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I t  was n o t  u n t i l  t h e  l & e  1960's and e a r l y  1970's t h a t  t h e  i n f l u e n c e  o f  

l u b r i c a n t  s t a r v a t i o n  on elastohydrodynamic behav io r  r ece i ved  s e r i o u s  con-A 
s i de ra t i on .  Before t h i s  t i m e  i t  was assunied t h a t  i n l e t s  were always f u l l y  
f l ooded .  Th i s  assumption seemed t o  be e n t i r e l y  reasonable i n  view o f  the  
m inu te  q u a n t i t i e s  of l u b r i c a n t  r e q u i r e d  t o  p r o v i d e  an adequate f i l m .  How- 

h 
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ever ,  i n  due course i t  was recognized t h a t  some machine elements s u f f e r e d  
m f rom l u b r i c a n t  s t a r v a t i o n .  
A How p a r t i a l  f i l l i n g  o f  t h e  i n l e t  t o  an elastohydrodynamic c o n j u n c t i o n  

i n f l u e n c e s  p ressure  and f i l m  t h i c kness  can  r e a d i l y  be exp lo red  t h e o r e t i c a l  l y  
by adopt ing d i f f e r e n t  s t a r t i n g  p o i n t s  f o r  t h e  j n l e t  p ressure  boundary. 
O r c u t t  and Cheng (1966) appear t o  h ~ v e  been t h e  f i r s t  t o  proceed i n  t h i s  way 
f o r  a  s p e c i f i c  case corresponding t o  a  p a r t i c u l a r  exper imenta l  s i t u a t i o n ,  
T h e i r  r e s u l t s  showed t h a t  l u b r i c a n t  s t a r v a t i o n  lessened t h e  f i l m  th i ckness .  
Wolveridae, e t  a1. (1971) used a  Grubin  (1949) approach i n  an a n a l y s i s  o f  
s tarved,  e lastohydrodynamica l  l y  l u b r i c a t e d  1  i n e  con tac ts .  Wedeven, e t  a l ,  
(1571) analyzed a s t a r ved  eend-it-ion i n  a  b a l  I-on-plane geometry. Cas t l e  and 
Dowson (1972) presented a  range o f  numer ica l  s o l u t i o n s  f o r  t h e  s t a r ved  l i n e -  
c o n t a c t  e lastohydrodynamic s i t u a t i o n .  In these  re fe rences  t h e  analyses 
y i e l d e d  va lues o f  t h e  p r o p o r t i o n a l  r e d u c t i o n  i n  f i l m  t h i c kness  f r om t h e  
f o l l y  f l o o d e d  c o n d i t i o n  i n  terms o f  a  d imens ion less  i n l e t  boundary parameter. 

I n  t h i s  l e c t u r e ,  15 cases i n  a d d i t i o n  t o  t h e  3 presented i n  l e c t u r e  2 
a r e  used f o r  hard EHL. con tac t s  and 19 cases i n  a d d i t i o n  t o  t h e  3 presented 
i n  l e c t u r e  2 a re  used f o r  s o f t  EHL c o n t a c t s  i n  a  t h e o r e t i c a l  s tudy  o f  t h e  
i n f l u e n c e  o f  l u b r i c a n t  s t a r v a t i o n  on f i l m  t h i c k n e s s  and pressure.  From t h e  
r e s u l t s  f o r  b o t h  hard  and s o f t  FHL c o n t a c t s  a  s imp le  and impo r tan t  dimen- 
s i o n l e s s  i n l e t  boundary d i s t a n c e  i s  s p e c i f i e d .  Th i s  i n l e t  boundary d i s t ance  
d e f i n e s  whether a  f u l l y  f l o o d e d  o r  a  s t a r v e d  c o n d i t i o n  e x i s t s  i n  t h e  con- 
t a c t .  Furthermore i t  was found  t h a t  t h e  f i l m  t h i c k n e s s  f o r  a  s t a r ved  condi-  
t i o n  cou ld  be w r i t t e n  i n  d imension less te rms  as a  f u q c t i o n  o f  t h e  i n l e t  d i s -  
t ance  parameter and t h e  f i l m  t h i c kness  f o r  a  f u l l y  f l o o d e d  cond i t i on .  Con- 
t o u r  p l o t s  o f  pressure and f i l m  t h i c kness  i n  and around t h e  c o n t a c t  a r e  
showrl f o r  f u l l y  f loaded and s ta r ved  cond i t i ons .  Th i s  l e c t u r e  makes exten- 
s i v e  use of t h e  work presented by Hamrock and Dowson (1977) and Hamrock and 
Dowson (1979).  

