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The evaluation o f  the dynamic behavior o f  a r o t a t i n g  system i s  possible by means 
o f  modal parameters (Eigenvalues and Eigenvectors). 
mental approach i s  used t o  i d e n t i f y  the modal parameters o f  a specially-designed 
t e s t  r i g .  
systems. These modal parameters are used t o  va l ida te  a developed F i n i t e  Element 
Model. 

A mixed ana ly t i ca l  and experi- 

The modal i d e n t i f i c a t i o n  i s  done both f o r  nonrotat ing as wel l  as r o t a t i n g  

INTRODUCTION 

I n  the design o f  a r o t a t i n g  turbomachine, t h e r e - i s  a great deal o f  concern about 
the s t a b i l i t y  and the leve l  o f  v ibrat ion.  
d i f f e r e n t  e f fec ts ,  l i k e  i n te rna l  damping, o i l  f i l m  forces, etc. 
discussion about the number o f  bearings used t o  guarantee a safe l eve l  o f  v ib ra t i on  
during operation. 

Unstable v ib ra t i on  may occur caused by 
There i s  a lso a b i g  

There are several d i f f i c u l t i e s  t o  i d e n t i f y  the  dynamic cha rac te r i s t i c  o f  large 
turbomachinery. The problem i s  very complex. Normally there are few po in ts  a t  the 
r o t o r  where it i s  poss ib le  t o  exc i te  the system; a lso the  pos i t ions  o f  the p o i n t  
t o  measure the response o f  the system are not a rb i t ra ry .  
it i s  not  always easy t o  i d e n t i f y  the system. Turn on and o f f  procedures may be 
very fast ,  and i n  steady state, i t  i s  f requent ly  d i f f i c u l t  t o  estimate the d is turb-  
i ng  forces. 

As an attempt t o  understand and t o  analyze spec i f i c  problems re la ted  t o  v e r t i c a l  
sha f t  Francis Hydrogenerators, a special t e s t  r i g  was designed and constructed, 
which i s  described by Eiber (Ref. 1). 
f a c i l i t a t e s  changing the parameters o f  the r o t o r  (s t i f fness ,  damping, mass d i s t r i b -  
ution). 
how t o  proceed measuring the rea l  machine. 

The s t a b i l i t y  o f  a l i n e a r  rotor-system i s  given by the rea l  p a r t  o f  the complex 
eigenvalues which correspond t o  the  damping constants. Natural frequencies are 
obtained from the imaginary part.  
they a l low the evaluation o f  the  dynamic behavior i n  f ree  as wel l ,  as i n  forced, 
vibrat ion. Eigenvalues and natura l  modes are ca l l ed  the "modal parameters" o f  a 
system. 

I n  operating condit ions, 

The t e s t  r i g  i s  designed i n  a way t h a t  

The study o f  the dynamic behavior o f  the r i g  gives important information on 

Together w i t h  the natura l  modes (Eigenvectors), 
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The classical  "modal analysis , ' I  a combined experimental and analyt ical  method which 
was developed some years ago, i s  used t o  i d e n t i f y  modal parameters o f  nonrotating 
systems. 
model. Although the method i s  not admissible i n  the case o f  ro ta t i ng  systems 
(nonsymmetrical matrices), i t  i s  a very useful too l  t o  i d e n t i f y  the modal parameters 
while the system i s  on r e s t .  

It i s  the aim o f  t h i s  paper t o  i d e n t i f y  the modal parameters o f  the r i g  i n  several 
stages o f  i t s  mounting on the t e s t  stand. I n  t h i s  case, the modal parameters 
provide us the necessary information t o  adjust gradually the mathematical model. 

It has been shown i n  Reference 2 tha t  a generalized modal analysis, i n  connection 
w i th  an expansion i n  series o f  the r i g h t  eigenvectors and the l e f t  eigenvectors, 
allows the i d e n t i f i c a t i o n  o f  modal parameters o f  a system. 
applied t o  the ro to r  t e s t  r i g .  

The method makes assumption o f  symmetric matrices f o r  the analyt ical  

This method w i l l  be 
Some experimental data are presented. 

ROTOR TEST R I G  

The r o t o r  system i s  shown schematically i n  Figure 1. 
a body with a r i g i d  upper and an e las t i c  lower part.  
i s  a x i a l l y  clamped the r o t o r  o f  an asynchronous motor wi th  4 kw power. 
i t s e l f  i s  hinged w i th  l ea f  springs on swinging platforms. 
adjustable and, therefore, allow us t o  vary the s t i f f ness  i n  a very wide range. 
The t o t a l  suspension o f  the stator i s - c a r r i e d  out  by e ight  platforms. 

