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When a compressor rotor experiences subsynchronous v ibra t ion ,  t h e  problem is 
genera l ly  considered t o  be a s h a f t  i n s t a b i l i t y  problem associated w i t h  the 
s t a b i l i t y  of t h e  rotor on t h e  bearing o i l  f i l m .  However, many times t h e  high 
subsynchronous v i b r a t i o n s  are forced v i b r a t i o n s  caused by flow i n s t a b i l i t i e s ,  
such as s t a g e  s t a l l .  I n  these cases, modif icat ions t o  improve t h e  rotor 
s t a b i l i t y  by changing t h e  bear ings or seals w i l l  have l i t t l e  effect on t h e  
subsynchronous v ibra t ions .  It is therefore  important t o  understand t h e  
d i f f e r e n c e s  between forced v i b r a t i o n s  and self-excited v ibra t ions  so t h e  
problem can be properly diagnosed and corrected (References 1-4). The following 
is  a l ist  of characteristics of t h e  two types  of subsynchronous vibrat ion.  

Self-Excited 

1. 

2. 

3. 

4 ,  

The v i b r a t i o n s  genera l ly  occur near t h e  first c r i t i ca l  speed of the  
s h a f t  . 
The v i b r a t i o n s  are cont ro l led  by t h e  s t a b i l i t y  of t h e  rotor and t h e  
o i l  f i l m .  

The v ibra t ion  amplitudes can suddenly increase  and become unbounded 
u n t i l  t h e  rotor contac ts  s t a t i o n a r y  p a r t s ,  such as seals and 
labyr in ths .  

The rotor w h i r l s  a t  t h e  subsynchronous frequency and the w h i r l  
d i r e c t i o n  can be i n  t h e  d i r e c t i o n  of r o t a t i o n  (forward) or opposi te  
t h e  d i r e c t i o n  of r o t a t i o n  (backward) 

Forced Vibrat ion 

1. 

2. 

3. 

4. 

5. 

The v i b r a t i o n s  are caused by aerodynamic e x c i t a t i o n  (flow 
i n s t a b i l i t e s )  and are influenced by t h e  acous t ica l  c h a r a c t e r i s t i c s  of 
t h e  combined compressor and piping systems, 

The subsynchronous v ibra t ions  occur a t  t h e  lower flows near surge and 
are bounded i n  amplitude (as opposed to  unstable  shaf t  v ibra t ions  
which can increase  u n t i l  t h e  s h a f t  contac ts  s t a t i o n a r y  p a r t s ) .  

The w h i r l  d i r e c t i o n  is genera l ly  forward. 

The subsynchronous v ibra t ion  frequencies  are usua l ly  5 - 20% of t h e  
running speed frequency. 

The subsynchronous amplitudes are a funct ion of t h e  impel ler  vane t i p  
speed and gas  densi ty .  
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6. 

7. 

8. 

9. 

10 * 

The subsynchronous shaft  v ib ra t ions  and pulsat ions are phase 
coherent. 

The subsynchronous pu l sa t ions  gene ra l ly  are higher amplitude on the  
discharge s i d e  and do not occur on t h e  suct ion s i d e  unless  there are 
i n l e t  flow d i s t o r t i o n s .  

I n  multi-stage compressors t h e  subsynchronous pulsat ions are gene ra l ly  
associated wi th  t h e  f i n a l  stages. 

The pulsat ion frequencies are determined by the  acous t i ca l  responses 
of t h e  e n t i r e  system including t h e  compressor i n t e r n a l s  and the  
piping. Many times there are mult iple  harmonics of some basic 
response frequency. 

I n  c e n t r i f u g a l  compressors, the  e x c i t a t i o n s  are o f t en  associated wi th  
stage s t a l l  i n  t h e  d i f f u s e r  or r e tu rn  channel. 

SYMPTOMS OF FLOW INSTABILITIES 

Subsynchronous forced v ib ra t ions  are o f t en  an ind ica t ion  t h a t  t h e  compressor is 
operat ing near a s t a g e  s t a l l  condition. Stage s t a l l  is a pre-surge condition 
which occurs  when one of  the  f i n a l  s t ages  is unstable  a t  reduced flow rates. 
If  t h e  unstable  stage reacts w i t h  t h e  rest of t h e  system, then a surge 
condition may r e s u l t .  Therefore, the  subsynchronous r o t o r  v ib ra t ions  can be an 
ind ica t ion  of i n c i p i e n t  surge. 

