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When a  c o m p r e s s o r  rotor e x p e r i e n c e s  s u b s y n c h r o n o u s  v i b r a t i o n ,  t h e  p r o b l e m  i s  
g e n e r a l l y  c o n s i d e r e d  t o  b e  a  s h a f t  i n s t a b i l i t y  p r o b l e m  a s s o c i a t e d  w i t h  t h e  
s t a b i l i t y  o f  t h e  r o t o r  on t h e  b e a r i n g  o i l  f i l m .  However ,  many times t h e  h i g h  
s u b s y n c h r o n o u s  v i b r a t i o n s  a r e  f o r c e d  v i b r a t i o n s  c a u s e d  b y  f l o w  i n s t a b i l i t i e s ,  
s u c h  a s  s t a g e  s t a i l .  I n  t h e s e  c a s e s ,  m o d i f i c a t i o n s  t o  i m p r o v e  t h e  r o t o r  
s t a b i l i t y  by  c h a n g i n g  t h e  b e a r i n g s  o r  s e a l s  w i l l  h a v e  l i t t l e  e f f e c t  on t h e  
s u b s y n c h r o n o u s  v i b r a t i o n s .  I t  is t h e r e f o r e  i m p o r t a n t  t o  u n d e r s t a n d  t h e  
d i f f e r e n c e s  b e t w e e n  f o r c e d  v i b r a t i o n s  and  s e l f - e x c i t e d  v i b r a t i o n s  s o  t h e  
p r o b l e m  c a n  b e  p r o p e r l y  d i a g n o s e d  and  c o r r e c t e d  ( R e f e r e n c e s  1- 4).  The  f o l l o w i n g  
i s  a  l i s t  o f  c h a r a c t e r i s t i c s  o f  t h e  t w o  t y p e s  o f  s u b s y n c h r o n o u s  v i b r a t i o n .  

S e l f - E x c i t e d  

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

2. The v i b r a t i o n s  a r e  c o n t r o l l e d  b y  t h e  s t a b i l i t y  o f  t h e  r o t o r  a n d  t h e  
o i l  f i l m .  

3 .  The  v i b r a t i o n  a m p l i t u d e s  c a n  s u d d e n l y  i n c r e a s e  and become unbounded  
u n t i l  t h e  r o t o r  c o n t a c t s  s t a t i o n a r y  p a r t s ,  s u c h  a s  s e a l s  and 
l a b y r i n t h s .  

4. The r o t o r  w h i r l s  a t  t h e  s u b s y n c h r o n o u s  f r e q u e n c y  and t h e  w h i r l  
d i r e c t i o n  c a n  b e  i n  t h e  d i r e c t i o n  o f  r o t a t i o n  ( f o r w a r d )  o r  o p p o s i t e  
t h e  d i r e c t i o n  o f  r o t a t i o n  ( b a c k w a r d ) .  

F o r c e d  V i b r a t i o n  

1 .  The  v i b r a t i o n s  a r e  c a u s e d  by a e r o d y n a m i c  e x c i - , a t i o n  < f l o w  
i n s t a b i l i t e s )  and a r e  i n f l u e n c e d  b y  t h e  a c o u s t i c a l  c h a r a c t e r i s t i c s  of 
t h e  combined  c o m p r e s s o r  and  p i p i n g  s y s t e m s .  

2. The s u b s y n c h r o n o u s  v i b r a t i o n s  o c c u r  a t  t h e  l o w e r  f l o w s  w a r  s u r g e  and  
a r e  bounded  i n  a m p l i t u d e  ( a s  o p p o s e d  t o  u n s t a b l e  s h a f t  v i ~ r a c i o n s  
wh ich  c a n  i n c r e a s e  u n t i l  t h e  s h a f t  c o n t a c t s  s t a t l o n a r y  p a r t s ) ,  

3. The uh;rl d x r e c t i o n  i s  g e n e r a l l y  f o r w a r d .  

4.  The  s u b s y n c h r o n o u s  vibration f r e q u e n c i e s  a r e  u s u a l i y  5 .- 2QX ~f t h e  
r u n n i n g  s p e e d  f r e q u e n c y .  

5. The s u b s y n c h r o n o u s  a m p l i t u d e s  a r e  a  f u n c t i o n  of  t h e  i n p e l i e r  vane  t i p  
s p e e d  a n d  g a s  d e n s i t y .  
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The s u b s y n c h r o n o u s  s h a f t  v i b r a t i o n s  and p u l s a t i o n s  a r e  p h a s e  
c o h e r e n t .  

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

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

The p u l s a t i o n  f r e q u e n c i e s  a r e  d e t e r m i n e d  by t h e  a c o u s t i c a l  r e s p o n s e s  
of t h e  e n t i r e  s y s t e m  i n c l u d i n g  t h e  compressor  i n t e r n a l 8  and t h e  
p i p i n g .  Many times t h e r e  a r e  m u l t i p l e  h a r m o n i c s  o f  some b a s i c  
r e s p o n s e  f r e q u e n c y .  

