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FINAL SUMMARY REPORT O N  PHASE I1 
A D V A N C E D  TURBINE ENGINE MAHNSAAFT LUBRICATION SYSTEM I N V E S T I G A T ~ U \  

W .  L .  R h o a d s  a n d  L .  A .  P e a c o c k  

ABSTRACT 

B a l l  b e a r i n g s  a n d  f a c e  s e a l s  f o r  u s e  o n  Mach 3 a i r c r a f t  
g a s  t u r b i n e  e n g i n e  m a i n s h a f t s  h a v e  b e e n  e v a l u a t e d  i n  t h i s  pr@rgr : ,m 
w i t h  s e v e r a l  s e l e c t e d  l u b r i c a n t s  i n  a  r e c i r c u l a t i n g  o i l  s y s t e m  
h a v i n g  p r o v i s i o n s  f o r  i n e r t  g a s  b l a n k e t i n g .  T e s t i n g  h a s  b e e n  
c o n d u c t e d  a t  t y p i c a l  a d v a n c e d  e n g i n e  l o a d  a n d  s p e e d  c o n d i t i o n s  
w i t h  t h e  s e a l s  e x p o s e d  t o  1 2 0 0 O F  h o t  a i r  a n d  a  p r e s s u r e  d i f f e r e n l i z l  
o f  BOO p s i .  

U s i n g  M-50 a n d  WB-49 t o o l  s t e e l  b a l l  b e a r i n g s  o f  c u r r e n t  
d e s i g n  w i t h  t w o  o f  t h e  m o s t  p r o m i s i n g  f l u i d  l u b r i c a n t s  ( t w o  
s y n t h e t i c  p a r a f f i n i c  h y d r o c a r b o n  b a s e  s t o c k  f l u i d s ,  o n e  w i t 1 1  a 
h e a v y  p a r a f f i n i c  r e s i n  a d d i t i v e  a n d  t h e  o t h e r  w i t h  a  p r o p r j e t a r ~  
a n t i w e a r  a d d i t i v e )  f o u n d  i n  t h e  s c r e e n i n g  t e s t  t a s k s  o f  t h i s  p r s g r e n  
a n d  n e w l y  d e v e l o p e d  h y d r o d y n a m i c  l i f t  d e s i g n  o i l  s e a l s ,  i t  w a s  
p o s s i b l e  t o  r u n  2 5 8 - h o u r  t e s t s  a t  6 5 0 ° F  b e a r i n g  o u t e r  r i n g  
t e m p e r a t u r e s  w i t h  n o  s i g n s  o f  d i s t r e s s .  R e l i a b l e  l o n g e r - t e r m  
i n e r t e d  o p e r a t i o n  a t  r e p r e s e n t a t i v e  a d v a n c e d  e n g i n e  c o n d i t i o n s  
a p p e a r s  t o  b e  f e a s i b l e .  

I n  a  s e p a r a t e  t a s k  o f  t h i s  w o r k ,  1 2 5  mm-bore b e a r i n g s  a n d  
f a c e  s e a l s  w e r e  r u n  s u c c e s s f u l l y  f o r  s h o r t  p e r i o d s  a t  s p e e d s  t o  
2 0 , 0 8 0  r p m  c o r r e s p o n d i n g  t o  a  D N  v a l u e  ( p r o d u c t  o f  b e a r i n g  b o r e  
i n  m i l l i m e t e r s  a n d  s h a f t  s p e e d  i n  r p m )  o f  2 . 5  m i l l i o n  a n d  a s e a l  
f a c e  s p e e d  o f  5 5 0  f e e t  p e r  s e c o n d .  

T h i s  r e p o r t  i s  t h e  s e c o n d  o f  t w o  p a r t s  o n  t h i s - l u b r i c a t i o n  
s y s t e m  s t u d y .  T h i s  v o l u m e ,  P a r t  2 ,  c o n t a i n s  a d e t a i l e d  w r i t e u p  
o f  f a c e  s e a l  p e r f o r m a n c e ,  a  m a s s  s p e c t r o s c o p i c  s t u d y  o f  a  t e s t  
f l u i d  and  s u p p l e m e n t a r y  t e s t  d a t a  t a b u l a t i o n s .  P a r t  1 ( C R - 7 2 8 5 4 )  
c o n t a i n s  a  p r e s e n t a t i o n  a n d  d i s c u s s i o n  o f  t h e  s y s t e m  p e r f o r m a n c e  
t e s t  r e s u l t s .  
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:;ACE SEALS RESULTS FROM ADVANCED TURBINE ENGINE MAINSHAFT 

LUBRICATION SYSTEM INVESTIGATION 

I ,  INTRODUCTION 

T h i s  s e c t i o n  d e a l s  w i t h  t e s t  r e s u l t s  a n d  r e f i n e m e n t s  
m a d e  o v e r  a p p r o x i m a t e l y  a  f o u r  y e a r  p e r i o d  o f  u s e  o f  a  t a n d e m  p a i r  
o f  f a c e  s e a l s  o n  t h e  A d v a n c e d  T u r b i n e  E n g i n e  M a i n s h a f t  
Lcbrication S y s t e m  I n v e s t i g a t i o n  (NASA C o n t r a c t  NAS3-6267 ,  P h a s e s  
L a n d  PI), I n  t h i s  p r o g r a m  t h e  p e r f o r m a n c e  o f  a i r c r a f t  g a s  
t u r b i n e  m a i n s h a f t  b a l l  b e a r i n g s ,  s e a l s ,  a n d  l u b r i c a n t s  u n d e r  
simulated ( M a c h  3 )  t u r b i n e  e n g i n e  c o n d i t i o n s  i s  b e i n g  s t u d i e d  u s i n g  
t h e  eost a d v a n c e d  m a t e r i a l s ,  d e s i g n s ,  a n d  m a n u f a c t u r i n g  t e c h n i q u e s  
a v a i l a b l e ,  B o t h  r e c i r c u l a t i n g  a n d  o n c e - t h r o u g h  ( m i ' s t )  l u b r i c a t i n g  
s y s t e m s  h a v e  b e e n  u s e d ,  p r e d o m i n a t e l y  u n d e r  i n e r t  g a s  b l a n k e t i n g .  

PI, BACKGROUND 

a ,  G e n e r a l  

T e s t  c o n d i t i o n s  t o  s i m u l a t e  a n  a d v a n c e d  Mach 3 a i r c r a f t  
g a s  t u r b i n e  e n g i n e  a r e  s e v e r e  f r o m  a l l  p o i n t s  o f  v i e w .  T h e  s h a f t  
speed o f  14,000 r p m  m e a n s ,  t h a t  f o r  r e p r e s e n t a t i v e  s i z e  s e a l s ,  
a r a b b i n g  s p e e d  o f  n e a r l y  3 9 0  - 4 0 0  f p s  i s  r e a l i z e d .  T h e  t h e r m a l  
r e q u i r e m e n t s  a r e  s u c h  t h a t  o n e  s e a l  o f  t h e  p a i r ,  s h o w n  i n  p o s i t i o n  
i n  ; h e  t e s t  r i g  i n  E n c l o s u r e  1 - 1 ,  i s  s u b j e c t e d  t o  h o t  o i l  i n  a n  
e n v i r o n m e n t  o f  6 0 0 - 7 0 O 0 F .  T h e  o t h e r  s e a l  i s  s u b j e c t e d  t o  1 2 0 0 ° F  a i r  
a n d  t h e  p a i r  h a s  a  p r e s s u r e  d r o p  o f  105 p s i  a c r o s s  i t .  

S i n c e  e v e n  t h e  b e s t  a v a i l a b l e  c a n d i d a t e  l u b r i c a n t s  w o u l d  
m o s t  p r o b a b l y  d e c o m p o s e  a t  t h e  d e s i r e d  o p e r a t i n g  t e m p e r a t u r e s ,  i t  
w a s  d e c i d e d  t o  e m p l o y  a n  i n e r t  g a s  b l a n k e t  f o r  t h e  t e s t  b e a r i n g  a n d  
Yabricant, F o r  a n  i n e r t  b l a n k e t  t o  b e  r e a s o n a b l y  e c o n o m i c a l ,  l o s s  
t h r o u g h  l e a k a g e  m u s t  b e  k e p t  l o w .  C o n s i d e r i n g  a l l  a s p e c t s ,  i t  
w a s  d e c i d e d  t h a t  t h e  b e s t  a v a i l a b l e  s t a t e - o f - t h e - a r t  s e a l  w a s  a  f a c e  
s e a l  w i s h  b e l l o w s  s e c o n d a r y .  T h e s e  w e r e  p r o c u r e d  f r o m  K o p p e r s  Co .  
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I n i t i a l l y ,  s h o u l d e r  c o o l i n g  w a s  t o  b e  e m p l o y e d  b u t  h a d  t o  b e  

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

b .  F a c e  S e a l  D e s i g n  

I n  i t s  s i m p l e s t  f o r m ,  a  f a c e  s e a l  c o n s i s t s  o f  a  s t a t i o n a r y  
c o n t i n u o u s  " d a m "  o f  s o m e  m a t e r i a l ,  u s u a l l y  c a r b o n ,  w h i c h  r u b s  
a g a i n s t  a  s h o u l d e r  t h a t  r o t a t e s  w i t h  t h e  s h a f t .  T h e  d a m  i s  h e l d  
a g a i n s t  t h e  s h o u l d e r  w i t h  s o m e  s m a l l  p o s i t i v e  l o a d  b y  t h e  v e c t o r i a l  
c o m b i n a t i o n  o f  m e c h a n i c a l  a n d  p r e s s u r e  f o r c e s .  T h e  p r e s s u r e  d r o p  
o c c u r s  a c r o s s  t h e  s e a l i n g  d a m  i n  a  n o n - l i n e a r  m a n n e r  ( a l t h o u g h  i t  
c a n  r e a s o n a b l y  b e  a s s u m e d  l i n e a r  s i n c e  t h e  p h y s i c a l  w i d t h  o f  
t h e  d a m  i s  s m a l l ) .  T h e  b a l a n c e  d i a m e t e r ,  e x p e r i m e n t a l l y  d e t e r m i n e d  
f o r  e a c h  b e l l o w s  s e a l ,  i s  t h e  d i a m e t e r  d e f i n i n g  t h e  a r e a  o v e r  
w h i c h  t h e  n e t  p r e s s u r e  a c t s  t o  g i v e  t h e  p r e s s u r e  f o r c e .  I 1 q  tile 

s e a l s  u s e d  o n  t h i s  p r o g r a m ,  c a r b o n  p a d s  o r  l a n d s  a r e  p r o v i d e d  o n  
e i t h e r  ( o r  b o t h )  t h e  i n b o a r d  o r  t h e  o u t b o a r d  s i d e  o f  t h e  s e a l i n g  
dam t o  d i s t r i b u t e  t h e  f a c e  l o a d  o v e r  a l a r g e r  a r e a  t o  r e d u c e  
w e a r .  T h e s e  w e a r  p a d s  ( s h o u l d )  h a v e  s u f f i c i e n t  v e n t i n g  a r e a  
t o  p a s s  a  r e a s o n a b l e  f a c e  s e a l  l e a k a g e  s o  a s  n o t  t o  i n f l u e n c e  t h e  
p r e s s u r e  d i s t r i b u t i o n  w h i c h  w o u l d  c h a n g e  t h e  n e t  f a c e  l o a d  A n  
i n c r e a s e  i n  n e t  f a c e  l o a d  c a n  i n c r e a s e  h e a t i n g  a p p r e c i a b l y  l e a d i n g  
t o  h e a v y  w e a r ,  w a r p i n g  o f  t h e  p a r t s ,  a n d  f a i l u r e .  A d e c r e a s e  c a n  
l e a d  t o  l i f t - o f f  a n d  h i g h  l e a k a g e .  T o  m i n i m i z e  t h i s ,  t h e  c u r v e  
o f  n e e  s e a t i n g  f o r c e  s h o u l d  b e  a s  " f l a t "  a s  p o s s i b l e  s o  t h a t  a 
d i s t u r b a n c e  i n  e i t h e r  t h e  m e c h a n i c a l  f o r c e  o r  p r e s s u r e  f o r c e ,  
r e s u l t s  i n  o n l y  a  s m a l l  i n c r e a s e  o r  d e c r e a s e  i n  l o a d .  T h e  ' " f r a t  " 
c u r v e  o f  n e t  s e a t i n g  f o r c e  c a n  b e  a p p r o a c h e d  b y  m a k i n g  t h e  r n e c h s ~ i c a l  
s e a t i n g  f o r c e  a s  i n d e p e n d e n t  t o  c h a n g e  a s  p o s s i b l e ;  i . e .  w i t h  
a s  " f f l t L ' ' a  s p r i n g  r a t e  a s  p o s s i b l e .  A m o r e  p r o m i s i n g  a p p r o a c h  
i s  t o  i n c o r p o r a t e  h y d r o d y n a m i c  l i f t  d e v i c e s  i n t o  e i t h e r  t h e  c a r h o n  
o r  s h o u l d e r  s u r f a c e s  ( e v e n  w i t h  t h e  s m o o t h  c a r b o n  a n d  s h o u l d e r  
s u r f a c e s  c o m m o n l y  u s e d ,  t h e r e  i s  s o m e  l i f t ) .  By u t i l i z i n g  t h i s  
d e v i c e  t h e  m e c h a n i c a l  s e a t i n g  f o r c e  c a n  b e  i n c r e a s e d  w i t h o u L  
d a n g e r  o f  u n d u e  w e a r  o r  h e a t i n g .  T h e  l i f t  p r o v i d e d  b y  h y d r o -  
d y n a m i c  e f f e c t s  i n c r e a s e s  s h a r p l y  a s  t h e  c a r b o n  a n d  s h o u l d e r  
c o m e  c l o s e r  t o g e t h e r .  I f  t h e r e  i s  s o m e  u n s e a t i n g  d i s t u r b a n c e  
w h i c h  i n c r e a s e s  t h e  s e p a r a t i o n  o f  t h e  s u r f a c e s  t h e  l i f t  d e c r e s s s s  
s h a r p l y  a n d  t h e  h i g h e r  m e c h a n i c a l  s e a t i n g  f o r c e  c a n  m i n i m i z e  t h e  
s e p a r a t i o n  a n d  l e a k a g e .  
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T h e  c a r b o n  m a t e r i a l  s h o u l d  b e  w e a r  r e s i s t a n t ,  b u t  n o t  
a i ; r s s i v e ,  s h o u l d  n o t  d i s t o r t  u n d e r  h e a t ,  a n d  t h e  b i n d e r  s h o u l d  
c o t  a e c s m p o s e  a t  h i g h  t e m p e r a t u r e  i n  t h e  p r e s e n c e  o f  t h e  l u b r i -  
c a n t  o r  a t m o s p h e r e  u s e d .  

c ,  s e e o n d a r v  S e a l i n q  

S i n c e  t h e  c a r b o n  f a c e  c a n n o t  b e  r i g i d l y  m o u n t e d  t o  t h e  e n g i n e  
o r  test s t r u c t u r e  b e c a u s e  t h e r e  m u s t  b e  a l l o w a n c e  f o r  d i f f e r e n -  
t i a l  thermal e x p a n s i o n s  o f  d i f f e r e n t  m a t e r i a l s ,  m e c h a n i c a l  
s e a t i n g  f o r c e ,  w e a r ,  e t c . ,  s t a t i c  s e c o n d a r y  s e a l i n g  m u s t  b e  
e m p l o y e d ,  T h e  t w o  g e n e r a l  m e t h o d s  u s e d  a r e  m e t a l l i c  b e l l o w s ,  
whick a l s o  p r o v i d e  t h e  m e c h a n i c a l  s e a t i n g  f o r c e ,  a n d  o n e  o r  m o r e  
p i s t o n  r i n g s ,  u s u a l l y  o f  c a r b o n ,  W i t h  a  p i s t o n  r i n g  s e c o n d a r y  
s e a l ,  t h e  m e c h a n i c a l  s e a t i n g  f o r c e  i s  p r o v i d e d  b y  a u x i l i a r y  s p r i n g s .  

A b e l l o w s  s e c o n d a r y ,  u n l e s s  r u p t u r e d ,  h a s  z e r o  l e a k a g e  a c r o s s  
i t ,  A f a c e  s e a l  u s i n g  t h i s  d e s i g n  s e c o n d a r y  t h e r e f o r e  w i l l  l e a k  
l e s s  t h a n  o n e  w i t h  a  p i s t o n  r i n g  s e c o n d a r y  u n d e r  i d e a l  c o n d i t i o n s .  
U n l e s s  the n e t  b e l l o w s  f a c e  l o a d  i s  c a r e f u l l y  c o n t r o l l e d  b y  
i n d i v i d u a l  c a l i b r a t i o n ,  d i s t u r b a n c e s  i n  o p e r a t i n g  c o n d i t i o n s  c a n  
l e a d  t o  l i f t - o f f s  ( a n d  h i g h  l e a k a g e )  o r  h i g h  w e a r  ( a n d  h e a t  
 ene era ti on), D i f f i c u l t y  i n  c o n t r o l l i n g  b e l l o w s  f a c e  l o a d s  i s  d u e  
t a  :be c h a n g e  i n  s p r i n g  r a t e  o f  t h e  b e l l o w s  c a u s e d  b y  p r e s s u r e  o r  
t 9 e r m a i  c h a n g e s  i n  t h e  b e l l o w s  g e o m e t r y .  L o n g  t e r m  r e l a x a t i o n  may 
h a v e  2n a d d e d  e f f e c t  o n  s p r i n g  r a t e  c h a n g e  a s  w e l l  a s  l o s s  o f  
mechanical l o a d .  

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

S i n c e  t h e  s e a l  i s  a  s p r i n g - m a s s  s y s t e m  s u b j e c t e d  t o  
e x c i t a t i o n  b y  v a r i o u s  f o r c e s  s u c h  a s  r o t a t i o n a l  i m b a l a n c e  a n d  
other r i g  o r  e n g i n e  v i b r a t i o n ,  s o m e  d a m p i n g  i s  c o m m o n l y  p r o v i d e d .  
I n  a b e l l o w s  s e a l  a u x i l i a r y  m e a n s ,  s u c h  a s  c o u l o m b  f r i c t i o n  s u r f a c e s ,  
a r e  u s e d ,  I n  p i s t o n  r i n g  s e a l s  t h e  p i s t o n  r i n g  f r i c t i o n  i s  g e n e r a l l y  
s u f f i c i e n t .  

T h e  r e q u i r e m e n t s  f o r  t h e  c a r b o n  p i s t o n  r i n g s  a r e  g e n e r a l l y  
t h e  s a m e  a s  f o r  t h e  f a c e  c a r b o n  d e s c r i b e d  p r e v i o u s l y .  T h e  
b e l l o w s  m a t e r i a l  m u s t  b e  s u c h  t h a t  i t s  m e c h a n i c a l  p r o p e r t i e s  
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a r e  a d e q u a t e  a n d  d o  n o t  c h a n g e  a f t e r  c o n t i n u e d  e x p o s u r e  t o  h i g h  
t e m p e r a t u r e s ,  O f t e n  m a t e r i a l s  s e l e c t i o n  f o r  t h e  b e l l o w s  musT 
b e  c o m p r o m i s e d  b e c a u s e  o f  f a b r i c a t i o n  d i f f i c u l t i e s .  

d ,  S h o u l d e r  D e s i g n  

T h e  c o m m o n l y  u t i l i z e d  s h o u l d e r  h a s  a  s m o o t h  f a c e  w h i c h  
r u b s  a g a i n s t  t h e  c a r b o n  f a c e  m a t e r i a l .  As h a s  b e e n  p o i n t e d  o u t ,  
h y d r o d y n a m i c  l i f t  p a d s  may  b e  e m p l o y e d  o n  e i t h e r  t h e  c a r b o n  o r  
s h o u l d e r  f a c e .  B e c a u s e  t h e  c a r b o n  c a n  w e a r  i n  t r a n s i e n t  s e a l  
o p e r a t i o n  a n d  p o s s i b l y  c h a n g e  l i f t  c h a r a c t e r i s t i c s ,  i t  i s  g e n e r a l l y  
f e l t  p r e f e r a b l e  t o  i n c o r p o r a t e  t h e  l i f t  p a d s  i n  t h e  s h o u l d e r  i f  t h e y  
a r e  u s e d ,  

B e c a u s e  o f  t h e  h i g h  r u b b i n g  v e l o c i t y  b e t w e e n  t h e  f a c e  
a n d  s h o u l d e r ,  h e a t  i s  g e n e r a t e d .  T h e  e f f e c t  o f  t h i s  h e a t  g e n e r a L i o n  
c a n  b e  w a r p a g e  o f  s e a l  p a r t s  u s u a l l y  i n  t h e  f o r m  o f  c o n i n g .  
T h e  s h o u l d e r  i s  p a r t i c u l a r l y  l i a b l e  t o  t h e r m a l  w a r p a g e  s i n c e  i t  
i s  c o m m o n l y  m e t a l l i c  a n d  c a n  h a v e  l a r g e  t h e r m a l  g r a d i e n t s  a c r o s s  
i t s  r a t h e r  B a r g e ,  i r r e g u l a r  c r o s s  s e c t i o n .  A m a t e r i a l  w i t h  a 
h i g h  thermal c o n d u c t i v i t y  i s  e m p l o y e d  t o  k e e p  t h e r m a l  g r a d i e i a t s  
a s  s m a l l  a s  p o s s i b l e , a n d  a  s o m e w h a t  f l e x i b l e  i n t e r f a c e  w i t h  t h e  
s h a f t  may  h e  u t i l i z e d  t o  m i n i m i z e  d i s t o r t i o n s  c a u s e d  b y  d i f f e r e n t i a l  
e x p a n s i o n s  b e t w e e n  t h e  ( p o s s i b l y  d i s s i m i l a r )  m a t e r i a l s .  F i n a l l y ,  
l u b r i c a n t s  may  b e  d e l i v e r e d  a s  c l o s e  a s  p o s s i b l e  t o  t h e  h e a t  
g e n e r a t i o n  z o n e  t o  r e m o v e  e x c e s s  h e a t  b e f o r e  i t  c a n  b e  c o n d u c t e d  
t o  o t h e r  a r e a s .  

T h e  r u b b i n g  c o n t a c t  a r e a  o f  t h e  s h o u l d e r  i s  a s  h a r d  a s  
p o s s i b l e  t o  r e d u c e  w e a r .  T h i s  i s  u s u a l l y  a c c o m p l i s h e d  b y  
p l a t i n g  a  v e r y  h a r d  m a t e r i a l  o n  t h e  p a r e n t  s h o u l d e r  m a t e r i a l  
s i n c e  w e a r  r e s i s t e n t  m a t e r i a l s  a r e  u s u a l l y  t o o  c o s t l y ,  d i f f i c u l l  
t o  m a n u f a 6 t u r e  o r  h a v e  t o o  l o w  a  t h e r m a l  c o n d u c t i v i t y  o r  p o o r  
m e c h a n i c a l  p r o p e r t i e s  t o  b e  u s e d  f o r  t h e  c o m p l e t e  s h o u l d e r ,  

111. R E S U L T S  OF C U R R E N T  P R O G R A M  

a .  G e n e r a l  

I n c l u d e d  i n  t h i s  s e c t i o n  i s  a  d e s c r i p t i o n ,  b y  l o c a t i o n  
a n d  t y p e ,  o f  t h e  t e s t  s e a l s  a n d  m o d i f i c a t i o n s  u s e d  d u r i n g  
t e s t i n g  i n  P h a s e  I a n d  P h a s e  I1 o f  t h i s  c o n t r a c t ,  A l s o  
i n c l u d e d  i s  a  d e s c r i p t i o n  a n d  d i s c u s s i o n  o f  s e a l  t e s t  r e s u l t s  
d u r i n g  t h i s  w o r k .  D e t a i l e d  d e s c r i p t i o n s  o f  t e s t  c o n d i t i o n s  
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2 n d  r e s d l t s  f o r  a l l  t e s t s  c o n d u c t e d  a r e  g i v e n  i n  R e f e r e n c e s  
( 2 ,  7 ,  5, 13)'$ a n d  i n  t h i s  r e p o r t .  

A t o t a l  o f  t e n  AM 350 s t e e l  b e l l o w s  a n d  t w o  I n c o  7 1 8  
S e l l o w s  (with b e t t e r  h i g h  t e m p e r a t u r e  m a t e r i a l  p r o p e r t i e s )  w e r e  
r z : ~ i ~ f a c t u r e d ,  T h e s e  c a n  b e  u s e d  f o r  e i t h e r  a i r  o r  o i l  s e a l s  i f  
tqe p r o p e r  c a r b o n  g e o m e t r y  i s  u s e d .  F o u r  AM350 s t e e l  b e l l o w s  
3bere o r i g i n a l l y  m a d e  u p  a s  a i r  s e a l s  a n d  f o u r  a s  o i l  s e a l s  w i t h  a  
s h f > , * l d z r  T O Y  e a c h .  ( T h e  a i r  a n d  o i l  s e a l  s h o u l d e r s  a r e  d i f f e r e n t ) ,  
Tw, A3t 350 s t e e l  b e l l o w s  w e r e  i n i t i a l l y  u n u s e d  b u t  w e r e  l a t e r  
~ , , i B i z e d  a s  r e p l a c e m e n t s  f o r  f a i l e d  b e l l o w s .  B o t h  I n c o  718 
b p b Z o w s  were o r i g i n a l l y  u s e d  a s  a i r  s e a l s ;  h o w e v e r ,  o n e  w a s  
I a k c r  c o n v e r t e d  t o  a n  o i l  s e a l .  