The stage s t a l l  or surge of  one or more of t h e  impel lers  can cause a l o s s  of 
performance. Many times there w i l l  be a small drop i n  head as one p a r t i c u l a r  
frequency is excited. As t h e  flow is f u r t h e r  reduced, mult iple  frequency 
components are sometimes excited which can d r a s t i c a l l y  reduce t h e  performance. 

Other i nd ica t ions  of t h e  flow i n s t a b i l i t i e s ,  and o f t e n  t h e  most obvious, are 
low frequency v ib ra t ions  of the  attached piping. The piping v ib ra t ion  is due 
t o  low frequency pu l sa t ions  a t  a f r a c t i o n  o f  t h e  running speed frequency. T h i s  
is i n  c o n t r a s t  t o  t h e  normally occurring high frequency pu l sa t ions  a t  mult iples  
of running speed, such as blade and d i f f u s e r  passing frequencies which do not 
normally excite the  piping la teral  mechanical n a t u r a l  frequencies.  

The subsynchronous pu l sa t ions  are gene ra l ly  less than 10 p s i  and seldom exceed 
1% o f  l i n e  pressure on high pressure un i t s .  The pu l sa t ions  couple a t  t h e  
piping elbows to  produce shaking forces which can be s i g n i f i c a n t  i n  l a r g e  
diameter piping s ince  t h e  shaking force is approximately equal t o  t h e  pipe 
c r o s s  s e c t i o n a l  flow area mult ipl ied by the  pressure pu l sa t ions  For example, 
an inch pipe wi th  a pulsat ion of 4 p s i  could have a dynamic shaking force of 
approximately 200 l b s .  Overhead piping can normally be clamped and r e s t r a i n e d  
t o  withstand forces of 400-500 l b s ;  however, c e n t r i f u g a l  piping systems 
t y p i c a l l y  have very few clamps due t o  t h e  thermal f l e x i b i l i t y  requirements and 
t h u s  t h e  pulsat ion forces can produce high v ib ra t ion  amplitudes on t h e  piping. 

8 

The following case h i s t o r i e s  were selected because they  i l l u s t r a t e  t h e  effects 
and symptoms o f  subsynchronous pulsat ion and v ib ra t ion  i n  c e n t r i f u g a l  
equipment. 
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CASE A. TURBOE XPANDER / COMPRE S SOR 

A turboexpander/compressor u n i t  i n s t a l l e d  i n  a gas processing p l an t  
experienced numerous mechanical f a i l u r e s ,  the  performance was less than 
predicted, and t h e  u n i t  had high amplitude, low frequency piping vibrat ions.  
The u n i t  operated from 11000 - 13500 rpm (183 - 225 Hz) and t h e  piping and 
shaf t  v ib ra t ions  were primari ly  near 12 Hz. As outl ined above, these were a l l  
symptoms of forced vibrat ions.  

Test Procedures 

Fie ld  tes ts  were made wi th  special instrumentation to  i d e n t i f y  t h e  source of  
the  exc i t a t ion .  Dynamic pressure t ransducers  were i n s t a l l e d  to  measure the  
aerodynamic e x c i t a t i o n  i n  t h e  turboexpander and compressor. Proximity probes 
were i n s t a l l e d  near t h e  rotor bearings t o  confirm the  exis tence and t o  assess 
the  s e v e r i t y  o f  t h e  r e s u l t i n g  shaf t  vibrat ions.  Pressure pu l sa t ions  were 
measured and i n  the compressor 
suct ion and discharge piping. Low frequency pu l sa t ions  near 12 Hz were 
measured i n  t h e  compressor suct ion and discharge piping. There was no 
ind ica t ion  of t h e  low frequency pu l sa t ions  i n  t h e  turboexpander piping where 
t h e  pu l sa t ions  occurred pr imari ly  

