a l y s i s based 

on a n o t h e r a s s u m p t i o n . I n t h i s case i t i s a r g u e d t h a t 

s i n c e t h e i n l e t c o n t a c t g e o m e t r y i s o n l y s l i g h t l y 

m o d i f i e d by v a r i a t i o n s i n l o a d on t h e c o n t a c t ( f i g u r e 

A p p e n d i x ( S ) ) , v a r i a t i o n s i n i n l e t p o i n t w i t h l o a d w i l l 

be s l i g h t . The f i l m i n l e t p o i n t can s i m p l y be t a k e n as 

o c c u r i n g a t a g i v e n v a l u e o f X , measured f r o m t h e 

c e n t r e l i n e o f t h e c o n t a c t and (once a g a i n assuming t h a t 

t h e l u b r i c a n t f i l m s on t h e r o l l i n g s u r f a c e s do n o t 

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

of X. w i l l be t h e same f o r a l l t h e assembly r o l l e r s . 

From e q u a t i o n 
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where i s t h e n o n - d i m e n s i o n a l l o a d on a r o l l e r at 

a n g l e Q t o t h e l i n e o f a c t i o n o f t h e l o a d , and 

i s t h e l o a d on t h e most h e a v i l y l o a d e d r o l l e r . 

The assumed f i l m i n l e t p o i n t k « k j f o r a l l 

r o l l e r s i n t h e assembly i s , i n n o n - d i m e n s i o n a l t e r m s , 

\4 • and so f r o m e q u a t i o n (J'J'jft , 

f o r t h e most h e a v i l y l o a d e d r o l l e r . 

The f i l m t h i c k n e s s ratio^ has been shown t o be 

a f u n c t i o n o f a l o n e and, f r o m f i g u r e G , i t 

w i l l be seen t h a t f o r S j ^ r Z . For 

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

t h e r a t i o can be c o n s i d e r e d as u n i t y , and so 

m I^Cj^ ' From e q u a t i o n (3'4'S) , 

^1^0^ b e i n g g i v e n i n e q u a t i o n as : i o 
)3/4 

The 

u . zz (our j.4.7 

t e r m VV^ ^ w i l l be s m a l l compared w i t h 

{ ^y^^J^'^ ^° * good a p p r o x i m a t i o n , 

G and U b e i n g c o n s t a n t . From t h e d e f i n i t i o n o f 5 

g i v e n i n e q u a t i o n ( '̂55), 
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f o r t h e most h e a v i l y l o a d e d r o l l e r . 

I n g e n e r a l t h e r e f o r e , 

where i s t h e v a l u e o f f o r a r o l l e r a t a n g l e 

Q , and S j i s t h e v a l u e o f ^ f o r t h e most h e a v i l y 

l o a d e d r o l l e r . T h i s r a t i o can be t a k e n as u n i t y f o r 

t h e v a l u e s o f 0 f o r w h i c h EHD t h e o r y can be c o n s i d e r e d 

t o a p p l y , and so ^ c a n be t a k e n as c o n s t a n t f o r t h e 

r o l l e r s i n t h e a s s e m b l y . 

I t w i l l be n o t e d i n A p p e n d i x (S ) t h a t t h e 

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

w h i c h c a n n o t be c o n s i d e r e d as u n i t y . 

T h i s p r e s e n t a n a l y s i s g i v e s , i n an e x a c t l y p a r a l l e l 

way t o t h a t used by G a r n e l l and H i g g i n s o n (24) , t h a t 

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

u n d e r s t a r v e d c o n d i t i o n s can s i m p l y be o b t a i n e d by 

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

h e a v i l y l o a d e d r o l l e r and m u l t i p l y i n g by t h e number o f 

r o l l e r s known t o be i n c o n t a c t . 

I t w i l l be n o t e d t h a t t h e f o r e g o i n g p a r a g r a p h s 

r e q u i r e t h a t t h e v a l u e o f i s i n i t i a l l y d e f i n e d and 

t h i s i s most e a s i l y done by t a k i n g 

41 



-1^ = H 
i n e q u a t i o n (5'44) , t h e v a l u e o f >VC e f f e c t i v e l y d e t e r ­

m i n i n g t h e d e g r e e o f s t a r v a t i o n . I t can e a s i l y be shown 

t h a t , i f , / \Vi 

e q u a t i o n s i m p l y becomes 

u s i n g t h e d e f i n i t i o n o f S j ^ i i ^ e q u a t i o n (J'M^ . 

The p r e c e d i n g work can e a s i l y 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 used i n t h e e x p e r i m e n t a l work r e p o r t e d 

i n l a t e r s e c t i o n s . F i g u r e 18 shows t h e program used 

t o e v a l u a t e t h e f r i c t i o n t o r q u e on t h e t e s t b e a r i n g 

o u t e r r a c e due t o t h e r o l l i n g t r a c t i o n a t a l l t h e 

o u t e r r a c e / r o l l e r c o n t a c t s . 

F o r t h e t e s t b e a r i n g s , t h e n o n - d i m e n s i o n a l 

p a r a m e t e r s used i n t h e p r o g r a m a r e g i v e n by 

G - £ o o o 

where 

= l u b r i c a n t v i s c o s i t y i n p o i s e 

N/ = s h a f t speed i n r e v / m i n u t e 

^ = t o t a l b e a r i n g l o a d i n kN, 

A l s o , t h e r e l a t i o n s h i p between t h e n o n - d i m e n s i o n a l 

s t a r v e d r o l l i n g t r a c t i o n ^ j f ^ and t h e f r i c t i o n t o r q u e on 
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on F i g u r e s i9 , 20 , and show t h e v a r i a t i i 

i n t e s t b e a r i n g f r i c t i o n t o r q u e due t o r o l l i n g t r a c t i o n 

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

f a c t o r f o r b e a r i n g l o a d s o f I k N , lOkN and 20kN 

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

p r o g r a m shown i n f i g u r e jS 

F i g u r e s tO and 2i • b o t h f o r l o a d i n g c o n d i t i o n s 

w h e re 5 r o l l e r s a r e i n c o n t a c t , show t h a t a t h i g h 

v a l u e s o f t h e s t a r v a t i o n f a c t o r , t h e C a r n e l l and 

H i g g i n s o n c u r v e , r e f e r e n c e (24), f o r f l o o d e d r o l l e r s 

i s w e l l f o l l o w e d - agreement c o u l d p o s s i b l y be i m p r o v e d 

i f t h e s l i g h t d i f f e r e n c e s i n t e s t b e a r i n g g eometry 

were t a k e n i n t o a c c o u n t . 

F i g u r e i9 , f o r a l o a d i n g c o n d i t i o n where o n l y 

t h r e e r o l l e r s a r e i n c o n t a c t , i n d i c a t e s t h a t t h e 

G a r n e l l and H i g g i n s o n c u r v e i s exceeded at h i g h v a l u e s 

o f t h e s t a r v a t i o n f a c t o r . 

T h i s a p p a r e n t anomoly i s due t o t h e s l i g h t 

i n v e r s e v a r i a t i o n o f j ^ ^ w i t h l o a d w h i c h has been 

i n c l u d e d i n a l l t h e t h e o r e t i c a l c u r v e s shown i n 

f i g u r e s , 20 and 24 The G a r n e l l and 

H i g g i n s o n a n a l y s i s f o r f l o o d e d r o l l e r s was based on 

v a l u e s o f "J^^ w h i c h are v i r t u a l l y i n d e p e n d a n t o f l o a d , 

as shown i n A p p e n d i x ( J ) . T h e i r a n a l y s i s r i g h t l y 

cons i d e r s c o n s t a n t : t h e p r e s e n t a n a l y s i s does n o t 

cons i d e r c o n s t a n t s i n c e i t s v a r i a t i o n w i t h l o a d 

a p p e a r s t o be more s i g n i f i c a n t . 
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The remarks c o n t a i n e d i n t h e p r e c e e d i n g p a r a g r a p h 

a p p l y e q u a l l y t o f i g u r e s 

S'8 , 5'3 and S'iO i n 
A p p e n d i x ( S ) • 

A d d i t i o n a l l y , s i n c e a l l s i x f i g u r e s show o n l y 

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

t o t a l f r i c t i o n t o r q u e - t o a l l o w a d i r e c t c o m p a r i s o n 

w i t h t h e p u b l i s h e d r e s u l t s o f f T a r n e l l and H i g g i n s o n -

t h e i n c l u s i o n o f t h e s l i d i n g f r i c t i o n ' s c o n t r i b u t i o n 

t o t h e t o t a l f r i c t i o n t o r q u e w i l l i n f a c t d o u b l e a l l 

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

H i g g i n s o n c u r v e . The c o m p a r i s o n o f c o u r s e w i l l be 

u n a f f e c t e d . 

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

J9 , ^ and 24 , t o e s t i m a t e t h e degrees o f 

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

r e p o r t e d i n S e c t i o n 
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SECTION 4 

4 . 1 The E x p e r i m e n t a l ProgramTne 

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

s e c t i o n has p r e d i c t e d t h a t a r e d u c t i o n i n t h e q u a n t i t y 

o f l u b r i c a n t a t t h e r o l l i n g c o n t a c t s w i t h i n an assembly 

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

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

l u b r i c a n t f i l m t h i c k n e s s e s a t t h o s e c o n t a c t s . 

A t h e o r e t i c a l e s t i m a t i o n o f t h e r e l a t i v e 

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

b e a r i n g a s s e m b l y has been made by A s t r i d g e and S m i t h 

( 4 ) on t h e b a s i s o f a l i s t o f s o u r c e s s u g g e s t e d by 

G a r n e l l and H i g g i n s o n 

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

v a r i o u s s o u r c e s o b t a i n e d by A s t r i d g e and Sm i t h 

c a n , by i n f e r e n c e , be e q u a l l y a p p l i e d t o t h e s o u r c e s 

o f f r i c t i o n t o r q u e i n an assembly and i n t h i s c o n t e x t 

i s r e p r o d u c e d by a m o d i f i e d f o r m b e l o w . I t s h o u l d be 

n o t e d t h a t t h e a n a l y s i s c o n d u c t e d by A s t r i d g e and 

S m i t h assumed t h a t t h e b e a r i n g u n d e r c o n s i d e r a t i o n was 

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

i t a p p e a r s , i n a e r o e n g i n e d e s i g n - and s i n c e t h i s 

w o u l d n o t n o r m a l l y be t h e case, t h e c o n t r i b u t i o n 

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

cage and t h e chamber w a l l s has been n e g l e c t e d and t h e 

p e r c e n t a g e s shown i n t h e t a b l e r e - a d j u s t e d . 

The m a j o r s o u r c e s o f t o r q u e g e n e r a t i o n i n an 

as s e m b l y a r e g i v e n by A s t r i d g e and Smith a s : -

AS 



1 . V i s c o u s f r i c t i o n between r o l l e r s 

and t r a c k s 68.80% 

2. V i s c o u s f r i c t i o n b e tween r o l l e r 

ends and g u i d e l i p s 0.15% 

3. E l a s t i c H y s t e r i s i s i n r o l l e r s 

and t r a c k s 1.33% 

4. V i s c o u s f r i c t i o n i n l u b r i c a n t 

f i l m s s e p a r a t i n g c y l i n d r i c a l end 

f a c e s o f r o l l e r s and cage 9.06% 

5. V i s c o u s f r i c t i o n i n f i l m s 

s e p a r a t i n g cage and t r a c k s 10.25% 

6. V i s c o u s f r i c t i o n i n f i l m s 

s e p a r a t i n g cage s i d e f a c e s and 

chamber w a l l 0% 

7. D i s p l a c e m e n t o f o i l by r o l l e r s 1.92% 

8. F l i n g i n g o f o i l f r o m r o t a t i n g 

s u r f a c e s 7.90% 

9. O i l f e e d j e t k i n e t i c e n e r g y 

l o s s 0.59% 

10. A b r a s i v e wear and a s p e r i t y r e m o v a l 0% 

i n o . 0 0 % 

S i n c e b o t h t h e mechanisms d e s c r i b e d i n i t e m s 7 and 

8 can be a s s i g n e d t o a g e n e r a l c l a s s i f i c a t i o n o f o i l 

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

f o l l o w i n g m a j o r s o u r c e s o f b e a r i n g f r i c t i o n t o r q u e . 

( a ) V i s c o u s f r i c t i o n a t r o l l e r / 

t r a c k c o n t a c t s 70% 

( b ) V i s c o u s f r i c t i o n a t c a g e / t r a c k 

c o n t a c t s 10% 



( c ) O i l c h u r n i n g 10% 

( d ) V i s c o u s f r i c t i o n a t r o l l e r / c a g e 

c o n t a c t s 9% 

( e ) O t h e r s o u r c e s 1% 

I t can t h e r e f o r e be seen t h a t a r e d u c t i o n i n t h e 

v i s c o u s f r i c t i o n a t r o l l e r / t r a c k c o n t a c t s and a 

r e d u c t i o n i n t h e amount o f o i l c h u r n i n g i n t h e assembly 

b o t h f a c t o r s d i r e c t l y i n f l u e n c e d by t h e r a t e at w h i c h 

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

t h e o r e t i c a l l y , a f f e c t 80% o f t h e t o t a l f r i c t i o n t o r q u e 

d e v e l o p e d , 

However, an a n a l y s i s such as t h a t used by A s t r i d g e 

and S m i t h t o p r e d i c t t h e t o t a l f r i c t i o n t o r q u e i n a 

l u b r i c a t e d a s sembly h a s , i n many c a s e s , been f o u n d 

t o l e a d t o an o v e r e s t i m a t i o n o f t h e t o t a l f r i c t i o n 

t o r q u e d e v e l o p e d . The a n a l y s i s i s based on a c a r e f u l 

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

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

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

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

d i s c r e p a n c y i n t h e t h e o r e t i c a l p r e d i c t i o n when 

compared w i t h e x p e r i m e n t a l r e s u l t s . 

To a l l o w b e t t e r e s t i m a t e s o f t h e l u b r i c a n t f i l m 

t e m p e r a t u r e s t o be made a f u l l e r k nowledge o f t h e 

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

n e c e s s a r y . W h i l s t t h e measurement o f o u t e r and i n n e r 

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

cage t e m p e r a t u r e s a r e more e l u s i v e . 
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The e x p e r i m e n t a l programme c o n t a i n e d i n t h i s 

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

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

t o t a l f r i c t i o n t o r q u e and b e a r i n g t e m p e r a t u r e s 

( i n c l u d i n g r o l l e r and cage t e m p e r a t u r e s ) on two b e a r i n g s , 

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

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

been u s e d . R o l l e r and cage speeds were a l s o m o n i t o r e d 

i n a number o f t e s t s . 

F i g u r e Tt shows t h e t e s t programme i n diagramm­

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

t h e l u b r i c a n t s appear i n t h i s f i g u r e : f u l l d e t a i l s 

a p p e a r i n A p p e n d i c e s (B) and (C) r e s p e c t i v e l y . 

I t may be s a i d a t t h i s t i m e t h a t t h e o r i g i n a l 

e x p e r i m e n t a l programme, i n many r e s p e c t s t h e b a s i s 

o f t h i s t h e s i s , was s e v e r e l y c u r t a i l e d due t o 

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

programme shown i n f i g u r e Z2 r e p r e s e n t s o n l y 

t h o s e r e s u l t s w h i c h were o b t a i n e d w i t h an a c c e p t a b l e 

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

t h e e x p e r i m e n t a l r i g a r e n o t e d i n t h e f o l l o w i n g 

s e c t i o n . 

The G e n e r a l d i s c u s s i o n c o n t a i n e d i n S e c t i o n 7 

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

r e l a t i o n t o t h e t h e o r e t i c a l work c o n t a i n e d i n S e c t i o n 

3 and a l s o i n t h e c o n t e x t o f p u b l i s h e d work by o t h e r 

a u t h o r s . 
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SECTION 

i n 

The E x p e r i m e n t a l R i g 

A g e n e r a l v i e w o f t h e e x p e r i m e n t a l r i g i s shown 

p l a t e i . 

5.1 The T e s t i n g Machine 

A g e n e r a l a r r a n g e m e n t o f t h e machine i s shown i n 

f i g u r e 2 i and a more d e t a i l e d d r a w i n g o f t h e t e s t 

s h a f t a s sembly i n f i g u r e 2 4 , 

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

c a r r y o u t t h e t e s t programme shown i n f i g u r e Z Z 

b u t was d e s i g n e d i n t h e D e p a r t m e n t o f M e c h a n i c a l 

E n g i n e e r i n g o f t h e U n i v e r s i t y o f Leeds t o a s p e c i f i c ­

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

o f e x p e r i m e n t t o be c a r r i e d o u t on a range o f r o l l i n g 

c o n t a c t b e a r i n g s , a l l o f 50mm n o m i n a l b o r e ; t h e t e s t 

b e a r i n g s were t o be e a s i l y i n t e r c h a n g e a b l e . I n 

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

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

i n n e r r a c e m i s a l i g n m e n t on t h e b e h a v i o u r o f t h e 

t e s t b e a r i n g . 

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

t h e complex a r r a n g e m e n t o f t h e m a c h i n e . I t has been 

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

ways, t h e most i m p o r t a n t o f t h e s e b e i n g t h e r e d e s i g n 

o f t h e h y d r o s t a t i c s u p p o r t b e a r i n g . The work done on 

t h i s component i s d e s c r i b e d i n A p p e n d i x ( E ) . 

R e f e r r i n g t o f i g u r e 4̂ , t h e t e s t s h a f t a s s e m b l y , 
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i t w i l l be n o t e d t h a t , because o f t h e r e q u i r e m e n t 

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

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

p o s i t i o n by c l a m p i n g p r e s s u r e a l o n e . W h i l s t t h i s has 

p r o v e d q u i t e s a t i s f a c t o r y f o r t h e o u t e r r a c e , t h e 

l a c k o f p o s i t i v e l o c a t i o n o f t h e i n n e r r a c e has been 

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

p a r t s r o t a t i n g u n d e r l o a d has been t h e cause o f a 

g r e a t d e a l o f f r e t t i n g c o r r o s i o n . Even q u i t e modest 

r u n n i n g has caused t h i s t y p e o f s u r f a c e d i s t r e s s and 

t h i s has made t h e machine e x t r e m e l y d i f f i c u l t t o 

m a i n t a i n . D u r i n g t h e e x p e r i m e n t a l programme d e s c r i b e d 

i n t h i s work f o u r t e s t s h a f t s have been d e s t r o y e d . -

one s h a f t was b r o k e n i n t o two p a r t s as a r e s u l t o f 

f a t i g u e c r a c k i n g , compounded by f r e t t i n g c o r r o s i o n . 

However, m a t e r i a l changes f o r components i n d i r e c t 

c o n t a c t vTith t h e t e s t s h a f t , and j u d i c i o u s use of 

a n t i - s c u f f i n g compounds have h e l p e d t o m i n i m i s e t h e 

d e s t r u c t i v e e f f e c t s o f t h i s c o r r o s i o n . 

I n i t s p r e s e n t f o r m , t h e t e s t i n g machine w i l l a c c e p t 

most t e s t b e a r i n g ? o f SOmm n o m i n a l b o r e a l t h o u g h , as 

shown i n t h e t e s t programme i n f i g u r e Z Z , o n l y two 

t y p e s o f p a r a l l e l r o l l e r b e a r i n g have been used i n t h e 

p r e s e n t w o r k . B e a r i n g d e t a i l s are shown i n A p p e n d i x 

(B) . 

The t e s t s h a f t on w h i c h t h e i n n e r r a c e o f t h e 

t e s t b e a r i n g i s mounted i s s u p p o r t e d by b a l l and 

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

s u p p o r t b e a r i n g h o u s i n g s shown i n f i g u r e Z4 The 
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s u p p o r t b e a r i n g s a r e l u b r i c a t e d by a ' N o r g r e n ' o i l / 

a i r m i s t s y s t e m . The t e s t s h a f t i s d r i v e n t h r o u g h a 

m u l t i - v e e b e l t d r i v e and a s p e c i a l l y d e s i g n e d p u l l e y 

s y s t e m . The maximum s h a f t speed and b e a r i n g l o a d t h a t 

can be p r o v i d e d by t h e machine a r e 5000 RPM and 

20kN r e s p e c t i v e l y . The s h a f t d r i v e i s p r o v i d e d by a 

5 H.P., 3 phase m o t o r d r i v i n g t h r o u g h a PYE TASC u n i t . 

The l a t t e r a l l o w s s h a f t speeds t o be c o n t i n o u s l y 

v a r i e d f r o m a b o u t 50 RPM up t o t h e maximum. 

The l o a d i s a p p l i e d t o t h e t e s t b e a r i n g by a 

h y d r a u l i c ram a c t i n g u n d e r t h e f r e e end o f t h e machine 

arm, t h e ram b e i n g a c t i v a t e d by a hand o p e r a t e d 

pump (Dowty t y p e KP5A). Because o f t h e geometry 

o f t h e machine arm, t h e b e a r i n g l o a d i s 1.55 t i m e s 

g r e a t e r t h a n t h e a p p l i e d ram l o a d . 

A low f r i c t i o n i n t e r f a c e between t h e machine arm 

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

a 4 p o c k e t , 120° h y d r o s t a t i c b e a r i n g - t h i s a l l o w s 

t e s t b e a r i n g f r i c t i o n t o r q u e t o be measured f o r t h e 

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

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

i s p r o v i d e d by a m o t o r d r i v e n p o s i t i v e d i s p l a c e m e n t 

p ump . 

The h y d r o s t a t i c s u p p o r t b e a r i n g has been 

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

n o t e s on t h i s w ork a p p e a r - i n A p p e n d i x ( E ) . The 

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

p r o p o r t i o n o f t h e author's p e r i o d o f r e g i s t r a t i o n f o r 

t h e d e g r e e , b u t i t s c o r r e c t f u n c t i o n i n g was v i t a l 
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s i n c e t h e measurement o f f r i c t i o n t o r q u e was a c e n t r a l 

p a r t o f t h e e x p e r i m e n t a l programme. 

U n f o r t u n a t e l y , even a f t e r c o n s i d e r a b l e a t t e n t i o n , 

i t was n o t p o s s i b l e t o c o m p l e t e l y e l i m i n a t e t h e f a u l t s 

i n t h i s b e a r i n g . A p p e n d i x (E) g i v e s d e t a i l s o f t h e 

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

f r i c t i o n t o r q u e c o u l d be d e t e r m i n e d . 
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5.2 I n s t r u m e n t a t i o n used on t h e T e s t i n g Machine 

The measurements t a k e n d u r i n g t h e e x p e r i m e n t a l 

w o r k a r e s i m i l a r t o t h o s e r e c o r d e d by G a r n e l l (,lO) 

and by Boness {"J ) . I n a d d i t i o n , measurement o f r o l l e r 

and cage t e m p e r a t u r e s were made, t o g e t h e r w i t h a t h o r o u g h 

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

I t has n o t been p o s s i b l e f o r a l l p o s s i b l e 

e x p e r i m e n t a l r e a d i n g s t o be t a k e n f o r a l l t e s t s , b u t 

t h e c o m p l e t e r a nge o f r e a d i n g s t h a t c o u l d have been 

made i s : 

B e a r i n g l o a d 

B e a r i n g f r i c t i o n t o r q u e 

S h a f t , cage and r o l l e r speed 

O u t e r r a c e , i n n e r r a c e , cage and r o l l e r t e m p e r a t u r e s 

12 r e a d i n g s i n a l l . 

L u b r i c a n t and c o o l i n g a i r f l o w r a t e s 

L u b r i c a n t f i l m e l e c t r i c a l r e s i s t a n c e 

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

o f t h e t e c h n i q u e s used t o measure each o f t h e s e 

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

Appendices f o r f u l l e r d e t a i l s o f t h e e x p e r i m e n t a l 

a p p a r a t u s used , 

B e a r i n g l o a d was measured by a V i b r o m e t e r l o a d c e l l 

o f 20 kN c a p a c i t y and r e a d i n g s t a k e n by means of 

a V i b r o m e t e r c a r r i e r f r e q u e n c y a m p l i f i e r and 

c a l i b r a t e d g a l v a n o m e t e r . 

See A p p e n d i x (D) . 

B e a r i n g t o r q u e was measured by t h e use o f a s t r a i n 
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gauged b e r r y l i u m c o p p e r p r o o f r i n g and r e a d i n g s 

t a k e n on a c a l i b r a t e d s t r a i n , b r i d g e i n s t r u m e n t . 

A number o f i n s t r u m e n t s have been used and i n 

each case c a l i b r a t i o n c u r v e s were o b t a i n e d by 

a p p l y i n g known l o a d s t o t h e p r o o f r i n g . 

See A p p e n d i x (E) . 

S h a f t speed was measured by means o f a t o o t h e d i m p u l s e 

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

t o a m a g n e t i c p i c k up. Readings were t a k e n by 

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

See A p p e n d i x (G) . 

Cage speed was measured by t h e use o f a m a g n e t i c p i c k _ 

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

cage. R e a d i n g s were t a k e n by u s i n g t h e d i g i t a l 

c o u n t e r . 

See A p p e n d i x (H) . 

R o l l e r s p e e d . Measured by t h e use o f embedded magnets 

i n one o f t h e b e a r i n g r o l l e r s . As t h e r o l l e r r o t ­

a t e d , t h e magnets i n d u c e d a s m a l l s i n u s o i d a l 

e.m.f. i n a s t a t i o n a r y p i c k up c o i l . The 

f r e q u e n c y o f t h e s i g n a l ( a n d t h u s t h e speed o f 

t h e r o l l e r ) was measured by t h e d i g i t a l c o u n t e r 

and m o n i t o r e d by o s c i l l o s c o p e t r a c e . 

See A p p e n d i x ( I ) . 

O u t e r r a c e t e m p e r a t u r e was measured by copper c o n s t a n t a n 

t h e r m o c o u p l e s embedded a t 7 p o i n t s a r o u n d t h e 

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

R eadings o f t h e r m o c o u p l e e.m.f. were t a k e n by t h e 

use o f a d i g i t a l v o l t m e t e r . 
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See A p p e n d i x ( J ) . 

I n n e r Face T e m p e r a t u r e . A s i n g l e c o p p e r c o n s t a n t a n 

t h e r m o c o u p l e vras embedded i n t h e i n n e r r a c e 

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

use o f t h e d i g i t a l v o l t m e t e r v i a s l i p r i n g s 

f i t t e d t o t h e end o f t h e t e s t s h a f t . 

See A p p e n d i x (K) . 

- o i l e r and Cage t e m p e r a t u r e s . A s l i p r i n g u n i t , 

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

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

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

r o l l e r and i n t o t h e t e s t b e a r i n g cage. Readings 

o f t h e r m o c o u p l e e.m.f. were t a k e n by use o f t h e 

d i g i t a l v o l t m e t e r . 

See A p p e n d i x ( L ) . 

A model o f t h e cage s l i p r i n g assembly i s shown 

i n p l a t e s ( f j ) and (^) . 

T e s t L u b r i c a n t F l o w r a t e . L u b r i c a n t f l o w was p r o v i d e d 

by a p e r i s t a l t i c pump and f l o w r a t e d e t e r m i n e d 

by m e a s u r i n g t h e r a t e o f f l o w o f l u b r i c a n t f r o m 

a c a l i b r a t e d b u r e t t e . 

•lee A p p e n d i x ( 0 ) . 

C o o l i n g a i r f l o w r a t e . Mass f l o w o f c o o l i n g a i r was 

d e t e r m i n e d f r o m r e a d i n g s t a k e n f r o m a p r e v i o u s l y 

c a l i b r a t e d ' R o t a m e t e r * i n s t r u m e n t . 

See A p p e n d i x ( P ) . 

L u b r i c a n t f i l : r ! r e s i s t a n c e was measured by a c i r c u i t 

s i m i l a r t o t h a t d e v i s e d by F u r e y and used by, 

amongst o t h e r s . L e a v e r ( 2 ^ ) . 
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The i n s t r u m e n t a t i o n was used p u r e l y as a 

m o n i t o r i n g d e v i c e . 

See A p p e n d i x ( Q ) . 

F u l l d e t a i l s o f t h e t e s t b e a r i n g s used appear i n 

A p p e n d i x (E) and d e t a i l s o f l u b r i c a n t p a r a m e t e r s i n 

A p p e n d i x ( C ) . 
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SECTION 6 

E x p e r i m e n t a l R e s u l t s 

The e x p e r i m e n t a l r e s u l t s o b t a i n e d can be d i v i d e d 

i n t o two m a i n c a t e g o r i e s : 

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

r a t e on t h e t o t a l f r i c t i o n t o r q u e i n a b e a r i n g 

a s s e m b l y . 

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

f l o w r a t e on t h e t e m p e r a t u r e s o f t h e components 

w i t h i n t h e a s s e m b l y . 

O b s e r v a t i o n s o f t h e e f f e c t s o f t h e low f l o w r a t e 

used on t h e speeds o f r o l l e r s and cage have shown 

l i t t l e v a r i a t i o n f r o m e p i c y c l i c speed. T h i s r e s u l t 

w i l l be c o n s i d e r e d i n t h e d i s c u s s i o n w h i c h f o l l o w s . 

6 . i P r e l i m i n a r y t e s t s 

B e f o r e t h e main t e s t programme was d e c i d e d , a 

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

r e s u l t s o f t h e s e t e s t s a r e on i n t e r e s t because t h e y 

i n d i c a t e i n g e n e r a l t e r m s t h e e f f e c t s o f a change i n 

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

shown i n f i g u r e s 2 7 , 5̂ > and 3 ^ . I t 

w i l l be n o t e d t h a t , f o r a l l speeds, an i n c r e a s e i n 

l u b r i c a n t f l o w r a t e was accompanied by i n c r e a s e s i n 

b o t h b e a r i n g f r i c t i o n t o r q u e and component t e m p e r a t u r e s . 

When t h e l u b r i c a n t s u p p l y was c u t o f f , t h e 

r e d u c t i o n i n t h e s e q u a n t i t i e s was i n a l l cases s i g n i f i ­

c a n t and i n some cases d r a m a t i c . The s h a r p i n i t i a l 

f a l l i n t h e s e q u a n t i t i e s was f o l l o w e d by f u r t h e r 
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r e d u c t i o n s , a l b e i t a t a s l o w e r r a t e . 

I t was o f i n t e r e s t t o d e t e r m i n e j u s t how l o n g a 

b e a r i n g w o u l d c o n t i n u e t o r u n w i t h no l u b r i c a n t 

s u p p l y w h a t s o e v e r and so a f u r t h e r t e s t was c a r r i e d out 

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

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

a l l o w e d t o c o n t i n u e r u n n i n g f o r an e x t e n d e d p e r i o d . 

D u r i n g t h i s t e s t i t was hoped t o o b s e r v e t h e 

f a i l u r e o f t h e b e a r i n g due t o l a c k o f l u b r i c a n t b u t 

even a f t e r r u n n i n g f o r 15 h o u r s w i t h o u t f u r t h e r 

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

f a c t o r i l y . Subsequent e x a m i n a t i o n o f t h e b e a r i n g 

components showed them t o be i n r e a s o n a b l e c o n d i t i o n . 

These few p r e l i m i n a r y t e s t s were s u f f i c i e n t t o 

i n d i c a t e t h e need f o r t h e f u l l e r e x p e r i m e n t a l 

programme l a t e r c a r r i e d o u t (see f i g u r e Z Z ) and 

a l s o c o n f i r m e d i n some s m a l l way Crook's b e l i e f t h a t 

o i l f i l m s a d here t e n a c i o u s l y t o t h e s u r f a c e s t h e y 

l u b r i c a t e . 
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6,2 E x p e r i m e n t a l r e s u l t s t o show t h e 

e f f e c t o f l u b r i c a n t f l o w r a t e on 

t o t a l f r i c t i o n t o r q u e i n an assembly 

The f r i c t i o n t o r q u e t e s t s c a r r i e d out were o f 

two t y p e s , namely t h o s e done w i t h t h e cage s l i p r i n g 

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

t h e s l i p r i n g u n i t . 

The r e s u l t s f r o m t h e two t y p e s of- t e s t were i n good 

agreement and a l l r e s u l t s o b t a i n e d a r e shown on t h e 

e x p e r i m e n t a l c u r v e s w h i c h f o l l o w . A l l t o r q u e r e a d i n g s 

have been compensated f o r t h e e f f e c t o f t h e p a r a s i t i c 

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

d e t a i l s o f t h i s c o m p e n s a t i o n a p p e a r i n g i n A p p e n d i x ( E ) . 

The t o r q u e v a l u e s o b t a i n e d f r o m t h e t e s t s c a r r i e d o u t 

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

were s u b j e c t t o a f u r t h e r c o m p e n s a t i o n t o t a k e a c c o u n t 

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

a p p l i e d a p p e a r s i n A p p e n d i x (F) , 

F i g u r e s 31 and show t h e e f f e c t o f 

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

o f t e s t b e a r i n g NU310, t h e b e a r i n g w i t h f l a n g e d o u t e r 

r a c e and o u t e r r a c e g u i d e d cage. B o t h s e t s o f c u r v e s 

a r e drawn t o a base o f ( i n n e r r a c e speed x l u b r i c a n t 

v i s c o s i t y ) i n u n i t s (RPM x p o i s e ) , f i g u r e 3l s h o w i n g 

t h e v a r i a t i o n a t IkN b e a r i n g l o a d and f i g u r e 3Z t h e 

v a r i a t i o n a t lOkN l o a d . 

F o r t h e s e and a l l s u b s e q u e n t g r a p h s , t h e 

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

t h e o u t e r r a c e t e m p e r a t u r e d i r e c t l y b e l o w t h e l o a d . 
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F i g u r e s 3S and 34 show t h e e f f e c t o f 

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

o f t e s t b e a r i n g N310, t h e b e a r i n g w i t h f l a n g e d i n n e r 

r a c e and i n n e r r i n g g u i d e d cage. F i g u r e 33 shows 

t h e v a r i a t i o n a t IkN l o a d and f i g u r e 34 t h e v a r i a t i o n 

a t lOkN l o a d . 

The r e s u l t s shown i n f i g u r e s a , iZ , 33 

and 
34 

have been o b t a i n e d f r o m t e s t s c a r r i e d o u t 

u s i n g t h e HVl 160S l u b r i c a n t and i t w i l l be seen t h a t 

t h e r a n g e o f ( s p e e d x v i s c o s i t y ) w i t h i n w h i c h t h e s e 

r e s u l t s l i e i s l i m i t e d , A f u r t h e r s e t o f e x p e r i m e n t a l 

r e s u l t s u s i n g l o w e r v i s c o s i t y l u b r i c a n t s have been 

o b t a i n e d f o r b e a r i n g N310 r u n n i n g a t lOkN l o a d as 

p a r t o f a f i n a l Honours y e a r u n d e r g r a d u a t e p r o j e c t {i6 ) 

and t h e s e r e s u l t s a r e shown i n f i g u r e s 3̂  and 36 

U n f o r t u n a t e l y , t h e s e r e s u l t s , w h i l s t b e i n g 

c o m p a t i b l e w i t h i n t h e m s e l v e s , are n o t d i r e c t l y 

c o m p a r a b l e w i t h t h e r e s u l t s shown i n f i g u r e ^ . 