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

Symptoms -- of  Flow I n s t a b i l i t i e s  

S u b s y n c h r o n o u s  f o r c e d  v i b r a t i o n s  a r e  o f t e n  an i n d i c a t i o n  t h a t  t h e  c o m p r e s s o r  is 
o p e r a t i n g  n e a r  a  s t a g e  s t a l l  c o n d i t i o n .  S t a g e  s t a l l  is a  p r e- s u r g e  c o n d i t i o n  
which o c c u r s  when o n e  o f  t h e  f i n a l  s t a g e s  is u n s t a b l e  a t  r e d u c e d  f l o w  r a t e s .  
I f  t h e  u n s t a b l e  s t a g e  r e a c t s  w i t h  t h e  rest  o f  t h e  s y s t e m ,  t h e n  a  s u r g e  
c o n d i t i o n  may r e s u l t .  T h e r e f o r e ,  t h e  s u b s y n c h r o n o u s  r o t o r  v i b r a t i o n s  c a n  b e  an  
i n d i c a t i o n  o f  i n c i p i e n t  s u r g e .  

The s t a g e  s t a l l  o r  s u r g e  o f  o n e  o r  more o f  t h e  i m p e l l e r s  c a n  c a u s e  a  l o s s  o f  
p e r f o r m a n c e .  Many times t h e r e  w i l l  be  a  s m a l l  d r o p  i n  head a s  o n e  p a r t i c u l a r  
f r e q u e n c y  is  e x c i t e d .  A s  t h e  f l o w  is f u r t h e r  r e d u c e d ,  m u l t i p l e  f r e q u e n c y  
components  a r e  somet imes  e x c i t e d  which c a n  d r a s t i c a l l y  r e d u c e  t h e  p e r f o r m a n c e .  

O t h e r  i n d i c a t i o n s  o f  t h e  f l o w  i n s t a b i l i t i e s ,  and o f t e n  t h e  most  o b v i o u s ,  a r e  
low f r e q u e n c y  v i b r a t i o n s  o f  t h e  a t t a c h e d  p i p i n g .  The p i p i n g  v i b r a t i o n  is  d u e  
t o  low f r e q u e n c y  p u l s a t i o n s  a t  a  f r a c t i o n  o f  t h e  r u n n i n g  s p e e d  f r e q u e n c y .  T h i s  
is i n  c o n t r a s t  t o  t h e  n o r m a l l y  o c c u r r i n g  h i g h  f r e q u e n c y  p u l s a t i o n s  a t  m u l t i p l e s  
o f  r u n n i n g  s p e e d ,  s u c h  a s  b l a d e  and d i f f u s e r  p a s s i n g  f r e q u e n c i e s  which do  n o t  
n o r m a l l y  e x c i t e  t h e  p i p i n g  l a t e r a l  m e c h a n i c a l  n a t u r a l  f r e q u e n c i e s .  

The s u b s y n c h r o n o u s  p u l s a t i o n s  a r e  g e n e r a l l y  less t h a n  10 p s i  and seldom e x c e e d  
3 %  o f  l i n e  p r e s s u r e  on h i g h  p r e s s u r e  u n i t s .  The p u l s a t i o n s  c o u p l e  a t  t h e  
p i p i n g  e l b o w s  t o  p r o d u c e  s h a k i n g  f o r c e s  which c a n  b e  s i g n i f i c a n t  i n  l a r g e  
d i a m e t e r  p i p i n g  s i n c e  t h e  s h a k i n g  f o r c e  is a p p r o x i m a t e l y  e q u a l  t o  t h e  p i p e  
c r o s s  s e c t i o n a l  f l o w  a r e a  m u l t i p l i e d  by t h e  p r e s s u r e  p u l s a t i o n s .  For example ,  
an 8 i n c h  p i p e  w i t h  a  p u l s a t i o n  o f  4  p s i  c o u l d  h a v e  a  dynamic s h a k i n g  f o r c e  o f  
a p p r o x i m a t e l y  200 l b s .  Overhead p i p i n g  c a n  n o r m a l l y  b e  clamped and r e s t r a i n e d  
t o  w i t h s t a n d  f o r c e s  o f  400-500 l b s ;  however ,  c e n t r i f u g a l  p i p i n g  s y s t e m s  
t y p i c a l l y  have  v e r y  few c l a m p s  d u e  t o  t h e  t h e r m a l  f l e x i b i l i t y  r e q u i r e m e n t s  and 
t h u s  t h e  p u l s a t i o n  f o r c e s  c a n  p r o d u c e  h i g h  v i b r a t i o n  a m p l i t u d e s  on t h e  p i p i n g .  

The f o l l o w i n g  c a s e  h i s t o r i e s  were s e l e c t e d  b e c a u s e  t h e y  i l l u s t r a t e  t h e  e f f e c t s  
and symptoms o f  s u b s y n c h r o n o u s  p u l s a t i o n  and v i b r a t i o n  i n  c e n t r i f u g a l  
e q u i p m e n t .  
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CASE A. TURBOEXPANDER/COMPRESSQR 

A turboexpander/compressor u n i t  i n s t a l l e d  i n  a  g a s  p r o c e s s i n g  p l a n t  
e x p e r i e n c e d  numerous m e c h a n i c a l  f a i l u r e s ,  t h e  p e r f o r m a n c e  was less  t h a n  
p r e d i c t e d ,  and t h e  u n i t  had h i g h  a m p l i t u d e ,  l o w  f r e q u e n c y  p i p i n g  v i b r a t i o n s .  
The u n i t  o p e r a t e d  f rom 11000 - 13500 rpm (183 - 225 Hz) and t h e  p i p i n g  and 
s h a f t  v i b r a t i o n s  were p r i m a r i l y  n e a r  12 Hz. A s  o u t l i n e d  a b o v e ,  t h e s e  were a l l  
symptoms o f  f o r c e d  v i b r a t i o n s .  