Two p i s t o n  r i n g  s e c o n d a r y  o i l  s e a l s  w e r e  m a n u f a c t u r e d  
~ l ~ r i n g  P h a s e  HI a n d  o n e  b e l l o w s  s e c o n d a r y  o i l  s e a l  a n d  s h o u l d e r  
.?ccrp3rating t h e  h y d r o d y n a m i c  l i f e  d e s i g n  i s  b e i n g  m a d e  f o r  u s e  a t  
c l a t e r  t i m e ,  E x t e n s i v e  r e - w o r k i n g ,  r e p a i r ,  a n d  r e p l a c e m e n t  w a s  
c a r r i e d  out o n  a l l  b e l l o w s  s e a l s  d u r i n g  t h e  p r o g r a m .  A t t a c h m e n t  
> - c c n s u s t s  of c o r r e s p o n d e n c e  f r o m  K o p c e s s  Co .  d i s c u s s i n g "  e a r l y  
o i l  seal .  p r o b l e m s .  A d i s c u s s i o n  b y  K o p p e r s  C o .  o n  t h e  s e a l s  
~ s e d  i q  P h a s e  I ,  t h e i r  p e r f o r m a n c e  a n d  a d d i t i o n a l  d e s i g n  i n f o r m a t i o n  
i s  i n c l u d e d  i n  A t t a c h m e n t  11. A t t a c h m e n t  111 c o n t a i n s  t h e  r e s u l t s  
o f  K o p p e r s  e x a m i n a t i o n  o f  a  t e s t e d  p i s t o n  r i n g  s e c o n d a r y  s e a l .  
k t t a c h r n e n t  IV c o n t a i n s  a n  e v a l u a t i o n  b y  K o p p e r s  o f  f a c e  s e a l s  u s e d  
ic P h s s e  IT o f  t h i s  p r o g r a m .  

b .  Air S e a l s  

B e l l o w s  f a c e  t y p e  s e a l s  w e r e  u s e d  t h r o u g h o u t  t h e  p r o g r a m  
kc t h i s  l o c a t i o n ,  I n  t h e  t e s t  r i g  t h e y  a r e  r e q u i r e d  t o  s e a l  
1100-a28O0F h o t  a i r  a t  a  p r e s s u r e  o f  1 0 6  p s i  a g a i n s t  a  m i x t u r e  o f  
i i ~ r o g e n  a n d  h e l i u m  a t  a  p r e s s u r e  o f  111 p s i .  T h e r e  i s  n o  
' i q b i d  c o o l i n g  m e d i a  a v a i l a b l e  i n  t h e  a r e a  o f  t h i s  s e a l .  R e l a t i v e  
r h b o i n g  v e l o c i t y  i s  a p p r o x i m a t e l y  3 9 0  f p s .  F a c e  l o a d i n g  f o r  a l l  
a i r  s e a i s  u s e d  w a s  i n  t h e  r a n g e  o f  0 .35 t o  0 .50 l b s . / i n c h  o f  c i r c u m f e r e n c e  
i ~ e s  l o a d  7,9 t o  11 .5  l b s . ) .  A t y p i c a l  a i r  s e a l  a n d  s h o u l d e r  i s  
shown i n  E n c l o s u r e  1 - 2 .  E n c l o s u r e  1-3 a n d  1 - 4  p r e s e n t  a  

' : 'hlumkers i n  p a r e n t h e s i s  r e f e r  t o  r e f e r e n c e s  a t  e n d  o f  P a r t  1, 
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t e s t  h i s t o r y  a n d  p e r f o r m a n c e  s u m m a r y  o f  t h e  v a r i o u s  s e a l s  u s e d  
( d u e  t o  h a c k  o f  m a s s  s p e c t r o m e t e r  d a t a  i n  s o m e  i n s t a n c e s  i t  i s  o n l y  
p o s s i b l e  t o  g i v e  t o t a l  s e a l  l e a k a g e ) .  E x c e p t  f o r  a  b e l l o w s  w e l d  
f a i l u r e  a n d  d e c o m p o s i t i o n  o f  t h e  c a r b o n  b i n d e r  i n  o n e  l o n g  t e rm 
t e s t ,  t h e  a i r  s e a l  d e s i g n  p e r f o r m e d  w e l l .  S e r v i c e  l i f e  i s  e s t i m a t e d  
a s  b e i n g  o n  t h e  o r d e r  o f  m a n y  h u n d r e d ;  i f  n o t  t h o u s a n d s  o f  h o u r s  
w i t h  l e a k a g e  g e n e r a l l y  l e s s  t h a n  5 s c f m ,  b a s e d  o n  t e s t s  t o  d a t e ,  

c .  B e l l o w s  S e c o n d a r y  O i l  S e a l s  

B e l l o w s  f a c e  t y p e  s e a l s  w e r e  u s e d  f o r  a  m a j o r i t y  o f  
t e s t i n g ,  a l t h o u g h  n o t  f o r  a  m a j o r i t y  o f  a c c u m u l a t e d  h o u r s  o p e r a t i o n ,  
I n  t h e  r i g  t h e y  a r e  r e q u i r e d  t o  s e a l  5 0 0 ° F  ( o r  h o t t e r )  s p l a s h i n g  
o i l  u n d e r  a  6 p s i  n i t r o g e n  b l a n k e t  a g a i n s t  a  m i x t u r e  o f  n i t r o g e n  
a n d  h e l i u m  a t  a  p r e s s u r e  o f  111 p s i .  R e l a t i v e  r u b b i n g  v e l o c i t y  
i s  a p p r o x i m a t e l y  3 9 0  f p s .  E n c l o s u r e s  1-3 a n d  1-4  p r e s e n t  a 
t e s t  h i s t o r y  a n d  p e r f o r m a n c e  s u m m a r y  o f  t h e  v a r i o u s  s e a l s  sf e h l s  
t y p e  u s e d .  

S e a l s  i n  i n i t i a l  P h a s e  I t e s t s  h a d  a  f a c e  l o a d i n g  o f  
a r o u n d  0 . 5  l b s . / i n c h  o f  c i r c u m f e r e n c e .  S e a l s  u s e d  a t  t h e  e n d  o f  
t h i s  P h a s e  h a d  t h e  l o a d i n g  i n c r e a s e d  t o  a b o u t  0 . 6  l b s / i n c h  o f  
c i r c u m f e r e n c e .  T h i s  w a s  d o n e  i n  a n  a t t e m p t  t o  r e d u c e  t h e  t e n d e n c y  
t o  l i f t - o f f  w h i c h  h a d  b e e n  o b s e r v e d .  T h e  c h a n g e  w a s  n o t  s u c c e s s f u l .  
A l l  o f  t h e s e  s e a l s  u s e d  a  c h r o m i u m  p l a t e d  s h o u l d e r ,  AM350 s t e e l  
b e l l o w s ,  a n d  U S G  2777 c a r b o n .  I t  w a s  n o t e d  i n  s e v e r a l  i n s t a n c e s  
t h a t  b a l a n c e  d i a m e t e r  a n d / o r  b e l l o w s  f r e e  l e n g t h  c h a n g e d  a f t e r  
e x t e n d e d  o p e r a t i o n .  A t y p i c a l  o i l  s e a l  o f  t h i s  t y p e  i s  s h o w n  
i n  E n c l o s u r e  1-5.  No d e s i g n  p r o v i s i o n s  w e r e  i n c l u d e d  f o i r  oil 
c o o l i n g  o f  t h e  s h o u l d e r  s i n c e  i t  w a s  t h o u g h t  t h a t  s u f f i c i e n t  
o j l  s p l a s h  w o u l d  b e  a v a i l a b l e .  As c a n  b e  s e e n  f r o m  E n c l o s u r e  
1-5 t h e  s h o u l d e r  m o u n t i n g  o n  t h e  s h a f t  i s  r i g i d .  L e a k a g e  r a t e s  

v a r i e d  f r o m  a  f e w  s c f m  t o  w e l l  o v e r  10 s c f m .  L i f t - o f f s  o f t e n  
o c c u r r e d , a n d  o n  s e v e r a l  o c c a s i o n s  h i g h  w e a r  r a t e s  l e d  t o  n e a r -  
c a t a s t r o p h i c  s e a l  f a i l u r e .  ( W h e n  t r a n s i e n t  l e a k a g e s  w e r e  h i g h ,  
e a r l y  r i g  v e n t i n g  w a s  n o t  a d e q u a t e  t o  k e e p  AP = 105 p s i .  T h e r e f o r e ,  

& P  d r o p p e d  a n d  b e c a u s e  o f  t h e  f a c e  l o a d  b e l l o w s  c h a r a c t e r i s t i c s ,  the 
f a c e  l o a d  c h a n g e d  t o  a  p o r t i o n  o f  t h e  c u r v e  w h e r e  t h e  s e a t i n g  
w a s  i n a d e q u a t e ;  l i f t  o f f  e n s u e d .  V e n t i n g  w a s  l a t e r  i n c r e a s e d  i n  
t h e  r i g . )  

O n e  o f  t h e  m a j o r  c a u s e s  f o r  t h i s  b e h a v i o r  w a s ,  a n d  
s t i l l  i s  t h o u g h t  t o  b e  t h e  d i f f i c u l t i e s  i n  p r e s s u r e  b a l a n c i n g ,  i , e ,  
t h e  s e a t i n g  f o r c e  c u r v e  i s  n o t  " f l a t "  e n o u g h  s o  t h a t  a  s l i g h t  
p e r t u r b a t i o n  c a n  h a v e  a  l a r g e  e f f e c t  o n  s e a t i n g  f o r c e .  S e v e r a l  
d e s i g n  s u g g e s t i o n s  f o r  t h e  b e l l o w s  t o  c o r r e c t  t h i s  a r e  p r e s e n t e d  i r L  

A t t a c h m e n t  11. 
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At the b e g i n n i n g  o f  P h a s e  11, s e v e r a l  d e s i g n  c h a n g e s  w e r e  
c i a d e  w h i c h ,  w h i l e  n o t  e l i m i n a t i n g  t h e  b a s i c  p r o b l e m  c i t e d  a b o v e ,  
d4d result i n  p r o m i s i n q  p e r f o r m a n c e .  T h e s e  c h a n g e s  a r e  s h o w n  i n  
t ~ ~ l s a s u r e s  1-43 a n d  1-7 a n d  i n c l u d e  a  f l e x i b l e  m o u n t i n g  o n  t h e  S h a f t  

.ti-> pveven': c o n i n g  s f  t h e  s h o u l d e r  d u e  t o  d i f f e r e n t i a l  e x p a n s i o n s  
3e l ,ween  It a n d  t h e  s h a f t ) ,  r e m o v a l  o f  t h e  o u t e r  weal: p a d s  t o  
p r e v e n t  p o s s i b l e  l i f t - o f f  d u e  t o  c a r b o n  c o n i n g  a n d  d e c r e a s e  o f  t h e  
f a c e  l o a d  t o  a p p r o x i m a t e l y  0 . 4  l b s . /  i n c h  o f  c i r c u m f e r e n c e  t o  
r e d u c e  h e a t i n g ,  I n  a d d i t i o n ,  c o o l i n g  o i l  ( a p p r o x .  0 . 5  g p n )  w a s  
~ r 3 v i d e d  f3r t h e  s h o u l d e r .  T h e  c a r b o n  m a t e r i a l  w a s  a l s o  c h a n g e d  
& d  CC183 t~ i m p r o v e  w e a r  c h a r a c t e r i s t i c s .  T h i s  c a r b o n  p r o v e d  t o  
'OP more  a b r a s i v e  a n d  w o r e  t h r o u g h  s t a n d a r d  c h r o m i u m  s h o u l d e r  p l a t i n g  
i c  a  q a t s e r  o f  a  few h o u r s .  C h r o m i u m  c a r b i d e  p r o v i d e d  a b o u t  3 2  
~ ~ x r s  o f  s e r v i c e  b e f o r e  i t  w o r e  t h r o u g h .  A l u m i n u m  o x i d e  a n d  
cungsten c a r b i d e  p l a t e d  s h o u l d e r s  w e r e  m a d e  i n  a n  a t t e m p t  

L Q  f v r t h e r  i m p r o v e  s e r v i c e  l i f e .  T h e r e  w o u l d  s e e m  a l s o  t o  
~c a l e n d e n c y  f o r  t h e s e  b e l l o w s  s e a l s  t o  b e c o m e  i n o p e r a t i v e  
!excessive l e a k a g e )  b y  c o k e  f o r m i n g  i n  t h e  b e l l o w s  a r e a .  

Based  o n  r e s u l t s  t o  d a t e  i t  a p p e a r s  t h a t  i t  may b e  p o s s c b l e  
to e S t a h n  l o w  l e a k a g e s  ( a  f e w  s c f m )  f o r  p e r i o d s  o f  p e r h a p s  a  
few h u n d r e d  h o u r s  w i t h  a  m o d i f i e d  b e l l o w s  s e a l  a n d  p r o p e r  
a a e e r i a i  s i n  t h e  r u b b i n g  a r e a .  

d ,  P i s t o n  R i n q  S e c o n d a r y  O i l  S e a l s  

I n  a n  a t t e m p t  t o  e l i m i n a t e  r e c u r r i n g  l i f t - o f f  p r o b l e m s  
a s s o c i a t e d  w i t h  t h e  b e l l o w s  t y n ~  o i l  s e a l s ,  i t  w a s  d e c i d e d  t o  
try piston r i n g  s e c o n d a r y  s e a l s  i n  t h i s  l o c a t i o n ,  e v e n  t h o u g h  
the s t e a d y  s t a t e  l e a k a g e  m i g h t  b e  g r e a t e r .  I n  a d d i t i o n ,  
h y d r o d y n a m i c  l i f t  p a d s ,  a  f l e x i b l e  s h a f t  m o u n t i n g  s y s t e m ,  a n d  
d e s i g n  for o i l  c o o l i n g  w e r e  i n c o r p o r a t e d  i n  t h e  s h o u l d e r .  T h i s  
s e a l  " i s  s h o w n  i n  E n c l o s u r e  1-8. T h e  c r o s s - s e c t i o n a l  d e t a i l s  o f  
t h e  s h o u l d e r  a s  w e l l  a s  t h e  i n c l u s i o n  o f  a  w i n d b a c k  ( l o w  
e f f i c i e n c y  v i s c o s e a 1 ) u s e d  t o  r e d u c e  s e a l  e x p o s u r e  t o  o i l  a n d  
t h e r e b y  r e d u c e  i n t e r n a l  s e a l  c o k i n g  c a n  b e  s e e n .  E n c l o s u r e  1-9 
s h o w s  t h e  l i f t  p a d  d e t a i l .  T h i s  s e a l  p e r f o r m e d  w e l l  f o r  573 h o u r s  
a t  t h e  s p e c i f i e d  t e s t  c o n d i t i o n s .  I t  t h u s  a p p e a r s  t h a t  t h i s  
Lype o f  s e a l  i s  t h e  m o s t  p r o m i s i n g  t o  d a t e  f o r  a c c e p t a b l e  l o n g  
tern o p e r a t i o n ' : .  

-- 
q'Hn e n d u r a n c e  t e s t i n g  c o n d u c t e d  w i t h  M o b i l  XRM177F, a  s e c o n d  s e a l  
o f  t 3 i s  L y p e  f a i l e d  a f t e r  t e n  h o u r s  a t  s p e c i f i e d  c o n d i t i o n s .  T h i s  
failure h a s  b e e n  t r a c e d  t o  i n a d v e r t a n t  u s e  o f  a  d i f f e r e n t  g r a d e  
o f  c a r b o n  w h i c h  w a s  n o t  s u i t a b l e  f o r  t h e s e  c o n d i t i o n s .  
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D I S C U S S I O N  

a .  Air S e a l s  

T h e  o r i g i n a l  d e s i g n  o f  a  b e l l o w s  f a c e  s e a l  h a s  
p r o v e n  t o  b e  s a t i s f a c t o r y  i n  t h i s  l o c a t i o n .  A c c u m u l a t e d  l i f e  o f  
4 8 2 . 2  h o u r s  u s i n g  a n  AM350 b e l l o w s  s e c o n d a r y ,  56 HT c a r b o n  
f a c e  a n d  c h r o m i u m  c a r b i d e  p l a t e d  s h o u l d e r  h a s  b e e n  a c h i e v e d ,  

b .  O i l  S e a l s  

T h e  o r i g i n a l  d e s i g n  b e l l o w s  - f a c e  s e a l  p r o v e d  
t r o u b l e s o m e ,  u n p r e d i c t a b l e ,  a n d  m a n y  t i m e s  u n w o r k a b l e  d u e  t o  
f r e q u e n t  l i f t  o f f s  a n d  h i g h  l e a k a g e .  

By  r e d u c i n g  t h e  f a c e  l o a d ,  i n c o r p o r a t i n g  s e v e r a l  
d e s i g n  m o d i f i c a t i o n s  i n  t h e  f a c e  a n d  s h o u l d e r  t o  r e d u c e  t h e r m a l  
e f f e c t s  o n  g e o m e t r y ,  a n d  b y  p r o p e r  s e l e c t i o n  o f  s h o u l d e r  
p l a t i n g  a n d  c a r b o n  m a t e r i a l s  i t  w a s  p o s s i b l e  t o  s e c u r e  v e r y  Tow 
l e a k a g e  ( l e s s  t h a n  1 s c f m )  f o r  u p  t o  3 2  h o u r s ,  w i t h  t h e  b e l l o w s  
s e a l s .  By a d d i t i o n a l  m o d i f i c a t i o n  i n  s h o u l d e r  p l a t i n g s  i t  s h o u l d  
b e  p o s s i b l e  t o  s e c u r e  l o n g e r  t e r m  o p e r a t i o n  o f  t h e  b a s i c  d e s i g n ,  
b u t  t h e  l i m i t  o n  o b t a i n a b l e  l i f e  a p p e a r s  t o  b e  r e l a t i v e l y  l o w ,  

T h e  p r i m a r y  c a u s e  f o r  t r o u b l e  w i t h  t h e  b e l l o w s  oil 
s e a l s  a p p e a r s  t o  b e  t h e  h i g h  p r e s s u r e  d r o p  ( 1 0 5  p s i )  a c r o s s  t h e  
s e a l  s i n c e  t h e  a i r  s e a l ,  w h i c h  r u n s  a s  f a s t  a n  d  h o t t e r ,  i s  
e s s e n t i a l l y  t r o u b l e  f r e e .  

T h e  h i g h  l e a k a g e  ( l i f t  o f f )  a n d / o r  w e a r  p r o b l e m s  a r e  
a t t r i b u t e d  t o  t h e  " c h a n g e  i n  l o a d "  c h a r a c t e r i s t i c  o f  t h i s  p a r t i c u l a r  
b e l l o w  c o n f i g u r a t i o n  w h i c h  m a k e s  t h e  b e l l o w s  s e n s i t i v e  t o  AP 
c h a n g e s  a n d  t o  t h e r m a l  e f f e c t s .  

B o t h  p i s t o n  r i n g  a n d  b e l l o w s  s e c o n d a r y  s e a l s  u n d e r g o  
a r u n - i n  d u r i n g  w h i c h  t h e  c o n t a c t i n g  s u r f a c e s  a d a p t  t h e m s e l v e s  t o  
t h e  t h e r m a l  g e o m e t r y  p e c u l i a r  t o  t h e  c o n d i t i o n s  a t  w h i c h  t h e  t e s t  
i s  b e i n g  r u n .  T h e s e  t h e r m a l  c o n d i t i o n s  v a r y  w i t h  t e s t  c o n d i t i o n s  
s o  t h a t  s o m e  a d d i t i o n a l  r u n - i n  may_ b e  r e q u i r e d  w i t h  a  d r a s t i c  
c h a n g e  i n  t e s t  c o n d i t i o n s .  

P i s t o n  r i n g  s e c o n d a r y  f a c e  s e a l s  w i t h  h y d r o d y n a m i c  
l i f t  s h o u l d e r s  a p p e a r  c a p a b l e  o f  o p e r a t i n g  s a t i s f a c t o r i l y  f o r  n a ~ y  
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t u x d r e d s  a r i d  m a y b e  e v e n  t h o u s a n d s  o f  h o u r s .  L e a k a g e  i s  n o t  a s  s l o w  
2 s  w % t 1 a  a p r o p e r l y  o p e r a t i n g  b e l l o w s  s e c o n d a r y  s e a l  ( a r o u n d  3 s c f m  
. o n p a r ; d  t o  l e s s  t h a n  1 s c f m )  b u t  t h e r e  a r e  no  l i f t - o f f  p r o b l e m s ,  

W h i l e  t h e  w i n d b a c k  i n  t h e  p i s t o n  r i n g  s e c o n d a r y  
s e a  v a y  n o t  e v e n t u a l l y  p r e v e n t  c o k i n g  o f  s e c o n d a r y  e l e m e n t s ,  i t  
: s  believed t o  r e d u c e  i t  c o n s i d e r a b l y .  

T h e  m o s t  p r o m i s i n g  l o w - l e a k a g e  d e s i g n  f o r  t h i s  
A o c z t r s n  a ~ p e a r s  t o  b e  a  r e d e s i g n e d  b e l l o w s  s e c o n d a r y  ( d e s i g n e d  
r~ n ~ ~ o e  ' s p r i n g "  l o a d i n g  c u r v e  a s  ' 7 l a t " a s  p o s s i b l e )  w i t h  a n  
0;;-cooled, f e l x i b l y  m o u n t e d  s h o u l d e r  p l a t e d  w i t h  a  c a r b i d e  a n d  
4 > r ~ v , d e d  with h y d r o d y n a m i c  l i f t  p a d s .  A w i n d  b a c k  i s  f e l t  t o  
d e  d e s i r a b l e  t o  l e s s e n  c o k i n g  i n  t h e  s e c o n d a r y  a r e a .  
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E N C L O S U R E  f -1 

G E N E R A L  T E S T  R I G  L A Y O U T  S C H E M A T I C  
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ENCLOSURE 1-3 

SEAL TEST PERFORMANCE SUBlABY - PHASE I 
LEAKAGE SCFN ROUES SEAL USED ZN 

AIR OIL THIS TEST/CUU.HRS. WEAR 
TEST & OIL AIR SEAL OIL SEAL TOTAL SEAL SEAL AIR OIL - - - - - - -  COliilEN iS AIR/SEAL 

R-l to R-10' 
E S S O  4040 700369 a2 2-20 20/20 20/20 

ii-11 to R-12 Maj .of 
XRM-177F 700389 a2 3-20 Total 8/28 8/28 

M- 1 
E s s o  4040 700397 a5 700389 a8 4-6 0.5/0.5 0.5/0.5 Negligible 

R-13 Maj.of Negligible Oil Stal s e n t  to v \ o p n r r e  
S~nclvir Turbo-S 700397 a3 700389 732 7-8 Total 1.5/1.5 1.5/20.5 ,006 for r e c o ~ d ! t i c n : n 6  

R-14 Seali~g d a m  3 i  0 1 1  s e z l  
Sinclair Turbo-S 700397 a5 700389 al 6-8 5.0/5.5 5.0/5.0 .012/.005 had been mat!$, i n -  

corrcc1 

R-15 
MCS 293 (N? elanketl 700397 a5 700389 a8 1 2.5/8.0 2.5/3.0 Negligible 

R-16 
MCS 293 .003/ 
(Open Atmosphere) 700397 a7 700389 a8 2-12 4.7/4.7 4.7/7.7 Negligible 

M-2 
Esso 4010 700389 810 2 0.5/0.5 Negligible 

8-17 
MCS 293 
Freon Additive 700397 a5 700389 a8 7-11 1-2 6-9 4.5/12.5 4.5/12.2 Negligible 

R-18 .010/ 
DuPont PR-143 700397 85 700389 010 10-13 4/16.5 4/4.5 Negligible 

M-3 
Mobil XRM-177F 700397 a7 700389 010 1-2 6/10.7 6/10.5 .01?/.024 

M-4 ,026-.050 The sir s e a l  dm:  c o m p l e t e l :  
&obi1 XRM-177F 700397 a7 700389 810 20-25 5/15.7 5/15.5 .001 worri a w a y  - rrcondiiion 

8-5 Negligible 
Mobil XRM-177F 700397 a3 700389 a10 1-2 1/2.5 1/16.5 .006 

M-6 
Mobil XRM-I7iF 700397 a3 700389 a10 8-10 4.5/7.0 4.5/21 .00?/.004 

M-7 Maj .of 
UCON 700389 a10 6-45 Total 1/22 Oil seal s c o r e d  

M-8 Negligible 
Hcrculube F 700397 a6 700389 04 6 0.3/0.3 0.3/0.3 ,010 

M-4 

Sunthetie IBH 700397 a6 700389 a4 4.5-10 - 1/1.3 1/1.3 .002/.005 

M-10 Oil sral sen1 t o  K o p p e r s  
Sunthetic IBH 700389 a10 5-10 1/23 for recanditicnicg 

R-20 MaJ .of Oil seal sliqiiily 
DuPont PR-143 700389 a4 High Total 1.5/68 scored. 