I n most cases t h e r e s u l t s g i v e n i n f i g u r e s 3̂  and 

3̂  a r e l o w e r t h a n w o u l d be e x p e c t e d by e x t r a p o l a t i o n 

o f t h e c u r v e s o f f i g u r e 
34 

, ^ t y p i c a l d e v i a t i o n 

b e i n g o f t h e o r d e r o f O.lNm. T h i s d e v i a t i o n 

can be e x p l a i n e d i n q u a l i t a t i v e t e r m s as r e s u l t i n g 

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

t h e t e s t s were made. T h i s m a t t e r i s r e f e r r e d t o i n 

t h e f o l l o w i n g s u b - s e c t i o n . 

The r e s u l t s f o r b e a r i n g NU310 u s i n g l u b r i c a n t 

HVl 160S (shown i n f i g u r e s and ) have been 
r e - p l o t t e d t o a base o f ( I n . l u b r i c a n t f l o w r a t e ) i n 
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f i g u r e 37 and t h e r e s u l t s f o r b e a r i n g N310 w i t h 

l u b r i c a n t HVl 160S (shown i n f i g u r e s 33 and 34 ) , 

r e - p l o t t e d i n f i g u r e 38 • 

The r e s u l t s f o r b e a r i n g N310 u s i n g l u b r i c a n t 

HVl 55 (shown i n f i g u r e 35 ) a r e r e - p l o t t e d i n 

f i g u r e 39 and t h e r e s u l t s f o r b e a r i n g N310 u s i n g 

p a r a f f i n (shown i n f i g u r e 36 ) a r e r e - p l o t t e d i n 

f i g u r e 40 • 

I t w i l l be n o t e d t h a t f i g u r e s 33 and 40 c o n t a i n 

r e s u l t s f o r lOkN b e a r i n g l o a d o n l y . 

The i n t e r p r e t a t i o n o f t h e s e c u r v e s appears i n 

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

n o t e a t t h i s s t a g e t h a t t h e r e s u l t s f o r b e a r i n g N310 

l u b r i c a t e d w i t h p a r a f f i n (shown i n f i g u r e 4o ) a r e 

o f t h e f o r m u n l i k e t h e o t h e r t h r e e f i g u r e s i n t h e 

s e r i e s : t h e d r a m a t i c i n c r e a s e i n f r i c t i o n t o r q u e 

a t l o w e r f l o w r a t e s s u g g e s t t h a t t h e b e a r i n g was r u n n i n g 

u n d e r c o n d i t i o n s where t h e n o r m a l l y t e n a c i o u s 

l u b r i c a n t f i l m had b r o k e n down. However i t was 

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

m o n i t o r i n g c i r c u i t s t i l l i n d i c a t e d r e a d i n g s s u g g e s t i n g 

a f u l l l u b r i c a n t f i l m . I t w o u l d t h e r e f o r e appear 

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

t o r q u e had n o t o c c u r e d a t r o l l e r / r a c e c o n t a c t s b u t a t 

some o t h e r c o n t a c t , p o s s i b l y t h e c a g e / r o l l e r o r cage/ 

r a c e c o n t a c t s . 

O t h e r , more t e n t a t i v e , t e s t s ( a t much h i g h e r 

l u b r i c a n t f l o w r a t e s - up t o 45 gm/minute, t h e h i g h e s t 

v a l u e o b t a i n a b l e w i t h t h e e x p e r i m e n t a l e q u ipment i n 
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u s e ) were c a r r i e d o u t t o p r o v i d e a b e t t e r c o m p a r i s o n 

w i t h t h e r e s u l t s o b t a i n e d by Boness, whose l o v j e s t 

l u b r i c a n t f l o w r a t e was i n excess o f 500 gm/minute. 

The r e s u l t s o f t h i s f u r t h e r w o r k , t o g e t h e r w i t h t h o s e 

f r o m o t h e r t e s t s c a r r i e d o u t at much l o w e r c o o l i n g 

a i r f l o w r a t e s , have n o t been r e p o r t e d h e r e because i t 

was f e l t t h a t t h e y s h o u l d be t h e s u b j e c t o f f u r t h e r 

i n v e s t i g a t i o n . 

HI 



6.3 E x p e r i m e n t a l r e s u l t s s h o w i n g 

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

on t h e t e m p e r a t u r e s o f b e a r i n g 

components 

I t has n o t been p o s s i b l e t o o b t a i n r e s u l t s s h o w i n g 

r o l l e r and cage t e m p e r a t u r e s f o r a l l t h e e x p e r i m e n t s 

u s i n g t e s t b e a r i n g t y p e N310, a l t h o u g h most 

e x p e r i m e n t a l r e s u l t s f o r b e a r i n g t y p e NU310 do c o n t a i n 

t h e s e t e m p e r a t u r e s . 

When f i t t e d i n t h e t e s t i n g m a c h i n e , t h e t e s t 

b e a r i n g i s c l o s e l y c o n t a i n e d w i t h i n t h e machine 

component f o r m i n g t h e j o u r n a l o f t h e h y d r o s t a t i c 

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

When i n o p e r a t i o n ^ t h e h i g h p r e s s u r e o i l used i n 

t h e s u p p o r t b e a r i n g causes h e a t i n g o f t h e t e s t b e a r i n g 

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

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

T h i s e f f e c t c a n n o t be c o m p l e t e l y t a k e n i n t o 

a c c o u n t when i n t e r p r e t i n g r e s u l t s - a l l b e a r i n g s a r e 

i n f l u e n c e d i n some r e s p e c t by t h e i r p a r t i c u l a r 

h o u s i n g s and t h e e n v i r o n m e n t i n w h i c h t h e y a r e 

o p e r a t i n g - b u t any v a r i a t i o n i n t h e q u a n t i t y o f 

h e a t d i s s i p a t e d w i t h v a r i a t i o n i n one o r more o f t h e 

a c t u a l t e s t v a r i a b l e s w o u l d o b v i o u s l y be r e l e v a n t and 

w o u l d have t o be t a k e n i n t o a c c o u n t . The o n l y t e s t 

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

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

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

t h e m a i n e x p e r i m e n t a l programme was s t a r t e d . 



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

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

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

o u t e r r a c e t e m p e r a t u r e (measured a t a p o i n t d i r e c t l y 

u n d e r t h e a p p l i e d l o a d ) w i t h t i m e was n o t e d . 

F i g u r e 41 shows t h e r e s u l t s o f t h e t e s t s f o r 

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

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

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

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

t h r e e h o u r s d u r a t i o n . I t i s e v i d e n t t h a t p r o v i d i n g 

t h e t e s t i n g machine i s a l l o w e d t o r e a c h t h i s 

e q u i l i b r i u m c o n d i t i o n , no c o m p e n s a t i o n f o r t h i s e f f e c t 

i s n e c e s s a r y . 

B e f o r e t h e e x p e r i m e n t s f o r m i n g p a r t o f t h e 

u n d e r g r a d u a t e p r o j e c t were c a r r i e d o u t , an o i l c o o l e r 

was f i t t e d i n t o t h e h y d r a u l i c c i r c u i t o f t h e h y d r o ­

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

a s i m i l a r s e t o f s t a t i c l o a d t e s t s t o t h o s e d e s c r i b e d 

above were c a r r i e d o u t and t h e r e s u l t s o f t h e s e t e s t s 

a l s o appear i n f i g u r e 41 

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

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

p e r i o d o f t i m e , b u t t h i s f i g u r e was 6.5 degrees C. 

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

w i t h o u t t h e o i l c o o l e r . 

T h i s v a r i a t i o n i n 'datum' t e m p e r a t u r e i s 

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

b e t w e e n e x p e r i m e n t a l r e s u l t s t a k e n b e f o r e and a f t e r 

G4 
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t h e f i t t i n g o f t h e o i l c o o l e r . For t e m p e r a t u r e 

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

s u g g e s t t h a t a c o m p e n s a t i o n o f 6.5 d e g r e e s C s h o u l d be 

added t o t h e r e s u l t s t a k e n a f t e r t h e f i t t i n g o f t h e 

o i l c o o l e r f o r them t o be d i r e c t l y c o m p a r a b l e w i t h 

t h e r e s u l t s t a k e n b e f o r e t h e f i t t i n g o f t h e o i l 

c o o l e r . The r e l e v a n t t e s t r e s u l t s have been m o d i f i e d 

i n t h i s way b e f o r e p r e s e n t a t i o n . 

F i g u r e s 4Z , 43 , 44 and 4 6 show t h e 

v a r i a t i o n i n o u t e r r a c e , i n n e r r a c e , cage and r o l l e r 

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

f o r b e a r i n g NU310 u s i n g HVl 160S l u b r i c a n t . 

F i g u r e s Aflf , 4 7 , 4 6 and 4^ show t h e 

c o r r e s p o n d i n g c u r v e s f o r b e a r i n g N310, a g a i n u s i n g 

HVl 160S l u b r i c a n t . 

F i g u r e s So and S\ show t h e v a r i a t i o n i n o u t e r 

r a c e t e m p e r a t u r e w i t h i n n e r r a c e speed and f l o w r a t e 

f o r b e a r i n g N310, f i g u r e So s h o w i n g t h e v a r i a t i o n 

u s i n g HVl 55 l u b r i c a n t , and f i g u r e b\ t h e v a r i a t i o n 

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

c u r v e s f o r lOkN b e a r i n g l o a d o n l y . 

F i g u r e 4Z has been r e - p l o t t e d t o a base o f 

f l o w r a t e i n f i g u r e hi and f i g u r e 
4 6 i n f i g u r e 

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

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

t o have a maximum v a l u e a t t h e p o i n t of a p p l i c a t i o n 

o f t h e l o a d and t h e n f a l l g r a d u a l l y a r o u n d t h e 

c i r c u m f e r e n c e , h a v i n g a minimum v a l u e d i a m e t r i c a l l y 
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o p p o s i t e t h e l o a d i n g p o i n t . A l l t h e e x p e r i m e n t a l 

r e s u l t s t h a t have been o b t a i n e d do e x h i b i t t h i s 

t e n d a n c y t o some d e g r e e , b u t a number o f m i n o r 

v a r i a t i o n s f r o m t h i s smooth p a t t e r n were o b s e r v e d . 

I t i s o f i n t e r e s t t o compare t y p i c a l c i r c u m f r e n t i a l 

t e m p e r a t u r e d i s t r i b u t i o n s w i t h ' T a l y r o n d ' t r a c e s 

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

t e s t b e a r i n g s . These c o m p a r i s o n s a r e shown i n 

f i g u r e s and 55 

I t w i l l be n o t e d t h a t t h e t e m p e r a t u r e v a r i a t i o n 

f o l l o w s t h e ' T a l y r o n d ' t r a c e s r e m a r k a b l y c l o s e l y . 

T h i s s u g g e s t s t h a t even m i n o r d e v i a t i o n s f r o m t r u e 

r o u n d n e s s i n b e a r i n g r a c e s can have a n o t i c e a b l e e f f e c t 

on t h e t e m p e r a t u r e v a r i a t i o n w i t h i n t h e component. 
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SECTION 

G e n e r a l D i s c u s s i o n 

7.1 T h e o r e t i c a l c o n s i d e r a t i o n s 

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

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

and i s a l s o t h e s u b j e c t o f a c o n s i d e r a b l e amount o f 

c u r r e n t i n v e s t i g a t i o n . T h i s p r e s e n t work has a t t e m p t e d 

t o r e - e x p r e s s , and e x t e n d , t h e t h e o r e t i c a l work o f 

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

c o n t a c t b e a r i n g s . E x p e r i m e n t a l r e s u l t s have been 

p r e s e n t e d w h i c h show t h e e f f e c t s o f e x t r e m e l y low 

l u b r i c a n t f l o w r a t e s on component t e m p e r a t u r e s and 

f r i c t i o n t o r q u e i n a b e a r i n g a s s e m b l y . 

The need f o r an i n v e s t i g a t i o n i n t o t h e case o f a 

c o n t a c t where t h e commencement o f p r e s s u r e b u i l d - u p 

o c c u r s o n l y a s m a l l d i s t a n c e f r o m t h e c o n j u n c t i o n was 

f i r s t r e c o g n i s e d by Crook (9) a l t h o u g h some o p i n i o n 

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

p r o b l e m t o F l o b e r g (17) • More r e c e n t w o r k , as n o t e d , 

by W o l v e r i d g e , B a g l i n and A r c h a r d ( and by Wedeven, 

Evans and Cameron (3S) i s o f f u n d a m e n t a l i m p o r t a n c e : 

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

c o n t a c t s . 

C o n s i d e r i n g a g a i n f i g u r e G , s h o w i n g t h e 

v a r i a t i o n o f t h e f i l m t h i c k n e s s r a t i o w i t h ' i n l e t 

p o i n t p a r a m e t e r ( i d e n t i c a l t o p u b l i s h e d work by 

W o l v e r i d g e , B a g l i n and A r c h a r d ) , i t may be s a i d t h a t 

t h i s c u r v e has been amply j u s t i f i e d by a number o f 

a u t h o r s as a p p l y i n g e q u a l l y w e l l t o b o t h l i n e and p o i n t 
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c o n t a c t s . B o t h W o l v e r i d g e e t . a l . and Wedeven e t . a l . 

t a k e t h i s c u r v e as b e i n g so a p p l i c a b l e : C a s t l e and 

Dowson (8)» u s i n g a n u m e r i c a l p r o c e d u r e , have 

o b t a i n e d t h e same r e s u l t and B a g l i n and A r c h a r d (Z ) 

have shown t h a t t h i s c u r v e a p p l i e s t o low Modulus 

m a t e r i a l s as w e l l . F u r t h e r , Wedeven, Evans and 

Cameron have shown i n t h e r e f e r e n c e n o t e d t h a t t h i s 

c u r v e was c l o s e l y f o l l o w e d d u r i n g e x p e r i m e n t s on 

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

F i g u r e iS , s h o w i n g t h e v a r i a t i o n i n r o l l i n g 

t r a c t i o n w i t h i n l e t p o i n t p a r a m e t e r was f i r s t 

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

has been s i m i l a r l y w e l l r e c e i v e d , b o t h W o l v e r i d g e e t . a l . 

(36) and C a s t l e and Dowson (S) p r o v i d i n g c o n f i r m a t i o n . 

C a s t l e and Dowson's w o r k (5) l^^s shown t h a t 

l u b r i c a n t s t a r v a t i o n a l s o a f f e c t s o t h e r v a r i a b l e s 

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

c o n d i t i o n s a p p r o a c h t h o s e o f d r y H e r t z i a n c o n t a c t , as 

shown i n f i g u r e 7 . I t a ppears f r o m t h e i r work 

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

a f f e c t e d ( i f t h e maximum H e r t z i a n p r e s s u r e i s h e l d 

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

t r a c t i o n , i n d i c a t e s t h a t t h e f r i c t i o n c o e f f i c i e n t i s 

c o n t i n u o u s l y r e d u c e d as t h e d egree o f s t a r v a t i o n i s 

i n c r e a s e d . 

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

l u b r i c a n t s t a r v a t i o n must be t a k e n i n t o a c c o u n t when 

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

some o p i n i o n (23), w h i c h s u g g e s t s t h a t even i n IS 



c o p i o u s l y l u b r i c a t e d c o n t a c t s , p r e s s u r e b u i l d - u p 

commences r e l a t i v e l y c l o s e t o t h e c o n j u n c t i o n : t h i s 

i m p l i e s t h a t t h e a s s u m p t i o n o f a remote i n l e t p o i n t 

w i l l i n some r e s p e c t s m i s - r e p r e s e n t t h e c o n t a c t 

c o n d i t i o n s . A l s o , l u b r i c a n t s t a r v a t i o n as c o n s i d e r e d 

i n t h i s p r e s e n t w o r k does n o t n e c e s s a r i l y i n d i c a t e 

l a c k o f l u b r i c a n t b u t r a t h e r a low v a l u e o f t h e i n l e t 

p o i n t p a r a m e t e r ^ : a p p a r e n t l y a d e q u a t e l u b r i c a t i o n 

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

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

p a r a m e t e r f o r t h e c o n t a c t . 

Wedeven, Evans and Cameron (35 ) have p r o p o s e d 

d e f i n i t i o n s f o r two cases o f l u b r i c a t i o n , namely 

f l o o d e d and s t a r v e d . T h e i r d e f i n i t i o n o f f l o o d e d 

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

f i l l e d w i t h l u b r i c a n t and t h e r e s u l t i n g f i l m t h i c k n e s s 

a t t h e c o n j u n c t i o n i s i n s e n s i t i v e t o l u b r i c a n t s u p p l y : 

a s t a r v e d c o n d i t i o n i s d e f i n e d as a case where t h e 

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

p r e s s u r e b u i l d - u p i s d e l a y e d , t h e r e s u l t i n g f i l m t h i c k ­

ness b e i n g d e pendent on t h e a v a i l a b l e l u b r i c a n t s u p p l y 

W h i l s t t h e s e d e f i n i t i o n s p r e s e n t an a c c e p t a b l e v i e w o f 

t h e case where c o n t a c t c o n d i t i o n s a r e i n v a r i a b l e and 

so any v a r i a t i o n i n t h e degree o f s t a r v a t i o n (as 

d e f i n e d by S ) i s due s o l e l y t o t h e change i n p o s i t i o n 

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

t h e y do u n d e r s t a t e t h e p r o b l e m t o some e x t e n t . The 

a u t h o r b e l i e v e s t h a t s t a r v a t i o n can s i m p l y be t a k e n t o 

mean t h a t t h e v a l u e o f t h e i n l e t p o i n t p a r a m e t e r i s 
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l o w , no n a t t e r how t h i s r e d u c t i o n i s c a u s e d . I n many 

r e s p e c t s t h e r e f o r e , t h e use o f a d e s c r i p t i o n such as 

' r e d u c e d EHD' r a t h e r t h a n ' s t a r v e d EHD' ( w h i c h s u g g e s t s 

l a c k o f l u b r i c a n t ) i s t o be p r e f e r r e d . 

I t has been seen t h a t t h e f i l m e x t e n t i s i m p o r t a n t 

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

v i e w - p o i n t s t h e dependence o f t h e degree o f s t a r v a t i o n 

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

d i m e n s i o n i s n o t g e n e r a l l y known i n p r a c t i c e . There 

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

f i l m i n l e t p o i n t can be t h e o r e t i c a l l y p r e d i c t e d a t 

p r e s e n t . As n o t e d , L a u d e r (24) and Boness (7) b o t h 

s u g g e s t t h a t l o a d , speed, v i s c o s i t y and l u b r i c a n t 

f l o w r a t e have an e f f e c t , a l t h o u g h Boness c o n s i d e r s t h a t 

any a t t e m p t t o use g r o s s l u b r i c a n t f l o w r a t e t o a 

c o n t a c t t o p r e d i c t f i l m i n l e t p o i n t must be a t t h e 

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

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

one w o u l d e x p e c t t h a t t h e p r e d i c t i o n o f f i l m i n l e t 

p o i n t i n a r o l l i n g c o n t a c t b e a r i n g t o be even more 

complex because o f t h e i n f l u e n c e o f p r e c e d i n g r o l l i n g 

e l e m e n t s on t h e l u b r i c a n t d i s t r i b u t i o n . However, i t 

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

c a p a b l e o f p r e d i c t i o n , o r t h e t h e o r e t i c a l work r e f e r r e d 

t o a more c o n v e n i e n t p a r a m e t e r . I n t h i s c o n t e x t , 

i t i s i n t e r e s t i n g t o n o t e t h a t F l o b e r g , i n t h e 

r e f e r e n c e n o t e d , r e f e r s c o n t a c t p a r a m e t e r s t o t h e e x i t 

p o i n t o f t h e l u b r i c a n t f i l m . 
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7.2 The e x p e r i m e n t a l t o r q u e c u r v e s 

I n o r d e r t o e s t a b l i s h t h a t t h e e x p e r i m e n t a l t e s t 

c o n d i t i o n s do o c c u r w i t h i n t h e s t a r v a t i o n r e g i m e , t h e 

w o r k o f Boness (7) has been c o n s i d e r e d : a d i r e c t 

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

and t h o s e o f Boness i s hov/ever d i f f i c u l t . Boness's 

r e s u l t s have been o b t a i n e d a t somewhat d i f f e r e n t t e s t 

c o n d i t i o n s and a l s o o c c u r a t f l o w r a t e s 5 o r d e r s o f 

m a g n i t u d e h i g h e r t h a n t h e h i g h e s t f l o w r a t e used i n t h i s 

p r e s e n t w o r k . 

I n g e n e r a l , t h o u g h , Boness's r e s u l t s i n d i c a t e 

f r i c t i o n t o r q u e s o n l y n o m i n a l l y h i g h e r t h a n t h o s e 

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

a l s o show l i t t l e v a r i a t i o n w i t h f l o w r a t e w i t h i n t h e 

r a n g e (500 - 4000 gm/min.) i n v e s t i g a t e d . The r e s u l t s 

o f Boness must be f o r a f u l l y f l o o d e d b e a r i n g because 

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

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

t o t h o s e o f Boness show t h a t t h e f o r m e r • r e s u l t s 

a p p r o a c h c o n d i t i o n s o f f u l l EHD l u b r i c a t i o n . 

The a d d i t i o n a l f r i c t i o n t o r q u e c u r v e s shown i n 

f i g u r e 40 f o r low v a l u e s o f t u r n up a t t h e 

l o w e r l i m i t s o f t h e c u r v e s . I t has been r e p o r t e d 

t h a t t h i s u p t u r n i n g , and t h e a ccompanying i n s t a b i l i t y , 

a p p e a r e d t o be due t o f i l m breakdown a t some c o n t a c t 

w i t h i n t h e t e s t b e a r i n g assembly a l t h o u g h , f r o m t h e 

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

t h e r o l l e r / r a c e c o n t a c t s a p peared t o be i n t a c t . W h i l s t 

i t c a n n o t be presumed t h a t c o m p l e t e s t a r v a t i o n o f t h e 
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r o l l i n g c o n t a c t s was even a p p r o a c h e d , i t i s o b v i o u s 

t h a t t h e l i m i t o f e f f e c t i v e l u b r i c a t i o n o f t h e 

a s s e m b l y had been r e a c h e d . 

The e x p e r i m e n t a l r e s u l t s p r e s e n t e d a r e t h e r e f o r e 

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

c o v e r c o n d i t i o n s f r o m t h e l i m i t o f e f f e c t i v e 

l u b r i c a t i o n o f t h e assembly as a l o w e r bound t o 

c o n d i t i o n s a p p r o a c h i n g f u l l EHD l u b r i c a t i o n as an 

u p p e r bound. 

The e x p e r i m e n t a l f r i c t i o n t o r q u e c u r v e s shown i n 

f i g u r e s 34 , 32 , 53 and 34 i n d i c a t e t h a t i n 

g e n e r a l t h e t o r q u e d e v e l o p e d i n b e a r i n g N310, t h e 

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

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

NU310, T h i s v a r i a t i o n i s most p r o b a b l y due t o 

d i f f e r e n c e s i n b e a r i n g m e t r o l o g y (as shown i n 

A p p e n d i x ( & ) ) and n o t t o f l a n g e l o c a t i o n ; i t i s f o r 

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

The f i g u r e s do show t h a t b e a r i n g f r i c t i o n t o r q u e 

i s l e s s e n e d as t h e o i l f l o w r a t e i s r e d u c e d . T h i s 

r e d u c t i o n i n f r i c t i o n t o r q u e i s accompanied by a 

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

as shown i n f i g u r e s 4t t o 49 . I t has been 

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

s t a r v a t i o n : t h e r e d u c t i o n i n f r i c t i o n t o r q u e a r i s e s 

d i r e c t l y f r o m l u b r i c a n t s t a r v a t i o n and i s c e r t a i n l y 

n o t due t o a r e d u c t i o n i n l u b r i c a n t v i s c o s i t y . On 

t h e c o n t r a r y , t h e r e d u c t i o n i n f r i c t i o n t o r q u e t a k e s 

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

s t a r v a t i o n i s much more s i g n i f i c a n t t h a n w o u l d a t f i r s t 

a p p e a r . 

F i g u r e s 3? and 38 show t h e v a r i a t i o n i n t e s t 

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

V a r i a t i o n In t h i s wiiEhin the range i n v e s t i g a t e d .has been 

f o u n d t o be q u i t e l i n e a r w i t h ( I n . f l o w r a t e ) and a l s o 

d e p e n d e n t dn s h a f t speed. F i g u r e s 5C and 57 have 

been p l o t t e d f r o m t h e c u r v e s shown i n f i g u r e s S7 

and 38 , p r o v i d i n g a b e t t e r i l l u s t r a t i o n o f t h e s e 

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

r a c e t e m p e r a t u r e s e x h i b i t a s i m i l a r dependence, b u t 

t o a l e s s e r d e g r e e . T h i s i s r e f e r r e d t o i n S e c t i o n 

(7'4) w h i c h f o l l o w s . 

Boness's r e s u l t s show t h a t t h i s dependence o f 

f r i c t i o n t o r q u e on l u b r i c a n t f l o w r a t e c a n n o t be 

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

r a t e s o u t s i d e t h e r a n g e i n v e s t i g a t e d . I f Wedeven, 

Evans and Cameron's (35 ) d e f i n i t i o n s o f f l o o d e d and 

s t a r v e d l u b r i c a t i o n can be t a k e n as v a l i d f o r t h i s 

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

w i t h i n t h e same r a n g e , i t f o l l o w s t h a t t h e r e s u l t s 

p r e s e n t e d h e r e r e p r e s e n t c o n t a c t s w i t h i n t h e i r ' s t a r v e d ' 

r e g i o n , where c o n d i t i o n s a r e t o some degree dependent 

on l u b r i c a n t f l o w r a t e : Boness's r e s u l t s f a l l i n t o 

t h e i r c a t e g o r y o f ' f l o o d e d ' vrhere f l o w r a t e i s 

r e l a t i v e l y u n i m p o r t a n t . 

I n c o n c l u d i n g t h i s d i s c u s s i o n on b e a r i n g f r i c t i o n 
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an t o r q u e i t i s i n t e r e s t i n g t o c o n s i d e r t h e work o f 

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

S e c t i o n 3, Munnich's (Zdf) a p p r o a c h t o t h e p r o b l e m o f 

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

t r e a t m e n t c o n t a i n e d i n t h e body o f t h i s t h e s i s and 

a l s o t h a t o f t h e o t h e r a u t h o r s so f a r n o t e d . 

W h i l s t t h i s l a t t e r work i s c o n c e r n e d w i t h p u r e l y 

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

p r o b l e m , M unnichs work i s p r i m a r i l y based on t h e 

i n t e r p r e t a t i o n o f e x p e r i m e n t a l r e s u l t s f r o m t e s t s on 

p a r a l l e l r o l l e r t h r u s t b e a r i n g s . H i s e x p e r i m e n t s were 

a l l o f e x t r e m e l y s h o r t d u r a t i o n and do n o t t h e r e f o r e 

r e f l e c t e q u i l i b r i u m c o n d i t i o n s . Because o f t h e speed 

o f t h e t e s t s t h e r e i s no change i n b e a r i n g t e m p e r a t u r e 

and t h e r e f o r e no change i n l u b r i c a n t v i s c o s i t y . A 

t y p i c a l s e t o f e x p e r i m e n t a l r e s u l t s are r e p r o d u c e d 

i n f i g u r e 90 , f r o m r e f e r e n c e 

M i i n n i c h c l a i m s t h a t t h e r e s u l t s o f such t e s t s 

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

e q u i l i b r i u m c o n d i t i o n s have been a t t a i n e d , and proceeds 

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

f r i c t i o n t o r q u e as measured. A p a r t i c u l a r c o n c l u s i o n 

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

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

speed f o r w h i c h t h e f r i c t i o n t o r q u e i s a minimum. 

The v a l u e o f t h e s p e e d - v i s c o s i t y parameter at w h i c h 

t h e f r i c t i o n t o r q u e i s minimum was f u r t h e r shown t o be 

d e p d e n d e n t on c o m p o s i t e s u r f a c e r o u g h n e s s . 

F i g u r e , a l s o r e p r o d u c e d f r o m Munnichs work,(Z^ 
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i n d i c a t e s t h e v a r i a t i o n i n b e a r i n g f r i c t i o n t o r q u e 

and t e m p e r a t u r e w i t h l u b r i c a n t f l o w r a t e . T h i s f i g u r e 

i s p a r t i c u l a r l y i n t e r e s t i n g i n t h a t i t i l l u s t r a t e s 

t h e f o r m o f b o t h f r i c t i o n t o r q u e and b e a r i n g t e m p e r a t u r e 

r e s u l t s o b t a i n a b l e o v e r a v e r y w i d e range o f f l o w r a t e s . 

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

work c o r r e s p o n d t o c o n d i t i o n s t o t h e l e f t o f t h i s 

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

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

t h e f i g u r e . 

M unnich e x p l a i n s f i g u r e 5̂  as f o l l o w s : e s p e c i a l l y 

low f r i c t i o n t o r q u e and low r u n n i n g t e m p e r a t u r e s are 

a c h i e v e d w i t h s m a l l q u a n t i t i e s o f l u b r i c a n t . I f t h e 

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

s u b s t a n t i a l a s p e r i t y c o n t a c t i s t a k i n g p l a c e , a r i s e 

i n b o t h f r i c t i o n t o r q u e and t e m p e r a t u r e o c c u r s . T h i s 

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

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

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

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

l o s s e s i n t h e EHD f i l m b u t a l s o "because o f t h e work 

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

c o n j u n c t i o n " . L a r g e q u a n t i t i e s o f l u b r i c a n t , w h i l s t 

f u r t h e r i n c r e a s i n g f r i c t i o n t o r q u e have t h e e f f e c t o f 

c o o l i n g t h e b e a r i n g , as i n d i c a t e d t o t h e r i g h t o f t h e 

f i g u r e , 

The s t a t e m e n t q u o t e d f r o m M u n n i c h ( above i s 

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

t h e c o n j u n c t i o n i s f i x e d by t h e f i l m t h i c k n e s s and t h e 
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e n t r a i n i n g v e l o c i t y and i s i n d e p e n d e n t o f f l o w r a t e . 

The i n c r e a s e i n f r i c t i o n t o r q u e i s due t o a b u i l d - u p o f 

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

However, p r o v i d i n g t h i s e r r o r i s n o t e d , t h e work o f 

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

e x p e r i m e n t a l d a t a o b t a i n e d h e r e i n t o t h e b r o a d e r 

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

Id 



7.3 Comparison o f t h e t h e o r e t i c a l 

v7ork and t h e e x p e r i m e n t a l v a l u e s 

o f f r i c t i o n t o r q u e 

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

s t a r v a t i o n c o n t a i n e d i n S e c t i o n 3 and d i s c u s s e d i n 

S e c t i o n 7.1 above a r e e x t e n d e d i n t h e body o f t h e 

w o r k t o t h e p a r t i c u l a r case o f c y l i n d r i c a l r o l l e r 

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

t h a t has been made - t h a t t h e l u b r i c a n t f i l m s w i l l be 

i d e n t i c a l a t each c o n t a c t i r r e s p e c t i v e o f p o s i t i o n i n 

t h e a s s e m b l y - i s t e n t a t i v e b u t does a t l e a s t p r o v i d e 

a s i m p l e b a s i s f o r t h e e x t e n s i o n o f t h e t h e o r y . 

However, Wedeven, Evans and Cameron (35) have shown 

e x p e r i m e n t a l l y t h a t t h e f i l m i n l e t p o s i t i o n i s 

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

one p a r a m e t e r w h i c h does v a r y s i g n i f i c a n t l y w i t h 

p o s i t i o n i n t h e a s s e m b l y , and so t h e r e are grounds 

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

used i n t h i s work w i l l , l i k e Grubin's, p r o v i d e an 

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

w i t h i n t h e a s s e m b l y . 

F i g u r e s 

and X/i show the t h e o r e t i c a l 

e f f e c t s o f l u b r i c a n t s t a r v a t i o n on t h e f r i c t i o n t o r q u e 

g e n e r a t e d w i t h i n t h e r o l l e r b e a r i n g s used i n t h e 

e x p e r i m e n t a l w o r k . Remembering t h a t t h e t h r e e f i g u r e s 

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

t o t a l b e a r i n g f r i c t i o n - a l l t o r q u e v a l u e s r e q u i r e 

m u l t i p l y i n g by a f a c t o r o f 2 t o i n c l u d e t h e e f f e c t s o f 
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s l i d i n g t r a c t i o n (see page ) - it w i l l be seen t h a t , 

by c o m p a r i s o n w i t h t h e e x p e r i m e n t a l t o r q u e c u r v e s 

shown i n f i g u r e s 34 , 32 , S3 and 34 . t h e 

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

been o b t a i n e d c o n s t i t u t e modest t o s e v e r e l u b r i c a n t 

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

s u b - s e c t i o n . 

U s i n g t h e t h e o r e t i c a l c u r v e s shown i n f i g u r e s 

J9 and to , t h e v a l u e o f t h e s t a r v a t i o n f a c t o r 

m f o r each o f t h e e x p e r i m e n t a l c u r v e s can be e s t i m a t e d 

and t h e s e a r e summarised i n f i g u r e 

I t w i l l be seen t h a t t h e v a l u e o f m i s n o t 

c o n s t a n t f o r each f l o w r a t e c o n d i t i o n . R a t h e r , m 

d e c r e a s e s as i s i n c r e a s e d i n d i c a t i n g t h a t t h e 

d e g r e e of s t a r v a t i o n becomes more s e v e r e as, i n 

p a r t i c u l a r , speed i s i n c r e a s e d . I t s h o u l d be n o t e d , 

t h o u g h , t h a t t h e t h e o r e t i c a l c u r v e s on X'/hich t h i s 

c o m p a r i s o n i s based have been p l o t t e d f o r t h e 

c o n d i t i o n ~ ^ f l O ^^'^ °^ c o u r s e f J ^ w i l l i n c r e a s e 

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

t h e c o n d i t i o n where t h e i n l e t f i l m t h i c k n e s s i n c r e a s e s 

i n d i r e c t p r o p o r t i o n t o / ^ ^ a s speed i s i n c r e a s e d . 

For t h e c o n d i t i o n s where e i t h e r v a r i e s l e s s 

t h a n d i r e c t l y w i t h » c o n s t a n t , or v a r i e s 

i n v e r s e l y w i t h speed, i t f o l l o w s t h a t an i n c r e a s e i n 

speed w i l l cause t h e s t a r v a t i o n f a c t o r t o be r e d u c e d , 

as o b s e r v e d i n t h e e x p e r i m e n t a l r e s u l t s . To f i n d 

w h i c h o f t h e s e a l t e r n a t i v e s t h e e x p e r i m e n t a l t o r q u e 

c u r v e s c o r r e s p o n d t o , t h e v a r i a t i o n i n i n l e t f i l m 
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t h i c k n e s s w i t h l o a d , ^ ^ and f l o w r a t e has been 

d e t e r m i n e d f r o m k n o w l e d g e o f /J^^ f o r t h e t e s t 

c o n d i t i o n s and t h e e s t i m a t e d v a l u e s o f t h e 

s t a r v a t i o n f a c t o r m. 