T e s t  P r o c e d u r e s  

F i e l d  t e s t s  were made w i t h  s p e c i a l  i n s t r u m e n t a t i o n  t o  i d e n t i f y  t h e  s o u r c e  o f  
t h e  e x c i t a t i o n .  Dynamic p r e s s u r e  t r a n s d u c e r s  were i n s t a l l e d  t o  measure  t h e  
a e r o d y n a m i c  e x c i t a t i o n  i n  t h e  t u r b o e x p a n d e r  and c o m p r e s s o r .  P r o x i m i t y  p r o b e s  
were i n s t a l l e d  n e a r  t h e  r o t o r  b e a r i n g s  t o  c o n f i r m  t h e  e x i s t e n c e  and t o  a s s e s s  
t h e  s e v e r i t y  o f  t h e  r e s u l t i n g  s h a f t  v i b r a t i o n s .  P r e s s u r e  p u l s a t i o n s  were 
measured i n  t h e  t u r b o e x p a n d e r  i n l e t  and d i s c h a r g e  p i p i n g  and i n  t h e  c o m p r e s s o r  
s u c t i o n  and d i s c h a r g e  p i p i n g .  Low f r e q u e n c y  p u l s a t i o n s  n e a r  12 Hz were 
measured i n  t h e  c o m p r e s s o r  s u c t i o n  and d i s c h a r g e  p i p i n g .  T h e r e  was no 
i n d i c a t i o n  o f  t h e  low f r e q u e n c y  p u l s a t i o n s  i n  t h e  t u r b o e x p a n d e r  p i p i n g  where 
t h e  p u l s a t i o n s  o c c u r r e d  p r i m a r i l y  a t  m u l t i p l e s  o f  r u n n i n g  s p e e d .  

V i b r a t i o n s  o f  t h e  turboexpander/compressor s h a f t  r e l a t i v e  t o  t h e  b e a r i n g  
h o u s i n g  were measured w i t h  p r o x i m i t y  p r o b e s .  Two p r o b e s  were i n s t a l l e d  n e a r  
e a c h  b e a r i n g ,  90 d e g r e e s  a p a r t ,  t o  o b t a i n  a  s h a f t  v i b r a t i o n  o r b i t .  The s h a f t  
v i b r a t i o n  o r b i t  showed t o t a l  v i b r a t i o n s  o f  a p p r o x i m a t e l y  4 m i l s  peak-peak. The 
s h a f t  v i b r a t i o n  a t  t h e  r u n n i n g  s p e e d  f r e q u e n c y  was o n l y  1 m i l  peak-peak w h i l e  
t h e  s u b s y n c h r o n o u s  v i b r a t i o n s  n e a r  12 Hz were a p p r o x i m a t e l y  3 m i l s  peak - peak. 
The s h a f t  o r b i t  was u n s t e a d y  and s i m i l a r  t o  w h i r l  phenomena e x p e r i e n c e d  on 
s h a f t  i n s t a b i l i t y  v i b r a t i o n  p r o b l e m s  ( s e l f - e x c i t e d  v i b r a t i o n s ) ;  however ,  t h e  
amp1 i t u d e  remained  bounded. The s h a f t  v i b r a t i o n s  and s u c t i o n  p u l s a t i o n s  n e a r  
12 Hz were p h a s e  c o h e r e n t ,  which i n d i c a t e d  t h a t  t h e  s h a f t  v i b r a t i o n s  and t h e  
c o m p r e s s o r  p u l s a t i o n s  were d e f i n i t e l y  r e l a t e d .  

A l t h o u g h  t h e  d a t a  i n d i c a t e d  t h a t  t h e  s h a f t  v i b r a t i o n s  and c o m p r e s s o r  p u l s a t i o n s  
w e r e  r e l a t e d ,  it was n o t  known which was t h e  c a u s e  and which was t h e  r e a c t i o n .  
E x p e r i e n c e  h a s  shown; however ,  t h a t  t h e  s h a f t  v i b r a t i o n s  were p r o b a b l y  d u e  t o  
t h e  p u l s a t i o n s  b e c a u s e  it is d i f f i c u l t  f o r  t h e  low a m p l i t u d e  s u b s y n c h r o n o u s  
s h a f t  v i b r a t i o n s  t o  p r o d u c e  h i g h  a m p l i t u d e  c o h e r e n t  p u l s a t i o n s  i n  t h e  g a s  
s t r e a m .  T h e r e f o r e ,  it was f e l t  t h a t  t h e  s h a f t  v i b r a t i o n s  were f o r c e d  
v i b r a t i o n s  and t h a t  m o d i f i c a t i o n s  o r  b a l a n c i n g  o f  t h e  r o t o r  would n o t  r e d u c e  
t h e  v i b r a t i o n s .  

