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A theory developed by t h e  f i r s t  author i n  1978 t o  explain t h e  des t ab i l i z ing  
e f f e c t  of torque on a whir l ing r o t o r  has been experimentally ve r i f i ed .  
measurements made on a spec ia l ly  designed test apparatus are described. 

The 

New computer models have a l s o  been developed t o  inves t iga t e  the  e f f e c t  of 
torque on rotordynamic s t a b i l i t y  of multi-disk f l e x i b l e  rotor-bearing systems. 
The e f f e c t  of torque has been found t o  be most pronounced when the  system is 
already marginally s t a b l e  from other  influences.  
include torque i n  a typ ica l  s h a f t  t r a n s f e r  matrix are described, and r e s u l t s  are 
shown which i d e n t i f y  the  type of r o t o r  design most s e n s i t i v e  t o  load torque. 

The modifications required t o  

INTRODUCTION 

Since at least the  ea r ly  1950's, i t  has been known t h a t  l a r g e  values  of 
load torque can depress t h e  na tu ra l  frequencies of a uniform s h a f t  on shor t  o r  
long bearings [1,2,3], and t h a t  any value of torque on a cant i levered s h a f t ,  
without damping, produces dynamic i n s t a b i l i t y  [4,5,6,7]. These results have 
l imi ted  appl ica t ion  t o  most ro t a t ing  machinery, however, s i n c e  the  values  of 
torque required t o  depress cri t ical  speeds are seldom approached and a l l  real 
machines have a t  least some amount of damping. Although the  e f f e c t  of torque on 
cr i t ical  speeds i s  mostly of academic i n t e r e s t ,  recent  experimental and a n a l y t i c a l  
inves t iga t ions  by the  authors  have shown t h a t  t he  e f f e c t  on whi r l  s t a b i l i t y ,  with 
damping included, f o r  some rotor-bearing configurat ions which are representa t ive  
of contemporary machines, can be s ign i f i can t .  
a nonlinear ana lys i s  with damping included [8] which showed t h a t  tangent ia l  load 
torque on a r o t o r  d i sk  (e.g., t he  s t age  torque on a f l u i d  impel ler)  can produce 
nonsynchronous whir l ing with amplitude dependent on t h e  r a t i o  of torque t o  damping. 

I n  1978 t h e  f i r s t  author published 

Figure 1 shows t h e  model analyzed i n  reference [8] where a l l  of t h e  ro to r  
f l e x i b i l i t y  w a s  concentrated i n  the  j o i n t  a t  0' ( t h e  s h a f t  w a s  assumed r i g i d ) .  
This is the  simplest  possible  model which can demonstrate t he  torquewhirl phenomenon, 
as considerations of t he  e f f e c t  of t h e  torque on the  s h a f t  de f l ec t ion  mode shape 
are avoided. 

Subsequently, Tison [9] l i nea r i zed  t h e  equations of motion f o r  t he  same model 
and applied t h e  Routh-Hurwitz cri teria t o  obta in  the  required condition f o r  whi r l  
s t a b i l i t y ,  which is 



I < 2  2 
‘tWdl 

where C 
ud i s  t i e  whir l ing frequency. 

ro to r  models, including the  d i sk  cant i levered on an elastic s h a f t  (Figure 2) ,  and 
even t o  generalized multi-disk r o t o r s  using the  t r a n s f e r  matrix method. 

is  t h e  t r a n s l a t i o n a l  viscous coe f f i c i en t  of damping ac t ing  a t  t he  d i sk  and 

More recent ly ,  Y i m  [ lo ]  has extended t h e  torquewhirl ana lys i s  t o  more realist ic 

An experimental program has a l s o  been conducted [ lo]  t o  v e r i f y  the  exis tence 
of nonsynchromus whi r l  produced exclusively by tangent ia l  load torque. 

The purpose of t h i s  paper i s  t o  present t he  main r e s u l t s  of t h e  experimental 
program and t o  condense the  usefu l  r e s u l t s  of t he  recent  analyses ( s ince  reference 
9)  which are relevant t o  p r a c t i c a l  appl ica t ions  i n  rotor-dynamics. 
reported here  w a s  supported by t h e  National Science Foundation, Grant #MEA-8115330. 

