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A new s e a l  t e s t  f a c i l i t y  f o r  m e a s u r i n g  h i g h - p r e s s u r e  s e a l  r o t o r -  
d y n a m i c  c h a r a c t e r i s t i c s  h a s  r e c e n t l y  b e e n  made o p e r a t i o n a l  a t  C a s e  
W e s t e r n  R e s e r v e  U n i v e r s i t y  (CWRU). T h i s  work  i s  b e i n g  s p o n s o r e d  b y  
t h e  E l e c t r i c  Power  R e s e a r c h  I n s t i t u t e  (EPRI) .  T h e  f u n d a m e n t a l  c o n c e p t  
e m b o d i e d  i n  t h i s  t e s t  a p p a r a t u s  i s  a d o u b l e - s p o o l - s h a f t  s p i n d l e  w h i c h  
p e r m i t s  i n d e p e n d e n t  c o n t r o l  o v e r  t h e  s p i n  s p e e d  a n d  t h e  f r e q u e n c y  o f  
a n  a d j u s t a b l e  c i r c u l a r  v i b r a t i o n  o r b i t  f o r  b o t h  f o r w a r d  a n d  b a c k w a r d  
w h i r l .  A l s o ,  t h e  s t a t i c  e c c e n t r i c i t y  b e t w e e n  t h e  r o t a t i n g  a n d  n o n -  
r o t a t i n g  t e s t  s e a l  p a r t s  i s  e a s i l y  a d j u s t a b l e  t o  d e s i r e d  v a l u e s .  By 
a c c u r a t e l y  m e a s u r i n g  b o t h  d y n a m i c  r a d i a l  d i s p l a c e m e n t  a n d  d y n a m i c  
r a d i a l  f o r c e  s i g n a l s ,  o v e r  a w i d e  r a n g e  o f  c i r c u l a r  o r b i t  f r e q u e n c y ,  
o n e  i s  a b l e  t o  s o l v e  f o r  t h e  " f u l l "  l i n e a r - a n i s o t r o p i c  m o d e l ' s  1 2  
c o e f f i c i e n t s  r a t h e r  t h a n  t h e  6 c o e f f i c i e n t s  o f  t h e  m o r e  r e s t r i c t i v e  
i s o t r o p i c  l i n e a r  m o d e l .  Of c o u r s e ,  o n e  may a l s o  i m p o s e  t h e  i s o t r o p i c  
a s s u m p t i o n  i n  r e d u c i n g  t e s t  d a t a ,  t h e r e b y  p r o v i d i n g  a v a l i d  q u a l i f i c a -  
t i o n  o f  w h i c h  s e a l  c o n f i g u r a t i o n s  a r e  w e l l  r e p r e s e n t e d  b y  t h e  i s o -  
t r o p i c  m o d e l  a n d  w h i c h  a r e  n o t .  I n  f a c t ,  a s  a r g u e d  i n  r e f e r e n c e  111, 
t h e  r e q u i r e m e n t  f o r  m a i n t a i n i n g  a s y m m e t r i c  t o t a l  s y s t e m  mass m a t r i x  
means  t h a t  t h e  r e s u l t i n g  i s o t r o p i c  m o d e l  n e e d s  5 c o e f f i c i e n t s  a n d  t h e  
a n i s o t r o p i c  m o d e l  n e e d s  11 c o e f f i c i e n t s .  

