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Joseph F .  LubomsLi 
NASA Lewis Research Lpn te r  

L leveldr ld ,  Ohio 4 4 1 ~ ~  

A b s t r a c t  

Data r e l e v a n t  t o  s e v e r a l  t ypes  of a e r o e l a s t i c  
i n s t a b i l i t i e s  have been o b t a i n e d  iusirig severa l  
t ypes  o f  t u r b o j e t  and t u r b o f a n  engines. I n  par -  
t i c u l a r  d a t a  r e l a t i v e  t o  separa ted  f l o w  ( s t a l l )  
f l u t t e r ,  choke f l u t t e r ,  and system mode i n s t a b i l i -  

"7 t i e s  a r e  presented.  [he unq iue  c h a r a c t e r i s t i c s  of 
w these  i n s t a b i l i t i e s  a r e  d iscussed,  and a  number o f  

c o r r e l a t i o n s  a r e  p resen ted  t h a t  h e l p  i d e n t i f y  t h e  
n a t u r e  o f  t h e  phenomena. 

I n t r o d u c t i o n  

Requirements f o r  h igt i -per formance a i r c r a f t  
eng ines  w i t h  h i g h  th rus t - to -we igh t  r a t i o s  hdve 
r e s u l t e d  i n  t h e  n e c e s s i t y  t o  improve t t i e  s t a t e  of 
t h e  a r t  o f  severa l  d i s c i p l i n e s  assoc id ted  w i t h  
turbomachinery.  One o f  these  i s  a e r o e l a s t i c i t y .  
The need f o r  l~nprovement i n  t h i s  d i s c i p l i n e  has 
l e d  t o  government e f f o r t s  i n  a s s o c i a t i o n  w i t h  i n -  
d u s t r y  t o  improve t h e  unders tand ing  o f  a e r o e l a s t i c  
phenomena such as f a n  o r  compressor f l u t t e r .  One 
such e f f o r t  i s  t h e  f l u t t e r  research  done on f u l l -  
s c a l e  engines i n  t h e  J o i n t  NASAIUSAF Engine System 
Research (ESR) program. 

The ESR t e s t s  a r e  conducted i n  t h e  a l t i t u d e  
chamber f a c i l i t i e s  a t  t h e  NASA Lewis Research 
Center. These f a c i l i t i e s  p r o v i d e  f o r  engine t e s t -  
i n g  w i t h  a  wide v a r i e t y  o f  s imu la ted  f l i g h t  cond i -  
t i o n s ,  t h u s  p e r m i t t i n g  v a r i o u s  t ypes  of f l u t t e r  t o  
be s tud ied .  Data r e l a t i v e  t o  separated- f low f l u t -  
t e r ,  choke f l u t t e r ,  and system mode i n s t a b i l i t i e s  
have been ob ta ined .  These d a t a  hdve been v d l i -  
dated, reduced, and dndlyzed and a r e  now p a r t  of a  
b road  d a t a  bank, and a d d i t i o n a l  programs d r e  i n  
p rogress  t o  supplement and expand t h i s  d a t a  bank. 
E a r l y  f i n d i n g s  f r o m  t h e  d d t a  have been p resen ted  
by t h e  au thor .1  The p resen t  paper rev iews  some 
o f  t h e  e a r l y  r e s u l t s  and updates ttierr~ w i t h  recen t  
r e s u l t s .  