The work 

EXPERIMENTAL VERIFICATION 

Apparatus and Instrumentation 

To f a c i l i t a t e  i s o l a t i o n  of t h e  torquewhirl e f f e c t ,  a spec ia l  test r i g  w a s  

This is  the  s implest  
designed t o  represent  t h e  model of Figure 1. 
Professor George N. Sandor a t  t h e  University of Florida.  
poss ib le  r o t o r  configurat ion capable of demonstrating t h e  torquewhirl phenomenon. 
I n  pa r t i cu la r ,  t he re  is only one mode of whir l ing (conica l ) ,  and t h e  torque has  
no e f f e c t  on the  mode shape,. Also, an exact so lu t ion  t o  t h e  nonl inear  equations 
of motion w a s  ava i l ab le  f o r  t h i s  model [8], which extended. the oppor tuni t ies  
comparison with theory. 

The test r i g  design concept was  by 

f o r  

Figures 3 and 4 are a photograph and schematic, respec t ive ly ,  of t he  test r i g  
hardware. 
dr iving through a toothed b e l t  speed reducer, and the  r o t o r  which is  mounted on 
b a l l  bearings (vertical axis) i n s i d e  a finned housing. The purpose of t he  housing 
is t o  apply a load torque t o  t h e  ro to r  which always remains aligned with the  r o t o r  
ax is ,  even while whir l ing occurs. 
conical  whi r l  mode, but  is res t ra ined  from spinning by t h e  four  spr ings.  
are r a d i a l l y  or iented while t he  system is a t  rest. 
t h e  housing through an angle  u n t i l  an equilibrium of moments is  reached. 

From l e f t  t o  r i g h t  t he re  is a 15 Icw var i ab le  speed electric motor, 

Thus t h e  housing precesses with t h e  r o t o r  i n  its 
The spr ings 

I n  operation, torque r o t a t e s  

Figure 5 shows a c ross  sec t ion  of t h e  r o t o r  and housing. Torque is  appl ied 
t o  the  r o t o r  by viscous shear  i n  t h e  conica l  c learance space when it  i s  f i l l e d  
with a s i l i c o n e  f lu id .  
t he  housing up o r  down relative t o  t h e  ro tor .  

The clearance is adjus tab le  by a threaded c o l l a r  which moves 

The f l e x i b l e  j o i n t  (0’ i n  Figure 1) is provided i n  the  test r i g  by a laminated 
d i sk  coupling on t h e  s h a f t  j u s t  above t h e  housing. The forward na tu ra l  frequency 
of t he  test r i g  
about 10.5 Hz. 

During the  
w a s  immersed t o  

a t  1000 rpm-was ca lcu la ted  t o  be-10.78 Hz, and turned out  t o  be 

t e s t ing ,  t h e  drag cyl inder  a t tached t o  t h e  bottom of the  housing 
a cont ro l led  depth i n  o i l ,  so t h a t  t he  damping of t he  whi r l  motion 
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w a s  adjustable .  
of t he  logarithmic decrement of f r e e  v ibra t ion ,  were used i n  the  test program: 
2.2%, 3 .8%,  and 5.2% of the  c r i t i ca l  value. 

Three d i f f e r e n t  values of damping, as determined by measurements 

Two proximity probes are i n s t a l l e d  near t he  upper p a r t  of t h e  drag cyl inder  
f o r  measurement of t he  whi r l  o r b i t  (x-y v ib ra t ion  displacement s igna l s ) .  
speed (0-1200 rpm) i s  measured with a d i g i t a l  tachometer exci ted once p e r  revolut ion 
from the  s h a f t  by a f ibe rop t i c  transducer with r e f l e c t i v e  tape. 
mounted on one of t he  spr ing  r e s t r a in ing  brackets  w a s  ca l ib ra t ed  t o  measure the  
ro to r  torque. 

Rotor 

A s t r a i n  gage 

A l l  s i gna l s  w e r e  e l ec t ron ica l ly  converted from analog t o  d i g i t a l  form f o r  
p lo t t i ng  by a desktop computer. 
bandpass range of 18%, f o r  measurement of t he  10.5 Hz whir l  frequency. 
f i l t e r e d  and Unfi l tered s igna l s  were recorded and plot ted.  
are described i n  reference [ 103. 