R-21 
DuPont PR-143 700389 84 5-10 2-5 2-5 1/7.8 

M-11 M a J  .Of 
aobil XRM-177F 700397 a6 700389 a4 20 Total 1.3/2.6 1.3/9.1 .003/.001 

R-22 M s J  .of ,002-,007 
Sinclalr Turbo-S 700397 36 700389 a4 10-11 Total 3/5.6 3/12.1 Negligible 

1-12 M s J  .of The o i l  s e a l  w a s  d a m a g e d  
Mobil XRM-177F 700397 r6 700389 734 3-10 Total 1/6.6 1/13.1 .001 extensively. Senr to  

K o p p e r s  f o r  r r c c r d i !  : o n i n y  

R-23 Negligible 
Sinciair Turbo S 700397 r7 700389 89 1-2 2-5 0.8-1.6 6/21.7 6/6 .003-,012 New o l l  seal 

R-24 ,004 ,040" renovrd from r l o n q e  
Hobii XRM-177F 700397 U7 700389 09 2-3 1-3 Msx.2 8/29.7 8/14 ,007-,013 Extra notches c u t  o i r t  o f  

outer c i i r h n n  , ; a d s  

EM-1 ,003 New racondil i o n r d  o i l  ; ~ a l  
Mobil XRM-177F 700397 Z2 700389 010 3-30 1/1 1/1 .035-.043 witl: e x t r ?  n o l c t i e i  o n  c u t e -  

carbon p a d s .  0 .  l si.11 
rullller d e s l r o b c d  r a  .ill., z p s l  

ER-1 
lobil XRH-177F 700397 a2 700470 a2 1-10 112 1/1 Negligible Inconrl 0:: ssol h e  i-as 

*R-1 denote. first run in recirculating test rig, M-10 dcnotea tenth run in mist teat rig. 
All air seals in Phase I tenting used an A1350 rtcsl bellown with 56HT aapbonr. All oil seals i n  Phase I testing u s t d  i n ,  a h i i i (  
zteel bellow with USG2777 carbons Except test ERw1 which u s e d  a n  Inco 718 steel ballom with CDJ83 carbon. 

R E S E A R C H  



: 'ENCLOSURE 1-4 

SEAL TEST PERFORMANCE SUMYARY P H A S E  I I *  

- LEAKAGE SCFM HOUR SEAL USED I N  T H I S  
TEST/TOTAL HOURS 

AIR O I L  
ToTnL - SEAL - SEAL - A I R  - O I L  

WEAR 
INCHES 

O I L  SEAL 

7OO:lROnl 

7 0 0 4 f J R ~ l  

N e g l i g i b l e  No 0 . 0 .  c a r b o n  p a d s  

M o u n t i n g  f l a n g e  o f  a i l  s e a l  
w a s  c u t  b a c k  , 0 2 0  t o  i n c r e a s e  
t h e  c l a m p i n g  f a r c e  b y  1 . 2  I b s  
N e w  o i l  s e a l  c a r b o n  CDJ83 

L i f t  o f f  o c c u r r e d  d u r i n g  
t h i s  s e g m e n t  o f  ! h e  t e s t  

A i r  s h a l  s e a l i i i g  d a i n  u n s e r v i c r a b l ~ ~  

T h c  i n t a k e  N, l i n e  b r o k e  

O i l  s e a l  f a i l e d  w r o n g  c a r b o n  
m a l ' l  u s e d  o n  p r i s i n r y  i a c c  
p r e v i o u s  i i S r  100 h r s .  

B o ~ t i  s t . 3 1 ~  a r e  s t i l l  i n  
u s e a b l e  c o n d i t i o n  

R E S E A R I C H  LABORATORY SKF I N D U S T R I E S ,  i N C m  
r-16 
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ENCLOSURE 1-4 (CONT'D) 

SEAL. TEST PERFORMANCE SUMMARY PHASE I 1  

LEAKAGE SCFM HOUR SEAL USED IN THIS WEAR 
TEST/ T O T A L  WRS - I N C H E S  

AIR OIL 
TEST & OIL AIR SEAL OIL SEAL - --- TOTAL - SEAL - SEAL AIR - OIL - AIR/OIL 

1 3  H o b i l  J e t  I 1  "'" 700397n6 1 0 1 0 5 6 8 0 1  1 2 . 7 - 3 8  2 . 2 / 4 8 5  2 . 2 / 5 7 2 . 2  / . 0 1 6  
( o p e n  a t m o s p h e r e )  

1 4  Mobi i  J e t  I I * *  70049541 1 0 1 0 5 6 8 0 1  6 .4-12 .3  
( o p e n  a t m o s p h e r e )  

hall1 s r , a l s  a r c  s l i ; !  

i n  u r : u , I i .  c o r t i l r ~ i o ~ i  

5 . 0 /  5 . 0  5 . 0 /  5 . 0  . 0 0 2 / . 0 0 8  ii:: i i , rmii , ; i l  cd  !ho l  I! 
r e a l s  ;!ri. s t i l l  i n  
o s a b l r  c o n d i  L ion  

* A l l  a i r  s e a l s  i n  P h a s e  I 1  t e s t i n g  u s e d  I n c o  7 1 8  s t e e l  b e l l o w  w i t h  C0383 c a r b o n s  e x c e p t  t h e  l a t e r  p a r t  o f  t e s t  7 and t e s t s  tJ ,  o ,  a t i d  1 0  w h i c h  iisi.rl 

AM350 s t e e l  b e l l o w s  w i t h  5bHT c a r b o n s .  T h e  o i l  s e a l s  i n  P h a s e  I1 t e s t i n g ;  t e s t  1  and  2 u s e d  an AM350 s t e e l  b e l l o w s  w i t h  1 5 ( , ? 7 7 7  c . i r l l o n s .  t e s l  3 

t h r o u g h  8 u s e d  a n  AM350 s t e e l  b e l l o w  w i t h  CDJ83 c a r b o n $  and t e s t  9 ,  1 0 .  1 1 .  1 2 ,  1 3 .  and  14 u s e d  a p i s t o n  t y p e  s e a l  w i t h  o C i ~ l l l ?  p r l m . i r \  c a r b o n .  

""ii igh s p e e d  t c s t .  

RESEARCH LABORATORY ssF I N D U S T R I E S ,  1 N C =  



E N C L O S U R E  1 -5  

EARLY O I L  SEAL AND S H O U L D E R  D E S I G N  

RESEARCH LABORATORY ssF 1 N DU S T R  R I S ,  I N C.  
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INCLOSURE 1-6 

MODiFJED O I L  SEAL D E S I G N  



E N C L O S U R E  1-7 

M O D I F I E D  O I L  S E A L  S H O U L D E R  D E S I G N  

R E S E A R C H  LABORATORY SKF B N D U S T R I E S ,  ! N C s  
1-20 



E N C L O S U R E  1-8 

P i s t o n  R i n g  S e a l  D e t a i l  

RESEARCH LABORATORY ssp INDUSTRIES, I N C -  
1 - 2 1  



ENCLOSURE 1-9 

P I S T O N  R I N G  S E A L  S H O U L D E R  

RESEARCH LABORATORY sK$F I N D U S T  R I E S, I N C. 
1 - 2 2  
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.ttcnk,on: &re L, B e  Sib ley  
P r o j e c t  Leader Engineering 

9 2 -ne two  apparent  s e a l  f a i l u r e s ,  excess ive  Peakage, encountered a f t e r  re -  
worki;eg of  an &-350 bellows s e a l ,  b a s i c a l l y  t o  drawing 700488, a r e  ob- 
v i c ~ s l y  very d i sconce r t ing ,  A f t e r  d i scuss ing  t h e  a c t u a l  t e s t  d a t a  i n  a 
c&lephor,e conversa t ion  on 11/14/67 wi th  N r ,  Rhoads and s tudying  t h e  r e -  
q c ~ s t e d  Tallysurf t r a c e s  of both carbons and shoulder ,  we a r e  s t i l l  sorne- 
s,irr,_ a t  a loss t o  campletely r a t i o n a l i z e  t he  s e a l  behavior .  Although t h e  
rr;czs f n d i e a t e  some wear of  t h e  I . D ,  carbon pads, t h e  s e a l i n g  dam per  se  
a p ~ a r ~ t ~ t l y  remains  e s s e n t i a l l y  f l a t ,  s t r o n g l y  sugges t ing  coning of  the  ro -  
zselng shoulder  --  high on t h e  1 , D .  This  coning i s  exp la inab le  by t h e  
c"arma.1 g r a d i e n t s  e x i s t i n g  dur ing  ope ra t ion  and i s  a  phenomenon gene ra l ly  
- r  ted t ~ i t k  Pace s e a l s .  The s teady  s e a l  pe r fomance  of  approximately one 
*:-JLY a f t e r  warm up and t h e  s e a l i n g  d m  t r a c e  i n d i c a t e  r a t h e r  p o s i t i v e l y  

;:I,: cpstream ven t ing  was s u f f i c i e n t  and t h a t  t h e  p re s su re  breakdom across 
rpie se; l i r jg  f a c e  occurred only a t  t h e  seaking d m ;  t h a t  i s ,  a s  i n t e n d e d ,  
' i ~ ~ e o r a t S c d I y ,  a leakage in the orde r  of 3-4  scfm r e p r e s e n t s  an  average 
1i1F: ~f 2 - 1  x 10-4, 

Cpee=ation continued and w i t h i n  approximately l / 2  hour the leakage gradually 
a x ! ~ r e a ~ e d  t o  about 10 sct'rn, This  i n c r e a s e  csukd only have been caused by 
dr\ i iease i n  s e p a r a t i o n  t o  roughly 3 . 8  x 10-4, However, t h i s  i nc rease  does 
" r~ i;.ij;iy a ehacge in the hydrzu l i c  p re s su re  d i s t r i b u t i o n  a t  t h e  s e a l i n g  
fdee cur a s i g n i f i c a n t  change i n  t h e  s t r u c t u r a l  BBspring" Paad exer ted  by 
tiac belkows. We cannot e x p l a i n  t h e  change i n  s e p a r a t i o n  i n  terns s f  s e a l  
%par ;meters, unless  i t  was caused by a very  small i n c r e a s e  of t h e  shoulder  
,*obble ar a small i nc rease  i n  axial v i b r a t i o n  iunplitude, n e i t h e r  of which 
17aS cbserved, As long a s  t h e  back p r e s s u r e  (bear ing  cavity pressure)  i s  no t  
*>Sfected by t h i s  i nc rease  i n  leakage,  the  Sea l  pe r fomance  should not  be 
*)i"ds".xcally a f f e c t e d ,  I f  f o r  any reasons however separa t ion  is fnskantaneous:y 
tLle .=sued + - +  i n  such a manner t h a t  a p re s su re  s u r g e  can occur i n  a bear ing  cavity, 
$:I,_ S E ~ A I  \ r i l l  unseat because of  its sensitivity w i t h  r e spec t  t o  pressure d i f f r - r -  
d a c a d  (It was s ta ted  that the pressure  increased  suddenly in the bear ing  
L:X s,i t )  tau 15 ps ig ] ,  presumably p r i o r  to  l i f t - o f f ,  It i s  conceivzb%e, kLowes.sr., 

il,t :,r ? pressure fncreaae preceded lif t - o f f ,  The attached curve shtws tilac 
rhe structural f o r c e  will be reduced by about 50%. If the dP ac ros s  t h e  seal 
;as rcd~sced from 105 t o  90 p s i ,  the r e s u l t i n g  face load masy be marginal re la-  

dive to accelerat ion,  e t c ,  Although m-350 bellows had to be used and tern- 

" P 
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p e s a t u r e  was reached f o r  a t  l e a s t  1 112 hours ,  no r e l a x a t i o n  was no ted .  

The above d e s c r i b e d  mechanism i s ,  i n  o u r  o p i n i o n ,  t h e  o n l y  one which will 
e x p l a i n  t h e  a c t u a l  t e s t  h i s t o r y  and t h e  subsequent  geomet r ic  a n a l y s i s  o f  
t h e  mat ing  s u r f a c e s .  

I t  i s  obvious  t h a t  t h e  l o a d - p r e s s u r e  s e n s i t i v i t y  i s  n o t  a  d e s i r a b l e  condi- 
t i o n  b u t  e x i s t s  because  o f  t h e  diaphragm d e s i g n  and welding paramete rs  which  
were cornmon p r a c t i c e  a t  t h e  t ime t h e  s e a l s  were des igned  and f a b r i c a t e d ,  
(Our r e p o r t  o f  9/15/67,  page 7) .  

Subsequent t o  t h e  above d e s c r i b e d  t e s t s ,  i n  a t e l e p h o n e  c o n v e r s a t i o n  with 
t h e  i n t e r e s t e ?  NASA p e r s o n n e l ,  t h e y  sugges ted  t h a t  a s l i g h t  i n c r e a s e  fn 
i n i t i a l  f a c e  *load,  about  lZ, may remedy t h e  problem. Koppers d i d  no t  then 
and does  n o t  now f e e l  t h a t  t h i s  s l i g h t  i n c r e a s e  would c a u s e  c a t a s f ~ s p h i c  
wear,  a l t h o u g h  any f a c e  l o a d  i n c r e a s e  was and i s  u n d e s i r a b l e .  

The most r e c e n t  t e s t ,  a f t e r  r e l a p p i n g  t h e  p a r t s  and i n c r e a s i n g  t h e  face 
l o a d  by a  t o t a l  f o r c e  o f  1 . 2  l b s .  (.020f' x  60 l b / i n . )  was a g a i n  unsuccess fub  
and v i s u a l  o b s e r v a t i o n  o f  t h e  f a c e  i n d i c a t e d  e x c e s s i v e  wear (pads a ~ d  d a ~  
worn o f f ) .  It i s  my o p i n i o n  t h a t  t h i s  r e s u l t  i s  n o t  s o  much a  r e s u l t  of  the 
f a c e  l o a d  i n c r e a s e ,  b u t  i s  r a t h e r  caused by ups t ream choking.  The carb3n 
f a c e  o f  t h i s  p a r t i c u l a r  s e a l  had a l r e a d y  been reworked s e v e r a l  t imes  and es 
f i n a l l y  sh ipped  by Koppers, t h e  v e n t  a r e a  was c o n s i d e r e d  abou t  minirum, TL 
i s  v e r y  p r o b a b l e  t h a t  f u r t h e r  reworking reduced t h e s e  a r e a s  s u f f i c i e n t ? y  that 
u n l e s s  low leakage  was o b t a i n e d ,  ups t ream choking would t a k e  p l a c e ,  unbalancing 
t h e  s e a l  i n  a  s e a t i n g  d i r e c t i o n ,  r e s u l t i n g  i n  an  e x c e s s i v e  f a c e  load, 

These two l a t e s t  r e s u l t s  b a s i c a l l y  confirmed t h e  c o n c l u s i o n s  reached  i n  o u r  
r e p o r t  o f  9/15/67 and a  subsequen t  meet ing;  t h a t  i s ,  a f a c e  load  of l e s s  
t h a n  .5 l b s / i n .  i s  r e q u i r e d  and t h a t  a be l lows  diaphragm d e s i g n  a n d l o r  weld- 
i n g  method must be  developed i n s u r i n g  a s p r i n g  r a t e  n o t  a f f e c t e d  by gresscri- 
z a t i o n .  

A p i s t o n  r i n g  s e a l ,  maybe a t  t h e  c o s t  o f  h i g h e r  l e a k a g e ,  must be s u b s t i t u t e d  
as t h e  q u i c k e s t  "fix '"  o f  t h e  p r e s e n t  problem. The carbon i n n e r  p a d s  are de- 
s i g n e d  t o  p e r m i t  t h e  u s e  o f  a s h o u l d e r  i n c o r p o r a t i n g  hydrodynamic pockets, 
Qbviously ,  f o r  e q u a l  s p r i n g i n g ,  t h i s  d e s i g n  shou ld  r e s u l t  i n  g r e a t e r  separa- 
t i o n ,  hence h i g h e r  l eakage  t h a n  i s  o b t a i n e d  w i t h  t h e  p l a n e  s h o u l d e r  p r e s e n t l y  
used.  The s m a l l  r a d i a l  w i d t h  o f  t h e  I.D. pads o f  t h e  c u r r e n t  be l lows  seal do 
n o t  l e n d  themselves  t o  t h i s  a l t e r n a t e .  

R E S E A R C H  LABORATORY SKF I N  D U S T W I E S .  IFJCZs 
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A l l  s e a l s  supplied by Koppears t o  S E  ]industries f o r  the  "Superjsonic 
Bransport Lubricat ion System Inves t iga t ion"  consisted of hydrau l i ca l ly  ba l -  
m e e d  carbon face  bellows type s e a l s .  

s e l e c t i o n  of an i n e r t  gas (ni trogen) buffer  system was predicated 
on r a t h e r  extens ive  p r i o r  experience with high temperature a i r - t o - o i l  seals 
h e r e  sludgiang of the  o i l  and foul ing  of  the  s e a l s  presented a s e r i o ~ ~ s  opera- 
t i o n a l  p rob lm.  

Designs and opera t ing  condit ions a r e  a s  follows: 

&B SIDE -- 
Seal  m g .  700397 (APf-350 Bellows) En: 1 o  s u r e  1 
Seal  Wg. 700405 (Inco 718 Bellows) E n c l o  s u r  e 2 

hbiehat  Pressure: 105-110 ps ig  
Pressure  D i f f e r e n t i a l :  Nitrogen (Buffer Fluid)  t o  a i r  5 p s i  
A i r  Tmpera ture :  12640'~. 
Nitrogen Tmperature:  600-900'~. 
Speed :: 14,008 RBK (388 f t / s e c .  mbbing speed) 

OIL S I D E  (BEARING) -- 
Seal .  W g .  700389 (m-350 Bellows) E n  c l o s u r  e 3 
Seal  h g .  700482 (m-350 Bellows) E n c l o s u r e  4 
Seal  Wg. 7004736 (Inco 718 Bellows) E n  c 1 o s u r e  5 

Pressure  Di f fe ren t i a l :  g i t rogen  (Buffer Fluid)  t o  bearing cavity 
( o i l  m i s t  a t ,  b a s i c a l l y  m b i e n t  pressure)  
100-105 p s i  

Nitrogen Tmperature:  600-900'F. 
Bearing Cavity Temp: 500QF. and up 
SpeeB : 14,000 W M  (388 f t / s e c .  rubbing speed) 

I. TEST WESULTS 

Before d iscuss ing s e a l  perfomanee i t  should be pointed ou t  that 
t h e  primary function of  t h i s  program is t e s t i n g  of o i l s  a t  elevated 
t m p e r a t u r e s .  Hence the  l u b r i c a t i n g  and cooling speeificaticpna are de- 
f ined by the  o i l - i n  and out  temperature, and not by s e a l  perfoxmmee, 

Very e a r l y  i n  the  program i t  was found necessary t o  e l iminate  cool- 
ing o i l  J e t s  on the  o i l  s i d e  s e a l  shoulder i n  order  t o  achieve the speci- 
f i e d  t e s t  temperatures a t  the  bearing. This l i m i t a t i o n  i s  contrary t o  
av ia t ion  gas turbine  design p r a c t i c e  where the  s e a l  shoulder i s  cooled by 
r g e c i a l  o i l  jets. 

The i n e r t  gas buf fe r  s e a l  arrangement proposed and supplied fo r  this 
t e s t  p r o g r m  assumed of  necess i ty  t h a t  the  gas s e a l  would have no exter- 
raal'cooling and therefore ,  by design,  the  pressure  d i f fe ren t i a l ,  on this 
- sea l  was made as small as  p r a c t i c a l  (5 p s i ) .  On the  o the r  hand, the h igh  
d i f f e r e n t i a l  pressure  was imposed, by design, on the  o i l  s i d e  t o  take ad- 
v a t a g e  of  the  o i l  cooling c a p a b i l i t i e s .  Because of  the  l imi ta t ions  men- 
t ioned above, the  o i l  s e a l  cooling i n  "through flow tes t ing"  w a s  restricted 
t o  sp lash  o r  ca r ry  over Prom the  bearing lubricat ion-cooling;  t h e  e f fec t ive-  
ness of t h i s  type cooling i s  m i n h a l ,  



The <%me s e a l  system is  used f o r  the "o i l  m i s t 8 '  t e s t s .  Because of 
this, sa t i s fac tory  s e a l  perfomanee was considered very marginal, a t  
bea t ,  at the time of  the  i n i t i a l  design. B t  i s  a knom f a c t  t h a t  hea t  
generation of shearing an i n t e r n i t t e n t  t h i n  o i l  f i lm can cause lacquer,  
carbonizat ion,  excessive heat ,  and hence s e a l  malfunction. 

The bas ic  s e a l  d a t a  of  new and reworked s e a l s  (with t h e  exception 
of two Inco 7x8 semis-finished s e a l s  r e t a ined  a t  U p p e r s  p lan t )  shipped 
in t h e  eo'urse of t h i s  development a r e  l i s t e d  i n  E n  c 1.6. It should be 
noted that f o r  t h e  l a t e s t  reworked s e a l s  (1967) the  f ace  loads were 
cppreeiably increased,  'Ekis increase  was an attempt, not  successful ,  
at reducing the  e f f e c t  of speed on leakage. It can a l s o  be noted t h a t  
reme nat  unexpected r e l a a t i o n  of the  AM-350 bellows occurred. It is  
not bel ieved,  however, t h a t  t h i s  i s  a con t r ibu t ing  f a c t o r  t o  the  i n t e r -  
mi t tent  excessive leedtage phenomenon. 

One s t m c t u r a l  s e a l  f a i l u r e  oeeurred during t h i s  progrann. One 
a i r  side m-350 s e a l  was fomarded t o  Koppers because o f  excessive leak- 
age, Ht was found t h a t  on t h e  f i r s t  8.D. weld a f t e r  t h e  @%ousingBW weld 
a weld arc s f  about 60° had cracked. Metallographic e x m i n a t i o n  d i s -  
closed t h a t  t h e  prjlmtbry reason f o r  the f a i l u r e  was an i n s u f f i c i e n t  weld 
bead, Exminat ion  of  the  s m e  weld i n  o the r  areas  revealed s a t i s f a c t o r y  
veld beads, (Coulombe*s l e t t e r  of  6 / 2 4 / 6 6  t o  Sibley).  

I$ is of i n t e r e s t  t o  note  t h a t  t h i s  weld is  i n  compression and t h a t  
the stat&& opera t ing  stresses a r e  low, It might be poss ib le  t h a t  t h i s  
fracture c o n s t i t u t e s  a f a t i g u e  f a i l u r e  as t h e  convolutions per  s e  a r e  
not dmped. In c o n t r a s t  none of  the  h ighly  s t r e s s e d  welds ( o i l  s e a l )  
fa i led,  

a r i z i n g  the  t e s t  r e s u l t s  with respect  t o  s e a l s  it mst be 
stated that as  a whole they have performed very e r r a t i c a l l y ,  although 
in q u i t e  i ' f ew ins tances  t e s t s  were aborted but  not  because o f  s e a l  
faflure, I n  over a dozen cases,  however, the  s e a l s  d id  not  s e a l  properly 
at speed o r  t roub le  was experienced while a t t m p t i n g  t o  a t t a i n  t h e  sgeci-  
fied speed o f  14,800 RPM. 

Using t h e  following a r b i t r a r y  o i l  s e a l  leakage nomenclature: 
, .  