Types o f  A e r o e l a s t i c  I n s t a b i l i t i e s  

i n  Turbomachinery 

A e r o e l a s t i c  i n s t a b i l i t i e s  ( f l u t t e r )  i n  t u r b o -  
machinery have f i v e  d i s t i n c t  types.d These a r e  
as f o l l o w s ,  w i t h  t h e i r  l o c a t i o n s  r e l a t i v e  t o  a  fan  
o r  compressor map b e i n g  shown i n  f i g u r e  1: 

has been i n  use f u r  a  number o f  years.  I t s  ety-  
mology i s  based on t h e  f a c t  t h a t  t h e  phenomenon 
was f i r s t  observed t o  occur  near  s t a t i c  s t a l l  on 
s i n g l e  a i r f o i l s  and was assoc ia ted  w i t h  f l o w  sepa- 
r a t i o n  a t  l a r g e  angles of a t tack .  The use o f  t h i s  
nomenclature has been c a r r i e d  over  i n t o  tu rbo-  
machinery a c r o e l a s t i c i t y  and has l e d  t o  some mis- 
concept ions.  A t  a  " s t a l l  f l u t t e r "  boundary i n  
turbomachinery t h e  r o t o r  o r  s t a t o r  row i s  n o t  i n  
cascade s t a l l .  Lascade s t a l l  would a n n i h i l a t e  t h e  
i n s t a b i l i t y .  A l though most commonly seen i n  t h e  
s t a l l  regime near t h e  s t a l l  l i n e  r e l a t i v e  t o  a  fan  
o r  compressor map, t h i s  i n s t a b i l i t y  can a l s o  occur  
i n  t h e  choke regime near t h e  choke l i n e .  The l a t -  
t e r  i s  c h a r a c t e r i z e d  by n e g a t i v e  inc idence  angles 
and f l o w  separa t ion  near  t h e  lead ing  edge on t h e  
p ressure  sur fdce of t h e  cambered a i r f o i l .  10 
avo id  any misconcep t ions  t h i s  phenomenon i s  desig-  
na ted  separated-f low f l u t t e r  i n  t h i s  paper. 

The f requency of separated- f low f l u t t e r  has 
been found t o  be near  b u t  n o t  n e c e s s a r i l y  equal  t o  
one o f  t h e  f i r s t  t h r e e  n a t u r a l  f r e q u e n c i e s  o f  t h e  
b lade  ( f i r s t  bending, second bending, o r  f i r s t  
t o r s i o n ) .  Both p o s i t i v e  and nega t i ve  inc idence  
separated-f low f l u t t e r  e x h i b i t  a  h y s t e r e s i s  e f f e c t  
i n  r e c o v e r y  s i m i l a r  t o  t h a t  o f  r o t a t i n g  s t a l l  and 
cdscdde s t a l l .  A  c o n s i d e r a b l e  amount o f  d a t a  has 
been ob ta ined  on t h i s  t y p e  o f  i n s t a b i l i t y  i n  t h e  
ESK program. 

Choke f l u t t e r  has been found t o  occur  near  
t h e  choke l i n e  a t  sma l l  p o s i t i v e  o r  n e g a t i v e  va l -  
ues of i nc idence  w l t h  no ev idence o f  f l o w  separa- 
t i o n  b u t  w i t h  ev idence o f  p a r t i a l  chok ing  i n  t h e  
cascade passage. The f requency  a g a i n  i s  near  b u t  
n d t  n e c e s s d r i l y  equal  t o  a  b lade  n a t u r a l  f r e -  
quency. A l l  t h e  choke f l u t t e r  d a t a  o b t a i n e d  i n  
t h e  ESH program have been r e s t r i c t e d  t o  t h e  f i r s t  
fundamental mode, f i r s t  bending. 

Nu d a t a  r e l a t i v e  t o  e i t h e r  h igh-backpressure 
o r  low-backpressure superson ic  f l u t t e r  have been 
o b t a i n e d  i n  t h e  ELK proyram t o  date.  Bo th  o f  
these  i n s t a b i l i t i e s  a r e  b e l i e v e d  t o  be shock- 
induced o r  shock-associated i n s t a b i l i t i e s  and a r e  
d iscussed  i n  d e t a i l  by Adamczyk.j 

