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This paper documents two d i s t i n c t  aerodynamically exc i ted  v ibra t ions  i n  a high 
pressure  low flow cen t r i fuga l  compressor. A measured v ib ra t ion  near 2 1  percent 
of running speed w a s  i d e n t i f i e d  as a non-resonant forced v ib ra t ion  r e su l t i ng  from 
r o t a t i n g  stall  i n  t h e  d i f f u s e r ;  a measured v ib ra t ion  near 50 percent of running 
speed w a s  i d e n t i f i e d  as a self-exci ted v ib ra t ion  sustained by cross-coupling 
fo rces  ac t ing  a t  t he  compressor wheels. Measured d a t a  shows the dependence of 
these  c h a r a c t e r i s t i c s  on speed, discharge pressure,  and changes i n  bearing design. 
Analyt ical  r e s u l t s  are presented which provide s t rong  evidence f o r  the  exc i t ing  
mechanisms of d i f f u s e r  s t a l l  and aerodynamic cross-coupling. Additional r e s u l t s  
show how the  r o t o r  c h a r a c t e r i s t i c s  would be expected t o  change as a r e s u l t  of 
proposed modifications.  The s a t i s f a c t o r y  operat ion of the  compressor after these 
modifications is described. 

INTRODUCTION 

Two d i s t i n c t  subsynchronous v ibra t ions  were encountered i n  commissioning an e igh t  
s t a g e  cen t r i fuga l  compressor. The 3170 kW (4250 hp) compressor w a s  spec i f ied  t o  
m e e t  API 617 s tandards and i s  designed t o  run a t  13 500 rpm with a design discharge 
p res su re  of 180 bar  (2600 p s i )  and flow of 33,800 m /h (21,000 SCF'M). 3 

The compressor (Figure 1) i s  mounted i n  5-shoe t i l t ing-pad bearings wi th  load 
on pad (5SLOP) and length t o  diameter r a t i o ,  L/D, of 1. O i l  breakdown seals of 
t h e  balanced f l o a t i n g  type were i n i t i a l l y  located inboard of the  bearings. Tota l  
r o t o r  length  is 1810 mm (71.3 inches)  wi th  a t o t a l  m a s s  of 245 Kg ( t o t a l  weight 
of 540 l b ) ,  and a bearing span of 1360 mm (53.7 inches).  

Manufacturer's test s tand da ta ,  from a run i n  a vacuum, showed a reasonably w e l l  
damped f i r s t  c r i t i ca l  a t  about 5700 rpm, but t he re  w a s  a s l i g h t  i nd ica t ion  of 
subsynchronous response a t  t he  f i r s t  c r i t i ca l  frequency when the  compressor w a s  
taken t o  overspeed (14,500 rpm) 

Af ter  i n s t a l l a t i o n ,  t he  compressor ran  s a t i s f a c t o r i l y  on recycle  up t o  the  
l i m i t i n g  horsepower capab i l i t y  of t h e  gas turb ine  d r i v e  under recycle  conditions-- 
12,400 rpm, 
but a t  about 96.5 bar (1400 p s i )  a d i s tu rb ing  v ib ra t ion  s t a r t e d  with a frequency 
of about 6000 cpm. This v ib ra t ion  would grow and decay but i t s  maximum excursion 
would increase  rap id ly  t o  above 50 vm (2  mi l s )  as the  recycle  valve w a s  f u r t h e r  
closed 

Closing the  recycle  valve would s t a r t  t o  bui ld  discharge pressure,  

An i n i t i a l  change w a s  made by cu t t i ng  t h e  bearing e f f e c t i v e  length by c lose  t o  
50 percent without any change t o  c learance o r  preload. Because the  bearing i s  
l i g h t l y  loaded, t h i s  change would tend t o  reduce s t i f f n e s s ,  causing more amplitude 
and the re fo re  more d i s s i p a t i o n  of v ib ra t ion  energy a t  t he  bearings,  This change 
reduced the  frequency of t he  uns tab le  v ib ra t ion  t o  about 5700 cpm f o r  a discharge 
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pressure  of 121  bar  (1750 p s i ) .  
became in to l e rab le ,  maximum v ib ra t ion  amplitude a t  5700 cpm and 121 bar w a s  about 
20 pm (0.8 mi ls ) ,  peak-to-peak. As discharge pressure  w a s  increased above 121 
bar the  uns tab le  v i b r a t i o n  amplitude increased exponentially.  This modification 
allowed l imi ted  operat ion which had been impossible without t he  bearing change. 

Before the  unstable  v ib ra t ion  peak amplitude 

Along with improved cont ro l  of t he  uns tab le  v ib ra t ion  a new v ib ra t ion  a t  21 
percent of running speed wi th  amplitudes of about 25 pm (1 m i l )  w a s  observed. 
Thus, the  bearing change allowed temporary operat ion but c l ea r ly  showed t h a t  
t h e r e  w e r e  two subsynchronous v ib ra t ion  problems t o  be i d e n t i f i e d  and corrected.  