I N T R O D U C T I O N  

T h e  new t e s t  f a c i l i t y  d e s c r i b e d  i n  t h i s  p a p e r  w a s  b o r n  o u t  o f  a n  
e a r l i e r  t e s t  a p p a r a t u s  d e s c r i b e d  i n  r e f e r e n c e  1 2 1 .  The  e a r l i e r  
a p p a r a t u s ,  w h i l e  c o n c e i v e d  a n d  d e s i g n e d  by  t h e  f i r s t  a u t h o r  o f  t h i s  
p a p e r ,  was  a s s e m b l e d  by a t h i r d  p a r t y  i n  t h e i r  c o m m e r c i a l  t e s t  l a b o r a -  
t o r y  ( h e r e i n  c a l l e d  L a b o r a t o r y  "X"). B a s i c a l l y ,  L a b o r a t o r y  "X" s p e n t  
a l l  t h e  f u n d s  a l l o c a t e d  f o r  t h e  a s s e m b l y ,  d e b u g g i n g  a n d  t e s t  work  
w i t h o u t  e v e r  g e t t i n g  b e y o n d  t h e  d e b u g  s t a g e .  EPRI t h e n  t e r m i n a t e d  
f u n d i n g  t h i s  L a b o r a t o r y  "X" work a n d  t h e  h a r d w a r e  r e m n a n t s  o f  t h i s  
u n s u c c e s s f u l  e f f o r t  r e m a i n e d  i n  d o r m a n t  s t o r a g e  a t  L a b o r a t o r y  "X" f o r  
a b o u t  two y e a r s ,  u n t i l  i t  was t r a n s p o r t e d  t o  C W R U  i n  l a t e  1985 .  S i n c e  
t h e n ,  two y e a r s  h a v e  b e e n  s p e n t  r e d e s i g n i n g  c e r t a i n  c r i t i c a l  p o r t i o n s  
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o f t h e  a p p a r a t u s  a n d  b u i l d i n g  t h e  new f a c i l i t y  a t  C W R U .  I n  e a r l y  
1 9 8 8 ,  t h e  t e s t  f a c i l i t y  w a s  r e a d y  f o r  f u l l  s y s t e m  t e s t i n g  a n d  t h e  
r e s u l t s  d e m o n s t r a t e d  t h a t  t h e  f a c i l i t y  was  c a p a b l e  o f  p r o v i d i n g  r e l i -  
a b l e  t e s t  r e s u l t s .  C o n s e q u e n t l y ,  t h i s  work  i s  now m o v i n g  i n t o  i t s  
n e x t  p h a s e ,  i.e., t e s t i n g  s e v e r a l  d i f f e r e n t  s e a l  g e o m e t r i e s  a n d  c o n f i -  
g u r a t i o n s  f o r  a p p l i c a t i o n s  i n  p o w e r  p l a n t  c e n t r i f u g a l  pumps. S p e c i f i -  
c a l l y ,  i n t e r s t a g e  s e a l i n g  a n n u l u s  g e o m e t r i e s  w i t h  i m p r o v e d  w e a r -  
r e s i s t a n t  d a m p i n g  c h a r a c t e r i s t i c s  w i l l  b e  s o u g h t  a n d  r o t o r d y n a m i c a l l y  
q u a n t i f i e d  u s i n g  t h i s  new t e s t  f a c i l i t y .  T h e  m a i n  b o d y  o f  t h i s  p a p e r  
c o n t a i n s  a b r i e f  d e s c r i p t i o n  o f  t h e  t e s t  f a c i l i t y ,  d e t a i l s  o f  d e s i g n  
c h a n g e s  a n d  s a m p l e s  o f  t h e  f i r s t  g r o u p  o f  r e s u l t s .  

SYMBOLS 

n 

d a m p i n g  c o e f f i c i e n t  m a t r i x  

i n e r t i a  c o e f f i c i e n t  m a t r i x  

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

i n t e r a c t i v e  d y n a m i c  f o r c e  

v i b r a t i o n  o r b i t  r a d i u s  

s t i f f n e s s  c o e f f i c i e n t  m a t r i x  

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

v i b r a t i o n  o r b i t  f r e q u e n c y  

T H E  I S O T R O P I C  VERSUS T H E  ANISOTROPIC MODEL 

The  i s o t r o p i c  m o d e l ,  e q u a t i o n  (11, i s  now commonly  u s e d  f o r  s e a l s  
f o r  two a p p a r e n t  r e a s o n s .  F i r s t ,  t h e  i s o t r o p i c  m o d e l  l e n d s  i t s e l f  t o  
t e s t  a p p a r a t u s  c o n f i g u r a t i o n s  w h i c h  h a v e  a l r e a d y  b e e n  s u c c e s s f u l l y  
d e m o n s t r a t e d  t o  p r o v i d e  u s a b l e  e n g i n e e r i n g  i n p u t s  t o  r o t o r  v i b r a t i o n  
a n a l y s e s ,  e.g., t h e  v a r i o u s  p u b l i s h e d  r e s u l t s  o f  C h i l d s ,  Nordmann a n d  
o t h e r s .  S e c o n d ,  t h e  i s o t r o p i c  m o d e l  i s  p r o b a b l y  a r e a s o n a b l e  
e n g i n e e r i n g  a s s u m p t i o n  f o r  d e e p  g r o o v e  s e a l  c o n f i g u r a t i o n s  a n d  
s i t u a t i o n s  w h e r e  t h e  r o t o r - t o - s e a l  c o n c e n t r i c i t y  i s  a c c u r a t e l y  
c o n t r o l l e d  b y  t h e  b e a r i n g s  a n d  o t h e r  f a c t o r s  s u c h  a s  m a n u f a c t u r i n g 1  
a s s e m b l y  t o l e r a n c e s  a n d  m a i n t e n a n c e  o f  h i g h l y  a x i s y m m e t r i c  t e m p e r a t u r e  
g r a d i e n t s  w i t h i n  t h e  o v e r a l l  m a c h i n e  a n d  a x i s y m m e t r i c  s e a l  i n l e t  p r e -  
s w i r l  v e l o c i t y  d i s t r i b u t i o n .  