Supersonic s t a l l  f l u t t e r  i s  t h e  t e r m i n o l o g y  
a p p l i e d  t o  an i n s t a b i l i t y  observed i n  t h e  s t a l l  
regime near t h e  supersonic p o r t i o n  o f  t h e  s t a l l  
l i n e  o f  a  fan  o r  compressor. U n t i l  r e c e n t l y  t h e r e  
was i n s u f f i c i e n t  d a t a  t o  p r o p e r l y  c h a r a c t e r i z e  
t h i s  i n s t a b i l i ~ y .  However, r e c e n t  d a t a  o b t a i n e d  
i n  t h e  ESR proqram and i n  o t h e r  j o i n t  USAFINASA 
programs have ihown t h i s  f l u t t e r ~ t o  be u n l i k e  

I - S u b s o n i c l t r a n s o n i c  s t a l l  f l u t t e r  
I 1  - Choke f l u t t e r  separated- f low f l u t t e r  i n  c h a r a c t e r .  Rather ,  some 

111 - Low-back-pressure supersonic f l u t t e r  c h a r a c t e r i s t i c s  o f  t h i s  i n s t a b i l i t y  a r e  much t h e  

I V  - High-back-pressure supersonic f l u t t e r  same as those  observed i n  t h e  coup led  b lade-shroud 

V - Supersonic s t a l l  f l u t t e r  system mode i n ~ t a b i l i t y . ~  T h i s  leads t o  t h e  
s u ~ ~ o s i t i o n  t h a t  t h i s  ohenomenon mav be assoc ia ted  

~ubsonicitransonic stall flutter w a s  the most w i t h  system mode i n s t a b i l i t i e s .   or unshrouded 
b lades  i t  was observed t h a t  t h e  f requency  was near  commonly found  a e r o e l a s t i c  i n s t a b i l i t y  i n  t u r b o -  
the blade-alone f irst bending frequency. For machinery b e f o r e  t h e  development o f  shrouded and 

high-tip-speed fans.  It occurs near the shrouded b lades  t h e  i n s t a b i l i t y  occurs  i n  a  cou- 

stdl line at large positive incidence angles in  p l e d  mode, u s u a l l y  a  c o u p l i n g  of f i r s t  bending and 

c o n j u n c t i o n  w i t h  c o n s i d e r a b l e  f l o w  s e p a r a t i o n  on f i r s t  t o r s i o n .  

t h e  s u c t i o n  su r face  o f  t h e  a i r f o i l  over  p a r t  of 
t h e  o s c i l l a t o r y  c y c l e .  The te rm " s t a l l  f l u t t e r "  



Based o n  r e c e n t  developments, t h e  c l a s s i f  i ca -  
t i o n  o f  a e r o e l a s t i c  i n s t a b i l i t i e s  s e t  f o r t h  i n  
f i g u r e  1 a r e  be ing  r e v i s e d  as shown i n  f i g u r e  2.  
The f o l l o w i n g  d e f i n i t i o n s  app ly  t o  any f u r t h e r  
d i s c u s s i o n s  i n  t h i s  paper. 

(1) Separated- f low f l u t t e r  - P r e v i o u s l y  
r e f e r r e d  t o  as s u b s o n i c l t r a n s c n i c  s t a l l  f l u t t e r .  
T h i s  t y p e  o f  i n s t . a b i l i t y  can occur  w l t h  i s o l a t e d  
a i r f o i l s  as w e l l  as w i t h  cascaded a i r f o i l s .  The 
i n s t a b i l i t y  i s  assumed t o  be dependent on t h e  
l o c a t i o n  o f  t h e  f l o w  s e p a r a t i o n  p o i n t .  It can  be 
o n  e i t h e r  t h e  p ressure  o r  s u c t i o n  su r face  and t h u s  
can occur  a t  e i t h e r  p o s i t i v e  o r  n e g a t i v e  i n c i d e n c e  
and n o t  n e c e s s a r i l v  near  t h e  s t d l l  l i n e .  