I n  response t o  t h i s  s i t u a t i o n  t h e  manufacturer developed more s u b s t a n t i a l  changes 
t o  the  ro t a t ing  and s t a t i o n a r y  elements of t he  compressor. This paper presents  
s e l ec t ed  r e s u l t s  from an independent study involving both measurement and ana lys i s  
t o  i d e n t i f y  t h e  problems and t o  eva lua te  t h e  proposed modifications t o  the  ro to r  
and i t s  suspension. The objec t ive  of t he  paper is t o  cont r ibu te  t o  t h e  ava i l ab le  
body of d a t a  on subsynchronous v ib ra t ion  of turbomachinery and t o  show how 
e x i s t i n g  s ta te  of the  art  cr i ter ia  and analyses can be e f f ec t ive ly  applied i n  
des ign  and t r oubles hoot ing . 

MEASURED DATA 

The d a t a  presented w a s  obtained using four  i n s t a l l e d  45" proximity probes. The 
two bearing loca t ions  are i d e n t i f i e d  as d r i v e  end (DEX, DEY), and non-drive end 
(NDEX, NDEY) . 
Conditions are ref e r red  t o  as "o r ig ina l  bearings" and "MOD 1 bearings ;" t h e  
o r i g i n a l  bearings were 89 mm (3.5 inches)  i n  diameter and 92 mm (3.625 inches)  
i n  t o t a l  length wi th  a groove 3.2 mm (0.125 inch)  wide running c i rcumferent ia l ly  
through the middle of each pad, c rea t ing  two lands each 44.4 mm (1.75 inches)  
wide. The MOD 1 bearings were made from t h e  o r i g i n a l  bearings by cu t t i ng  t h e  
width of each land t o  20.7 mm (0.813 inches) .  For both bearings the  machined 
r a d i a l  c learance,  CP, w a s  117 pm (4.6 mi ls )  (nominal) and t h e  measured assembled 
clearance,  CB, w a s  80 pm (3.13 mi ls )  (average) giving a preload, m, of about 0.3. 

Figure 2 shows the  v i b r a t i o n  spectrum a t  non-drive end with o r i g i n a l  bearings 
a t  11,100 rpm and a discharge pressure  of 117 bar (1700 p s i ) ;  t h e  6000 cpm 
v i b r a t i o n  is  pronounced wi th  an amplitude of 23 pm (0.9 mils).  Running speed 
v i b r a t i o n  amplitude is approximately 13 pm (0.5 mils) .  

Figure 3 shows v ib ra t ion  s p e c t r a  a t  non-drive end f o r  discharge pressures  of 121 
and 128 bar  (1760 and 1850 p s i )  wi th  the  MOD 1 bearings. Speed is  again 11,100 
rpm, Note t h a t  t he  uns tab le  v ib ra t ion  frequency dropped t o  5700 cpm and is  again 
pronounced, but t he re  i s  now a v ib ra t ion  a t  21 percent of running speed whose 
amplitude is comparable t o  the  5700 cpm v ib ra t ion ,  

I n  Figure 4 t h e  d a t a  has been organized t o  show how t h e  unstable  v ib ra t ion  va r i e s  
as a func t ion  of discharge pressure f o r  t he  o r i g i n a l  bearings. The 6000 cpm 
v ib ra t ion  shows an onset a t  96.5 bar (1400 p s i )  and rapid growth with increasing 
p res s u r e  . 
Figure 5 presents  similar p l o t s  as a func t ion  of discharge pressure f o r  t h e  r o t o r  
wi th  MOD 1 bearings i n s t a l l e d .  The 5700 cpm v ib ra t ion  appears a t  a similar 
pressure  as d id  the  6000 cpm v ib ra t ion  f o r  t he  o r i g i n a l  bearings,  but grows more 
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gradually.  The 21 percent v ib ra t ion  f i r s t  appears not iceable  a t  96.5 bar  (1400 
p s i )  but is l imi t ed  t o  about 25 pm (1 m i l )  as discharge pressure  increases.  Note 
a l s o  t h a t  t he  d r ive  end amplitudes f o r  t h e  21 percent (2323 cpm) v ib ra t ion  are 
much smaller than those a t  t h e  non-drive end and t h a t  the  non-drive end amplitudes 
do not show much v a r i a t i o n  with pressure.  It w a s  observed t h a t  the  2 1  percent 
v ib ra t ion  tracked running speed a t  a constant  r a t i o  and thus w a s  re fe r red  t o  as 
such i n  some of the  f igures .  

ANALYSIS 

Subsynchronous v ibra t ions  can r e s u l t  from two d i s t i n c t  aerodynamic phenomena: 
i n  one the flow dis turbances and r e s u l t a n t  dynamic fo rces  are d i r e c t l y  influenced 
by t h e  amplitude of mechanical v ib ra t ion ;  i n  the  o ther  t h e  flow dis turbances and 
fo rces  are a func t ion  of the  flow i t s e l f  and are not s i g n i f i c a n t l y  influenced by 
t h e  l e v e l  of mechanical v ibra t ion .  The l a t t e r  are ca l l ed  ro t a t ing  s t a l l  o r  surge; 
t h e  former a r e  re fer red  t o  as self-exci ted v ib ra t ions ,  and the  forces  are commonly 
r e fe r r ed  t o  as Alford forces  ( r e f .  1). 