Vibrations of t h e  turboexpander/compressor sha f t  r e l a t i v e  t o  t h e  bearing 
housing were measured w i t h  p rox imi ty  probes. Two probes were i n s t a l l e d  near 
each bearing, go degrees apart ,  to  obtain a sha f t  v ib ra t ion  o rb i t .  The sha f t  
v ib ra t ion  The 
shaf t  v ib ra t ion  a t  t h e  running speed frequency was only 1 m i l  peak-peak w h i l e  
t h e  subsynchronous v ib ra t ions  near 12 Hz were approximately 3 m i l s  peak - peak. 
The shaf t  o r b i t  was unsteady and similar t o  w h i r l  phenomena experienced on 
shaft i n s t a b i l i t y  v ib ra t ion  problems (self-excited v ib ra t ions ) ;  however, the  
amplitude remained bounded. The shaf t  v ib ra t ions  and suc t ion  pulsat ions near 
12 Hz were phase coherent,  which indicated tha t  t h e  shaf t  v ib ra t ions  and t h e  
compressor pu l sa t ions  were d e f i n i t e l y  related. 

i n  the  turboexpander i n l e t  and discharge piping 

a t  mult iples  of  running speed. 

o r b i t  showed to t a l  v ib ra t ions  o f  approximately 4 m i l s  peak-peak. 

Although t h e  data  indicated t h a t  t h e  shaf t  v ib ra t ions  and compressor pu l sa t ions  
were related, it was not  known which was t h e  cause and which was the react ion.  
Experience has shown; however, t h a t  t h e  shaf t  v ib ra t ions  were probably due to  
the  pu l sa t ions  because it is d i f f i c u l t  for t h e  low amplitude subsynchronous 
s h a f t  v i b r a t i o n s  t o  produce high amplitude coherent pu l sa t ions  i n  the  gas 
stream. Therefore, it was f e l t  t h a t  t h e  shaf t  v ib ra t ions  were forced 
v ib ra t ions  and t h a t  modifications or balancing of t h e  r o t o r  would not reduce 
t h e  vibrat ions.  

While the  u n i t  was operat ing a t  a stable condition near 13000 rpm, speed 
modulations of 500 rpm near 12 Hz were measured. The speed modulation was 
obtained by analyzing the  tachometer s i g n a l  from a magnetic pickup wi th  a 
frequency-to-voltage converter.  The d i g i t a l  speed readout i n  t h e  con t ro l  room 
also indicated speed f luc tua t ions ,  although t o  a lesser degree, because t h e  
s i g n a l s  were averaged for t h e  readout. The speed modulation was another 
i nd ica t ion  t h a t  the  loading was not constant ,  which suggested a forced 
aerodynamic exc i td t ion  on the  system. 

Solution 

As shown i n  Figure 1 ,  t h e  suct ion piping was perpendicular t o  t he  compressor 
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shaf t  and the  gas  flow had t o  make a sharp 90 degree t u r n  t o  e n t e r  t h e  
compressor impeller.  There were no i n l e t  guide vanes o r  turning vanes i n  the  
compressor i n l e t  chamber. It was f e l t  t h a t  t h e  problems were caused by 
turbulence occurring a t  t h e  i n l e t  of the compressor impeller. I n  an effort  t o  
improve t h e  flow i n t o  the  compressor, a flow s p l i t t e r  was fabricated on-site 
and i n s t a l l e d  i n  the  i n l e t  chamber d i r e c t l y  i n  l i n e  wi th  t h e  suct ion i n l e t .  
After t h e  flow s p l i t t e r  was i n s t a l l e d ,  the subsynchronous v ib ra t ions ,  
pu l sa t ions  and speed modulations were s i g n i f i c a n t l y  reduced and t h e  performance 
was improved (Figure 2) .  Similar flow s p l i t t e r s  have been used on induced 
draf t  f ans  t o  prevent i n l e t  v o r t i c e s  which create r o t a t i n g  s t a l l  condi t ions 
(Ref 5). 

Based upon the  data obtained with the flow s p l i t t e r ,  a compressor i n l e t  
modification was designed to  f u r t h e r  improve t h e  compressor i n l e t  flow 
conditions.  The modification used an elbow i n s i d e  t h e  compressor i n l e t  chamber 
t o  direct the  flow i n t o  the  impeller.  A v e r t i c a l  flow s p l i t t e r  was added t o  
ensure t ha t  t h e  flow was properly d i s t r i b u t e d  over t h e  flow area o f  t he  elbow. 
Tes t s  showed t h a t  t h e  i n l e t  modification g r e a t l y  improved t h e  i n l e t  flow 
condi t ions,  reduced the  subsynchronous shaf t  v i b r a t i o n s  and pulsat ions,  lowered 
the speed modulations, v i r t u a l l y  eliminated t h e  low frequency piping and case 
v ib ra t ions  and improved t h e  compressor performance (Table 1) .  It is 
i n t e r e s t i n g  t o  note t h a t  the r o t o r  v ib ra t ion  amplitudes a t  t h e  running speed 
(13000 rpm) were not affected by t h e  flow i n s t a b i l i t i e s .  This u n i t  has 
operated success fu l ly  f o r  s eve ra l  years  s i n c e  t h e  i n l e t  was modified. 