( 2 )  Choke f l u t t e r  - An i n s t a b i l i t y  o c c u r r i n g  
i n  cascades o p e r a t i n g  w i t h  p a r t i a l  o r  f u l l  chok- 
ing.  The mechanism o f  t h i s  i n s t a b i l i t y  i s  n o t  
understood.  A  passage resonance phenmenon i n  con- 
j u n c t i o n  w i t h  m a r g i n a l  aerodynamic damping i s  a  
p o s s i b i l i t y .  

( 3 )  System mode i n s t a b i l i t i e s  - A c l a s s  o f  
i n s t a b i l i t i e s  dependent on a  un ique  c o u p l i n g  o f  an 
aeromechanical system t o  assume a  s t r u c t u r a l  sys- 
tem mode i n  an unsteady aerodynamic f i e l d  whereby 
a  n e t  p o s i t i v e  aerodynamic work ( n e g a t i v e  darnplng: 
i s  i n p u t  t o  t h e  system o v e r  t h e  o s c i l l d t o r y  
cyc le .  I n  a c t u a l  engines w i t h  i n h e r e n t  system 
a s y m e t r y  t h e  aeromechanical systenl must be con- 
s i d e r e d  as a  mistuned system. I n t e r b l a d e  coup l -  
ing, e i t h e r  aerodynamic o r  mechanical ,  i s  essen- 
t i a l .  The i n s t a b i l i t y  f requency  can be, b u t  need 
n o t  be, near  o r  a s s o c i a t e d  w i t h  a  b lade-alune 
n a t u r a l  mode. 

( 4 )  High-backpressure supersonic f l u t t e r  - As 
d e f i n e d  i n  Feference 3. 

( 5 )  Low-backpressure superson ic  f l u t t e r  - As 
d e f i n e d  i n  r e f e r e n c e  3. 

Apparatus and l n s t r u o ~ e n t a t i o n  

I n  t h e  ESK f l u t t e r  program, t h r e e  d i f f e r e n t  
engines have been used t o  date,  and t h e  i n s t a l l a -  
t i o n  o f  these i n  t h e  a l t ~ t u d e  chambers i s  shown i n  
f i g u r e s  3, 4, and 5. The types  of engines used 
were 

(1) A m u l t i s t a g e ,  shrouded-fan, t u r h o f a n  
engine 

( 2 )  A s t r a i g h t  t u r b o j e t  engine 
( 3 )  A  s i  ngle-stage, unshrouded-f an, t u r b o f a n  

engine 

The f i r s t  two engines were t e s t e d  e x c l u s i v e l y  t o  
o b t a i n  aeromechanical da ta  and were t h o r o u g h l y  
ins t rumented  f o r  t h a t  purpose. The in3 t rumenat1on  
used i s  d iscussed  i n  d e t a i l  i n  two r e f e r e n c e s . l . 5  

The t h i r d  eng ine  t e s t e d  wds p a r t  o f  a  p ropu l -  
s i o n  techno logy  program and was be ing  aeromechani- 
c a l l y  mon i to red  o n l y  f o r  s a f e t y  purposes. Some 
mean ing fu l  a?romechanical  d a t a  were f o r t u i t o u s l y  
o b t a i n e d  f rom t h i s  t h i r d  eng ine  t e s t  s e r i e s .  The 
p r i n c i p a l  aeroemechanical i n s t r u m e n t a t i o n  on t h i s  
eng ine  was an adequate amount of s t r a i n  gages on 
t h e  f a n  s tage  and some s t a t o r s  and t h e  Photo- 
e l e c t r i c  Scanning ( P E S )  Systemb on t h e  f a n  s tage  
alone. The l a t t e r  apparatus i s  an e l e c t r o - o p t i c a l  
system t h a t  uses f i b e r  o p t i c  bundles t o  c a p t u r e  