1, Good Leakage: Less than 5 SCFM 
5-10 SCPM 2, Mediocre Leakage: 

3, poor Leakage: 16-15 SGlFPl 
4, Unacceptable Leakage: h e r  15 S@m 

10 tests showed good, 17 mediocre, 9 poor and 8 unacceptable leakages. 
(In a l l  ins tances ,  more o r  less steady s t a t e  condit ions f o r  a t  l e a s t  one- 
b1$ hour were obtained). m a t  seems t o  be s i g n i f i c a n t ,  however, i s  t h a t  
most "goodBVeakage t e s t s  occurred a t  the  beginning of the  p r o g r m  and 
that, go~r as y e t  unexplainable reasons, unacceptable leakages a t  speeds 
as Paw ars 8,080 WM were recorded m s t l y  during the  second h a l f  of t he  

-grogrm,  



$he : ,eakn~e spec; f ,retic~:i,s given $iso>vi-3 were based  cw some re, ' :. 4 
g~"zfor1re2 aae h3;pers some tive ago ; 4 c r  t!,e8?.ovs 5:~;3:11 A!!J!-35: 
dbaohx-a@- of  these sea l s  were xd;;ctical .<i.th Lhe m e 8  presently ~ i r t - c S ,  

and sealing 950"F, air at 53 g s i g  and a surface speed of  175 f r / s e c ,  
leakages below .I SGm were conslstenkly obtained f o r  eese period61 L;; 
excess o f  60 hours, It is not believed chat any other than a bal: clvo 
seal can approach such Pow leakage figures, The cooling a d  Pubr%eat-,,;g 
oil was adm~tfeb at 480"F, to the seal shoulder and bearing, 

Tests as well as theasrgr i n d i c a t e  t h a t  a f te r  a t k ~ i t i ~ a l "  mbkbbBB5 
speed Is exceeded leakage remains practically constant. Bgoppcrs is 
presently engaged in a hyd rndynm~i s  lift seal p r o g r m  and p r@l im%n~i rp  
Cest$ng shows that at a rubbing speed of about BOO ft/sec, a meas~.ar&~~Ie; 
ig cisice separation of the Koppers "face" is taking glace, Beyond th$#) 
speed (up $0 300 f t l s e c , )  no appreciable change is recorded. This! oh- 
visusiy implies constant  Peakage with speed, and t h e  tests .&ere leakage 
increases rapidly with speed definitely do not follow this pattern, 

Zn addition to the leakage p~oblem, some excessive wear rates wcce 
recorded in some instances and evidence of oil coking at the O,D, o f  
the carbon was  also r epo r t ed ,  

One task sates special mention as an 011 sea% with a faulty a 
d m  dimension -- large lifting bias -- was i n s t a l l ed  end opernted 
3 ,3  hours at 14,508 W M  ad temperatures in excess of %7SBP, and ck 
corded l e d a g e  of 6-8 SCm, If the gas flow was choked on Ehe upstrfa~ 
(high pressure) side the  resulting reduction in face load would c o ~ p ~ i c -  
@ a t e  f o r  t h i s  dimensional error, This hpothesis, however, is u n t e ~ a c ' ~  
Bcsasse ene domstrem f l o w  area was only about twice the one of t t  e ur- 
a t r e m  area *ereas the gas density is about eight times leas (15-120 
that is, if any choking occurred, St must occur on the domstrem s ~ a e ,  

mot m&es  thxs test unique is the f a c t  t h a t  no repor t  o f  seal ,n- 
stability in reaching speed or at top  speed sf 113,500 WH was reco~dc6~ 
and if any seal lifted this should have been the one. 

As soon as the f i r s t  report af unacceptable leakage with ins1 c3.e~ 
speed w a s  recedved and subsequent inspection also showed eoke t ~ e u a r ~ : ~  ALL 7 

at t k e  O,D, vents, Koppers recornended that the O,D, pads be e u t  t ~ a c l ~  k l  
about .80.3"F, This geometric chmge of the sealing face scmed twc~ p ~ t ; 3 v i s  
FirstB to meliorate any possible hydrsdgnaic lifting effects of 3:: $I,-- 

Bets d i c h  may accumulate in this area; and secondly, to r a d i c a l l y  L-rc.:crs,. 
the downstrem flow path in order to eliminate any pcssshbiBfty of chokl:, 
at the O,D, pads where choking wWB1 generate a lifting effect, % i s  work 
was  gerfomed by S P ;  the results were aegati.ve, that is, m ehawpe f i e  *;e 1 
perfsmance was  noted, 

A meeting of Sm, N B 6 8  and Koppcrss personnel was held May LCI 15%- 
in order to evaluate and review the p r o g r m  as a whole in light of  t$e 
test results. General agreement was reached and the foll.oving des!y 
changes were initiated, One sea l ,  ineorporatjiwg all changes li.stex "te 
low was shipped and w a s  to be used in an endurance test which ~euTc "e - -  - 
sate the existing g r o g r m ,  



; o ? q e r s  was sf s h e  opinion l h a t  t h e  d a m p e r  a n d  f i n g e r  s p r i n g  
, < ; , x t P y ,  i t e m s  IP a n d  1 2  sf E n c l o s u r e  4 i d r a w i n g  700482-A) ,  
\,I) h a v e  c a u s e d  " m e c h a n i c a l "  h a n g i n g  o f  t h e  s e a l .  These  

p b a r ~ ~  were r e m a c h i n e d  t o  e l i m i n a t e  t h i s  possibility. 

2 The flaw area of the domstrednaa vencs was doubled to eliminate all 
possibility of choking. 

3 Wear measurements o f  both carbon face and to a lesser extent the 
shou lde r  Pace had indicat~d f.D, (carbon) eontact (diverging flow), 
;G reduce the start-up l e d a g e  it was decided to tapex the area of 
?:he pads inside the 1 . D .  d m  E n c l o s u r e  7 ,  ( d r a w i n g  700482-6 
L G  Ansure f n i t i a l  I . D .  dam s e a l i n g .  

4 '2o minbra;ize t he  possible effect of "shrinkingg' the shaft shoulder 
onto the shaft during operation and thus distort the lapped f l a t  
scaling face, a radgal B % p r % ~ g ' h ~ s  machined integral w%th the 
cbauldtr a t  the I . D ,  E n c l o s u r e  8 (drawing 400473-10A 1 .  

5 %c vas also decided to decrease the face load alightly to about 
-4 #/ In ,  In order to insure Better performance. The seal as 
&hipped ( M - 3 5 0  -- see following discussion) was statically cali- 
brated in its final configuration with the following results. As 
CSPI be noted, reduction in face load was m t  possible, 

Static Pressure Seating Force Face Laad 
PO IG 

-----dm 
LBS , LPDS/IN 

@on-pressurized bellows spring scale: 50 #/In,) 

b,  One Inco $18 seal assembly, incorporating all chmges was to be 
ahipped to Sm POP final test, Koppers was not able to balance 
this seal properly and in order not to further delay the final 
endurance test, the above described m - 3 5 6  seal was shipped, 

The rig was rebuilt a d  the final endurance test was started. 
,Agjl~d.n, trouble was experienced in reaching the 14,6980 m M  lwel and 
seal ?eakage was excessive. "Paae test had to be stopped, 



In addition $70 t he  excessive Peak%mge, :he r;3e,samremeniirs fndbcz~er 
h igh  ra tes  cf wcas, ,015" on the alr s i d e  and . O k G D F  on the oil s i d -  
a f t e r  only 9 - 7  h s ~ ~ r s  af ope ra t ion .  The l a r g e  wear can definitely se 
sxplahned by the variations of the nitrogen b u f f e r  p re s su re  which c ~ n -  
kl: l tvted an atkempt t o  reduce the o i l  seal leakage. 

a) A I R  SEAL--This seal i s  designed f o r  Fward  flow, s e a l i n g  a small 
d i f f e r e n t i a l ,  Due t o  t h e  high thermal e n v i r o m e n t  t h e  f a c e  loadings  
were held t o  a  m i n i m u m ,  about .45 #j~n, T h i s  minimum i s  deternine2 by 
the sontack load t o  which wear allowance and the dimensional s tack=? 
mslc be added. I n  inc reas ing  the buffer pres su re  an unsea t ing  force 
i s  c r e a t e d ,  (Por the low d i f f e r e n t i a l  t h e  bellows s p r i n g  s c a l e  is 
assme8 to rem,ain constant at 60 # / I n , ) ,  It i s  not  be l ieved  that e h P ~  
Ltnsewrfng force a c t u a l l y  caused an unsea t ing  of t h e  s e a l .  In reversin?, 
the  flow, decreasing the n i t r o g e n  b u f f e r  p re s su re ,  the face load ing  is 
d r a s t i c a l l y  increased ,  This results En a breakdam of  t h e  gas film and 
henee a large i nc rease  in f r i c t i o n a l  hea t  i npu t  i n t o  t h e  r o t a t i n g  shoanlder 
and stationary carbon, l a  a d d i t i o n ,  the gas Elow across  the  carbon c h a ~ g e s  
from the i q e r e  n i t rogen  t o  o x i d i z i n g  a i r ,  Film bre&dom causing e x c e ~ s ~ v e  
heating and the air f l o w  will result in a l a r g e  mechmica l  wear rate Ba 
a d d i t i o n  t o  f a c e  d e t e r i o r a t f o n  due t o  ox ida t ion ,  

b) Q I E  S W - - T h e  r educ t ion  i n  b u f f e r  p re s su re  will .  PISO advezse1; 
affect t h e  wear r a t e  of t h e  o i l  s e a l  because t h e  gas leakage changes 
from nitrogen t o  e i t h e r  n i t r o g e n  g r e a t l y  c o n t m i n a t e d  wi th  a i r ,  o r  I s  
r The reduction o f  pressure in the buf fe r  c a v i t y  may car m a y  n o t  
Insreass the  face l a a d  depending on the pres su re  level ( e f f e c t  of beilsw~ 
sp r ing  ta te) ,  Increasing the  buffer p r e s s u r e ,  although e l imina t ing  Lkic 
ni trogen-atr  f low ac ros s  t h e  seal, w i l l  d r a s t i c a l l y  i n c r e a s e  the  face l c a d  
hence wear, 

It seems, t h e r e f o r e ,  that t h e  change i n  p re s su re  was d e t r i m e ~ t a l  w:t5 
respect to vea r  of  both s e a l s ,  It should also be mentioned t h a t  ence h f ~ 8 1  
mar rates have been e s t a b l i s h e d ,  t h e  wear d e b r i s  w i l l  cause excessl.ve 
s e p a r a t i o n  and additional flow pa ths ,  hence unacceptable  seal le~~lcage,  

The i n i t i a l l y  observed phenomenon of a large increase in Pe&.age a:- 
about 12,000 WN i s ,  however, no t  e w l a i n e d  by t h e  above d i scuss i cn ,  

I%, O R P G I M L  S U  DESIGN 

The basic Koppers bellows s e a l  des ign  i s  cha rac t e r i zed  by threc s p e ~ L r ,  
f c a t u r c s  :: 

1, F a s t  experience wi th  ope ra t ing  bellows s e a l s  i n  a gaseous en%r i ro~mec t  
poin ted  t o  t h e  n e c e s s i t y  af  i nco rpora t ing  an a x i a l  dmptng  dev~ee 
in to  t h e  design. I n  t h i s  a p p l i c a t i o n  a s e r i e s  of leaf spr ings  u%3, 
supply a f a P  f r i c t i o n a l  darnping to the carbon s e a l  end and wL1? bc 
e f f e c t i v e  f o r  e x c i t a t i o n  o r i g i n a t i n g  at t h e  r o t a t i n g  shou lde r ,  73 e 
d m p i n g  device i s  not necessar-bly e f f e c t i v e  i n  suppressing naf~rb: 
bellows f requencies  once exeitated, 



" ? 5 ~  rn>:Don wearing ring i s  r e t a i n e d  within E% n l e t a l l i c  recainer  
b*; xpans of a s h r i n k  fJt, The design is such that che r e s u l t a n t  
si r~rsleage forces, which will obviously vary with temperature,  pro- 
diice P minimum t w i s t i n g  moment ( r e s u l t a n t  shrinkage force vector 
T Z ~  close t o  the carbon c e n t r o i d  as poss ib l e )  hence reduces t h e  
%eta l ing  faee d i s t o r t i o n  t o  a minimum, The  back of t h e  carbon r i n g  
1%: $dented t o  d ~ ~ n s t r e m  press:lre t o  el iminate any pres su re  b u i l d  up 
la t,nis area w11ich would cause not on ly  f a c e  d i s t o r t i o n ,  bu t  a l s o  
may r e s u l t  i n  an a i a P  shift of  the carbon r i n g  proper .  

1:~: Koppers grooved a d  padded f a c e  geometry has i n  dozens of appPi- 
ca:aons proven to be f a r  s u p e r i o r  wi th  r e s p e c t  t o  wear for high  speed 
and high temperature gas ope ra t ion  than t h e  customary s i n g l e  d m  con- 
f h @ ~ ~ r $ t i ~ n a  Obviouslyg tki8 geometry was incorpora ted  in she i n i t i a l  
d ?:a i g n  , 

As already mentioned, the pads, e s p e c i a l l y  on the high  d e n s i t y  f l u i d  
s kbe, gene ra t e  a l i f t i n g  e f f e c t  ( f ace  sepa ra t ion )  which not  on ly  results 
13 h ~ w e r i n g  the seal torque,  bu t  reduces s e a l  wear. 

Kappers extended experience wi th  gas seal ope ra t ion  has made i t  
shundewfly c l e a r  that f o r  o p e r a t i o n  a t  the  eemperatures and speeds en- 
a:~cntlsared i n  these t e s t s ,  the s p e c i f i c  faee loading (Lbs, per  inch of  
elr*:n,:nPerence) must be kep t  below $ 5  #/In, i f  a t  a l l  pos s ib l e ,  A load 
zk. ,3 BIPn, will p e m i t  a "wbb leW of the r o t a t i n g  shoulder  o r  a combina- 
, i c n  s f  an a i a l  excurs ion  a t  shaf t  frequency p l u s  wobble o f  .00l5" TIR 
-1'6t bout causing sepa ra t ion .  

&n order t o  o b t a i n  m i n i m u m  s t a r t  up leakages,  the  inner pads were 
cut back by about .00075 k .00025'"ghus insur ing  i m e d i a t e  s e a l i n g  a t  
t k e  I,P, of the s e a l i n g  d m ,  

PC has been kngsrsga f o r  q u i t e  some time that. the presen t  bellows d i a -  
:~krag;n des ign  ( b a s i c a l l y  nes t ing )  employed by Koppers r e s u l t s  i n  a  s e a l  
lace load  which i~ g r e a t l y  affected by pressure .  In orde r  t o  assure sat- 
Lafactory face loadings ,  a l l  beblows seals were and a r e  s t a t i c  p r e s s u r e  
eested st room t m p e r a t u r e ,  

Zt i s  realized t h a t  a t  o p e r a t i n g  s e q e r a t u r e s  t he  Youngms moduli of 
b c t h  A3A-350 and Inco 718 a r e  reduced by about 15% t o  20% and t h i s  is  taken 

Z ~ C C B U ~ ~  i n  r e l e a s i n g  the  s e a l  f o r  shipment, 

2h.e s e l e c t i o n  of  the  bellows m a t e r i a l  was p red ica t ed  on manufactur%ng 
axper ie rxe ,  hence the  s e l e c t i o n  of m - 3 5 0  f o r  t h e  i n i t i a l  s e a l s .  Although 
Lner 98Ei has be t t e r  t h e m a 1  phys i ca l  c h a r a c t e r b s t i s s  than m-350 a t  E m -  
peraazes  above about 9%0"3F, some experimentat ion w i th  p repa ra t ion  of  the 
t n o t e ~ i a l  prior to welding had t o  be undertaken a s  the oxide films on the 
eomf*rc3.ally ava2la'Bale s h e e t s  must be completely removed i n  o r d e r  t o  ob- 
tain sound welds. I n  t h i s  r e s p e c t  i t  is worthwhile t o  mention t h a t  since 
t b ~  :,nt:eptIon o f  t h i s  p r o g r m  Koppers has been succes s fu l  in welding .g%C16~' 
3d~*- ie t  630 sheet,  a m a t e r i a l  with much b e t t e r  themal c a p a b i l i t i e s  than  
111~~5 71 8, 1t must be emphasized, however, t h a t  the; prepa ra t ion  of Udbmet 
$30 sheets  p r i o r  t o  welding is e x t r m e l y  cos t ly ,  e s p e c i a l l y  if only a few 
psun3s of material arc r equ i r ed .  



SEP& REDESIGN 
-T--p-p- 

All tests, including the f%nal aborted endurance test, p o t n t e ;  iruc 
three main areas ~ e s e  seal perfomawce must be improved and design 
changes are indicated : 

As ahready mentioned, the face loading of * 5  #/En. and above is tos 
Bfgh for long tern operation at the specified temperatures and speed:  
Although separation will eventually oeeur ar a rather moderabe rub- 
bLng speed, the mount of separation and the speed at which 12ftBng 
begins are greatly affected by load. The ideal seal bellows should 
therefore have a hydraulic diameter and spring scale, the latter as 
bow a8 possible, not  affected by pressurization. Constancy of these 
two variables definitely implies constancy of span (O.D. rnir~las I , D , )  
Benee a bellows diaphrap configuration less susceptible to pressure 
ahould be substituted for the present one, 

Because of the pressure balmciag difficulties encountered witla bel- 
lows seals supplied over the last several years, considerable work 
has been expended by Koppers in this area in order $0 define tile 
causes of the seating force change in function of pressure, It LR: 
be definitely shown by experiment and the da ta  can be correlated 
qualitatively by theory that the spring scale of the existing d i a -  
p h r a p s  increases as an exponential function (exponent >I) w i t h  ; n - 
creasing Fressune. Such a drastic change is incompatible w i t h  a 
B~ecif dcatiea of maximum face load at pressure of say .35  #/In, tas;xic~,~ 
into account tolerance staelcup (operating length) and wear,  Assunbn: 
total allowance of -060 for this purpose, a difference irr, load :f 

4 , s  Ibs, or .225 #/In, can occur,  practically half of the maxPn,s re :  
missible face load, The balance of about .2  $/In. is geners~l l ;~  encugh 
to insure sa t i s  f a s t o r y  seal perfommce. 

It is therefore recornended to inves"igate, both from a m a n u f a c t ~ r " 5 n ~  
and empirical point of view, a sandwich type design which cou ld  utb;;=e 
the existing foming dies. A second alternate is to change? che 8.'i%p?:-;g.~ 
shape to either a. BePlville or cantilever type, which will requir? n 2 i  

tooling, 

-- .OIO-.OPS PLATE 



;'arcsolved as yet (static pressure effect ow. spring scale of 
rl,:llaw,.a) %s the difference of behavior between AY-350 and Ianco 718 
4 -  . ~ ~ _ . P s w s .  Both d i a p h r a p s  ore formed with the s m e  dies, and weld- 
3ng aad heat treat fixtures are identical. YoungBs modulus and 
2stssoa8s r a t i o  are also practically the same, Hence, any differ- 
ence in the force-deflection relationship m s t  be caused by a differ- 
ence in geometry, The r e l a a t i o n  due to the  thema1 operating con- 
d l c i s n s  noted with &-350 makes it, however, imperative to change 
to Xneo 7118, 

t h a  behavior pattern of Inco 718 was such that in order to obtain 
+ r m ~ t  face loading at pressure the bellows lifted off  during t h e  
s t n ~ ? = c  tests at intemediate pressures, This behavior patteras w a s  
the reason that m-350 had to be substituted for she initially 
specified Inco 718 bellows scheduled far the endurmce test. 

I t  is t l~erefore suggested that Koppers be gemitted to section one 
bellows each to compare eke convolution shape. 

A) windback design r equ i r ing  a different shoulder configuration will 
orobalbly meliorate if not necessarily eliminate the problm. Such 
ma arrangement is considered to be necessary for all %i6s-thtow away8' 
tests, 



This appears to be t h e  most s e r i o u s  problem; t h e  mechanism ar 
cause of t h i s  phenomenon has not  been de tembned as ye t ,  

I f  the  sea l ing  f a c e  i s  designed f o r  a  large pressure d f f f e r e n -  
rial (balance d b m e t e r  o r  hyd rau l i c  diameter is  cons t an t )  a r educ t ion  
$a pressure results in a s e a t i n g  bias thus increasing t h e  f a c e  h a d  
(Th i s  conc lus ion  is  based on a nonlinear q u a d r a t i c  pressure p r o f i l e  
over the s e a l i n g  d m ) .  Henee, reducing p r e s s u r e  w I B B  n o t  unsea t  a 
seal. T h i s  f a c t  i s  emphasized in case  t h a t  t he  p re s su re s  ,are inad-  
vertently reduced while t h e  speed  i s  increased .  

It is safe t o  assume t h a t  during o p e r a t i o n  the mating seal ing Gar- 
faces o f  t h e  s t a t i o n a r y  carbon and r o t a t i n g  shoulder  w d l l  not remain 
Plat ,  The des ign ,  as p rev ious ly  mentioned, a t t m p t s  t o  minimize  thes- 
malPy caused carbon face d i s t o r t i o n s ;  t he  shoulder ,  however, prabab%g 
d i s t o r t s  t h e m a l l y  as shorn,  

-'HEAT BNPkgg DUE 773 FRICT\ON 
 OR ViScouS SWEAR 

RELATb V EW 
eooL OIL %\ST 

PosSbBLE FORCE GENERATrED By 
THERMAL DIFFERENCES AND 

DIFFERENCE I N  COEFF~C!EN""~"S 
OFTHERMAL EXPAMS16M BETWE 

. SHAFT AND SHOU\-DEF% 

From t h e  sketch it can be  deduced t h a t  t h e  themal  eondhtion, a t  % e a s t  
for steady s t a t e  opera t ion ,  will cause initially B.D. bearing of the 
aeal carbon and t h e  r e s u l t a n t  geometry of the seal f a c e  i s  descr ibed  fs 
Fig, 4 ,  



SHOULDER 

It becomes obvious that diverging conicity will always increase 
but never decrease the face load ,  due t o  the  fact that the pres- 

, 

sure breakdo- ac ros s  t h e  s e a l i n g  dam becomes wore rapid than 
would be encountered with a parallel path. 



The foblowins hypothes is  desc r ibes  a meehsnism which w i l l  result in a 
con\yrrging fiow path and henee tend t o  unseat t h e  seal, 

-BOTH DESIGNS'ARE \DE.Na"BCAL W \ T H  RESPECT 

From Fig. 3 (heat  f l u x  and p o s s i b l e  "expanding" force)  i t  can be deduced 
that I n i t i a l  con tac t ,  a s  was intended,  will t ake  p l ace  a t  "AP8 (Fig. 5 ) ,  
Any &ear, shorn by do t t ed  line of Fig. 5,  FJi l l  move i n t e r s e c t i o n  "CC"' out- 
ward, in t h e  extreme t o  edge "BWg, I f ,  af ter  any wear has  taken place and 
e t t h e r  f o r c e  (Fs) o r  h e a t  input (q)  o r  bosh reduce whi le  reaching steady 
s t a t e  condition) the angle  a becomes smal le r  m d  p o i n t  q'CGsS r e p r e s e n t s  ?"-he 
"pivotw9 f o r  t h i s  secondary r o t a t i o n .  The n e t  e f f e c t  i s  a converging f l o w  
pa th ,  r e s u l t e n g  i n  a Mlifekwgw b i a s  a t  t h e  s e a l i n g  face .  

1-39 



9n the ease "C" remains w i t h i n  the s e a l i n g  d m  (un l ike ly ) ,  t he  flow 
path becomes converging-diverging [ventur i  l i k e  c ros s  s e c t i o n ) ,  I f  '%" 
moves outwardly beyond t h e  dm, t r u e  convergence i s  obtained.  To ta l  wear  
In the order of  .000820" t o  .888040'kwilL move p o i n t  "CVg beyond t h e  s e a l i n g  
daa-  

A second p o s s i b i l i t y  t o  i nc rease  s e p a r a t i o n  i s  as follows: 

If higher  h a m o n i c  a x i a l  f requencies  t han  the  fundamental r i g  f r e -  
~ u E % . c ~  are generated i n  t h e  ad jacent  bear ings ,  unsea t ing  of  t h e  s e a l  could 
occur, A double m p l i t u d e  of  .0002 f o r  t he  f o u r t h  hamon ic  s f  12,000 W M  
will result i n  an a c c e l e r a t i n g  f o r c e  which would cause unsea t ing .  (The 
weight of the carbon end equals  1.536 Ibs . ) .  

Phe to the very  h igh  frequency which would be necessary t o  overcome 
the s t ruc tu ra l  f a c e  load i t  i s  be l ieved  t h a t  t h e  '%queeaeW f i l m  w i l l  t r a n s -  
m i t  the mot:San wi th  very l i t t l e  dannping; i . e . ,  hunplitude reduct ion ,  t o  t h e  
carbon face, 

As e m  be deduced from these  d i scuss ions ,  t h e  cause of t h e  somewhat 
erratic seal behavior  has  no t  y e t  been def ined  too  c l e a r l y ,  The follow- 
ing suggested design changes w i l l ,  however, have a b e n e f i c i a l  e f f e c t .  

l a  Eliminate  undercut t ing  o f  t he  I . D .  pads; t he  ccsmplete carbon 
s e a l i n g  f a c e  t o  be lapped f l a t .  

2 ,  Since gnception of  t h i s  program U. S. Graphi te  has  submit ted 
to a p p e r s  f o r  t e s t  a  new grade of  carbon, 2866. The wear- 
load-temperature r e s u l t s  show it t o  be  supe r io r  t o  t h e  pres -  
4 ~ n t l y  used 2777. Although CDJ-83 i s  widely used (never i n  
t h i s  p rogrm)  i t s  r e l a t i v e l y  high modulus and low c o e f f i c i e n t  
of themtzl  expansion makes t h i s  grade s e n s i t i v e  wi th  r e s p e c t  
to defamation due t o  changes i n  t h e  t h e m a l  l e v e l .  

3, 'Replace s t e e l  shoulder  wi th  a  sprung tungsten ca rb ide  shoulder ,  



ThemaB coefficient sf expansion sf tungsten carbide (4 x 1 ~ " ~ )  
is lower than the one for AMS-6322 (6.5 x New Dasigni : 
zero moment. Any pressure or themaBBy induced defomestion,~ will 
be reduced because of higher modulus 90 to(30~10-~) and better 
ehemal conductivity (41 to 25). 