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

f r o m  j o u r n a l - t o - b e a r i n g  e c c e n t r i c i t y  a n d  f r o m  n o n - a x i s y m m e t r i c  
g e o m e t r i c  p r o p e r t i e s  h a s  l o n g  b e e n  r e c o g n i z e d .  One m i g h t  t h e r e f o r e  
e x p e c t  t h a t  t h e  m o r e  a s e a l  r e s e m b l e s  a j o u r n a l  b e a r i n g  ( i . e . ,  s m o o t h  
w i t h o u t  s e r r a t i o n s  o r  g r o o v e s ) ,  t h e  w o r s e  i s  t h e  i s o t r o p i c  m o d e l  
a p p r o x i m a t i o n ,  a n d  v i c e  v e r s a .  I n  f a c t ,  t h e  r e c e n t l y  p u b l i s h e d  
r e s u l t s  o f  K a n k i  a n d  Kawakami [31 s u p p o r t  t h i s  h y p o t h e s i s .  T h e i r  
e x p e r i m e n t a l  r e s u l t s  show a s t r o n g  a n i s o t r o p i c  e f f e c t  o f  s t a t i c  e c c e n -  
t r i c i t y  on  t h e  r o t o r d y n a m i c  c o e f f i c i e n t s  o f  a s m o o t h  ( n o  g r o o v e s )  s e a l  
a n d  a n  a l m o s t  n e g l i g i b l e  a n i s o t r o p i c  e f f e c t  o f  s t a t i c  e c c e n t r i c i t y  on  
t h e  r o t o r d y n a m i c  c o e f f i c i e n t s  o f  a c i r c u m f e r e n t i a l l y  s c r e w - g r o o v e d  
s e a l .  

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

B a s e d  on  a r g u m e n t s  made i n  r e f e r e n c e  [I], t h e  s e a l  i n e r t i a  m a t r i x  
s h o u l d  b e  s y m m e t r i c ,  a n d  t h i s  t r a n s l a t e s  i n t o  d Z 0 i n  e q u a t i o n  ( 1 )  
a n d  Dxy  I D y x  i n  e q u a t i o n  ( 2 ) .  

Most  o f  t h e  c u r r e n t l y  o p e r a t i o n a l  t e s t  r i g s  f o r  e x p e r i m e n t a l  
d e t e r m i n a t i o n  o f  s e a l  r o t o r d y n a m i c  c h a r a c t e r i s t i c s  a r e  c o n f i g u r e d  t o  
e x t r a c t  o n l y  t h e  i s o t r o p i c  m o d e l  c o e f f i c i e n t s  a n d  a r e  c o r r e s p o n d i n g l y  
n o t  c a p a b l e  o f  q u a n t i f y i n g  how good  i s  t h e  i s o t r o p i c  a s s u m p t i o n  f o r  
a n y  p a r t i c u l a r  s e a l  t e s t e d ,  e x c e p t  i n d i r e c t l y  by  c o m p u t i n g  t h e  d y n a m i c  
f o r c e  s i g n a l s  f r o m  t h e  e x t r a c t e d  c o e f f i c i e n t s  a n d  c o m p a r i n g  t h e s e  w i t h  
t h e  m e a s u r e d  d y n a m i c  f o r c e  s i g n a l s .  