r e f l e c t e d  l i g h t  f rom b lade  t i p s .  By u s i n g  once- 
p e r - r e v n l u t i o n  and once-per-blade speed s i g n a l s  as 
a  t i m e  i c f e r e n c e  t h e  t i m e  each b lade  passes a  
f i x e d  sensor can  be measured. If t h e  t i m e  i s  n o t  
c o n s t a n t  t h e  b lade  i s  undergoing a  n o n i n t e g r a l  
d isp lacement ,  which i s  determined f r o m  eng ine  
speed and t i p  speed. Each and e v e r y  b lade  i s  
e s s e n t i a l l y  be ing  mon i to red  s imu l taneous ly .  T h i s  
system was developed by t h e  I n s t r u m e n t a t i o n  
Research and Development Branch a t  t h e  Lewis 
Research Center and has become an ex t reme ly  u s e f u l  
m o n i t o r i n g  and d a t a  systern i n  aeromechanical r e -  
search. 

R e s u l t s  and D i s c u s s i o n  

I n s t a b i l i t y  d a t a  r e l a t i v e  t o  t h r e e  d i s t i n c t  
t ypes  o f  a e r o e l a s t i c  phenomena have been o b t a i n e d  
i n  the ESR program. These a r e  

( I )  Separated- f low f l u t t e r  
( 2 )  System mode i n s t a b i l i t i e s  
( 3 )  Choke f l u t t e r  

Each t y p e  has been found  t o  possess u n ~ i u e  chdr-  
a c t e r i s t i c s  t h a t  a i d  i n  i t s  i n d e n t i f i c a t i o n  and 
a s s i s t  i n  improv ing  unders tand ing  o f  t h e  phenom- 
ena. These c h a r a c t e r i s t i c s  a r e  d iscussed  i n  
d e t a i l .  

Note t h a t  i n  o r d e r  t o  o b t a i n  these  data, i t  
was necessary i n  e v e r y  case t o  o p e r a t e  t h e  eng ine  
e i t h e r  o f f - schedu le  o r  o u t s i d e  of t h e  normal 
f l i g h t  envelope. I n  no case was i t  p o s s i b l e  t o  
encounter  any i n s t a b i l i t y  on a  p r o d u c t i o n  eng ine  
w i t h i n  t h e  normal f l i g h t  envelope o r  on schedule. 

"F low Separa t ion"  F l u t t e r  

T h i s  i n s t a b i l i t y  i s  commonly r e f e r r e d  t o  as 
subsonic s t a l l  f l u t t e r ,  which i n  turbomachinery i s  
a  misnomer t h a t  has l e d  t o  some misconcep t ions  
concerning t h e  n a t u r e  o f  t h i s  i n s t a b i l i t y .  T l i i s  
i n s t a b i l i t y  was f i r s t  observed ad s t u d i e d  i n  de- 
t a i l  on i s o l a t e d  a i r f o i ~ s . ~ . ~  The r e s u l t s  o f  
these  s t u d i e s  I c d  t o  t n e  c o n c l u s i o n  t h a t  t h e  b a s i c  
cause f o r  t h i s  i n s t a b i l i t y  was "aerodynamic hy- 
s t e r e s i s "  assoc ia ted  w i t h  t h e  behav io r  o f  t h e  
separdted f l o w  t h a t  occurs  as a i r f o i l  dynamic 
s t a l l  i s  approached. 

[he p r i n c i p a l  c h a r a c t e r i s t i c s  un ique  t o  t h e  
f l o w - s e p a r a t i o n  f l u t t e r  observed i n  t h e  ESR pro-  
grams are 

(1) i n s t a b i l i t y  onset  i s  preceded by a  p e r i o d  
o f  u s u a l l y  low- leve l  f l o w  s e p a r a t i o n  v i b r a t i o n s  
observed on s t r a i n  gages around t h e  e v e n t u a l  f l u t -  
t e r  f requency.  

