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Advanced rotor-bear ing design r e q u i r e s  i n c r e a s i n g l y  non-linear a n a l y s i s  t o  g i v e  
a comprehensive view o f  t h e  effects caused by j o u r n a l  bearings. J o u r n a l  bea r ings  
i n t r o d u c e  i n t o  t h e  s y s t e n  a non l inea r  asymmetry and s t r o n g  danping. Unstable 
r e g i o n s  p r e d i c t e d  from a l i n e a r  a n a l y s i s  o f  t h e  b e a r i n g , ( i . e .  u s i n g  s t i f f n e s s  and 
damping matrices) are understood as  r eg ions  i n  which amplitude o f  v i b r a t i o n s  
i n c r e a s e s  wi th  t i m e .  The non-linear rnechanism liaits t h e  ampli tudes of  v i b r a t i o n  of 
u n s t a b l e  rotor-bear ing systems and forms l i m i t  cyc l e s .  Disbalance of  t h e  rotor 
e x i s t i n g  i n  t h e  s y s t e n  f r e q u e n t l y  causes  subharmonic resonances t o  appear.  

D i f f e ren t  t ypes  of  bearing d e s i g n s  have been developed t o  improve dynamic pro- 
p e r t i e s  o f  ro to r -bea r ing  systems. E l l i p t i c a l  bear ings,  mult i -s leeve bea r ings ,  
t i l t ing pad and o t h e r  des igns  such as herringbone groove have been u t i l i z e d  t o  
i n c r e a s e  r e s i s t a n c e  t o  t h e  o n s e t  of s e l f - exc i t ed  v i b r a t i o n s .  

Experimental  trials are c o s t l y ,  two a l t e r n a t i v e  methods are p o s s i b l e  t o  g a i n  a 
q u a l i t a t i v e  i n s i g h t .  The first one creates mathematical model and a p p l i e s  both a 
d ig i t a l  or a n  analog computer s imulat ion.  The second one i n v e s t i g a t e s  phenomena 
occur r ing  on t h e  l a b o r a t o r y  r i g  wi th  t h e  bearing r e p l a c e d  by a n  e l e c t r o n i c  s imulat-  
i ng  device,  working i n  a feedback loop,  which produces f o r c e s  which are f u n c t i o n  of 
j o u r n a l  displacement and v e l o c i t y .  The s imulated hydrodynamic f o r c e s  are produced 
according t o  assumed characteristics matched t o  t h e  bea r ing  type.  

The p r i n c i p a l  benef i t  of  t h e  ana log  s imula t ion  i s  t h a t  non-linear c h a r a c t e r i s -  
t i c s  of a subsystem may be p r e c i s e l y  i d e n t i f i e d  and mathematical  methods a p p l i e d  f o r  
a wide class of problems can be checked on t h e  experimental  i n s t a l a t i o n .  

JOURNAL BEARING SIMULATION 

I n t e g r a t i o n  o f  the Reynold's equa t ion  r e s u l t s  i n  va lues  o f  t h e  hydrodynamic 
f o r c e  components. The hydrodynamic f o r c e s  are f u n c t i o n s  o f  a j o u r n a l  displacement 
and v e l o c i t y ,  bu t  t hey  are not  g iven  e x p l i c i t l y .  

A hydrodynamic f o r c e  r e p r e s e n t a t i o n  can been assumed as a combination of chosen 
a p r i o r i  f u n c t i o n s  f : 

F = C f  + C f  + . . . +  c f  
x 1 1  2 2  n n  I l l  F = D f  + D f  + . . . +  ~f 

y 1 1  2 2  n n  
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C and D can be  matched by minimizing t h e  e r r o r s  between v a l u e s  - 
cozing from /1/ and the i n t e g r a t i o n  of the Reynold's equat ion  f o r  e i v e n  motion 
parameter s . 

I n  the  a l t e r n a t i v e  method, us ing  the  shape f u n c t i o n  c h a r a c t e r i s t i c s  of a jour-  
n a l  bearing Ell, t h e  f u n c t i o n s  f play t h e  r o l e  of shape f u n c t i o n s  and t h e  nodal 
v a l u e s  play the r o l e  of c o e f f i c i e n t s  C and D. Th i s  a s s u r e s  d i r e c t l y  minimization of 
t h e  e r r o r .  Noreover the nodal v a l u e s  of  hydrodynamic force can be eva lua ted  from a n  
experimental  measurement. However i n  t h i s  concept a microprocessor should be 
involved f o r  the  bearing f o r c e s  t r a n s f e r  i n  t h e  s imulator .  