To e x t r a c t  a l l  t h e  c o e f f i c i e n t s  o f  t h e  a n i s o t r o p i c  m o d e l  r e q u i r e s  
n o t  o n l y  i n d e p e n d e n t  c o n t r o l  o v e r  s p i n  s p e e d  a n d  v i b r a t i o n  o r b i t  
f r e q u e n c y ,  b u t  a l s o  r e q u i r e s  a s i g n i f i c a n t l y  t w o - d i m e n s i o n a l  o r b i t .  
T h u s ,  a s y n c h r o n o u s  o r b i t  t e s t  c a n  n o t  p r o v i d e  t h e  n e c e s s a r y  d a t a  t o  
e x t r a c t  t h e  a n i s o t r o p i c - m o d e l  c o e f f i c i e n t s .  Also, e v e n  w i t h  i n d e p e n d -  
e n t  c o n t r o l  o v e r  s p i n  s p e e d  a n d  o r b i t  f r e q u e n c y ,  a s t r a i g h t - l i n e  
o s c i l l a t o r y  o r b i t  c a n  n o t  p r o v i d e  t h e  n e c e s s a r y  d a t a  t o  e x t r a c t  t h e  
a n  i s  o t r op  i c  -mod e 1 c o e f f i c  i e n  t s . 

I t  w o u l d  a p p e a r  t h a t  t h e  opt imum o r b i t  t o  make t h e s e  m e a s u r e m e n t s  
i s  a c i r c u l a r  o r  n e a r l y  c i r c u l a r  o r b i t .  The  new C W R U / E P R I  t e s t  
a p p a r a t u s  d e s c r i b e d  h e r e i n  u t i l i z e s  a n  i n d e p e n d e n t l y  c o n t r o l l e d  f r e -  
q u e n c y  a n d  a d j u s t a b l e  m a g n i t u d e  c i r c u l a r  o r b i t .  
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DESCRIPTION OF TEST FACILITY 

O v e r v i e w  

V a r i o u s  a s p e c t s  o f  t h e  t e s t  f a c i l i t y  a r e  shown i n  F i g u r e s  1 
t h r o u g h  8. The  c o n c e p t u a l  s c h e m a t i c  o f  t h e  t e s t  r i g  s p i n d l e  a n d  s e a l  
d i f f e r e n t i a l  p r e s s u r e  c h a m b e r  a r e  shown i n  F i g u r e  l ( a )  a n d  a l a y o u t  o f  
t h e  o r i g i n a l  c o n f i g u r a t i o n ,  a s  i t  w a s  f i r s t  d e s i g n e d  a n d  b u i l t ,  i s  
shown i n  F i g u r e  l ( b ) .  F i g u r e  2 shows  t h e  f l o o r  p l a n  a n d  e l e v a t i o n  
v i e w s  o f  t h e  c o m p l e t e  t e s t  f a c i l i t y  a n d  F i g u r e  3 shows  t h e  s c h e m a t i c  
o f  t h e  d a t a  a c q u i s i t i o n  s y s t e m .  F i g u r e  4 shows  a m o r e  d e t a i l e d  f l o w  
c h a r t  o f  t h e  d a t a  a c q u i s i t i o n  s y s t e m  a n d  d a t a  r e d u c t i o n  s t e p s .  B o t h  
t h e  c l o c k  a n d  t r i g g e r  f o r  t h e  A/D c o n v e r s i o n  i s  e x t e r n a l  t o  t h e  PC 
m i c r o p r o c e s s o r .  A 3 6 0  s l o t  d i s k  r o t a t e s  w i t h  t h e  o r b i t - f r e q u e n c y  
s h a f t  a n d  i s  u s e d  i n c o n j u n c t i o n w i t h  a f a s t  a c t i n g  o p t i c a l  s w i t c h  t o  
s e q u e n t i a l l y  f i r e  a l l  d a t a  c h a n n e l s .  