Self-excited v ibra t ions  which are sus ta ined  by r o t o r  motion general ly  occur on 
t h e  order  of 50 percent of operat ing speed. Exci ta t ions due t o  ro t a t ing  s t a l l  
f a l l  i n t o  two categories  which are dis t inguished by frequency. I m p e l l e r  ro t a t ing  
s ta l l  is  character ized by frequencies  of approximately 70 percent of operat ing 
speed, while v ib ra t ions  due t o  d i f f u s e r  ro t a t ing  s t a l l  general ly  occur i n  the  10 
percent  t o  20 percent of operat ing speed range ( r e f .  2). 

A s  mentioned above, two subsynchronous v ib ra t ion  problems exis ted.  One subsyn- 
chronous v ib ra t ion  w a s  a t  approximately half  speed while t he  o ther  w a s  a t  approxi- 
mately 2 1  percent of running speed and appeared t o  t rack  speed. The ca lcu la t ions  
performed during t h i s  p ro jec t  ind ica ted  t h e  f i r s t  problem of half  speed subsyn- 
chronous v ib ra t ion  w a s  due t o  a r o t o r  dynamic i n s t a b i l i t y  exci ted by aerodynamic 
cross-coupling forces .  
due t o  a very shallow flow angle  from t h e  wheel i n t o  the  vaneless p a r a l l e l  w a l l  
d i f fuse r .  

The second problem w a s  believed t o  be a d i f f u s e r  s t a l l  

The following ana lys i s  w i l l  dea l  f i r s t  wi th  the  v ib ra t ion  a t  50 percent of 
operat ing speed, and then v ib ra t ions  a t  21 percent.  

S t a b i l i t y  Analysis f o r  Original  Rotor 

A mass-elastic model of t he  r o t o r  w a s  prepared and a c r i t i ca l  speed map w a s  
generated as shown 

a func t ion  of speed f o r  t he  MOD 1 bearing (impedance = 
B r e f e r  t o  d i r e c t  
speed. There are in t e r sec t ions  between bearing l i n e s  and the  f i r s t  two r o t o r  
c r i t i ca l  speed l i n e s  at: 

0 

0 

2,800 rpm 
4,800 rpm 

0 7,300 rpm 
O 11,000 rpm 

The in t e r sec t ions  a t  2800 rpm and 7300 rpm are i n  the  r i g i d  body regime f o r  f i r s t  
and second cr i t icals  and can be expected t o  be very highly damped. This is con- 
firmed by unbalance response ana lys i s  as typ i f i ed  by Figure 7 which shows d r i v e  
end bearing response as a func t ion  of speed f o r  unbalance e x c i t a t i o n  a t  sha f t  
center .  Based on Figure 7, cr i t ical  speeds occur only near the  6000 rpm and 
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10,800 rpm speeds. 
and r i n g  seals t o  match measured data .  

The s t a b i l i t y  of the  u n i t  w a s  ca lcu la ted  f o r  the  f i r s t  forward mode and t h e  
r e s u l t s  are presented i n  Figure 8. This p lo t  i l l u s t r a t e s  t he  detr imental  e f f e c t  
on s t a b i l i t y  of increasing aerodynamic cross-coupling, The estimated aerodynamic 
cross-coupling load w a s  approximately 1230 N/mm/wheel (7000 lbs/in/wheel) f o r  t h i s  
compressor under design operat ing conditions (ref 4 ) .  Based upon experience, a 
screening c r i te r ia  w a s  used, f o r  t h i s  p a r t i c u l a r  case, of 0.5 logari thmic decrement 
a t  low aerodynamic cross-coupling condi t ions and a 0.2 log  decrement a t  design 
condi t ions wi th  f u l l  aerodynamic cross-coupling. 
ab le  f o r  a range of parameter va r i a t ions  and bearing changes evaluated f o r  t he  
ex i s t ing  r o t o r  geometry. 
damped na tu ra l  frequency was  marginal a t  low aerodynamic cross-coupling values 
and the  log decrement tended t o  zero o r  below as design operat ing conditions w e r e  
approached 

It w a s  necessary t o  include s t i f f e n i n g  e f f e c t s  of l abyr in th  

These cr i ter ia  proved unat ta in-  

The ca lcu la ted  s t a b i l i t y  f o r  t h e  compressor’s f i r s t  

Figures 9 through 12 are a series of bar  graphs which review s t a b i l i t y  comparisons 
f o r  the  o r i g i n a l  ro tor .  Two aero  cross-coupling values 175 and 1230 N/mm/wheel 
(1000 and 7000 lbs/ in/wheel)  are i l l u s t r a t e d .  Also, shown i n  t h e  f igu res  i s  t h e  
des i red  log dec f o r  reference purposes. 

Figure 9 i l l u s t r a t e s  t h e  d i f fe rence  due t o  o r i g i n a l  and modified bearings. The 
MOD 1 bearing shows a s l i g h t  increase i n  log dec; however, ca lcu la t ions  p red ic t  
i n s t a b i l i t y  a t  design conditions which is cons is ten t  with the  measured f i e l d  data.  