CASE B. CENTRIFUGAL COMPRESSOR 

This  compressor sys tem operated s a t i s f a c t o r i l y  for seve ra l  years  u n t i l  t h e  
a f t e r c o o l e r  was replaced and t h e  flow rate was reduced. The a f t e rcoo le r  was 
replaced w i t h  a l a r g e r  u n i t  designed t o  increase t h e  cooling capac i ty  wi th  a 
lower pressure drop. The flow rates were down because of the  reduced demand 
f o r  t h e  product. After these changes were made t o  t h e  operat ing system, the  
u n i t  experienced piping and a f t e rcoo le r  v ib ra t ions  and subsynchronous s h a f t  
v ib ra t ions .  

T e s t  Procedures 

A f i e l d  s tudy was performed to  determine the  causes of  t h e  vibrat ions.  
Pulsat ions were measured i n  t h e  compressor discharge piping and a t  t h e  i n l e t  
and out le t  of the  aftercooler. The discharge piping v ib ra t ions  were measured 
w i t h  accelerometers a t  t h e  po in t s  of maximum v ib ra t ion .  The r o t o r  v ib ra t ions  
were obtained w i t h  proximity probes i n s t a l l e d  near the  bearings. 

Frequency analyses  of the  compressor discharge pulsat ions,  aftercooler i n l e t  
pulsat ions,  discharge piping v ib ra t ions  and compressor shaft  v ib ra t ions  are 
p lo t t ed  for comparisons i n  Figure 3. It was found t h a t  pulsat ion and v ib ra t ion  
amplitudes could be s i g n i f i c a n t l y  changed by running t h e  compressor a t  
d i f f e r e n t  operat ing condi t ions (Figure 4). The operat ing condition wi th  
minimum pulsat ion and v ib ra t ion  amplitudes was the  condition with maximum flow 
rate and minimum pressure ratio.  The piping v ib ra t ions  and pressure 
pu l sa t ions  were 
The amplitude of t h e  frequency components were beating, as can be seen from t h e  
time cascade s p e c t r a l  p lo t s  given i n  Figures 5-6. 

pr imari ly  a t  subsynchronous frequencies  near 25 Hz and 75 Hz. 

During t h e  t e s t i n g ,  t h e  suct ion absolute pressure,  t h e  discharge gage pressure,  
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t h e  
process computer i n  the  cont ro l  room. Th 
performance map (Figure 7). As shown, the  
t h e  performance map d i d  not  agr 
process computer. 
could have been c 
curve was d i f f e r e n t  

compressor running speed and the  t o t a l  

Although t h e  measured performance data was d i f f e r e n t  than the predicted 
performance curve,  t h e  data d i d  show tha t  t h e  subsynchronous v ibra t ion  and 
pulsa t ion  amplitudes were greater a t  operat ing condi t ions c lose r  t o  t h e  
ca lcu la ted  surge l i n e  shown on the  performance map. The surge l i n e  shown on 
t h e  performance map is t h e  surge l i n e  f o r  the  combined low and high pressure 
compressors. t h e  compressors d i d  not  appear t o  be operat ing near t h e  
s y s t e m  surge l i n e ,  t h e  high pressure compressor was probably operat ing near 
surge o r  stage s t a l l  condi t ions f o r  one or  more of the  f i n a l  stage impellers. 