FULLY FLOODED - -  S; MVED BOUNUARY 

F igure  1 shows t h e  comput ing area i n  and around t h e  H e r t z i a n  con tac t .  
I n  t h i s  f i g u r e  t h e  coo rd i na te  X i s  made d imension less w i t h  r espec t  t o  t h e  
semiminor a x i s  b  of t h e  c o n t a c t i n g  e l l i p s e ,  and t h e  c o o r d i n a t e  Y i s  made 
d imension less w i t h  r espec t  t o  t h e  semimajor a x i s  a  o f  t h e  c o n t a c t  e l -  
l i p s e .  The e l l i p t i c i t y  parameter k  i s  d e f i n e d  as t h e  semimajor a x i s  
d i v i d e d  by t h e  semiminor a x i s  o f  t h e  c o n t a c t  e l l i p s e  ( k  = a l b ) .  Because o f  
t h e  dimensionless fo rm o f  t h e  coo rd i na tes  X and Y t h e  H e r t z i a n  con tac t  



e l l i p s e  becomes a  hertziarr c i r c l e  regardless o f  t he  value of k. This , 
h e r i z i a n  corkac t  c i r c l e  i s  shown i n  f i g u r e  1 w i t h  a  rad ius  o f  u n i t y .  The 
edges o f  t h e  computing area, where the pressure i s  assumed t o  be ambient, 
a r e  a lso denoted. I n  t h i s  f i g u r e  the dimensionless i n l e t  d is tance I??, which 
i s  equal t o  the  dimensionless d is tance f rom the  center  o f  the  Her t z ian  con- 
t a c t  zone t o  the i n l e t  edge o f  t h e  computing area, i s  shown. 

Lubr icant  s t a r v a t i o n  can be studied by s imply changing the  dimension- 
l e s s  i n l e t  d is tance :. H f u l l y  f looded c o n d i t i o n  i s  sa id  t o  e x i s t  when the 
dimensionless i n l e t  d is tance ceases t o  i n f l uence  t h e  m i n i ~ ~ u m  f i l m  th ickness 
to-any s i g n i f i c a n t  ex ten t .  

The value a t  which the  minimum f i l m  th ickness f i r s t  s t a r t s  t o  change 
when f i  i s  g radua l l y  reduced f rom a  f u l l y  f looded c o n d i t i o n  i s  c a l l e d  t h e  
f u l l y  f looded - starved b ~ i ~ n d a r y  p o s i t i o n  and i s  denoted by m*. Therefore 
l u b r i c a n t  s t a r v a t i o n  was stcrdied hy us ing  the  bas ic  elastohydrodynamic 
l u b r i c a t i o n  e l l i p t i c a l - c o n t a c t  theory developea i n  l e c t u r e  2 and by observ- 
i n g  how reducing the  dimensionless i n l e t  d is tance a f fec ted  the  bas ic  fea- 
t u r e s  of t h e  conjunct  ion. 

Hard EHL Resul ts  

Table 1 shows how changing the  dimensionless i n l e t  d is tance af fected 
t h e  dimensionless minimum f i l m  thickness f o r  th ree  groups o f  dimensionless 
load and speed parameters. A l l  t h e  data presented i n  t h i s  sec t i on  are f o r  
hard  EHL contac ts  t h a t  have a mate r ia l s  parameter G f i x e d  a t  4522 arid the 
e l l i p t i c i t y  parameter, a t  6. I t  can be seen f rom t a b l e  1 tha t ,  as the  
dimensionless i n l e t  d is tance 6 decreases, t he  dimensiorl lcss minimum f i l m  
th ickness Hmin a l s o  decreases. 

Table 2 shows how the th ree  groups o f  dimensionless speed and load 
parameters considered a f fec ted  the  l o c a t i o n  o f  the dimensionless i n l e t  
boundat-y d is tance m*. Also g iven i n  t h i s  t a b l e  are the  corresponding va l -  
ues o f  dimensionless c e n t r a l  and minimum f i l m  th ickness f o r  t he  f u l l y  
f looded c o n d i t i o n  as obtained by i n t e r p o l a t i n g  the  numerical values. The 
value o f  t h e  dimensionless i n l e t  boundary p o s i t i o n  m* shown i n  t a b l e  2 was 
obta ined by us ing t h e  data,from t a b l k a  1 when the  f o l l o w i n g  equat ion was sat- 
i s f  i ed :  

The value o f  0.03 was used i n  equat ion (1) s ince i t  was ascer ta ined t h a t  t he  
da ta  i n  t a b l e  1 were accurate t o  o n l y  *3 percent .  