Calculations using synchronous bearing coe f f i c i en t s  are compared t o  those with 
nonsynchronous bearing coe f f i c i en t s  f o r  a frequency r a t i o  of 0.5 i n  Figure 10. 
Predicted system s t a b i l i t y  is  a l t e r e d  g rea t ly  by t h e  use  of nonsynchronous bearing 
c o e f f i c i e n t s ;  a t  design operat ing condi t ions the  ca lcu la ted  log dec drops from 
+0,1 t o  -0.25. In  view of t h i s  s i g n i f i c a n t  d i f fe rence ,  a l l  o ther  pred ic t ions  
account f o r  frequency dependence of the  t i l t i n g  pad bearing cha rac t e r i s t i c s .  

The e f f e c t  of preload on the  MOD 1 bearing i s  shown i n  Figure 11. Increasing 
preload decreases s t a b i l i t y  s l i g h t l y .  

Figure 1 2  summarizes f i v e  o ther  bearing modifications considered f o r  t h i s  un i t .  
These were: 

(1) MOD 1 L/D = 0.5 With Groove 5SLOP m = 0.3 
( 2 )  MOD 2 L/D = 0.5 Without Groove 5SLOP m = 0.3 
(3 )  MOD 2A L/D = 0,25 Without Groove 5SLOP m = 0-3 
( 4 )  MOD 3 L/D = 0.5 With Groove 5SLBP m = 0.3 
(5)  MOD 4 L/D = 0.5 With Groove SSLOP m = 0.0 

None of the  considered modifications increased the  s t a b i l i t y  s i g n i f i c a n t l y  above 
t h e  MOD 1 bearing being used a t  the  t i m e  t h i s  ana lys i s  w a s  performed. 

Other port ions of the  s t a b i l i t y  ana lys i s  addressed t h e  following topics :  

(1) H y s t e r e t i c  Damping ( 4 )  Combination of ( 2 )  and ( 3 )  
(2)  Seal  Ring Lockup (5) Squeeze F i l m  Dampers 
( 3 )  Labyrinth Effec ts  

While these were not f e l t  t o  be major f a c t o r s  cont r ibu t ing  t o  t h e  ex i s t ing  sta- 



b i l i t y  problems, some br ief  comments are worth including. Inclusion of h y s t e r e t i c  
damping reduced ca lcu la ted  log dec values.  Seal  r i ng  lockup, should i t  occur, s ig-  
n i f i c a n t l y  increased cross-coupled s t i f f n e s s  values a t  the  seals which adversely 
a f f ec t ed  s t a b i l i t y ;  however, t h e  pressure  balancing f ea tu res  of t he  breakdown seals 
should preclude lockup. Analysis of t h e  l abyr in th  seal a t  t he  balance drum can 
i n d i c a t e  e i t h e r  a p o s i t i v e  o r  negative s t i f f n e s s  based upon geometry and c e r t a i n  
assumptions ( r e f .  6 ) .  For t h i s  r o t o r ,  t h e  main e f f e c t  of r i ng  and l abyr in th  seals 
w a s  t o  a c t  as a s o f t  bearing, thus r a i s i n g  t h e  la teral  c r i t i ca l  speed above r i g i d  
bear ing ca lcu la t ions .  Squeeze f i l m  dampers were invest igated.  The r e s u l t s  were 
not  promising and physical  cons t r a in t s  prevented t h e i r  addi t ion.  

Subsynchronous Response Analysis 

Rotor sys  t e m  response t o  forced v ib ra t ion  a t  a subsynchronous frequency w a s  
inves t iga ted .  This nonsynchronous e x c i t a t i o n  w a s  imposed upon the  s h a f t  under 
conditions similar t o  those ex i s t ing  i n  the  f i e l d .  

The f i e l d  measured v ibra t ions  i n  t h e  v i c i n i t y  of 2400 cpm with the  MOD 1 bearings 
d i d  not  appear t o  be a resonant response of the  r o t o r  system, but r a t h e r  t he  non- 
resonant response t o  a l a rge  ro t a t ing  force .  Figure 13 shows the  predicted r o t o r  
response t o  forced e x c i t a t i o n  a t  2 1  percent  of operat ing speed. I n  the  v i c i n i t y  
of the measured f i e l d  v ib ra t ions ,  no resonant response i s  apparent. For these  
pred ic t ions  the  e x c i t a t i o n  f o r c e  w a s  var ied wi th  the  square of speed and t h e  mag- 
n i tude  of the  f o r c e  w a s  adjusted t o  give response l eve l s  c lose  t o  those observed 
as shown i n  Figure 13. This required a f o r c e  of about 580 N (130 l b s )  a t  an 
e x c i t a t i o n  frequency of 2400 cpm. 

The loca t ion  of t h e  subsynchronous e x c i t a t i o n  along t h e  length  of t he  s h a f t  w a s  
inves t iga ted  and t h e  r e s u l t s  are shown i n  Figure 14. It can be seen tha t  as the  
e x c i t a t i o n  loca t ion  is  moved toward the  discharge end of t he  s h a f t ,  t h e  r a t i o  of 
amplitudes between non-drive end and d r ive  end approaches t h a t  obtained from 
f i e l d  data .  This gives  an ind ica t ion  t h a t  t he  forc ing  func t ion  is being appl ied 
near t he  discharge end of the  ro tor .  The observed d i f fe rence  i n  measured ampli- 
tudes a t  the  two ends i s  cons is ten t  wi th  non-resonant response s i n c e  a t  f requencies  
near  resonance both ends are predicted t o  respond wi th  similar amplitudes wherever 
t h e  exc i t a t ion  is applied.  