Although 

The problems observed on t h i s  compressor appeared t o  be due t o  s t age  s t a l l  i n  
which the operat ion of  a p a r t i c u l a r  stage is unstable  a t  reduced flow rates 
(Refs. 3-4). Similar unsteady flow phenomena have been documented on other  
cen t r i fuga l  compressors (Ref. 4) .  It has been observed t h a t  the  l i m i t  of 
stable operat ion is where t h e  pressure r a t i o  (PR) VS. mass flow 
characteristics (m) is horizontal .  Therefore, t h e  c r i t e r i o n  fo r  s tage  s t a l l  
may be: 

= < o  s t ab le  am 

- =o metastable am 
PR 

- > o  unstable 
a m  

As shown on Figure 7, t h e  p l o t  of  
much f la t te r  than the  predicted 

Table Anstable  

I 
Flow 

t h e  measured pressure r a t i o  versus flow was 
curves.  T h i s  would ind ica t e  t h a t  the  

compressor was operat ing near the  metastable region. 

A stage can operate i n  an unstable  condition fo r  extended time periods without 
an Y g n i f i c a n t  pu lsa t ions  or  noise ,  i f  t h e  stage does not react 
acous of t h e  system. However, i f  t he  system, including 
t h e  i n l e t  elements and discharge elements (such as t h e  a f t e rcoo le r )  , i n t e r a c t s  
wi th  unstable  s t age  t o  create high pulsa t ions ,  then the  entire sys tem may 
become unstable  and a surge condi t ion can r e s u l t .  

It has been observed on other  u n i t s  t h a t  when a compressor is operat ing near 
surge,  t h e  frequencies of  t he  nonsynchronous compressor s h a f t  v ibra t ions  are 
genera l ly  a t  t h e  acous t i ca l  natural f requencies  of  t h e  piping system. T h i s  
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helps  t o  explain why changing t h e  a f t e rcoo le r  changed t h e  compressor discharge 
pulsa t ions  The 
discharge piping acous t i ca l  na tu ra l  f requencies  of  t h e  new af te rcooler  were 
considerably d i f f e r e n t  from t h e  o r i g i n a l  design. The new af te rcooler  had 
almost three times as many tubes i n  each sec t ion  as t h e  o r i g i n a l  design and 
t h e  acous t ic  end condi t ions on either end of  the U-bend pipe which connected 
both A comparison of t he  e f f e c t i v e  
flow diameters f o r  the o r i g i n a l  and new a f t e rcoo le r s  is shown i n  Figure 8. The 
flow area  of  t h e  o r i g i n a l  a f t e rcoo le r  was approximately equal t o  t he  area of  
t h e  discharge pipe. The flow area was much l a r g e r  on the  new af te rcooler  and 
appears acous t i ca l ly  as a volume-choke-volume which w i l l  respond a s  a Helmholtz 
resonator .  

and increased the  v ibra t ion  amplitudes on the discharge piping. 

s ec t ions  o f  t h e  a f t e rcoo le r  were d i f f e ren t .  

A Helmholtz resonator  is a low pass f i l ter  which is t y p i c a l l y  used t o  f i l t e r  or  
a t t enua te  high frequency pulsat ions which are higher than t h e  acous t ica l  
na tu ra l  frequency of the Helmholtz resonator (referred t o  as the Helmholtz 
frequency) . Pulsat ions a t  t h e  Helmholtz frequency are amplified rather than 
at tenuated.  Using s impl i f ied  equations,  t he  Helmholtz frequency for  t h e  new 
a f t e rcoo le r  was ca lcu la ted  t o  be approximately 20 Hz which is near t h e  measured 
fundamental pu lsa t ion  frequency of 20-25 Hz, 

The acous t i ca l  na tu ra l  frequency of t he  choke t u b e  (U bend between t h e  
a f t e rcoo le r  s ec t ions )  was ca lcu la ted  t o  be approximately 72 Hz which was near 
t h e  pulsa t ion  frequency of 62-75 Hz. Th i s  choke tube half-wave resonance is 
referred t o  as a pass band frequency and pulsa t ions  a t  t h i s  frequency can pass 
through the  i n l e t  and o u t l e t  of t he  f i l t e r .  The pulsa t ions  near 75 Hz were 
undesirable  because t h e  first l a t e r a l  cr i t ical  speed of  t h e  high pressure 
compressor was a l s o  near 75 Hz. The pulsa t ions  from the  af te rcooler  near 74 Hz 
increased t h e  ro to r  subsynchronous v ibra t ions  because t h e  ro to r  was s e n s i t i v e  
t o  exc i t a t ion  a t  t h e  first c r i t i c a l  speed. The measured v ibra t ions  a t  75 Hz 
were approximately 0.3 m i l s  peak-peak a t  t h e  bearings; however, t he  amplitudes 
could have been severa l  times higher a t  t h e  shaf t  midspan near the discharge 
flange. There was concern tha t  t h e  increased shaft v ibra t ions  could be 
damaging t o  the seals and bearings.  