I n  o r d e r  t o  modify a system characteristics e.g. a sof t  o r  hard s t i f f n e s s ,  the  
e l e c t r o n i c  device  h a s  been designed t o  produce t h e  components of t he  f o r c e  according 
to the  formula 121: 

F = k  f ( x ) + k  f ( y ) + c  x + c  Y 
x xx XY xx XY 

F = k  f ( x ) + k  f ( y ) + c  x + c  Y 
Y YX YY YX YY 

where f u n c t i o n  f has  been modeled as: 

2 2  
f ( z )  = z(z  - z 1 

0 
/ 3 /  

The system characteristic is b u i l t  by a superpos i t ion  o f  both characterist ics:  
a mechanical one and a n  e l e c t r o n i c  one. A proper choice of t he  c o e f f i c i e n t s  k 
r e s u l t s  i n  a hard or s o f t  s t i f f n e s s .  By s h i f t i n g  t h e  e l e c t r o n i c  characterictics 
along x or y co-ordinates a n  unsymmetrical s t i f f n e s s  can be obta ined  which al lows 
modeling of bear ing  e x t e r n a l  s ta t ic  load.  

I n  some cases when l i n e a r  effects introduced by a j o u r n a l  bear ing  have t o  be 
taken i n t o  cons idera t ion  the  f u n c t i o n  f i n  / 3 /  can be modeled a s  a l i n e a r  one. The 
c o e f f i c i e n t s  k and c i n  the  formula 121 w i l l  r e p r e s e n t  s t i f f n e s s  and damping c o e f f i -  
c i e n t s  corresponding to the s ta t ica l  p o s i t i o n  determined by t h e  Sommerfeld number. 

BEARING SIMULATOR 

The e l e c t r o n i c  device  has been designed according t o  t he  fol lowing assumptions: 
i n p u t  data analog conversion t o  s a t i s f y  t h e  c o n d i t i o n s  of real-time a c t i v e  
feedback c o n t r o l .  
b i ax ia l  input /output ,  
input  maximum o f  s i g n a l  8 V which corresponds t o  a j o u r n a l  displacement of 1 am, 
frequency range 500 Hz, 
output  maximum of s i g n a l  8-12 V which corresponds t o  10 N f o r c e .  
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The block s t r u c t u r e  and performance of t he  analog support  simulator a r e  showr? 
ill Fig.1. The i n p u t ,  a m p l i f i e r  I A  a m p l i f i e s  t he  sun of input  s igna l s  and D.C. 
voltages  prodwed by the sources RPX and RPY(al1owing f o r  balancing),  and p ro tec t s  
the  device agan i s t  overloads. The g a i n  of I A  a m p l i f i e r  can be chosen by the  dis-  
placement range se l ec to r  DS. 
The ga in  of the  DA a n p l i f i e r ,  which d i f f e r e n t i a t e s  t he  signals, is  selected 
depending on frequency. The frequency s e l e c t o r  FS p ro tec t s  the DA a m p l i f i e r  and 
other  stages of  the  device aganist s a tu ra t ion  a t  the  higher f requencies  and d i f -  
f erentiates with good l i n e a r i t y .  
Tie funct ion generator  FG produces a l i n e a r  o r  nonlinear function, according t o  
Fig.2, dependent on the  pos i t ion  of t h e  mode s e l e c t o r  MS. The output s igna l s  a r e  
amplified by the  l i n e a r  ampl i f i e r s  A1-A4 (damping and s t i f f n e s s  iiiatrices). The vol- 
tage comparators CPX de t ec t  overload ( sa tu ra t ion )  stages. The output  a n p l i f i e r s  OAX 
and OAY provide the  f i n a l  g a i n  f o r  t he  output siganls. 

EXPERIMFNTAL R I G  

The experimental r ig  has been designed t o  observe and study non-linear phenome- 
na introduced by a non-linear support  e.g. a journa l  bearing. The main aims of 
experiment are t o  study self-exci ted v ib ra t ions  and e f f e c t s  of  an ex te rna l  harmonic 
fo rce  a c t i n g  i n  an  unstable  region. 