Figure 15 shows the  e f f e c t  of the  same e x c i t a t i o n  on r o t o r  response f o r  t he  
o r i g i n a l  bearing i n  the  machine. The lower predicted amplitudes from t h e  response 
curve could be a t t r i b u t e d  t o  s t i f f e r  bearings due t o  t h e  longer length of t he  
o r i g i n a l  bearings. This lower amplitude agrees with f i e l d  data.  

Figure 16 i l l u s t r a t e s  t h e  e f f e c t  of bearing modifications on t h e  response ampli- 
tude i n  t h e  v i c i n i t y  of 2400 cpm. The o ld  bearing r e f e r s  t o  the  o r i g i n a l  bearing 
i n  the  machine, while t h e  new bearing r e f e r s  t o  the  MOD 1 bearing opera t iona l  a t  
t he  t i m e  of t h i s  ana lys i s .  The minimum response amplitude w a s  achieved with the  
o ld  bearing which w a s  an  unacceptable a l t e r n a t i v e  based upon t h e  ana lys i s  of vibra- 
t i o n s  a t  5700 cpm. The most bene f i c i a l  a l t e r n a t i v e s  w e r e  those t h a t  increased t h e  
bearing s t i f f n e s s  and thereby t h e  impedance between e x c i t a t i o n  point  and ground. 
However, bearing changes alone do not  appea r  t o  e l imina te  the  problem. 

Since the v ib ra t ions  i n  t h e  v i c i n i t y  of 2400 cpm appeared t o  t rack  speed, w e r e  
not r e l a t e d  t o  a resonant r o t o r  condi t ion,  and w e r e  a t  a frequency of approxi- 
mately 2 1  percent  of operat ing speed, an inves t iga t ion  w a s  begun t o  determine i f  
they could be a t t r i b u t e d  t o  ro t a t ing  s t a l l  i n  the  d i f fuse r .  Published da ta  
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concerning s ta l l  frequency r a t i o  versus  i n l e t  flow angle  is shown i n  Figure 17 
f o r  comparison wi th  the  observed v ib ra t ion  frequency. It is seen t h a t  d i f f u s e r  
ro t a t ing  s t a l l  can occur i n  the  10 t o  20 percent  of operat ing speed range ( r e f .  
2).  

The angle a t  which flow en te r s  the  d i f f u s e r  a f f e c t s  whether o r  not a s t a l l  
condi t ion might occur i n  a d i f fuse r .  Published criteria from two sources ( r e f s .  
2 and 3) f o r  the  c r i t i c a l  i n l e t  f low angle  versus d i f f u s e r  width t o  i n l e t  radius  
r a t i o  are shown i n  Figure 18. Based upon system geometry, t he  predicted flow 
angle  a t  design conditions l i es  c lose  t o  t h e  cr i ter ia  l i ne .  Flow angles below 
t h e  curve shown i n  the  f i g u r e  p red ic t  ro t a t ing  s t a l l  i n  t h e  d i f f u s e r  while angles 
above ind ica t e  d i f f u s e r  s t a l l  should not occur. The width t o  radius  r a t i o  f o r  
t h e  l a s t  s t age  of the  sub jec t  machine w a s  o r i g i n a l l y  0.029. Included i n  Figure 
18 are predicted flow angles f o r  a revised system which has a d i f f u s e r  width t o  
radius  r a t i o  of 0.021, and these  w i l l  be discussed i n  more d e t a i l  
paper. 

Analysis of Revised Rotor Design 

Since ne i the r  of t he  two subsynchronous v ibra t ions  appeared t o  be 
t h e  same t i m e  by bearing changes alone,  major s h a f t  modifications 

la te r  i n  t h i s  

cont ro l led  a t  
were considered . 

The bas is  f o r  t h e  redesign of t he  s h a f t  w a s  t h a t  a s t i f f e r  s h a f t  with a s h o r t e r  
bear ing span and l a r g e r  diameter s h a f t  a t  the  bearings should increase  the  f i r s t  
c r i t i ca l  speed and thus a l l e v i a t e  t h e  half  speed v ib ra t ion  problem. A t  t he  same 
t i m e  the impedance between ro t a t ing  s t a l l  exc i t a t ion  and ground would be increased,  
s o  reducing s e n s i t i v i t y  t o  t h i s  exc i t a t ion .  To achieve t h i s ,  the  s h a f t  w a s  modi- 
f i e d  i n  the  area outs ide  of the  balance drum and wheels; t he  diameter was increased 
a t  the bear ings,  t he  seals w e r e  moved outs ide  the  bearings ( s o  t h a t  the  bearings 
operate  i n  a high pressure region) and both seal and bearing were redesigned. 
This a l s o  necess i ta ted  a change t o  t h e  spacer  i n  the  d r ive  coupling. 