The general form o f  the equat ion t h a t  describes how the  dimensionless 
i n l e t  d is tance a t  t h e  f u l l y  f looded - starved boundary m* va r i es  w i t h  the  
geometry and c e n t r a l  f i l m  th ickness o f  an e l l i p t i c a l  elastohydrodynamic con- 
j u n c t i o n  i s  g iven as 



The r i g h t  s i d e  o f  equa t i on  (2 )  i s  s i m i l a r  i n  f o r m  t o  t h e  equa t ions  g i v e n  by 
Wolveridge, e t  a l .  (1971) and Wedeven, e t  a l e  (1971).  By app l y i ng  a  l e a s t -  
squares power f i t  t o  t h e  d a t a  ob ta ined  f r om t a b l e  1 we can  w r i t e  

A f u! l y  f l o o d e d  c o n d i t i o n  e x i s t s  when ii? > m*, and a  s t a r ved  c o n d i t i o n  
e x i s t s  when 6 < m*. The c o e f f i c i e n t  o f  a e t e r m i n a t i o n  c f o r  these re -  
s u l t s  i s  0.9902, wh ich  i s  e n t i r e l y  s a t i s f a c t o r y .  

I f  i n  equa t i on  ( 2 )  t h e  d imension less minimum f i l m  t h i ckness  i s  used 
i ns tead  o f  t h e  c e n t r a l  f i l m  th ickness,  we o b t a i n  

The c o e f f i c i e n t  o f  d e t e r m i n a t i o n  f o r  t hese  r e s u l t s  i s  0.9869, which i s  again  
ve r y  good. 

Having c l e a r l y  e s t a b l i s h e d  t h e  1 i m i t i n g  l o c a t  i o n  o f  t h e  i n l e t  boundary 
f o r  t h e  f u l l y  f l o o d e d  c o n d i t i o n s  (eqs. ( 3 )  and ( 4 ) )  we can develop an equa- 
t i o n  d e f i n i n g  t h e  d imension less f i l m  t h i c k n e s s  f o r  e l l i p t i c a l  con junc t i ons  
o p e r a t i n g  under  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 s .  The r a t i o  between t h e  
d imension less c e n t r a l  f i l m  t h i ckness  i n  s t a r v e d  and f u l  l y  f l ooded  c o n d i t i o n s  
c a n  be expressed i n  genera l  forrir as 

Tab le  3 shows how t h e  r a t i o  o f  t h e  d imension less i n l e t  d i s t a n c e  parameter tci 
t h e  f u l l y  f l o o d e d  - s ta r ved  boundary (% - l ) / ( m *  - 1 )  a f f e c t s  t h e  r a t i o  o f  
c e n t r a l  f i l m  t h i ckness  i n  t h e  s ta rved  and f u l l y  f l o o d e d  c o n d i t i o n s  
Hc,s/Hc. H least-squares power curve f i t  t o  t h e  16 p a i r s  o f  d a t a  p o i n t s  

was used Jn o b t a i n i n g  va lues f o r  C* and D* i n  equa t i on  ( 5 ) .  For  these  
va lues  o f  C* and D* t h e  d imension less c e n t r a l  f i l m  t h i c kness  f o r  a  
s t a r v e d  c o n d i t i o n  can be w r i t t e n  as 

By  us i ng  a  s i m i l a r  approach and t h e  d a t a  i n  t a b l e  3 t h e  d imension less m i n i -  i 
mum f i l m  t h i c kness  f o r  a  s t a r ved  c o n d i t i o n  can be w r i t t e n  as , 
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Therefore,  whenever 5 c m*, where in* i s  def ined by e i t h e r  equa t ion  ( 3 )  o r  
(4), a s ta rved  l u b r i c a t i o n  c o n d i t i o n  e x i s t s ,  When t h i s  i s  t rue ,  t h e  dimen- 
s i o n l e s s  c e n t r a l  f i l m  th ickness  i s  expressed by equa t ion  ( 6  and t h g  dimen- 
s i o n l e s s  minimum f i l m  t h i ckness  i s  expressed by equa t ion  (7 1 . I f  rn 2 m*, 
where m* i s  d e f i n e d  by  e i t h e r  equa t ion  (3 )  o r  (4),  a  f u l l y  f l ooded  eondi- 
t i o n  e x i s t s .  Expressions f o r  t h e  dimensionless c e n t r a l  and minimum f i lm 
th icknesses f o r  a  f u l l y  f l ooded  c o n d i t i o n  (Hc and timin) were developed 
i n  l e c t u r e  2 .  