The r e s u l t s a r e a l s o t a b u l a t e d i n f i g u r e and, 

f o r b e a r i n g NU310, shown g r a p h i c a l l y i n f i g u r e s Cli 

and S i m i l a r c u r v e s have been o b t a i n e d f o r 

b e a r i n g N310, W h i l s t f i g u r e Cfi f o r IkN l o a d p r o v i d e s 

a r e a s o n a b l e i l l u s t r a t i o n o f t h e v a r i a t i o n o f w i t h 

l u b r i c a n t f l o v 7 r a t e and f i g u r e 6t f o r lOkN 

l o a d i s l e s s e x p l a n a t o r y . F i g u r e s (oi and 64 have 

been p r o d u c e d t o show t h e v a r i a t i o n i n , f o r b o t h 

I k N and lOkN l o a d , f o r b o t h t e s t b e a r i n g s . A l s o 

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

w i t h "^KJ f o r each l o a d c o n d i t i o n . 

The c u r v e s p r e s e n t e d f o r IkN l o a d show t h a t , a t 

t h i s l o a d , t h e v a r i a t i o n i n w i t h "^Sj a t t h e 

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

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

c u r v e o f I'lf^ by an amount dependent on l u b r i c a n t f l o w -

r a t e . I t f o l l o w s f r o m t h e c u r v e s , and f r o m e q u a t i o n 

(5'4'5) , t h a t a t t h i s c o n s t a n t l o a d c o n d i t i o n t h e p h y s i c a l 

f i l m i n l e t p o i n t S i s c o n s t a n t f o r each v a l u e o f 

f l o w r a t e , t h e v a r i a t i o n i n b e i n g due e n t i r e l y 

t o t h e v a r i a t i o n i n , t a k e n t o be i n t h i s 

a n a l y s i s , ^ o r t h i s l o a d t h e r e f o r e , t h e p o s i t i o n o f 

t h e f i l m i n l e t p o i n t i s dependent o n l y on l u b r i c a n t 

f l o w r a t e and i n d e p e n d e n t o f speed, a l t h o u g h , 

v a r y i n g w i t h U. , i s dependent on speed, 
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I t a l s o f o l l o w s t h a t t h e v a r i a t i o n i n i n l e t p o i n t 

p a r a m e t e r <S i s due s o l e l y t o changes i n t h e non-

d i m e n s i o n a l v a r i a b l e s G and U: s i n c e 3 i s p r o p o r t i o n a l 

t o an i n v e r s e power o f G x U, t h e n o t e d r e d u c t i o n i n 

s t a r v a t i o n f a c t o r m as i s i n c r e a s e d i s i n agreement. 

I t w i l l be remembered t h a t t h e a l t e r n a t i v e 

a n a l y s i s g i v e n i n A p p e n d i x ( S ) was based on an 

a s s u m p t i o n o f c o n s t a n t f i l m i n l e t p o i n t X iX^ 

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

t h e o r e t i c a l t o r q u e c u r v e s as p r e s e n t e d i n f i g u r e S'S , 

S'9 and S'40 t h e r e f o r e p r o v i d e c u r v e s f o r t h e 

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

i n as v ^ e l l as encompassing t h e a s s u m p t i o n o f 

c o n s t a n t f i l m i n l e t p o i n t f o r a l l assembly r o l l i n g 

c o n t a c t s . 

The e x p e r i m e n t a l t o r q u e c u r v e s f o r b e a r i n g NU310, 

f i g u r e s 3J and Vl h ave been r e p r o d u c e d i n f i g u r e s 

and , The o v e r - l a y s t o t h e s e f i g u r e s have 

been p r o d u c e d f r o m d a t a o b t a i n e d f r o m t h e program used 

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

and i n A p p e n d i x ( 5 ) : t h e y are e f f e c t i v e l y t h e same 

c u r v e s as t h e l a t t e r , b u t have been m o d i f i e d t o i n c l u d e 

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

F or IkN l o a d a t l e a s t , t h e c o m p a r i s o n i s r e m a r k a b l e , 

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

w i t h i n t h e range i n v e s t i g a t e d can be w e l l r e p r e s e n t e d 

by t h e a n a l y s i s c o n t a i n e d i n A p p e n d i x ( S ) , 

N e g l e c t i n g t h e 20% o f t o t a l f r i c t i o n due t o 

s o u r c e s o t h e r t h a n r o l l e r / t r a c k c o n t a c t s , i t can be seen 
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t h a t t h e e x p e r i m e n t a l t e s t r e s u l t s c o r r e s p o n d t o f i l m 

i n l e t p o s i t i o n s o f : 

For f l o w r a t e 1.6 gm/min., = 0.07 x ^°},]^^ = C.525m,m. 
radius 

F o r f l o w r a t e 0.2 gm/min., = 0.05 x " I J " = 0.375m.m. 
radius 

F o r f l o w r a t e 0.06 gm/min., = 0.04 x j g y l u s ~ °*^°* 

F o r f l o w r a t e 0.004 gm/min., = 0.02 x ^°}^]" = 0,15m.m. 
^ ' radius 

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

t h e r o l l e r t o t h e i n l e t edge o f t h e l u b r i c a n t f i l m s 

a r e m i n u t e compared t o o t h e r d i m e n s i o n s o f t h e 

bearing. S i m i l a r r e s u l t s have been o b t a i n e d f o r t e s t 

b e a r i n g NI310. 

The c u r v e s f o r lOkN l o a d i n f i g u r e s and 

OA do n o t f o l l o w t h i s s i m p l e p a t t e r n . These c u r v e s 

i n d i c a t e t h a t t h e i n l e t f i l m t h i c k n e s s e s at low v a l u e s 

o f are h i g h and t h a t as i s i n c r e a s e d , t h e 

f i l m t h i c k n e s s e s f a l l t o a minimum and t h e n .tend t o w a r d s 

a c o n d i t i o n s i m i l a r t o t h e c u r v e s f o r IkN l o a d , i . e . 

f o l l o w i n g l i n e s p a r a l l e l t o t h e c u r v e o f ^ j ^ f o r t h i s 

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

c o n d i t i o n o f f i x e d f i l m i n l e t p o s i t i o n f o r a g i v e n 

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

c u r v e s f o r lOkN do n o t r e a c h t h i s c o n d i t i o n w i t h i n t h e 

ra n g e o f ^hJ i n v e s t i g a t e d . 

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

f o l l o w i n g . 

The c e n t r e - l i n e f i l m t h i c k n e s s o f t h e c o n t a c t , 

J« , i s r e d u c e d w i t h i n c r e a s e i n l o a d . At low l o a d s . 

&1 



when t h e c o n t a c t f i l m t h i c k n e s s i s c o m p a r a t i v e l y 

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

t h e c o n j u n c t i o n , T h e t e i s no b u i l d - u p o f l u b r i c a n t 

w i t h i n t h e i n l e t r e g i o n o f t h e c o n t a c t and t h e 

p o s i t i o n o f t h e p h y s i c a l f i l m i n l e t p o i n t depends 

s o l e l y on o i l f l o w t a t e , and i s i n d e p e n d e n t o f 

For t h e h i g h e r l o a d h o wever, t h e c o n t a c t f i l m 

t h i c k n e s s i s r e d u c e d and a t low speeds t h e q u a n t i t y 

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

t h r o u g h t h e c o n j u n c t i o n , A b u i l d - u p o f l u b r i c a n t 

o c c u r s i n t h e e n t r y t o t h e c o n t a c t , c a u s i n g t h e 

p h y s i c a l f i l m i n l e t p o i n t and t h e r e f o r e t h e i n l e t f i l m 

t h i c k n e s s , t o be i n c r e a s e d . As speed i s i n c r e a s e d , 

t h i s c o n d i t i o n i s r e c t i f i e d as more o i l i s t r a n s p o i t e d 

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

t o w a r d s a p o s i t i o n d e p e n d e n t o n l y on o i l f l o w r a t e t o 

t h e c o n t a c t . From t h e c u r v e s f o r lOkN l o a d , i t w i l l be 

seen t h a t t h i s e f f e c t i s more n o t i c e a b l e a t h i g h e r 

f l o w r a t e s , as w o u l d be e x p e c t e d . 

For many o f t h e t e s t c o n d i t i o n s a t l o w e r v a l u e s 

o f , t h e i n l e t f i l m t h i c k n e s s i s { g r e a t e r a t 

lOkN l o a d t h a n a t IkN l o a d . T h i s c o n d i t i o n , t h e 

r e v e r s e o f t h a t f o r t h e v a i i a t i o n o f ^OQ^ w i t h l o a d , 

can t h e r e f o r e be e x p l a i n e d i n terms o f t h e f i l l i n g 

o f t h e e n t r y r e g i o n , as p r o p o s e d above. 

A c c e p t i n g t h e above e x p l a n a t i o n , t h e mechanism 

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

o f t h e l u b r i c a n t f i l m can be summarised as f o l l o v / s . 

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

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



f i l m i n l e t p o s i t i o n f o r a g i v e n l o a d and f l o v j r a t e . 

T h i s c o n d i t i o n i s m a i n t a i n e d i r r e s p e c t i v e o f 

as i s i n c r e a s e d , r e - c y c l i n g o f l u b r i c a n t t o 

m a i n t a i n t h i s c o n d i t i o n can be i m a g i n e d . However, 

i f is t o o low t o t r a n s p o r t t h e amount o f l u b r i c a n t 

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

l u b r i c a n t i n t h e i n l e t r e g i o n t a k e s p l a c e . T h i s 

b u i l d - u p can be r e d u c e d by i n c r e a s i n g '^hJ , or 

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

t h i c k n e s s t o i n c r e a s e . 

The r e d u c t i o n i n l u b r i c a n t f l o w r a t e does have 

some e f f e c t on t h e b u i l d - u p o f l u b r i c a n t b u t n o t as 

much as m i g h t a t f i r s t be supposed. Such a r e d u c t i o n 

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

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

t o r q u e as o b s e r v e d , b u t because f l o w r a t e i s r e d u c e d , 

t h e t e s t c o n d i t i o n w i l l now l i e on a lov/er lOkN 

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

p a r a l l e l t o t h e c u r v e . The l u b r i c a n t f l o w r a t e 

may s t i l l be t o o g r e a t f o r t h i s new c o n d i t i o n o f 

c o n s t a n t f i l m i n l e t p o i n t t o be a c h i e v e d . The i n l e t 

f i l m t h i c k n e s s may t h e r e f o r e s t i l l r e f l e c t a 

c o n d i t i o n o f e x c e s s l u b r i c a n t , b u t now f o r t h e new 

c o n s t a n t f i l m i n l e t c o n d i t i o n , n o t t h e o r i g i n a l one. 
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7.4 B e a r i n g component t e m p e r a t u i e s 

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

r a c e t e m p e r a t u r e s have shown a dependence on ( I n , 

f l o w r a t e ) , and a l s o speed and l o a d , w i t h i n t h e 

r a n g e i n v e s t i g a t e d . F i g u r e s SZ and 53 have been 

r e - p r e s e n t e d i n f i g u r e s 67 and t o i l l u s t r a t e 

t h i s more e f f e c t i v e l y . I t w i l l be seen t h a t t h e 

dependence o f t e m p e r a t u r e on speed i s g r e a t e r a t 

h i g h e r f l o w r a t e , a l t h o u g h t h e dependence on l o a d i s 

r e d u c e d • 

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

N310 a r e i n a l l cases h i g h e r t h a n t h o s e f o r b e a r i n g 

NU310, a l t h o u g h t h e v a r i a t i o n i s n o t s i g n i f i c a n t . As 

w i t h t h e o b s e r v e d v a r i a t i o n i n f r i c t i o n t o r q u e , t h i s 

s l i g h t v a r i a t i o n i s m.ost p r o b a b l j ' a t t r i b u t a b l e t o 

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

l o c a t i o n . 

F i g u r e s 54 and 55 i n S e c t i o n 6 show t y p i c a l 

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

b e a r i n g o u t e r r a c e s , s u p e r i m p o s e d on ' T a l y r o n d ' 

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

i n t e r e s t i n g s i n c e i t shows i n b o t h f i g u r e s t h a t , 

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

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

smooth d i s t r i b u t i o n can be a t t r i b u t e d t o q u i t e s m a l l 

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

R a d i a l t e m p e r a t u r e d i s t r i b u t i o n was measured a t 

one p o i n t i n each o f t h e t e s t b e a r i n g o u t e r r a c e s , b u t 

t e m p e r a t u r e v a r i a t i o n was i n s i g n i f i c a n t , b e i n g o f t h e 
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o r d e r o f 0.2 d e g r e e s C, 

F i g u r e s 42 . 43 , 44 and 45 
show o u t e r 

r a c e , i n n e r r a c e , cage and r o l l e r t e m p e r a t u r e v a r i a t i o n 

\jith l o a d , speed and f l o w r a t e f o r b e a r i n g NU310 and 

f i g u r e s 4<& , 47 , 4S and 4$ s i m i l a r c u r v e s f o r 

b e a r i n g N310. 

C o n s i d e r i n g f i r s t b e a r i n g NU310 and t a k i n g t h e 

o u t e r r a c e t e m p e r a t u r e s . F i g u r e 42 , as t h e b a s i s 

f o r d i s c u s s i o n . 

I t w i l l be seen t h a t i n n e r r a c e t e m . p e r a t u r e s , 

f i g u r e 4S , a r e c o n s i s t e n t l y l o w e r t h a n o u t e r r a c e 

t e m p e r a t u r e s a t low sp e e d s , b u t as speed i s i n c r e a s e d 

t h e i n c r e a s e i n t e m p e r a t u r e i s de p e n d e n t on f l o w r a t e . 

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

above t h a t o f t h e o u t e r r a c e , v z h i l s t a t low f l o w r a t e s 

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

d i f f e r s : f o r t h e o u t e r r a c e t h e e f f e c t o f l o a d i s l e s s 

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

t h e i n n e r r a c e . 

Cage t e m p e r a t u r e s , f i g u r e 44 ^ a r e i n a l l cases 

s i g n i f i c a n t l y l e s s t h a n o u t e r r a c e tem.per a t u r e s , 

d i f f e r i n g t y p i c a l l y by a b o u t 10 - 15 deg r e e s C. The 

e f f e c t o f f l o w r a t e i s l e s s marked on t h e t e r . p e r a t u r e o f 

t h i s component a l t h o u g h t e m p e r a t u r e s a t h i g h e r speed 

a p p e a r t o be s l i g h t l y more d e p e n d e n t on f l o w r a t e . An 

i n c r e a s e i n b e a r i n g l o a d m e r e l y causes a s m a l l p a r a l l e l 

s h i f t o f t h e e x p e r i m e n t a l c u r v e , i r r e s p e c t i v e o f speed. 

The r e s u l t s o b t a i n e d f o r r o l l e r t e m p e r a t u r e , 

f i g u r e 46 , a r e most i n t e r e s t i n g . I n g e n e r a l , t h e y 
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a r e r e r a i k a b l y c l o s e t o t h o s e o b t a i n e d f o r o u t e r r a c e 

t e m p e r a t u r e a l t h o u p h , l i k e i n n e r r a c e t e m p e r a t u r e , 

t h e c u r v e s f o r r o l l e r t e m p e r a t u r e d i v e r g e more with 

i n c r e a s e i n speed t h a n t h o s e f o r o u t e r r a c e t e m p e r a t u r e 

A t lov7 f l o v 7 r a t e s , r o l l e r and o u t e r r a c e t e m p e r a t u r e s 

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

f l o w r a t e s , t e m p e r a t u r e s a r e e q u a l a t lov/er speed b u t 

r o l l e r t e m p e r a t u r e exceeds r a c e t e m p e r a t u r e by a b o u t 

10 - 15 degrees C. a t h i g h e r speeds. 

I n S e c t i o n 4, E x p e r i m e n t a l Programme, i t was 

n o t e d t h a t t h e use o f b u l k o u t e r r a c e t e m p e r a t u r e s 

f o r t h e e v a l u a t i o n o f t h e o r e t i c a l f r i c t i o n t o r q u e 

has l e d t o an o v e r e s t i m a t i o n o f t h i s q u a n t i t y - i t 

V7as supposed t h a t a f u l l e r k n owledge o f component 

t e m p e r a t u r e s w o u l d a l l o w a more a c c u r a t e assessment t o 

be t r a d e . The r e s u l t s d i s c u s s e d above w o u l d i n d i c a t e 

t h a t a t h i g h e r speeds and f l o w r a t e s t h e t e m p e r a t u r e 

d i f f e r e n c e i s s i g n i f i c a n t - a t l o w e r speeds and f l o v ; -

r a t e s o u t e r r a c e t e m p e r a t u r e s o n l y a r e a s u i t a b l e b a s i s 

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

r a c e and cage t e m p e r a t u r e t o some s m a l l d e g r e e . 

I t a p p e a r s t h a t a t h i g h e r speeds and f l o w r a t e s , 

w h e re f l o o d e d EHD t h e o r y can be t a k e n t o a p p l y , 

component t e m p e r a t u r e d i f f e r e n c e s must be t a k e n i n t o 

a c c o u n t . At l o w e r f l o w r a t e s , component t e m p e r a t u r e 

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

w i l l be a p p l i c a b l e and so s t a r v a t i o n a t t h e r o l l i n g 

c o n t a c t s must be t a k e n i n t o a c c o u n t . So i n any e v e n t , 

c a l c u l a t i o n s o f t h e o r e t i c a l f r i c t i o n t o r q u e must 
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i n c l u d e one e f f e c t or t h e o t h e r . 

B o t h e f f e c t s do o f c o u r s e r e d u c e t h e t h e o r e t i c a l 

f r i c t i o n t o r q u e and w o u l d t h e r e f o r e t e n d t o b r i n g t h e 

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

v a l u e s . 

The s i m . i l a r i t y o f o u t e r r a c e t e m p e r a t u r e s may 

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

t h e t e m p e r a t u r e c u r v e s o b t a i n e d f o r t e s t b e a r i n g N310, 

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

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

n o t c o m p l e t e , i t i s e v i d e n t t h a t t h i s i s n o t t h e c a s e . 

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

47 • i s i i ^ 3.11 cases l e s s t h a n o u t e r r a c e 

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

r a c e t e m p e r a t u r e f o r b e a r i n g NU310. The v a r i a t i o n i n 

i n n e r r a c e t e m p e r a t u r e w i t h speed i s l e s s , a l t h o u g h 

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

p r o d u c e d i n t h e o u t e r r a c e . 

Cage t e m . p e r a t u r e s , f i g u r e 4S , a r e much h i g h e r 

t h a n t h o s e o b t a i n e d f o r b e a r i n g NU310 and i n some 

i n s t a n c e s exceed t h e o u t e r r a c e t e m p e r a t u r e s . 

R o l l e r t e m p e r a t u r e s , f i g u r e 49 , a r e a b o u t 10 

d e g r e e s C. h i g h e r t h a n o u t e r r a c e t e m p e r a t u r e s a t 

h i g h e r s p e e d s , b u t e q u a l a t l o w e r speeds: t h e y do i n 

f a c t f o l l o v ; q u i t e w e l l t h e c u r v e s f o r r o l l e r t e m p e r a t u r e 

i n t e s t b e a r i n g 1IU310. 

The d i f f e r e n t t r e n d s f o r i n n e r r a c e and cage 

t e m p e r a t u r e s f o r t h i s b e a r i n g as compared t o b e a r i n g 

NU310 c a n n o t be s a t i s f a c t o r i l y e x p l a i n e d e x c e p t as 
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as b e i n g a r e s u l t o f t h e d i f f e r e n t b e a r i n g g e o m e t r i e s . 

P erhaps when more e x p e r i m e n t a l r e s u l t s c o n t a i n i n g f u l l 

component t e m p e r a t u r e s a r e a v a i l a b l e , t h i s p a r t i c u l a r 

t e m p e r a t u r e v a r i a t i o n w i l l be seen t o be i n h e r e n t t o 

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

A r e c e n t work by N o r l a n d e r and S t a c k l i n g g i v e s 

b r i e f d e t a i l s o f t e m p e r a t u r e d i s t r i b u t i o n i n a deep 

g r o o v e b a l l b e a r i n g r u n n i n g a t 25,500 r e v / m i n . u s i n g 

o i l m i s t l u b r i c a t i o n . Temiperatures were measured 

u s i n g a " T h e r m o v i s i o n " t e c h n i q u e , t h i s a l l o w i n g t h e r m a l 

r a d i a t i o n o f t h e b e a r i n g components t o be o b s e r v e d and 

r e c o r d e d . 

F o r t h e b e a r i n g i n q u e s t i o n , o u t e r r a c e t e m p e r a t u r e 

was f o u n d t o be 37°C, i n n e r r a c e tem.perature 40°C and 

b a l l t e m p e r a t u r e 47°C. These a r e i n g e n e r a l agreement 

w i t h t h e r e s u l t s p r e s e n t e d h e r e . F u r t h e r d e t a i l s o f 

N o r l a n d e r and S t a c k l i n g s w o r k has been r e q u e s t e d , b u t 

i s n o t a v a i l a b l e a t p r e s e n t . 

Sum.marising t h i s s e c t i o n , i t has been shown t h a t 

i n c e r t a i n c i r c u m . s t a n c e s t h e component t e m p e r a t u r e s , 

p a r t i c u l a r l y t h e r o l l e r t e m . p e r a t u r e , s h o u l d be t a k e n 

i n t o a c c o u n t when c a r r y i n g o u t t h e o r e t i c a l i n v e s t i g a t i o n s 

i n t o t h e s o u r c e s o f f r i c t i o n i n an a s s e m b l y : i n t h o s e 

cases where component t e c i p e r a t u r e s a r e s e n s i b l y e q u a l , 

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

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

b e a r i n g o u t e r r a c e s a p p e a r s t o be more dependent on 

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

t e m p e r a t u r e v a r i a t i o n i s i n s i g n i f i c a n t . 
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7.5 R o l l e r and Cage S l i p 

As n o t e d i n t h e i n t r o d u c t o r y d i s c u s s i o n . S m i t h (SI) 

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

c o n t a c t b e a r i n g s i s o f t e n accompanied by g r o s s r o l l e r 

and cage s l i p , i n many cases c a u s i n g p r e m a t u r e b e a r i n g 

f a i l u r e . 

The p r e s e n t e x p e r i m e n t a l v7ork has i n c l u d e d t h e 

measurement o f cage and r o l l e r speeds f o r a p r o p o r t i o n 

o f t h e t e s t s c a r r i e d o u t : no s i g n i f i c a n t v a r i a t i o n 

f r o m e p i c y c l i c speed has been o b s e r v e d , and so d e t a i l e d 

r e s u l t s have n o t been p r e s e n t e d . 

The absence o f s l i p i n t h e t e s t b e a r i n g s was n o t 

u n e x p e c t e d : any r e d u c t i o n i n f i l m t h i c k n e s s a t t h e 

r o l l i n g c o n t a c t s w i l l increase t h e s l i d i n g component 

o f f r i c t i o n , as g i v e n i n E q u a t i o n (54'3) and so reduce 

t h e t e n d e n c y f o r r o l l e r s l i p . P o s s i b l y more r e l e v a n t , 

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

w o u l d t e n d t o i n h i b i t r o l l e r s l i p , t h i s i n t u r n 

p r e v e n t i n g cage s l i p . T h i s l a t t e r p o i n t does s u g g e s t 

t h a t t h e s i n g l e o b s e r v a t i o n made - t h a t no s l i p t o o k 

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

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

e v i d e n c e b e i n g p r e s e n t e d . 

However, G a i n e l l ( Z ^ ) , whose r e s u l t s have been 

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

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

l u b r i c a n t s t a r v a t i o n , r e p o r t s t h a t no s i g n i f i c a n t 

cage o r r o l l e r s l i p was o b s e r v e d d u r i n g t h e s e t e s t s : 

i n most c a s e s , p o s i t i v e s l i p was extrem.ely s m a l l and 
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som.e cases o f s m a l l n e g a t i v e s l i p were o b s e r v e d . I t 

i s known t h a t G a r n e l l ' s t e s t b e a r i n g s were more 

a c c u r a t e l y c i r c u l a r t h a n t h e b e a r i n g s used i n t h i s 

p r e s e n t i n v e s t i g a t i o n . 

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

s t a r v a t i o n t e n d t o s u p p r e s s t h e d e v e l o p m e n t o f r o l l e r 

s l i p , t h i s i n turn- p r e v e n t i n g cage s l i p . 

ffoness ( 6 ) has r e p o r t e d s i g n i f i c a n t s l i p a t t h e 

h i g h f l o w r a t e s used d u r i n g h i s e x p e r i m e n t a l work and 

o b s e r v e s t h a t s l i p i s r e d u c e d i f speed i s r e d u c e d , l o a d 

i n c r e a s e d or l u b r i c a n t v i s c o s i t y r e d u c e d . I t w i l l be 

remembered t h a t Boness's r e s u l t s were t a k e n a t e x t r e m e l y 

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

o b s e r v a t i o n s a r e t h e r e s u l t o f t h e i n e r t i a e f f e c t s o f 

much excess l u b r i c a n t . When c o n s i d e r e d w i t h t h e f a c t 

t h a t m.any o f t h e r e s u l t s were o b t a i n e d u s i n g a f i x e d 

cage c o n f i g u r a t i o n , Boness's r e s u l t s appear i n a p p l i c a b l e 

t o a b e a r i n g o p e r a t i n g under c o n v e n t i o n a l c o n d i t i o n s . 
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7.6 B e a r i n g L i f e 

T h i s p r e s e n t w o r k has n o t i n c l u d e d any c o n s i d e r a t i o n 

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

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

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

t h e w o r k o f o t h e r a u t h o r s . 

M u n n i c h {VJ) has p r e s e n t e d a c u r v e (see f i g u r e 69 ) 

s h o w i n g t h e r e l a t i o n s h i p between e x p e c t e d l i f e and 

t h e r a t i o o f f i l m t h i c k n e s s t o s u r f a c e roughness a t 

t h e r o l l i n g c o n t a c t s x ^ i t h i n an a s s e m b l y . He s t a t e s t h a t 

t h e e x p e r i m e n t a l r e s u l t s on w h i c h p r e s e n t - d a y l i f e 

c a l c u l a t i o n s a r e based a r e f o r l u b r i c a t i o n w i t h a 

c o n v e n t i o n a l l u b r i c a n t i n t h e r e g i o n o f t h e most 

f r e q u e n t l y o c c u r r i n g v a l u e s o f speed f a c t o r dm.n 

(dm b e i n g t h e r o l l e r p i t c h d i a m e t e r and n t h e r o t a t i o n a l 

s p e e d ) . For t h e s e c o n d i t i o n s , Munnich s u g g e s t s t h a t 

t h e o p e r a t i n g r e g i m e i n w h i c h t h e s e e x p e r i m e n t s were 

c a r r i e d o u t o c c u r s a t v a l u e s o f t h e h o r i z o n t a l 

c o - o r d i n a t e i n f i g u r e w i t h i n t h e r e g i o n i n w h i c h 

b e a r i n g l i f e i s r e d u c e d . F u r t h e r e x p e r i m e n t s u s i n g 

h i g h e r v i s c o s i t y l u b r i c a n t s and h i g h e r speeds, b r i n g i n g 

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

show t h a t i n c r e a s e d b e a r i n g l i f e i s o b t a i n e d . Work on 

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

M u n n i c h t h e r e f o r e c o n c l u d e s t h a t t h e use o f t h e 

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

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

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

v i s c o s i t y t o g i v e c o m p l e t e s e p a r a t i o n o f t h e r o l l i n g 
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s u r f a c e s w i t h i n t h e most f r e q u e n t l y o c c u r i n g speed 

r a n g e . 

S i m i l a r c u r v e s t o f i g u r e 69 have been p r e s e n t e d 

by o t h e r a u t h o r s , i n c l u d i n g S k u r k a (iO) and Townsend et.al .(3J) 

the l a t t e r a t t r i b u t i n g the curve t o Zaretsky and Anderson. Skurka*8 

v e r s i o n of the curve uses L^^ l i f e as v e r t i c a l ordinate ; i n t h i s 

form, K a t i n e l (53 ) s u g g e s t s t h a t t h e c u r v e s h o u l d n o t becom^e 

f l a t t e n e d a t v a l u e s o f t h e h o r i z o n t a l c o - o r d i n a t e 

above 3 ; Danner (3S) p r o p o s e s t h a t t h e t y p e o f 

s u r f a c e f i n i s h i s as i m p o r t a n t as t h e C.L.A. v a l u e . 

Vaiessen and DeGee (34) p r e s e n t a c u r v e w h i c h 

i n d i c a t e s t h a t s t e e l q u a l i t y has an e f f e c t on e x p e c t e d 

b e a r i n g l i f e , vacuum r e m e l t e d s t e e l b e i n g s i g n i f i c a n t l y 

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

The t h e o r e t i c a l a n a l y s i s c o n t a i n e d i n t h i s p r e s e n t 

w o r k has shown t h a t l u b r i c a n t s t a r v a t i o n has l i t t l e 

e f f e c t on t h e f i l m t h i c k n e s s a t t h e c o n t a c t s u n l e s s 

s e v e r e s t a r v a t i o n t a k e s p l a c e . I t w o u l d n o t be e x p e c t e d , 

f o r t h e r o l l e r / r a c e c o n t a c t s a t l e a s t , t h a t . 

l u b r i c a n t s t a r v a t i o n w o u l d have any s i g n i f i c a n t e f f e c t 

on b e a r i n g l i f e , b u t t h e e x p e r i m e n t a l r e s u l t s have 

i n d i c a t e d t h a t f i l m b reakdown f i r s t o c c u r s a t o t h e r 

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

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

c o n t a c t s e n j o y l u b r i c a n t s t a r v a t i o n , t h e n assembly 

l i f e m i g h t w e l l be c u r t a i l e d . 

I t s h o u l d be m e n t i o n e d t h o u g h t h a t e x a m i n a t i o n o f 

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

u n d e r s t a r v a t i o n c o n d i t i o n s g i v e no i n d i c a t i o n t h a t 
t h e t e s t b e a r i n g s were even a p p r o a c h i n g f a i l u r e . 
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7.7 C o n c l u s i o n s and s u g g e s t i o n s f o r f u r t h e r work 

The c o n c l u s i o n s r e a c h e d d u r i n g t h i s work can be 

b r i e f l y summarised as f o l l o w s : 

I t i s t h e a u t h o r s o p i n i o n t h a t t h e c o n c e p t o f 

l u b r i c a n t s t a r v a t i o n must be c o n s i d e r e d i n a l l p r o b l e m s 

o f l u b r i c a t e d c o n t a c t . 

W i t h i n t h i s range o f l u b r i c a n t s t a r v a t i o n , f r i c t i o n 

t o r q u e i s much r e d u c e d f r o m f u l l y f l o o d e d v a l u e s and 

shows a dependence on ( I n . l u b r i c a n t f l o w r a t e ) . Load 

and speed a r e a l s o v a r i a b l e s t o be t a k e n i n t o a c c o u n t . 

The e x p e r i m e n t a l t o r q u e c u r v e s f o r low l o a d l e a d t o 

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

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

b u t d e p e n d e n t on l o a d and f l o w r a t e . E s t i m a t e s o f t h e 

p o s i t i o n s o f f i l m i n l e t p o i n t s shows t h a t t h e i n l e t 

r e g i o n t o t h e c o n t a c t i s v e r y s m a l l . 

The e f f e c t o f l u b r i c a n t s t a r v a t i o n i s t o reduce 

t h e t e m p e r a t u r e o f t h e b e a r i n g components. R o l l e r 

t e m p e r a t u r e i s 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 r a c e 

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

a t low f l o w r a t e s . 

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

i n s i g n i f i c a n t . 
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C i r c u m f r e n t i a l tem.perature v a r i a t i o n i s s u s c e p t i b l e 

t o r a c e g e o m e t r y . 

No s i g n i f i c a n t cage and r o l l e r s l i p were r e c o r d e d 

u n d e r s t a r v a t i o n c o n d i t i o n s . The o u t - o f - r o u n d n e s s o f 

t h e r a c e s has a l r e a d y been r e f e r r e d t o , and t h i s w o u l d 

p r o b a b l y t e n d t o s u p r e s s slip» I t s h o u l d be r e c a l l e d , 

a l s o , t h a t G a r n e l l ' s experim^ents a t lov; l u b r i c a n t s u p p l y 

r a t e s showed no r o l l e r o r cage s l i p a t a l l . 

F u r t h e r w ork w h i c h m i g h t be c o n s i d e r e d i n c l u d e s 

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

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

t h e complex p r o b l e m o f t h e p o s i t i o n i n g o f t h e f i l m 

i n l e t p o i n t f o r a l u b r i c a t e d r o l l e r . The v a r i a t i o n o f 

f i l m i n l e t t h i c k n e s s a t t h e h i g h e r l o a d c o n d i t i o n 

i n v e s t i g a t e d poses a p r o b l e m - a more s a t i s f a c t o r y 

e x p l a n a t i o n o f t h i s e f f e c t w o u l d be welcome. 
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APPENDIX (A) 

A c o m p a r i s o n between t h e e x a c t 

e x p r e s s i o n f o r H e r t z i a n d e f o r m a t i o n 

o f a c o n t a c t and t h e a p p r o x i m a t i o n 

p r o p o s e d by Crook ( r e f . ^ ) 

The s o l u t i o n o f Re y n o l d s e q u a t i o n f o r t h e G r u b i n 

m o d e l o f an e l a s t o - h y d r o d y n a m i c c o n t a c t r e q u i r e s an 

e x p r e s s i o n r e l a t i n g t h e f i l m t h i c k n e s s h, a t any p o i n t , 

t o a h o r i z o n t a l c o - o r d i n a t e %, . The e x a c t s o l u t i o n , 

d e r i v e d by H e r t z and used by G r u b i n i s g i v e n i n 

e q u a t i o n (Jl'S) and i s r e p r o d u c e d b e l o w ( e q u a t i o n (A'i) ) , 
t h i s e x p r e s s i o n b e i n g i n terms o f t h e g e n e r a l l y a c c e p t e d 

n o n - d i m e n s i o n a l v a r i a b l e s g i v e n i n e q u a t i o n (H'5) 

I t f o l l o w s t h a t ^.J 

Crook's a p p r o x i m a t i o n t o t h e e x a c t s o l u t i o n g i v e n i n 

e q u a t i on (M) I S 

Flgure A'I shows t h e v a r i a t i o n of ^^ and 

w i t h h o r i z o n t a l c o - o r d i n a t e f o r W = 3 X lo"^ , a 

v a l u e t y p i c a l o f a m o d e r a t e l y l o a d e d s t e e l c o n t a c t . 

F i g u r e 'A'Z shows t h e v a r i a t i o n o f ^ ^ ' ^ a n d 

w i t h h o r i z o n t a l c o - o r d i n a t e ^ ^ a g a i n f o r V>/= 3 X 10'5. 