While t h e  u n i t  was o p e r a t i n g  a t  a  s t a b l e  c o n d i t i o n  n e a r  13000 rpm, s p e e d  
m o d u l a t i o n s  o f  500  rpm n e a r  12 Hz were measured ,  The s p e e d  m o d u l a t i o n  was 
o b t a i n e d  by  a n a l y z i n g  t h e  t a c h o m e t e r  s i g n a l  from a  m a g n e t i c  p i c k u p  w i t h  a  
f r e q u e n c y- t o- v o l t a g e  c o n v e r t e r .  The d i g i t a l  s p e e d  r e a d o u t  i n  t h e  c o n t r o l  room 
a l s o  i n d i c a t e d  s p e e d  f l u c t u a t i o n s ,  a l t h o u g h  t o  a  lesser d e g r e e ,  b e c a u s e  t h e  
s i g n a l s  were a v e r a g e d  f o r  t h e  r e a d o u t .  The s p e e d  m o d u l a t i o n  was a n o t h e r  
i n d i c a t i o n  t h a t  t h e  l o a d i n g  was n o t  c o n s t a n t ,  which s u g g e s t e d  a  f o r c e d  
a e r o d y n a m i c  e x c i t a t i o n  o n  t h e  sys tem.  

S o l u t i o n  

A s  shown i n  F i g u r e  1 ,  t h e  s u c t i o n  p i p i n g  was p e r p e n d i c u l a r  t o  t h e  c o m p r e s s o r  



s h a f t  and t h e  g a s  f l o w  had t o  make a  s h a r p  90 d e g r e e  t u r n  t o  e n t e r  t h e  
c o m p r e s s o r  i m p e l l e r .  T h e r e  were no  i n l e t  g u i d e  v a n e s  or t u r n i n g  v a n e s  i n  t h e  
c o m p r e s s o r  i n l e t  chamber.  It was f e l t  t h a t  t h e  p r o b l e m s  were c a u s e d  b y  
t u r b u l e n c e  o c c u r r i n g  a t  t h e  i n l e t  o f  t h e  compressor  i m p e l l e r .  I n  an  e f f o r t  t o  
improve  t h e  f l o w  i n t o  t h e  c o m p r e s s o r ,  a  f l o w  s p l i t t e r  was f a b r i c a t e d  o n- s i t e  
and i n s t a l l e d  i n  t h e  i n l e t  chamber d i r e c t l y  i n  l i n e  w i t h  t h e  s u c t i o n  i n l e t .  
After t h e  f l o w  s p l i t t e r  was i n s t a l l e d ,  t h e  s u b s y n c h r o n o u s  v i b r a t i o n s ,  
p u l s a t i o n s  and s p e e d  m o d u l a t i o n s  were s i g n i f i c a n t l y  r e d u c e d  and t h e  p e r f o r m a n c e  
was improved ( F i g u r e  2 ) .  S i m i l a r  f l o w  s p l i t t e r s  have  been u s e d  on i n d u c e d  
d r a f t  f a n s  t o  p r e v e n t  i n l e t  v o r t i c e s  which c r e a t e  r o t a t i n g  s t a l l  c o n d i t i o n s  
(Ref 5 ) .  

Based upon t h e  d a t a  o b t a i n e d  w i t h  t h e  f l o w  s p l i t t e r ,  a c o m p r e s s o r  i n l e t  
m o d i f i c a t i o n  was d e s i g n e d  t o  f u r t h e r  improve t h e  compressor  i n l e t  f l o w  
c o n d i t i o n s .  The m o d i f i c a t i o n  u s e d  an e lbow i n s i d e  t h e  compressor  i n l e t  chamber 
t o  d i r e c t  t h e  f l o w  i n t o  t h e  i m p e l l e r .  A v e r t i c a l  f l o w  s p l i t t e r  was added t o  
e n s u r e  t h a t  t h e  f l o w  was p r o p e r l y  d i s t r i b u t e d  o v e r  t h e  f l o w  a r e a  o f  t h e  elbow. 
T e s t s  showed t h a t  t h e  i n l e t  m o d i f i c a t i o n  g r e a t l y  improved t h e  i n l e t  f l o w  
c o n d i t i o n s ,  r e d u c e d  t h e  s u b s y n c h r o n o u s  s h a f t  v i b r a t i o n s  and p u l s a t i o n s ,  l o w e r e d  
t h e  s p e e d  m o d u l a t i o n s ,  v i r t u a l l y  e l i m i n a t e d  t h e  low f r e q u e n c y  p i p i n g  and c a s e  
v i b r a t i o n s  and improved t h e  c o m p r e s s o r  per formance  ( T a b l e  1 ) .  It is 
i n t e r e s t i n g  t o  n o t e  t h a t  t h e  r o t o r  v i b r a t i o n  a m p l i t u d e s  a t  t h e  r u n n i n g  s p e e d  
(13000 rpm) were n o t  a f f e c t e d  by  t h e  f l o w  i n s t a b i l i t i e s .  T h i s  u n l t  h a s  
o p e r a t e d  s u c c e s s f u l l y  f o r  s e v e r a l  y e a r s  s i n c e  t h e  i n l e t  was m o d i f i e d .  

CASE B. CENTRIFUGAL COMPRESSOR 

T h i s  compressor  s y s t e m  o p e r a t e d  s a t i s f a c t o r i l y  f o r  s e v e r a l  y e a r s  u n t i l  t h e  
a f t e r c o o l e r  was r e p l a c e d  and t h e  f l o w  r a t e  was r e d u c e d .  The a f t e r c o o l e r  was 
r e p l a c e d  w i t h  a  l a r g e r  u n i t  d e s i g n e d  t o  i n c r e a s e  t h e  c o o l i n g  c a p a c i t y  w i t h  a  
l o w e r  p r e s s u r e  d rop .  The f l o w  r a t e s  were down b e c a u s e  o f  t h e  r e d u c e d  demand 
f o r  t h e  p r o d u c t .  After t h e s e  c h a n g e s  were made t o  t h e  o p e r a t i n g  s y s t e m ,  t h e  
u n i t  e x p e r i e n c e d  p i p i n g  and a f t e r c o o l e r  v i b r a t i o n s  and s u b s y n c h r o n o u s  s h a f t  
v i b r a t i o n s .  