F igu res  2  t o  5 e x p l a i n  more f u l l y  what happens i n  go ing from a  f u l l y  
f-rooded t o  a  s ta r ved  l u b r i c a t l i o n  cond i t i on .  As i n  l e c t u r e  2  t h e  + symbol 
i n d i c a t e s  t h e  c e n t e r  of t h e  H e r t z i a n  con tac t ,  and t h e  a s t e r i s k s  i n d i c a t e  t h e  
H e r t z i a n  c o n t a c t  c i r c l e .  A lso on each f i g u r e  t h e  con tou r  l a b e l s  and each 
corresponding va lue  a re  given. 

I n  f i g u r e s  2(a),  ( b ) ,  and ( c )  contour  p l o t s  o f  d imension less pressure 
(P = p/E! ) a r e  giver;  f o r  group 1 o f  t a b l e  2 and f o r  d imension less i n l e t  d i s -  
tances 6 ' o f  4, 2, and 1.25, r espec t i ve l y .  I n  these f i g u r e s  t h e  con tour  
va lues  a r e  t h e  same i n  each p l o t .  The pressure sp ikes a r e  ev iden t  i n  f i g -  
u res  2 ( a )  and ( b ) ,  b u t  no pressure sp ike  occurs i n  f i g u r e  Z (c ) .  T h i s  im- 
p l i e s  t h a t  as t h e  dimensionless i n l e t  d i s t ance  fi decreases, o r  as t h e  
s e v e r i t y  o f  l u b r i c a n t  s t a r v a t i o n  increases, t h e  pressure sp ike  i s  sup- 
pressed. F i g u r e  2(a),  w i t h  m = 4, corresponds t o  a  f u l l y  f l ooded  condi-  
t i o n ;  f i g u r e  2 (b ) ,  w i t h  ? = 2, t o  a  s ta rved  cond i t i on ;  and f i g u r e  2 ( c ) ,  
w i t h  Fii = 1.25, t o  even more severe s t a r v a t i o n .  Once l u b r i c a n t  s t a r v a t i o n  
occurs, the  s e v e r i t y  o f  t h e  s i t u a t i o n  w i t h i n  t h e  c o n j u n c t i o n  inc reases  
r a p i d l y  as i s  decreased and d r y  con tac t  c o n d i t i o n s  a r e  approached. 

Cuwtciui* p l o t s  o f  t h e  dimensionless f i l m  t h i ckness  (H  = h/Rx) f o r  t h e  
r e s u l t s  shown i n  group 1 o f  t a b l e  2  and f o r  c o n d i t i c o s  corresponding t o  t h e  
t h r e e  pressure d i s t r i b u t i o n s  shown i n  f i g u r e  2 a re  reproduced i n  f i g u r e  3. 
I t  i s  c l e a r  t h a t  t h e  f i l m  shape i n  t h e  c e n t r a i  r e g i o n  o f  t h e  e lastohydro-  
dynamic con junc t i on  becomes more p a r a l l e l  as l u b r i c a n t  s t a r v a t i o n  increases 
and t h a t  t h e  r e g i o n  occupied by t h e  minimum fi 1m th i ckness  becomes more con- 
cen t ra ted .  Note a l s o  t h a t  t he  va lues a t tached t o  t he  f i l m  t h i ckness  con- 
t o u r s  f o r  t h e  s ta r ved  c o n d i t i o n  ( f i g .  3 ( c ) )  a r e  much sma l l e r  than  those o f  
t h e  f i l m  t h i ckness  con tours  f o r  t h e  f u l l y  f l o o d e d  c o n d i t i o n s  ( f i g .  3 (a )  ) .  

I n  f i g u r e s  4 i a )  and (b )  t h e  dimensionless p ressure  ( P  = p l E ' )  on t h e  
X a x i s  i s  shown f o r  t h r e e  values o f  6 and f o r  groups 1 and 3  o f  t a b l e  2, 
r e s p e c t i v e l y .  The va lue o f  Y was he ld  cons tan t  and c l o s e  t o  t h e  a x i s  of 
symmetry of t h e  con junc t i on  f o r  these c a l c u l a t i o n s .  The p ressure  sp i ke  
d im in ishes  as t h e  s e v e r i t y  of s t a r va t - i on  inc reases  and d r y  c o n t a c t  condi -  
t i ons  are approached. 