(1) H t  f l u t t e r  onse t  t h e r e  i s  l i t t l e  c o u p l i n g  
between b lades  ds observed from l i g h t  prqbe and 
s t r a i n  gage da ta .  There can be two o r  more f l u t -  
t e r  f r e q u e n c ~ e s  on a s tage s i ~ ~ ~ u l t a n e o u s l y .  and 
b lade- to -b lade  amplitudes vary.  

( 3 )  The observed f l u t t e r  f requency was found  
t o  be a  un ique  f u n c t i o n  of s tage  i n l e t  p r e s s u r e  
and temperature.  

( 4 )  The f l u t t e r  f requency  d i d  n o t  va ry  as t h e  
b lade  amp l i tude  increased.  



I n  every case o f  separated-f low f l u t t e r  observed 
t o  da te  i t  has been p o s s i b l e  t o  a n t i c i p a t e  t h e  
onset  o f  t h i s  i n s t a b i l i t y  by observ ing a  f l o w  
separa t ion  v i b r a t i o n  response i n  t he  f l u t t e r  mode 
on blade-or vane-mounted s t r a i n  gages. The l e v e l  
o f  t h i s  response was found t o  vary  f r o ~ i l  s tage t o  
stage and a l so  as stage i n l e t  cond i t i ons  va r i ed  on 
any p a r t i c u l a r  engine. I n  some cases the f l o w  
separa t ion  response would be r e l a t i v e l y  low, 
'10 MPa (f1.4 k s i ) ,  a t  i n s t a b i l i t y  development 
j u s t  before lock ing  i n  on a  s i ngu la r  b lade f l u t t e r  
frequency. At o t h e r  t imes i t  was poss i b l e  t o  see 
f l o w  separa t ion  v i b r a t i o n s  as h i gh  as *30 MPa 
(*4.3 k s i )  before t h e  i n s t a b i l i t y  locked i n t o  a  
s i ngu la r  f l u t t e r  frequency. I n  one instance, a t  
m a r g i n a l l y  s t ab l e  stage i n l e t  cond i t i ons  of pres-  
sure and temperature, f l o w  separa t ion  v i b r a t i o n s  
of *10 MPa (*lo k s i )  i n  t o r s i o n  were observed 
around a  f requency assoc ia ted  w i t h  a  p rev ious  
f l u t t e r  mode. The i n s t a b i l i t y  never developed 
i n t o  a  unique s i n g u l a r  f l u t t e r  f requency because 
r o t a t i n g  s t a l l  was encountered. Th is  changed t h e  
r o t o r  b lade response t o  a  f i r s t  bending mode f rom 
a  f i r s t  t o r s i o n  mode. Ro ta t i ng  s t a l l ,  cascade 
s t a l l ,  and probab ly  any o the r  s t r ong  and sus ta ined 
extraneous impulse appears t o  be ab le  t o  ann ih i -  
l a t e  separated-f lcw f l u t t e r .  Flow separa t ion  
v i b r a r t i o n s  t h a t  have been observed away f rom a  
known i n s t a b i l i t y  commonly e x c i t e  t he  f i r s t  bend- 
i n g  mode. The f a c t  t h a t  i n  t h i s  case t h e  t o r s i o n -  
a l  mode was e x c i t e d  near a  known t o r s i o n a l  i n -  
s t a b i l i t y  tends t o  support  the  hypothesis t h a t  
t h i s  t ype  o f  i n s t a b i l i t y  i s  a f f e c t e d  by f low- 
separa t ion  e f f ec t s .  