Total  r o t o r  length  is 1700 mm (66.82 inches)  and t o t a l  ro to r  weight is 2450 N 
(550 lb) .  Bearing span w a s  decreased by 186 mm (7.31 inches)  t o  1180 mm (46.4 
inches) .  D i a m e t e r  of the  s h a f t  a t  the  bearings w a s  increased t o  102 mm ( 4  inches)  
w i th  an LID of approximately 1/2.  No c i rcumferent ia l  groove w a s  included and a 
0.2 nominal preload w a s  ca l l ed  f o r .  The seals were of a th ree  lobe type and 
were located j u s t  ou ts ide  of t he  bearings.  

These modifications t o  t h e  r o t o r  required a new s h a f t  t o  be b u i l t ;  however, t o  
save  as much t i m e  as poss ib le ,  t he  area of the  s h a f t  which held t h e  wheels and 
t h e  l abyr in th  were not a l t e r e d  so t h a t  these p a r t s  could be reused. Also, t he  
area of the  s h a f t  t h r u s t  c o l l a r  w a s  not s i g n i f i c a n t l y  a l t e r ed .  A new bundle w a s  
t o  be suppl ied t o  f a c i l i t a t e  t he  change of the  ro to r ;  modifications t o  the  bundle 
included reductions i n  d i f f u s e r  width f o r  a l l  s tages  and holes  d r i l l e d  i n  the  
l a s t  s t age l l abyr in th  area t o  increase  last  s t a g e  flow. 

For the  revised r o t o r  a c r i t i ca l  speed map is  shown i n  Figure 19. Note the  
h igher  r i g i d  bearing f i r s t  c r i t i ca l  speed and the  s t i f f e r  bearing cha rac t e r i s t i c s .  
There are in t e r sec t ions  of t he  f i r s t  and second c r i t i ca l  speed l i n e s  and the  
bearing t o t a l  impedance l i n e s  at :  

0 

0 
5,500 rpm 
6,000 rpm 

O 16,000 rpm 
O 16,000 rpm 

I n  the  v i c i n i t y  of the  f i r s t  cr i t ical  speed i n t e r s e c t i o n  a t  approximately 
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5 kN/mm ( 4  t o  5 x 10 l b / i n )  support  s t i f f n e s s ,  t he  corresponding undamped v ib ra t ion  
mode shape shows more d e f l e c t i o n  a t  t he  bearings than the  o r ig ina l  ro tor .  This 
allows the bearing damping t o  be more e f f e c t i v e  i n  d i s s ipa t ing  s h a f t  v ib ra t iona l  
energy. 

Figure 20 shows ca lcu la ted  unbalance response f o r  t h e  d r ive  end bearing as a 
func t ion  of speed f o r  nominal 720 g-mm (1 oz-in) unbalance e x c i t a t i o n  a t  s h a f t  
center .  The predicted f i r s t  c r i t i c a l  speed i s  now approximately 8200 rpm as 
opposed t o  6000 rpm f o r  t h e  o r i g i n a l  ro to r .  As mentioned above, t he  bearings are 
i n  a d i f f e r e n t  p a r t  of t he  v ib ra t ion  mode shape due t o  t h e  s h o r t e r  span. The 
l abyr in th  has not changed and should s t i l l  cont r ibu te  some s t i f f e n i n g  e f f e c t ,  but 
t he  seals are now outboard of t he  bearings i n  an area less s e n s i t i v e  t o  t h e i r  
dynamic e f f e c t s  ( i f  any). 

Rotor s t a b i l i t y  i s  summarized i n  Figure 21 and Table 1 f o r  t h e  revised ro tor .  The 
general  trend of decreasing log dec with increasing aerodynamic cross-coupling 
remains; however, t he  value wi th  zero  aero  cross-coupling i s  over 0.7 and the  cross- 
over point  f o r  zero  log dec has been s i g n i f i c a n t l y  s h i f t e d  t o  the  r igh t .  Also, the  
f i r s t  forward mode's damped frequency predicted under design conditions has 
increased t o  above 6000 cpm. It should be pointed out t h a t ,  f o r  t h i s  ro to r ,  a 
decrease i n  d i f f u s e r  widths from t h e  o r i g i n a l  system causes an increase  i n  the  
pred ic ted  aerodynamic cross-coupling a t  design conditions.  This increase  t o  
approximately 1750 N/mm/wheel (10,000 lbs/ in/wheel)  y i e l d s  a ca lcu la ted  log  dec of 
approximately 0.2 a t  design condi t ions.  The increase  i n  t h e  damped na tu ra l  f r e -  
quency of t h e  f i r s t  forward mode is s i g n i f i c a n t  and coupled with the  increased 
predicted log dec,  the  system appears s a t i s f a c t o r y  from t h e  50 percent speed self-  
exci ted v ib ra t ion  s tandpoint .  