M o d i f i c a t i o n s  t o  O r i g i n a l  C o n f i g u r a t i o n  

A f t e r  c o n s i d e r a b l e  c r i t i q u i n g  o f  t h e  o r i g i n a l  t e s t  r i g ,  t w o  
f a c t o r s  b e c a m e  o b v i o u s .  F i r s t ,  t h e  l i n k s  f o r  c o n n e c t i n g  t h e  t e s t - s e a l  
r i n g  t o  t h e  p i e z o e l e c t r i c  l o a d  m e a s u r i n g  t r a n s d u c e r s  d i d  n o t  s u f f i -  
c i e n t l y  g u a r a n t e e  a d e q u a t e  a x i a l  p l a y  t o  i n s u r e  t h a t  t h e  h y d r o s t a t i c  
t h r u s t  b e a r i n g  m a i n t a i n e d  a n o n - c o n t a c t i n g  a x i a l  l o a d  s u p p o r t .  
S e c o n d ,  t h e  d e s i g n  o f  t h e  p i e z o e l e c t r i c  l o a d  m e a s u r i n g  s y s t e m  r e l i e d  
o n  t h e  c o n c e p t  t h a t  t h e  p r i m a r y  l o a d  p a t h  ( t h r o u g h  t h e  p i e z o e l e c t r i c  
l o a d  c e l l s )  was o r d e r s  o f  m a g n i t u d e  s t i f f e r  t h a n  t h e  p a r a l l e l  l o a d  
p a t h  t h r o u g h  t h e  s t a t i c  s e a l s  ( O - r i n g s ) .  A f t e r  e x t e n s i v e  t h o u g h t  a t  
s e p a r a t e  s o l u t i o n s  t o  t h e s e  two p r o b l e m s ,  a s i n g l e  d e s i g n  s o l u t i o n  
e m e r g e d  w h i c h  a d d r e s s e d  b o t h  o f  t h e s e  p r o b l e m s .  T h i s  d e s i g n  e v o l u t i o n  
i s  shown i n  F i g u r e s  5 t h r o u g h  8. 

T h i s  f i n a l  c o n f i g u r a t i o n  h a s  shown i t s e l f  t o  work  t o  t h e  maximum 
s a t i s f a c t i o n .  I t  c o n t a i n s  f o u r  c o n n e c t i n g  l i n k s  w h i c h  a r e  r e l a t i v e l y  
f l e x i b l e  i n  t h e  a x i a l  a n d  t a n g e n t i a l  d i r e c t i o n s  b u t  r e l a t i v e l y  q u i t e  
s t i f f  i n  t h e  r a d i a l  d i r e c t i o n .  The  a x i a l  f l e x i b i l i t y  p e r m i t s  t h e  
h y d r o s t a t i c  t h r u s t  b e a r i n g  t o  f u n c t i o n  a s  i n t e n d e d .  T h e  t a n g e n t i a l  
f l e x i b i l i t y  n e a r l y  e l i m i n a t e s  m e a s u r a b l e  c r o s s - t a l k  b e t w e e n  t h e  t w o  
m u t u a l l y  p e r p e n d i c u l a r  l o a d  m e a s u r i n g  a x e s .  The  h i g h  r a d i a l  s t i f f n e s s  
m a i n t a i n s  t h e  s t i f f  l o a d - p a t h  c o n c e p t  o f  t h e  o r i g i n a l  d e s i g n ,  embody- 
i n g  v e r y  s t i f f  p i e z o e l e c t r i c  l o a d  c e l l s .  F i n a l l y ,  b y  m a k i n g  t h e s e  
f o u r  s u p p o r t  l i n k s  e a c h  a s t r a i n  g a g e d  t r a n s d u c e r ,  t h e y  p r o v i d e  a 
s e c o n d  a n d  i n d e p e n d e n t  m e a s u r e m e n t  s y s t e m  f o r  t h e  d y n a m i c  f o r c e  
s i g n a l s .  T h u s ,  t h e  a c c u r a c y  o f  t h e  d y n a m i c  f o r c e  m e a s u r e m e n t s  c a n  b e  
c o n f i r m e d  i n d e p e n d e n t l y ,  p r o v i d e d  b o t h  f o r c e  m e a s u r i n g  s y s t e m s  a r e  
s i m u l t a n o u s l y  w o r k i n g  a s  i n t e n d e d .  I n  e f f e c t ,  w i t h  i n d e p e n d e n t  d u a l  
f o r c e  m e a s u r i n g  s y s t e m s ,  a v e r y  h i g h  d e g r e e  o f  c o n f i d e n c e  i s  p o s s i b l e  
b e c a u s e  t h e  d u a l  m e a s u r e m e n t s  a r e  s e l f  c h e c k i n g .  F u r t h e r m o r e ,  t h e  
a d d i t i o n  o f  s t r a i n - g a g e d  t r a n s d u c e r s  p e r m i t s  m e a s u r e m e n t  o f  t h e  s t a t i c  
r a d i a l  f o r c e ,  w h i c h  was  n o t  p a r t  o f  t h e  o r i g i n a l  t e s t  r i g  c a p a b i l i t y .  
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I n - P l a c e  F o r c e  S y s t e m  C a l i b r a t i o n s  