Solution 

The measurements on t h e  u n i t s  i l l u s t r a t e d  severa l  changes t h a t  could be 
implemented t o  reduce the  subsynchronous v ibra t ions .  

1. 

2. 

3. 

The first s t e p  would be t o  opera te  t h e  u n i t  a t  high flow r a t e s  near 
t h e  design point  where the u n i t  operated s a t i s f a c t o r i l y  fo r  several 
years. However, due t o  low product demand, t h e  flow r a t e s  could not 
be increased. 

The second modification was to  operate  t h e  u n i t  w i th  more recycle flow 
which would allow the  compressor t o  operate  near t h e  design point .  
The only disadvantage was t h a t  t h e  u n i t  was less e f f i c i e n t  and 
required more horsepower for  t h e  same n e t  flow. The recycle flow 
rate could eas i ly  be increased by  redef in ing  the  surge con t ro l  l i n e  
on t h e  process computer. 

The t h i r d  step would be t o  redesign t h e  d i f f u s e r ,  impeller and r e tu rn  
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channels on t h e  l a s t  few stages to  prevent the  stage s t a l l  a t  reduced 
flow rates. This  modification would be the  most c o s t l y  and may not 
be required i f  t h e  second modification could be implemented. 

A fou r th  p o s s i b i l i t y  would be t o  change t h e  acous t i ca l  response of the 
piping near the  aftercooler. Orifices could be designed t o  reduce 
t h e  pu l sa t ions  without causing a s i g n i f i c a n t  pressure drop. 

4. 

The s t a g e  s t a l l  phenomena exhib i ted  on t h i s  compressor were similar t o  the  
symptoms shown on another c e n t r i f u g a l  compressor which also experienced s t a g e  
s t a l l .  F ie ld  data  measured on t h e  second compressor suggested t h a t  t h e  problem 
could be corrected by increasing t h e  recycle  flow. Detailed tes ts  were made t o  
r ede f ine  t h e  surge con t ro l  valves. 

The t e s t i n g  was begun wi th  t he  compressor operat ing a t  high flow rates where 
the  subsynchronous piping and shaf t  v ib ra t ions  were not present.  The data was 
continuously monitored as the  flow rate was reduced while maintaining a 
constant  speed. As t h e  flow rate was reduced t o  a c e r t a i n  flow condition 
(Figure 9,  Point A ) ,  subsynchronous discharge pu l sa t ions  and shaf t  v ib ra t ions  
near 25 Hz would suddenly appear and t h e  flow rate would simultaneously 
decrease. This flow condi t ion was considerably t o  t h e  r i g h t  of t h e  predicted 
surge l i n e .  This  type o f  data  was obtained a t  s eve ra l  d i f f e r e n t  speed l i n e s  on 
t h e  performance map (Figure 9, Point B ) .  A l i n e  drawn through t h e  po in t s  where 
t h e  subsynchronous v ib ra t ions  occurred pa ra l l e l ed  t h e  surge l i n e .  This  l i n e  
was considered t o  be due t o  stage s t a l l  o r  surge o f  one or more of t h e  f i n a l  
s tages .  

The c o n t r o l  valve was adjusted t o  keep flow rates to  the  r i g h t  of  t h i s  
new surge l i n e  and t h e  compressor then operated s a t i s f a c t o r i l y  without any 
subsynchronous pulsat ion o r  vibrat ion.  As shown, t h i s  l i n e  was considerably to  
t h e  r i g h t  of t h e  manufacturer's surge l i n e  f o r  the e n t i r e  compressor. These 
s t age - s t a l l  condi t ions are d i f f e r e n t  from machine surge and should not  be 
confused. The machine surge is usua l ly  much more v io l en t  compared t o  the  surge 
for ind iv idua l  impellers.  

recycle  

CONCLUSIONS 

These compressors exhib i ted  subsynchronous v ib ra t ions  which had characteristics 
similar t o  a shaft i n s t a b i l i t y ;  however, these were forced nonsynchronous 
v ib ra t ions  due to  unstable  flow conditions.  These two compressor r o t o r s  were 
s t ab le  (v ib ra t ions  were bounded) and modifications t o  the  bear ings and shafts 
would no t  have reduced t h e  subsynchronous vibrat ions.  