4 ,  Last, but maybe m s t  importantly, all seals before shipment 
~hould be dynmically tested at mbient temperature but at pres- 
aura and speed, (Without considerable expenditures kt is press- 
antBy not possible to test at temperature). The basic test. apparawus, 
ilra~tmmentsttion as well as air supply, is available and only seal 
adaptors would have to be supplied. 

If, durtng t h i s  test, seal leakage rmains substantially eonstant 
with speed, bat the erratic seal behavior continues during bearing 
testing the t w  previously discussed somewtaat hypothetical eat1.ses 
m s t  be eliminated if at a11 possible. 

a) PeBtfal high frequency-low mplitude vibrations, It might be 
necessary to resort to a different and/or additional d m p i n g  
device, as shorn oa Fig. 3 ,  

b) Reduce thema1 shoulder distortions by means of cooling, 



Although the  reasons  f o r  t h e  f requent  e r r a t i c  and, a t  t imes,  ex- 
eesslve s e a l  leakage have not  been completely a sce r t a ined ,  i t  i s  be- 
l ieved t o  be a s soc i a t ed  wi th  e i t h e r  a wear problem o r  r i g  p e r f o m m c e  
rer 962, Steps  a r e  being suggested which should s u b s t a n t i a l l y  reduce 
:he wear rate and should a l s o  m e l i o r a t e  t h e  e x i s t i n g  thermal de foma-  
tions and t h e i r  secondary e f f e c t s  on  s e a l  per fomance .  It must, however, 
be mphas ized  t h a t  i n  wit? a few ins t ances  t h e  s e a l s  performed very wel l  
and, therefore, i t  i s  KoppersD opin ion  t h a t  t h e  b a s i c  des ign  does not  r e -  
quire a complete r w i s i o n .  

The fol lowing seven changes a f f e c t i n g  s e a l  des ign  a r e  proposed: 

1, By changing t h e  b a s i e  bellows diaphra- design dependence o f  bellows 
spring s c a l e  ow p r e s s u r e  i s  reduced; a t  b e s t ,  constancy o f  s c a l e  i s  
ob ta ined .  

2 ,  R e l m a t i o n  of t h e  &-350 d i a p h r a m s  makes i t  mandatory t o  r e p l a c e  
t h i s  m a t e r i a l  wi th  Inco 718. I n v e s t i g a t e  t h e  cause o f  t h e  d i f f e r e n c e  
(co ld)  i n  bellows behavior f o r  t hese  two m a t e r i a l s .  

3, Tot reduce s e a l  coking inco rpora t e  a windback (low e f f i c i e n c y  Visco 
seal), This ,  however, w i l l  r e v i r e  a b a s i c  geometr ic  charnge of t h e  
shoulder  O.D. 

4 ,  Complete carbon s e a l i n g  f a c e  t o  be  lapped f l a t .  (No unde rcu t t i ng  
or c h m f e r i n g  of B.D. pads) .  

5 ,  G~!place e x i s t i n g  carbons (USG 2777, and National CDJ-83 which was 
never used) wi th  USG 2866. Koppers-ata i n d i c a t e  t h i s  t o  be a 
sraperior grade t o  USG 2777. 

6, Replace M - 6 3 2 2  o i l  s e a l  shoulder  with a "sprungB0 tungs ten  ca rb ide  
shoulder (higher  moduhus and l a r g e r  c o e f f i c i e n t  of  t h e m a l  conduc- 
tivity) * 

7, O i l  s e a l s  t o  be d y n m i c a l l y  t e s t e d  (cold) a t  Koppers up t o  maximm 
speed and p re s su re ,  
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ORIGINAL 

Load a t  Net Face  
S e r .  F r e e  S p r i n g  Opr.  B a l a n c e  Load 
No. L e n q t h  R a t e  Lenqth  D i a .  # / I n .  

B e l l o w s  ( a t  1 0 5  p s i )  

O i l  S i d e  
700389 1 1 . 4 4 2  6 5 . 3  1 6 . 7  6 . 4 5 2  . 4 9 0  
(AN-350) 2  1 . 4 5 5  6 3 . 7  1 7 . 0  6 . 4 1 4  . 5 4 0  

4 1 . 4 3 8  6 6 . 9  1 6 . 8  6 . 4 1 5  . 5 1 0  
8 1 . 5 0 6  6 1 . 0  1 9 . 5  6 . 4 1 6  . 4 3 0  
9  1 .489 6 7 . 1  2 0 . 0  6 . 4 1 6  . 4 7 1  

1 0  1 .457 6 1 . 5  1 6 . 6  6 . 4 1 6  . 4 0 0  

A i r  S i d e  
700397 
(Ah!-350) 

( a t  5  p s i )  

A i r  S i d e  
700405 
( I n c o  7 1 8 )  1 1 . 3 2 7  5 5 . 0  7 . 7  6 . 2 8 7  . 3 8 8  

O i l  S i d e  2  1 . 3 7 2  5 4 . 1  1 0 . 1  6 . 2 8 7  .467  
7 0 0 4 7 3  ( I n - f l o w )  
( 7 0 0 4 0 5  Conv. 
t o  O i l  S e a l )  
( I n c o  7 1 8 )  

NOVEMBER 1 9 6 6  FEB. MARCH, APRIL 1967 

Load a t  Net Face  
F r e e  S p r i n g  O p t .  B a l a n c e  Load F r e e  S p r i n g  Load B a l a n c e  Net F a c e  

L e n o t h  R a t e  L e n q t h  D i a .  # / I n .  L e n q t h  R a t e  0 p . L .  Dia .  Load # / I n .  
( a t  9 0  p s i )  

1 . 4 9 6  76/69"" 2 3 . 0  Not Ck. . 

6 2  " 1 . 4 4 8  1 6 . 2  N o t C k .  . 

1 . 3 3 5  6 7 . 5  1 0 . 1  6 . 3 5 0  . 8 6  
( o u t f l o w )  

* Doubled 0 .  D .  V e n t s  ... >.. ... . 
* .. ... C l e a n e d  
*. ... ... Almost  Worn Out 
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IMPROVED SEAL SHOULDER DESIGN 
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6. b-rw2c i lydrodynmic S e a l  Af te r  100 hss. Test  at SKF 
kcppers P/N 101056 
Returned f o r  Evaluat ion 

" 1 8\1e ' a; ? .e t~rned. !~  seal was examined e x t e r n a l l y  and i n t e r n a l l y  be fo re  recondi t ion-  
ing ELIS ?one on t h i s  s e a l ,  

E>r t e rna_ , j ,  IL was observed cn t he  N2 s i d e  of t h e  s e a l  t h a t  va rn i sh  o r  coke l i n e  
e:risthx rsla tiae area 0% the  housing sugges t ing  t h a t  a t  some time i n  i t s  opera t ion ,  
t isz ~ e = ,  was f looded wi th  o i l  and g radua l ly  ""died out" leav ing  t h e  observed va r -  
nish 5.11r ly  heavy l a y e r  of va rn i sh  and coke had developed i n  t h e  windback 
t - r ~ ~ - ! s  t." ,KP .$<as evident ,  approximately ,005--010 t h i c k ,  on the  0.D. su r f ace  of 
;:? 3,3 ~ e a l  face pads, No coke was ev ident  i n  t h e  f a c e  s e a l  grooves o r  on t h e  
szsLeL?$ p d s ,  The sea% shoulder  had a t h i n  l z y e r  of coke depos i ted  between t h e  
t r a c t  4 r h e  O-9, of  t h e  s e a l i n g  dam and the  T , D .  o f  t he  ou te r  pads. 

J t  ? $  LL- a p i r i o n  t h a t  e x t e r n a l l y  t h e  s e a l  appeared t o  be i n  f i n e  condi t ion  ex- 
a2pt 2oc srn9l.i va rn i sh  depos i t s ,  The s u r f a c e  o f - t h e  carbon had only  minor s co re  
n?tlrc, 21- ?(-te T - D ,  hydrodynamic pad. The s e a l  shoulder  hail no more than  a t i n y  
p,a.?r c entat-," cf d e p o s i t s  i n  t h e  hydrodynanic pockets.  

"r . ! ~ T ~ ; L  G ~ : E Z  di~assembly, each major i tem of t h e  s e a l  i s  considered.  

( E n c l o s u r e  1 )  

The i o w e i  113 of t h e  i n t e r n a l  s e a l  housing was coated r a t h e r  heav i ly  w i t h  
c ~ k e  aad varnish, The s e a t  f a c e  where t h e  p i s t o n  r i n g  s e a t s  was I n  ex- 
ee l t aq t  cnndktion except  i n  t h e  r eg ion  be l ieved  t o  have been flooded by o i l ,  
i c; was unwen ly  covered w i t h  a t h i n  tough l aye r  o f  va rn i sh ,  

T h i ~  a : ~ > L h t - ~ ~ n  lcck bosses were heavily coated wi th  va rn i sh ;  t he  lower one had 
soiiala coke extending i n t o  the carbon i n s e r t  bore.  

Tl,e ,pri!lg guides  were coated wi th  coke, hcwiesg .  in t h e  l o r ~ e r  113 where 
Qiou3:d w i t h ; o i l .  The s p r i n g  guides were exmined f o r  p o s s i b l e  leakage 
of gss  past t h e  r i v e t e d  a rea ;  none was found, The f l ange  showed heavy 
eesklng  u:13er t h e  flange bolt heads - t he  flange d i d  not appear t o  be dis- 
torted Ist;~-aever. 
-" t ', 
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( E n c l o s u r e  2 )  

Seve ra l  s p r i n g s  were heav i ly  covered wi th  coke, the  remainder h2.l v2r -  
wish only.  Eleven of t h e  18 sp r ings  checked i n  f r e e  length  w i t 1 1  oh  i g l n a l  
s p e c i f i e d  in t h e  drawing. The remaiiiing 7 sph-5.ngs had vary in2  set bi?;-x7c2-1 
2% and 8% xnax. 

P i s t o n  Ring ( E n c l o s u r e  3 )  

The s e a l i n g  s i d e  f a c e  of  t h e  p i s t o n  r i n g  was i n  e x c e l l e n t  condi t ion  w i t h  
no wear ev iden t ,  The l o c a l i t y  of t h z  sicle f a c e  which 77ns esposec! t o  t h e  
f looded " o i l  l e v e l "  11ad some minor res idue .  The. O.D. of  t he  piston r i n z  
showed 100% bear ing  con tac t  v i t h  t h e  s e a l  r i n g  bore.  About 10 very ing  
spaced a reas  showed "wire cu t t i ng"  Pliaes on the  sea% d m ;  t h i s  : r equ i r ed  
BOX magni f ica t ion  t o  c l e a r l y  d e f i n e  the  condi t ion .  The s i d e  face on t h e  
upstream s i d e  of  t h e  p i s t o n  r i n g  had a  heavy l a y e r  of va rn i sh  i n  t h e  area  
presumed t o  have been flooded wi th  o i l .  

Pace S e a l  Ring ( E n c l o s u r e  4 )  

Considerable  va rn i sh  and coke -das found on t h e  a r e s s  flooded ~ 7 i ~ l l  o i l ,  TLie 
bore  of t h e  s i n g  i n  which t h e  p i s t o n  r i n g  bears was i n  e x c e l l e n t  con:i i t ion 
except  f o r  t h e  l o c a l  varnhsh depos i t s .  The burn ish  of the bore ,:learly i n -  
d i c a t e d  e x c e l l e n t  p i s t o n  con tac t  w i t h  t h e  s e a l  r i n g  bore.  

On t h e  f ace ,  t h e  I.D. pads presented  a glazed su r f ace  w i t h  mir tor  l i n e  
scoring.  The cen te r  dam was d u l l  ~ 7 i t I 1  no evidence of rubbi.ng ccsntaet ~$5. tl: 
t h e  shoulder .  O.D. pads were h igh ly  burnished. Data taken for ctie s e a l  
f a c e  p r o f i l e  a r e  t abu la t ed  on en a t tached  s h e e t ;  the  sea?. face 11nA Lhe 
r a d i a l  p r o f i l e  shovm by t h e  ~ e a s u r e n e n t s  whi le  t h e  cj.rcurnfereri'r:iriL ~ z o f l . 1 ~ :  
was a p l a n e  except f o r  one spo t  approximately 1 l /2"  long which wzs very 
s l i g h t l y  below t h e  plane.  

Ro ta t ion  Lock Pins  6 Rotation- Loclc BusIij.ngs - 

These were found t o  be i n  e x c e l l e n t  coririltion exccpt f o r  the  ara-c. is"! L :  

coke r e s idue ,  The r o t a t i o n  locks were t i g h t  l nd l  c a t i n g  t h e  torqile Ec.y,20;' 2-3 

d i d  no t  o v e r s t r e s s  t h e  f a s t e ~ ~ e r s .  

Shoulder ( E n c l o s u r e  51 

The su r f ace  cond i t i on  of  t h e  ca rb ide  over lay  i s  regarded as e:tcel.leirt, It 
was no t&d the  r e s idue  accumulation i n  hydrodp1ixni.c pockets was n3 Kcore t h a  
a f e w  percent  of t he  t o t a l  pocket area. it was noted t h a t  b u - r ~ l i s l ~  spots e:i- 
i s t e d  a t  each of t h e  p re s su re  baliazee bleec? (caused by local iz i ld  t h e r ~ i a l  
d e f l e c t i c n ) .  The Dgr rub ing9ha rea  between cen te r  da;1 zi?cl O.D, p s d s  hsd  e -de::y 
t h i n  d e p o s i t  assumed t o  be a coke type r e s idue .  It was noted th?,"et':rc snzp . - 
of the shoulder  was coated with  a tough, tigtitEjr ,r.dil.c7rer'.t v2rcnlcli: .iz>.c.r 

(which could change h e a t  t r a n s f e r  and them.al  d e f l e c ~ i o n  great1 .y)-  



10 s c l ~ a - h i z c ,  i t  appears t h a t  t he  forination of va rn i sh  and coke r e s idues  i n  l o c a l  
-:crts (o;obaSIy due t o  flood5.ng a t  some time) would have c e r t a i n l y  afItcted t he  
?L::"~z pc-farmanee of t h e  s e a l .  It i s  l i k e l y  t h a t  the va rn i sh  f i lms  ccused local- 
~ e ~ ~ , ~ a -  1-ion of  the  pi.ston r i n g  from i t s  s e z t  f a c e  and from the  bore of t he  s e a l  
r l - a g ,  Zhese r e s idues  a l s o  would impede t h e  a x i a l  freedom of vovcment of t h e  sc;l 
" J"r?l;. 

? - t - -cr ,back appears  t o  be moderately e f f e c t i v e  i n  c o n t r o l l i n g  o i l  reaching  t h e  
L r l k z r i o r  cf t h e  s e a l ,  bu t  i t  i s  a l s o  q u i t e  c l e a r  t h a t  the  r a t e  of depos i t  i n  t h e  
sea l  s c ~ l c  s eve re ly  l i m i t  t h e  u s e f u l  ope ra t iona l  l i f e .  With r e spec t  t o  t he  
* r  -- , I= Ic I ; Icc"  residue l i n e ,  t h i s  may be a t e s t  r i g  cond i t i on  xihich poss ib ly  occurred 
u:th t h e  Nit~ogen f a i l u r e  emergency s h u t d o ~ ~ n .  

~ h s  profile o f  t h e  c a r b o n s  ( E n c l o s u r e  6 )  s u g g e s t s  t h a t  t h e  p r i m a r y  
t V e y n a 1  r o t a t i o n  o f  t h e  s e a l  p a r t s  s e c t i o n s  t a k e s  p l a c e  i n  t h e  s e a l  
ri-3q of id  o n l y  a s m a l l  p e r c e n t a g e  i n  t h e  s h o u l d e r .  T h e  h i g h  e l a s t i c  
-rasr8uJ.~as o C  t h e  C D J - 8 3  c a r b o n  i s  a  major f a c t o r  i n  t h e  t h e r m a l  
r o : a t ~ o a  o f  t h e  s e a l  r i n g .  

It 1 s  &lot cjeiir t o  US why some of t h e  Inconel  X sp r ings  took a h igher  s e t  than 
a the r s ,  Hn teems of  f a c e  load change, the  s e t  observed i n  t h e  7 sp r ings  i s  es -  
tx--a;cd t o  r ep re sen t  on ly  5-6% of t h e  normal des ign  sp r ing  load. 

-> ~ , s , w ~ c ~ ,  t ion i - rg  o f  t h e  s e a l  cons i s t ed  o f :  

1, Re~~.ovaP of t h e  v a r n i s h  and coke from a l l  p a r t s .  

2 ,  Totech l ap  s i d e  f a c e  of p i s t o n  r ing  t o  remove res id i la l  va rn i sh .  

3 ,  Xelap  f a c e  s e a l  r i n g .  

4 a Burn i sh  shoulder  t o  remove r e s i d u e s  (no rnateri.21 removal). 

5, Replace a l l  Inconel  X sp r ings  (only  p a r t s  rep laced) .  

6 ,  Assemble. 

The o n l y  area where des ign  change i s  considered involves  t h e  r e l a t i v e  p o s i t i o n  of 
s p r i i ~ g  &'ides and r i v e t s  i n  t h e  f a c e  s e a l  r i n g .  The sp r ings  s l i pped  n e a t l y  ox7er 
the Q,D, of the r i v e t  heads and i n  no way a f f e c t e d  ope ra t ion  of  t he  s e a l .  However, 
a ctrcun-iferential displacement of t h r e e  s p r i n g  guides i s  contemplated t o  a s su re  
that n? ~ r c b l e m  can develop wi th  use  i n  t h i s  a r ea .  
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After f a i l u r e  of  t h e  o i l  s i d e  bellows s e a l  t o  ope ra t e  s a t i s f a c t o r i l y  for 
any extended l eng th  of time, i t  was decided by mutual agreement (SW, 
M S A  and Roppers) t o  r ep l ace  t he se  bellows s e a l s  wi th  a  f a c e  s e a l  using 
a p i s t o n  ring secondary s e a l .  I n  t h i s  des ign  t h e  p i s t o n  r i n g  bore (bal- 
ance d i m e t e r )  l a  no t  a f f e c t e d  by t h e  ope ra t i ng  pressures .  

S ince  che i ncep t ion  of t h i s  p r o g r m ,  d a t i n g  back t o  1965, Roppers d i d  
and is  s t i l l  doing development work i n  t h e  a r e a  of  hydrodynmic l i f t  seals,  
The experience gained up t o  t he  end of  1967 was incorpora ted  i n  t h e  des igns  
of the s e a l s  mentioned above. 

The fol lowing remarks r ep re sen t  a  s u m a r i z a t i o n  and d i scus s ion  of the 
s e a l  pe r fomance ,  genera l  appearance, and s u r f a c e  condi t ions  o f  t he  "wear" 
a reas .  

HIS TORY : 

The fol lowing s u m a r i z e d  h i s t o r y  i s  based on information t ~ a n s m i t t e d  t o  
Roppers by SET I n d u s t r i e s  and, t o  t h e  b e s t  o f  our  knowledge, i s  c o r r e c t ,  

A ,  P i s t o n  Ring S e a l  (101056, S/N 1 S e a l  and Shoulder) 
Bellows Sea l  (700397, S/N 6 Sea l  and SIN 1 Shoulder) 

The above s e a l s  were incorpora ted  i n  f i v e  tests: 

1. 50 M r .  Tes t  wBth a i r  b u f f e r  a t  14,000 R P M  

2. 50 R r .  Tes t  w i th  N2 b u f f e r  a t  14,000 RPM 

Note: Above bellows s e a l  assembly no t  used i n  t he se  two tests, 

3 ,  250 R r .  Endurance Tes t  wi th  EJ2 b u f f e r  r a t  14,000 W M  

4 .  250 H r ,  Endurance Tes t  wi th  N2 b u f f e r  a t  14,000 RPM 

5 .  High Speed Test  a t  14,000 RPM and above, air buf fe r  

During both 50 H r .  tests t h e  above p i s t o n  r i n g  seal was used. The bellows 
s e a l  assembly used in t h e s e  two t e s t s  was 700397, S/N 2 s e a l  and a 700405 
shoulder .  This p a r t i c u l a r  s e a l  assembly and shoulder  were no t  s e n t  t o  
Koppers f o r  inspec t ion .  Af t e r  completion o f  t he se  two 50 N r .  t e s t s  the 
p i s t o n  r i n g  s e a l  and shoulder  were shipped back t o  Roppers f o r  i n spec t ion ,  
A t  that t i m e  t h e  s e a l  r i n g  f a c e  was relapped and t h e  shoulder  was buraf~heb 
t o  remove r e s idues .  I n  our op in ion ,  e x t e r n a l l y ,  t h e  s e a l s  appeared t o  h e  
in f i n e  condi t ion .  1 

Report "mdrodynmic  Sea l  Af t e r  LO0 R r s .  Tests \  Aug. 20, 1968 by 2 ,  J 
Taschenberg submitted t o  SKF I n d u s t r i e s .  
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1- - -; - ~ ~ l n t  ehe f i r s t  250 IIr. t e s t  had been s t a r t e d .  The p r e v i o u s  
-c 1jc13 ces-ii and s h o u l d e r  were r e p l a c e d  w i t h  700397, S/N 6  s e a l  and 
"heh q # N  I. shou lder  because  o f  extreme leakage  (21-22 SCFM). The p i s -  
t o n  r,nl: seal s S N  1 and s h o u l d e r  SJN 1 had n o t  been r e c e i v e d  by SKF, 
<9aeri?iore t h e  101056, SIN 2 s e a l  and st louldcr were used.  A f t e r  1 3  hours  
Y ,- r tne t e s t  t h e  S / N  l p i s t o n  r i n g  s e a l  and shou lder  were r e c e i v e d  by 
SRE 3-d rep laced  t h e  SIN 2 p i s t o n  r i n g  s e a l  and shou lder .  The S/N 2 
5ez: h a v i n q  been f i t t e d  w i t h  t h e  wrong carbon was s e n t  back t o  Koppers 
an6 -cfikted w i t h  a new carbon.  From t h i s  p o i n t  on,  t h e  p i s t o n  r i n g  
s e a ?  and s h o u l d e r  101056, SJN 1 and t h e  be l lows  s e a l  700397, SIN 6 
anr anoLiider S/N 1 were used throughout  a l l  t h e  t e s t i n g .  Between t h e  
t w c  25C Ma. endurance t e s t s  t h e  s e a l s  had been i n s p e c t e d .  I n  doing s o  
t h e  p l s r o n  r i n g  had been broken. The p i s t o n  r i n g  s e a l  was shipped t o  
d o p p e r s  fox  r e p a i r .  The s e a l  was shipped back t o  SKF w i t h  no recon-  
d i t i o n i n g  o t h e r  khan r e p l a c i n g  t h e  p i s t o n  r i n g .  

The cperating p r e s s u r e s  d u r i n g  t h e  t e s t s  were a s  fol lows:  

a) Downstream s i d e  of bel lows s e a l  ( a i r  s i d e )  106 p s i g .  

b)  B u f f e r  gas  between s e a l s  111 p s i g .  

c) Downstrem s i d e  o f  p i s t o n  r i n g  s e a l  ( b e a r i n g  c a v i t y ,  o i l  s i d e )  
6 p s i g .  

Note: Bear ing  c a v i t y  was n o t  a t  a tmospher ic  p r e s s u r e  due t o  
t h r u s t  l o a d i n g  requ i rements .  

Ix t h e  53 Nr. a i r  t e s t  a t  14,000 RPM t h e  r i g  was s topped  and s t a r t e d  i n  
a~prox"Lma1:eQy lQli Br. i n t e r v a l s .  I n  t h e  beg inn ing  o f  t h e  t e s t ,  l eakages  

2 
were in t he  range o f  10.2 t o  9 . 3  SCFM ( t h e  1st 20 hours ) .  I n  t h e  fo l low-  
in= i n t e r v a l s ,  l eakages  a l l  f e l l  w i t h i n  t h e  range  o f  4 .2  t o  6.6 SCFM. 
T!!le wear encountered on t h e  101056, S/N 1 s e a l  f a c e  d u r i n g  t h e  f i r s t  
50 Mrs. of t e s t i n g  w i t h  a i r  b u f f e r  was approximately  .0025". The n e x t  
50 Hr. t e s t  was r u n  w i t h  a  N2 b u f f e r  a t  14,000 RPM. During t h i s  test 

leakages were approximately  t h e  s a m e  a s  i n  t h e  a i r  b u f f e r  t e s t .  Upon i n -  
spection t h e r e  w a s  no f u r t h e r  wear o f  t h e  s e a l  f a c e .  