A l i n k a g e  h a s  b e e n  d e s i g n e d  w h i c h  a t t a c h e s  t o  t h e  e x p o s e d  c l o s u r e  
b o l t  c i r c l e  when t h e  f r o n t  c l o s u r e  h e a d  i s  r emoved .  I t  a l l o w s  a known 
f o r c e  t o  b e  a p p l i e d  d i r e c t l y  t o  t h e  t e s t  s e a l  r i n g ,  i n  a n y  o f  t h e  
m u l t i t u d e  o f  r a d i a l  d i r e c t i o n s  o f  t h e  b o l d  c i r c l e  h o l e s .  A s c h e m a t i c  
o f  t h i s  c a l i b r a t i o n  s y s t e m  i s  shown i n  F i g u r e  9. B o t h  f o r c e  m e a s u r i n g  
s y s t e m s  a r e  s i m u l t a n e o u s l y  c a l i b r a t e d  w i t h  t h i s  s e t u p .  I t  i s  q u i t e  
e a s y  a n d  q u i c k  t o  u s e ,  t h u s  a l l o w i n g  f r e q u e n t  r e c a l i b r a t i o n ,  s u c h  a s  
a t  t h e  b e g i n n i n g  a n d  e n d  o f  e a c h  t e s t  s e q u e n c e ,  i f  d e s i r e d .  A c t u a l l y ,  
b o t h  f o r c e  m e a s u r i n g  s y s t e m s  a r e  q u i t e  s t a b l e  a n d  d o  n o t  r e q u i r e  s u c h  
f r e q u e n t  r e c a l i b r a t i o n .  

FIRST TEST RESULTS O B T A I N E D  ( J A N U A R Y  1988) 

F i g u r e s  10 t h r o u g h  13 show t y p i c a l  m e a s u r e m e n t  o u t p u t  s a m p l e s .  
F i g u r e  10 shows  a c y c l e  o f  f o r c e  o u t p u t ,  t i m e  a v e r a g e d  o v e r  o n l y  two 
c y c l e s ,  w h e r e a s  F i g u r e  1 1  shows  t h e  same c a s e  t i m e  a v e r a g e d  o v e r  20 
c y c l e s .  F i g u r e s  1 0  t h r o u g h  12 a r e  f r o m  t h e  Fx l o a d  a x i s  p i e z o e l e c t r i c  
m e a s u r e m e n t s .  F i g u r e  12 s h o w s  t h e  f u n d a m e n t a l  F o u r i e r  s e r i e s  compo- 
n e n t  ( i . e . ,  0 ), w h i c h  i s  t h e  p o r t i o n  o f  t h e  s i g n a l  t h a t  i s  u t i l i z e d  
i n  e x t r a c t i o n  o f  t h e  r o t o r d y n a m i c  c o e f f i c i e n t s .  F i g u r e  13 shows  a 
s u p e r p o s i t i o n  o f  t h e  same  Fx s i g n a l  f u n d a m e n t a l  c o m p o n e n t  e x t r a c t e d  
s i m u l t a n e o u s l y  f r o m  t h e  i n d e p e n d e n t  s t r a i n - g a g e  s y s t e m  a n d  t h e  p i e z o -  
e 1 e c  t r i c  s y s t e m .  

I n  m a k i n g  t h e  c o m p a r i s o n  o f  s i g n a l s  shown i n  F i g u r e  13, i t  i s  
i m p o r t a n t  t o  know t h a t  t h e  s e a l  t e s t e d  was  a d e e p  g r o o v e  l a b y r i n t h  
c o n f i g u r a t i o n  w i t h  o n l y  a 50  p s i  p r e s s u r e  d r o p  t h r o u g h  i t .  A l s o ,  i t  
was a c o n c e n t r i c  o r b i t ,  i.e., n o m i n a l l y  a z e r o  s t a t i c  e c c e n t r i c i t y .  
The  d y n a m i c  e c c e n t r i c i t y  ( o r b i t  r a d i u s )  was  o n l y  1.3 m i l s .  
C o n s e q u e n t l y ,  t h e  f o r c e  s i g n a l s  w e r e  q u i t e  s m a l l  (10 l b .  maximum) 
w h i c h  was  i n t e n t i o n a l l y  d e v i s e d  i n  o r d e r  t o  s u b j e c t  t h e  two  
i n d e p e n d e n t  f o r c e  m e a s u r i n g  s y s t e m s  t o  a m o s t  s t r i n g e n t  c o m p a r i s o n  
t e s t .  W i t h  t h e  p r e s e n t  l o a d  m e a s u r i n g  l i n k s ,  t h e  p e a k  d y n a m i c  l o a d  
c a p a b i l i t y  i s  a p p r o x i m a t e l y  700  l b s ,  b e i n g  s e t  b y  t h e  s t r a i n - g a g e d  
l i n k s '  s t r e n g t h  l i m i t a t i o n .  The  K i s t l e r  p i e z o e l e c t r i c  s y s t e m  h a s  a 
much h i g h e r  maximuri l o a d  l i m i t a t i o n .  We b e l i e v e  t h e s e  r e s u l t s  
i n d i c a t e  t h a t  t h e  t e s t  r i g  i s  c a p a b l e  o f  m a k i n g  r e l i a b l e  m e a s u r e m e n t s  
o f  r o t o r d y n a m i c  c h a r a c t e r  i s t  i c  s. 