I t w i l l be n o t e d t h a t b o t h U and a r e i n b e t t e r 
^ OCX 



agreement wit h l - ^ and values of X y l o s e to 

t h e H e r t z i a n c o n t a c t r e g i o n . 
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APPENDIX (B) 

D e t a i l s o f t e s t b e a r i n g s used d u r i n g t h e 

e x p e r i m e n t a l programme 

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

been i n v e s t i g a t e d i n t h i s p r e s e n t work and t h e s e are 

shown i n f i g u r e ^'i . 

B o t h b e a r i n g s a r e 50mm n o m i n a l b o r e . 

B e a r i n g t y p e NU310 has a f l a n g e d o u t e r r a c e and 

p l a i n i n n e r r a c e . The 12 t a p e r - ended r o l l e r s 

are c o n t a i n e d by a b r a s s cage w h i c h i s g u i d e d 

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

B e a r i n g t y p e N310 has a f l a n g e d i n n e r r a c e and p l a i n 

o u t e r r a c e . The 12 t a p e r - ended r o l l e r s 

a r e c o n t a i n e d by a b r a s s cage w h i c h i s g u i d e d 

by t h e f l a n g e s on t h e i n n e r r a c e . 

The e x p e r i m e n t a l work has been c a r r i e d out 

on a s i n g l e b e a r i n g s pecimen o f each t y p e . D e t a i l s o f 

t h e m e t r o l o g y o f t h e s e b e a r i n g s appears i n f i g u r e ^'t . 

Measurements o f l i n e a r b e a r i n g d i m e n s i o n s were 

made u s i n g a H i l g e r and W a t t s H o r i z o n t a l M i c r o p t i c 

m e a s u r i n g m a c h i n e . S u r f a c e f i n i s h v a l u e s were o b t a i n e d 

by t h e use o f a ' T a l y s u r f ' 4 and measurement o f t h e 

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

' T a l y r o n d ' Model 51 i n s t r u m e n t . 

F i g u r e i'i shows ' T a l y r o n d ' t r a c e s f o r b e a r i n g 

NU310 and f i g u r e '̂4 ' T a l y r o n d ' t r a c e s f o r b e a r i n g 

N310, 
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APPENDIX (C) 

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

e x p e r i m e n t a l programme 

Three t e s t l u b r i c a n t s have been used d u r i n g t h i s 

p r e s e n t w o r k . These a r e d e s i g n a t e d as 

HVI 160 S 

EVI 55 

P a r a f f i n 

HVI 160 S and HVI 55 a r e b o t h base m i n e r a l o i l s 

w i t h no a d d i t i v e s . These l u b r i c a n t s a r e p a r t i c u l a r l y 

w e l l documented by S h e l l L i m i t e d and have m i d p o i n t 

v i s c o s i t i e s a t 100°F (37,8°C) o f JiO cSt and Zi' cSt 

r e s p e c t i v e l y . 

The p a r a f f i n used was a c o m m e r c i a l grade f l u i d w i t h 

a m i d p o i n t v i s c o s i t y a t 100°F of $'jS c S t , 

F i g u r e C'l shows t h e t e m p e r a t u r e - v i s c o s i t y 

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

F o r each l u b r i c a n t , t h e t e m p e r a t u r e - v i s c o s i t y 

c h a r a c t e r i s t i c o b t a i n e d f r o m t h e m a n u f a c t u r e r was 

c h e c k e d i n t h e l a b o r a t o r y i n a c c o r d a n c e w i t h t h e 

r e c o m m e n d a t i o n s o f t h e B r i t i s h S t a n d a r d 188 - 1957 

u s i n g 'U' t u b e v i s c o m e t e r s and a Townson and M e r c e r 

t y p e E270 t h e r m o s t a t B a t h f i l l e d w i t h S h e l l R i s e l l a 17 

o i l . O i l B a t h t e m p e r a t u r e was measured by two I.P 

c a l i b r a t e d t h e r m o m e t e r s and i n a d d i t i o n , was a c c u r a t e l y 

s e t a t 3 r e f e r e n c e t e m p e r a t u r e s u s i n g I.P c a l i b r a t e d 

k i n e m a t i c v i s c o s i t y t h e r m o m e t e r s . The v a r i a t i o n 

i n l u b r i c a n t d e n s i t y w i t h t e m p e r a t u r e was o b t a i n e d by 
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s u s p e n d i n g an S.G. b o t t l e c o n t a i n i n g t h e l u b r i c a n t 

i n t h e b a t h d u r i n g t h e v i s c o m e t r y t e s t s : a t each 

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

S.G. b o t t l e was measured and t h e f l u i d d e n s i t y 

c a l c u l a t e d . 

I n a l l cases t h e d a t a o b t a i n e d f r o m t h e 

l a b o r a t o r y t e s t s was i n good agreement w i t h t h e d a t a 

s u p p l i e d by t h e l u b r i c a n t m a n u f a c t u r e r s . 
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APPENDIX (D) 

Measurement o f t e s t b e a r i n g l o a d 

The l o a d was a p p l i e d t o t h e end o f t h e machine arm 

by a 'Dowty' t y p e HP5A hand o p e r a t e d h y d r a u l i c ram 

and was measured by a ' V i b r o m e t e r ' t y p e LC/2t l o a d 

c e l l o f 20 kN. c a p a c i t y . From t h e g e o m e t r y o f t h e arm, 

t h e b e a r i n g l o a d was 1.55 t i m e s t h e ram l o a d . The 

o u t p u t e.m.f. f r o m t h e l o a d c e l l was i n i t i a l l y 

m e a sured by a V i b r o m e t e r t y p e 8-CFA-l/B c a r r i e r 

f r e q u e n c y a m p l i f i e r w h i c h was p r o v i d e d w i t h a g a l v a ­

n o m e t e r t o measure b r i d g e c i r c u i t u n b a l a n c e . Toward 

t h e end o f t h e t e s t programme, t h e V i b r o m e t e r 

i n s t r u m e n t d e v e l o p e d a f a u l t and was r e p l a c e d by a 

B.P.A. T r a n s d u c e r m e t e r t y p e C52, t h i s i n s t r u m e n t 

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

The l o a d c e l l and m e a s u r i n g c i r c u i t were 

c a l i b r a t e d up t o 20 kN. a p p l i e d l o a d u s i n g a D e n i s o n 

Type T42BA T e s t i n g m a c h i n e . 

IPO 



APPENDIX (E) 

Measurement o f t e s t b e a r i n g f r i c t i o n t o r q u e 

The o r i g i n a l m achine d e s i g n was p r o v i d e d w i t h a 

t o r q u e m e a s u r i n g d e v i c e u s i n g ' V i b r o m e t e r ' TW5-2/A 

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

s y s t e m p r o v e d t o be u n s a t i s f a c t o r y because t h e 

t r a n s d u c e r s were v e r y s e n s i t i v e t o a m b i e n t t e m p e r a t u r e 

v a r i a t i o n s . M o d i f i c a t i o n s c a r r i e d o u t t o reduce t h i s 

t e m p e r a t u r e e f f e c t were u n s u c c e s s f u l . 

The p r e s e n t t o r q u e m e a s u r i n g d e v i c e i s shown i n 

f i g u r e 6 ' i and c o n s i s t s o f a s t r a i n - g a i i g e d b e r r y l i u m 

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

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

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

t r a n s m i t t e d by a 13 cm. t o r q u e arm. The s t r a i n gauges 

on t h e p r o o f r i n g a r e c o n n e c t e d i n t h e f o r m o f a 4 - arm 

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

u n d e r l o a d measured by a t r a n s d u c e r m e t e r . I n i t i a l l y 

t h e V i b r o m e t e r t y p e 8-CFA-l/B c a r r i e r f r e q u e n c y 

a m p l i f i e r was used f o r t h i s p u r p o s e b u t t h i s was l a t e r 

r e p l a c e d by a B.P.A. t y p e 52C t r a n s d u c e r m e t e r . 

C a l i b r a t i o n o f t h e m e a s u r i n g c i r c u i t was by dead 

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

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

f r i c t i o n t o r q u e r e a d i n g s t o be o b t a i n e d has been t h e 

s o u r c e o f a g r e a t d e a l o f d i f f i c u l t y and i t has been 

n e c e s s a r y t o make some c o m p e n s a t i o n f o r t h i s b e a r i n g 

b e f o r e e x p e r i m e n t a l v a l u e s o f t e s t b e a r i n g f r i c t i o n 
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t o r q u e c o u l d be e v a l u a t e d . 

As o r i g i n a l l y d e s i g n e d , t h i s b e a r i n g was a 360°, 

8 p o c k e t h y d r o s t a t i c b e a r i n g w i t h a x i a l l o c a t i o n . 

C o m p e n s a t i o n was by c a p i l l a r y t u b e s . For ease o f 

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

s e p a r a t e s t e e l r i n g w h i c h was p i e r c e d t o p r o v i d e t h e 

p o c k e t s . T h i s d e s i g n was u n s u c c e s s f u l because t h e 

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

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

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

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

l o a d because t h e h y d r a u l i c pump was n o t a b l e t o p r o v i d e 

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

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

c a p i l l a r y c o m p e n s a t i o n and t h e o i l changed t o one o f a 

h i g h e r v i s c o s i t y . (An o r i f i c e compensated b e a r i n g i s 

i n h e r e n t l y s t i f f e r t h a n a c a p i l l a r y compensated b e a r i n g 

f o r t h e same o i l f l o w r a t e ) . 

Because o f t h e s m a l l s i z e o f t h e o r i f i c e s n e c e s s a r y , 

a 5 m i c r o n p r e s s u r e f i l t e r and a m a g n e t i c f i l t e r were 

i n c l u d e d i n t h e h y d r a u l i c c i r c u i t . 

The b e a r i n g w o r k e d f a i r l y s a t i s f a c t o r i l y f o r a 

t i m e b u t had a t e n d e n c y t o l o c k a t h i g h e r l o a d s , t h i s 

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

' T a l y r o n d ' t r a c e s o f t h e b e a r i n g j o u r n a l and o f 

t h e o u t e r s t e e l r i n g f o r m i n g t h e b o r e o f t h e 

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

t o be b a d l y d i s t o r t e d and so t h e b e a r i n g was c o n v e r t e d 

t o a 120°, 4 p o c k e t b e a r i n g : t h e s u r f a c e s were l a p p e d 
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t o g e t h e r t o g i v e c o n f o r m i t y . I n a d d i t i o n , as i t was 

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

i t was d e c i d e d t o r e t u r n t o c a p i l l a r y c o m p e n s a t i o n . 

I n t h i s f o r m , t h e b e a r i n g w o u l d r e v o l v e f r e e l y 

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

t h a t a p a r a s i t i c t o r q u e was p r e s e n t i n t h e b e a r i n g . 

(A p a r a s i t i c t o r q u e i s a t o r q u e d e v e l o p e d w i t h i n t h e 

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

The p r e s e n c e o f t h i s p a r a s i t i c t o r q u e was m a k i n g 

t h e measurement o f t e s t b e a r i n g f r i c t i o n t o r q u e s 

d i f f i c u l t and so t h e cause o f t h i s t o r q u e was 

i n v e s t i g a t e d . The t o r q u e was f o u n d t o be due t o 

a s m a l l m i s a l i g n m e n t between t h e t e s t s h a f t assembly 

and t h e s u p p o r t b r a c k e t o f t h e machine arm: t h i s 

e r r o r was i m p o s i n g an e c c e n t r i c i t y o n t o t h e h y d r o s t a t i c 

b e a r i n g w h i c h was i n t u r n c a u s i n g t h e b e a r i n g t o 

d e v e l o p a t o r q u e . T h i s m i s a l i g n m e n t was c a r e f u l l y 

m easured and c o r r e c t e d and t h e c h a r a c t e r i s t i c s o f t h e 

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

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

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

m a chine . 

No f u r t h e r a t t e m p t s were made t o c o r r e c t t h i s e r r o r , 

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

t o r q u e have had t o be compensated f o r t h e e f f e c t o f 

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

Work on t h e h y d r o s t a t i c b e a r i n g has o c c u p i e d a 

s i g n i f i c a n t p r o p o r t i o n o f t h e authcr's p e r i o d o f 

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

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

b e a r i n g have been e s t i m a t e d f r o m t h e r e s u l t s o f t e s t s 

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

b e a r i n g . 

F i g u r e B'Z and 5'S show t h e s e r e s u l t s f o r b e a r ­

i n g NU310 a t two t e s t l u b r i c a n t f l o w r a t e s , f i g u r e 

s h o w i n g t h e v a r i a t i o n i n t e s t b e a r i n g f r i c t i o n t o r q u e 

a t a f l o w r a t e o f 1.6 gm/minute and f i g u r e t h e 

v a r i a t i o n a t 0.06 gm/minute. I t w i l l be seen t h a t , 

on t h e r e a s o n a b l e a s s u m p t i o n o f e q u a l f r i c t i o n t o r q u e s 

i n each d i r e c t i o n o f r o t a t i o n , a q u i t e w e l l d e f i n e d 

' z e r o ' l i n e f o r each t e s t c o n d i t i o n can be o b t a i n e d . 

The s h i f t i n t h e z e r o l i n e w i t h l o a d i s due t o t h e 

p a r a s i t i c t o r q u e ( p r o p o r t i o n a l t o l o a d ) d e v e l o p e d 

w i t h i n t h e s u p p o r t b e a r i n g , and i t i s t h i s e r r o r t h a t 

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

O b v i o u s l y , t h e use o f t h e r e l e v a n t p a r a s i t i c t o r q u e 

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

compens a t i on. 

For t h e r e s u l t s shown i n f i g u r e B'Z , t h e 

p a r a s i t i c t o r q u e b a s e - l i n e f o r I k N . l o a d o c c u r s a t a 

t o r q u e s c a l e r e a d i n g o f 0.2010 N.m., t h i s f i g u r e b e i n g 

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

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

i n f i g u r e S'i i s 0.2126 N.m.- A s i n g l e v a l u e o f 

0.2050 N.m. has been assumed f o r b o t h s e t s o f r e s u l t s . 

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

f r o m t h i s f i g u r e i s - 0.0189 N.m. 
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S i m i l a r l y f o r t h e t e s t s a t 10 k N b e a r i n g l o a d , 

f i g u r e g i v e s a v a l u e o f 0.0821 N.m., f i g u r e '̂S 

g i v i n g 0.0969 N.m. A s i n g l e v a l u e o f 0.0811 N.m. f o r 

t e s t s a t 10 kN b e a r i n g l o a d has been assumed. 

The s t a n d a r d d e v i a t i o n o f t h e p a r a s i t i c t o r q u e 

v a l u e s f r o m t h i s f i g u r e i s - 0.0227 N.m. 

A l t h o u g h t h e s t a n d a r d d e v i a t i o n s q u o t e d a r e 

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

i t w i l l be a p p r e c i a t e d t h a t , s i n c e t h e z e r o v a l u e o f 

t o r q u e shown on t h e v e r t i c a l axes o f f i g u r e s B'Z 

B'l i s , i n t h i s c o n t e x t , a r b i t a r y , t h e s t a n d a r d 

( d e v i a t i o n f i g u r e s s h o u l d more p r o p e r l y be r e f e r r e d 

t o t h e t r u e t o r q u e r e a d i n g s . The s t a n d a r d d e v i a t i o n 

f i g u r e s t h e r e f o r e c o n s t i t u t e an e s t i m a t i o n o f t h e z e r o 

e r r o r i n t h e t o r q u e r e a d i n g s a f t e r c o m p e n s a t i o n : f o r 

t h e case o f 1 kN b e a r i n g l o a d and an a v e r a g e b e a r i n g 

f r i c t i o n t o r q u e o f 0.395 N.m., a z e r o e r r o r o f 

- 0,0189 N.m. r e p r e s e n t s an e r r o r o f a b o u t 5% i n t r u e 

f r i c t i o n t o r q u e v a l u e s . 

T h i s c o m p e n s a t i o n p r o c e d u r e has a l s o been c a r r i e d 

o u t on r e s u l t s f r o m t e s t b e a r i n g N310 and s i m i l a r 

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

above have t h e r e f o r e been used i n t h e c o m p e n s a t i o n o f 

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

A number o f t e s t s f r o m w h i c h v a l u e s o f t e s t 

b e a r i n g f r i c t i o n t o r q u e have been o b t a i n e d were c a r r i e d 

o u t w i t h t h e cage s l i p - r i n g u n i t ( d e s c r i b e d i n 

A p p e n d i x ( L ) ) f i t t e d t o t h e b e a r i n g and f o r t h o s e 

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

e x p e r i m e n t a l v a l u e s o f t e s t b e a r i n g f r i c t i o n t o r q u e 

have f i r s t been compensated f o r p a r a s i t i c t o r q u e by 

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

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

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

u n i t i s d e s c r i b e d i n A p p e n d i x ( F ) . 
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APPENDIX (F) 

T o rque c o m p e n s a t i o n f o r cage s l i p - r i n g u n i t 

A number o f t h e e x p e r i m e n t a l t e s t s w h i c h have 

been c a r r i e d o u t have i n c l u d e d t h e measurement o f 

r o l l e r and cage t e m p e r a t u r e s . For t h i s t o be done, 

t h e t e s t b e a r i n g was f i t t e d w i t h t h e cage s l i p - r i n g 

u n i t d e s c r i b e d i n A p p e n d i x ( L ) . The p r e s e n c e o f 

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

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

t e s t s . 

The t o r q u e r e a d i n g s w e r e , however, c o n s i s t e n t 

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

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

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

cage s l i p - r i n g u n i t was s o u g h t . 

F i g u r e s P'i and P.t show a c o m p a r i s o n between 

f r i c t i o n t o r q u e v a l u e s f o r t e s t b e a r i n g s w i t h and 

w i t h o u t t h e cage s l i p - r i n g u n i t f o r a range o f v a l u e s 

o f { s p e e d x v i s c o s i t y ) and f o r two t e s t b e a r i n g 

l o a d s . 

F i g u r e ^ 3 shows t h e c o m p a r i s o n f o r a l u b r i c a n t 

f l o w r a t e o f 1.6 gra/minute and f i g u r e f o r a f l o w -

r a t e o f 0.06 gm/minute. 

I n a l l cases i t w i l l be seen t h a t a c o m p e n s a t i o n 

o f -0.08 N.m. a p p l i e d t o t h e r e s u l t s o b t a i n e d w i t h t h e 

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

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

t h e t e s t b e a r i n g a l o n e . T h i s c o m p e n s a t i o n has been 

a p p l i e d t o t o r q u e v a l u e s t o w h i c h i t i s r e l e v a n t 
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b e f o r e t h e s e have been i n c l u d e d i n t h e e x p e r i m e n t a l 

r e s u l t s . 
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APPENDIX ( n ) 

Measurement o f s h a f t speed 

A b l o c k d i a g r a m o f t h e c i r c u i t used f o r s h a f t , 

cage and r o l l e r speed measurement i s shown i n 

f i g u r e (g'i. 

The s h a f t o f t h e machine was f i t t e d w i t h a 7cm. 

d i a m e t e r s t e e l d i s c w h i c h had been c u t away a t 6 p o i n t s 

i n i t s c i r c u m f e r e n c e . 

A m a g n e t i c p i c k - u p was p l a c e d i n c l o s e p r o x i m i t y 

t o t h e d i s c and, as t h e s h a f t r o t a t e d , t h e c u t - o u t s 

caused a peaked s i g n a l e.m.f. t o be g e n e r a t e d i n t h e 

c o i l s o f t h e m a g n e t i c p i c k - u p . T h i s peaked s i g n a l 

was f e d i n t o a L e v e l l t y p e TA605 f i x e d - g a i n a m p l i f i e r , 

t h e o u t p u t b e i n g d i s p l a y e d on an o s c i l l o s c o p e . The 

o u t p u t was a l s o passed t h r o u g h a s w i t c h i n g u n i t t o 

an Advanced E l e c t r o n i c s t y p e TC6 t i m e r / c o u n t e r , s e t 

t o r e a d s i g n a l f r e q u e n c y i n H e r t z . 

S h a f t speed was a l s o measured by a hand h e l d 

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

f o u n d t o be u n r e l i a b l e . 

The f i x e d - g a i n a m p l i f i e r p r o v i d e d a p e a k - t o - p e a k 

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

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

c o n f i d e n t l y e x p e c t e d t h a t t h e e r r o r i n s h a f t speed 

w i l l be n e g l i g i b l e , s i n c e g r e a t c a r e was t a k e n t c 

e n s u r e t h a t t h e speed was a c c u r a t e l y m a i n t a i n e d a t 

t h e v a l u e r e q u i r e d . 
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APPENDIX (H) 

Measurement o f cage speed 

A b l o c k d i a g r a m o f t h e c i r c u i t used f o r s h a f t , 

cage and r o l l e r speed i s shown i n f i g u r e 6'i 

The cage o f t h e t e s t b e a r i n g was f i t t e d w i t h 12 

b o l t s o f w h i c h 11 were s t e e l , 1 b r a s s . A m a g n e t i c 

p i c k - u p c l o s e t o t h e cage b o l t s gave a peaked s i g n a l 

when t h e cage r o t a t e d and t h i s s i g n a l vras f e d t h r o u g h 

a L e v e l l t y p e TA605 f i x e d - g a i n a m p l i f i e r t o an 

o s c i l l o s c o p e and a l s o t h r o u g h t h e s w i t c h i n g u n i t 

t o t h e Advance E l e c t r o n i c s TC6 t i m e r / c o u n t e r . 

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

( d e s c r i b e d i n A p p e n d i x ( I ) ) was f i t t e d n e x t t o t h e 

b r a s s b o l t i n t h e cage. The absence o f a p u l s e 

as t h e b r a s s b o l t passed t h e m a g n e t i c p i c k - u p gave 

t h e p o s i t i o n o f t h e i n s t r u m e n t e d r o l l e r i n t h e t e s t 

b e a r i n g w h i l s t t h e b e a r i n g x^as r u n n i n g . I t was hoped 

t h a t , by c o m p a r i n g t h e cage and r o l l e r t r a c e s on t h e 

o s c i l l o s c o p e , any v a r i a t i o n i n r o l l e r speed c o u l d be 

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

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

d i d n o t p r o v e p o s s i b l e because t h e o s c i l l o s c o p e t r a c e s 

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

B o t h r o l l e r and cage speed t r a c e s o b t a i n e d f r o m 

t h e d i g i t a l c o u n t e r were checked by ' P o l a r o i d ' 

p h o t o g r a p h s o f t h e o s c i l l o s c o p e t r a c e s t a k e n by use 

o f a Shackman P o l a r o i d L a n d camera t y p e P L l . 

D e t a i l e d e x p e r i m e n t a l v a l u e s o f cage speed have 



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

a t no t i m e was s i g n i f i c a n t cage s l i p o b s e r v e d . 



APPENDIX ( I ) 

Measurement o f r o l l e r speed 

A b l o c k d i a g r a m o f t h e c i r c u i t used f o r s h a f t , 

cage and r o l l e r speed measurement i s shown i n f i g u r e 

G'i. 
The s y s t e m used f o r t h e measurement o f r o l l e r 

speed was s i m i l a r t o t h a t d e s c r i b e d by Sm i t h (Si). A 

d i a g r a m o f t h e s y s t e m i s shown i n f i g u r e J'l 

A s i n g l e r o l l e r o f t h e t e s t b e a r i n g - r e f e r r e d t o 

as t h e i n s t r u m e n t e d r o l l e r s i n c e i t a l s o c o n t a i n e d t h e 

t h e r m o c o u p l e used f o r t h e measurement o f r o l l e r 

t e m p e r a t u r e ( s e e A p p e n d i x ( L ) ) . - was f i t t e d w i t h two 

s m a l l magnets embedded i n one end and t h e end c o u n t e r -

b o r e d and f i l l e d w i t h A r a l d i t e w h i c h a c t e d as an 

i n s u l a t o r . The magnets vrere 3 mm d i a m e t e r , 4 mm 

l o n g and were made f r o m Alcomax I I I . When f i t t e d 

w i t h magnets i n t h i s manner t h e r o l l e r f ormed a weak 

h o r s e s h o e magnet. The cage o f t h e t e s t b e a r i n g was 

m a c h i n e d t o a l l o w a s t a t i o n a r y p i c k - u p c o i l - 40 

t u r n s o f 0,1 mm d i a m e t e r l a q u e r e d c o p p e r w i r e on a 

' t u f n o l ' f o r m e r - t o be f i t t e d r o u n d t h e o u t e r r a c e 

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

p o s i t i o n e d i n c l o s e p r o x i m i t y t o t h e r o l l e r s i n t h e 

b e a r i n g . As t h e i n s t r u m e n t e d r o l l e r r o t a t e d 

e p i c y c 1 i c a 1 l y i n t h e b e a r i n g a s m a l l s i n u s o i d a l e.m.f. 

was g e n e r a t e d i n t h e p i c k - u p c o i l . T h i s s i g n a l was 

f e d t h r o u g h a L e v e l l t y p e TA605 f i x e d - g a i n 

a m p l i f i e r t o an o s c i l l o s c o p e end, v i a a s w i t c h i n g u n i t , 

t o t h e Advance E l e c t r o n i c s t y p e TC6 d i g i t a l t i m e r / 
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c o u n t e r . The s i g n a l was, however, p r o n e t o h i g h 

f r e q u e n c y " n o i s e " and a low pass f i l t e r was needed 

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

s a t i s f a c t o r i l y . 

As m e n t i o n e d i n A p p e n d i x ( H ) , ' P o l a r o i d ' 

p h o t o g r a p h s o f t h e o s c i l l o s c o p e t r a c e s were used t o 

check t h e a c c u r a c y o f t h e r e a d i n g s t a k e n f r o m t h e 

d i g i t a l c o u n t e r . I n most cases t h e c o u n t e r r e a d i n g s 

and ' P o l a r o i d ' p h o t o g r a p h s a g r e e d q u i t e w e l l . 

Not a l l t e s t s c a r r i e d o u t c o n t a i n e d r o l l e r speed 

measurements and t h e r e a d e r i s r e f e r r e d t o f i g u r e ZZ 

s h o w i n g t h e t e s t c o n d i t i o n s f o r w h i c h r o l l e r speed 

r e a d i n g s have been t a k e n . 



APPENDIX ( J ) 

Measurement o f o u t e r r a c e t e m p e r a t u r e s 

The t e m p e r a t u r e o f t h e o u t e r r a c e o f t h e t e s t 

b e a r i n g was measured a t 7 s t a t i o n s a r o u n d t h e c i r c u m ­

f e r e n c e , as shown i n f i g u r e The s t a t i o n s were a t 

t h e p o i n t o f maximum l o a d and a t i n t e r v a l s o f 30° 

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

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

were a t a d e p t h o f 1.27ram b e l o w t h e r u n n i n g s u r f a c e o f 

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

t h e r m o c o u p l e s , t h r e e t h e r m o c o u p l e s were f i t t e d a t t h e 

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

a t d e p t h s o f 1,27mm, 2,5Amm and 3,8mm below t h e 

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

t e m p e r a t u r e v a r i a t i o n t o be measured a t t h i s p o i n t . 

Each t h e r m o c o u p l e was f i t t e d i n t o a 0,5mm d i a m e t e r , 

12,7mm deep h o l e w h i c h was s p a r k - e r o d e d i n t o t h e 

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

w ere on t h e c e n t r e l i n e o f t h e r o l l e r t r a c k . 

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

were 0,5mra d i a m e t e r chrome 1/alume1 t h e r m o c o u p l e s 

m a n u f a c t u r e d by P y r o t e n a x L i m i t e d , These were changed 

a t a l a t e r d a t e , due t o c a l i b r a t i o n p r o b l e m s , and 

a s e t o f c o p p e r / c o n s t a n t a n t h e r m o c o u p l e s p e r m a n e n t l y 

f i x e d i n t o t h e e r o d e d h o l e s by ' D u r o f i x ' cement. These 

t h e r m o c o u p l e s p r o v e d v e r y s a t i s f a c t o r y . 

The t h e r m o c o u p l e e.m.f's were f e d t h r o u g h a 

' C r o p i c o ' 2A c h a n n e l t h e r m o c o u p l e s w i t c h t o a S o u t h e r n 

I n s t r u m e n t s D i g i t a l v o l t m e t e r t y p e SM211. 





C o l d j u n c t i o n r e f e r e n c e was p r o v i d e d by an 

i c e / w a t e r m i x t u r e . 

The t h e r m o c o u p l e s were c a l i b r a t e d by t h e method 

d e s c r i b e d i n A p p e n d i x ( M ) , 

The t h e r m o c o u p l e h o l e s i n t h e i n n e r and o u t e r 

r a c e s o f t h e t e s t b e a r i n g were s p a r k - e r o d e d by t h e 

t e c h n i q u e d e s c r i b e d i n A p p e n d i x ( N ) , 

i i 5 



APPENDIX (K) 

Measurement o f i n n e r r a c e t e m p e r a t u r e 

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

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

s p a r k - e r o d e d h o l e 1.27mm bel o w t h e r u n n i n g s u r f a c e 

o f t h e r a c e by ' D u r o f i x ' cement. 

I t was n e c e s s a r y t o f i x t h e i n n e r r a c e t h e r m o c o u p l e 

i n t o t h e i n n e r r a c e a f t e r t h e t e s t b e a r i n g had been 

a s s e m b l e d i n t h e m a c h i n e . 

A f t e r l e a v i n g t h e i n n e r r a c e , t h e t h e r m o c o u p l e 

w i r e s were passed t h r o u g h a s m a l l h o l e i n t h e i n n e r 

r a c e c l a m p i n g s l e e v e ( s e e f i g u r e 24 ) , a l o n g t h e 

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

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

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

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

o f t h e s h a f t . From t h e t e r m i n a l b l o c k t h e w i r e s passed 

down a 5mm d i a m e t e r h o l e d r i l l e d t h e f u l l l e n g t h o f 

t h e s h a f t t o an I.D.M, t y p e PL, 8 t r a c k s l i p - r i n g 

u n i t f i t t e d t o t h e o t h e r end o f t h e s h a f t . The s l i p -

r i n g u n i t was p r o v i d e d w i t h s i l v e r t r a c k s , each 

t r a c k h a v i n g two s i l v e r i m p r e g n a t e d g r a p h i t e b r u s h e s . 

Each w i r e o f t h e t h e r m o c o u p l e was c o n n e c t e d t o t h r e e 

t r a c k s ( i n p a r a l l e l ) o f t h e u n i t t o m i n i m i s e t h e 

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

e.m.f, was f e d f r o m t h e s l i p - r i n g u n i t t o t h e ' C r o p i c f i ' 

t h e r m o c o u p l e s w i t c h and t h e n t o t h e S o u t h e r n I n s t r u m e n t s 

d i g i t a l v o l t m e t e r . 
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The i n n e r r a c e t h e r m o c o u p l e was c a l i b r a t e d by 

t h e method d e s c r i b e d i n A p p e n d i x ( M ) . 

The t e c h n i q u e used f o r t h e e r o s i o n o f 

t h e r m o c o u p l e h o l e s i s d e s c r i b e d i n A p p e n d i x ( N ) , 



APPENDIX ( L ) 

Measurement o f r o l l e r and cage t e m p e r a t u r e s 

The s l i p - r i n g u n i t and t h e r m o c o u p l e s s p e c i a l l y 

d e s i g n e d f o r t h e measurement o f r o l l e r and cage 

t e m p e r a t u r e s i s shown i n F i g u r e Li . 

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

f o r r o l l e r speed measurement (see A p p e n d i x ( I ) ) 

was a l s o p r o v i d e d w i t h a s t e p p e d b o r e a t t h e o p p o s i t e 

end t o t h e m a g n e t s . T h i s b o r e was s p a r k - e r o d e d on 

a Wickman E r o d o m a t i c machine and t h e n i n t e r n a l l y 

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

and t h e b o r e were a c c u r a t e l y c o n c e n t r i c . 

The t h e r m o c o u p l e s used f o r r o l l e r and cage 

t e m p e r a t u r e measurement were made f r o m 1.58mm d i a m e t e r 

' P y r o t e n a x ' s t a i n l e s s s t e e l s h e a t h e d , m i n e r a l i n s u l a t e d , 

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

c o p p e r / c o n s t a n t a n . The t h e r m o c o u p l e used t o measure 

r o l l e r t e m p e r a t u r e was f i t t e d w i t h a 5mm d i a m e t e r 

r u b b e r '0* r i n g on a b r a s s c a r r i e r : t h e '0' r i n g 

h e l p e d t o l o c a t e t h e t h e r m o c o u p l e i n t h e r o l l e r and 

a l s o p r e v e n t e d t h e a i r and o i l t r a p p e d w i t h i n t h e 

r o l l e r f r o m e s c a p i n g t o o q u i c k l y . The open ends o f 

t h e m i n e r a l i n s u l a t i o n were s e a l e d w i t h ' A r a l d i t e ' . 

On a s s e m b l y c a r e was t a k e n t o e n s u r e t h a t t h e 

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

t h e i n s t r u m e n t e d r o l l e r . To a l l o w a degree o f m i s ­

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

c o u p l e was made as l o n g as p o s s i b l e w i t h i n t h e l i m i t s 
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imposed by t h e d e s i g n o f t h e s l i p - r i n g u n i t . 

The t h e r m o c o u p l e used f o r cage t e m p e r a t u r e 

measurement was f i t t e d i n t o a h o l e d r i l l e d c l o s e t o 

t h e f a c e o f one o f t h e r o l l e r p o c k e t s i n t h e cage: 

t h e c e n t r e - l i n e o f t h e t h e r m o c o u p l e v/as 2mm away f r o m 

t h e cage s u r f a c e , t h e t h e r m o c o u p l e j u n c t i o n b e i n g on 

t h e cage c e n t r e - l i n e . 

The s l i p - r i n g d i s c was machined f r o m ' T u f n o l ' and 

was mounted on i t s own n e e d l e r o l l e r b e a r i n g , t h e 

b e a r i n g r u n n i n g on a t r a c k m a c hined on t h e s h a f t 

o f t h e m a c h i n e . The d i s c was d r i v e n a t cage speed by 

t h r e e l i g h t s p r i n g s c o n n e c t i n g t h e d i s c and t h e cage 

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

The r o l l e r and cage t h e r m o c o u p l e s were mounted i n 

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

d i s c and each t h e r m o c o u p l e w i r e was c o n n e c t e d t o one 

o f t h e A b r a s s s l i p - r i n g s w h i c h were embedded i n t h e 

f a c e o f t h e d i s c . 

The s t e e l c o v e r f o r t h e u n i t c o n t a i n e d ' T u f n o l ' 

t e r m i n a l b l o c k s and t h e s e were used t o mount t h e s l i p -

r i n g b r u s h e s . Each s l i p - r i n g was p r o v i d e d w i t h two 

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

from, s i l v e r i m p r e g n a t e d g r a p h i t e bonded t o b e r r y l i u m -

c o p p e r s p r i n g s by a c o n d u c t i n g e l e m e n t . 