I n  f i g u r e s  5(a)  and (b)  t h e  dimensionless f i l m  t h i ckness  (h  = h/Rx) 
on t h e  X a x i s  i s  shown f o r  t h r e e  values of i and f o r  groups 1 and 3  of 
t a b l e  2, r e s p e c t i v e l y .  Once aga in  t h e  va lue o f  Y was h e l d  f i x e d  and c l o s e  
t o  t h e  a x i s  of symmetry of t he  con tac t  i n  these ca ' i cu la t ions .  It i s  c l e a r  
t h a t  t h e  c e n t r a l  r e g i o n  becomes f l a t t e r  as s t a r v a t i o n  occurs. A l so  i n  go ing 
from a  f u l l y  f l ooded c o n d i t i o n  t o  a  s ta rved  c o n d i t i o n  t h e  f i l m  t h i ckness  
decreases s u b s t a n t i a l  l y e  

The a p p l i c a t i o n  o f  o p t i c a l  i n t e r f e r o m e t r y  a l l ows  t h e  f i l m  t h i ckness  
t h rough  t h e  c o n j u n c t i o n  t o  be determined exper imenta l l y .  An example o f  t h e  
i n t e r f e r e n c e  p a t t e r n  f o r  a  starved, e lastohydrodynamica l  l y  l u b r i c a t e d  con- 
j u n c t i o n  i s  shown i n  f i g u r e  6, which was k i n d l y  s u p p l i e d  by Sanborn f r om t h e  
work he r e p o r t e d  i n  1969. Th i s  technique produces i n f o r m a t i o n  o f  g r e a t  
c l a r i t y  and beauty. The f i l m  shape o f  t h e  l u b r i c a t e d  c o n j u n c t i o n  revealed 
by t h e  exper imenta l  r e s u l t s  shown i n  f t g u r e  6 compare q u i t e  w e l l  i n  
q u a l i t a t i v e  terms w i t h  t h e  t h e o r e t i c a l  r e s u l t s  shown i n  f i g u r e  3 (c ) .  



Sof t  EHL Resu l t s  

By us i ng  t h e  t heo ry  and numer ica l  procedure ment ioned i n  l e c t u r e  2, we 
can  i n v e s t i g a t e  t h e  i n f l u e n c e  of l u b r i c a n t  s t a r v a t i o n  on minimum f i l m  t h i c k -  
ness i n  s tarved,  e l  1  i p t i c a l ,  e l  astohydrodynamic con junc t i ons  f o r  low- 
e l a s t i c - m o d u l u s  m a t e r i a l s  ( s o f t  EHL). L u b r i c a n t  s t a r v a t i o n  i s  s t u d i e d  by 
s imp l y  moving t h e  i n l e t  boundary c l o s e r  t o  t h e  c e n t e r  o f  t h e  con junc tB~on ,  as 
desc r i bed  i n  t h e  p rev i ous  sec t ion .  

Table 4 shows how t h e  d imension less i n l e t  d i s t ance  a f f e c t s  t h e  dimen- 
si-onless f i  1m th i ckness  f o r  t h r e e  groups o f  d imension less l oad  and speed 
parameters. F o r  a l l  t h e  r e s u l t s  presented i n  t h i s  s e c t i o n  t h e  d imension less 
m a t e r i a l s  parameter G was f i x e d  a t  0.4276, and t h e  e l  1  i p t  i c i  t y  parameter 
k  was f i x e d  a t  6. The r e s u l t s  shown i n  t a b l e  4 c l e a r l y  i n d i c z t e  t h e  ad- 
ve rse  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 n  t h e  sense t h a t ,  as t h e  dSmensionless 
i n l e t  d i s t a n c e  decreases, t h e  d imension less minimum f i l m  t h i ckness  
Hmin a l s o  decreases. 

Table  5 shows how t h e  t h r e e  groups o f  d imension less speed and load  
parameters a f f e c t  t h e  l i m i t i n g  l o c a t i o n  o f  t h e  d imension less c r i t i c a l  i n l e t  
boundary d i s t a n c e  m*. A l so  g i v e n  i n  t h i s  t a b l e  a re  cor responding va lues o f  
t h e  d imension less minimum f i l m  t h i ckness  f o r  t h e  f u l l y  f l o o d e d  cond i t i on ,  as 
ob ta i ned  by i n t e r p o l a t i n g  t h e  n u ~ n l ~ r i c a l  values. By making use o f  t a b l e  4 
and f o l l o w i n g  t h e  procedure out ' l i r led i n  t h e  p rev i ous  sec t ion ,  we can w r i t e  
t h e  c r i t i c a l  d imension less i n l e t  lroundary d i s t a n c e  a t  which s t a r v a t i o n  be- 
comes impo r tan t  f o r  low-elast ic-mcdulus m a t e r i a l s  as 

r ,;s 1 0 . 1 6  

m *  7 ( )  H m in  I 
L 

where Egin i s  ob ta ined  f r o m  t h e  f u l l y  f l o o d e d  s o f t  EHL r e s u l t s  g i v e n  i n  
l e c t u r e  . 