The stage s t a l l  and surge condi t ions are a function of the  e n t i r e  sys$,m which 
explains  why a compressor can ope ra t e  s a t i s f a c t o r i l y  for seve ra l  years  and then 
become unstable  after modifications are made t o  seemingly unrelated piping 
elements, such as heat exchangers or downstream receivers .  

43 



REFERENCES 

1. D.R. Smith, 3. C. Wachel, "Nonsynchronous Forced Vibration in Centrifugal 
Compressors", Turbomachinery International, January-February 1983. 

2. J.C. Wachel, Nonsynchronous Instability of Centrifugal Compressors, ASME 
Paper No. 7 5-PET-22. 

3 .  L. Bonciani, L. Terrinoni, A. Tesei, "Unsteady Flow Phenomena in 
Industrial Centrifugal Compressor Stage", Instability Workshop, Texas A&M 
University, NASA CP-2250, 1982, pp. 344-364. 

4 .  David Japikse, "Stall, Stage Stall, and Surge", Proceedings of the Tenth 
Turbomachinery Symposium, Texas A&M University, December 1981. 

5. D.R. Smith, J.C. Wachel, "Controlling Fan Vibration - Case Histories'', 
EPRI Symposium on Power Plant Fans: The State of the Art, 1981. 

44 



TABLE I. - COMPARISON OF VIBRATIONS AND PULSATIONS WITH DIFFERENT INLET 

MODIFICATIONS 

Without  With Modif ied 
S p l i t t e r  Spl i t ter  I n l e t  

S h a f t  V i b r a t i o n  
Mils peak-peak 

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 modulat ion,  rpm 

3.5-4 
1.1 

1.5 
0.5 

2.5 
0.9 

I .o 

Peak-Peak Speed Modulat ion 500 400 

Pr imary  F r e q u e n c i e s ,  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 S u c t i o n  

Compressor D i scha rge  

P i p i n g  V i b r a t i o n  
m i l s  peak-peak/Hz 

1.4/12 0.2/11 

2.0/11 0.2/11 

Compressor S u c t i o n  a t  Elbow 
North-South @ 13000 rpm 5.0/11 2.6/12 

1.2 
1.1 

0.7 
0.5 

40 

6.12 

0.16, 0.2/12 

- 

45 



Compressor 
Inlet 

Expander 
Discharge 

P- 

I -3 

I -- --- 
I / 

L..- FIOW Splitter 

PLAN VIEW 

Flow Splitter 

END VIEW 

Figure 1. - Cutaway drawing of turboexpander/compressor, illustrating inlet 
modifications. 

inlet 

FLOW 

Figure 2. - Results of compressor performance test. 
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Figure 3. - Comparison of vibrations and pulsations with different inlet 
modifications. 
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VlBRATlON mils 0 
ips 0 g's 0 

PULSATION psi 0 
STRAIN P-inlin 0 
NOISE dB 0 

PLANT 

UNIT CARBON MONOXIDE 

MACHINE 

TESTPT 

SPEED 10541 RPM 

VERT 

HOR~Z 0-250 HZ 

TIME 

DATE 

* COMMENTS 
739400 SCFH TOTAL 

420000 SCFH RECYIXE 

' SUCTION 18.4 PSIA 

OISCHARGE 476.5 PSIG 

P RATIO 26.7 

SUBSYNCHRONOUS VIE 

AN0 PULSATION REDUCE0 

Figure 4 .  - Comparison of vibrations and pulsations at high flow rate and low 
pressure ratio. 
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Note the osc i l l a t ing  
between 25 Hz and 75 Hz. 

0 50 100 150 200 250 

FREQUENCY - HZ 

Figure 5. - Compressor discharge pulsations as a function of time. 
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Note the compressor shaft 
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I 

Figure 6. - Compressor shaft vibrations as a function of time. 
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Figure 7. -Measured pressure ratio as a function of flow. 
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6 d 
Aftercooler Physical Construction 

d 2 5  12.8 

7- 7.1 

Original Design Effective Flow Diameters 

7.828 12.8 

New Design Effective Flow Diameters 

Figure 8. - Acoustical comparison of original and new aftercooler. 

FLOW 

Figure 9. - Compressor performance surge curve. 
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