The x-y v ib ra t ion  s igna l s  were f i l t e r e d  with a 
Both the  

Cal ibrat ion procedures 

The va r i ab le  parameters i n  the  test program w e r e  speed, ex terna l  damping, 
and t o  a lesser extent ,  torque. 
test w a s  heat ing of t h e  r o t o r  and housing from viscous shear ,  i n  s p i t e  of t he  
cooling f i n s  on t h e  housing and forced air  cooling with a Hilsch tube. 

Experimental Results 

A f a c t o r  which l imi ted  the  time durat ion of each 

Figure 6 shows measured da ta  f o r  speed, torque, and wh i r l  amplitude, p lo t t ed  
i n  the  time domain with no load torque (air i n  t h e  clearance space). 
shows t h e  frequency spectrum of t h e  un f i l t e r ed  v ib ra t ion  s i g n a l  (whirl  amplitude). 
The two components are synchronous whi r l  (from ro to r  unbalance and misalignment) 
and subsynchronous whi r l  exci ted by the  d r ive  be l t .  
found t o  t r ack  a t  a frequency of exact ly  .56 times r o t o r  speed, which is the  r a t i o  
of t e e t h  on t h e  l a r g e  pul ley t o  t e e t h  on t h e  b e l t .  

Figure 7 

The latter v ib ra t ion  w a s  

Figures 6 and 7 w e r e  obtained with t h e  drag cyl inder  immersed t o  a depth which 
gives 2.2% of cri t ical  damping. This was  found t o  be t h e  minimum damping required 
t o  suppress subsynchronous whi r l  produced by i n t e r n a l  f r i c t i o n  i n  t h e  laminated d isk  
coupling. The i n t e r n a l  f r i c t i o n  e f f e c t  w a s  explored experimentally [ lo]  and found 
t o  be independent of torque. 

Figures 8 and 9 show t he  same measurements made with load torque applied 
( s i l i cone  f l u i d  i n  t h e  clearance space). 
tude (Figure 8 ) ,  which is  seen t o  be l a rge ly  subsynchronous a t  t h e  predicted 
torquewhirl frequency (Figure 9). 
increased external damping (5.2%). 

Note the  l a r g e  increase  i n  whi r l  ampli- 

Figures 10 and 11 show s imi l a r  results with 

A nonlinear re la t ionship  between applied torque and whi r l  amplitude was  
Figure 12 shows t h e  whi r l  amplitude decreasing as t h e  torque (and observed. 

speed) are increasing above t h e  i n i t i a l  des tab i l iz ing .va lue .  This phenomenon 
is explained by a nonlinear ana lys i s  presented i n  reference [ lo] .  
predicted o r  simulated by a l inear ized  s t a b i l i t y  analysis .  

It cannot be  
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PRACTICAL APPLICATIONS 

Effect  of Rotor Configuration and Geometry 

Rotordynamic s t a b i l i t y  analyses have been conducted t o  eva lua te  the  e f f e c t  of 
tangent ia l  load torque on a wide v a r i e t y  of r o t o r  configurations.  
methods w e r e  used t o  determine the  eigenvalues, including f l e x i b i l i t y  inf luence 
coe f f i c i en t s ,  t he  t r a n s f e r  matrix, and the  Galerkin method [10,11], with exce l len t  
agreement of r e su l t s .  

Several d i f f e r e n t  

The des t ab i l i z ing  effect of torque on r o t o r  whi r l  has been found t o  be most 
pronounced on overhung (cant i levered)  ro to r s ,  and i n  r o t o r s  with a high r a t i o  of 
torque t o  bending s t i f f n e s s  (TL/EI).  There is, however, a s t rength  of materials 
l imi t a t ion  on t h i s  lat ter r a t i o .  
f o r  uniform s h a f t s  of t y p i c a l  L/D and f o r  t yp ica l  steels of shear  s t rength  T. 