T a b l e  1 s u m m a r i z e s  t h e  d a t a - r e d u c t i o n  s i m u l t a n o u s  e q u a t i o n s  f o r  a 
c i r c u l a r  o r b i t .  T a b l e  2 shows  a s a m p l e  o f  r e d u c e d  d a t a ,  c o m p a r i n g  t h e  
two s e t s  o f  r o t o r d y n a m i c  c o e f f i c i e n t s  d e r i v e d  f r o m  t h e  t w o  i n d e p e n d e n t  
f o r c e  m e a s u r i n g  s y s t e m s .  I t  i s  i m p o r t a n t  t o  b e a r  i n  mind  when 
e v a l u a t i n g  t h e s e  i n i t i a l  r e s u l t s  t h a t  t h e  d y n a m i c  f o r c e s  w e r e  q u i t e  
s m a l l .  
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C O N C L U D I N G  REMARKS 

The  CWRU/EPRI s e a l  r o t o r d y n a m i c  t e s t  f a c i l i t y  d e s c r i b e d  i n  t h i s  
p a p e r  i s  now o p e r a t i o n a l  a n d  a l l  i n d i c a t i o n s  a r e  t h a t  i t  p r o v i d e s  
r e l i a b l e  t e s t  d a t a .  I t  p r o v i d e s  t h e  a n i s o t r o p i c  c o e f f i c i e n t s  a n d  
t h u s  p r o v i d e s  a v a l i d  q u a l i f i c a t i o n  on  t h e  v a l i d i t y  o f  t h e  i s o t r o p i c  
m o d e l  f o r  a n y  s e a l  t e s t e d .  The  a d d i t i o n  o f  a s t r a i n - g a g e  b a s e d  b a c k -  
up  f o r c e  m e a s u r i n g  s y s t e m  p r o v i d e s  i n d e p e n d e n t  s e l f - c h e c k i n g  c a p a b i -  
l i t y  a n d  t h e  a d d i t i o n a l  f e a t u r e  o f  m e a s u r i n g  t h e  s t a t i c  l o a d  compo- 
n e n t s  i n  a d d i t i o n  t o  t h e  d y n a m i c  l o a d  s i g n a l s .  A l s o ,  t h e  a d j u s t a b l e  
s t a t i c  e c c e n t r i c i t y  a n d  d y n a m i c  e c c e n t r i c i t y  (0 t o  0.060 i n c h e s )  
a l l o w s  t e s t i n g  t o  d e t e r m i n e  l i m i t s  o f  t h e  l i n e a r  m o d e l ' s  v a l i d i t y  a s  
v i b r a t i o n  o r b i t  m a g n i t u d e  i s  i n c r e a s e d .  F u r t h e r m o r e ,  i n  a d d i t i o n  t o  
m a k i n g  a c c u r a t e  d e t e r m i n a t i o n  o f  s e a l  r o t o d y n a m i c  c o e f f i c i e n t s ,  t h i s  
f a c i l i t y  w i l l  b e  u s e d  t o  make f u n d a m e n t a l  i n v e s t i g a t i o n s  i n t o  t h e  
v a l i d i t y  o f  t h e  b a s i c  m e c h a n i c a l  i m p e d a n c e  h y p o t h e s i s  a s  i t  i s  now 
t a k e n  f o r  g r a n t e d  by  m o s t  i n v e s t i g a t o r s .  T h e s e  a r e  f u n d a m e n t a l  i n v e s -  
t i g a t i o n s  r e l a t e d  t o  t o p i c s  r e c e n t l y  r e v i e w e d  i n  r e f e r e n c e  i l l .  
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J = 1, 2, 3 

Table 1. Simultaneous coefficient-extraction equations 
for a circular orbit. 