Because o f  noncontact transducers, an inductive displacement measuring system a1 lows 
the recording o f  v ibrat ion o f  the ro ta t i ng  shaft. 
horizontal plane t o  measure the state variables o f  the lower disc. 

The ve r t i ca l  shaft  represents 
On the r i g i d  section, there 

These l e a f  springs are 
The s tator  

This system i s  used i n  one 

MODAL ANALYSIS OF THE UNDAMPED NONROTATf NG SYSTEM 

There are d i f f e r e n t  p o s s i b i l i t i e s  i n  the descript ion o f  the mentioned ro to r  w i th  
continuous mass and s t i f fness d is t r ibut ion.  
p a r t i a l  d i f f e r e n t i a l  equations together w i th  appropriate boundary conditions, as 
described by Wauer (Ref. 3). 

The exact formulation i s  described by 

For  pract ica l  calculat ions, however, a F i n i t e  Element Model i s  employed wi th  f i n i t e  
number o f  coordinates. 
focus o f  interest .  
the Hamilton's Pr inc ip le  leads us d i r e c t l y  t o  the equations o f  motion. The unknown 
def lect ion functions are substi tuted by def lect ion shapes formed by th i rd-order 
polynomials wi th  f ree parameters. 
def lect ion and the angle a t  the boundary o f  the beam elements. 

The F i n i t e  Element model f o r  the r i g  i s  shown i n  Figure 2. 
It consists o f  5 beam elements, 4 spring elements, and 6 i n e r t i a  elements. A l l  
the elements which are related t o  the s tator  and i t s  spring leafs, and also the 
upper discs, are condensed a t  the node number 1. 
f o r  parameter var iat ion,  the ro ta t i ng  p a r t  o f  the s tator  (rotor)  and the ro ta t i ng  
parts o f  the intermediate bearing are considered as separate i n e r t i a  elements. 
system i s  allowed t o  v ibrate i n  the XY plane and also i n  the XZ plane. 
o f  the system about X axis, and also i t s  t rans lat ion i n  the same direct ion,  i s  

Basically, the bending v ibrat ion o f  the r o t o r  shaft i s  the 
Making use o f  scalar energy quant i t ies i n  a var iat ional  form,' 

I n  t h i s  model, the f ree parameters are the 

The model has 6 nodes. 

For  making the model more f l ex ib le  

The ro ta t i on  
The 



suppressed. 
system matrices [ M I ,  [K], the solut ion o f  the ordinary eigenvalue problem gives the 
natural frequencies and the corresponding modes. 

The modal analysis o f  the r i g  i s  done i n  three steps. 
" ve r t i ca l  shaft," a body w i th  r i g i d  upper and an e las t i c  lower part,  i s  considered 
as a free-free body i n  space. 

I n  the second step, the r o t o r  i s  modeled as a free-free body i n  space. 
consists of the ver t ica l  shaft, the upper disc, the lower disc, and the intermediate 
bearing. 

F ina l ly ,  the model considers the ro to r  mounted on the r i g i d  t e s t  stand by l ea f  
springs. 

As a resul t ,  the system has 24 degrees number o f  freedom. Having the 

I n  the f i r s t  step, the 

The r o t o r  

IDENTIFICATION OF MODAL PARAMETERS OF THE NONROTATING SYSTEM 

Usually a combined experimental and analyt ical  method iden t i f y i ng  modal parameters 
o f  nonrotating e las t i c  systems has been applied i n  various f ie lds.  The aim o f  the 
method i s  t o  analyze a structure i n  i t s  elementary modes and t o  determine i t s  
characterist ics. 

I n  t h i s  case, the f i r s t  nine measurement points along the X axis o f  the r o t o r  i n  
the XY plane are chosen. The ro to r  i s  excited by applying an impulse on the 
measurement points, and the response i s  measured i n  a speci f ic  point. 
formation (FFT) o f  the input and the output signals i n t o  frequency domain, d i f f e r e n t  
frequency response functions are determined. Analyt ical functions are f i t t e d  t o  the 
measured functions by var ia t ion o f  the modal parameters. 
i t e r a t i v e  f i t t i n g  procedure are the modal parameters. 

The same as theoret ical  analysis, i d e n t i f i c a t i o n  o f  modal parameters i s  done i n  the 
three steps as' already was explained. 
t i f y i n g  the modal parameters o f  the r o t o r  i n  the XZ plane. 

A f t e r  trans- 

The resul ts  o f  t h i s  

The same method was also applied f o r  iden- 

COMPARISON OF THE RESULTS 

The resul ts obtained by the F.E.M. and the i d e n t i f i c a t i o n  o f  modal parameters are 
presented as corresponds t o  d i f f e r e n t  stages. Table 1 shows the natural frequencies 
o f  the free-free "ver t ica l  shaft." The natural modes f o r  the f i r s t  three frequen- 
cies are shown i n  Figure 3. 