T e s t  P r o c e d u r e s  

A f i e l d  s t u d y  was p e r f o r m e d  t o  d e t e r m i n e  t h e  c a u s e s  o f  t h e  v i b r a t i o n s .  
P u l s a t i o n s  were measured i n  t h e  c o m p r e s s o r  d i s c h a r g e  p i p i n g  and a t  t h e  i n l e t  
and o u t l e t  o f  t h e  a f t e r c o o l e r .  The d i s c h a r g e  p i p i n g  v i b r a t i o n s  were measured 
w i t h  a c c e l e r o m e t e r s  a t  t h e  p o i n t s  o f  maximum v i b r a t i o n .  The r o t o r  v i b r a t i o n s  
were o b t a i n e d  w i t h  p r o x i m i t y  p r o b e s  i n s t a l l e d  n e a r  t h e  b e a r i n g s .  

F r e q u e n c y  a n a l y s e s  o f  t h e  c o m p r e s s o r  d i s c h a r g e  p u l s a t i o n s ,  a f t e r c o o l e r  i n l e t  
p u l s a t i o n s ,  d i s c h a r g e  p i p i n g  v i b r a t i o n s  and c o m p r e s s o r  s h a f t  v i b r a t i o n s  a r e  
p l o t t e d  f o r  c o m p a r i s o n s  i n  F i g u r e  3.  It was found  t h a t  p u l s a t i o n  and v i b r a t i o n  
a m p l i t u d e s  c o u l d  be s i g n i f i c a n t l y  changed by r u n n i n g  t h e  compressor  a t  
d i f f e r e n t  o p e r a t i n g  c o n d i t i o n s  ( F i g u r e  4 ) .  The o p e r a t i n g  c o n d i t i o n  w i t h  
minimum p u l s a t i o n  and v i b r a t i o n  a m p l i t u d e s  was t h e  c o n d i t i o n  w i t h  maximum f l o w  
r a t e  and minimum p r e s s u r e  r a t i o .  The p i p i n g  v i b r a t i o n s  and p r e s s u r e  
p u l s a t i o n s  were p r i m a r i l y  a t  s u b s y n c h r o n o u s  f r e q u e n c i e s  n e a r  25 Hz and 75 Hz. 
The a m p l i t u d e  o f  t h e  f r e q u e n c y  components  were b e a t i n g ,  a s  c a n  be s e e n  from t h e  
time c a s c a d e  s p e c t r a l  p l o t s  g i v e n  i n  F i g u r e s  5-6. 

Dur ing  t h e  t e s t i n g ,  t h e  s u c t i o n  a b s o l u t e  p r e s s u r e ,  t h e  d i s c h a r g e  g a g e  p r e s s u r e ,  
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t h e  compressor  runn ing  speed  and t h e  t o t a l  f l ow  were logged e v e r y  minute  on t h e  
p r o c e s s  computer  i n  t h e  c o n t r o l  room. The t e s t  c o n d i t i o n s  were p l o t t e d  on a  
per formance  map ( F i g u r e  7 ) .  A s  shown, t h e  measured test  c o n d i t i o n s  p l o t t e d  on 
t h e  per formance  map d i d  n o t  a g r e e  w i th  t h e  p r e d i c t e d  c u r v e s  d i s p l a y e d  on t h e  
p r o c e s s  computer .  The s o u r c e  o f  t h e  d i s c r e p a n c y  was n o t  known; however, it 
cou ld  have been caused  by an i n s t r u m e n t a t i o n  e r r o r  o r  t h e  a c t u a l  per formance  
c u r v e  was d i f f e r e n t  from t h e  c u r v e s  s t o r e d  i n  t h e  computer.  

Although t h e  measured performance d a t a  was d i f f e r e n t  t han  t h e  p r e d i c t e d  
per formance  c u r v e ,  t h e  d a t a  d i d  show t h a t  t h e  subsynchronous v i b r a t i o n  and 
p u l s a t i o n  a m p l i t u d e s  were g r e a t e r  a t  o p e r a t i n g  c o n d i t i o n s  c l o s e r  t o  t h e  
c a l c u l a t e d  s u r g e  l i n e  shown on t h e  performance map. The s u r g e  l i n e  shown on 
t h e  performance map is t h e  s u r g e  l i n e  f o r  t h e  combined low and h i g h  p r e s s u r e  
compressors .  Although t h e  compres so r s  d i d  n o t  appear  t o  be o p e r a t i n g  nea r  t h e  
sys tem s u r g e  l i n e ,  t h e  h i g h  p r e s s u r e  compressor  was p robab ly  o p e r a t i n g  n e a r  
s u r g e  o r  s t a g e  s t a l l  c o n d i t i o n s  f o r  one  o r  more o f  t h e  f i n a l  s t a g e  i m p e l l e r s .  