Stage i n l e t  c o n d i t i o n  e f f e c t s  were observed 
w h i l e  mon i to r ing  a  t u rbo fan  engine w i t h  a  s i n g l e - .  
s tage unshrouded fan  and v a r i a b l e  i n l e t  guide 
vanes. A t  a  cambered v a r i a b l e  geometry se t t i ng ,  
separated-f low f l u t t e r  i n  f i r s t  t o r s i o n  was found 
a t  p a r t  speed near t h e  s t a l l  l i n e  and a t  p o s i t i v e  
inc idence.  Pronounced low separa t ion  v i b r a t i o n s  
i n  f i r s t  t o r s i o n  were observed f i r s t .  As the  
s t a l l  l i n e  was approached a t  cons tan t  co r rec ted  
speed t he  magnitude of these v i b r a t i o n s  increased 
up t o  '35 MPa (*5 k s i )  be fo re  t h e  i n s t a b i l i t y  
developed i n t o  a  s i n g l e  unique f requency i n  f i r s t  
t o r s i o n .  When t he  i n s t a b i l i t v  d i d  d e v e l o ~ .  t h e  
number of  b lades s e r i o u s l y  a f f e c t e d  as observed 
f rom PES system data  was smal l .  There was very  
1  i t t l e  aerodynamic coupl  i ng  between blades over  
t h e  whole r o t o r  assembly. A few blades were i n  
f l u t t e r  a t  r e l a t i v e l y  l a r g e  amplitudes, b u t  t h e  
m a j o r i t y  were b a r e l y  o s c i l l a t i n g .  When t h e  v a r i -  
ab l e  i n l e t  guide vanes were changed f r om  the  c a w  
bered p o s i t i o n  t o  a  s e t t i n g  t h a t  would inc rease 
b lade inc idence,  about a  2 degree inc rease i n  
p o s i t i v e  inc idence,  and t he  i n s t a b i l i t y  was ap- 
proached again a t  constant  co r rec ted  speed, sev- 
e r a l  d i f f e r e n t  e f f ec t s  were observed. The p e r i o d  
of observed f l o w  separa t ion  v i b r a t i o n s  was sho r t -  
ened, and t h e  ampl i tude j u s t  be fore  a  s i n g l e  
unique f l u t t e r  f requency developed was much lower 
(*15 MPa (*2.1 k s i ) ) .  I n  add i t i on ,  many more 
blades were seen t o  respond, i n d i c a t i n g  increased 
aerodynamic coup l ing .  Both se t s  of da ta  were ob- 
t a i n e d  a t  e s s e n t i a l l y  the  same i n l e t  c o n d i t i o n s  
and speed. 

As p r e v i o u s l y  mentioned t he  lack  o f  coupl  i ng  
a t  f l u t t e r  onset  has been found t o  be cha rac te r i s -  
t i c  o f  separated-f low f l u t t e r .  l h e  development of 
t h e  PES system has helped immeasurably i n  i d e n t i -  
f y i n g  t h i s  c h a r a c t e r i s t i c .  A  r ep resen ta t i ve  PES 

system d i sp l ay  i s  shown i n  f i gu res  b and I f o r  a  
t o r s i o n a l  mode i n s t a b i l i t y  i n  t he  s t a b l e  c o n d ~ t i o n  
and i n  t he  f l u t t e r  cond i t i on .  I n  t h i s  d i s p l a y  the  
arrangement of  b l i p s  i n  t he  v e r t i c a l  d i r e c t i o n  a t  
t he  center  of t he  d i s p l a y  denotes t h e  blade t i p s .  
One b l i p  f o r  each blade. F i gu re  b shows t he  
s t a b l e  cond i t i on .  The reason f o r  unevenness o r  
var iance of t he  a r ray  from the  center  o f  the  d i s -  
p l a y  i s  t h a t  b lade spacing i n  r e a l i t y  i s  never 
uni form. The h o r i z o n t a l  a x i s  i n  the  d i s p l a y  i s  
t ime. Th is  can he conver ted  t o  displacement when 
t i p  speed and angu la r  v e l o c i t y  are known. F i gu re  
7 d i sp l ays  d f l u t t e r  cond i t i on .  I f  t he  blades a r e  
being d isp laced a t  a  frequency no t  r e l a t e d  t o  an 
engine order,  t h e  a r ray  o f  b l i p s  i n  the  d i s p l a y  
w i l l  o s c i l l d t e  i n  the  h o r i z o n t a l  d i r e c t i o n .  The 
ampl i tude o f  t he  o s c i l l a t i o n  fu; each blade ( b l i p )  
can be determined f rom the  d i sp l ay .  