Table 2 shows the natural frequencies o f  the free-free rotor.  
modes are shown i n  Figure 4. 

Figure 5 shows the natural modes o f  the mounted r o t o r  on XY plane. 
i ng  natural frequencies are shown i n  Table 3. 
mounted ro to r  on XZ plane are shown i n  Figure 5. 
are almost the same as i n  XY plane, the modes are not presented. 

The corresponding 

The correspond- 
Also the natural frequencies o f  the 

As the natural modes i n  XZ plane 

The resul ts  obtained f o r  natural frequencies o f  d i f f e ren t  stages by F i n i t e  Element 
Model are very close t o  experimental ones. 
predict ing the frequencies while the r o t o r  i s  running. 

This gives us a model t o  be used i n  
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MODAL ANALYSIS OF ROTATING SYSTEM 

Due t o  gyroscopic e f f e c t  and asymmetry i n  damping and s t i f fness matrices, the 
c lassical  method f o r  modal analysis f a i l s  t o  decouple the equations o f  motion of the 
r o t o r  while running. 

However, working wi th  eigenvectors and natural modes o f  the nonconservative system 
leads t o  the desired decoupling as shown by Nordmann i n  Reference 2. 

The modal parameters are also speed dependent i n  t h i s  case. 

MODAL PARAMETERS OF ROTORS 

The f i r s t  step i n  modal analysis i s  always the determination o f  eigenvalues and 
eigenvectors. These parameters can be calculated by the homogenous equation: 

[M]{H] + [D]{ i ]  + [K](x] = 0 (1) 

where [ M I ,  [D], [K] are respectively mass, damping, s t i f f ness  matrices wi th  order 
NxN. The solut ion o f  equation (1) i s  o f  the form: 

(2) A t  
( X I  = l e l e  

(A2[M1 + ml + CK1>(43 = 0 

Substi tut ion y ie lds the quadratic eigenvalue problem 

wi th  2N eigenvalues A j  and corresponding modes {@)j .  The eigenva 
the eigenvectors, mainly occur i n  conjugate complex pai rs  (real e 
eigenvectors are not considered). 

- 
Eigenvalues A j  = a j+ iw j  9 A j  = a j - i w j  

Eigenvectors 4.j = s j + i t j  9 ( 8 j  = s j - i t j  
- 

ue, as we 
genval ues 

The pa r t  o f  the solut ion which belongs t o  such a conjugate complex p a i r  can 
wr i t ten as: 

x j ( t )  = Bjeajt { s j  s i n  (wj t+a j )+t j  cos (wjt+aj>) 

(3) 

1 as 
and 

(4) 

(5) 

be 

where w j  i s  the c i r c u l a r  frequency and a j  the damping constant. The damping con- 
stant a j  (real p a r t  o f  >j) determines whether the solut ion x j ( t )  i s  stable (aj<O) 
o r  unstable (aj>O). 

The constants B j  and the phase angle a j  depend on the i n i t i a l  conditions. Normally 
a l l  o f  the conjugate complex pai rs  contr ibute t o  the solut ion o f  the natural vibra- 
t ions. 
sys terns. 

The expression i n  parentheses i n  Equation (6) can be defined as natural modes 
representing a t i m e  dependent curve i n  space. 

To explain the natural modes i s  not so easy as i n  the case o f  conservative 

IDENTIFICATION OF MODAL PARAMETERS OF THE RUNNING ROTOR 

The natural frequencies o f  the ro to r  are i d e n t i f i e d  by the same method as Reference 
2. Some experimental data are shown i n  Fig. 6. The f igure shows the var ia t ion 
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o f  the f i r s t  three eigenvalues (only the imaginary pa r t ) ,  due t o  ro ta t i ona l  speed 
o f  the r o t o r .  It i s  c l e a r l y  shown t h a t  the natura l  frequencies are speed dependent. 
It i s  worth mentioning t h a t  the i d e n t i f i c a t i o n  process becomes more d i f f i c u l t  as the 
running speed increases. 
exc i te  the r o t o r  a t  h igher speeds. 

It i s  necessary t o  develop special  hammers which could 
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Figure 1. - Test r i g  (scale 120). 
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Figure 2. - Finite element model for rig. 
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Figure 4. - Natural nodes for free-free rotor. 
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Figure 5. - Natural modes for mounted rotor in XY plane. 
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Figure 6. - Variation of eigenvalues of mounted rotor with rotor running speed. 
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