The problems observed  on t h i s  compressor  appeared  t o  be due t o  s t a g e  s t a l l  i n  
which t h e  o p e r a t i o n  o f  a  p a r t i c u l a r  s t a g e  is u n s t a b l e  a t  reduced f l o w  r a t e s  
(Re f s .  3-41. S i m i l a r  u n s t e a d y  f low phenomena have  been documented on o t h e r  
c e n t r i f u g a l  compressors  (Ref. 4 ) .  It h a s  been observed  t h a t  t h e  l i m i t  o f  
s t a b l e  o p e r a t i o n  is  where t h e  p r e s s u r e  r a t i o  (PR) v s .  mass f l o w  
c h a r a c t e r i s t i c s  ( m )  is h o r i z o n t a l .  T h e r e f o r e ,  t h e  c r i t e r i o n  f o r  s t a g e  s t a l l  
may be: 

= < o  s tab le  am 

- =o m e t a s t a b l e  
am 

- > o  uns tab le  
am 

A s  shown on F i g u r e  7 ,  t h e  p l o t  o f  t h e  measured p r e s s u r e  r a t i o  v e r s u s  f l ow  was 
much f l a t t e r  t h a n  t h e  p r e d i c t e d  c u r v e s .  T h i s  would i n d i c a t e  t h a t  t h e  
compressor  was o p e r a t i n g  n e a r  t h e  m e t a s t a b l e  r e g i o n .  

A s t a g e  can  o p e r a t e  i n  an u n s t a b l e  c o n d i t i o n  f o r  ex tended  time p e r i o d s  w i t h o u t  
any damage o r  s i g n i f i c a n t  p u l s a t i o n s  o r  n o i s e ,  i f  t h e  s t a g e  does  n o t  r e a c t  
a c o u s t i c a l l y  w i t h  t h e  r e s t  o f  t h e  system. However, i f  t h e  sys tem,  i n c l u d i n g  
t h e  i n l e t  e l emen t s  and d i s c h a r g e  e l emen t s  ( such  a s  t h e  a f t e r c o o l e r ) ,  i n t e r a c t s  
w i t h  t h e  u n s t a b l e  s t a g e  t o  c r e a t e  h i g h  p u l s a t i o n s ,  t hen  t h e  e n t i r e  sys tem may 
become u n s t a b l e  and a  s u r g e  c o n d i t i o n  can  r e s u l t .  

It h a s  been obse rved  on o t h e r  u n i t s  t h a t  when a  compressor  is o p e r a t i n g  n e a r  
s u r g e ,  t h e  f r e q u e n c i e s  o f  t h e  nonsynchronous compressor  s h a f t  v i b r a t i o n s  a r e  
g e n e r a l l y  a t  t h e  a c o u s t i c a l  n a t u r a l  f r e q u e n c i e s  o f  t h e  p i p i n g  sys tem.  T h i s  



h e l p s  t o  e x p l a i n  why changing  t h e  a f t e r c o o l e r  changed t h e  compressor  d i s c h a r g e  
p u l s a t i o n s  and i n c r e a s e d  t h e  v i b r a t i o n  a m p l i t u d e s  on t h e  d i s c h a r g e  p i p i n g .  The 
d i s c h a r g e  p i p i n g  a c o u s t i c a l  n a t u r a l  f r e q u e n c i e s  o f  t h e  new a f t e r c o o l e r  were 
c o n s i d e r a b l y  d i f f e r e n t  from t h e  o r i g i n a l  de s ign .  The new a f t e r c o o l e r  had 
a lmos t  t h r e e  times a s  many t u b e s  i n  each  s e c t i o n  a s  t h e  o r i g i n a l  d e s i g n  and 
t h e  a c o u s t i c  end c o n d i t i o n s  on e i t h e r  end o f  t h e  U-bend p i p e  which connected  
b o t h  s e c t i o n s  o f  t h e  a f t e r c o o l e r  were d i f f e r e n t .  A comparison o f  t h e  e f f e c t i v e  
f l o w  d i a m e t e r s  f o r  t h e  o r i g i n a l  and new a f t e r c o o l e r s  is shown i n  F i g u r e  8. The 
f l o w  a r e a  of t h e  o r i g i n a l  a f t e r c o o l e r  was approx ima te ly  e q u a l  t o  t h e  a r e a  o f  
t h e  d i s c h a r g e  p ipe .  The f l o w  a r e a  was much l a r g e r  on t h e  new a f t e r c o o l e r  and 
a p p e a r s  a c o u s t i c a l l y  a s  a  volume-choke-volume which w i l l  respond a s  a  Helmholtz  
r e s o n a t o r .  

A Helmholtz  r e s o n a t o r  is a low p a s s  f i l t e r  which is t y p i c a l l y  used t o  f i l t e r  o r  
a t t e n u a t e  h i g h  f r equency  p u l s a t i o n s  which a r e  h i g h e r  t han  t h e  a c o u s t i c a l  
n a t u r a l  f r equency  o f  t h e  Helmholtz  r e s o n a t o r  ( r e f e r r e d  t o  a s  t h e  Helmholtz  
f r e q u e n c y ) .  P u l s a t i o n s  a t  t h e  Helmholtz  f r equency  a r e  a m p l i f i e d  r a t h e r  t h a n  
a t t e n u a t e d .  Using s i m p l i f i e d  e q u a t i o n s ,  t h e  Helmholtz  f requency  f o r  t h e  new 
a f t e r c o o l e r  was c a l c u l a t e d  t o  be  app rox ima te ly  20 Hz which is nea r  t h e  measured 
fundamenta l  p u l s a t i o n  f r equency  of  20-25 Hz. 