Table 6 shows how m* a f f e c t s  t h e  r a t i o  - o f  m i n i m ~ m  f i l m  t h i c kness  i n  
t h e  s ta r ved  and f u l l y  f l o o d e d  c o n d i t i o n s  Hmin,s/Hmin. The dimension- 
l e s s  minimum f i l m  t h i c k n e s s  f o r  a  s t a r ved  c o n d i t i o n  f o r  low-elast ic-modulus 
m a t e r i a l s  can  t hus  be w r i t t e n  as 

Therefore,  whenever iii c m*, where m* i s  de f ined  by  equa t i on  (81, a  
l u b r i c a n t  s t a r v a t i o n  c o n d i t i o n  e x i s t s .  dhen t h i s  i s  t rue ,  t h e  d imension less 
minimum f i l m  t h i ckness  i s  expressed by  equa t i on  ( 9 ) .  I f  17 > m*, a  f u l l y  
f l ooded  c o n d i t i o n  e x i s t s ,  and t h e  express ion  f o r  t h e  d imensi6n less minimum 
f i l m  t h i c k n e s s  f o r  a f u l l y  f l o o d e d  c o n d i t i o n  Hmin f o r  m a t ~ r i a l s  o f  low 
e l a s t i c  modulus was developed i n  l e c t u r e  2. 

I n  f i g u r e  7  con tou r  p l o t s  of t h e  d imension less p ressure  ( P  = P I E ' )  a re  
shown f o r  t h e  group 3  c o n d i t i o n s  recorded i n  t a b l e  4 and f o r  dimensionless 
i n l e t  d i s t ances  o f  1.967, 1.333, and 1.033. Note t h z t  t h e  con tou r  l e v e l s  
and i n t e r v a l s  a re  i d e n t i c a l  i n  a l l  p a r t s  o f  f i g u r e  7. I n  f i g u r e  7(a) ,  w i t h  
f i  = 1.967, an e s s e n t i a l l y  f u l l y  f l o o d e d  c o n d i t i o n  e x i s t s .  The con tours  a re  
a lmos t  c i r c u l a r  and extend f a r t h e r  - i n t o  t h e  i n l e t  r e g i o n  than  i n t o  t h e  e x i t  
reg ion .  I n  f i g u r e  7(b) ,  w i t h  m = 1.333, s t a r v a t i o n  i s  i n f l u e n c i n g  t he  d i s -  
tr i  b u t i o n  o f  pressure,  and t h e  i n l e t  con tours  a re  s l i g h t l y  l e s s  c i r c u l a r  
t h a n  those shown i n  f i g u r e  7 (a ) .  By t h e  t i m e  f i  f a l l s  t o  1.033 ( f i g .  



7(c ) ) ,  t h e  con junc t ion  i s  q u i t e  severely  s tarved and the  i n l e t  contours are  
even l ess  c i r c u l a r .  

I n  f i g u r e  8 contour  p l o t s  o f  the dimensionless f i l m  th ickness 
(ti = h/Rx) are shown, a l so  f o r  the group 3 cond i t i ons  recorded i n  t a b l e  4 
and f o r  dimensionless i n l e t  distances o f  1.967, 1,333, and 1,033. These 
f i l m  th ickness r e s u l t s  correspond t o  the  pressure r e s u l t s  shown i n  f i g -  
u r e  7. The c e n t r a l  p o r t i o n  of the f i l m  th ickness contou?s becomes more 
p a r a l l e l  as s t a r v a t i o n  increases and the  minimum-f i lm-1 hickness area moves 
ta the  e x i t  region. The values of t he  f i l m  th ickness contours f o r  the  most 
s tarved c o n d i t i o n  ( f i g .  8 ( c ) )  are much lower t.han those f o r  the  f u l l y  
f looded c o n d i t i o n  ( f i g ,  8 (a) ) .  