(Note: Opera t ing  t empera tu res  f o r  t h e  a b ~ v e  two t e s t s  were i n  t h e  
s m e  g e n e r a l  r ange  a s  i n  t h e  endurance t e s t s ,  excep t  t h a t  
b e a r i n g  c a v i t y  t empera tu re  was approximately  45Q°F. i n  t h e  
air t e s t . )  

A t  the outset o f  t h e  f i r s t  endurance t e s t ,  t h e  l eakages  were h i g h ,  being 
i n  t h e  range o f  8.5 t o  12.7 SCFM. Leakage s e t t l e d  down af t ler  t h e  f i r s t  
20 hours and throughout  t h e  t e s t  ranged from 3 t o  1 7 . 7  SCE%f, a l though  
average l eakage  was' appro,:imately i n  t h e  5-7 SCFM range .  The s e a l s  were 
inspected a f t e r  t h e  f i r s t  250 hours  and t h e  101056, S f N  1 s e a l  f a c e  en- 
coufitered "002" wear. 

3 ABI leakage r a t e s  a r e  a  c o d i n a t i o n  o f  p i s t o n  r i n g  s e a l  and bel lows seal 
leakage. 



During the endurance t e s t  t h e  ope ra t i ng  temperatures were as  f o l l o w s :  

a )  Downstrem s i d e  of beIlows seal ( a i r  s i d e )  1150°F. average 
temperature ,  This read ing  was monitored from a themocoup1i.e 
i m e r s e d  i n  t he  a i r  flow near  the shoulder .  

b)  Buffer  gas  between s e a l s  - temperature was no t  monitored, 

c )  Downsf-rem s i d e  of  p i s t o n  r i n g  s e a l  (bear ing c a v i t y ,  o i l  s i d e )  
630°F. average temperature.  This  read ing  was a l s o  monitored 
frorn a themocouple  immersed i n  t h e  envbromentah c a v i t y ,  

During t he  endurance tes t ,  bear ing  r a c e  temperatures were monitored from 
a  themlocouple bur ied  i n  t h e  o u t e r  r a c e  o f  t h e  bear ing.  The average t ew -  
p e r a t u r e  dur ing  the f i r s t  endurance t e s t  was between 640QF-670°F. Also ,  
o i l  i n l e t  t m p e r a t u r e  of t h e  cool ing  o i l  j e t  f o r  t h e  hydrodynmic shoulder 
was recorded t o  be i n  t he  range of  500°F-515°F. a t  a  flow of  1.5-2 gpm, 

The second endurance t e s t  leakage r e s u l t s ,  ope ra t i ng  p re s su re s  and tan- 
pesa tures  were i n  t h e  same range as t h e  f i r s t .  Af t e r  e x t e r n a l  exmikina- 
t i o n  o f  t h e  s e a l s  i t  was found thae  t h e  101056, S/N l s e a l  face  encountered 
an a d d i t i o n a l  .003" wear. The s e a l s  were judged acceptab le  f o r  t he  h igh  
speed t e s t .  

I n  t h e  high speed t e s t  ehe s e a l s  r a n  approximately 3.1 hours a t  14,080 
W M .  I n  going t o  16,000 RPM i t  was observed t h a t  t he  bear ing  cav'lB:y 
p re s su re  had gone from 6 t o  20 p s i g  whi le  t o t a l  leakage went from I!.$ t o  
38 SCFH. A t  t h i s  p o i n t  the r i g  was shu t  down. During t h i s  time t h e  cool- 
i ng  OPE i n l e t  temperature  was approximately 380°F t o  410QF. and the  flow 
went from 2  t o  P gpm. Resu l t s  upon in spec t ion  a r e  covered i n  another  
s e c t i o n  of t h i s  repoxt .  The approximate time accumulated on each s e a l  
i s  as follows: 

a) P i s t o n  r i n g  s e a l  and shoulder  101056, S/W 1 - 573.1 hours 

b) Bellows s e a l  700397, S/N 6 and shoulder  700397, SIN 1 - 4 8 3 , 1  hours  

B.  P i s t o n  Ring Sea l  (101056, S/N 2 s e a l  and shoulder)  
Bellows Sea1 (700397, S/N 3  s e a l  ?nd 700405, S/N l s h o u l d e r )  

These s e a l s  r a n  i n  ctne h igh  speed t e s t  ranging i n  speed from 16,000 to 
20,000 RPM. Upon s t a r t - u p  of t he  t e s c ,  high leakage occurred.  A t  t h i s  
time t h e  bellows a i r  shoulder  was changed frorn 700397, S/M 1 t o  700405, 
S / N  1. This  d i d  no t  so lve  t h e  leakage problem and the  bellows seal 700397 
was switched from S/N 6 t o  S / N  3. It was observed t h a t  t h e  S / N  6 bellows 
had re laxed .  This  f f n a l  s e t  of  s e a l s ,  t he  p i s t o n  rPng s e a l  and sho~alder  
181056, S/N 2 and the  bellows s e a l  700397, S/N 3 and shoulder  700405, S / h '  1 
r a n  throughout t h i s  s e t  of t e s t i n g .  

The ope ra t i ng  p re s su re s  i n  t h i s  t e s t  were t he  same a s  i n  t h e  previous s e t  
of t e s t i n g .  I n  t h e  begtnning o f  the t e s t  t h e  leakage r a t e  a t  14,000 WE1 
was in the  range sf 11.9-B3,2 SCm. A t  16,000 RPM t h e  beakage range was 



? ,  ? t:) b t3 SCm. In going t o  18,000 WPM a problem arose  i n  t h e  r i g ' s  
?EL: d r k v s  at which time t h e  r i g  was shu t  down. Before s h u t t i n g  down a 
eeakape measurement of 8 . 9  SGFM was recorded.  Bui lding back up t o  18,000 
RPV3 ehe leakage r a t e  dropped t o  a range of  7 . 6  t o  5 .9  SCF1VI. A t  20,000 
BPM :he oaky recorded leakage measurement was 8 .1  SCFPI. The time a t  
s p e e d s  was as fohlowe: 

a) 16,000 RPM - 2.0 hours 
b )  18,000 RPM - 2 . 5  hours 
c)  20,000RPM - 8.7 hours  

The t o t a l  running time of the  s e a l s  was approximately 8 hours .  The ba l -  
ance o f  the running time was a t  I n t e r m i t t e n t  i n t e r v a l s  due t o  var ious  
a:lgnment problems w l t h  t h e  b e l t  d r ive .  

Onerating t m p e r a t u r e s  dur ing  t h i s  t e s t  were: 

s )  Domstrean s i d e  o f  bellows s e a l  ( a i r  s i d e )  average temperature 
was 975°F-980°F. Measured i n  sme manner a s  before .  

$1 Buffer gas between s e a l s .  Temperature was no t  monitored. 

c )  D s m s t r e m  s i d e  of p i s t o n  r i n g  s e a l  (bear ing  c a v i t y ,  a i l  s i d e )  

84,000 RPM - 445 Avg. temp. (OF) 

16,000 RPM - 485 Avg, temp. (OF) 
18,000 RPM - 5-45 Avg. temp. (OF) 
20,080 RPrP - 568-630 Avg. temp. (OF) 

O;I j n l e t  t m p e r a t u r e  of t h e  cool ing  o i l  j e t  was a8 fol lows:  

18,000 RPM Avg, Temp, 35QL"F - .75  gpm 
18,000 RPM Avg. Temp. 450°F - 2 fZPm 
20,000 RPM The oi l .  f low was never above 1.5 gpm. 

No temperature readings were recorded. 
A t  shut: d o m  t h e  o i l  f low w a s  1 gpm. 

A f t e r  s k v t  d o n  t he  bear ing  c a v i t y  t m p e r a t u r e  was observed t o  be r i s t n g  
r a p t d l y ,  Inspection revea led  a f i r e  i n  t h e  beqring cav i ty .  Upon in -  
spe<*t;on the clamping r i n g  f o r  t h e  bellows shoulder  was found t o  have 
raken a pemanent  set  which increased  t h e  clamping r i n g  by l / 1 6 * h n  dim- 
ete- when measured co ld .  (Note: This  was not  discovered u n t i l  a f t e r  
the f i r e )  . 

C7oz-i completion of  a11 t e s t i n g  t he  four  assemblies were s e n t  back t o  
Moppers Company f o r  i n spec t ion .  Observations and c o m e n t s  a r e  covered 
i n  the fol1owLng s e c t i o n s  of t h i s  r e p o r t .  



O i l  S e a l s  - Drawfng 101056 S e a l ,  S/N l 

The s e a l  o p e r a t e d  at t e s t  c o n d i t i o n s  i n  excess  o f  500 hours .  The 
c o n d t t i o n  o f  t h e  s e a l  i s  r e p o r t e d  by SKF p r i o r  t o  r e u s e  o f  t h e  
s e a l  a t  h i g h e r  speeds .  The c o n d i t i o n  o f  t h e  s e a l  as observed koLPre- 
i n g  t e r m i n a t i o n  o f  a h igh speed t e s t  i s  d e s c r i b e d  h e r e .  

The s e a l  f a c e  i n d i c a t e d  wear damage had o c c u r r e d ;  t h e  edges of the 
pads  and s e a l  dam show rounding,  which i s  t o  be  expected i n  t e r m s  
o f  t h e  c o n d i t i o n  o f  t h e  wear s u r f a c e  o f  t h e  s h o u l d e r ,  

I n t e r n a l  examinat ion o f  t h i s  s e a l  i s  cons idered  most s i g n i f i c a n t  
s i n c e  i t  had n o t  been opened fo l lowing  complet ion o f  t h e  endurance 
t e s t i n g .  The o u t e r  d i a m e t e r s  and o u t e r  s u r f a c e s  o f  t h e  s e a l  ring 
had t h i n  l a y e r s  of v a r n i s h .  The i n t e r n a l  s u r f a c e s  o f  t h e  s e a l  hous- 
i n g  a l s o  were covered w i t h  v a r n i s h  exc lud ing  t h e  a r e a  immediately 
a d j a c e n t  t o  t h e  p i s t o n  r i n g .  S p r i n g s  were coa ted  w i t h  t h i n  v a r n i s h  
and a  deeper  accumulat ion was found on t h e  o u t e r  s u r f a c e  o f  t h e  ro-  
t a t i o n  lock  bosses  i n  t h e  housing.  

The a r e a  i n  t h e  b o r e  o f  t h e  f a c e  s e a l  r i n g  where t h e  p i s t o n  r i n g  
s e a t s  was v i r t u a l l y  f r e e  o f  v a r n i s h  d e p o s i t s .  The p i s t o n  r i n g  i t -  
s e l f  was a l s o  f r e e  o f  d e p o s i t s .  

It i s  r a t h e r  c l e a r  t h a t  whi le  t h e  windback (and i t s  housing)  does 
no t  complete ly  p r e v e n t  o i l  from r e a c h i n g  t h e  i n t e r n a l  s e a l  s u r f a c e s ,  
i t  masks s u f f i c i e n t l y  t o  keep t h e  a r e a  o f  t h e  secondary s e a l  (pistoc 
r i n g )  v i r t u a l l y  f r e e  o f  o i l  d e p o s i t s .  

The p i s t o n  r i n g  had s e a t e d  on t h e  b o r e  o f  t h e  s e a l  r i n g  ( s e a t i n g  wear 
e v i d e n t ) .  The s u r f a c e s  were i n  e x c e l l e n t  c o n d i t i o n .  Very s l i g h t  
e r o s i o n  marks were noted on t h e  p i s t o n  r i n g  s e a l i n g  dam. The adjacenc 
bore  of t h e  s e a l  r i n g  showed one mark n e x t  t o  t h e  p i s t o n  r i n g  where 
p o s s i b l e  c o n t a c t  between t h i s  b o r e  and t h e  housing took p l a c e  (the 
l e n g t h  about 20° a r c ) .  Th i s  damage was s u p e r f i c i a l  and would have hae 
n e g l i g i b l e  e f f e c t  on s e a l i n g  i n  t h a t  a r e a .  

The r o t a t i o n  l o c k  p i n s  and t h e  bosses  were i n  e x c e l l e n t  c o n d i t i o n  a7- 
though a  t h i n  l a y e r  o f  v a r n i s h  was found on t h e s e  p i e c e s .  Wear w a s  
not  e v i d e n t  and i t  i s  h i g h l y  u n l i k e l y  t h a t  t h e  r o t a t i o n  locks  i n  any 
way d i s t u r b e d  t h e  f r e e  o p e r a t i o n  o f  t h e  s e a l .  

Shoulder  %/N P (101056) 

Th is  p a r t  was b a d l y  worn d u r i n g  t h e  a t t empt  t o  o p e r a t e  a t  t h e  higher 
speeds  b e f o r e  t e r m i n a t i o n  of i t s  u s e .  The hydrodynmic  pockets  were 
worn away and a  wear t r a c k  was developed on t h e  s u r f a c e  which rangec 
i n  depth  approximately  . O O l q '  t o  more t h a n  . Q08" a t  a  180" t o  t h e  minirum 
dep th .  



T h ~ e  shoullder had a gross  "saddle8' shape on the  face  away from the  
sea '  ;ng face. One of  t he  high p o i n t s  on t h i s  face  was co inc ident  
k i t h  Lhe area where t h e  . O O l "  depth was observed on the  s e a l i n g  face .  
It appears t h a t  clamping d i s t o r t i o n  was p resen t  durfng the  ope ra t ion  
o f  t i i s  s e a l ,  

The ~ v e r a l l  cond i t i on  of t h i s  s e a l  w a s  good wi th  the  except ion t h a t  
phe bellows had taken a pemanent  s e t ,  r e f l e c t e d  i n  a  s h o r t  f r e e  
length, B e  carbon f a c e  was i n  good cond i t i on  and d i d  not  show d i s -  
tress due t o  many hours of  use.  Obviously, t h e  s e a l  operated a t  a 
reduced f ace  load compared to  the  new s e a l ;  however, the  n e t  load 
remained s u f f i c i e n t  t o  s e a l  s a t i s f a c t o r i l y  based on repor ted  leakage 
r a - P S  dur ing  t h e  endurance t e s t i n g .  

Shoulder  (S/N 1) - 700397 -- 
,'he wear t r ack  was h ighly  glazed wi th  l i g h t  s co r ing  p re sen t .  I n  
one  s m a l l  a r ea  (poss ib ly  3 / 6 4  d i a , ) ,  a  s p a l l  o r  p u l l  ou t  of  t he  
coa t i ng  had taken p l ace  i n  t he  wear t rack .  It Is not obvious from 
i t s  appearance what ce~used t h i s  m a t e r i a l  r m o v a l .  

T h i s  sea l  was exposed t o  a  f i r e  i n  the  sump fol lowing shutdown of 
t>e bligh speed t e s t .  The condi t ion  of t h e  s e a l  r e f l e c t s  t he  r e s idues ,  
etc, which developed fol lowing t h e  f i r e ,  

The csuter su r f aces  of  t h e  s e a l  r i n g  were heav i ly  coated wi th  coke- 
varn ish  and the  i n t e r i o r  su r f aces  of t he  s e a l  housing r e f l e c t e d  t h e  
same condi t ion .  Again, however, t h e  a r e a  of t h e  p i s t o n  r i n g  on t h e  
housing and the bore of  the  s e a l  r i n g  showed only  t r a c e s  of varn ish .  
The mount  s f  coke and va rn i sh  i n  t h e  s e a l  housing was g r e a t l y  i n  
excess of t h a t  found i n  s e a l ,  S/W 1 discussed above. 

The carbon f a c e  was v i s u a l l y  i n  e x c e l l e n t  condi t ion  and i s  discussed 
further i n  t h i s  r e p o r t  wi th  r e spec t  t o  wear. 

This shoulder a l s o  was found t o  have a  gross  " sadd le ' 9hape  on the  
face  oppos i te  t o  t h e  s e a l i n g  face .  It is  i n t e r e s t i n g  t o  note  t h a t  
one "low" p o i n t  of t he  saddle  showed such heavy bear-lng contac t  with 
the adjacent  member t h a t  t h e  l e t t e r s  "LSRqU appear a s  "raised" metal .  
The wear t r a c k  on the  s e a l i n g  face  of  t he  shouPder and a  "burnishv" 
pattern obtained on a l ap  p l a t e  i n d i c a t e  t h a t  t h i s  p a r t  was opera t ing  - 
i n  a d i s t o r t e d  conf igura t ion  roughly o r i en t ed  the  same as  t he  saddle  
shape on the  oppos i te  face .  Two of  t he  hydrodynmfc pockets showed 
wear a t  the  '"high" po in t  on the  s e a l i n g  face .  



Some p i t t i n g  w a s  observed i n  the c e n t r a l  a r eas  of  the hydrodynavic 
pockets .  It i s  not  c l e a r  a t  t h i s  time i f  t h i s  p i t t i n g  develo13ed 
due t o  h i g h  temperature ope ra t ion  alone o r  i f  the manufacturing 
process  had some e f f e c t  on adhesion i n  t he  c e n t r a l  a r e a  of t he  
pockets ,  

The a r e a  t o  t he  i n s i d e  of t he  L feed s l o t s  i n  t he  shoulder  s e a l -  
bng f ace  shows evidence of  rubbing; i , e . ,  more contac t  than t h a t  
occurr ing  on ad jacent  su r f aces .  It is  probable t h a t  t h i s  colatact 
i s  due t o  l o c a l  thermal d e f l e c t i o n  of t h e  su r f ace  a s  a  r e s u l t  of 
g r e a t e r  Bscal h e a t  t r a n s f e r .  It may be d e s i r a b l e  i n  f u t u r e  de- 
s igns  t o  r e l i e v e  t h i s  a r e a  t o  prevent  f i lm  breakthrough. 

Bellows Sea l s  ( a i r  s i d e )  h g .  708397, S/N 3 

This s e a l  was found t o  be i n  gene ra l ly  good condi t ion  with no 
evidence of s e r i o u s  ope ra t ing  d i s t r e s s .  It w a s  noted t h a t  a 
m e t a l l i c  rub by some r o t a t i n g  p a r t  had marked t h e  I.D. o f  the 
"shields '  which i s  i n t e r n a l  t o  t he  carbon f ace .  This was considered 
minor although i t  may have caused some o u t - o f - f l a t n e s s  i n  t he  car-  
bon. Debris from t h i s  rub probably reached t h e  s e a l i n g  d m  area 
causing c u t t i n g  of t h e  domstream edge of the  r a d i a l  grooves and 
l e f t  t he  H.D, pads a d u l l  mat f i n i a h  in s t ead  of a  normal glazed 
su r f ace .  The f r e e  length  of this bellows was i n  t he  range at  which 
i t  was shipped.  

Shoulder (700405) S / N  1 

This  shoulder  operated wi th  S/N 3 bellows and was gene ra l ly  good 
i n  appearance. The wear t r a c k  was glazed wi th  rninor f i n e  sccbring. 
A mark near t h e  I.D. of  t h e  s e a l i n g  face  ind ica t ed  t h a t  the  part 
which rubbed the  H.D. of  t he  s e a l  a l s o  contacted the  shoulder ,  

WEAR SURFACES AND COmENTS: 

The wearing su r f ace  p r o f i l e s ,  carbon and shoulders  were recorded by means 
of a Brush su r f ana lyze r ,  gene ra l ly  wi th  a  v e r t i c a l  s e t t i n g  reading .8001 
per  graduat ion.  I n  one in s t ance  where the  wear was high,  an add i t i ona l  
t r a c e  was taken with a  v e r t i c a l  s e t t i n g  of . 00 l  per  graduat ion.  Traces 
of  the su r f ace  p r o f i l e s  from sec t ion - to - sec t ion  of the  s e a l  p a r t s  and 
mating face  s e a l  r i n g s  t o  shoulders  showed e x c e l l e n t  r e l a t i v e  c o n t i n u i t y .  

Hn comparing the  r a d i a l  wear markings wi th  drawing dimensions good csrre- 
Eation was obta ined ,  keeping i n  mind t h a t  the  border del ineat ion-wear  
( con tac t )  and no wear (no con tac t )  i s  not  too accu ra t e ly  defined f o r  l o w  
wear r a t e s .  Edge d e f i n i t i o n  seems t o  be wi th in  about 2 -005 r a d i a l ,  w h i c h  
is considered good f o r  t he  very b r i t t l e  m a t e r f a l s  involved. 



I, Piston Ring Sea l  (Oil  S i d e )  h g .  181856, S /N  P 

Carbon Grade: Sea l  Ring - National C D J  83 
P i s t o n  Ring - U . S . G .  2777 

'Piston RHng: Radjal Force . I09 l b / i n .  o f  circurnf@rence 
( s  t r u e  t u r a l )  

Sea8 Ring Springing: .545 I b / i n .  of circumference 

The f a c e  d e s i g n  r ep re sen t s  the  t y p i c a l  Kopperss gas face  - I . D .  and O.D. 
n c d s ,  I , @ .  and 8.D. c o l l e c t i n g  grooves and s e a l i n g  dam. One except ion 
had t o  b e  made. The I . D .  pad ope ra t ing  aga ins t  t he  shoulder l i f t  pockets 
was n o t  v e n t e d  t o  t he  H.D.  c o l l e c t i n g  groove. 

'Tqks h ~ f g a a ,  i n  conjunct ion with t h e  "pocketed" shoulder, sepa ra t e s  the  
;1Sttng f r o m  t he  s e a l i n g  mechanism and a l s o  minimizes t he  e f f e c t  of c o n i c i t y  
on pressure balance i n  the  i n i t i a l  s t ages  of  ope ra t ion  o r  f o r  the  l i f e  of 
t5r seal  if wear progresses  i n  p a r a l l e l  planes.  

!?cc:)rding to SKF (see Hi s to ry ) ,  t he  s e a l  operated very  s a t i s f a c t o r i l y  f o r  
about  565 - 570 hours with an average t o t a l  leakage of 5 - 7  SGFM and an 
zp13eoulrnate wear of .005 per  500 hours. Flow passages,  c o l l e c t i n g  grooves 
and G.D, pad vents  a r e  designed t o  permit .030 wear. These r e s u l t s  gen- 
e r 3 ? i y  ind ica te  p r a c t i c a l  s epa ra t ion ;  on the  o the r  hand, -001" wear per  
a08 h o ~ ~ s  i n d i c a t e s  some t r a n s i e n t  s h o r t  du ra t ion  con tac t .  

M h i ~ a  iqcreas ing  speed from 14,000 t o  16,080 RPM, leakage was i n i t i a l l y  
higf i  and  d e t e r i o r a t e d  fo rc ing  shut  down. As a  matter  of i n t e r e s t ,  even 
a: 20,030 W M  the  s e a l  spr inging  was adequate i f  t he  shoulder motion ( in -  
cluding runout a t  s h a f t  frequency) i s  i n  the  order  of hundreds of rnicro- 
~ n c ' h e s .  Figure 1 summarizes t he  t y p i c a l  f ace  appearance as  wel l  a s  the 
relative wear measurements. 

T%e f a c e  contour s t rong ly  suggests  edge b r e a k d o n  a t  the  en t rance  of t h e  
I,D, pad and a l so  al: t he  darn I . D .  The d a t a  i n d i c a t e  " b o w i n g ' ~ l o w  1 . D ;  
3igh m i d d l e ;  low O.D.). The matching shoulder  (co ld)  is  gene ra l ly  coned - 
low I . D ,  h i g h  O.D. Gross absolu te  wear measurements on the  carbon i n d i c a t e  
wear of .$B8". 

?"he above geometry of  the w r n  face of the carbon i s :  



It i s  c e r c a i n  t h a t  t h e  h i g h  wear r a t e  and r e s u l t i n g  geometry took place 
when t h e  speed w a s  I n c r e a s e d ,  However, we a r e  a t  a  l o s s  t o  r a t i o n a l f e e  
t h i s  phenomenon, u n l e s s :  

a) The b u f f e r  f l u i d  suddenly  became s a t u r a t e d  w i t h  f i n e  p a r t i c l e s .  
b) Large a x i a l  v i b r a t i o n s  were  somehow induced. 
c )  Clamping d i s t o r t i o n  may have i n i t i a t e d  h i g h  wear by f i l m  break- 

through.  
d )  Oxida t ion  o f  c a r b i d e  s h o u l d e r  produced a b r a s i v e  p a r t i c l e s .  

Shoulder  f o r  P i s t o n  Ring S e a l  - 

To minimize o i l  m i a t  c o n t m i n a t i o n  o f  t h e  rubb ing  f a c e s ,  an  i n t e g r a l  
cylhndrLea1 s l e e v e ,  t o  a e c o m o d a t e  a windback, was added on  t h e  O.D. 
The r a d i a l l y  f l e x i b l e  a h a f t  mounting used w i t h  t h e  o l d  be l lows  s e a l  
s h o u l d e r  w a s  main ta ined .  The p r i n c i p l e  a d d i t i o n ,  however, i s  a s e r f e s  
o f  24 ' * l i f t B '  pocke t s .  

The a c t u a l  l i f t  pocket  d e s i g n  i s  based on t e s t  work p e r f o m e d  at  Kolppers. 
I t  has  been o u r  o p i n i o n  t h a t  t h e  pocke t s  shou ld  be  i n c o r p o r a t e d  i n  the 
shou lder  r a t h e r  t h a n  t h e  carbon f a c e  because  o f  g e n e r a l l y  lbwer wear ra tes  
sf t h e  s h o u l d e r  m a t e r i a l .  