C o m p e n s a t i n g l e a d s were used t o c a r r y t h e t h e r m o ­

c o u p l e e,m,f, f r o m t h e s l i p - r i n g u n i t , v i a a ' C r o p i c o ' 

t h e r m o c o u p l e s w i t c h , t o a S o u t h e r n I n s t r u m e n t s type 

SM211 d i g i t a l v o l t m e t e r . 

The s l i p - r i n g t r a c k s were o r i g i n a l l y s i l v e r -



p l a t e d , b u t t h e amount o f s i l v e r t h a t c o u l d be 

d e p o s i t e d w i t h t h e f a c i l i t i e s a v a i l a b l e was v e r y s m a l l 

and was soon worn away. However, t h e u n i t w o r k e d 

s a t i s f a c t o r i l y w i t h b r a s s t r a c k s and so no f u r t h e r 

a t t e m p t s t o s i l v e r - p l a t e t h e t r a c k s were made. 

F i g u r e shows t h e c l o s e p r o x i m i t y o f t h e 

s l i p - r i n g t r a c k s t o t h e t e s t b e a r i n g . A l t h o u g h adequate 

d r a i n a g e was p r o v i d e d , t h e u n i t was p rone t o c o n t a m i n a t i o n 

by o i l , p a r t i c u l a r l y a t h i g h e r l u b r i c a n t f l o w r a t e s . 

An a t t e m p t t o r e d u c e t h i s c o n t a m i n a t i o n by f i t t i n g 

an o i l t h r o w e r t o t h e d i s c and a l s o be f e e d i n g 

compressed a i r t o t h e u n i t was o n l y m o d e r a t e l y 

s u c c e s s f u l . A more e f f e c t i v e way t o remove t h e 

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

t o w i p e t h e d i s c s u r f a c e w i t h s o l v e n t as t h e u n i t was 

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

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

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

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

f o r w h i c h r o l l e r and cage t e m p e r a t u r e s have been 

ob t a i n e d . 

The s l i p - r i n g u n i t has w o r k e d s a t i s f a c t o r i l y w i t h 

m i n i m a l a t t e n t i o n f o r t h e w h o l e d u r a t i o n o f t h e t e s t 

programme. 

The t h e r m o c o u p l e s were c a l i b r a t e d by t h e method 

d e s c r i b e d i n A p p e n d i x ( M ) . 



APPENDIX (M) 

C a l i b r a t i o n o f t h e r m o c o u p l e s f o r 

t h e measurement o f r a c e , cage and 

r o l l e r t e m p e r a t u r e s 

As much as p o s s i b l e o f t h e a c t u a l c i r c u i t w i r i n g 

used i n t h e b u i l d - u p o f t h e t e s t i n g machine was 

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

A l l t h e c o p p e r / c o n s t a n t a n t h e r m o c o u p l e w i r e s were 

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

t h e o u t e r r a c e t h e r m o c o u p l e s were p e r m a n e n t l y f i x e d 

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

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

f i t t e d ) and t h e i n n e r r a c e , cage and r o l l e r t h e r m o ­

c o u p l e s were submerged i n a Townson and M e r c e r Type 

E270 T h e r m o s t a t B a t h f i l l e d w i t h S h e l l R i s e l l a 17 o i l , 

B a t h t e m p e r a t u r e was measured by two I,P c a l i b r a t e d 

t h e r m o m e t e r s . D u r i n g i n i t i a l c a l i b r a t i o n t e s t s , t h e 

b a t h t e m p e r a t u r e was a l l o w e d t o s e t t l e a t a number o f 

d i s c r e t e v a l u e s w i t h i n t h e range 15°C t o 100°C and 

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

b u t i t became o b v i o u s t h a t t h e t e m p e r a t u r e / t h e r m o c o u p l e 

e,m,f, c u r v e c o u l d be a c c u r a t e l y r e p r e s e n t e d by a 

s t r a i g h t l i n e . F or s u b s e q u e n t c a l i b r a t i o n checks 

o n l y two d i s c r e t e t e m p e r a t u r e v a l u e s were t a k e n , one a t 

each end o f t h e w o r k i n g r a n g e . From t h e r e a d i n g s 

o b t a i n e d , a s t r a i g h t l i n e law was d e t e r m i n e d and t a b l e s 

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

each therm.ocouple , 



As e x p e c t e d , t h e c a l i b r a t i o n v a l u e s f o r d i f f e r e n t 

t h e r m o c o u p l e s d i d n o t v a r y i n t o t a l by more t h a n 5% 

f r o m each o t h e r , b u t t h e a s s u m p t i o n o f an o v e r a l l 

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

t e m p e r a t u r e r e a d i n g s were c o n s i d e r e d t o be i m p o r t a n t 

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

I t i s t h o u g h t t h a t o u t e r r a c e t e m p e r a t u r e 

measurements t a k e n d u r i n g t h e e x p e r i m e n t a l programme 

a r e w i t h i n 1% o f t h e a c t u a l t e m p e r a t u r e i n t h e b e a r i n g 

component. 

?'easurements o f i n n e r r a c e t e m p e r a t u r e a l s o 

a p p e a r e d t o be r e l i a b l e and a r e e x p e c t e d t o be w i t h i n 

5% o f t h e t e m p e r a t u r e i n t h e b e a r i n g component. 

Measurements o f cage and r o l l e r t e m p e r a t u r e s were 

l e s s r e l i a b l e because t h e cage s l i p - r i n g u n i t was 

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

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

t h e r e a d i n g was t a k e n . I t i s e x p e c t e d t h a t r e s u l t s 

t a k e n i n t h i s way w i l l be w e l l w i t h i n 10% o f component 

t e m p e r a t u r e s . 



APPENDIX (N) 

E r o s i o n t e c h n i q u e f o r t h e r m o c o u p l e h o l e s 

The i n n e r and o u t e r r a c e s o f b o t h t e s t b e a r i n g s 

c o n t a i n h o l e s o f 0,5mm d i a m e t e r , 12,7mm deep. Holes 

o f t h i s s m a l l d i a m e t e r and r e l a t i v e l y l a r g e d e p t h can 

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

as b e a r i n g r a c e s , b u t a s u c c e s s f u l t e c h n i q u e was 

d e v e l o p e d . See f i g u r e 

The h o l e s were s p a r k - e r o d e d u s i n g a Wickman 

E r o d o m a t i c machine o p e r a t i n g a t a low l e v e l o f e r o s i o n 

c u r r e n t . The s p a r k - e r o s i o n e l e c t r o d e used x^as copper 

h y p o d e r m i c t u b e o f 0.48mm d i a m e t e r w h i c h was s o l d e r e d 

i n t o a s u i t a b l e t e r m i n a l b l o c k . The b o r e o f t h e 

e l e c t r o d e was t h e n c o n n e c t e d t o a vacuum pump and 

when t h e f r e e end o f t h e e l e c t r o d e was below t h e 

s u r f a c e o f t h e e l e c t r o l y t e ( p a r a f f i n ) a f l o w o f 

e l e c t r o l y t e was e s t a b l i s h e d up t h e b o r e o f t h e 

e l e c t r o d e . 

The b e a r i n g r a c e t o be machined was f i t t e d i n t o 

an i n s u l a t e d f o r m e r ( T u f n o l ) , s m a l l g u i d e h o l e s t h r o u g h 

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

e l e c t r o d e . When e r o d i n g , t h e f l o w o f e l e c t r o l y t e up 

t h e b o r e o f t h e e l e c t r o d e c a r r i e d away t h e waste 

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

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

down t h e s i d e o f t h e e l e c t r o d e i n t h e h o l e . I t s h o u l d 

be n o t e d t h a t , i f t h e s i t u a t i o n were r e v e r s e d w i t h t h e 

c l e a n e l e c t r o l y t e b e i n g s u p p l i e d down t h e b o r e o f t h e 
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e l e c t r o d e , t h e d e b r i s ' c o n t a i n e d i n t h e e l e c t r o l y t e 

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

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

'pear shaped' h o l e . 

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

were so p e r f e c t l y e r o d e d t h a t , i n i t i a l l y , a ' p i p ' o f 

m a t e r i a l (due t o t h e b o r e o f t h e e l e c t r o d e ) was l e f t i n 

th e e r o d e d h o l e . T h i s p r o b l e m was overcome by p u t t i n g 

a v e r y f i n e c o p p e r w i r e down t h e b o r e o f t h e e l e c t r o d e . 

T h i s w i r e , i t s e l f a c t i n g as an e l e c t r o d e , p r e v e n t e d 

t h e d e v e l o p m e n t o f t h e c e n t r a l ' p i p ' o f m a t e r i a l . 

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

f o r m e r i n such a way t h a t a p o s i t i v e f l o w o f 

e l e c t r o l y t e was m a i n t a i n e d b e t w e e n t h e f o r m e r and t h e 

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

f l o w p r e v e n t e d t h e b u i l d - u p o f s p a r k e r o s i o n d e b r i s ' 

a t t h e e x i t o f t h e e r o d e d h o l e . T h i s d e b r i s ' w o u l d , 

i f a l l o w e d t o a c c u m u l a t e , cause an e l e c t r i c a l b r e a k ­

down o f t h e i n s u l a t e d f o r m e r . I f breakdown does o c c u r , 

t h e f o r m e r must be r e p l a c e d . 
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APPENDIX ( 0 ) 

Measurement o f t e s t l u b r i c a n t f l o v r a t e 

A l l t h e l u b r i c a n t s used i n t h e e x p e r i m e n t a l work 

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

o i l / a i r m i s t , t h e a i r a c t i n g as a c o o l a n t f o r t h e b e a r i n g 

and a l s o as a t r a n s p o r t medium, f o r t h e o i l d r o p l e t s . 

The e q u i p m e n t used t o p r o v i d e t h e o i l / a i r m i s t i s shown 

i n f i g u r e O'j : i t w i l l be n o t e d t h a t a ' s c e n t - s p r a y ' 

d e v i c e x^as used t o g e n e r a t e t h e m.ist. The a i r and 

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

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

s y s t e m a r e g i v e n i n A p p e n d i x ( P ) . 

The t e s t l u b r i c a n t s were c o n t a i n e d i n g r a d u a t e d 

b u r e t t e s and f e d f r o m t h e s e t o t h e m i s t i n g d e v i c e by a 

Watson-Marlowe p e r i s t a l t i c pump, t y p e MHPE 72L. The 

f l e x i b l e t u b e s used i n t h e p e r i s t a l t i c pump were 

' T e c h n i c o n ' A u t o - a n a l y s e r t u b e s . These a r e a v a i l a b l e 

i n a number o f s i z e s and t o p r o v i d e t h e f l o w r a t e s 

r e q u i r e d i n t h e e x p e r i m e n t a l programme t h e f o l l o w i n g 

t u b e s Mere u s e d . 

TUBE REF, COLOUR REF, TUBE BORE FLOWRATES 

116-0533-09 W h i t e 0,040" 1,6 gm/min. 
116-0533-07 B l a c k 0,030" 0,2 gm/min. 
116-0533-04 Orange/Green 0,015" 0,06 gm/min, 
116-0533-01 Orange/Red 0,0075" 0,004 gm/min. 

A l l t h e pum.ping t u b e s and l u b r i c a n t t r a n s m i s s i o n 

t u b i n g used were made f r o m ' S o l v a f l e x ' - a T e c h n i c o n 

L i m i t e d m a t e r i a l - s i n c e i t was f o u n d t h a t o t h e r 

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

I t was b r o u g h t t o t h e a t t e n t i o n o f t h e a u t h o r 

( R o l l s Royce) t h a t an o i l / a i r m i s t such as t h a t 

g e n e r a t e d by t h e d e v i c e used i n t h e p r e s e n t work c o n t a i n s 

o i l d r o p l e t s o f random s i z e . O n ly t h e l a r g e r d r o p l e t s 

a r e a v a i l a b l e as l u b r i c a n t s i n c e o n l y t h e s e w i l l 

' w e t - o u t ' on c o n t a c t w i t h a s o l i d s u r f a c e . I t t h e r e f o r e 

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

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

l u b r i c a t e t h e b e a r i n g , 

A s e r i e s o f t e s t s were c a r r i e d o u t w i t h each o f 

t h e pumping t u b e s t o a l l o w an e s t i m a t e o f t h i s p r o p o r t i o n 

t o be made. The t e s t s c o n s i s t e d o f d i r e c t i n g t h e o i l / 

a i r m i s t g e n e r a t e d by t h e m i s t i n g d e v i c e i n t o a deep 

g l a s s c o n t a i n e r o f s i m i l a r s i z e t o t h e t e s t c e l l o f t h e 

m a c h i n e and c o l l e c t i n g t h e o i l w h i c h w e t t e d o u t i n t o 

t h e v e s s e l o v e r a p e r i o d o f t i m e . A c o m p a r i s o n between 

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

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

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

w o u l d ' w e t ' o u t ' and w o u l d , under i d e a l c o n d i t i o n s , 

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

t h e s e t e s t s a r e shown i n f i g u r e 

Such t e s t s , o f c o u r s e , can o n l y p r o v i d e a v e r y 

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

b e a r i n g when i n o p e r a t i o n s i n c e a p r o p o r t i o n o f t h e 

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

be w a s t e d . 

When p l o t t i n g e x p e r i m e n t a l r e s u l t s c o n c e r n e d w i t h 
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l u b r i c a n t f l o w r a t e i t has been t h e p r a c t i c e i n t h i s 

p r e s e n t work t o use t h e f l o w r a t e s o f l u b r i c a n t 

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

i n t h i s A p p e n d i x w o u l d a l l o w some e s t i m a t e o f t h e 

l u b r i c a n t w a s t e a g e t o be made, i f r e q u i r e d . 

«7 

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

e x i t p r e s s u r e o f t h e ' R o t a m e t e r ' was m a i n t a i n e d a t t h e 

v a l u e used i n t h e e x p e r i m e n t a l w o r k . The a i r p r e s s u r e 

a t t h e m i s t i n g d e v i c e was s l i g h t l y above a t m o s p h e r i c 

p r e s s u r e , 

D u r i n g t h e p r e s e n t w o r k , a l l t h e e x p e r i m e n t a l 

t e s t s were c a r r i e d o u t u s i n g one v a l u e o f f l o w r a t e o n l y , 

namely 0.14 k g / m i n . 
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F u r e y and used b y , amongst o t h e r s , L e a v e r (26)» w i t h 

t h e a d d i t i o n o f a 0.068yi*P. c a p a c i t o r , i n c l u d e d t c 

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

has a l l o w e d r e a s o n a b l e o s c i l l o s c o p e t r a c e s t o be 

o b t a i n e d and d i d n o t appear t o a f f e c t t h e r e a d i n g s 

o b t a i n e d f r o m t h e v a l v e v o l t m e t e r . I t s e f f e c t has n o t 

been f u l l y i n v e s t i g a t e d s i n c e i t was n e v e r i n t e n d e d 

t o use r e a d i n g s f r o m t h i s i n s t r u m e n t a t i o n i n any 

s u b s e q u e n t c a l c u l a t i o n s . 

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

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

as a m o n i t o r i n g d e v i c e as used i n t h i s p r e s e n t w o r k , 

i s g i v e n by G a r n e l l b u t i t can be b r i e f l y summar­

i s e d as f o l l o w s . 

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

and t h e 220^^. r e s i s t o r p r o v i d e s a c o n s t a n t c u r r e n t 

s o u r c e w h i c h i s a p p l i e d t o t h e r e s i s t o r m 

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

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

a b o u t 7 m i c r o a m p s . B o t h v a l v e v o l t m e t e r and 

o s c i l l o s c o p e measure t h e v o l t a g e d r o p a c r o s s t h e t e s t 

b e a r i n g , and t h i s i s a r r a n g e d t o v a r y between Omv and 

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

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

m e t a l c o n t a c t w i t h i n t h e b e a r i n g and a r e a d i n g o f lOmv 

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

o i l f i l m . I n t e r m e d i a t e v a l u e s i n d i c a t e some m e t a l - t o -

m e t a l c o n t a c t a l t h o u g h i t s h o u l d be n o t e d t h a t , s i n c e 

l u b r i c a t i n g o i l has a v e r y h i g h r e s i s t i v i t y , even a 
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l u b r i c a t i n g f i l m a few m o l e c u l e s t h i c k w i l l have a 

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

r e a d i n g a p p r o a c h i n g lOmv. 

When t h e t e s t b e a r i n g s t a r t s t o r o t a t e under l o a d , 

t h e o s c i l l o s c o p e t r a c e i n d i c a t e s a Omv (no f i l m ) 

c o n d i t i o n , b u t as speed i n c r e a s e s and l u b r i c a n t i s 

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

o s c i l l o s c o p e t r a c e can be seen t o 'peak' between t h e 

Omv. and lOmv l e v e l s . When t h e b e a r i n g speed i s h i g h 

enough t o e n t r a i n s u f f i c i e n t l u b r i c a n t f o r a f u l l f i l m , 

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

t o a lOmv s i g n a l . 

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

e v e n t s i s d i f f e r e n t because o f i t s r e l a t i v e l y h i g h 

d a m p i n g . A t low speed, when o n l y a few 'peaks' a r e 

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

r e a d i n g w i l l be e f f e c t i v e l y z e r o , b u t as speed i s i n c r e a s e d 

and more 'peaks' appear t h e v a l v e v o l t m e t e r r e a d i n g 

t a k e s some i n t e r m e d i a t e v a l u e b etween Omv and lOmv. 

For c o n d i t i o n s where a f u l l l u b r i c a n t f i l m i s p r e s e n t , 

t h e r e a d i n g s e t t l e s a t lOmv. I t can t h e r e f o r e be 

a p p r e c i a t e d t h a t , whereas t h e o s c i l l o s c o p e t r a c e p r o v i d e s 

an i n d i c a t i o n o f t h e i n s t a n t a n e o u s s t a t e o f a 

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

p r o v i d e s a l o n g e r t e r m , t i m e - av e r a g e i n d i c a t i o n . 

A t y p i c a l s e t o f o s c i l l o s c o p e t r a c e s s howing t h e 

d e v e l o p m e n t o f t h e l u b r i c a n t f i l m f r o m 'no - f i l m ' 

t o ' f u l l f i l m ' c o n d i t i o n s are shown i n f i g u r e fl'Z . 

The o s c i l l o s c o p e d i s p l a y and v a l v e v o l t m e t e r 
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r e a d i n g s were used t o m o n i t o r t h e b e a r i n g o i l f i l m s 

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

f o r a l l f l o w r a t e s , an a d e q u a t e l u b r i c a n t f i l m was 

p r e s e n t i n t h e b e a r i n g . 

The e q u i p m e n t used i n t h e above m o n i t o r i n g 

c i r c u i t v/as : 

F a r n e l l S t a b i l i s e d V o l t a g e S u p p l y t y p e L30B 

P h i l l i p s V a l v e V o l t m e t e r t y p e PM24AO 

T e l e q u i p m e n t O s c i l l o s c o p e t y p e D43 

f i t t e d w i t h d o u b l e beam t u b e , t i m e - b a s e 

w i t h one s h o t f a c i l i t y and t y p e C d i f f e r e n t i a l 

a m p l i f i e r . 

The c i r c u i t c o n n e c t i o n t o t h e i n n e r r a c e o f t h e 

t e s t b e a r i n g was a c h i e v e d by t h e use o f two t r a c k s 

( i n p a r a l l e l ) o f an I.D.M. t y p e PL s l i p - r i n g u n i t . 

P h o t o g r a p h s o f t h e o s c i 1 1 o s c o p e . t r a c e s were t a k e n 

u s i n g a Shackman P o l a r o i d Land camera model P L l , and 

by u s i n g t h e o n e - s h o t f a c i l i t y on t h e o s c i l l o s c o p e . 
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APPENDIX (R) 

Load s h a r i n g i n a r o l l e r b e a r i n g assembly 

F o r a c o m p l e t e r o l l e r b e a r i n g assembly as shown i n 

f i g u r e , Dowson and H i g g i n s o n (13 ) have a n a l y s e d t h e 

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

p e r f e c t g e o m e t r y , i n i t i a l c l e a r a n c e and i n i t i a l i n t e r f e r ­

e n c e . T h i s a p p e n d i x uses t h i s work t o p r e d i c t t h e number 

o f l o a d e d r o l l e r s i n t h e b e a r i n g assembly a t t h e two 

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

Dowson and H i g g i n s o n have shown t h a t , f o r a b e a r i n g 

a s s e m b l y w i t h an i n i t i a l r a d i a l c l e a r a n c e 

P. Po' ^ U - A ] 
..,',".\oeif^lLMt>.\-L, 

where 

= l o a d d i s t r i b u t i o n f a c t o r 

W = t o t a l l o a d on b e a r i n g 

= l o a d / u n i t w i d t h on b e a r i n g 

^ = t o t a l l o a d on most h e a v i l y l o a d e d r o l l e r 

^ = l o a d / u n i t w i d t h on most h e a v i l y l o a d e d r o l l e r 

5̂  = d e f l e c t i o n o f most h e a v i l y l o a d e d r o l l e r 

= d e f l e c t i o n o f t h e assembly i n t h e d i r e c t i o n o f 

t h e a p p l i e d l o a d . 

^ = r a d i a l c l e a r a n c e 

^ = 360°/z 

€ = t o t a l number o f r o l l e r s 

fV = I n t e g r a l p a r t o f 
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I t s h o u l d be n o t e d t h a t , i n t h e a n a l y s i s g i v e n 

by Dowson and H i g g i n s o n , t h e e x p r e s s i o n s i n square 

b r a c k e t s i n e q u a t i o n ) have t h e Macaulay meaning o f 

[ X J r X tal^C*w X > 0 

x] t 0 x<0 

E q u a t i o n ( C l ) can be r e - e x p r e s s e d as 

C0&2A 

F o r v a l u e s o f ^ ^ f V ^ A c o r r e s p o n d i n g t o t h o s e f o r 

t e s t b e a r i n g s NU310 and N310, e q u a t i o n ( j ' J ) p r o v i d e s 

a means o f c a l c u l a t i n g v a l u e s o f f o r 

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

Dowson and H i g g i n s o n have f u r t h e r shown ( j 4 ) t h a t , 

f o r a s i n g l e r o l l e r / r a c e c o n f i g u r a t i o n , 

i . 17.5 (4 

whe r e 
1̂  r 

^ = d e f l e c t i o n ; t h e a p p r o a c h o f t h e two remote p o i n t s 

i n t h e r a c e s , 

h = r o l l e r r a d i u s 

P = l o a d / u n i t w i d t h , as b e f o r e 

ire 
1̂  i s an e l a s t i c c o n s t a n t and i s a l s o g i v e n by 

1^,2 > i K i . 1 
re' e' z[ J 

s i n c e ^ g i v e s t h e r a d i a l d i s p l a c e m e n t i n t h e 

j J 4 



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

can be w r i t t e n 

r 
F o r t h e case o f i n i t i a l c l e a r a n c e t h e 

e q u a t i o n (.^'(o) becomes 

g i v i n g 

A 1 

and s i n c e 

^ 17.5 LA 

^ I' 

KV̂ '. W '.A.J_fS» 
? f J7.S I S -1 

t h e q u a n t i t i e s c o n t a i n e d i n e q u a t i o n must be 

e v a l u a t e d f o r each t e s t b e a r i n g c o n s i d e r e d . 

For b e a r i n g NU310, 

(see A p p e n d i x B) 

g i v i n g 

^ It A • I 

8̂ 

(•it 

in 

S i m i l a r l y f o r b e a r i n g N310, 

(see A p p e n d i x B) 
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g i v i n g 

E q u a t i o n ) i s used t o e v a l u a t e /r 

A ' 
Fo r b e a r i n g NU310 

at 

, f i r s t r o l l e r t o u c h e s 

and e q u a t i o n (^'i) g i v e s , 

b u t ^ 0 / ^ « j ^° 0 e x p e c t e d 

f o r ^ < ] , no 
r o l l e r s i n 
c o n t a c t 

^5/^* j ' j j S g i v e n by So^ Cos)« 1 d e f i n e s 

t h e v a l u e a t w h i c h two more r o l l e r s 

t o u c h . E q u a t i o n ) a g a i n g i v e s t h a t 

e q u a t i o n g i v i n g 

r 
-5 

^/^'Z'OO g i v e n by ^ CCŜ A S j d e f i n e s 

t h e v a l u e a t w h i c h two more r o l l e r s 

t o u c h . E q u a t i o n (^'3) g i v e s 

e q u a t i o n g i v i n g 

7 
-5 

4 3 6 



A s i m i l a r p r o c e d u r e f o r b e a r i n g N310 p r o v i d e s 

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

a t w h i c h v a r i o u s r o l l e r s come i n t o c o n t a c t . 

T h i s can be summarised as f o l l o w s : 

f o r NU310 
r 

f o r N310 

Z-00 0 ' 2 7 x 4 0 ' * 0'4S7KJo-*i 

No R o l l e r s 
i n C o n t a c t 

1 R o l l e r 
i n C o n t a c t 

3 R o l l e r s 
i n C o n t a c t 

5 R o l l e r s 
i n C o n t a c t 

The a p p l i e d b e a r i n g l o a d s a t each o f t h e above 

l i m i t s can be e a s i l y e v a l u a t e d . Assuming t h a t 

S ^ % iO^ ̂ ^/iJ and V«0'ZS f o r t h e b e a r i n g 

m a t e r i a l , t h e e l a s t i c c o n s t a n t jjC have a v a l u e o f 

X JO'^ '^^/sl ^ The r o l l e r l e n g t h f o r t h e t e s t 

b e a r i n g s i s e q u a l t o t h e d i a m e t e r o f t h e r o l l e r 

and 
K ^ 

ill 



E q u a t i o n ((^7) a l l o w s v a l u e s o f t o t a l b e a r i n g l o a d 

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

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

T h i s can be summarised as f o l l o w s : 

NU310 N310 

1 r o l l e r i n c o n t a c t up t o 

t o t a l b e a r i n g l o a d o f : 

3 r o l l e r s i n c o n t a c t up t o 

t o t a l b e a r i n g l o a d o f : 

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

I t w i l l be a p p r e c i a t e d t h a t f o r l o a d s where i t 

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

t h i s w i l l p r o b a b l y n o t be t h e case i n p r a c t i c e . A 

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

w i l l a l s o be i n c o n t a c t . 
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APPENDIX (S) 

An a l t e r n a t i v e a n a l y s i s t o g i v e t h e 

v a r i a t i o n i n t e s t b e a r i n g f r i c t i o n t o r q u e 

due t o t h e r o l l i n g t r a c t i o n a t t h e 

o u t e r r a c e / r o l l e r c o n t a c t s 

From f i g u r e S'l i t w i l l be seen t h a t t h e v a r i a t i o n 

i n r o l l e r l o a d has o n l y a m o d e r a t e e f f e c t on t h e 

p h y s i c a l g e o m e t r y a t t h e i n l e t r e g i o n t c t h e c o n t a c t . 

T h i s a l t e r n a t i v e a n a l y s i s assumes t h a t t h e v a r i a t i o n 

i n f i l m i n l e t p o i n t w i t h l o a d can be c o n s i d e r e d as 

n e g l i g i b l e when compared w i t h v a r i a t i o n s due t o o t h e r 

e f f e c t s and so assumes t h a t t h e f i l m i n l e t p o i n t s f o r 

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

as o c c u r i n g a t a g i v e n , and c o n s t a n t , v a l u e o f 3^ ( t h e 

d i s t a n c e f r o m t h e c e n t r e - l i n e o f t h e c o n t a c t ) , 

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

I n f i g u r e t h e r o l l e r and r a c e f i l m s on t h e 

i n l e t s i d e o f t h e c o n t a c t s j o i n a t t h e p o i n t s A and 

B. L a u d e r (24), c o n s i d e r i n g t h i s c o n j u n c t i o n , s u g g e s t s 

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

t h i s p o i n t . T h i s i s , i n t h i s a n a l y s i s , d e s c r i b e d i n 

t e r m s o f t h e r o l l e r r a d i u s and a f a c t o r n, as shown 

i n t h e f i g u r e . I t f o l l o w s t h a t t h e f a c t o r n can n o t be 

g r e a t e r t h a n u n i t y b e c a u s e , o f c o u r s e , Reynolds 

e q u a t i o n i s n o t a p p l i c a b l e f o r X The a n a l y s i s 

can t h e r e f o r e be c o n s i d e r e d as a p p l y i n g t o a d e q u a t e , 

b u t n o t e x c e s s , l u b r i c a t i o n . 

F i g u r e 5S shov/s t h e e q u i v a l e n t c y l i n d e r s y s t e m 

f o r t h e c o n t a c t shown i n f i g u r e 6'2 and i t i s w e l l 

13? 
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known t h a t 

and 

S'l 

C o n s i d e r i n g o n l y t h e o u t e r c o n t a c t , t h e non-

d i m e n s i o n a l speed U, d e f i n e d i n e q u a t i o n I S g i v e n 

by 

( J . u.'^0-^&) SJ 

and t h e n o n - d i m e n s i o n a l f i l m i n l e t p o i n t ^ f/UtfiT 

b e i n g d e f i n e d i n e q u a t i o n <}ii) , U s i n g t h e d e f i n i t i o n s 

o f 5 and 3 ^ ^ " ^ t i o n s and , i t f o l l o w s t h a t 

W r i t i n g as t h e v a l u e o f ^ l i a ( £ T f o r a r o l l e r a t 

a n g l e © and f o r a r o l l e r on t h e l i n e o f a c t i o n o f 

t h e l o a d , and n o t i n g 

i t can be shown t h a t , t o a good a p p r o x i m a t i o n , 

where 0is t h e i n l e t p a r a m e t e r r a t i o . T h i s e q u a t i o n 

i s i l l u s t r a t e d i n f i g u r e 5-4 Computer a n a l y s i s o f 

t h e v a r i a t i o n i n £ w i t h a h g l e d f o r t h e i n l e t c o n d i t i o n 

54 

x. = c o n s t a n t shows t h a t t h i s e q u a t i o n i s c l o s e l y 

d40 



:~ hi 

4'0 

-my 0,4 

O'Z 

r. 

O 3 0 * <30^ So* 



f o l l o w e d . U n l i k e t h e c o m p a r a b l e e q u a t i o n (J-^d^ f o r 

t h e i n l e t c o n d i t i o n h^ = c o n s t a n t , t h e i n l e t p a r a m e t e r 

r a t i o i n t h i s a n a l y s i s c a n n o t be c o n s i d e r e d as u n i t y . 

The i m p l i c a t i o n s o f figureS'4 a r e t h a t , as a 

r o l l e r passes f r o m t h e p o i n t o f maximum l o a d i n t o t h e 

u n l o a d e d r e g i o n , t h e v a l u e o f S|Nl€T i s c o n t i n u o u s l y 

r e d u c e d u n t i l a t t h e p o i n t o f © = 90°, t h e v a l u e i s 

z e r o . Because o f t h e i n i t i a l a s s u m p t i o n i n t h i s a n a l y s i s , 

t h i s change t a k e s p l a c e w i t h o u t an a l t e r a t i o n i n t h e 

p h y s i c a l i n l e t p o i n t . The a n a l y s i s t h e r e f o r e s u g g e s t -

t h a t even a f u l l y l u b r i c a t e d r o l l e r ( n = 1) a t t h e 

p o i n t o f maximum l o a d w o u l d be s u b j e c t e d t o , 

e f f e c t i v e l y , c o m p l e t e l u b r i c a n t s t a r v a t i o n as i t passes 

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

F u r t h e r , i t f o l l o w s f r o m f i g u r e J5 t h a t a 

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

w i l l a l s o be c o n t i n u o u s l y r e d u c e d f r o m i t s f u l l v a l u e 

t o z e r o as t h e r o l l e r passes i n t o t h e u n l o a d e d r e g i o n 

and a l s o f r o m f i g u r e d , t h e e f f e c t i v e f i l m t h i c k ­

ness w i l l a l s o be r e d u c e d t o z e r o . The r o l l e r s i n 

t h e u n l o a d e d r e g i o n w i l l t h e r e f o r e be m e r e l y f l o a t i n g , 

and no h y d r o d y n a m i c l u b r i c a t i o n w i l l o c c u r . 

The f o r e g o i n g s t a t e m e n t s a r e o f c o u r s e based on 

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

a l t e r n a t i v e a n a l y s i s and r e q u i r e some q u a l i f i c a t i o n . 

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

d i s c u s s i o n i n t h e body o f t h e w o r k . 

C o n t i n u i n g t h e a l t e r n a t i v e a n a l y s i s , f i g u r e s 

^ and show t h a t t h e v a r i a t i o n i n f i l m t h i c k n e s s 

M l 



5-9 

vatio^ and r o l l i n g t r a c t i o n r a t i o ^ w i t h i n l e t 

p a r a m e t e r ^ ^ a r e o f t h e f o r m : 

and e m p i r i c a l r e l a t i o n s h i p s o f t h i s f o r m have been 

d e v e l o p e d t o d e s c r i b e each o f t h e s e c u r v e s . 

F i g u r e 6 can be a d e q u a t e l y r e p r e s e n t e d by 

f o r S ^ > 1 t h i s r e l a t i o n s h i p h a v i n g an e r r o r o f l e s s 

t h a n 5% w i t h i n t h e v a l i d r a n g e . S i m i l a r l y , f i g u r e j5 

can be a d e q u a t e l y r e p r e s e n t e d by 

f o r S j J ^ l t h i s r e l a t i o n s h i p h a v i n g an e r r o r o f l e s s 

t h a n 3% w i t h i n t h e v a l i d r a n g e . 

Equat i o n (S'7) i n d i c a t e s t h a t t h e f i l m i n l e t 

p a r a m e t e r 3 ^ ^ o r any r o l l e r can s i m p l y be d e t e r m i n e d 

f r o m b o t h t h e r o l l e r s p o s i t i o n i n t h e assembly and t o 

S | t h e f i l m i n l e t p a r a m e t e r f o r t h e most h e a v i l y l o a d e d 

r o l l e r . From f i g u r e t h e r e f o r e , 

f o r r o l l e r 1 « ^ 1 

f o r r o l l e r s 2 

f o r r o l l e r s 3 s f ) ^ 

f o r r o l l e r s ( n + 1 ) S© " (COli'^^) ^ 

w h e r e , a f t e r Dowson and H i g g i n s o n (14), 

^ - L 4 J 
U s i n g e q u a t i o n (S'lO) , t h e r o l l i n g t r a c t i o n c o n t r i b u t i o n 



o f each r o l l e r can t h e r e f o r e be d e t e r m i n e d . 