CONCLUDT&G REMARKS 

The in f l uence  of l u b r i c a n t  s t a r v a t i o n  on minimum f i l m  th ickness i n  
starved, e l  1  i p t i c a l ,  el  astohydrodynamical l y  1  ubr ica ted  conjunct ions was 
i nves t i ga ted  f o r  ma te r i a l s  of h igh  and low e l a s t i c  modulus (hard and s o f t  
EHL, respect ive ly )  . Lubr icant  s t a r v a t i o n  was s tud ied  by moving the  i n l e t  
boundary c l o s e r  t o  t h e  cenker o f  t he  con junc t ion  i n  t he  numerical solu- 
t i ons .  The r e s u l t s  show t h a t  the  l o c a t i o n  of the  dimansionless c r i t i c a l  
i n l e t  boundary d is tance m* between the  f u l l y  f looded and starved condi- 
t i o n s  can be expressed simply as 

Fo r  hard EhL 

For  s o f t  EHL 

L J 

That i s ,  f o r  a  dimensionless i n l e t  d is tance -6- l ess  than m*, s t a r v a t i o n  
occurs and, f o r  6 > m*, a  f u l l y  f looded c o n d i t i o n  e x i s t s .  Furthermore i t  
has been poss ib le  to express the  minimum f i l m  th ickness f o r  a  s tarved condi- 
t i o n  as 

For  hard EHL 

For s o f t  EhL 

Contour p l o t s  o f  pressure and f i l m  th ickness  i n  and around bo th  hard 
and s o f t  EHL contacts have been presented f o r  bo th  f u l l y  f looded and starved 



l u b r i c a t i o n  cond i t i ons ,  I t  i s  ev iden t  f rom t h e  hard  EHL con tac t  r e s u l t s  
t h a t  as t h e  s e v e r i t y  of s t a r v a t i o n  increases, t h e  pressure sp i ke  becomes 
suppressed, t he  f i l m  shape becomes more n e a r l y  p a r a l l e l  ove r  a s u b s t a n t i a l  
p a r t  o f  t h e  H e r t r i a n  c o n t a c t  e l l i p s e ,  and t h e  f i l m  th ickness  decreases sub- 
s t a n t i a l l y .  From t h e  s o f t  EHL r e s u l t s  i t  i s  ev i den t  t h a t  t h e  i n l e t  pressure 
contours becomes l e s s  c i r c u l a r  and c l o s e r  t o  t h e  edge o f  t h e  H e r t z i a n  con- 
t a c t  zone and t h a t  t h e  f i l m  t h i ckness  decreases s u b s t a n t i a l l y  as t h e  sever- 
i ty  of s t a r v a t i o n  increases. 



APPENDIX - SYMBOLS 

b semiminor a x i  s o f  c o n t a c t r e l  l ipse, m 
E modulus o f  e l a s i c i t y ,  NlmL 

e f f e c t i v e  e l a s t i c  modulus, 2 , NIU? 
normal a p p l i e d  load, N 
dimensionless m a t e r i  a1 s parameter, aE1 
dimensionless f i l m  th ickness,  h/RX 
dimensionless f i l m  th ickness  ob ta ined  f rom least-squares f i t  o f  

numer ica l  da ta  
f i l m  th ickness,  m 
e l  l i p t i c i t y  parameter 
d imension less i n l e t  d i s t ance  ( f i g ,  1) 
dimension less i n l e t  d i s t ance  a t  boundary between f u l  l y  f l ooded  and 

s ta rved  c o n d i t i o n s  
d i m ~ n s i o n l e s s  pressure, p /E1  
pressure, ~ / r n ~  
e f f e c t i v e  rad ius ,  m 
r a d i u s  o f  cu rva tu re ,  m 
dimensionless speed parameter, nOu/E1RX 
mean su r face  v e l o c i t y  i n  d i r e c t i o n  g f  nrotion, ( u a  + ~ b ) / 2 ,  m/s 
dimensionless l oad  parameter, F/EIR$ 
c o ~ r d i n a t e  system 
pressure-v i  scos i  t y  c o e f f i c i e n t  o f  1 ub r i can t ,  m 2 / ~  
v i  s c o s i t y  a t  a t m o s ~ h e r i c  pressure, N s/m2 
Poisson 's  r a t i o  

Subscr ip ts :  

a s o l i d  a 
b s o l i d  b 
c c e n t r a l  
m i n  minimum 
s s ta rved  
X ,Y coord i n a t e  system 
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m 1 2 3 
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- 0+1405~10 '~  0,2202~10'~ 0,d400%10-~ 