The a c o u s t i c a l  n a t u r a l  f r equency  o f  t h e  choke t u b e  (U bend between t h e  
a f t e r c o o l e r  s e c t i o n s )  was c a l c u l a t e d  t o  be app rox ima te ly  72 Hz which was nea r  
t h e  p u l s a t i o n  f r equency  o f  62-75 Hz. This choke t u b e  half-wave r e sonance  is 
r e f e r r e d  t o  a s  a  p a s s  band f r equency  and p u l s a t i o n s  a t  t h i s  f r equency  can  p a s s  
t h r o u g h  t h e  i n l e t  and o u t l e t  of t h e  f i l t e r .  The p u l s a t i o n s  n e a r  75  Hz were 
u n d e s i r a b l e  because  t h e  first l a t e r a l  c r i t i c a l  speed o f  t h e  h i g h  p r e s s u r e  
compressor  was a l s o  n e a r  75 Hz. The p u l s a t i o n s  from t h e  a f t e r c o o l e r  nea r  74 Hz 
i n c r e a s e d  t h e  r o t o r  subsynchronous  v i b r a t i o n s  because  t h e  r o t o r  was s e n s i t i v e  
t o  e x c i t a t i o n  a t  t h e  f irst  c r i t i c a l  speed .  The measured v i b r a t i o n s  a t  75 Hz 
were app rox ima te ly  0.3 m i l s  peak-peak a t  t h e  b e a r i n g s ;  however, t h e  ampl i t udes  
c o u l d  have been s e v e r a l  times h i g h e r  a t  t h e  s h a f t  midspan nea r  t h e  d i s c h a r g e  
f l a n g e .  There was concern  t h a t  t h e  i n c r e a s e d  s h a f t  v i b r a t i o n s  cou1.d be 
damaging t o  t h e  seals and b e a r i n g s .  

S o l u t i o n  

The measurements on t h e  u n i t s  i l l u s t r a t e d  s e v e r a l  changes  t h a t  cou ld  be 
implemented t o  r e d u c e  t h e  subsynchronous  v i b r a t i o n s .  

1.  The f irst  s t e p  would be t o  o p e r a t e  t h e  u n i t  a t  h i g h  f l o w  r a t e s  nea r  
t h e  d e s i g n  p o i n t  where the  u n i t  o p e r a t e d  s a t i s f a c t o r i l y  f o r  s e v e r a l  
y e a r s .  However, due t o  low p roduc t  demand, t h e  f l o w  r a t e s  cou ld  n o t  
be  i n c r e a s e d .  

2. The second m o d i f i c a t i o n  was t o  o p e r a t e  t h e  u n i t  w i th  more r e c y c l e  f l o w  
which would a l l o w  t h e  compressor  t o  o p e r a t e  nea r  t h e  des ign  p o i n t .  
The o n l y  d i s a d v a n t a g e  was t h a t  t h e  u n i t  was l e s s  e f f i c i e n t  and 
r e q u i r e d  more horsepower f o r  t h e  same n e t  flow. The r e c y c l e  f l o w  
r a t e  cou ld  e a s i l y  be  i n c r e a s e d  by r e d e f i n i n g  t h e  s u r g e  c o n t r o l  l i n e  
on t h e  p r o c e s s  computer.  

3.  The t h i r d  s t e p  would be t o  r e d e s i g n  t h e  d i f f u s e r ,  i m p e l l e r  and r e t u r n  
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c h a n n e l s  on t h e  l a s t  few s t a g e s  t o  p reven t  t h e  s t a g e  s t a l l  a t  reduced 
f l o w  r a t e s .  T h i s  m o d i f i c a t i o n  would be t h e  most c o s t l y  and may n o t  
be r e q u i r e d  i f  t h e  second m o d i f i c a t i o n  could  be implemented. 

4. A f o u r t h  p o s s i b i l i t y  would be t o  change t h e  a c o u s t i c a l  r e s p o n s e  of t h e  
p i p i n g  nea r  t h e  a f t e r c o o l e r .  Orifices cou ld  be des igned t o  r educe  
t h e  p u l s a t i o n s  w i t h o u t  c a u s i n g  a  s i g n i f i c a n t  p r e s s u r e  drop.  

The s t a g e  s t a l l  phenomena e x h i b i t e d  on t h i s  compressor were s i m i l a r  t o  t h e  
symptoms shown on a n o t h e r  c e n t r i f u g a l  compressor  which a l s o  expe r i enced  s t a g e  
s t a l l .  F i e l d  d a t a  measured on t h e  second compressor  sugges t ed  t h a t  t h e  problem 
cou ld  be c o r r e c t e d  by i n c r e a s i n g  t h e  r e c y c l e  flow. D e t a i l e d  t e s t s  were made t o  
r e d e f i n e  t h e  s u r g e  c o n t r o l  v a l v e s .  