The pocket  d e s i g n  used i s  s i m i l a r  t o  t h e  ""beet"hxper i lmental  d e s i g n  avrai:- 
ab le  i n  1967. The f o l l o w i n g  data are of  i n t e r e s t :  

. 8  lb/Lw. o f  C i r c .  8000 RPM (237 f t / s e c . )  .000355 S e p a r a t i o n  
.75  lb/Ln. o f  C i r c .  8800 RPM (237 f t / s e c . )  .0002 S e p a r a t t o n  
1 . 5  I b / i n .  o f  C i r c .  8000 RPM (237 f t j s e c . )  .000135 S e p a r a t i o n  

Pocket dep th  h  = .00063 
E n t e r i n g  chamfer d e s i r a b l e  
S e p a r a t i o n  s t a r t e d  between 500-1000 RPM. 

I n  endurance t e s t i n g  t h e  s e a l - s h o u l d e r  comblination p e r f o m e d  reasonab ly  
w e l l  a t  14,000 RPM i n  an m b i e n t  domstremun tempera tu re  o f  63Q°F. and pres- 
s u r e  d i f f e r e n t i a l  o f  105 p s i .  Rapid d e t e r i o r a t i o n  developed i n  t h i s  seal  
f o r  reasons  n o t  c l e a r l y  d e f i n e d  when an a t t e m p t  was made t o  r e a c h  lC8,OOQ 
RPM. F i g u r e  2 l i s t s  t h e  recorded  wear.  

The shou lder  appeared t o  be  i n  good c o n d i t i o n  a f t e r  about  565-570 hciurs o f  
o p e r a t i o n .  We a r e  a t  a  l o s s  t o  r a t t o n a l i z e  s h o u l d e r  wear o f  -005-,eiC8'" 
o c c u r r i n g  i n  about  t h r e e  hours .  A sudden s h i f t  ( l o s e  o f  e l m p i n g  force) Bn 
squareness  might e x p l a i n  t h e  l a r g e  angu la r  d i f f e r e n c e  in wear ( s e e t i o n  "B" 
and 'QE""). The p o s s i b i l i t y  o f  d i r t  a s  w e l l  as carbon d u s t  due t o  carbon edge 
breakdown and/or  o x i d a t i o n  o f  the t u n g s t e n  c a r b i d e  may have been c o n t r i b u t i n g  
f a c t o r s  t o  wear. 



3- - Bellows Sea l  (Air S ide)  Dwg. 700397, S/N 6 

Carbon Grade: 
E;elBssws : 

A s  Shipped: 

Af t e r  Test :  

Pure 54 NT 
AM-350 - 6.830 8.D.- 5.830 I.D. 

Sca le  59 l b / i n .  
S t r u c t u r a l  Load , 3  - .5 l b / i n .  
Sea t ing  Bias  (Hydraulic) . I 22  l b / i n .  

Sca l e  59 l b / i n .  
De f l ec t i on  .067" 
S t r u c t u r a l  Load 3.95 l b ;  -1983 Pb/in.  
Sea t ing  Bias  (Hydraulic) . I 22  l b / i n .  

Because t h e  s e a l  ope ra t e s  with a AP = 5 p s i ,  t h e  hyd rau l i c  diameter  can 
be def fned a s  

(Root Mean Square) 

F i g u r e  3 l i s t s  t h e  r e l a t i v e  wear measurements. Unfortunately,  t h e  a c t u a l  
wear cannot be accu ra t e ly  a sce r t a ined ;  however, i n  measuring t h e  d m  
height wear of  approximately .003" can be assumed. Visual  i n spec t ion  of 
the seal i nd i ca t ed  ve ry  s a t i s f a c t o r y  appearance. I f  wear would cont inue  
without d e t e r i o r a t i o n  of t h e  s u r f a c e s ,  .03OW would be an acceptab le  number 
resulting in a s e a l  l i f e  o f  5,008 hours p lus  o r  minus. 

T h i s  r e s u l t  c o n f i m s  Kogpers i n i t i a l  premises; i. e . ,  wi th  a bellows Raving 
constant sp r ing  s c a l e  wi th  p re s su re ,  and a weldable m a t e r i a l  wi th  supe r io r  
phys i ca l s  than  A;M 358 a t  l10OaF. (now a v a i l a b l e ) ,  p r a c t i c a l  minimum leakage 
bellows seals ( l e s s  than  5 SGFM[ a t  105 AP) could be  a v a i l a b l e .  

T h i s  seal ope ra t e s  i n  a  very  demanding environment: 

A i r  temperature l l 5Q0F .  
Buffer  Gas approximately 60Q°F, 
(Buffer  gas heated by r i g .  With t h e  except ion  of  b u f f e r  
gas ,  i n t e r n a l  minimum temperature of  r i g  is  510°F. (cool ing  
o i l ) ,  
S e a l  shoulder  on ly  cooled by b u f f e r  gas .  
F i n a l  s e a l  load: .32 l b / i n .  
WF t h  b e t t e r  diaphragn m a t e r i a l  and hydrodynamic Pi£ t t h i s  
load can s a f e l y  be  increased  t o  .5 - . 6  I b / i n .  

4 ,  Shoulder f o r  Bellows Sea l  - D,.rg. 700397, S/N 1 

Mater ia l :  AMS 6322 - Chrome Carbide P l a t ed  

The shoulder  appearance was s a t i s f a c t o r y  and a s  t abu la t ed  i n  F igure  4; t h ~  
re la t ive  wear i s  smal l ,  bu t  t h e  a d d i t i o n a l  wear l i f e  i s  no t  e a s i l y  p r e d i c t e d .  
The e f f e c t  on s u r f a c e  roughness i s  t he  c r i t i c a l  c r h t e r i o n .  



In t h i s  r e s p e c t  i t  is  worth mentioning t h a t  t h e  roughest  su r f ace  w a s  
recorded i n  t he  c l m p i n g  a r ea ;  s t r a n g e l y ,  t h i s  roughness extends r a d i a l l y  
outward by up to .11$80Q' beyond t h e  i n i t i a l  O.D. of  t he  cPmpLng s l e e ~ r e ,  

Also of  i n t e r e s t  %s t h e  f a c t  t h a t  a pemanent  s e t  occurred r e s u l t i n g  in 
s m e t r i c a l  c o n i c i t y  ( s e e  F igure  4 ) .  It is  our op in ion  t h a t  t h i s  must be 
a creep phenomenon, however, t h e  s t r e s s  source  does no t  seem too w e l l  d e -  
f ined .  

Because t h i s  shoulder  i s  poorly cooled,  t he  t h e m a l  g rad i en t s  must be 
smal l ,  hence, smal l  t h e m a l  s t r e s s e s .  Besides ,  while  h o t  t h e  rubbing 
s u r f a c e  i s  s u b j e c t  t o  a  compressive s t r e s s .  I f  y i e l d i n g  would take  place 
i n  ho t  compression, t h e  stress would be reversed  t o  t ens ion  whi le  c o o l i n g  
This  should produce t h e  oppos i t e  cu rva tu re  than noted. 

Carbon Grade: S e a l  Ring - National  CDJ 83 
P i s t o n  Ring - U.S.G. 2777 

P i s t o n  Ring: Radia l  Force -109 l b / i n  of  C i r c .  
( S t r u c t u r a l )  

S e a l  Ring Springing: -545  l b / i n  of  C i r c .  

Both v i s u a l  i n spec t ion  and t r a c i n g s  of t h e  Brush su r f ana lyze r  of t he  car- 
bon face  i nd i ca t ed  an operab le  s u r f a c e .  The r e l a t i v e  weak measurements 
a r e  l i s t e d  on F igure  5. These d a t a  i n d i c a t e  t h a t  f u r t h e r  ope ra t i on  a t  
20,000 RPN would have been permiss ib le .  It i s  our b e l i e f  t h a t  i f  the  seal  
w a s  i n  any d i s t r e s s  during t h e  8 hours t e s t  du ra t i on  - .7 hours a t  20,000 
RPM, the  wearing s u r f a c e  should show i t .  

P a r e n t h e t i c a l l y  i t  i s  i n t e r e s t i n g  t o  note  t h a t  the  s e a l  sp r ing ing  of .545 
I b l i n .  should accommodate a  t o t a l  a x i a l  t r a v e l  of  .0002" b i b r a t i o n  p l u s  
o u t - s f -  squareness)  a t  333 CPS. The recorded leakage of  8.1 SCEW a t  
20,000 RPM i n d i c a t e s  t h a t  t h e  s e a l  fol lows the  a x i a l  s h a f t  motion. 

The s e a l  wearing f ace  r e p r e s e n t s  a p r a c t i c a l l y  symmetrical cone, Bow by 
roughly .00015" on the  O.D. 

6. Shoulder f o r  P i s t o n  Ring Sea l  - Dwg. 101056, S/N 2 

Mater ia l :  AMS-6322 Tungsten Carbide Flame Plate 
.002-.004 t h i c k  

A l l  mating (wearing) su r f aces  show a s  good a  f i n i s h  a s  t h e  "no contact '"  
a r ea s .  It i s  aga in  our op in ion  t h a t  t he  shoulder  was no t  i n  any disrress 
during the  test .  The t r a c e s  i n d i c a t e  a  s l i g h t  s lope ,  low on t h e  O , D ,  for 
a l l  e i g h t  s e c t i o n s  i nves t i ga t ed .  A sadd le  of approximately .0004" also 
seems t o  be p re sen t .  (See F igure  6 ) .  



7, -- Bel.lows Sea l  ( A i r  Side)  k g .  700397, S/N 3 

Carbon Grade: 
Be:klows: 

A s  Shipped: 

Af t e r  Test :  

Pure 56 HT 
AP.i-356) - 6.830 O.D., 5.830 I.D. 

Sca le  59 l b / i n .  
S t r u c t u r a l  Load .65-. 75 lb / in .  
Sea t ing  Bias (Hydraulic) . I22  l b / i n .  

Sca l e  59 l b l i n .  
Def lec t ion  ,281'' 
S t r u c t u r a l  Load 16.58 l b ;  ,832 l b / i n .  
Sea t ing  Bias  (Hydraulic) . I22  l b / i n .  

It rs noted i n  '"4Jisual Examination and Cements" t h a t  some member of  t he  
test rig contacted t h e  shoulder .  The t r a c e s  con f fmed  t h i s  observa t ion  
and showed t h a t  t he  I . D .  carbon pads and about a 45' s e c t o r  of  t he  dam 
E*D, were s u f f i c i e n t l y  dmaged t o  be wor th less  with r e spec t  t o  t h e i r  
s ea l ing  func t ions .  Otherwise, r e l a t i v e  wear i s  minimal. T t  i s  i n t e r e s t -  
ing t o  no te  t h a t  t h e  O.D.  pads a r e  Bkromed" .  No explana t ion  f o r  t h i s  
phenemenoa can be given. (See Figure 7 ) .  

It i s  our b e l i e f  t h a t  t h i s  s e a l  could have continued t o  ope ra t e  f o r  q u i t e  
some t a m e ,  s a t i s f a c t o r i l y .  The f a c t  t h a t  a l l  s e a l i n g  a reas  (carbon and 
s h o u l d e r s )  appeared t o  be  i n  e x c e l l e n t  condi t ion  was con t r ad ic to ry  t o  our 
experience f o r  a room temperature load of .954 l b / i n .  Baaed on years  of 
experience with  gas s e a l s  of s i m i l a r  face  des igns ,  and ope ra t ing  a t  much 
I-ower ambient temperatures and rubbing speeds ( t o  300 f t / s e c ) ,  a maximurn 
lead of  " 4  to .5 I$/in was experimental ly  e s t ab l i shed .  The i n a b i l i t y  t o  
operate the o r i g i n a l  bellows "'oil s e a l "  £or t h e  f u l l  p r e s su re  range d id  
eonfirm our  experience.  ~t i s  our  opinion t h a t  t he  chrome carb ide  p l a t e  
does not emprove per fomance  t o  such an ex ten t .  We a r e  a t  a l o s s  t o  ex- 
~ l a F n  this dev ia t ion  from p a s t  performance. 

8, - Shoulder of Bellows Sea l  - Dwg. 700405, S/M 1 

Mater ia l :  Znconel -X 
Chrome Carbide P la t ed  

This  shoulder remained 
rotating, by some metal 
Figure 8 slumarizes  t h e  

e s s e n t i a l l y  f l a t  although i t  was contacted while  
l i c  ma te r i a l .  (See: Visual  Examination and Comments). 
wear da t a ;  wear increases  towards shoulder  O.D.  - 

(O,D, carbon pads) ,  This  matches the  carbon face  s lope  and wear da ta .  The 
surface  f i n i s h  of t he  a r eas  where wear occurred i s  roughly t h e  same a s  f o r  
the noneontactdng a reas .  Hence, it is  our  b e l i e f  t h a t  t h e  shoulder could 
have continued s a t i s f a c t o r y  ope ra t ion  f o r  q u i t e  some time. 



S Y mD CONCLUSIONS: 

1. A i r  S ide  

Inco rpo ra t i on  o f  hydrodynamic l i f t  pockets  should make cu r r en t  
bellows s e a l s  ( d i f f e r e n t  diaphragm ma te r i a l )  p r a c t f c a l ,  FTe 
d e f i n e  '"ract ical"  a s  over  5,000 hours o f  ope ra t i on  wi th  an air 
ambient temperature  o f  1200'P. and a  b u f f e r  gas  (preferab1.p N2) 
temperature  i n  t h e  550-700'F. range.  A p r e s su re  d i f f e r e n t i a l  
of  4 t o  7 p s i  and a rubbing speed o f  550 f t / s e c .  a r e  aeeeprtable, 

Bellows S e a l s  a r e  minimtm leakage s e a l s  and t h e r e f o r e  p r e f e r r e d ,  

2.  O i l  S ide  

The sea l - shoulder  combination which opera ted  a t  14,000 RPM 
should perform s a t i s f a c t o r i l y  (5-10 SCm) f o r  s e v e r a l  thousand 
hours  wi th  m b i e n t  t h e m a l  and p re s su re  condi t ions  a s  t e s t e d ,  

The p re sen t  des ign  w i l l  p e r f o m  a t  test  cond i t i ons  (downsrrem 
ambient temperature 630°F; p r e s s u r e  d i f f e r e n t i a l  105 p s i )  a t  
20,000 RPPI. Leakages should be i n  t h e  5-10 SGFM range. The 
l i f e  of  t h e  seal cannot be  p red i c t ed  b u t  must b& exper imenta l ly  
eva lua ted .  Ca ta s t roph ic  f a i l u r e  whi le  reaching  speed 18 not 
l i k e l y .  

Improvements may be  p o s s i b l e  i n  changing t o  shoulder  m a t e r i a l s  
of  b e t t e r  thermal conduc t iv i t y .  It i s  a l s o  p o s s i b l e  t h a t  the 
l i f t  pocket des ign  is  no t  t he  optimum one. Fu r the r  ana lys i s  
and experimentat ion w i l l  r e so lve  t h i s  problem. 
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E n c l o s u r e  No .  

IT-1 

L I S T  OF ENCLOSURES 

T i t l e  

Mass  S p e c t r u m  o f  U n u s e d  Mobib X R M  l 0 9 E  a n d  
1 0 %  K e n d a l l  H e a v y  R e s i n  0 8 3 9  

Mass  S p e c t r u m  o f  M o b i l  X R M  1 0 9 F  a n d  1 0 %  
K e n d a l l  H e a v y  R e s i n  0 8 3 9  A f t e r  2 1 . 8  H o u r s  

Mass  S p e c t r u m  s f  M o b i l  X R M  l 0 9 F  a n d  10% 
K e n d a l l  H e a v y  R e s i n  0 8 3 9  A f t e ~ 5 6 . 6  H o u r s  

Mass  S p e c t r u m  o f  M o b i l  X R M  b 0 9 F  a n d  1 0 %  
K e n d a l l  H e a v y  R e s i n  0 8 3 9  A f t e r  7 2 . 2  H o u r s  

Mass  S p e c t r u m  o f  M o b i l  X R M  l 0 9 F  a n d  1 0 %  
K e n d a l l  H e a v y  R e s i n  0 8 3 9  A f t e r  2 5 1 . 5  B o z r ~ s  

T a b l e  o f  Mass  N u m b e r s  a n d  P e a k  H e i g h t  ia 
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o f  T h e i r  P e a k  H e i g h t  O v e r  t h e  T o t a l  R a n g e  
o f  R u n n i n g  T i m e  

G r a p h  o f  O x y g e n  C o n t e n t  i n  B e a r i n g  C h a m k e r ,  
V i s c o s i t y ,  C o n t a m i n a t i o n  a n d  N e u t r a l i z a t i o n  
Number  D u r i n g  T o t a l  R u n n i n g  T ime  o f  T e s t  
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A MASS SPECTROSCOPIC STUDY OF 
B1,SNDED MOBIL X R M  l 0 9 F  A N D  1 0 %  KENDALL HEAVY RESIN 0 8 3 9  

--- I N  H I G H  SPEED H I G H  TEMPERATURE BEARING TESTS 

' s  p a v e  o f  t h e  p r o g r a m  o n  NASA C o n t r a c t  NAS3-6267 ,  P h a s e  1 9 ,  
a  lend o f  M o b i l  XRM-l09F a n d  1 0 %  b y  w e i g h t  o f  K e n d a l l  H e a v y  
Eesin O B S 9  w a s  e v a l u a t e d  f o r  i t s  p e r f o r m a n c e  a s  a  l u b r i c a n t  u n d e r  
s i : q n l a t e d  a d v a n c e d  t u r b i n e  e n g i n e  c o n d i t i o n s .  S i n c e  a  m a s s  
sa?ctVcnetcr w a s  u s e d  f o r  c o n t r o l l i n g  g a s  p u r i t y  a n d  f o r  d e t e r m i n i n g  
z a a S  l e a k a g e  r a t e s ,  a n  o p p o r t u n i t y  w a s  a l s o  a f f o r d e d  f o r  o b s e r v i n g  
c9c h z h a , ~ i o r  o f  t h e  l u b r i c a n t  d u r i n g  t h e s e  t e s t s  b y  r e c o r d i n g  
qi2ss d i s t r i b u t i o n  d a t a  o f  t h e  l u b r i c a n t  v a p o r  f r o m  t h e  h e a r i n g  
z e s t  c h a m b e r  w h i l e  t h e  b e a r i n g  t e s t  w a s  u n d e r w a y .  

'7 ~ h z  p r e s e n t  r e p o r t  c o m p r i s e s  a  d i s c u s s i o n  o f  t h e  d a t a  o b t a i n e d ,  
,ts l a t e s p r e t a t i o n  i n  t e r m s  o f  l u b r i c a n t  s t a b i l i t y  a n d  a  t e n t a t i v e  
2crrelaLioa w i t h  o t h e r  l u b r i c a n t  p a r a m e t e r s ,  s u c h  a s  v i s c o s i t y ,  
a c 2 d i t v .  e n v i r o n m e n t a l  c o n d i t i o n s  a n d  o t h e r s .  

> R e a c t i o n  p r o d u c t s  o f  b l e n d e d  M o b i l  X R M  l 0 9 F  a n d  1 0 %  by  
I V C ~ L J ~  L o o f  Y c n d a l l  H e a v y  R e s i n  0 8 3 9 ,  f o r m e d  b y  a  t h e r m a l  d e g r a d a t i o n  
7 ? " . 4 - 7 3 m  a n d / o r  o x i d a t i v e  d e g r a d a t s o n  m e c h a n i s m ,  w e r e  o b s e r v e d  to 
*;i.:~me m a r e  s i g n i f i c a n t  when  o x y g e n  v a l u e s  e x c e e d e d  3 0 0  ppm i n  t h e  
i n e r t i a g  g a s  d u r i n g  a  2 5 0 - h o u r  e n d u r a n c e  t e s t  i n  a  1 2 5  mm-bore 
3 : a r i a g  r i g  at c o n d i t i o n s  o f  1 4 , 0 0 0  r p m  s h a f t  s p e e d ,  3 2 8 0  l b s .  
t!!ar.ust l o a d ,  a n d  6 5 0 ° F  o u t e r  b e a r i n g  r i n g  a n d  h o u s i n g  t e m p e r a t u r e ,  
a n d  5 0 Q J y  o i l  i n l e t  t e m p e r a t u r e .  

23 T h e r e  i s  e v i d e n c e  t h a t  d e g r a d a t i o n  o c c u r s  b y  d e p o l y m e r -  
j z 9 t i 0 3  o f  t h e  l u b r i c a n t  m o l e c u l e  w i t h  e v a p o r a t i o n  o f  t h e  m o r e  
vo:a~ile f r a g m e n t s .  D e g r a d a t i o n  p r o d u c t s  w e r e  o b s e r v e d  i n  t h e  
g a s  frsn t h e  b e a r i n g  t e s t  c h a m b e r  d u r i n g  t h e  t e s t  a n d  a s  r e s i d u a l  
c s n s t i ~ u e n t s  i n  t h e  l u b r i c a n t  a f t e r  t h e  t e s t .  

Ai? i3 t lGkTIOh OF RESULTS ------- 
' r h e s e  o b s e r v a t i o n s  c a n  p r o v i d e  a  m e t h o d  o f  c o n t i n u o u s  m o n i t o r -  

i i g  01' a h i g h  t e m p e r a t u r e  u n i t  f o r  t h e  r a t e  o f  d e g r a d a t i o n  p r o d u c t  
d e v a l o p a e n t  w h i c h  w i l l  s e r v e  a s  a n  i m m e d i a t e  f o r w a r n i n g  o f  l u b r i c a n t  
f a i i ~ r e  or a s  a n  i n d i c a t i o n  o f  p r o b a b l e  b e h a v i o r  i n  m o r e  e x t e n d e d  
operation, 

RESEARCZH LABORATORY sI%CF 1NDh3S1911"1ES9 I N C .  
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DETAILS 

I n  o r d e r  t o  s h e d  s o m e  l i g h t  o n  t h e  b e h a v i o r  o f  t h e  l u b r i c a n t  
a s  w e l l  a s  t h e  s t r u c t u r a l  c h a n g e s  t h a t  o c c u r  d u r i n g  u s e ,  mass  
s p e c t r a  w e r e  o b t a i n e d  o f  t h e  l u b r i c a n t  i n  t h e  u n u s e d  a n d  u s e d  
c o n d i t i o n  b y  i n t r o d u c i n g  t h e  v a p o r  o f  t h e  s a m p l e  a t  r o o m   emp per- 
a t u r e  i n t o  t h e  m a s s  s p e c t r o m e t e r .  S p e c t r a  w e r e  a l s o  r e c o r d e d  o f  
v a p o r  p r o d u c t s  f r o m  t h e  b e a r i n g  t e s t  c h a m b e r  w h i l e  t h e  t e s t  was 
i n  p r o g r e s s ,  

A B e n d i x  M o d e l  P 2 - l 0 l A  T i m e  o f  F l i g h t  M a s s  S p e c t r o m e t e r  
w i t h  M o d e l  1 2 - 1 0 ?  s o u r c e  w a s  u s e d  f o r  t h i s  w o r k .  T h e  m a s s  
s p e c t r o m e t e r  a n d  m a n n e r  i n  w h i c h  m a s s  i n d i c a t i o n s  a r e  g e n e r a t e d  
h a v e  b e e n  d e s c r i b e d  p r e v i o u s l y  i n  ( 11 . " :  

E n c l o s u r e  11-1 c o n t a i n s  a  p h o t o g r a p h  o f  t h e  s p e c t r u m  o b t a j - e d  
f r o m  a  u n u s e d  s a m p l e  o f  t h e  b l e n d e d  X R M  l 0 9 F  a n d  10% b y  w e i g h 1  
o f  K e n d a l l  H e a v y  R e s i n  0 8 3 9  w i t h  t h e  s a m p l e  a t  r o o m  t e m p e r a t u r e ,  

E n c l o s u r e s  1 1 - 2 ,  1 1 - 3 ,  1 1 - 4  a n d  11-5 c o n t a i n  p h o t o g r a p h s  
o f  s p e c t r a  o b t a i n e d  f r o m  r o o m  t e m p e r a t u r e  s a m p l e s  o f  b l e n d e d  
X R M  B89F a n d  10% K e n d a l l  H e a v y  R e s i n  0 8 3 9  a f t e r  - u n d e r g o i n g  
t e s t  c o n d i t i o n s  o f  1 4 , 0 0 0  r p m ,  3 2 8 0  p o u n d  l o a d  a n d  o u t e r  ring 

a n d  h o u s i n g  t e m p e r a t u r e  o f  6 5 Q 0 F  f o r  2 1 . 8  h o u r s ,  5 6 . 6  h o u r s ,  
7 2 . 2  h o u r s  a n d  2 5 1 . 5  h o u r s  r e s p e c t i v e l y .  E a c h  s p e c t r u m  w a s  recorded 
a t  t h e  s a m e  m a s s  s p e c t r o m e t e r  c o n d i t i o n  r e l e v a n t  t o  m a s s  p e a k  
p r o d u c t i o n .  