Mmanalonlcss 6peod Pornmotor, V 

0+~130x10-~  0.10~71 '9"7 0,5133~10"~ 

Mmcnsloolcsa hflnlmum Film mlckncas, 1Imtn 

I.DG7 181,8*10'~ 211,8*10-~ D ~ J , ~ X I O ' ~  
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1.007 130,7 230.8 fl43.1 

1.600 12fi.b 217,2 003.0 

1.333 119.0 lOD.3 444,O 

1,107 Db.11 120.8 272.3 

1,030 71.80 1Z0.8 972.3 



TAULE 4. - ZFFECT U F  INLET DISTANCE ON FlIICIML'bl- 

FILhl-TIIICKNES3 WTIO FOIl6QFT El lL CONTACT8 

Group M~nenalor~leoa notlo o t  hllnlmum Crl l~cnl  Inlet 
Inlot Mamnco, Film 'Ihl~kncascc Boundaty 

% tor Stnrved nnd Pornmetcr, 
Flo~dcJCondltlonn, (i?i-!)*(rn+-i) 

"mtn.ri Jjmtn 





_ - - I  - _  "'H 

Dimensionless 
pressure, 
P plE1 

A 1,17~10-~ 
B 1.14 
C 1.10 
D 1.00 
E ,90 
F .70 
G .40 
H .lo 

-.-.-- . > 

(c) iii = 1.25. 

Figure 2. - Concluded. 



(b) ii = 2. 

Figure 3. - COl l~oUr p lok  01 dimenslonlas l l l ln  l l i lckncss for dinlcns~onlcss [nlel  d i ~ i a , ~ c e ~  
iii of 4, 2, and 1.25 and for group 1 of table 2. 



Dimenstonless 
f i lm thickness, 

H = hlR, 

A 4 . 0 ~ 1 0 ' ~  
B 4.2 
C 4.5 
D 4.9 
E 5.4 
F 6.0 
G 6,.8 
H 7.8 

[c) 5-i - 1.3. 

Figure 3. - Concluded. 



"l 

g (a) Dimens]oniess parameters U and W held constant as 
2 glven i n  group 1 of table 2 

-. 

1.6 - ---- 
-.-.- 

1.4 - 

1.2 - 
1.0- 

X 
(b) Dimensionless paranleters U and W held constant as 

given i n  group 3 of table 2. 

Figure 4. - Dimensionless pressure on X-axis for three 
values of dimensionless in let  distance. The value of Y 
is  held fixed near axial center of contact. 



Dimensionless 
inlet  distance, 

ili 

--- 4 

-.-.- 2 1.25 

I. 

2- 0 1  8 (a) o l m h s i o n ~ s  p:mmebrs : and 'w h;id conitant LS 
s given In group 1 of table 2. -. 

-E 12GX10-6 L- ? 

Dimensionless 
inlet  distance, 

RI - -- - - 6 
2.5 
1.5 

0 l I 1 )  1 1 1 1  I 
-2.4 -2.0 -1.6 -1.2 -.8 -.4 0 4 .8 2 2  

X 
(bJ Dimensionless parameters U and W held constan! as 

given in group 3 of table 2 

Figure 5. - Dimensionless f i lm thickness on X-axis for three 
valuos of dimensionless inlet distance. The value of Y i s  
held fixed near axial center of contact. 



Figure 4 - Interference pattern for a starved e ln to -  
hydrodynamic lubricated conjunction. (From Sdnborn, 
l W . 1  

Dimens~onlesr 
pressure, 
P p1t' 

Figure 7. - Contour plots of dimensionless pressure for dimrnsionless inlet distances 
fi of 1.9b7. 1. 333, and 1.033 and for qroup 3 of tahlr 4 



Dimensionless 
pressure, 
P = PIE' 

A 0.0123 
5 -0121 
C -0117 
D .0110 
E .ma 
F .m5 
G -0060 
H .@I30 

Ic) Ei - L 033. 

Figure 7. - Concluded. 

Dim~nsionless 
film thickness, 

H - hlRx 
A 0.00059 
B -m 
c .coo62 
D -00061 
E .om' 
F *om72 
G -m 
H -00092 

Fgure 8. - Contour plots of dimensionless film thickness for dimensionless inlet dis- 
tances ii of L 967, L333, and L 033 knd for g r o q  3 of table 4 



Dimensionless 
f i lm thickness, 

H - hlR, 
A 0.000%9 
B ,00030 
C .K!O32 
D ,00034 
E .MI037 
F ,00040 
C . m 3  
H .MI046 

(c) k? = 1.033. 

Figure 8. - Concluded. 
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