To i l l u s t r a t e ,  Figure 13 shows t h a t  % / E 1  < 0.5 

Besides the  va lue  of TTJEI, t h e  mode shape is t h e  most important f a c t o r  i n  
determining t h e  s e n s i t i v i t y  of a r o t o r  t o  torquewhirl. 
t he  misalignment of t he  tangent ia l  torque vec tors  applied a t  d i f f e r e n t  a x i a l  
loca t ions  along t h e  ro to r ,  and a l s o  has a l a r g e  inf luence on another important 
f ac to r ,  t h e  r a t i o  of torque t o  damping. 
of bearing damping, s ince  bearings located near nodal po in ts  can make l i t t l e  
contr ibut ion t o  the  system damping. 

The mode shape determines 

The mode shape determines t h e  e f fec t iveness  

The sense of t h e  torques (pos i t i ve  o r  negative) relative t o  the  d i r e c t i o n  of 
s h a f t  speed determines t h e  d i r ec t ion  of whir l .  For a cant i levered  r o t o r  with load 
torque applied along the  axis of the  overhung disk,  pos i t i ve  torque (e.g., a turb ine)  
produces backward whir l ,  and negat ive torque (e.g., a compressor) produces forward 
whi r l  (provided t h e  r a t i o  of torque t o  damping is high enough). 

For a multi-disk ro tor ,  t h e  s i t u a t i o n  i s  similar, but  more complex. Figure 14 
shows the  mode shapes f o r  two d i f f e r e n t  configurat ions,  each with two disks .  Con- 
f igu ra t ion  A has both d i sks  inboard of t h e  bearings,  while  configurat ion B has one 
of t h e  d isks  overhung. 

Figure 15 shows t h e  e f f e c t  of torque on t h e  s t a b i l i t y  of t h e  four  n a t u r a l  wh i r l  
frequencies.  
I n  each case, one d isk  is a d r ive r  (e.g., tu rb ine)  and t h e  o ther  is  a load (e.g., 
compressor). 

Damping is omitted and TL/EI > 1 t o  maximize the  torque-whirl e f f e c t .  

Case B has t h e  load torque on t h e  overhung wheel. 

Without torqueo both cases (Al, B1) have zero logarithmic decrements as 
expected. With torque, t h e  logarithmic decrement of case A2 is l i t t l e  changed, 
bu t  case B2 is des tab i l ized  i n  forward wh i r l  (F) and s t a b i l i z e d  i n  backward 
whi r l  (B). The opposi te  torques have a cancel l ing e f f e c t  on t h e  symmetric r o t o r  
A, bu t  d e s t a b i l i z e  case B due t o  t h e  unsymmetric mode shape. 

A torquewhirl ana lys i s  of several ex i s t ing  turbomachines has  been conducted. 
In  most cases torque w a s  found t o  be  a second order  effect when compared t o  t h e  
des t ab i l i z ing  inf luences from f luid-f i lm bearings,  seals, and Alford-type forces  
[12]. 
o r  [13], and the  High Pressure Oxygen Turbopump used i n  the  NASA Space Shu t t l e  
engine [ 10,141. 

Two examples of t h e  machines analyzed are an eight-stage cen t r i fuga l  compress- 

There are, however, po ten t i a l  exc-tions such as t h e  single-stage overhung 
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cent r i fuga l  compressor i l l u s t r a t e d  i n  Figure 16. This machine is  representa t ive  of 
t he  general  type described i n  reference [15]. Although the  numerical values  used i n  
the  rotordynamic model w e r e  approximated by sca l ing  a drawing, they are believed t o  
be realist ic.  In  t h i s  case it  w a s  found t h a t  a t  least 12% of cri t ical  damping is  
required t o  suppress rotordynamic i n s t a b i l i t y  from load torque alone. 

Whirl i n s t a b i l i t i e s  i n  turbomachines are o f t en  caused by several des t ab i l i z ing  
inf luences ac t ing  i n  concert  [12], so t he  torquewhirl e f f e c t  should be added i n  
any case t o  improve the  accuracy of predicted threshold speeds and loads. The 
s tud ie s  referenced here  have shown t h e  torquewhirl e f f e c t  t o  be much more pronounced 
on a system which is already unstable  than on an  otherwise s t a b l e  system. This 
helps  t o  explain why marginally s t a b l e  turbomachines have been observed t o  be very 
s e n s i t i v e  t o  t h e  load. 