Kk LB/INCH 

1 a3a 

-235 1 2654 

Ck LB*SEC/INCH 

67.51 11.93 

-10.87 76.35 

Dk LB*SEC*SEC/INCH 

1 4.9416-2 -1 .055E-1 

i.332~-1 3.94a~-2 

SHAFT SPEED = 1500 RPH 

ORBIT FREQ. = 676, 1446, 1952 RPH 

ORBIT RAOIUS = 1.40 M I L  

Ks L W I N C H  

1954 

-21 72 1 a70 

Cs LB*SEC/INCH 

1 57.42 16.34 

-9.480 66.45 

DS LB*SEC*SEC/LB 

5.523E-2 -9.479E-2 

1.213~-1 3 . 7 8 8 ~ 2  

Table 2. Sample rotordynamlc coefficients, comparing results 
from piezoelectric measurements with  resulcs from 
strain gage measurements. 
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1 - Test ro t a t ing  element 
2 - Test annulus ring 
3 - Piezoelectric load cel ls  
4 - Hydrostatic ax ia l  ring supports 10 - Suppor t  base 
5 - High-pressure compartment 
6 - Low-pressure compartment 

7 - Inner spindle rotor 
8 - Outer spindle rotor 
9 - Spindle housing 

11 - V-belt pulley 
1 2  - V-belt pulley 

1 ( a )  Conceptual Sketch of Rotor S u p p o r t  Component Test Apparatus 

1 ( b )  Assembly Layout of Rotor S u p p o r t  Component Test Apparatus 

Figure 1.  Test Apparatus, Reference ( 3 )  
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T W 

I 

Motor & Test  Rig Rel iance  Piping  Area 
Pressure 25HP DC ( s e e  Piping  Pump 
Gauge Panel Motor F i g u r e )  / 

Door 
' 5 "  - 

D C  Motor 
Control Box 

--- 

Wate'r 
Tank Varidrive  

Motor 
I s o l a t i o n  
Transformer 

FRONT VIEW 

Fig.  2 .  F loor  p l an  and e l e v a t i o n  view of t es t  f a c i l i t y .  
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DFSTh ACQUISITION SYSTEM 

L 2 3  & 

Fig. 3.  Schematic of data acquisition system. 
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ORBIT 
FREQ. 
LOOP 

Fxk 

DATA ACQUISIT ION 
D I G I T I Z E D  BY EXTERNAL CLOCK 
I N  3 MODES 

Fxk Fyk Fxs Fys X Y Ax A y  

T I M E  AVERAGING OVER N CYCLES 
(20  TYPICAL,  90 MAX) 

FOURIER SERIES DECOMPOSITION 1 
Fyk Fxs Fys X Y A x  A y  

PHASE CORRECTION OF 1 s t  HARMONIC 
TERM (ONLY FOR 1 s t  MODE) 

I 

Fxk F y k  Fxs Fys X Y A x  

'I v 'I 'I 

COORDINATE SYSTEM 

SIMUTANUOUS ALGEBRA EQUATIONS FOR 
SOLUTIONS OF 12 DYNAMIC COEFFICIENTS 
USING ALL COMBINATIONS OF DIFFERENT I ORBIT FREQUENCIES 

Fig. 4 .  Data acquisition and analysis overview. 
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t 

I l l  

I 

Fig. 5. Original load measuring and support system. 

I 

Fig. 6. New load measuring and support system. 
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Fig. 7. New load measuring and support system with strain 
gage transducer. 

SDClIoN A - A  

Fig. 8. New load measuring system, showing complete 
assembly with water-seal barrier. 

26 5 



1 CENTER LINE OF TEST RIG 

I 

Fig. 9. In-place load calibration system. 

Fig. 10. Sample measurement, time averaged over 2 cycles. 

- .......................... 
w 

-lf,OB* 
E - *  T i  le: B1724.28 

Fig. 11. Sample as in Figure 10, but time averaged 
over 20 cycles. 
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Fig. 12. The fundamental (Q) frequency component from time-averaged 
signal given in Figure 11. 

+ l S , W h ?  I 

Fxs 

-15 I eel 
0 File:B1124,RE RPM= 1724 AUE from cy ,  1 t o  cy, 1 361 

Fig. 13. Comparison of fundamental ( 0 )  frequency.component 
measured simultaneously w i t h  both  force measuring 
systems. 
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