Hys tere t ic  damping, seal and l abyr in th  e f f e c t s  on calculated s t a b i l i t y  were 
inves t iga ted .  
t h e  ca lcu la ted  log dec f o r  t he  system. This w a s  a t t r i b u t e d  t o  the  f a c t  t h a t  t he  
seals were now outboard of the  bearings which located them a t  a d i f f e r e n t  p a r t  
of the mode shape f o r  v i b r a t i o n  a t  t h i s  frequency. Also, t h e  increase  i n  frequency 
of the f i r s t  damped c r i t i ca l  speed helps  increase  the  margin of s t a b i l i t y  f o r  
a l l  cases inves t iga ted  

I n  essence,  seal and l abyr in th  e f f e c t s  d id  not detr imental ly  a l t e r  

As with  the  o r i g i n a l  r o t o r  t he  inf luence  of accounting f o r  nonsynchronous t i l t i n g  
pad coe f f i c i en t s  w a s  s i g n i f i c a n t  . 
The predicted flow angles and t h e i r  r e l a t ionsh ip  t o  the  predicted d i f f u s e r  s t a l l  
margin f o r  t h e  modified r o t o r  and d i f f u s e r  w e r e  previously included as p a r t  of 
Figure 18. The changes achieved a d i s t i n c t  increase i n  margin by over 2" r e l a t i v e  
t o  the  o r i g i n a l  design. Coupled with the  s t i f f e r  s h a f t ,  which reduced s e n s i t i v i t y  
t o  t h i s  e x c i t a t i o n  by a f a c t o r  g r e a t e r  than 2, t h e  new design w a s  expected t o  
see a s u b s t a n t i a l  reduct ion i f  not t o t a l  e l imina t ion  of the  21 percent speed 
v ibra t ion .  

The narrower d i f f u s e r  passages increased t h e  predicted aerodynamic cross-coupling 
as mentioned previously.  The trade-off of higher  aero  loadings on the  wheels 
versus e l iminat ing d i f f u s e r  s t a l l  is self-evident .  

Running Experience wi th  Revised Rotor 

The ro to r  modifications described above have been i n s t a l l e d .  The compressor 
has been run t o  near design discharge pressure  and speed with negl ig ib le  s e l f -  
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exci ted  v ibra t ion .  There is a s l i g h t  h i n t  of v ib ra t ion  a t  about 20 percent of 
running speed, but the  l e v e l s  are q u i t e  to le rab le .  

COMPARISON WITH AN ALTERNATIVE STABILITY CRITERIA 

A comparison of p a s t  uns tab le  compressors wi th  a suggested s t a b i l i t y  screening 
c r i te r ia  w a s  recent ly  presented (see Reference 7). Figure 22 is  reproduced from 
t h i s  reference and p l o t s  t he  product of discharge pressure  and pressure rise 
aga ins t  t he  r a t i o  of operat ing speed t o  f i r s t  r i g i d  bearing c r i t i c a l  speed. The 
diagonal band is  t h e  suggested cri teria of Reference 7 ,  wi th  ro to r s  t o  the  l e f t  
of the le f tmost  l i n e  considered sa t i s f ac to ry .  

To evaluate  the  a p p l i c a b i l i t y  of t he  c r i t e r i o n  t o  the  compressor under 
considerat ion i n  t h i s  study, t h ree  po in t s  have been superimposed on Figure 22: 

(1) The o r i g i n a l  design point .  
(2)  
(3) The poin t  a t  which v ib ra t ion  l e v e l s  become i n t o l e r a b l e  wi th  the  MOD 1 

The design poin t  with the  revised ro tor .  

bearing. 

A l l  these  po in t s  l i e  t o  t h e  l e f t  of t he  c r i te r ia  band, ind ica t ing  t h a t  t h i s  
p a r t i c u l a r  compressor requi res  a more conservat ive s t a b i l i t y  c r i t e r i o n  than t h a t  
of Reference 7. 

The p o t e n t i a l  bene f i t s  of such a screening c r i t e r i o n  as t h a t  proposed i n  Reference 7 
are subs t an t i a l .  However, i t  appears t h a t  a more extensive d a t a  base i s  needed with 
some adjustment of t he  c r i t e r i o n  band before  universa l  app l i ca t ion  is  contemplated. 

CONCLUSIONS 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

This study adds t o  t h e  d a t a  base of published information on subsynchronous 
v ib ra t ion  of cen t r i fuga l  compressors. 

The observed v ib ra t ion  near 50 percent  of running speed appears t o  be a s e l f -  
exci ted v ib ra t ion  due t o  se l f - sus ta in ing  aerodynamic cross-coupling e f f ec t s .  

Pred ic t ion  of log decrement using published e m p i r i c a l  da t a  f o r  aerodynamic 
cross-coupling ( r e f .  4 )  and nonsynchronous t i l t i n g  pad bearing coe f f i c i en t s  
ind ica tes  t h a t  t h e  r o t o r  would have a damped c r i t i ca l  speed with negat ive log  
decrement and frequency near  (but below) t h a t  observed under design condi t ions;  
wi th  zero  aero  cross-coupling t h e  pred ic ted  log  decrement i s  0.35. 

Using t h e  same ana lys is  f o r  a design wi th  revised r o t o r ,  bearings and seals, 
log decrement with f u l l  aero  cross-coupling w a s  p red ic ted  t o  be 0.2 and wi th  
zero aero  cross-coupling t o  be 0.7. 