E n c l o s u r e  1 1 - 6  c o n t a i n s  a  t a b l e  w h i c h  l i s t s  t h e  m a s s  nunhers 
a n d  p e a k  h e i g h t s  i n  a r b i t r a r y  u n i t s  t h a t  a p p e a r e d  i n  s p e c t r a  o f  
t h e  u n u s e d  a n d  u s e d  o i l  s a m p l e s  a t  r o o m  t e m p e r a t u r e  w i t h  
c o r r e s p o n d i n g  v a l u e s  f o r  v i s c o s i t y  a t  l 0 0 O F ,  c o n t a m i n a t i o n  level 
a n d  n e u t r a l i z a t i o n  n u m b e r .  

E n c l o s u r e  11-7 c o n t a i n s - g r a p h i c a l  r e p r e s e n t a t i o n s  f o r  o b s e r v i n g  
t h e  m a s s  n u m b e r s  p r e s e n t  i n  t h e  r o o m  t e m p e r a t u r e  l u b r i c a n t  s p e c t r a  
a s  a f u n c t i o n  o f  t h e i r  p e a k  h e i g h t  o v e r  t h e  t o t a l  r a n g e  o f  r u n n i n g  
t i m e .  E n c l o s u r e  11-8 c o n t a i n s  v i s c o s i t y ,  c o n t a m i n a t i o n  l e v e l ,  

'$ N u m b e r s  i n  p a r e n t h e s e s  r e f e r  t o  r e f e r e n c e s  a t  e n d  o f  P a r t  1, 



, e c ; ~ ? - i z a - e i o n  n u m b e r  o f  t h e  t e s t e d  l u b r i c a n t ,  a n d  o x y g e n  c o n t e n t  
ii? t b e  t e s t  b e a r i n g  c a v i t y  a s  m e a s u r e d  c o n t i n u o u s l y  b y  t h e  m a s s  
s p ~ c t r o r n 2 t e r  d u r i n g  t e s t ,  o v e r  t h e  t o t a l  r a n g e  o f  r u n n i n g  t i m e ,  
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, J A c c o r d i n g  t o  a v a i l a b l e  i n f o r m a t i o n ,  - M o b i l  XRM l 0 9 F  i s  
a s y r t h e t i c  h y d r o c a r b o n  l u b r i c a n t  p r e p a r e d  b y  t h e  c a t a l y t i c  
~oly3;.le.r;izaltion.eizain o f  a n 4 - o l e f i n ,  a n d  K e n d a l l  H e a v y  R e s i n  0 8 3 9  i s  a 
k ig '? i l - /  x e f i n e d ,  h i g h  m o l e c u l a r  w e i g h t  m i n e r a l  o i l .  A b l e n d  o f  
XW,d 139F a n d  10% b y  w e i g h t  o f  K e n d a l l  H e a v y  R e s i n  0 8 3 9  w a s  u s e d  a s  t h e  
~ , e $  :: l u b r i c a n t  f o r  t h e  250 h o u r  e n d ~ l r a n c e  r u n  a t  1 2 5  mm b o r e  
j i e s ~ l n j  t e s i t  c o n d i t i o n s  o f  1 4 , 0 0 0  rpm s h a f t  s p e e d ,  3 2 8 0  l b s .  t h r u s t  
l o a d ,  a n d  650°F  o u t e r  r i n g  a n d  h o u s i n g  t e m p e r a t u r e .  T o t a l  t e s t  
: une    as a c c u m u l a t e d  i n  s e g m e n t s  o f  P O  h o u r s  a t  t e s t  c o n d i t i o n s .  
A f t e r  e a c h  t e s t  s e g m e n t  t h e  l u b r i c a n t  w a s  e v a l u a t e d  f o r  v i s c o s i t y ,  
:ontamina$ion l e v e l  a n d  n e u t r a l i z a t i o n  n u m b e r ,  a n d  s u b j e c t e d  t o  
p a s s  s p e c t r o s c o p i c  e x a m i n a t i o n .  

The m a s s  s p e c t r u m  o b t a i n e d  f r o m  t h e  u n u s e d  b l e n d  w i t h  t h e  
sa,.rxpLz a t  r o o m  t e m p e r a t u r e  ( E n c l o s u r e  11-l) c o n s i s t s  o f  p e a k s  a t  
ataxic mass  u n i t s  w h i c h  a r e  n o t  d e s c r i p t i v e  o f  t h e  m o l e c u l a r  
s i ~ a c t n r e  o f  t h e  l u b r i c a n t .  T h i s  s e e m s  t o  i n d i c a t e  t h a t  t h e  
% i g h  m o l e c u l a r  w e i g h t  o f  t h e  f l u i d  p r e c l u d e s  r o o m  t e m p e r a t u r e  
, o " ~ a - , i l i z a t i o n  a n d  t h e s e  m a s s  i n d i c a t i o n s  o n l y  r e p r e s e n t  
~ L s s c ~ l a e d  a t m o s p h e r i c  c o n t a m i n a n t s .  I n d i v i d u a l  s a m p l e s  o f  X R M  
18QF a n d  K e n d a l l  H e a v y  R e s i n  0 8 3 9  p r o d u c e d  s i m i l a r  s p e c t r a  w h i c h  g i v e s  
supporting e v i d e n c e  t h a t  o n l y  d i s s o l v e d  c o n t a m i n a n t s  c o m p o s e  t h e s e  
s p e c a r a ,  F o r  t h i s  r e a s o n ,  t h e  s t r u c t u r e  o f  t h e  l u b r i c a n t  c o u l d  n o t  b e  
de;ermiKed a n d  t h e  s p e c t r u m  w a s  u s e d  a s  a  b a s e l i n e  f o r  t h e  
fcrmatisn o f  a d d i t i o n a l  m a s s  p e a k s  i n  t h e  u s e d  l u b r i c a n t .  

E n c l o s u r e  1 1 - 2 ,  1 1 - 3 ,  1 1 - 4  a n d  1 1 - 5  i l l u s t r a t e  s p e c t r a  o f  
u s e a  l d ~ r i c a n t  a n d  p e r m i t  s o m e  o b s e r v a t i o n s  t o  b e  m a d e  o n  t h e  
6ffect sf o p e r a t i n g  c o n d i t i o n s ,  s i n c e  v a r i a t i o n s  o c c u r r i n g  i n  
pesk h e i g h t s  a n d  p r o d u c t i o n  o f  new m a s s  p e a k s  c a n  b e  a t t r i b u t e d  
L O  the d e g r a d a t i o n  o r  r e a r r a n g e m e n t  o f  t h e  l u b r i c a n t  m o l e c u l e .  
Since i t  w o u l d  n o t  b e  o f  a n y  a d v a n t a g e  t o  d i s p l a y  a l l  o f  t h e  
s p e s l r a ,  m o r e  o f  a  d i r e c t  p e a k  c o m p a r i s o n  c a n  b e  o b t a i n e d  f r o m  
S ~ c h o s g r e  11-6, w h i c h  c o n s i s t s  o f  a  t a b l e  l i s t i n g  t h e  m a s s  
auniers a n d  c o r r e s p o n d i n g  p e a k  h e i g h t s  i n  a r b i t r a r y  u n i t s  t h a t  
a p p e a s e d  i n  e a c h  o f  t h e  u s e d  l u b r i c a n t  s p e c t r a .  E a c h  l u b r i c a n t  
sample i s  l i s t e d  i n  t h e  v e r t i c a l  c o l u m n s ,  d e s i g n a t e d  b y  t h e  t o t a l  
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a c c u m u l a t e d  h o u r s  o f  t e s t  r u n n i n g  t i m e ,  i n  o r d e r  o f  i n c r e a s i n g  
a m o u n t  o f  t i m e ,  A l s o  l i s t e d  w i t h  e a c h  l u b r i c a n t  s a m p l e  i s  v i s c o s i t y  
a t  100°F, ( c e n t i s t o k e  v a l u e )  c o n t a m i n a t i o n  l e v e l  ( g r a m s  p e r  100 mLs, 
of t e s t  1 u b r i c m t )  a n d  n e u t r a l i z a t i o n  n u m b e r  ( m i l l i g r a m s  of 
p o t a s s i u m  h y d r o x i d e  p e r  g r a m  o f  l u b r i c a n t ) .  

N e a r l y  a l l  o f  t h e  p e a k  h e i g h t s  v a r y  s i g n i f i c a n t l y  a n d  new 
p e a k s  h a v e  a p p e a r e d  i n  a d d i t i o n  t o t h o s e  o b s e r v e d  w i t h  new o i l  I n -  
d i c a t i n g  t h a t  c h a n g e s  h a v e  o c c u r r e d  i n  t h e  c o m p o s i t i o n  s f  t h e  
m o l e c u l e s  w h i c h  v o k t l i z e  f r o m  t h e  s a m p l e  i n t o  t h e  s p e c t r o m e t e r ,  
This, i n  t u r n ,  i n d i c a t e s  c h a n g e s  i n  t h e  b u l k  f l u i d  w h i c h  h a v e  
o c c u r r e d  a s  a r e s u l t  o f  e x p o s u r e  t o  o p e r a t i n g  c o n d i t i o n s ,  The 
v a r i a t i o n s  o b s e r v e d  i n  v i s c o s i t y ,  c o n t a m i n a t i o n  l e v e l ,  a n d  
n e u t r a l i z a t i o n  n u m b e r  a r e  a l s o  i n d i c a t i v e  o f  c h a n g e s  i n  t h e  
b u l k  f l u i d .  

I n  o r d e r  t o  u t i l i z e  t h e  s p e c t r a  f o r  d e t e r m i n i n g  l u b r i c a r h l  
d e g r a d a t i o n  p r o d u c t s ,  i t  w a s  f i r s t  n e c e s s a r y  t o  s e p a r a t e  the n a s s  
i n d i c a t i o n s  i n t o  a s s o c i a t e d  g r o u p s ,  e a c h  o f  w h i c h  w o u l d  r e p r e s e n t  
o n l y  o n e  p a r t i c u l a r  p r o d u c t ,  s i n c e  d e c o m p o s i t i o n  o r  t h e r m a l  
d e g r a d a t i o n  o f  a n y  l a r g e  p o l y m e r i c  s t r u c t u r e  p r o b a b l y  r e s u l t s  
i n  m o r e  t h a n  o n e  c o m p o u n d ,  W i t h o u t  a n y  p r e l i m i n a r y  s e p a r a t i o n  
t e c h n i q u e ,  s u c h  a s  g a s  c h r o m a t o g r a p h y ,  a  m a s s  s p e c t r u m  w o u l d  
i n e l u d e  p a r e n t  m o l e c u l e s  a n d  p o s i t i v e  i o n  f r a g m e n t s  f r o m  all 
s p e c i e s  c o m p r i s i n g  a  g a s .  I t  m u s t  b e  u n d e r s t o o d  t h a t  t h e  
r e l a t i v e  p e a k  h e i g h t  p a t t e r n s  c i t e d  i n  t a b l e s  o f  "Mass  Spectral 
D a t a "  a r e  i n d i c a t i v e  o f  o n l y  p u r e  c o n s t i t u e n t s ,  t h e r e f o r e ,  
d i f f e r e n t i a t i o n  b e t w e e n  p o s i t i v e  i o n  f r a g m e n t s  f r o m  d i f f e r s a t  
p a r e n t  m o l e c u l e s  i s  r e q u i r e d  t o  m a k e  u s e  o f  t h e  l i t e r a t u r e  a n d  
v e r i f y  t h e  c o r r e c t n e s s  o f  a n y  p r e d i c t e d  i o n i c  s t r u c t u r e .  

Some d i s t i n c t i o n  b e t w e e n  m a s s  i n d i c a t i o n s  w a s  o b t a i n e d  
g r a p h i c a l l y  a n d  i l l u s t r a t e d  i n  E n c l o s u r e  1 1 - 7 ,  O b s e r v i n g  a n y  
m a s s  n u m b e r  a s  a f u n c t i o n  o f  i t s '  p e a k  h e i g h t  o v e r  t h e  t o t a l  r a i z g e  
o f  r u n n i n g  t i m e  o f  t h e  l u b r i c a n t  s h o w e d  t r e n d s  d e v e l o p i n g  a t  
i n t e r v a l s  o f  t i m e  w h e r e b y  a  g r o u p  o f  m a s s e s  d i s p l a y e d  s i m i l a r  
v a r i a t i o n s ,  When v i s c o s i t y ,  c o n t a m i n a t i o n  l e v e l ,  n e u t r a l i z a t i o n  
n u m b e r ,  a n d  o x y g e n  c o n c e n t r a t i o n  i n  t h e  b e a r i n g  t e s t  c h a m b e r ,  s s  
m e a s u r e d  c o n t i n u o u s l y  b y  t h e  m a s s  s p e c t r o m e t e r  d u r i n g  t h e  c o u z s e  
of t h e  t e s t ,  a n d  a l s o  o b s e r v e d  i n  a  s i m i l a r  m a n n e r ,  ( E n c l o s u r e  1 I - - B i  
a c o r r e l a t i o n  b e c o m e s  a p p a r e n t  b e t w e e n  i n c r e a s i n g  a m o u n t  o f  o x y g e n  
i n  t h e  b e a r i n g  t e s t  c a v i t y  a n d  t h e  o c c u r r e n c e  o f  c e r t a i n  masses  
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i n  " h e  t e s t e d  l u b r i c a n t  s p e c t r a .  The  a p p e a r a n c e  o f  t h e s e  m a s s  
sumhers c o i n c i d e  w i t h  v a r i a t i o n s  i n  v i s c o s i t y ,  c o n t a m i n a t i o n  
l e v e l  a n d  n e u t r a l i z a t i o n  n u m b e r .  

A t  1 2 . 2  h o u r s ,  1 2 5  h o u r s ,  a n d  1 7 0  h o u r s  o f  r u n n i n g  t i m e ,  
s h e  mass  s p e c t r o m e t e r  g a v e  v a l u e s  f o r  t h e  o x y g e n  c o n t e n t  i n  
t h e  t e s t  b e a r i n g  c a v i t y  a s  0 . 3 % ,  0 . 6 %  a n d  0 . 5 %  r e s p e c t i v e l y ,  
w h i c h  e x c e e d e d ,  i n  e a c h  c a s e ,  t h e  n o r m a l  o p e r a t i n g  v a l u e  o f  0 . 0 3 %  
'300 p p d .  C o r r e s p o n d i n g l y ,  m a s s  p e a k s  4 3 ,  4 1 ,  2 9 ,  4 2 ,  2 7 ,  5 7 ,  56 ,  
3 6 ,  55, 8 4  a n d  85 a p p e a r e d  i n  s i g n i f i c a n t  a m o u n t s  i n  t h e  s p e c t r a  
o f  u s e d  l u b r i c a n t  a f t e r  t h e s e  t e s t  s e g m e n t s .  A p p a r e n t l y ,  t h e  
o x y g e n  a z m o s p h e r e  w a s  c a p a b l e  o f  c a u s i n g  a  d e g r a d a t i o n  p r o c e s s  
~ h i c h  f o r m e d  m o r e  v o l a t i l e  r e a c t i o n  p r o d u c t s  i n  t h e  b a s e  f l u i d .  

A L i t e r a t u r e  s e a r c h  s h o w e d  t h a t  t h e  a b u n d a n c e  p a t t e r n  l i s t e d  
d i d  m o t  c o n f o r m  t o  a n y  o f  t h e  p u r e  c o n s t i t u e n t s  i n  ' T o m p i l a t i o n  
3 f  Y a 5 5  S p e c t r a l  D a t a "  ( 1 4 1 ,  but  r a t h e r  fragmentation s p e c i e s  
sssosiated w i t h  p a r e n t  h y d r o c a r b o n s  r a n g i n g  f r o m  s i x  t o  t e n  
c a r b o n  a s o m s .  F u r t h e r  s e p a r a t i o n  a n d  i d e n t i f i c a t i o n  o f  i n d i v i d u a l  
S e g ~ a d s t i o n  p r o d u c t s  w o u l d  n o t  b e  p o s s i b l e  u n l e s s  a d d i t i o n a l  
i n s x r u m e n t a l  t e c h n i q u e s  w e r e  u s e d  p r i o r  t o  i n t r o d u c t i o n  o f  t h e  g a s  
i n t o  the rnass  s p e c t r o m e t e r .  

O n e  i d e n t i f i a b l e  r e s i d u a l  d e g r a d a t i o n  p r o d u c t  i s  w a t e r ,  
r a p ~ e s e n t e d  b y  m a s s  p e a k s  1 8 ,  1 7  a n d  1 6  i n  t h e  p r o p e r  p e a k  h e i g h t  
r E i k i 0 %  f o r  w a t e r ,  i n  t h e  b u l k  f l u i d .  T h e  a m o u n t  o f  w a t e r  v a r i e d  
w i t h  t h e  c o n c e n t r a t i o n  o f  o x y g e n  i n  t h e  g a s  p h a s e .  

Other o b s e r v a t i o n s  o n  p e a k  p e r f o r m a n c e  l e a d  t o  s p e c u l a t i o n  
o n  the m e c h a n i s m  o f  t h e i r  p r o d u c t i o n  w i t h  r e g a r d  t o  v i s c o s i t y ,  
c s q t a m i n a t i s n  a n d  n e u t r a l i z a t i o n  n u m b e r .  Mass  p e a k  3 2  w h i c h  i s  
n o r m a l l y  a s s o c i a t e d  w i t h  d i a t o m i c  o x y g e n  i s  o b s e r v e d  t o  v a r y  i n  t h e  
t e s t  l u b r i c a n t  i n v e r s e l y  w i t h  t h e  a p p e a r a n c e  cf m a s s  p e a k s  
4 4  18, 17, 4 3 ,  2 9 ,  1 6 ,  4 2 ,  2 7 ,  5 7 ,  5 6 ,  8 6 ,  5 5 ,  8 4  a n d  8 5 ,  a n d  w i t h  
n e u t r a l i z a t i o n  n u m b e r ,  c o n t a m i n a t i o n  l e v e l ,  a n d  t h e  a m o u n t  o f  
o x y g e c  m e a s u r e d  i n  t h e  b e a r i n g  t e s t  c a v i t y  d u r i n g  t h e  t e s t .  I t  
seems r e a s o n a b l e  t o  h y p o t h e s i z e  t h a t  a s  l o n g  a s  t h e  o x y g e n  
c o n c e n t r a t i o n  i n  t h e  b e a r i n g  t e s t  c h a m b e r  r e m a i n s  a t  0 . 0 3 % ,  no  
r e a c t i o n  o c c u r s  w i t h  t h e  l u b r i c a n t  e x c e p t  a  p h y s i c a l  p r o c e s s  o f  
oxygee a b s o r p t i o n  i n t o  t h e  l u b r i c a n t  b u l k  ( h i g h  m a s s  p e a k  3 2 1 ,  
When  the o x y g e n  l e v e l  e x c e e d s  0 . 0 3 % ,  i t  i n i t i a t e s  a  c h e m i c a l  
r e a c t i o n  w h i c h  d e g r a d e s  t h e  l u b r i c a n t  m o l e c u l e  r e s u l t i n g  i n  
s m a l l e r  h y d r o c a r b o n  r e s i d u e s  a s  w e l l  a s  h i g h  p o l y m e r  s l u d g e s  a n d  
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o x y g e n a t e d  c o m p o u n d s  a s  v e r i f i e d  b y  t h e  i n c r e a s i n g  v a l u e s  f o r  
c o n t a m i n a t i o n  l e v e l  a n d  n e u t r a l i z a t i o n  n u m b e r .  O x y g e n ,  a t  
t h e s e  t i m e s ,  b e c o m e s  a  r e a c t a n t  a n d  i t s  s u p p l y  d e c r e a s e s  i n  t h e  
b u l k  f l u i e  ( l o w e r  v a l u e s  f o r  m a s s  p e a k  3 2 ) .  

T h e  0 . 0 3 %  o x y g e n  c o n c e n t r a t i o n  s t a t e d  i s  a  v a l u e  f o r  n o r m a l  
s y s t e m  o p e r a t i o n .  V a l u e s  o f  0 . 3 %  t o  0 . 6 %  a r e  a b n o r m a l l y  h i g h  
a n d  i n d i c a t e  a  s y s t e m  l e a k .  H o w e v e r ,  how much  t h e  0 . 0 3 %  o x y g e n  
c o n c e n t r a t i o n  l e v e l  c a n  b e  e x c e e d e d  b e f o r e  t h e  b e g i n n i n g  o f  
l u b r i c a n t  d e g r a d a t i o n  c a n  o n l y  b e  f o u n d  b y  f u r t h e r  t e s t i n g ,  s i n c e  
p r o l o n g e d  t e s t i n g  a t  e n g i n e  c o n d i t i o n s  w i t h  0 . 0 3 %  oxygen? i n  n i t r o ~ e n  
a t m o s p h e r e  s h o w s  n o  d e t r i m e n t a l  e f f e c t  t o  t h e  l u b r i c a n t  s t r u c t u r e ,  
E n c l o s u r e  IT -5 c o n s i s t s  o f  p h o t o g r a p h  o f  t h e  s p e c t r u m  o f  t h e  l u b r i c a n t  
b l e n d  a f t e r  u n d e r g o i n g  b e a r i n g  t e s t  c o n d i t i o n s  f o r  2 5 1 . 5  h o u r s ,  a n i  
s h o w s  v e r y  l i t t l e  d i f f e r e n c e  when  c o m p a r e d  t o  a  s p e c t r a  o f   he 
u n u s u e d  o r  u s e d  l u b r i c a n t  a f t e r  1 0 . 9  h o u r s  o f  t e s t i n g  w h e r e  t h e  
o x y g e n  l e v e l  r e m a i n e d  a t  0 . 0 3 % .  T h e r e  i s  s t i l l  some  d i s t i l l a t i o n  
o f  s m a l l e r  f r a c t i o n s  f r o m  t h e  l u b r i c a n t  e v e n  a t  t h i s  l o w  o x y g e n  
c o n c e n t r a t i o n ,  s i n c e  t h e  v i s c o s i t y  o f  t h e  b u l k  f l u i d  i n c r e a s e s  
w i t h  t i m e ,  h o w e v e r ,  t h i s  i s  n o t  a  r e s u l t  o f  m o l e c u l a r  d e c o m p o s i t i o n ,  
T h e r e  i s  a  c o r r e l a t i o n  b e t w e e n  v i s c o s i t y  a n d  a d d i t i o n  o f  m a k e - u p  
f l u i d ,  i . e .  e a c h  a d d i t i o n  o f  m a k e - u p  f l u i d  i s  f o l l o w e d  b y  a 
d e c r e a s e  i n  v i s c o s i t y  a n d  a  s u b s e q u e n t  r i s e .  

I t  f o l l o w s  t h a t  t h e  u s e  o f  t h i s  t y p e  o f  l u b r i c a n t  b l e n d  a t  
t h e s e  h i g h  t e s t  t e m p e r a t u r e s  i n  a n  e x c e s s i v e  o x y g e n  a t m o s p h e r e  i s  
s u s c e p t i b l e  t o  o x i d a t i v e  a s  w e l l  a s  t h e r m a l  d e g r a d a t i o n  w i t h  t h e  
f o r m a t i o n  o f  r e s i d u a l  d e c o m p o s i t i o n  p r o d u c t s  w h i c h  c a n  e f f e c t  t h e  
v i s c o s i t y ,  c o n t a m i n a t i o n  l e v e l  a n d  n e u t r a l i z a t i o n  n u m b e r  o f  t h e  
b u l k  f l u i d .  

W h i l e  t h e  e n d u r a n c e  t e s t  w a s  i n  p r o g r e s s ,  s p e c t r a  w e r e  
r e c o r d e d  o f  t h e  g a s  f r o m  t h e  t e s t  b e a r i n g  c a v i t y  a t  v a r i o u s  
i n t e r v a l s  d u r i n g  t h e  t e s t  p r o g r a m .  T h e  m a k e - u p  o f  t h i s  g a s  i s  
m a i n l y  n i t r o g e n  w i t h  a  s m a l l  p e r c e n t a g e  o f  h e l i u m  t r a c e r  g a s  f o r  
t h e  d e t e c t i o n  o f  s e a l  l e a k a g e  a n d  a n y  v a p o r i z e d  d e c o m p o s i t i o n  
p r o d u c t s  f r o m  t h e  l u b r i c a n t .  S p e c t r a  o f  t h e  g a s  f r o m  t h e  b e a r i n g  
t e s t  c h a m b e r  c o n t a i n e d ,  i n  a d d i t i o n  t o  t h e  h i g h  n i t r o g e n  p e a k s  
( 2 8 ,  1 4  a n d  2 9 1 ,  m a s s  p e a k s ,  i d e n t i c a l  t o  t h e  m a s s  i n d i c a t i o n s  
t h a t  a p p e a r e d  i n  t h e  s p e c t r a  o f  u s e d  l u b r i c a n t  a f t e r  e a c h  t e s t  
s e g m e n t .  I n  o t h e r  w o r d s ,  t h e  s a m e  l i g h t  d i s t i l l a t i o n  f r a g m e n t s  
o f  t h e  b l e n d e d  l u b r i c a n t  a p p e a r  a s  a  v a p o r  d u r i n g  t h e  t e s t  a n d  a s  
r e s i d u a l  p r o d u c t s  a f t e r  t h e  t e s t .  

RESEARCH LABORATORY SKF" IN D U  § T R I E S ,  I N C .  
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