The t e s t i n g  was begun w i t h  t h e  compressor  o p e r a t i n g  a t  h i g h  f low r a t e s  where 
t h e  subsynchronous p i p i n g  and s h a f t  v i b r a t i o n s  were n o t  p r e s e n t .  The d a t a  was 
c o n t i n u o u s l y  monitored a s  t h e  f l o w  rate was reduced whi le  m a i n t a i n i n g  a 
c o n s t a n t  speed .  As t h e  f low r a t e  was reduced t o  a  c e r t a i n  f low c o n d i t i o n  
( F i g u r e  9, P o i n t  A ) ,  subsynchronous d i s c h a r g e  p u l s a t i o n s  and s h a f t  v i b r a t i o n s  
nea r  25 Hz would sudden ly  appear  and t h e  f l o w  r a t e  would s i m u l t a n e o u s l y  
d e c r e a s e .  T h i s  f l o w  c o n d i t i o n  was c o n s i d e r a b l y  t o  t h e  r i g h t  o f  t h e  p r e d i c t e d  
s u r g e  l i n e .  T h i s  t y p e  o f  d a t a  was o b t a i n e d  a t  s e v e r a l  d i f f e r e n t  speed l i n e s  on 
t h e  performance map ( F i g u r e  9, P o i n t  B). A l i n e  drawn th rough  t h e  p o i n t s  where 
t h e  subsynchronous v i b r a t i o n s  o c c u r r e d  p a r a l l e l e d  t h e  s u r g e  l i n e .  T h i s  l i n e  
was c o n s i d e r e d  t o  be due t o  s t a g e  s t a l l  o r  s u r g e  o f  one o r  more o f  t h e  f i n a l  
s t a g e s .  

The r e c y c l e  c o n t r o l  v a l v e  was a d j u s t e d  t o  keep f low r a t e s  t o  t h e  r i g h t  o f  t h i s  
new s u r g e  l i n e  and t h e  compressor  t hen  o p e r a t e d  s a t i s f a c t o r i l y  w i thou t  any 
subsynchronous p u l s a t i o n  o r  v i b r a t i o n .  A s  shown, t h i s  l i n e  was c o n s i d e r a b l y  t o  
t h e  r i g h t  o f  t h e  m a n u f a c t u r e r ' s  s u r g e  l i n e  f o r  t h e  e n t i r e  compressor. These 
s t a g e- s t a l l  c o n d i t i o n s  a r e  d i f f e r e n t  from machine s u r g e  and should  n o t  be 
confused .  The machine s u r g e  is u s u a l l y  much more v i o l e n t  compared t o  t h e  s u r g e  
f o r  i n d i v i d u a l  i m p e l l e r s .  

CONCLUSIONS 

These compressors  e x h i b i t e d  subsynchronous v i b r a t i o n s  which had c h a r a c t e r i s t i c s  
s i m i l a r  t o  a  s h a f t  i n s t a b i l i t y ;  however, t h e s e  were f o r c e d  nonsynchronous 
v i b r a t i o n s  due t o  u n s t a b l e  f l o w  c o n d i t i o n s .  These two compressor  r o t o r s  were 
s t a b l e  ( v i b r a t i o n s  were bounded) and m o d i f i c a t i o n s  t o  t h e  b e a r i n g s  and s h a f t s  
would n o t  have reduced t h e  subsynchronous v i b r a t i o n s .  

The s t a g e  s t a l l  and s u r g e  c o n d i t i o n s  a r e  a  f u n c t i o n  o f  t h e  e n t i r e  system which 
e x p l a i n s  why a  compressor  can  o p e r a t e  s a t i s f a c t o r i l y  f o r  s e v e r a l  y e a r s  and t h e n  
become u n s t a b l e  a f t e r  m o d i f i c a t i o n s  a r e  made t o  seemingly u n r e l a t e d  p i p i n g  
e l e m e n t s ,  such  a s  h e a t  exchangers  o r  downstream r e c e i v e r s .  
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TABLE 1 

S h a f t  Vibra t ion  - 
Mils peak-peak 

Comparison o f  Vibra t ions  and P u l s a t i o n s  
With D i f f e r e n t  I n l e t  Modif ica t ions  

Compressor - O r b i t  
Running Speed @ 13000 rpm 

Expander - O r b i t  
Running Speed @ 13000 rpm 

T o r s i o n a l  
speed modulation, rpm 

Without With 
S p l i t t e r  S p l i t t e r  

Peak-Peak Speed Modulation 500 400 

Primary Frequencies ,  Hz 1,6,9,11 1 ,3 ,5 ,6 ,11 

P u l s a t i o n  
p s i  peak-peak/Hz 

Compressor Suct ion 

Compressor Discharge 

P i p i n g  Vibra t ion  
m i l s  peak-peak/Hz 

Modified 
I n l e t  - 

Compressor Suct ion a t  Elbow 
North-South @ 13000 rpm 5.0/11 2.6/12 
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FIGURE 1 
Drawing of  Turboexpander/Compressor I l l u s t r a t i n g  
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FIGURE 2 
Compressor Performance T e s t  R e s u l t s  



FIGURE 3 
Comparison of Vibrations and Pulsat ions 

With Different  I n l e t  Modifications 

FIGURE 4 
Comparison of Vibrations and Pulsat ions a t  High 

Flow Rate and Low Pressure Ratio 
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FIGURE 5 
Compressor Discharge Pulsations Plotted Versus Time 

te the oscillating 
tween 25 Hz and 75 Hz. 

FREQUENCY - HZ 

FIGURE 6 
Compressor Shaft Vibrations Plotted Versus Time 
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FIGURE 7 
Plot of Measured Pressure Ratio Versus Flow 

The compressor running speed is shown at  
each data point. Note that the measured 

45 compressor speed points do not agree with 
the speed lines as shown on the  compressor 
~er formance mao. 
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FIGURE 8 
Acoustical Comparison of Original and New Aftercooler 
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FIGURE 9 
Compressor Performance Surge Curve 
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