With t h i s  redesigned r o t o r ,  subsynchronous v ib ra t ions  w e r e  negl igible .  

There i s  s t rong  evidence t h a t  v i b r a t i o n  observed a t  about 21 percent of 
running speed w a s  a non-resonant v i b r a t i o n  exci ted by d i f f u s e r  ro t a t ing  
stall .  

Observations suggest t h a t  opera t ion  near t o  t h e  d i f f u s e r  ro t a t ing  s t a l l  
cr i ter ia  of References 2 o r  3 can r e s u l t  i n  t h i s  form of aerodynamic 
exc i ta t ion .  
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8. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

* 

If  t he re  is i n s u f f i c i e n t  impedance between e x c i t a t i o n  point  and ground, 
s i g n i f i c a n t  v ibra t ions  near 20 percent of running speed can r e s u l t  from 
d i f f u s e r  ro t a t ing  s t a l l  exc i t a t ion .  
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Rotor 
Model 

Original  1 
2 
3 

Revised 1 
2 
3 

TABLE 1 
COMPARISON OF ROTORS 

S t a b i l i t y  
C r i  t ical  Unbalance Analysis Resul ts ,  

Speed Map Resul ts ,  Response Resul ts ,  Frequency/Log Dee 
CPm cpm 

4,800 6,000 4260/-0.24 
11,000 10,800 
15,000 

16,000 - * 
20,000 - 

- 
6,000 8,200 6 1 10/+0.2 

Due t o  narrower d i f f u s e r  passages,  predicted aero  cross-coupling forces  a t  design 
condi t ions are g r e a t e r  f o r  t he  revised ro tor .  
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Figure 1. - Rotor sketch of high pressure, low flow centrifugal compressor. 

Figure 2. - Vibration spectrum for original rotor in original bearings. Speed, 
11 100 rpm; discharge pressure, 1700 psi; non-drive-end X vibration (NDEX). 
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Figure 3 .  - Vibration spectrum for original rotor in mod 1 bearings. Speed, 
11 100 rpm; discharge pressures, 1760 and 1850 psi; non-drive end X vibration 
(NDEX) . 

1500 

DISCHARGE PRESSURE, PSI 
MOO 

Figure 4 .  - Vibration as a function of discharge pressure for original rotor in 
original bearings. 
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Figure 5. - Vibrat ion a s  a funct ion of discharge pressure €or  o r i g i n a l  r o t o r  i n  
mod 1 bearings.  Vibration components a t  synchronous frequency, ha l f  speed, 
and 2 1  percent speed; drive-end and non-drive-end X v ibra t ion .  

STIFFNESS (LBS.IINCH1 

Figure 6. - C r i t i c a l  speed map f o r  o r i g i n a l  r o t o r  i n  mod 1 bearings.  
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Figure 7. - Unbalanced response for original rotor in mod 1 bearings with 1 
in-oz at midspan. 
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Figure 8. - Rotor stability analysis €or original rotor in mod 1 bearings - log 
decrement as a function of aerodynamic cross-coupling. 
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Figure 9. - Stability comparison of original rotor in original bearings versus 
original rotor in mod 1 bearings. Speed, 12 000 rpm. 

OESIREO M Y N C H  SYNCH 

= AERO LO - 7000 AERO 10 - l O M  

Figure 10. - Comparison of log decrement predicted using synchronous bearing 
coefficients versus log decrement predicted using nonsynchronous bearing 
coefficients - original rotor in mod 1 bearings. Speed, 1 2  000 rpm. 
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Figure 11. - Predicted s t a b i l i t y  a s  a func t ion  of preload f o r  o r i g i n a l  r o t o r  
i n  mod 1 bearings.  Speed. 12  000 rpm. 
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Figure 12. - Predicted log  decrement as a funct ion o f  var ious  bear ing 
modif icat ions f o r  o r i g i n a l  ro to r .  Speed, 12 000 rpm. 
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Figure 13. - Predicted response to rotating force applied near last stage at 
21 percent speed - comparison of predictions with test data for original 
rotor in mod 1 bearings. 
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Figure 14. - Ratio of amplitudes for excitation at 2 1  percent of running speed 
as a function of excitation location for original rotor in mod 1 bearings. 
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Figure 15. - Predicted response to rotating force excitation at last stage for 
Frequency of excitation, 21 percent of original rotor in original bearings. 

running speed. 

8- a 

Figure 16. - Response at 21 percent of running speed as a function of bearing 
parameter changes. 
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Figure 17. - Comparison of observed v ib ra t ion  frequency wi th  d a t a , o f  reference 2. 
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Figure 18. - Comparison of published da ta  f o r  d i f f u s e r  r o t a t i n g  s t a l l  cr i ter ia .  

34 



103 

STIFFNESS ILBSJINCH) 

Figure 19. - Critical speed map for revised rotor. 
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Figure 20. - Unbalanced response prediction for revised rotor in revised 
bearings with 1 in-oz at midspan. 
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Figure 21. - Rotor stability analysis for revised rotor in revised bearings. 

Figure 22. - Comparison of data from present study with suggested criteria of 
reference 6. 
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