R e f e r r i n g a g a i n t o f i g u r e 16 and u s i n g e q u a t i o n s 

(S'JO) and (S'jJ) f o r r o l l e r 1 

f o r r o l l e r s 2 

f o r r o l l e r ( n + 1) 

The t o t a l n o n - d i m e n s i o n a l r o l l i n g t r a c t i o n i s g i v e n by 

t h e sum o f t h e above e q u a t i o n s and so i t f o l l o w s t h a t 

a t o t a l r o l l i n g t r a c t i o n r a t i o , d e f i n e d as 

i s g i v e n by 
0 0 

i 

$'14 

w h e r e , as shown i n A p p e n d i x ( ) , "TI^^ i ^ e f f e c t i v e l y 

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

E q u a t i o n (SM) a l l o w s t h e t o t a l n o n - d i m e n s i o n a l 

r o l l i n g t r a c t i o n f o r a s t a r v e d a s s e m b l y , X£!jfYtflhL> 

be e v a l u a t e d f r o m k n o w l e d g e o f t h e n o n - d i m e n s i o n a l 

r o l l i n g t r a c t i o n f o r a s i n g l e c o n t a c t under f l o o d e d 



c o n d i t i o n s ,1]^^and t h e i n l e t p a r a m e t e r 8 { ^ f o r t h e 

most h e a v i l y l o a d e d r o l l e r . 

The p r o g r a m shown i n f i g u r e S S d e t e r m i n e s t h e 

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

o f z f r o m 5 t o 20 and f o r v a l u e s o f J j ^ up t o 100. 

Specimen r e s u l t s a r e shown i n g r a p h i c a l f o r m i n f i g u r e S - ^ * 

G a r n e l l and H i g g i n s o n (21) have e v a l u a t e d t h e non-

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

c o n t a c t and n o t e d t h a t t h e r o l l i n g t r a c t i o n was 

v i r t u a l l y i n d e p e n d e n t o f l o a d w i t h i n t h e range 

W S S A l O ' * t o W'J^^tO'^, v a l u e s t y p i c a l o f 

m o d e r a t e l y and h e a v i l y l o a d e d s t e e l c o n t a c t s . W i t h 

t h i s k n o w l e d g e t h e y e v a l u a t e d t h e t o t a l r o l l i n g t r a c t i o n 

f o r t h e assembly by s i m p l y m u l t i p l y i n g t h e r o l l i n g 

t r a c t i o n f o r a s i n g l e r o l l e r by t h e number o f r o l l e r s 

known t o be i n c o n t a c t , t h e p r o c e d u r e used i n t h e 

a n a l y s i s c o n t a i n e d i n S e c t i o n 3 o f t h i s p r e s e n t w o r k . 

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

c o n t a i n e d i n t h i s A p p e n d i x , does s u g g e s t t h a t t h i s 

c a n n o t be c o n s i d e r e d as v a l i d , s i n c e t h i s w i l l o v e r ­

e s t i m a t e t h e f r i c t i o n t o r q u e d e v e l o p e d . For i n s t a n c e , 

a t 5^ = 20 when, f r o m f i g u r e 6 , t h e l u b r i c a n t 

f i l m f o r t h e most h e a v i l y l o a d e d r o l l e r i s a t i t s 

f u l l y f l o o d e d v a l u e and, f r o m f i g u r e J5 , t h e 

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

v a l u e , t h e t o t a l r o l l i n g t r a c t i o n r a t i o i s s t i l l l e s s 

t h a n t h e number o f r o l l e r s known t o be i n c o n t a c t 

w i t h i n t h e l o a d e d r e g i o n . 

j 4 4 



MASffcR HAH/ 
fcVAL.UF ASSkMBLY ROLLING TRACTION RATIO. 
REAL LA,LBrSBAR(50)»R1(i0)»R2(iU)iR5O0)fR4(!)0)»A 
A B { O . 1 4 T i 9 ) / ( 4 , 0 ) ) 

LAs( 0*3.141^9)/ ( K ) ) 
LB«<(i60,0)/(K)) 
WRITEdflU) KiLB 

10 FORMAT <^UX*14HN0.0F ROLLERS*,10 /,^OX,iOMROLLER ANGLE LAMBOA«#fl 
13.5,«h0fc6REES.///} 
00 L»1,>0,1 
S6AR(L) 5(L**1.1'»1!»V) 

R5(L>«U,00000000 
IF(N,6T,1) GOTO 35 

R3(LJ«(CUS(LA>**A^ 
H3(L)»ii,0*(R3tL))/(1 ,0+(0.ii*S8AR(L)*<R3(L)))) 
R3(L)«R3(L)*(n.0)/t1,0*(0.<!*tSBARU)>>)) 

GOTO 45 
35 00 4U, J=l,N,1 

Rl (J>s(tOS(J*LA))**A 
R2(J)«;^,0*(RUJ))M1.0+(0.<i*SBAR(L)«(R1U>))) 
R3<L)«R3(L)*RiJ(J) 

40 COMTINOE 
R3(L)"R3(L)*(n.0^/U,0*<O,<J*(SBARU))))) 

45 R4{L)sR3(L)*(U.2*(SBAR(L))) 
30 CONTINOE 

D050# L*1/50»1 
WRlTfc(1»''0) L.R4(t) 

/O F0RMAT(^0X,i8»5X»M3.5/) 
SU CONTINOE 
20 CONTINOE 

STOP 
END 



j8 



The p r o g r a m shown i n f i g u r e uses t h e 

a l t e r n a t i v e a n a l y s i s c o n t a i n e d i n t h i s A p p e n d i x t o 

e v a l u a t e t h e t e s t b e a r i n g f r i c t i o n t o r q u e due t o t h e 

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

t h e v a r i a t i o n o f t h i s q u a n t i t y w i t h i s shown i n 

f i g u r e s S'8 . S '9 , and 5-40 f o r t h e t e s t l o a d s and 

f o r v a r i o u s v a l u e s o f t h e s t a r v a t i o n . f a c t o r 'n'. 
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MASTER R A M 9 
fcVAL.UF VARiATIQN IN TOTAL UUTER RACb/ROLLfeR FRICTION TORQUE WITH 
t l A N FOR TcST BEARINGS NU310 AND NilO OSINO INLET CONDITION X«A1 
• CONSTANT 
REAL Q(i)»W(i),EN(4U)»HOlNFUU)#SBARt40),S(40),Y»S3(500i»TTi(iOO)# 

16«(bUUJ#OP(bOO)iP(5UU),DH<iUO)»P0H(>U0)»TRA»TRB#lRC»TR(40)»A»01»0i« 
<!f03,0<»>F1,B(1U)»C(10)>H(10)#R1rR^.R3n0}»R4(T0)iRb(10),R6(10j>R^n 
30)>Ra(1U)fGf0(40) 
INTEGER N»V,K»J,M,F,R 
DIMENSION RtiFK(^,10f4U)'CFK(3#10»40}'kSaAR(3,1o}»EEN(3«10) 
READ(6,1) (Q(V),V«1#3,1) 

1 F0RMAT(36».1) 
N»l OU 
G • :>ouu, 
01»1,^3T 
A«((1,141>y)/l4,U)) 
R1«(((3,O**U,i)/i.0)**A) 
R<!»(U. i**A) 
00 5 V « ^ ,in 
W(V)»Q(V)*1 .OabE-5 
DO i\i K«1 »8» 1 
ENCK) a^UU.'J*K 
EEN(V#K) • 6N(K) 
0(K)atNU)*U,V«>E»13 
SBARCX,) » llJO.O 
S(t()»S8AH(K)*((iG*OU))**0.5)/(l.(J5V*(U(V)**0,/'>))) 
ESBAR(V,K) s SBAR(<) 
H01NF(K)»^.iS04V*(CG*UU))**y.«'b)/(W(V)**0.Wi) 
Y • S(K)/(N-1) 
S3(1)»S(K) 
S3(N)s1E-10 
0040 J • ^#(N*1) ,1 
S3(J)sS(K)-tU»1 )*Y) 

40 CONTINUE 
DO iO M s 1 , N , 1 
T • S3CM)*(((^,*0084*W(V))/HOINF(K))**(^/3.U)) 
T<f«T**U.5 
T3»T**1 . :> 
T4»CT*((<;*T3)-1))/(y*((T*T3)**i)) 
T5«U.b*AL06U(1*T2)**^)/(1+T-Tif)) 
Te>«(3**0.5)*ATAN(C2»T«J)/((3**U,S)*T«;)) 

T15"T4«T« 
TT3(M)«T1i 
6 Q ( M ) • (U.U6('W/7>4^-T13<M))/U,^68/T1016V 
G P ( M ) « « ( A L O G ( 1 * b O ( M ) ) ) 

r6sr i6A/6N6 f^/^/<T/oAj -m/e&ue isje To T/ne 0>U/a/^ 



P ( M ) » ( ( G P C M ) ) / G i 
0H(M)»3,6O13*W(V)*(S3(M>**0.5) 
PDH(M)aP(M)*OH(M) 

50 CONTINOE 
TRA«PDHn)/^.0 
TRB«POH(N)/^,0 
T«C«0,0000000000 
0060 R • i»(N-1) ,1 
TRC«TRC+PDH(R) 

60 CONTlNOfe 
TR(K)8(TRA*TRB*TRC)*(Y*0.5) 
D3»(W(V)**0,^5)/((G*O(X))**0,5) 
D4«(C6.^d3le/W(V))**U.5) 
D0('0 M3,10,1 
F1»0,01*F 
B(F)«(((H*Dl*D4)/0^^"1.0) 
C(F)»1,05V*D3*6(F) 
H C F ) « ( C ( F ) * * 1 . 1 4 1 5 9 ) 
R3(F)aU.W*H2;/<1.0*tO.^*M(f)*R^)) 
R4 ( F ) " ( < ; , 0 * R l ) / ( 1 . 0 * t O , ^ * H ( F ) * R i n 
R5(F)«1.0/(1,0*(0,2*M(F))) 
IF(V.fe(i.1) GOTO 63 
GOTO 64 

63 R6(F) • R4(F) • R5(F) 
GOTO 66 

64 R6(F) » HUf) •R4(F) • R 5 ( F ) 
66 R6(F) • R 6 ( F ) * 0,2 * H ( F ) 

Ri'tF)sR6(F)*TR(X) 
R S ( F ) B R « ' ( F ) * 1 ,46E6 
R8FK(V,FfK) • RB(F) 
CFK(V,F,X> » C ( F ) 

70 CONTlNOfe 
20 CONTINOE 
•3 CONTINOE 
OOBO V B 1 f 3 i 1 
0085 FB3,10,1 
F1ii0.01*F WRITEd ,06)U(V) ,G, F1 06 FORMAT(10X,13H8EARING LOA0«»F5,l,3MXN./#21X»2HG«»F7.W,VX»14M I N L E T 

1 POINT N«,F5.3#16HX ROLLER RAO I OS./»4X,65HETA H (P01SE*KPM) SBAR 
2 INF. SBAR INLET FRICTION TOROOE (N.M,)///) 
0090 K«1»6,1 
wmTE(1,91) EEN(V,X).ESBAR(V,K)»CFK(V.F»X)»R«FK(V»F»K) 

y i FOHMAT</X,F/.1,«X,6li.5#lX»E15.5»4X»El3.5//) 
90 CONTINUE 
85 CONTINUE 
80 CONTINUE 

STOP 
INO 
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APPENDIX (T) 

To d e t e r m i n e t h e r e l a t i o n s h i p 

b etween t h e i n f i n i t i e r o l l i n g t r a c t i o n 

l ^ ^ f o r t h e most h e a v i l y l o a d e d 

r o l l e r and t h e v a l u e o f ^(tO 

f o r t h e o t h e r r o l l e r s i n t h e 

a s s e m b l y ; i n s h o r t , t h e v a r i a t i o n 

o f Ti?^ w i t h a n g l e 8 

E q u a t i o n (S'J4) t a k e s 

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

p o s i t i o n has been used i n t h e a n a l y s i s c o n t a i n e d i n 

s e c t i o n 3 and a l s o t h a t i n A p p e n d i x ( 

I n any i n l e t f i l m , t h e r e d u c e d p r e s s u r e 

a t any p o i n t i n t h e f i l m i s g i v e n by e q u a t i o n (3'Z'3) 
t o be 

and f o r an i n l e t p o i n t 00 

SsO c o n s t a n t and t h e r e f o r e ^Ol^ 

i s a f u n c t i o n o f 

E q u a t i o n (HZS) g i v e s 

and t h e r e f o r e 

T 5 

T4 
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From e q u a t i o n (J-J^ 

and f o r t h e p a r t i c u l a r case o f ^ s a OOj 

I t w i l l be n o t e d f r o m t h e d e f i n i t i o n o f 3, 

( e q u a t i o n (5̂'3)) ) , 

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

From e q u a t i o n ) above, i t f o l l o w s t h a t 

n e g l e c t i n g t h e f a c t o r 1.059. 

A l s o , f r o m t h e e q u a t i o n 

From t h e d e f i n i t i o n o f Tjf g i v e n i n e q u a t i o n (5"}̂ ) 

d47 



i t f o l l o w s t h a t 

P, <>^i . <kS T f l 

S-->e> 
g i v i n g 

R e f e r r i n g t o f i g u r e 16 ; f o r t h e most h e a v i l y l o a d e d 

r o l l e r t h e above e q u a t i o n becomes 

and f o r a r o l l e r a t a n g l e 

E q u a t i o n (S'G) g i v e s 

where /'t^^^^lc^'^ vV-̂  > t h e n o n - d i m e n s i o n a l 

l o a d on t h e most h e a v i l y l o a d e d r o l l e r . So 

An i n f i n i t e r o l l i n g t r a c t i o n r a t i o y4*'Can be 

d e f i n e d as 

and u s i n g e q u a t i o n s (['14), (Tf) and (T'l5) i t f o l l o w s 

t h a t 
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a n d o f c o u r s e d \ ^ 0 0 ^ (^')s^^^ T t O 

g i v i n g t 

F i g u r e T ' l s h o w s t h e v a r i a t i o n i n t h e i n f i n i t e 

r o l l i n g t r a c t i o n r a t i o ^ ^ w i t h a n g l e © , 

I t w i l l b e s e e n f r o m f i g u r e ^ ' j t h a t t h e v a l u e o f 

t h e i n f i n i t e r o l l i n g t r a c t i o n r a t i o y ^ i s e s s e n t i a l l y 

u n i t y f o r v a l u e s o f © u p t o a b o u t 6 0 ° , A t h i g h e r v a l u e s 

o f 9 t h e r a t i o b e c o m e s r a p i d l y l a r g e r , b u t i t w i l l b e 

a p p r e c i a t e d t h a t t h e e q u a t i o n s o n w h i c h t h e f o r e g o i n g 

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

EKD l u b r i c a t i o n . T h i s i m p l i e s t h a t t h e e q u a t i o n s a r e 

n o t v a l i d f o r l i g h t l o a d s . 

I t i s t h e r e f o r e s u g g e s t e d t h a t e q u a t i o n (J'Zll) 

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

t h e a s s e m b l y a n d , f r o m f i g u r e T ' J t h a t t h e i n f i n i t e 

r o l l i n g t r a c t i o n r a t i o c a n be s e n s i b l y t a k e n as 

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

T h e v a r i a t i o n o f IVAQ"^*-'^ a n g l e 0 s h o w n i n f i g u r e 

T'l r a i s e s t h e i n t e r e s t i n g d e d u c t i o n t h a t , as t h e l o a d 

i s r e d u c e d , t h e v a l u e o f *TV^ i n c r e a s e s . T h i s r e s u l t 

i s h o w e v e r i n k e e p i n g w i t h t h e f i n d i n g s o f C r o o k ( J ) 

w h o d e d u c e d t h a t 

w h e r e C l ^ i s t h e p r e s s u r e v i s c o s i t y e x p o n e n t o f t h e 

l u b r i c a n t a n d | ^ i s t h e n o n - d i m e n s i o n a l m i n i m u m f i l m 

1 4 ? 
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t h i c k n e s s . T h e v a l u e o f is e f f e c t i v e l y c o n s t a n t f o r 

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

i n d i c a t i n g t h a t 

E q u a t i o n i s t h e r e f o r e i n k e e p i n g w i t h t h e 

f i n d i n g s o f C r o o k b u t , as s t a t e d p r e v i o u s l y , t h e 

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

f o r EHD c o n d i t i o n s . 
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T R I B O L O G Y G R O U P 

IE STARVED LUBRICATION OF CYLINDERS IN 
LINE CONTACT 

*. E . W o l v e r i d g e , BSc, PhD* K . P . B a g l i n f J . F . A r c h a r d , BSc, PhD, CEng, F l M e c h E f 

A semi-analytical solution is presented showing the effect of variations in the position of the inlet boundary 
of the lubricant film upon the load capacity of cylinders in line contact. Firstly, isoviscous conditions and 
undeformed surfaces are assumed; by the use of appropriate non-dimensional parameters, the results of the 
theory can be exhibited as a single function applicable to all possible experimental conditions. This can then be 
transformed to deduce a similar unique expression showing the proportional reduction in the minimum film 
thickness for variations in the position of the inlet boundary, all other conditions being maintained constant. 
A similar analytical solution is presented showing the effect of the position of the inlet boundary upon the film 
thickness under heavy loads. This assumes full elastohydrodynamic conditions and is based upon an analysis 

similar to the familiar theoretical treatment of Grubin. 
Comparisons show that published computer solutions of these problems, for specific sets of conditions, are in 

good agreement with the more general analytical solutions presented here. 

N O T A T I O N 

ols used only once are defined at the appropriate 
in the text. 

Width of Hertzian band of contact. 
Film thickness. 
Minimum film thickness (classical theory). 
Pressure. 

= - ( l - e - ' " ' ) | Reduced pressure 

Relative radius of curvature 

2 Radii of curvature. 
2 Surface velocities. 

Rolling speed [=KC^i+C^2)]. 
Load per unit length of cylinder. 
Non-dimensional co-ordinate [= x/VlRh 

OJ or 
= xly/2Rh*l 

XilV2Rko (equation (12a)). 
XtlV2R{ho)ao (equation ( l i b ) ) . 
Co-ordinate. 

iper is published for written discussion. The MS. teas received 
1th November 1970 and accepted for publication on 11th May 
. 23 
lersity of Leicester; now at Shell Research Ltd, Thornton 
irch Centre, Chester. 
irtment of Engineering, University of Leicester, LEI 7RH. 

a Pressure coeflBcient of viscosity [ = T/Q e""]. 
P Influence of starvation upon hg under classical 

conditions (Inconstant) [ = /ro/(Ao)<o]-
j3* Influence of starvation upon h* under elasto­

hydrodynamic lubrication (e.h.l.) conditions 
(b constant) [ = 

y Influence of starvation upon load under classical 
conditions [ = WjW^]. 

Tjo Controlling viscosity (at atmospheric pressure). 
p Influence of starvation upon h* under e.h.l. con­

ditions {B constant) [ = h*jh*^ (equation 
(19))]. 

0 Non-dimensional co-ordinate imder e.h.l. con­
ditions [ = fii'^X = b^'^xl(2Rh*y'% 

Non-dimensional expression for inlet boundary 
of lubricant film under e.h.l. conditions 
[= b''%l(2Rh*^f'^]. 

Subscripts 
e Values at the outlet boundary of the lubricant 

film (classical theory). 
1 Values at the inlet boundary of the lubricant film. 
m Values at the pressure maximum (classical 

theory). 

00 Values when the inlet boundary is at oo. 

Superscripts 
* Values at the pressure maximum (e.h.l. theory). 
— Values at the inlet edge of the Hertzian flat 

(e.h.l. theory). 
In Mech Engrs 1970-71 Vol 185 81/71 
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I N T R O D U C T I O N 
Theories of the lubrication of cyhnders, or of similar 
machine elements such as gears and roller bearings, 
usually make the assumption that the lubricant film in the 
inlet region extends far away from the position of the 
minimum film thickness. I f a cylindrical shape of radius R 
is assumed, this means that the boundary of the lubricant 
film is taken at x = /?; i f the parabolic approximation is 
adopted for the shape, the boundary is taken at x = oo. 
The physical justification for this mathematically con­
venient assumption is that the regions in which the pres­
sure has values of any significance lie close to the 
position of the minimum film thickness; consequently the 
boundaries of the hydrodynamic film have little influence 
upon the load capacity for a particular lubricant, and a 
given kinematic and geometric configuration. 

Under conditions where classical theories are applic­
able, that is at loads sufficiently small for neither deforma­
tion of the surfaces nor increase of viscosity with pressure 
to be significant, Crook (i)*, Lauder (2) and Boness (3) 
have provided experimental evidence that the film thick­
ness is less than that forecast by the classical theories, 
e.g. Martin (4), which make the conventional assumption 
of an inlet boundary at infinity. This discrepancy has been 
attributed to the assumed position of the inlet boimdary 
and therefore the influence of the position of this boundary 
upon the load capacity, for a given set of conditions, 
becomes of some importance. Dowson and Whitaker (5), 
Boness (3) and Dowson and Whomes (6) have all made 
theoretical analyses of the influence of this boundary for 
the conditions of classical theory. These treatments have 
been based upon computer solutions of the problem, the 
load capacity being calculated for various positions of 
the boundary of the lubricant film in the inlet region; the 
corresponding boimdary of the film in the outlet region 
has been based upon the familiar condition/) = dpjdx = 0 
at outlet. The solutions are presented as a series of curves 
describing the variation of load capacity with inlet position 
(expressed in non-dimensional form as Xi„,^tlR) for chosen 
values of ho!R. I n the first part of the present paper it is 
shown that, when the appropriate non-dimensional state­
ment of the problem is made, these computer solutions 
conform to one single semi-analytic solution. However, a 
more practical statement of the problem is to express the 
influence of the position of the inlet boundary upon the 
minimum film thickness for a given load. The film thick­
ness derived from classical theory (4) with inlet boundary 
at infinity is taken as a guide; the proportional reduction 
in this minimum film thickness can then be expressed as 
a single valued fimction of the inlet boundary position 
expressed in appropriate non-dimensional form. 

The second part of this paper provides a similar solution 
of the influence of the position of the inlet boundary upon 
film thickness, for heavily loaded conditions, when the 
surfaces are elasticaUy deformed and viscosity of the 
lubricant is increased by the pressures. The analysis uses 
the same assumptions as Grubin (7) with the exception 

* References are given in Appendix 3. 

Proc Instn Mech Engrs 1970-71 

that the deformed Hertzian shape is replaced b 
approximation due to Crook (8). As in the treatme 
the classical theory, it is necessary to transforn 
analytic solution into a form suitable for use in pra 
Once again, the film thickness derived from the tl 
with the inlet boundary at infinity is taken as a guide 
proportional reduaion in this film thickness can t h 
expressed as a unique function of the inlet boui 
expressed in suitable non-dimensional form, all 
variables being held constant. 

C L A S S I C A L T H E O R Y 

The parabolic approximation for the shape of the sur 
as used in earUer theories (4) (9), wi l l be assumed, 
co-ordinate system used is shown in Fig. 1. The 
thickness, h, is thus defined by the equation 

h = 

where is the minimum film thickness and R i 
relative radius of curvature of the surfaces (!//? = !, 
IjR^. The integrated form of Reynolds equation is 

= -Ur, 

where U = ^U-i^+U^ is the mean velocity o 
surfaces and is the value of h at the maximum pre: 

To solve equations (1) and (2) we shall use the 
stitution 

Y 

X = 
{2Rhor^ • • 

Equation (2) then becomes 

dp ^ - UrioUVlRiX^-XJ") 
dX ho'" {i+xy 

F i g . 1. C l a s s i c a l theory : the shape of t h e s u r f a c e s 
the c o - o r d i n a t e s y s t e m 

Vol 18 
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e X„, = xJilRhoY'^ and is the value of x at which 
ressure maximum occurs. 
legration of equation (4) depends upon the assumed 
dary conditions: 

at inlet, p = 0, x = Xt, X = Xt . (5a) 
at outlet, p = 0, X = Xe, X = Xe . (5b) 

since p = dpjAx = 0 at outlet, inspection of equa-
4) gives 

Xe = -Xm, Xe = -X„ . . (5c) 
these assumptions Peppier (9) has shown that the 
ation of equation (4) yields: 

UVIR) 

+1(1 

-2(1+X J ) 

-3A„^) 

(l-HA^)^ 

:-|-tan-i A (6) 
(1 + A )̂ 

; A is a dummy variable for X. 
uation (6) is an expression for the form of the pressure 
bution in terms of the assumed position of the 
:. Since also p = 0 at X = X^ [equation (5a)]: 

+ X J ) _ (1-3XJ) 

x^f ^' {i+xn 
(1 -3Z„='){tan- iZ„ -F t an - ^ Z J - f ^ „ 

(1+3J^.^) 

(l + ̂ m̂ ) 
= 0 

. . . (7) 

I is a relation between the position of the inlet 
lary, X j , and the position of the maximum pressure, 
t wil l be noticed that Xi and X^ are always opposite 
n. No simple analytic expression between Xi and X„ 
;en found, but equation (7) has been solved numeric-
.""he relationship between the position of the maximum 
ire Xn, and the inlet boundary Xi, derived from 
olution of equation (7) is shown in Table 1. 
e load capacity W of the system for any given 
lary conditions may now be calculated. I t has been 
1 by Blok (10) that the load capacity of the system is 
by 

7)atjR 6 / V 2 ^ V 2 S 2 

w = ixi-xiY 
\ 1 + ^ i ^ / 

(8) ho {l+X,,^) 
when Xi = 00 becomes the well known Martin 

4-89 
ho 

(9) 

is taken to denote the load capacity with the 
boimdary at infinity. By using equation (8) and 
1 i t is possible to derive the load capacity of the 

1 as a function of the position of the inlet boundary 
Ills is best expressed, using equation (9), as 

W 
y = ^ ^ . . . (lOa) 

W = 4-89y Vo UR 
ho 

. (10b) 

Table 1. Relat ionship be tween non-dimensional 
parameters of s tarved c lass ica l theory 

(Xi)y ^- y = ^ 

0 0 0 0 
0 1 0 049 78 0000 07 0 000 82 
0-2 0098 24 0-001 03 0-006 43 
0-3 0 144 23 0-004 84 0-020 87 
0-4 0 186 85 0-013 77 0-046 94 
0-5 0-225 49 0-029 61 0-086 04 
0-6 0-259 91 0-053 09 0-138 25 
0-7 0-290 09 0 083 88 0-202 74 
0-8 0-316 25 0-120 81 0-278 06 
0-9 0-338 71 0-162 25 0-362 53 
10 0-357 87 0-206 52 0-454 45 
1-5 0-417 95 0-425 49 0-978 44 
2 0 0-444 70 0-591 80 1-538 57 
2-5 0-457 49 0-703 67 2-097 12 
3 0 0-464 15 0-778 24 2-646 53 
3-5 0-467 88 0-829 10 3-186 92 
4 0 0-470 12 0-864 85 3-719 90 
4-5 0-471 53 0-890 74 4-247 05 
5 0 0-472 47 0-909 99 4-769 68 
6 0 0-473 56 0-936 06 5-805 01 
7 0 0-474 13 0-952 35 6-831 19 
8 0 0-474 45 0-963 17 7-851 28 
9 0 0-474 65 0-970 70 8-867 17 

100 0-474 78 0-976 15 9-880 02 
200 0-475 09 0 993 93 19-939 21 

1000 0 475 13 0 999 76 99-987 74 
00 0-475 13 1 . 00 

(X,)y = Xil V 2Rho is the position of inlet boundary, equation (3). 
X„ is the position of the pressure maximum. 
y is WjW^, equation (10a). 
(8 is hojhooc, equations (Ua) , (13). 
(X,)e = x,lV2R{ho)^, equations ( l i b ) , (13). 

y, therefore, represents the proportional reduction in the 
load capacity of a given system caused by moving the 
inlet boundary from 00 to A"). The relationship between y 
and Xi is shown in Table 1. 

I t will be observed that in Table 1 the proportional 
reduction in load capacity y is a single valued function of 
the inlet boundary, when this is expressed in the appro­
priate non-dimensional form (Xi)y = Jc,/(2/?/io)''^. On the 

Results as derived by Boness (11) from computer solutions for 
different values of holR. 

Fig . 2. C las s i ca l theory : the inf luence of the inlet 
boundary (x,//7) upon the load (y = W/Wa,) 

n Mech Engrs 1970-71 Vol 185 81/71 
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F u l l line: derived from the general theory of this paper. Points: derived from 
computer solutions (Fig. 2). 

F i g . 3 . C l a s s i c a l theory : the in f luence of the inlet boundary {(X,)Y = xjVZRh^ 
upon the load (y = WIW„) 

other hand the computer solutions of the same problem 
(3) (5) (6) take a given value of hojR and derive the load 
capacity y for different positions of the inlet boundary 
expressed as XilR. Fig. 2 shows a set of results derived 
in this way by Boness (11). I n Fig. 3, the fuU line shows a 
plot of y versus {X^y plotted from Table 1 and the points 
show the values of y derived by Boness. I t wil l be seen 
that the computer results of (11) when plotted against 
{Xi)y he very close to the single curve of Fig. 3; i t is of 
interest to note that Boness used a cylindrical shape, 
whereas the parabolic approximation has been used here. 

Transformation of classical theory to a practical 
form 
Neither the presentation of Fig. 2 nor Fig. 3 is of im­
mediate practical use in specifying the effect of the inlet 
boimdary position. The most likely situation is that one 
is aware of a given set of experimental conditions (T̂ Q, U, 
R and I ^ ) and the value of the minimum film thickness 
is then calculated from equation (9), assuming that the 
inlet boundary is at infinity. By analogy with equation (9), 
this value of wi l l be denoted as (Ao)oo to indicate that i t 
corresponds to conditions when Xi = oo. We require to 
know the way in which varies for these same conditions 
(in particular for a constant value of the load W) when Xj 
is varied. By analogy with Fig. 3 and equation (10a) we 
seek a relationship 

i3 = 7 ^ = M ^ . W . • (11a) 

where the value of Xi is defined by 

(^0. = ( l i b ) 
(2R{ho)^y>^ • • 

|S has thus been defined as the proportional reduction in 

the film thickness of a given system (at constant 
caused by moving the inlet boundary from 00 to x^ 

F/rom a consideration of given values of T̂ QJ U, 
and Xj we have deduced values of the load W. I t has 
shown that all possible values of these variables, 
co-exist, are conneaed by the relation 

Whr. 
= 4-89y = 4 - 8 9 / i { T O • (1 

where {X,\ = xJilRhoY'^ 
For the special case of Xj = co this becomes 

From equations (12a) and (12b) for the case of rj^, 
and W constant (Xj and kg variable) we have 

_ho_ 
(ho). = y = / i i2Rhoy = / i { ( ^ O v } (: 

where ho on the right-hand side is the value of 
equation (12a). 

Thus from equations (11a) and (12c) 

^ ^'\V2R(ho)^^ ho J (.ho). 
= M(XOep-"'}=A{iXi\} 

whence 
P = y, {Xi), = y^l\Xi\ . . 

From the table of y versus {X^y (Table 1) it is po 
using the relationships given in equation (13) tt 
struct a plot of ^ versus (.^i)^. Such a plot is gi' 
Fig. 4. The way in which this graph may be emplc 
as foUows. The experimental conditions (TJQJ C, 
W) for a given system are known. From equation 

Proc Instn Mech Engrs 1970-71 Vol II 
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influence of the inlet boundary {Xi)g = XijV2R{ho)« upon 
ninimum film thickness (jS = ^o/(Ao)oo), other experimental 
itions remaining constant. 

Ig. 4. C l a s s i c a l theory expressed In pract ica l f o r m 
( W c o n s t a n t ) 

)ssible to calculate a value of ho (designated (Ao)a.) 
he assumption that the inlet boundary is at infinity. 

proportional reduaion in film thickness (/3), for 
)us values of Xi, can then be obtained from Fig. 4, 
•e {Xi)g = XilV2R{ho)co is calculated using the value 
io)oo already obtained. 

E L A S T O H Y D R O D Y N A M I C T H E O R Y 

lis section we provide an analysis of the effect of the 
ion of the inlet boundary upon the film thickness 
;h occurs under heavy loads. Under these conditions 
deformation of the surfaces and increase of lubricant 

>sity are significant. The methods adopted below are 
lar to those used in the pioneer study of Grubin (7); 
xplanation of this approach, and evidence that i t 
ides a value of the film thickness close to that obtained 
I more detailed theoretical treatments can be found in 
son (12) and Dowson and Higginson (13). 
accordance with the technique adopted by Grubin, 

II be assumed that the shape of the surfaces is Hertz-
therefore in the main load bearing region (Fig. 5), 
!iu-faces are separated by a parallel film of thickness 
This parallel region is a band of width 2b, which 
;sponds exactly to the band of contact obtained under 
: conditions for the same load, in the absence of a 
icant. The film thickness h* in the paraUel regions 
en determined by the criterion that at the entry to 
conjimction (x = 0 in Fig. 5) the pressure is suf-
it ly large to maintain an effectively parallel film. I t 
jeen shown (7) that this is met by the condition 

1 
q = (14) 

•e q is the 'reduced pressure', i.e. the pressure cal­
led for the given geometry on the assiunption that the 
cant has a constant viscosity rjo; q is the value of q 

p corresponds to the reduced pressure q-^lja. 

Fig . 5. E las tohydrodynamic theory : the shape of the 
s u r f a c e s and the co-ordinate sys tem 

at X = 0, and a is the pressure coefScient of viscosity in 
the relationship between viscosity and pressure 

7] = T]o exp (ap) (15) 

Note also that ? = 0 at x = Xj , where x, is the boundary 
of the lubricant film in the entry region. 

As shown in Fig. 5, the origin of the system of axes is 
chosen at the entry to the parallel region. Then, according 
to Crook (8), the shape of the film in the converging entry 
region is, to a good approximation, given by 

h = h* l + i ^ $ 3 , 2 " (16) 

where 0 = fi^'^X X = xl(2Rh*yi^ is a non-dimensional 
co-ordinate analogous to that used previously in the 
discussion of classical theory, and B = bl(2Rh*y" is a 
similar non-dimensional presentation of the half-width 
of the Hertzian flat b. As before, R is the rehtive radius 
of curvature of the surfaces in their imdeformed state. 

The integrated form of Reynolds equation for this 
problem is equation (2) with q replacing p. Using equation 
(16) and the associated definition of 0, one obtains 

d£ -121 ,0 V 2 

h* 312 51/3 
4 ^ 2 03/2 

' 3 (17) 

To obtain q, the reduced pressure at x = 0, equation (17) 
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can be integrated by straightforward techniques (see 
Appendix 2) to give the following expression: 

. 12^of7i?''V2, ( a * , ) 

where a = [(4V2)/3]2'3 and / is given by 

( 2 r 3 ' 2 - l ) r 2 

(18a) 

/ = 9(1+^3/2)2 27 

+ \/3 tan 

( r - r l ' 2 + 1 ) 

(2-T^'^) 
(18b) 

T is a dummy variable for (a0), (Pj = B^'^.X'i and Xi = 
x,/(2/?/i*)i'^ 

Values of for values of 0; between 0 and 500 are 
listed in Table 2. I t wiU be observed that [/]o" = 0-268 71. 

Using now the criterion of equation (14) it is possible 
to derive from equation (18a) a value for h* for any 
position of the inlet boundary expressed in terms of the 
non-dimensional parameter 0 j . One obtains for Xj = 

= 00 the result 

h*^ = 2-0742(«ryo{7)2'3i?i'3B-2'9 . (19a) 

and for the more general case with the inlet boundary of 
the lubricant film at Xj 

h* = 4-9812(cc^of7)"^^"^5"'"{[/]o''*'T" (19b) 

which, using equation (19a) may be rewritten as 

h* = 2-07A2p(a7,oUf''R^''B-^'^ . . (19c) 

where, i f B is held constant. 