The journa l  bearing has been replaced by t h e  analog support  simulator working 
i n  The non-linear element can be iden- 
t i f i e d  with high preciss ion,  so t h e o r e t i c a l  r e s u l t s  can be checked on an  
experimental rig. The scheme of the  rig s t r u c t u r e  i s  shown i n  a block diagram 
(Fig.5).  

a feedback loop t o  create wider fac i l i t i es .  

The experiments have been designed i n  such a way t h a t  subs t ruc ture  iden t i f i ca -  
t i on ,  self-exci ted v ib ra t ions  and disbalance e f f e c t s  (subharmonic resonances) can be  
s tudied on the  same r i g  (Fig.4-5). 

The a c t i v e  feedback cont ro l  loop contains  the  following devices:  displacenent 
t ransducers  DT, analog support  simulator SS, voltage ampl i f ie r  ASA, power ampl i f ie r  
PA, e l ec t ron ic  v i b r a t o r s  V (shakers)  and fo rce  t ransducers  FT. 

Biax ia l  displacements x,y of  t he  journa l  are converted i n t o  vol tage s i g n a l s  by 
t ransducers  UT. The analog support  simulator has these s i g n a l s  as an input.  The 
output s i g n a l s  of two channels can be mixed by the  analog ampl i f ie r  ASA with two 
signals i n  time quadrature produced by the  tuned generator  G , i f  necessarly (simulat- 
ing shaft disbalance) .  Then the  s i g n a l s  are ampl i f i ed  by the  power ampl i f ie r  and 
supply the electrodynamic v ibra tors .  The v ib ra to r s  convert  the s igna l  t o  t h e  b i a x i -  
a l  i n t e r a c t i o n  fo rces  between t h e  bearing and the  journal .  

Both displacement and f o r c e  s i g n a l s  are observed on the  two-channel 
The displacement s i g n a l s  are cu r ren t ly  analysed by the  spectrum ana- osci l loscopes.  

l y s e r ,  so t h e  frequencies  of  t he  v ib ra t ions  can be found i m e d i e t a l l y .  

The experimental data are co l lec ted  by a PDP-computer. The analog adaptor AA 
per iodica l ly  the  analog input  s igna l s  and sends them t o  A J D  computer con- memorizes 

v e r t e r  without any phase s h i f t  e r ro r s .  
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IDENTIFICATION OF 8ECHAlu’ICAL SUBSYSTEBl 

The receptance  method has  been used f o r  parameter i d e n t i f i c a t i o n  of the 
mechanical subsystem. Responses of  t h e  subsystem along t h e  connect ing co-ordinates 
have been found experimental ly  f o r  harmonic e x c i t a t i o n s  i n  t h e  range o f  frequency 
5-60 22. 

The receptances  were measured d i r e c t l y  on t h e  saue e x p e r i u e n t a l  rig, by i n t r o -  
ducing s i g n a l s  to  t h e  shakers from a frequency s y n t e s i z e r  FS, and a t  t h e  sane tim 
c u t t i n g  off signals coming from t h e  bear ing s imula tor .  The f o r c e s  produced by t h e  
shakers  and j o u r n a l  displacements  are measured and stored i n  computer nemory for 
var ious  v a l u e s  of  frequency. 

A computer program is used t o  estimate subsystem parameters  i n  t h e  neighbour- 
hood of  a working point .  

IDENTIFICATIOY OF ELECTRO-1-ECHANICBL SJBSYSTEW 

The f o r c e s  modifying the system are the r e s u l t  of a electro-mechanical loop 
which involves  t h e  b e a r i n g  s imula tor ,  mixer, power a m p l i f i e r  and shakers .  So t h e  
characteristics of t h e  subsystem should be found e n t i r e l y .  