Computer Modeling of Torque Effec ts  

Most computer programs f o r  rotordynamic s t a b i l i t y  ana lys i s  are based on t h e  
t r ans fe r  matrix method [13,16], while o thers  use  a c h a r a c t e r i s t i c  matrix [17] 
based on e i t h e r  s t i f f n e s s  o r  f l e x i b i l i t y  elements t o  model t h e  elastic s h a f t  forces  
and moments. 

The f l e x i b i l i t y  matrix approach with torque e f f e c t s  included is  i l l u s t r a t e d  i n  
a companion by the  authors [ 111 and i n  reference [ 103 . 

t h  The t r ans fe r  matrix f o r  a s h a f t  sec t ion ,  o r  elastic element of the  n 
s t a t ion” ,  with torque included is given by I1 

‘13 
0 1 0 a c21 

~ 0 0 0 0 0  1 0 O I  

‘5 2 ‘53 0 0 
0 c51 

0 0 
0 c61 ‘6 2 ‘6 3 

R 

n 

where t h e  state var iab les  are defined by Figure 17 and the  C are as follows: 
ij 
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Cll = C22 = E(% - ET sin y> 

c12 = -c21 

c = c24 = Cg1 = c42 

C14 = -C23 = C32 = -C 

e33 = c44 = (i) sin y 

13 

= 5 sin y - - 41 T 
(3)  

c34 = -c43 =($)(cos y - 1) 

= ET sin y '51 = '62 

= cos y '53 = '64 

=--sin y 
63 

c = -c 
54 

2 where E = EI/T and y = TL/EI. 

In more compact form, Eq. (2) becomes 

where 

{X}L+l = state vector on the left side of station n + 1 
R 

{X}, = state vector on the right side of station n 

[T-1 = transfer matrix for the shaft section between 

The destabilizing effect of load torque on a rotating machine, to produce non- 
synchronous whirl, has been demonstrated experimentally. 

Analytical studies have shown that whirl instability due to torque alone' 
requires a high ratio of torque to damping and a 
misaligns the driving and driven torque vectors 
combination of conditions are usually not obtained in most contemporary turbo- 
machines, but load torque can have a significant effect when combined with other 
destabilizing mechanisms. The type of machine most sensitive to torquewhirl was 
found to be the single-overhung wheel on a flexible shaft with negative work load 
(i.e., compressor). 

rling mode shape which 
respect to each other. This 

.- 
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The des t ab i l i z ing  e f f e c t  of torque can be incorporated i n t o  the  s h a f t  t r a n s f e r  
matrices used i n  most contemporary computer programs 
ana lys i s ,  but  a nonlinear ana lys i s  i s  required t o  explain the  e f f e c t  of torque 
which exceeds the  threshold value. 

f o r  rotordynamic s t a b i l i t y  
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Figure 1. - Rigid-shaft mcdel fran Reference C81. 
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I! 
Figure 2. - Cantilevered rotor with flexible shaft. 
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Figure 3. - Test rig.  
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Figure 4. - Sketch of test rig. 
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Figure 5. - Cross section of housing. 
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Figure 6. - Time danain data without load torque (2.2 percent damping; 1000 rpm). 
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Figure 7. - Frequency daMin data without load torque (2.2 percent w i n g ;  lo00 rpm). 
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Figure 8. - Time daMin data with load torque (2.2 percent dwping; lo00 rpn). 
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Figure 9. - Frequency danain data with load torque (2.2 percent danping; loo0 rpm). 
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Figure 10. - Time domain data without load torque (5.2 percent danping; loo0 rpm). 
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Figure 11. - Time damin data with load torque (5.2 percent damping; lo00 rpm). 
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Figure 12. - Time danain data as rotor speed and torque increased continuously. 
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SLENDERNESS R A T I O  a m )  
Figure 13. - Dimensionless torque term versus slenderness ratio. 

(a) l4odels. (b) First mode. (c) Second mode. 

Figure 14. - Two disk models and their first and second modes. 
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Figure 15. - Effect of tangential torque on stability of two-disk rotors. 

Figure 16. - Singlestage overhung canpressor. 
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(b) 

(a) xz-plane. (b) yz-plane. 

Figure 17. - Sign convention for nth shaft section. 
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