P = 
h* 1 

0-2687 
B constant (19d) 

A plot of p as a function of is shown in Fig. 6. I t may 
be noted in passing that equation (19a) can be cast in the 
form 

h*^ = Kia-qotjf'^R^'^b-^i" . . (20) 

where is a numerical constant which is found, by the 

T h e shape of the conjunction ( B = 6/ V2Rh*) is constant. 

F ig . 6. E l a s t o h y d r o d y n a m i c t h e o r y : the In f luence of the 
Inlet boundary (<t>, = fl"'X,) upon the centra l f i l m 
t h i c k n e s s (p = / ! * / / > * « ) 

Table 2. Re la t ionsh ip b e t w e e n t h e inlet p a r a m e t e r 
and the integral [I]f*i 

<t>i [/]§*' [/]g*' 
0 0 0 000 00 6-0 0-263 1 
0 1 0003 27 7 0 0-264 5 
0-2 0 015 39 8-0 0-265 4 
0-3 0034 29 9-0 0-266 1 
0-4 0056 34 100 0-266 6 
0-5 0 078 76 15-0 0-267 7 
0-6 0 099 93 200 0-268 1 
0-7 0119 11 25 0 0-268 3 
0-8 0 136 09 30-0 0-268 4 
0-9 0 150 93 35-0 0-268 5 
10 0 163 81 40-0 0-268 5 
2 0 0-228 66 45-0 0-268 6 
3 0 0-248 51 50-0 0-268 6 
4 0 0-256 67 100-0 0-268 6 
5 0 0-260 78 500-0 0-268 7 

integration given in Appendix 2 to be 2-4776, w 
compares favourably with the value of 2-4 found by C 
(8) using numerical integration*. 

We return now to a consideration of the phy 
significance of equations (19a, b, c, d). Equation ( 
gives an expression, of the Grubin type, for the 
thickness in the main load bearing region when 
inlet boundary is far removed from the edge of the pai 
region. In this equation the load dependence of 
thickness is contained within the parameter B. As has 
explained elsewhere (15), in theories of the Grubin 
this is essentially a parameter which expresses the o\ 
shape of the deformed configuration and the interp 
lubricant film; B is the appropriate non-dimens: 
statement of this shape and can be regarded as the 
of the local depression of the surfaces to the film t h i d 
in the parallel region. Similarly in equation (19< 
expresses the proportional reduction in the film thick 
h*, arising from a movement of the inlet boundary : 
00 to Xi whilst, at the same time, the general shape o 
geometric configuration (expressed by B) is mainta 
constant. I t wil l be observed that p i% a function • 
only, where 

' W2Rh*} V2Rh* ^ 

0 is therefore a non-dimensional co-ordinate for the < 
region. I t contains, as the dominant element, the ] 
meter Xi = Xil{2Rh*y^ which appeared in the treati 
of classical theory given previously. The fact th: 
depends strongly upon X (or x) and is relatively w( 
dependent upon B (or b) is the reason why the load 1 
small influence upon film thickness, and the hmiting 
thickness derived from an undeformed shape is a 1 
approximation to the film thickness derived from the 
of the Grubin type; see Archard and Cowking 
Greenwood (16). 

* This result was confirmed independently by Dyson (14) who, 
gamma function theory to evaluate Crook's integral for the sj 
case of the inlet boundary placed at infinity, obtained a vai 
2-478for K. 
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iformation of e.h.l. theory to a practical form 
Y we return to equation (19c) and its practical 

As in the classical case, considered above, the 
\pnate non-dimensional presentation of the theory 
in a form which can be used directly in common 
:e. Once again it can b^ assumed that the operating 
ions are known; i.e. U, a, 7]o, R and b (b is known 

iJastic theory). A value of A*(A*„) may then be 
ted from equation (20) (or from Grubin's theory) 
ng that the inlet boundary, Xj, is at infinity. We 
quire to know the way in which h* will vary, for 

same experimental conditions (specifically for the 
value of b), as Xj varies. By analogy with equation 
'e define a proportional reduction in the film thick-
8*, occurring as the inlet boundary is moved in 
» to Xj, all other experimental conditions remaining 
nt. 
have shown (equation (19c)) that for any chosen set 
ditionsji.e. values of a, ijo, U,R,B = fc/V2Rh* and 
deduced value of h* for all possible conditions is 

by the relation 

= 2074^> = 2O74/J0J 
(arjUy^R"^ 

0, = B^'^Xi = b''^Xil{2Rh*f'^ 

pecifically, in this expression for 0,, h* 
"or these given conditions), 
the special case X; = oo 

(22) 

has the 

- 2-074 
[{ar^Cf'^R^'^ 

quire a relationship of the form 

n 00 

(23) 

(24) 

Wi = b'"'Xili2Rh*^) 2/3 

' and A*„ correspond to the same values of a, T)Q, 
ind b. 
ations (22) and (23) may be re-written in terms of b 
than B as follows 

^•B/9^2/9 

^•8/9^2/9 

= 2-074p = 2-O74/i(0i) (22a) 

2-074 (23a) 
2i'9(aT,ot/)"'-R*"J" 

ning (22a) and (23a) and (24) gives (for a, r)Q, U, b 
at) 
18/9 

= p = / , ( 0 , ) = (|S*)«'« = Um?" (25a) 

0i = 
b^l^Xi 

(2Rh*yi^ {2Rh* 

= !P-,(/S*)-2'3 = ¥ip-^'* 

b^'^Xj /h*^Y'^ 
Rh*^y'^ [ h* ) 

(25c) 

Thus (from equations (25a), (25b)) to obtain values of /S* 
and Wi from given values of p and we write 

Wi = p^l*0i 

An alternative derivation of these relationships, based 
upon physical reasoning, is given in Appendix 1. 

From a plot of p as a fimction of (Pj (Fig. 6) it is possible, 
using equations (25c), to construct a plot of 3̂* as a fimction 
of Wi. Such a graph, construaed in this way, is shown by 
the fu l l Hne in Fig. 7. 

The way in which this graph may be used iŝ as follows. 
Once again the experimental conditions (J;O> U, a, R and 
W) for a given system are known. From the equations 
governing elastic deformation, it is possible to derive the 
Hertzian half-width b whence, from equation (20), a value 
of h* (designated h*a,) may be calculated on the assump­
tion that the inlet boimdary is at infinity. The propor­
tional reduction in film thickness (jS*) at a fixed load, for 
various values of x , can then be obtained from Fig. 7 
where Wi = b^'^Xij{2Rh*^Y'^ is calculated using the values 
of A*„ and b already obtained. 

I t is not possible to present so complete a comparison 
with pubUshed computer solutions as with the classical 
theory, because few computer solutions of the starved 
lubrication problem exist. However, Orcutt and Cheng 
(17) have shown a specific example of a starvation curve 
for one set of experimental conditions. Orcutt and 
Cheng's results have been re-calculated in a form appro­
priate for comparison with the theory of the present 
paper. They present values of An,in> the minimum film 
thickness, which occurs at outlet; the present paper is 
concerned with h*, the film thickness in the parallel 
region. I t is assumed that 

A* • 
and A,„,„ = 0-85A* 

Results derived from Orcutt and Cheng's computer 
solution are compared with the more general theory of 
this paper in Fig. 7. I t wiU be seen that there is excellent 
agreement. 

(25b) 

T h e influence of the position of the inlet boundary (^i) upon the 
central fihn thickness (/S* = „) other experimental conditions 
remaining constant. T h e inlet boundary is expressed as 1̂ = 
b'-i^Xil2Rh*^yi^; equation (24). T h e points are derived from the 
computer solution of Orcutt and Cheng (17). 

F ig . 7. E las tohydrodynamic theory expressed in 
pract ica l f o r m 
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D I S C U S S I O N A N D C O N C L U S I O N S 

Early theories of the lubrication of cylinders, and most 
subsequent discussion, have assumed that the inlet 
boundary of the lubricant film is so far removed from the 
position of minimum film thickness that a theoretical 
assumption of an inlet boundary at infinity is a completely 
acceptable description of the operational conditions. 
However, sufficient evidence now exists to suggest that 
the influence of the position of the inlet boundary upon 
film generation requires serious and detailed considera­
tion. This paper has therefore presented semi-analytical 
solutions of the problem both for the undeformed 
isoviscous case and for fu l l e.h.l. conditions. I n both 
examples the theory has first been presented as a single 
function of the inlet boundary, the position of this 
boundary being presented in the appropriate non-
dimensional form. I t has then been shown how these 
solutions can be transformed into a form more readily 
applicable to practice. 

The main alternative procedure to that presented here 
is to present solutions to the problem for a wide range of 
assumed conditions, these solutions being derived from 
computer solutions. Several workers have presented 
numerical solutions to the undeformed isoviscous case and 
it has been shown (Fig. 3) that all such solutions he on a 
single curve when the appropriate non-dimensional 
groups are used. This semi-analytical solution has the 
advantage over numerical solutions that dependence on 
experimental parameters is immediately obvious. The 
only previous known attempt to produce a single semi-
analytical solution, such as that given above, is contained 
in an unpubHshed report by Walther and Sassenfeld*. 
However, no earlier work tackles the problem of trans­
forming the solution into a form more readily applicable 
in practice, namely the variation of film thickness with 
inlet boundary for constant load. 

There is far less pubhshed work upon the effects of the 
position of the inlet boundary under e.h.l. conditions, 
perhaps because of difficulties experienced with numerical 
techniques!. The solution provided here avoids these 
difficulties by using an analytical approach similar to that 
of Grubin (7), the only difference being the use of the 
Crook approximation for the Hertzian shape. The use of 
this approximation seems perfectly justified i f i t forecasts 
reasonably accurate values of (h—h*)lh^ in those regions 
where values of dqjdx of significant magnitude occur, 
e.g. for hjh* < 10 (see Fig. 8). I t has been found that this 
is true i f 5^ > 50. However, i f B^ < 50, the starvation curve 
of Fig. 6 is still an acceptable statement of the reduction 
of film thickness arising from starvation, but care must be 

* An account of this work is to be found in a book by Cameron (18) 
which also contains some details of computer solutions of the classical 
problem by Floberg. 

-J- After the completion of the work described in this paper and its 
submission for publication our attention was drawn to computer 
solutions, as yet unpublished, of starved lubrication at point contacts 
by L. D. Wedeven and starved lubrication at line contacts by 
P. Castle and D. Dowson. The publication of this work and its 
comparison with our analytic solution are awaited with interest. 

015 

0-1 Oh 

* 

0 05 

Fig . 8. T h e var iat ion of the n o n - d i m e n s i o n a l redi 
pres sure gradient (h*^|^2•r\^U) dq/dx w i t h h/h 

exercised in choosing the correct value of A*^; t 
values ofh*„ must be derived using the true Hertz 
rather than the Crook approximation. The nec 
numerical integrations have been performed by ( 
(7) and by Greenwood (16). I n the context of the j 
paper i t is appropriate to express their results in j 
similar to equation (19a). Thus 

h*^ = C(ar,oUfi'R'''B-^'' . . 

where C is a numerical constant weakly dependen 
B as shown in Table 3. I t wil l be observed that ec 
(26) tends to equation (19a) for large values of B. 

One merit of the approach used in this paper i 
because a single solution of the problem is sougl 
can only be achieved when the theory is presented 
appropriate non-dimensional form. This, in turn, r( 
physical explanation and in this way the fact 
significance in the lubrication of cylinders becom« 
strongly apparent. Thus it is seen that the effect ( 

T a b l e 3 . Re lat ionship b e t w e e n C and in 
= C(aT)oi7p/?'«B-2'9; s ee e q u a t i o n (26) 

C 

00 2-0742 
200 2-0664 
100 20593 
40 2-0478 
20 2-0325 
10 2-0138 
4 1-9755 
2 1-9349 
1 1-8831 
0-4 1-7964 
0-2 1-7183 
0-1 1-6317 
0-04 1-5089 
0-02 1-4140 
0-01 1-3197 
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lubrication under e.h.l. conditions is effected, 
irily, through its influence upon the geometric shape 
; system expressed by the parameter B. With the 
boundary at infinity, the convergent inlet region 
les less efficient as a generator of hydrodynamic 
ares as W, b and B increase. A rather more surprising 

is concerned with the influence of load upon the 
1 of the inlet region (in the x direction) which is 
icant i n film generation. An increase in W, b, or B 
s the length of this region to decrease; moreover i t 
d be emphasized that this decrease is in the physical 
isions of the region and not merely in its size as a 
an of b, which is the form in which the results of 
uter solutions are often presented, 
las been claimed that the way in which the theories 
been developed in this paper, and in particular their 
opment in non-dimensional form, has the advantage 
physical insight is improved. However, the theories 
a major disadvantage; they are presented in a way 
1 is not apphcable to normal practice. Indeed, this 
vantage applies to most alternative methods of 
ating results, including the earUer presentation of 
uter solutions. This problem arises because con-
)nal tteatments of hydrodynamic theories start with 
sumed geomettical configuration, including an as-
d value of the minimum film thickness, and end with 
jrmal load as the integration of the normal pressures, 
actice we start with known values of the operational 
tions, including the normal load, and need to deduce 
te of the minimum film thickness. When the position 
: inlet boundary is introduced as a new variable the 
likely situation is that this wil l not be known with 
:ertainty. Values of film thickness deduced from 
iments may be at variance with those deduced from 
leories which assume an inlet boundary far removed 
the position of minimum film thickness. One then 
res to know what change in the position of the inlet 
iary wil l bring agreement between theory and experi-

and this information can be derived directly from 
i or Fig. 7. 
an example of the use of these theories we consider 
f the divergencies between theory and experiment 
istohydrodynamic lubrication. For cylinders in line 
ct, the most extensive set of experimental results, 

of Dyson, Naylor and Wilson (19), are in good 
ment with theory. Although other experimental 
irements show significant departures from the theory 
for example, a review by Archard (20)) they are all 
omprehensive and cover a smaller range of condi-
than the measurements of Dyson, Naylor and 

n. Therefore, on balance, it seems reasonable to 
St that there is an acceptable agreement between 
<f and experiment for line contacts. 
• point contacts the situation is less satisfactory. The 
comprehensive set of experimental measurements are 
of Archard and Kirk (21) which cover a range of 
s from approximately 1 to 500 cm/s. In presenting 
results it was pointed out that agreement between 

the experiments and the theory requires that the measured 
values of film thickness, i f correct at the lowest speed, be 
too low by a factor of about 2 at the highest speed. In 
these experiments it was observed that, as the speed was 
increased, the extent of oil filling in the region of closest 
approach was reduced. We will therefore consider whether 
the factors considered in the present paper could con­
tribute to the observed divergence between theory and 
experiment. The not unreasonable assumption wil l be 
made that the arguments developed here for line contact 
apply also to point contacts, since the theory used by 
Archard and Kirk is essentially similar to that of Grubin 
with the additional assumption of a constant side leakage 
factor in the entty region. 

The theory of Archard and Cowking (15) (Part 1) used 
for comparison with the experimental measurements is 

h* = \ •30(ar?o Uf'^R^'\a'l2Rh*)" (27) 

where a is the radius of the Hertzian circular area. Apart 
from this replacement of b by a, equation (27) is equi­
valent to equation (19a), {aj\/2Rh*) replacing B. The 
stated divergence between theory and experiment is 
based upon the assumption that h* oc V^'^; this therefore 
assumes that the experiments were carried out at constant 
values of (a^jRh*). I n the experiments, as the speed was 
increased, both the mean load employed increased (in­
creased values of a) and also the values of h* became 
larger. On balance, over a speed range of 500 to 1, the 
values of (a'^l2Rh*) fell by a factor of between 2 and 3. 
This factor could account for a discrepancy of abMit 
12 per cent, whereas the divergence between theory and 
experiment is by a factor of 2. 

We are therefore left with the assumption that, at the 
highest speeds, incomplete filling of the entry region was 
such as to reduce the values of film thickness by a factor 
of 0-56. Thus, using Fig. 7, = 0-56, W = 0-52. From 
the experimental results, b{ = a) = 3-5x 10~^ cm, h*^ = 
2 x 10"* cm, R = 1-97 cm; these figures give a value of 
Xi of approximately 1-2 X 10 ~^ cm. Thus, use of the theory 
given above suggests that the divergence between theory 
and experiment foimd in (21) could be explained i f i t be 
assumed that, at the highest speeds, the inlet boundary of 
the lubricant film was l -2x 10"^ cm from the edge of the 
Hertzian circle of contact, whose radius was 3-5 X10"^ cm. 

I t is of interest to observe that at the lowest speeds used 
by Archard and Kirk this same position of the inlet 
boundary (Xj = 1-2 x 10"^ cm) would have practically no 
influence upon the film thickness (;8* > 0-97). In faa, as 
noted above, it was observed during the experiments that 
a much greater degree of inlet filling occurred at low 
speeds. There are other features in these experiments, 
associated with the experimental techniques, which could 
conttibute to the divergence between theory and experi­
ment; these will be discussed elsewhere (22). Nevertheless, 
it seems clear that in these experiments, and also, perhaps, 
in others such as those of Crook, the effects of starvation 
and its variation with speed could well have had an 
influence upon the results. 
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A P P E N D I X 1 

Alternative derivation of equation (25c) 
Values of/3* may be derived from values of p by a physical 
argument concerned with changes in a system operating 
throughout with constant values of rjo, U, a and R. The 
changes considered are summarized in Table 4 and wil l 
be presented in detail below. 

The initial conditions (Stage 1) are 

h* = h*^ =h„ 6 = b„ 
B = B^=B, = b^l{2Rh^y>\ Xi = Xi= ao (28) 

(Change 1^2) Xj is changed from co to X j , keeping b 
constant at bi. h* changes to hz. Then from equation 
(24), 

h, = p*h, . . . 

where j8* corresponds to a value of ^ given by 

W2RhJ 

1/3 b.^'^X, 
V2Rh, (2Rh,fi' 

The operating conditions (Stage 2) are now 

h* =h2, b = b„ B = Bz = bJ(2Rh2y'\ 
Xi = x„ X, = xJi2Rh,y'' 

(29) 

(30) 

(31) 

(Change 2->3) Xj is now changed from Xj to oo keeping 
B constant at B j . h* changes from hz to h^ so that, by 
equations (19a), (19c) and (19d) 

h2 = phs (32) 

where p corresponds to a value of given by 

b, X, b.^'^x. 
<p = By^x-

' {v2Rh) V2Rho (2Rh2yi^ 

• • (33) 

To maintain B constant and equal to B2, b changes 
bi to f>2-

The operating conditions (Stage 3) are now 

h* = h*^ = A3, b = 62, B = B. 

and using equation (31) 

B2, Xi = Xi 

b. 
( 

V2/?A3 ^2Rh2 
I f we now compare the initial and final cond 

given above, using equations (19a) (29) and also equ; 
(28) (31), we obtain 

79 

h, \B,) \hj \B*} ( 

( 

( 

Using equations (29) and (32) 

bi = £. 

From equations (30), (33) and (29) 

1 - i h Y ' _ «*2;3 
<Pi~\hJ • • 

We now obtain the necessary relation between ^* a 
Using equations (35) and (36) 

^* = P«'« . . . . ( 

From equations (37) and (38) we obtain the 
plementary relation between and 0(1 

1> = . . . . ( 

I t will be noted that equations (38) and (39) corre; 
to equation (25c). 

Equation (13) for the classical theory may be deri' 
a similar way. 

A P P E N D I X 2 

We require to integrate 

dq_ 
d 0 

12r,ol//?''^ 
V 2 

4 ^ 2 03/2 

Table 4. D e d u c t i o n of va lues of p* and f r o m va lues of p and * , 

STAGE h* b B Xi 

S T A G E 1 B . 00 00 
C H A N G E 

l - » 2 1 = ^ ^ * 
— — corresponc 

{iRh^y 

S T A G E 2 h B 2 Xl 

C H A N G E 
2 - > 3 

h2 
h T ' 

/ 
I " = V P 

P corresponds 

V, - i 
' (,2Rh2) 

S T A G E 3 h. 62 B 2 00 00 
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= fl0, where a = (4V2/3)2'3. This becomes 

l2rioUR"W2 
g - fl*3l2 51/3 ^ 

(18a) 

^3/2 

= ^ (1+^3/2)3' (40) 

•ating by parts twice 

T 2 1 1 r dr 
•9 J T^'\l + r 3(1 + ^3/2)2 9^1/2(1 + ^3/2-) 9 J ^3/2(1 + ^3/2) 

. . . (41) 

titegral may be separated by partial fractions into 

dr J r dr 
. T^'%l + T^'^)~ T1 '2 J (1 + r^ 

(42) 

/ = 
( 2 r 3 ' ^ - l ) r 1 r dr 

^3/2)2-^9 J (1 + ^3/2) • • l ^ ^ ; 9(1 + ^3/2)2 • 9 J (1 + ^3/2) 

Ive the last integral let r^'^ = 1/Z, whence 

dr . r d^ 
(l-t-r^'^) 

in a standard form 

= - 2 
(1+^^) 

2_£-l 

v/3 
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Discussion 

Allen Chico, California 
iithors have shown the influence of the forward 
try on the minimum film thickness for line con-
hey have also extended their amdusions to cover 
c of point contact The authors have not, however, 
sred the formation of the conjonction forming the 
oundary. This would seem to be die next step in 
)ing a complete elastohydrodjmamic theory under 
ion conditions. 
simple approach to the proUoD* we ootdd OOD-

confluence of the surface fihm occurring at die 
rhere the separation of the two surfiices is equal to 
nbined film thickness of the surface films on the 
linders. We make a further simplification that the 
S 8 of the surface fihn on each rolling element is 
le. 
iyiog die forcing simplifications to the authors' 
i , and assuming, as did the audiors, that tbdr 
can be applied to point contact̂  we can obtain an 
imation for the necessary thickness of the lubricant 

I typical set of operating conditions with a 0-281 in 
X ball and a syndietic parafiSnk lubricant, , our 
Eer prdgnmim^ based on an infinite boundary, 
central film thickness of 21 (xin. The semi-minor 

the Hertzian eUipse is 0-003 in. 
1 F^. 7 of the paper, a value of ̂  = 1 gives a 
film thickness whidi is 70 per ciem of die nominal 
[Jsing our bearing conditions, tte necessary sor-
n thickness is 42 (un on each surface, and the con-
occurs 0-002 in in front of the entry to the Hertzian 
For values of ̂  = 5 or greater, die central film 
ss is the same as that obtained with the boundary 
tty. At ̂  » 5, die boundary b Mil in ahead of 
ttma. entry, and requires a surface film thickness 
(dtt. Reverse flow and surftoe tttision effects in 
^ region would tend to move the boimdary out-
0 that the values calculated would appear to be a 
ound for the central fihn thickness. 

speeds, loads and temperatures. The minimiim requited 
oil flow is defined as tbe lowest stsaiy Mto flaw ute i t 
which thermal equiUbriion can be maintBiiied. When die 
oil flow rate does not equal or exceed die mfarnnnm re­
quired oil flow, dietmal eqoilibriiim is iqwet and beating 
seizure foUows. As shown in 9, the im'mn^tmi re­
quired oil flow varies as the 6th power of speed, die 8di 
power of tempetttiiR^ die square of the kwd, and die 
cube of bearing size. 

These results suggest diat sut&oes in rolling and slid­
ing contact must be wetted, i f tliermal frihires are to be 
avoided. At high speeds, centrifugal effects become im­
portant to oil retendoii on the sur&oes requirii 
den. At elevated tetnpetatures, oil evqnMkn 
in^iotta&t The question, that remains to be answered ia 
tins: When "p^T'^g speeds and temperatures becoMe 
s^nficant, is die on flow tequiied to avoid thermal 
flmures great enough to prevent e.h.L starvation? Alter­
natively, is it possHdefiir e.hJ. starvation to occur in a 

apeed beatiDĝ  or will thermal failure occur first 
under conditions of sparse lubrication ? 

Surfroe distress is known to occur in bearings winch 
operate with marginal eJU. films. These mm^iMi 
when the tado of fiba tUdoKss to suttee mo^iiMia M 
sodi that frequeot aspetity eoniicls oocuiv'dtiflfbt °dKi 
pceseooe of copious qoaiiiidcs of cS^ Jk sonw rafNonibfy 
safe to presume diat simdar surfiue distfiSM ^K/iLitpm 
under oondidons of eJid. starvation. U i r f h i y i a n H e 
experiments ot (a|) were not run for loo^ cmW^̂  |)ttiod|, 
<ff time to detem^ whfldier sorftee diatteas ifoirid. 
occur. 

A lubrication system which tntfla^ mirtiimun flow 
into the contacts rê pdtmg lubricaticm, and auxiliary 
cooling for heat reoMvil, has advantages over high flow 
systems. The Inbiicatuni system size and w e i ^ can be 
redaced) especially « throw away sytMB i i teriUe^ 
and power k»siji<flmtt Ubricant dundag MOCMtaoed. 

Ferhqis s ( ^ entetptieing researchar will antniit to 
answer the questions I have posed. 

Anderson Cleveland. Ohio 
own that baK and rdkr bearinga require very Itede 
r, even at cm^derable speeds and temperatures, 
the sunisnmi required oil flow ntes for 30 and 
bore beaxioga were iiivntigaMd over a r a i ^ of 

aBFERBHCB 
(as) NBbOtH, Z. N. and AspHisni, W. J. •BBBCtafyed.load, 

and tempcisture oo iwfnimuin ofl flow tt^nuaotoXM of 
30 and 75 mflUmette bwe htSihtuiilgf,HASA TND-
2908, July X965. 
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H . Blok Delft, tiollmwiu , 
I n their treatment of the effects of the variation of vis­
cosity with pressure, the authors have confined themselves 
to an exponential variation, such as expressed by their 
relationship (15). However, along the lines followed in 
reference (24), the results thus obtained may readily be 
generalized for arbitrary, non-exponendal variations. This 
may be done simply by replacing their pressure coeflB­
cient, a, of viscosity by the more general 'representative' 
one, a*, as defined by 

where 7 (̂/)) denotes the viscosity as a known function of 
pressure and at ^iff^':ilfi^nvf^'^:temperature 
as that of the authq^ftjisif 4 l p i l f t ^ C^) «* v u l the 
treatment in (24). 

I D case the function y\{j^Mi1l$ifsm. ooly e9i|Ndmentally, 
the integration can still be worked o u t : ] i 9 a M | | l % . K is 
admitted that physically speaking diere is properly no 

' ^ I l i e iA eamdteg this integration to an i i l i l l i t i r pcesniKl. 
~ ^j|yto(j|iDn is inherent in the nature tSpli^ 

i t the authors have attributed to A. N . Grubin (7). 
' ' l i P l l M f e u s u a l 

xw0tS^J0m»:tt»^ t h e . j ^ a l in d e ^ ^ ' t f j 
therefore ̂ ^^jfj^ssaaisj^O^^ by the p r e a ^ 
eiliending frottizero tot tbout 2000 atmosplM 
biBi — f x 10« N/m% o r . J ^ u t 2-8 x 10* Ib/in^ 

basis of an extrap 
analjrtical expressions fitted to the experiment; 

M f i l M expected of the pressure range 
up to infinity, wi l l in general amount to 
f ^ | | ^ | | l | ^ ^ t h e total sought. 

| i f | | | b the discusser wishes to bring out tha 
carefully weighing some tmpubUshed evidence a\ 
to t p a ^ j ^ s convinced that the above-n9jH|§PM|i 
ment ||,iit^^9i^ill|ble W Grubin but t i y i i i K ^ 
Only g j | i j ^ p j ^ j ^ g j n u n m i s e to the utmost _%,| 
ing to l g l , ^ t M , ^ e l ^ treatment. 
i t ^^vdC^m^ l i t l l %- '̂̂ - Vinogradova, who, 
basis of reference (7), might be considered a co-
to Gcibiib was not involved at all W 

Proc Instn Mech Engrs 

As a final comment, i t is pointed out that the re 
ships depicted in Figs 4,6, 7 and 8 might still be c i 
somewhat more refined forms that are even more 
ticaUMti|^||tngners, an| | |^ i | i t toreover are more 
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)-ordiiiates used i n these figtm^ ate somevh^ntt-
kinds dimcptnonkss gDOUĵ l̂M , ^ ta additkn 

e$9f(P|d!ll j ^ ^ ^ variablef^ iOM^ 0(MttBi]i;;«kf 
iEidixttB. Socb fiK:timi:>0qri^ aie no t oiQr 

m^i 'bu t also octmplicKiie ijie tiendbatini tibese 
8| albdfi tnoMfy to a slmcMf tenpat' Fw iostaoo^ 
t case <]f RjS|; the c o - o t # i i b ^ i t i l l contains the 
^ ficxor l/4'89, i rfucfa 4 i ^ p | i ^ j & u n ezfves-
12b). The removal of s u ^ xeaiakiaal fiictois is, 
tt», a affiur. In the i«esiepit case one nuqe 
^m j ^ 'l^i^^ the TOr 
pte ^ 1 % , 4 ] ^ one c o n t s p o f ^ ^ ^ | i ^ die piesent 
mov^adg^^ o d M t / t ^ n m ^ ^ co-ordir 
m 4 , . : i i m n ^ be i t p l i i < ^ ^ C ^ ^ m « e , 
Bcpncoiied. 

tite^eedHn806diy i | i i i i m e l e r d i e eoiffiea 

bdievtt d ia t t i i i t t i S l « 9 t t d i M B t i i ^ ' M i M M i . ' l r 
ateniWi^'in d i e i f a l t f e ^ i i B a l dfcr i t t ia i i l 
contaCtlMUg'WVWBl WHmCaHI% ffl tBD^flpifN 
t w 9 ^ i i t l e a i r ' i t o i t H | | t | a ^ " 

3K 
R E F E S B N C B 

w d i i n v i tBtiicstvcs fist hdMnama 

0ilSi l>*jett '̂ Ml8Ctitrfitn Owpi 

iiii&cei'> Ĵ wc. 

C h i u K>nO of Prussia, Pennsylvania 
lilar but more complex analysis with experimental 
rt has been published by Wedeven et al. (25) for 
M flf a circular meniscus line.: . -:, 
ce ± c first paper on starvation published by Flo-
26), there has been increased interest in finding the 
:al parameters that control the degree of starvation 
lenced by the meniscus location. 
; authors point out in this paper that point contacts 
rone to starvation at high speed. J. F. Archard's 
(US experiments have shown that at a rolling velocity 
) cm/s, measured values of film thickness are too 
r a factor of 2. A recent paper by Westiake et al. (27) 
, TO log-log plots of measv 
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900 cS respectively) under 51b load and mean rolling 
speed up to 200 in/B> plotted against a non-dimen-
^ M i a l speed-'ViscDsity panmwier U in Kg. 10. 

ThecMretical film thidness rddaoos by Wcdeven (15) 
and Atdtaid and Coi^dog (15) arc plotted as straight 
lines for con^Miison. Tbe dun show that^ at 200 in/s, 
the film thiclme^s reduodoo for the tow viscosity ester 
ml is about 30 p|er emtt mui fippr dw h ^ viscosity syn­
thetic hydrocatbioDt ibm is about sevenfold reliction 
in platewi Ska thickness firom theoretical value. 

I t is of importajiioe t o be aiUe to ptedia such phenomena 
means of Inbdcatkm theory. The theoxy should not 

rdy on meniscus locatjon as an mput parameter, since 
that is not a known quanii^ in sernce. 

The discusser has conceived a modd c ^ b l e ci ex­
plaining the phenomenon of starvation on the basis of 
known fluid and operating parameters. Its princq>les are 
as follows. 

A film replenishment mechanism in the rolling track 
controls the hei^ t half fihiis q>proachii% the inlet 
of a fidlowing oomact The rate of repleiiiduient is slowed 
by oil viscon^ a ^ increases widi oil-air sutfoce tension 
and the time d^lMd betwcNW two contact. 

The elast(di3rdrodynamic (fdateau) film thickness as 
well as the meniscus tocatkm depend on the he^i t of 
the half fihns for upstream of die blet. 

The details of our acpaiaaas and analysis are givm 
in (aS). The fihn repknishment !modd used by the dis­
cusser considers i3ie sut&oe tensiui i i i the depression as 
the driving force .for film lecovety. The particular two-
dimensional configuration used in the modd is that o f an 
indented surfiux Widi a flat film diickness Ao >t the centiHl 
portion and two ittaight ranq>ed sides o£ dope angle 6. 
I t is based on tho reoognitimi tiiat in the centre plane c£ 
the passing contact the ieutviture of the tWo cmttacting 
bodies forms a wedge-shaped gap which limits the oil 
l^er dudmess at a i ^ given dtstuioe fimn die track edge. 
Tlie shape of the wedge depends on the track p n ^ and 
ra ooofiirmity. 

Using typical values of fluid surface tension (30-5 
dyne/cm) and known rdting dement qndng for our 
experiments (i in), the result the fllm thickness predic­
tion consideri^ ^ m replenishment is drawn as two solid 
curves in Fig. 10 for 9 = 5° and 6°. These two theoreticd 
curves appeu to fit the measured film diidcness data in 
the high speed-viscosity r ^ o n . 

One of the basic assumptions in the existing starvation 
analysis by the authors and references (25) and (2() is 
that the pressure b^ins to rise at the meniscus. As a 
matter of Act, a non-zero surfiux-tension fluid will 
cause a pressure difierentid at the meniscus line where 
the two half films jdiL Thetefin^ the asstunption appears 
to require further jscrutiny. 

R B F I R B N C B S 

(15) WBDBVXK, L . D . , BVAMS, D . and Oam«m A . 'Optical 
analysis of ball bearing itanradca*, J. UibfU. Technol, 
Tram. Am. Site. mtek. Bvs 1971 83 (NOL 3). 31S-3^. 

(s6) Viama, L . 'Lubricadoo of two cylindrical tui&cet 
•ideriog cavitation'. Trans. Guimrt Umv. Tedm. 
No.234(Godieabu]«) . 

(27) WBSTLAXB, D . J . and C A M n o M , A 'Opdcal elastnll 
dynamic fluid testing', Fapatit 71LC-12. 

(at) C H I D , Y . P., H A H K , D . and ttomanB, K . 'Explo 
analysis of dastdiydtodynnlic |ii!mmliw of lubri 
( S K P Industries Report No. ALnPOOl) U . S . Navy 
tract N a N00019-71-O0«25 QunrtnAy Ptogiess I 
No. 2, January 1972. 

A. Dyson Fellow 
Tables 1 and 2 are especially valuabie^ and with t h d i 
i t is p o s s i b k t o s o l v e d i r e c d y a p n ^ d c ^ i of somepra 
interest. The p rob lem concerns a sfider h m t i i i ^ e.g. 1 
t o n r i n g , w i t h the geometry shown b 1 ^ 11. The i 
is loaded w i t h a force IT per t m i t transvttl^ l e i^ ; th a( 
a pUme surface w h i c h is m o v i n g v d t h a v d o c h y U re 
t o the slider. A copious s i q ^ o f lubricant w i t h visoos 
and pressure c o ^ d e n t o f dseapniy a i s [ sov ided , an 
w i d t h o f the sfider m the directfam o f m o t i o n is fix 
2xt. 