By c u t t i n g  t h e  feedback loop and in t roducing  t h e  s i g n a l s  coiiling f r o n  t h e  fre- 
quency s y n t h e s i z e r  i n s t e a d  of measured j o u r n a l  displacements,  corresponding output  
f o r c e s  are measured and stored toge ther  with t h e  i n p u t  s i g n a l s .  The i n p u t  v o l t a g e s  
are m u l t i p l i e d  by t h e  s c a l e - f a c t o r s  of t h e  displacement t r a n s d u c e r s  t o  o b t a i n  v a l u e s  
of the s imulated j o u r n a l  displacements.  
In t roducing  a harmonic s i g n a l :  

z = Z exp(iwt)  / 4 1  

t he  damping mat r ix  i n  /2 /  can be found as t h e  imaginary p a r t  of the  f o r c e  produced 
by the  u n i t  i n p u t  s i g n a l .  t h e  real p a r t  is  a s s o c i a t e d  w i t h  t h e  s t i f f n e s s  of  t h e  
subsystem. The i n f l u e n c e  of frequency on the  s t i f f n e s s  and damping matrices has  
been i n v e s t i g a t e d .  It has been proved t h a t  i n  t h e  electro-mechanical loop  both 
s t i f f n e s s  and damping c o e f f i c i e n t s  kept  cons tan t  v a l u e s , i t  i s  shown i n  Fig.6-7. 

According t o  t h e  des ign  assumptions the bear ing  s imulator  produces non-linear 
s t i f f n e s s ,  independent of frequency / 3 / .  This  has been confirned by measurernents a t  
d i f f e r e n t  f requencies  when damping c o e f f i c i e n t s  were zero,  t h e  r e s u l t s  are shown i n  
Fig.8. The non-linear c h a r a c t e r i s t i c s  can be found a t  low f requencies  as then t h e  
c o n t r i b u t i o n  of damping may be neglected.  In t roducing  a harmonic s i g n a l  wi th  a low 
frequency, s e p a r a t e l y  f o r  each channel,  t h e  force components are measured as func- 
t i o n s  of  t h e  ampli tudes (Fig.7).  

An electro-mechanical i d e n t i f i c a t i o n  does not  depend on r o t o r  motion except  
when t h e  system resonates .  To estimate t h e  e r r o r  introduced by a resonance f o r  t h e  
same s e t t i n g  of t h e  bearing s imula tor  t he  measurements have been repea ted  and cou- 
pared with a f i x e d  journa l .  The d e v i a t i o n s  between system characteristics were nclt 
higher  than  10 percent  (Fig.6).  
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EX PER IHENTAL RESUL TS 

I n  t h e  first phase of t he  experimental i nves t iga t ions  the  p o s s i b i l i t y  of exis- 
tence of more than one equi l ibr ium pos i t ion  has been shown. Diagonal elements or" 
non-linear s t i f f n e s s  matrices having negative values  a t  zero have been introduced. 
For some values  of s t i f f n e s s  the  equilibrium pos i t i on  vanished. Zero was a f ixed  
point  but it could not e x i s t  physical ly  because it was unstable  (Fig.3). The sys ten  
-would move a t  one of t he  four  e x i s t i n g  s t a b l e  posi t ions.  Any small per turba t ion  
caused a motion decaying with time around an equilibrium posi t ion.  

An asymmetry caused by t h e  cross-elements des t ab i l i zed  t h e  system. Due t o  the  
ex is tence  of  non-linearity l i m i t  cycles  were formed. Some examples have been shown 
i n  Fig.9-11. These f i g u r e s  present  t h e  t r a j e c t o r i e s  of t h e  journa l  displacements 
and corresponding generated fo rces  as well as t h e i r  time representat ion.  For some 
settings of t he  non-linear st iffness and damping multi-frequency limit cyc les  have 
been observed (Fig.10). A l i m i t  cycle  with a jumping amplitude around two equ i l i -  
brium pos i t ions  has been a l s o  found (Fig.11). 

The e f f e c t s  of s h a f t  disbalance simulated by an  ex te rna l  harmonic f o r c e  have 
been observed. When the  ex terna l  frequency corresponding t o  the  r o t a t i o n a l  speed of 
t he  rotor was remote enough from the frequency of self-exci ted v ib ra t ions  i n  t h e  
system, both self-exci ted v ib ra t ions  and subharmonic resonances exis ted.  When the  
distance between frequencies  was about 1-10 Hz the  type of v ib ra t ion  was determined 
by t h e  magnitude of the  e x c i t a t i o n  ( r o t o r  disbalance) .  For small values of ex terna l  
exc i t a t ion  no s teady state was achieved. A combination of self-exci ted v ib ra t ions  
and subharmonic resonances appeared i n  the  system. Over a c e r t a i n  value of ex terna l  
exc i t a t ion ,  t h e  system es tab l i shed  only one type of v ibra t ion .  
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