The p rob lem is t o determiiie the tadinB ci re 
curvature R w h i c h wUl ̂  d t e^^dnm lBm o f tufa 
between the slider and the ^ppoa^ M t t l K e i I f t h e 
d t y C7 may be directed i n d d M t a c M i ^ i f c e c a t v i t u t e 
be symmetrical, i .e. the ootte C o l curvature ol 
slider is located in the c e n t t d s e d t o L 

For the sohdion this p r o b k U i the results ^ v 
Tables 1 and 2 o f the paper m a f he tipidealtted w 
the variables k and R are separated. The rdat ions 
f o r tUs purpose in the dass icd case mt 

(WhoOy'Khix^) - (2-445y)"*/Wr 
and i n the dastohydrodyaanuc case 

h*{^,Oax^)-'» = 3(2/3)«<'{[/r«W^"' 
R{il^Valx?f'\E'lWfi^ 

^ 2-»'»3-"'Sr-»«'^-*«'{[7]g* 
In this hitter cas^ the dependence of ^ o n A has 

taken in to account through d ie unul Ifocnan relati 

b » X^WRjirEyi* 

where 2}E' = {l-v^^jE^-\-{l-v^^lE^ 

of alldOT Rg .11 
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vf* 1 ro 

12. Results of oalculaitiom for tii* easo of 
hydrodynamic lubrication 

to" t 10 

13. Raauitt of calculations for the case of elasto-
hydrodynamic lubrication 

fi, E2 and vi, V2 are the Yoimg's moduli and Poisson's 
of the materids of the sUder and of the ptene. 

e relations between the quantities are shown in 
12 and 13. In the classicd cas^ die maximum vdue 

ained at a value of the radius of relative curvature 

the elastohydrodynamic case, the maximum vdue 

A*max= 1-16(^0 £7a*,)"" 

ained for a radius of relative curvature 

R =2= 0-9(*,2/7,o dafi\W\Efl* 

e curve in the ndghbourhood of the maximum is 
> in die ekstohydrodynamic case dum in the classicd 

the optimum omdition, the ratto of the film thick-

rtn Mech Engrs 1970-71 

ness at the point of entry to the minimnm film thickness 
is approximately 2-0 for dasdcd hydrodynanucs and 2-1 
finr dastohydrodynamics. These vdues are very doae t o 
die optimum of 2*2 fottid in the dasaicd sdntkm for 
inclined-plane infinite-slider bearings. 

Application of die diQve rdations will often give opti­
mum vdues of R which are considerably greater dian 
those which it is practicable or convenient to enq>loy. 
The graphs may ^en be used to show the consequent 
reduction in the film thickness from the highest vdue 
which it is theoretically possible to attain. 

L Floberg Lund, Sweden 
The first part of this rqiort, treating lighdy loaded rotat­
ing cylinders with variable lubricant supply was pub­
lished in reference (26). The authors criticize Martin's 
solution on the basis of aq>eriments by other andiots. 
Martin's solution is difficdt to reach. The authors imply 
that this depends on difficulties in oil siqiply. As die 
lubricant consumptien in a rolling contact is extremdy 
low, the lubricant siqifdy is not a i»oUeoL In rrferencc 
(29), tests are made at the kwd vahies P^miPh^ 
•qiUi+Uzy = 2-24 and 2-23, wiadi should be compared 
to Martin's vahie Po ~ 2-45; this is dose to die Martin 
solution. Recent tests gave die maximum load vahie 
Po = 2-36. The basic assumption in the present solution 
is that the tensile strength of the lubricam is zero. At 
light loads this is ve^^ff icol t to teadi in pcactioe. The 
oil can withstand na t ive pressures, wtkh will give 
completdy difiierent results as shown in ( a f ) ; see Figs 
14,15 and 16, vtack show dieoreticd and aqierimentd 
pressure distributions, where M is die mmdier o f o i l 
streams in the cavitation region per non-dimensiond 
unit width. The negative pressures will give oonstderaUe 
decrease in load capadty. The tensile strength o f Uquids 
is treated in reference (30). The authors show, in their 
Fig. 2, data from an unpublished Ph.D. diesis Boness, 
treating lubrication c£ a rotating qdinder oo a ^ane snr* 
fiice. This case was published in (31). 

The second part of die report treats heavify loaded 
lubricated contacts. The deformations of the suiifaces are 
taken into accoum, but even here die authors do not con­
sider the behaviour of the dL At higher pressures the 
oil will sdidify and a oompletdy new theory i t needed. 
This was shown in rderence (3a). B. Jacobson's soUdifica-
tion dieory u very doae to the experimentd evidence. I t 
explams why the very high pressure peaks derived by 
Dowson and Higginson are of a considerably smaller 
size. 

KEFEaBNCBS 
(ay) FtOBBB̂  L. "On hyJtudyaamic lubrication widi special 

reference tn tnb-carity pressures and number of streamers 
in caviodon r^ioas'. Acta pefyuAmea teantHnaoiea, 
MeA. Bug. Seriti it). No. 19,1965 StoOMm. 

'LOBERO, L . 'Snb^arity pressures and number of oil 
streamers in tavliaifcai regian widi special refitrence to 
the infinite joumal bearing*. Acta pofyteekmca seandm-
avica, Mteh. Big. Siria («), No. 37,1968 Stockholm. 
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Fig. 14. Theoretical pressure field at / i = 1/2 
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(3^ 'Eiama, L . 'Lubrication of a rotating cylinder on a plane 
surface, considering cavitation', Trans. Chabners Univ. 
Techn. 1959 No. 216 (Gotixenburg). 

(32) JACOBSON, B. •On t h e iMbrirwatpi of lyavily l o a d e d ijdierical 
surfaces considering surface deformations and solidifica­
tion o f the lubricant*. Acta polytechmca scandinavica, 
Meeh. Eng. Stries («), No. 54,1970 • 
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J . A. Graenwood Cambridge ; 

Whed die sQggestioa dialdHBde^lopi&eat «Cfliu4 
snte did not begin <t i a S i i ^ im» filsfc f n t l ^ n a i 
Lauder (a) at die Leeib e.h.l. SyngManni, i t m 
undeservedly hostile feccgptfain; iMidec d id not n i 
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rook ( i ) in his disc experiments had obtained film 
esses much lower than the Martin value under low 
onditions; and the experimental evidence has since 
e stronger whoi Djrson, Naylor f n ^ , 1 ^ 0 | i j ( ^ 
oberts and Swales (33) obtained m same n ^ [ & 
with its adoption by J. F. Archard, the suggestion 

i% have become respecMfe; but oeltjf M 
ft ;b. attributable to *c& m^^ntkaK TMs 

t Lauder's idea: his experiments clearly 
oil boundary took up a particular posi-

i conditions, and that the pressure dis-
' j i i ' m 9 W taAen tke'^iU'supply zoos in-

— observation was made by Roberts and 
>. J .UV point at which the pressure started to rise 
ccurs well mside the flooded region'. The bearing 
rell be starved, but the process appears to be a kind 
iger strike! 
s agrees with Crook's observation, that the changes 
thickness when the oil supply was turned off' could 

as thermal Presumably 
is that carried round on die 

remains at 
tt abundant 

- J i d i o t f n i i 
I f f ^ ^ h i e We^ whed dieii'^ 

that the pressure 
y, the question is, Where does ^ 
that a pressure boundary â  £ 
1 0 ~ ^ cm would explain the obs 

r any suggestion as to 
T^'h hi any way 

.point? Is i t 
E t"^ pressure 

i'li^ersed flow ( f i 
to'^c inlet)? I t 

of 

d p not occur at 
' > The iiiAots 

distl̂ SOl̂  of 

basisfer 
^i«hhdieilit t 

starts tttiie 

to a i^etc in pure sliding codKrions, Lauder's 
ion gives: 

^ = 2-25 

u m H i , ^ * , = 1-5 for a 
l i f u j d i j i ^ t o e f v a t i o n (18a), d ie 1 
i fomd ^ ¥ 0-57. No doid^ 
lieiimenCBl i ^ u e of 0-56 is 

R E F E R E N C E 
%ai»dSwvaa>F.D-
' « • liij|bly elastic < 

nil-USA. 

ji,:j(«reonient-'«i^ 
t^QO^dentaL 

ielastohydrodynamic 
• Isorfiwe'.fir^.J'. 

Graduate and Q,,j|t. jffiqgiiMon'. ' 

is to the second part of the paper, 
. ^ j d i e o r y ; we suggest a f u r t h e r , ^ 

h moce sp<^^tive, extension to calculate t h e t t ^ 
riction at such a contact. 
r interest in this topic is primarily in roller bearings 
ag with minimal oil supply. Although the rolling 
tn is small, it is known to be a major contributor to 

tn Mech Engre 1970-71 

the friction torque of roller bearings when they are 1 
in their l u o i l 'iuBiSe, Ufaiii is Tety. doM^to'IMre 
! motion. 

_ j tractions per unit face width on the surfaces m an 
elastohydrodynamic contact are given by (see reference 
(34) for instance) 

where is the rolling friction and ts is the firicdon due to 
sliding. Considering here the roUing fiiction l i l * 

2je dx'^ 
using die audionVnoUdaii. This canbajsaoattttiDlllM: 

- d t 

p = 0 at the points e and /, so [hp]', = 0. Furthermore, 
a region of constat^ î 4it>^one which is symmetrical in 
p and h, makes no contribution to 1 
expression; so we would expect the ] 
make no siibstantial contributiTO to 
small contribution from the outiet const 
is neglected in this simple treatment. So 

^ ^ i j o ' d i ? * ' 
This integral has been evaluated 
pressions for p and dA/dx derived 
cannot reasonably be expected that the 
be accurate, without some supporting 
rate, because neither p nor dA/dx 
sented in the paper. So plainly some test 
must be applied. There are very 
solutions with rolling traction available, 
by Dowson and Higginson on 
reasonably well with 
values calculated by'tfa 
the GrdUn mode^ ! i the 
cnhidaQ^tR^ 
lleiiresentation df d ^ 
p n e and mote 8tatvi|l^df 

ilii^^sis iS} therejii& 
tieiiit^'iw'bi^ K u O t t i ^ ' i ' 

u%te use the syid|w, 
in the fully flooded corn" 
Ado i j j t s . is i'fiaM^-

Fig. 17, aknig f i ^ f f 
ness ratio. 
' A» would be 

rolling 
has 95 per cent 
hy 45 per cent, a 
cent of its flooded 
70 per cent 

Although the critical distance 
from the Hertzian zone varies ~ K B 
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ng. 17. Variation of film thlcknaaa and roHing traction 
with poaition of iiriat boundary (of. Fig. 7) 

results can be described in a simple, general way in terms 
of the film thickness, or size of the gap, at the point where 
the pressure curve starts. Expressing that gap in terms of 
the cdculated flooded film thickness (Ao^,), we find the 
following. 

The traction has 8 0 per cent of its flooded vdue when 
the gap at inlet is about 4 5 times hoa> i the film thickness 
has 8 0 per cent of its flooded vdue when the gap is about 
3 times Aoo. 

The film thickness has 9 5 per cent of its fiooded vdue 
when the gap is 11 times hoc,. Wedeven, Evans and Cam­
eron (25) give a corresponding figure of 9 times AQ* for a 
starved point contact. 

K B F B I B N C B 

(34) CROOK, A. W. 'The lubrication of rollers—IV, Phil. 
Trms. R. Soe. 1963 A2S5, 281. 

R. A. Hobbs Member 
Although the paper refers specifically to cylinders, it 
should dso be appUcable to balls running in deep, close 
conformity grooves where the elliptidty factor approaches 
unity. In such a bearing operating under typicd condi­
tions, jR = 0-2, b = 0 - 0 0 8 m and h*„ = lOx 1 0 " ^ in, we 
find that X , = 0 0 0 5 in fin: - 4 Thus, i f an oil fihn 
thickness of this order adheres to the rolling elements and 
raceways, it wodd seem that the eJLd. lubrication film 
thickness would not be aflected. In high speed ball and 
roller bearings, ^wever, die centrifrigd force may be 
suffident to prevent the adherence of such a film, and 
lubrication could be seriously impaired. 

An interesting fruther development from this theory 
would be an estimation of die e&ct of the inlet boundary 
condition on the rolling fiiction. Crook (35) has shown 
that rolling friction depends on the idet conditions and 
is developed primarily m the idet zone. 

so that when k is constant there is no contribution to 
raOiqg friction. The udet bousdaty ooi^hioo will m-
fluencethe vdne df dris h u q ^ and it would be mterest-

ing to know i f the degree of this mfluence woi 
physically significant. 

B. Jacobson Lund, Sweden 
In the first part of the paper the c^Kicd case of 
loaded cylinders is treated. T b ^ Ciae was publisl 
reference (26). The ody difference is that Floberg 
diagram Ins the load as a fonctwn of die podtion 
cavitation boimdary, i.e. the oil flow, instead of th 
of the pressure build-up. 

In the second part of the paper, the elastohydrodj 
case is treated. In eqiuticHi ( 1 4 ) , q ^ V2!Lviit 
reduced pressure at the point x = 0 is given to be 
to 1/a. This means that the prescnte at this p< 
infimte, as 

5 = l ( l _ e - ' « ' ) = i 

This is obviously not true. 
Equation ( 1 4 ) is given by the eipoaenrial pre 

viscosity relationship. This relationship is ody va 
relativdy low pressures i f die fluid is a minerd < 
high {Hcssures, die d l converts from a liqnid to a 
so the pressure bdld-up is determined by the 
strength of the soUdified oil, the compressibiUty 
solidified d l and of die dastic {nopertks of the 
surfoces (3a). 

As the pressvue distributions are approxunate 
same, a heavily loaded starved contaa hais approxii 
the same form of the metd surfaces as the uns 
contact Tlus means that the id^tion t̂ etween the 
mum d l film thickness and die film diickness i 
parallel region is not a constant as in Fig. 7. 

J. F. O'Callaghan Graduate 
The authors approximate the thin film zone to on 
Hertzian shape separated by a parallel film of thi( 
A * and the converging region according to Croo 
Since our recent work on e.h.l. (35), C Taylor and: 
used the true Hertrian shape as a ifitit;ii|ipiodmat 
our thin film zone, which we have found to redu 
number of iterations required for convergence of 1 
tion to a specific problem. 

A great ded of ambigmty has arisen over whe 
inlet boimdary shodd be located to be equated 
mfimte distance from the cwnact zoeie> Hargreavc 
Higginson (36) have shown that as long as the st 
point is at least more than two Hertzian contact \ 
away from the iidet edge of the H e r ^ i ^ zotie, di 
no drastic effect on ± e film thickness. In our recent 
(35) we have stated that die h ^ I K I I M I M ^ (regarc 
at infidty) is located two tVj'f | | j) | i dliliitt^^Mi^hs 
from the inlet edge of the Hertzian zone. 

I t appears we are justified in domg so, since our 1 
sentative curve (Fig. IS) of die msHuatlf K|p 6 show 
for the fimte dement solutions ̂ , varies between 0-9 
6 - 5 5 respectively. I t is seen from the authors' curve 
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X- Finite element 

4 —I 1 
7 I 

I. Elaa^ydrodynamic theory: the influonea of th* 
n bomdery (4i = B*'*K) upoH dM central iHrti 
ckness (p = h'/h'^), showing finite element solu-
ns 

dmates very closely to 1-0 for heavily loaded con-
ad thin films, whereas our lowest vdue of <f>, corre-
i to a very Ughtiy loaded contact (W — wjE'R = 
X lO-*), I t Wodd appear that, for diis casê  ^ 
oundary position shodd have been further away 
he Hertzian idet zone. However, from cdcdations 
pressure distributions, the effect of increasing this 
« has negligible effect on the load carrying capa-
the oil film, since pressures at the idet region were 
to be very smdl. 

R E F E R E N C E S 

LYLOR, C . and O'CAIXAGHAN, J . F , 'A numerical solu­
tion of the elastohydrodynamic lubrication problem using 
finite elements', J' , mech. Engng Sci, 197214(No. 4) ,229-237. 
iRGREAVES, R . A . and HIGGINSON, G . R . Private com-
anmication, October 1970. 

Thompeon Schenectady, New York 
iking use of certain physically significant non-
iiond parameters, the authors have developed a 
predict the effect of starvation on mimmum film 

5SS. The theory takes account of both lightiy and 
' (Hertzian) loaded cylindricd contaas, and i t is 
ted so as to be readdy applicable to engineering 
ms. More specifically, parameters such as lubricant 
ties and bearing geometry are inputs from which 
um film thickness can be cdcdated, in terms of die 
n of the lubricant idet boundary. Therefore, the 
shodd be a usefiil dd in establishing bearing 

ition requirements and in designing adequate 
ition systems. 

authors' resdts are directed toward the easy 
don of Ao, the minimum film thickness, in terms 
extent to which the contacts are starved. This is 
ppropriate, because film thickness is important to 
md to avoid wear it is advantageous to maximize 
wever, on the other side of the coin we see from 
that it is more difficdt to starve a thin film than a 
me. Therefore, codd it not be argued that in cases 

iMeoh Engrs 1970-71 

where starvation is a potentid problem, bearings shodd 
be designed to run with a thin film? Is this a paradox? 

As the authors have pointed out, Boness' computer 
solution for a cylindricd shape is nearly identicd to their 
own andyticd solution for a parabolic 
can be observed in Fig. 3 where the au 
indicated by the sohd Une, are ody slightiy 1 
solutions, represented by the points. This is! 
cation for usmg the mathematically simpler 
approrimation, but codd the authors comment on the 
reason for the sUght difference in resdts? Codd it be 
that because Boness' andysis is based on a cylinder, his 
vdues of Wa, are less than those cdcdated from a para-
boUc assumption? Thus for a given vdue of (X,)^, the 
load supported by Boness' contart is a slightly greater 
percentage of the totd (W^) than its counterpart for the 
parabolic model. 

Next, i f one compares Figs 4 and 7, it becomes immedi­
ately clear that starvation is more criliial of Aiilkissicd 
than in the elastohydrodynamic case. Thus, it wodd 
appear that the maintenance of proper lubrication is 
more critical in joumd bearings t 
loaded contacts such as gears. Is this a 
able resdt? I t wodd seem that it 
machines such as automobile engine: 
lubrication, the damage is generally most 
joumd bearings. 

finally, equations il9d) and (25e) ate mkmimi^ 
leading. Equation (19d) is given as 

P = A*/il^« B constant 
while equation (25a) is written as 

( * ^ « r » = p 
Codd the authors clarify why p is defined differendy in 
the two different cases? 

L. D. Wedeven Cleveland, Ohio 
The e.hJ. point contaa starvation problem has been in­
vestigated both experimentally and theoretically by 
Wedeven, Evans and Cameron t l N a ^ ^ i ^ t wodd 
like to address my comments to the i 1i 1̂  lQi|*|ni('*i ' ' t l 
lem ody, noting particdariy the led t . j f <mpCTiin$^gfi| 
rcsdts available for the line contaa " 

In (25) a semi-transparent race was 
ments. This allowed the location of the 
X( to be daermined dong with 
thickness A* using" 
was solved theoretically, using a 
with the true Hertzian shape rather than an 
shape. Two significant points emerge. Fus^ 
tion problem can be represented a l ^ l e parameO^^ 
and second, the starvation solutions for l ^ p i ^ l ^ f ^ i ^ 
taa are very similar. 

In (25), an approrimate i d a shape for point contaa 
was used to derive the following stantntjklp'WI'i^i 

S Sa^ . 
Sf 3-52I«(Ao);r 
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..S- 0-6 
e 

< 0-4 

02 

— 0 pOp Q ^ ^ O j > nxp g--o J 
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" 1 / 
^paint contact 

1 
X t AA/^O=5 

" 1 / f 
1 

i f f 1 <- Line contact theory 1 -fM (Wolvtriihie, Bagltn 1 
J and Archard) 1 

1 
J I 
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s/Si=So*fil 3-5a/?(Ao)fl^'j 

Fig. 19. Comparison of point and iins contact results. 
Data points from point contact experiments 

Here, a is the !^ertzian radius of contact, S is equivalent 
to and (Ao)/ i> equivalent to i l * . . The constant 3-52 is 
a residt of choosing the condition for the onset of starva­
tion at hjh* — 9 where Â  is the gap thickness at the 
inlet boimdary jc,. The importance of this ratio can be 
seen in Fig. 8, which indicates that the generation of 
hydrodynamic film building pressure does not become 
significant until approximately A/A* < 9. If , for compari­
son purposes, the line and point contacts are assumed to 
have similar geometries, i.e. a = b, and the relative radii 
of curvature R are equal, then i t can be shown that 
^ = 2-2lSISf. 

The line and point contact results can now be compared. 
This is shown in Fig. 19. Since the line and point contact 
soluti<ms are similar, the point omtact experimental results 
shown in the figure can therefore be used to complement 
the line as well as the pomt contact starvation solutions. 

P. E. Wolveridge Chester, K. P. Baglin Leicester 
and J. F. Archjard Fellow (Authors) 
The number and the diversity of the omtribudons to the 
discussion, together with a niunbo: of private communi­
cations, clearly suggests considerable interest in the sub­
ject of the paper and its poastble practical significance. 
However, this makes it more difficult for us, in this reply, 
to cover adequately all aspects of the subject. 

Our discussion of the classical theory included a refer­
ence to the earUer paper of L. Floberg (26). In retrospect, 
it appears that insufficient emphasis was given to this work, 
and therefore vtt oSer our sincere apologies. We also 
failed to note the earher work cilA.'V. Korovchmskii (37) 
and we are indebted to R. M . Matveevskii for drawmg 
this paper to our attention. However, as a number of dis­
cussers have recognized, we tried to incorporate into our 
statement of the ifaeory the inqwrtant featotcs of general­
ity and ready applicabiUty to practical amdidons. In our 
view, these characteristics are less strongly a feature of 
most of the earlier treatments. 

In his omtribwdoa, H . Blol^ like A. Cameron (18), 
decides to attribute credit for the Grubin approach, at 

least in part, to A. M . Ertel. We have preferred to 
the «adidmial attitude o£ jud^uE^ dxse questions 
evidence of die open literature. Howiisvct, Korovc 
also gives Ertel equal credit; iSmdott our final ^ 
this oomroversy must await a doaer cnminxdon 
references dted in (37) which are not yet availtdsk 

On the role and significanoe of n^adve pressi 
the diverging oudet r^ioo, wc; can 00^ eipress o 
agreonent with L . Floberg. We do not think d 
deviation of the outlet boundary omdition firo 
usually accepted criterion p « dp/dx as 0 is sufS 
large tt> affect mturkedly tlie load a^afiity under 
tiom of eogineerii^ significance; se^ for ocamp 
evidence of D. Dowson (38), Bi^th^|^ J^^^berg 1 
Jaoobsen, in efiiec^ question ihe i p i t ^ ^ of the 4 
approadi vdddi we have used. We can jtmify lUa 1 
usii^ H. Blolif s d^ousitHi, and writing for the era 
a t x s O 

Jo V U -n «* 

where tlK right-hand ^de ^ the e ^ , is seen 
close approximation, because of the f^ixease of vi 
with pressure. In con^tarisra j f i ^ compute 
tiras, and whh experimental ivsnra i ,^ dNbin ap 
has been shown to be an adequs^ i^ i i l id ina t i 
wide range of conditions. Our 'n^Kmm. of thi 
approach to the problem of s t a r r j ^ ialso seemi 
justified on similar grounds; see ng- 7 of our 
a fcmhooming paper by F. Castle and D . Dowso 
and the experimental results shownM the oratribi 
L. D. Wedeven, which we consider hdoW. Moreo 
cannot see how B. Jacobsen's work ( j i ^ 'C^*^ t^ov 
an inqiertant and significant piq>er, has a i ^ releva 
the questions discussed here. I t is fcaeMOrrecegni] 
the film thickness is determined by coodiidons in d 
vergent entry r ^ o n , so that whether or not solidil 
of the lubricant occurs in die Hertzian zone is 
question which markedly influences die nu^ tud t 
film thickness. 

H. Blok raises the quesdra cdT the Jbest form c 
dimensional presentation. We still prefer our ap] 
which imphes that the user will firat wish to cai 
calculations assuming foUjr flooded oofpi^doas, at 
then requite a starvation foctor in» aay,. die form o 
tion (24), j3* SB h*jh*a,. As flue as dbe se^ of the pr 
tion is concerned, we wonder whether there yel 
wide acceptance of a 'general usage of dimem 
groups'. There is certainly no gen^^tir accepted 
for dimenriraless presentation of die f 4unaisio 
it was the aim of one part of our pt0Cf ta emphas 
physical significance of the dimensionless group 
xlVlRJ^y B = blV2Rh*^^ - Xm,:," 

We dunk that die proMems of die noaRdun^ 
presentatira ttf the x #cectkm:>iKe Wtffl ittpstti 
X F. O'Callaghan's cratributiwi, l t : W i a ^ id^ I 
our paper in its preliminary form (40), and of 
preliminary repents of a eompttia sotodra (39), tha 

Proc Instn Mech Engrs 1970-71 Vbll 



THE STARVED LUBRICATION OP CYLINDERS IN LINE OCmTACT 

Higginson (36) drew the conclusion 
typical of rolling contact bearings the 
; pressure codd be taken as two Hertz-
from the idet edge. However, there 

uncriticd application of such a criterion 
range of conditions. I f such a simpUfied gdde 
it is perhaps preferable to use the magmtude 

Ickness at the starting point of the pressure, 
icussion of Hargreaves and Higginson (36), 

' (41) and the contribution of L . D. 
the way m which eudi a criterion dY 

. Thompson has rdsed a number of interesting 
rtinent questions about the interpretation of the 
Th? apparent anomdy of equations (19d) and 

an best^hc lesdved by re-writing tiie essentid 
l l m , we define 

P = A*/A*„ (5, constant) . (19d) 

darly we define 

^* - **/*», (A, constant) . (24) 

dien shown tiiat for a system in which b is main-
:onstant i 

[**/A*„]<"« = p . . . (25a) 

)re the interrelationship between p and /3* is 

= />"«' . . . . (25c) 
^ j p f p ^ i l S ^ a system whose geometric shape B 
Od^rapl^ /S* is concerned with a system whose 
ig parameters (including h) are kept constant 
.. Thompson dso rdses an interesting question 
ling the use of the parabolic approximation for the 

I n ia tepatu^ the pressure distribution 
ep lti|%pvabohi, or to X = for a cylinder, we 

are extending the andysis to a region 
he basic assumptions of Reynolds' equation (e.g; 
are no longer valid. Thus J. A Greenwood (41) 

)ut that the formd adoption of a cylindricd shape 
>t necessarily resdt in a more 'exaa' solution; in 
! provides evidence to suggest that> i f a realistic 
for the flow is sought, one finds that a conventiond 
I using a paraboUc shape, e.g. (4), gives a better 
e of the load capadty than similar solutions, e.g. 
), using a cylindricd shape. 
I. A Thompson points out, i t is easier to starve 
:lassicd than imder e.h.l. conditions. By this we 
bat for equd vdues of X, (and for rational vdues 
8 (Fig. 4) is smaller than ^* (Fig. 7). T l s is i n 
with the discussion on p. 1167, which pointed out 
increase ia.W,b at B causes a reduction in the 

of region which is sigmficant in pressure genera-
ut i t is far more difficdt to make defimtive state-
about the practical consequences. df ^ s^ i f i c^ 
: one needs fiirther information about the causes 
: effects of starvation. Similarly, there is no generd 
to R. A Thompson's question about optimd 
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1 ^ B " « j P « » ( 4 5 ) 

design for starvation conditions. One cannot be ca t^r icd 
about whether it is better to design for a thick or a thm 
film imder fd ly flooded conditions, udess some addi-
tiond statements are made about the way in which the 
totd supply of Ititakaiit is disposed upon the surfaces. 
The contributions of C W. Allen, W. J. Anderson, 
Y. % Ouu, R. A Ifobbs^and J. A Gftenwood^ all 
relevant in this conaQptioB.̂  

R. A Hobbs stresses the importance of extending our 
analysis to the problem of roUing balb, and I » D . Wed­
even has made a valuable contribution by comparing our 
theory with his own theoretical and experimentd study 
of the starved lubrication of point contacts (25). However, 
L. D. Wedeven's comparison of the theories, and also 
our own extension of Une contaa theory to point contacts 
which was given in the paper, both miss the most impor­
tant point. As was shown in (25), the approximate film 
thickness formulae for pomt and line contacts differ in 
the cd^itBnt d f proportionality in the < 

A-A* 
A* 

. '* J point 
B"^ = V^\lRh*, where, m this context, b = radius of 
circdar area of contaa, whilst 

_ IT j H a , L •* . 
where b is now die hdf-width of the Hertrian band of 
contaa. In die body of tiie paper we have defined a -
( f V ^ ) ^ and Ua^ doiyed an expressiOii M^l^^paiMci 
of which have been plotted against ^ , on the assun 
dntfOr a litie contact «f a (iVij^. j^fipti^ 
equadop^ and ( 4 ^ # note tlitf to 
tion theories for pomt and 1 line contaas we 

fiv line contacts, a=-(4v^/3)*» 

for i>dnt contacts, a = (16V^/3ir)*« 

Despite the slightiy different defimtion of 
parameters, L. D. Wedeven et al. (25) have plotted their 
resdts on the assumption that for both point and line 
contacts a = (16V2/3ir)^''. Similarly, in the discussion 
of the paper we failed to note the need for different values 
ef 41. i f both theories are plotted against (<tt mfi^ 
using the value of the constant of proportionality appropriate 
to the geometry, then the two theoreticd curves are brought, 
as far as we can judge from replotting L. D. Wedeven's 
graph, into coincidence. This is a higUy satisfaaory 
resdt. I t suggests [see equations (^jS^ifif^iSm. similar 
effects of starvation occur, for both point and line con­
taas, when the ratio h^jh* has the same vdue ^ is i t e 
film thickness at the idet boundary as defined by L. D. 
Wedi>len)i' 

In this paper we have briefly summarized some of the 
evidence for the assumption that the development of 
fldd pressure does not start at infimty, and have then 
sa out some of the consequences which arise from this 
assumption. We have not tackled, m any depth, die mote 

voiissm/Ti 
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or many? To these qiMistimis oat diicaaMcs have 
bnted a number of ideas and, atltei riafe of being 
b|r | . A. Greenwood of oowttditt i f t uMt accordii 
die d o d b ^ accolade rfiMpttWUfllly^ « e can oi 
gest that dds is an area whldi reQuires Airiher in 

U'.'.I.'.'AC'TO 

Fig. 20. Gaeda type rotary vacuum pump 

difficult and complex question of what faaors may in­
fluence the effective boundary of the film. However, 
there are certain situations of practical sigmficance where 
the inlet boundary is determined simply by the geometric 
shape of the surfaces. In his valuable discussion, A. D3rson 
has outlined one such appUcation of starvation theory. In 
a private communication, R. S. Fein has pointed out 
that the same consideration also applies to his theory of 
micro-elastohydrodynamic lubricatira (43); i f asperities 
are to be lubricated by mechanisms of elastohydrodynamic 
lubrication, their geometry must be such diat, in their 
deformed state, ihey {sesent an entry regira capable of 
generating the necessary pressures. In our own labora­
tory we have also investigated the lubrication conditions 
between the tips of die blades and the boce trf" a Gaede-
type vacuum pump (Fig. 20). Making certain simplifying 
assumptions, it can be shown that the classical theory of 
the first half of the paper is applicable, and with sufficient 
conformity between blade tips and the bore, starvation 
can be sigmficant in the most disadvantageous configura­
tion shown in the diagram Perhaps this is an example 
of optimal design, as suggested by R. A. Thompson. 

In the paper we considered starvation as a possible 
factor contributing to a less rapid rise in film thickness with 
speed than that forecast by isothermal e.h.l. theories, 
and a number of contributors have also discussed this 
theme. However, it is worth emphasizing that two other 
factors can have a similar influence. First, in capacitance 
measurements at point contacts, the change in film shape 
with speed can have this same effect upon deduced values 
of the film thickness (22). Second, theoretical studies of 
inlet region shear heating (44) (45) require serious con­
sideration. However, i t now seems almost certain that 
starvation can be an ioqxMtant factor in die divergence 
between theory and experiment, particularly at high 
speeds. J. A. Greenwood was right to draw attention to 
the important role which W. Lauder (2) has played in the 
development of these concepts, but i t is entirely a dif­
ferent question as to whether we accept that the specific 
mechanism of starvation proposed by Lauder is the im­
portant mie. Indeed, is diete mie mechanism of starvation 

R. A. Hobbs suggests an extension of our am 
include rolling friction under starved conditions ; 
has been provided by the excellent discussion 0 
Hargreaves and G. R. Higginson. I t may be of 
to pdnt out that our own taxetikm. of the th( 
evaluate rolling traction, follows slightiy different 

Thus, following the notation of Hargreaves and 
son, we write 

r dp n d* Cdp 

Using the condition p = —1/a In (1—a^), and su 
ing for Â  we obtain 

2*1,- A*«(4v'2/3)2"'Bi'3 

XA* 1(1-. 
T8'«dT 

f - P n C l -

where, as in equation (18b), r is a dummy varii 
{a4>). For numerical integration, i t is necessar] 
q = cja where c -»> 1. I t was found that, provid 
(1—10~^), the result was virtually independent ol 

Thus using equatira (18a) and die notation of ou 
_ A * f"** i f ' d r 

l - - h l ( 

or 

Followmg a procedure similar to that used in oui 
it may be shown that 

i = ^ . . A . . . . 

where A = [F]o*'/[^o". There are difficulties in c 
upon a suitable value for infinity; therefore we ha 
the same value as Hargreaves a id JSgpnson; 
calculated in this way is in excellent agreemei 
Fig. 20. 

The form of expression given in equation (47 
specifically that the influence of starvation upon 
traction can be separated into two factors. First, 
tion reduces tg through its influence upon film t t 
03*), sioce tu is proportional to tfifa (3^^ Second, 
tion affects tg tlurough the extent of the filling of t l 
region per se (A). The dominance of the latter factor ii 
mining tn is clearly seen in Fig. 20. 

Finally, W. J. Anderson's contribution sugges 
m engineering practice, the interadiMt^tf a nun 
different mechanisms must be considered. Sta 
may reduce bearing life because it reduces film thi 

Proc Instn Mech Engrs 1970-71 Vol 



THE STARVED LtJBRICATION OF CYLINDBRS IN LINE OONTACr D43I 

Fig. 20 shows, a moderate degree of starvation 
re advantages, because it markedly reduces losses 
[y a minor mfluence upon film thickness. Clearly 
need to consider the role of lubricant supply in 
ing the heat bdance of the system 
e paper i t was possible ody to provide a broad 
if the theory and to suggest some ways of appljring 
ictice. The contributions have extended the range 
aper and, we hope, have enhanced its vdue. 
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