I n  f l u t t e r  i t  can be seen t h a t  t h e r e  i s  a  
d e f i n i t e  v a r i a t i o n  i n  ampl i tudes and t h a t  o n l y  a  
few blades i n  smal l  groups are  excessive1 
ac t i ve .  Ana lys is  o f  t he  strz in-gage da ta  1 
showed t h a t  severa l  f l u t t e r  f requenc ies  were sim- 
u l t aneous l y  p resent  and t h a t  t he  i n t e r b l a d e  phase 
angles var ied .  For those da ta  p o i n t s  w i t h  we l l -  
developed f l u t t e r  ( i .e . ,  t he  ex is tence o f  a  s i n -  
g le ,  unique blade f l u t t e r  f requency) t he  coherence 
o f  t.he time-averaged phase angles was exce l l en t .  
Nominal ly  32 averages are  used i n  a ~ a l y z i n g  f l u t -  
t e r  data. Thus, a l though t he  i n t e r b l a d e  phase 
angle va r i ed  f rom blade t o  blade, i t  remained 
e s s e n t i a l l y  constant  tempora l l y  between any two 
blades. F l ee to r9  has r epo r t ed  s i m i l a r  r e s u l t s  
w i t h  respect  t o  separated-f low f l u t t e r .  These 
c h a r a c t e r i s t i c s  a re  the  e f f e c t  of aeromechanical 
m is tun ing ,  which i n  p r i n c i p a l  i s  s i m i l a r  t o  t h e  
e f f e c t s  o f  s t r u c t u r a l  m is tun ing  on r o t o r  b lade 
mechanical v i b ra t i ons10  o n l y  w i t h  the  e f f e c t  o f  
aerodynamic v a r i a t i o n s  inc luded.  F l u t t e r  and 
o the r  ae roe las t i c  phenomena encompass t he  i n t e rac -  
t i o n  of aerodynami-, e l a s t i c ,  and i n e r t i a ,  
forces. Mechanical v i b r a t i o n s  encompass o n l y  t he  
i n t e r a c t i o n  o f  elastic and i n e r t i a  fo rces .  Wi th  
respec t  t o  turbomachinery, no te  t h a t  t he  aero- 
dynamic environment can have a  profound e f f e c t  on 
t he  dynamic response i n  severa l  ways, most no tab l y  
as a  damping source and as an e x c i t a t i o n  source. 

F l e e t e r  d l so  noted, w i t h  respec t  t o  
separated-f low f l u t t e r ,  t h a t  w i t h  deep p e n e t r a t i o n  
i n t o  t he  i n s t a b i l i t y  zone severa l  i n t e r e s t i n g  
observa t ions  occurred. A s i n g l e  f l u t t e r  f requency 
became predominant on a l l  t he  blades, and t he  
i n t e r b l a d e  phase angle between blades tended t o  
become uni form. I n  essence t h e  r o t o r  was coup l i ng  
and an aeromechanical system mode was developing 
t h a t  was symmetrical. Several  a t tempts  were made 
i n  t h e  ESR programs t o  d r i v e  deep i n t o  t he  f l u t t e r  
zone t o  achieve the  same r e s u l t s ,  bu t  these were 
always aborted because o f  a  s t r e s s  l i m i t .  

szechenyil l  has hypothesized t h a t  i n t e r -  
b lade coup l i ng  i s  no t  a  necessary c o n d i t i o n  f o r  
t he  development o f  separated-f low f l u t t e r .  The 
da ta  and observa t ions  be ing  ob ta ined i n  t he  ESR 
program tend t o  support  t h i s  hypothesis.  I n t u i -  
t i v e l y  t h i s  hypothesis i s  reasonable. Separated- 
f l o w  f l u t t e r  occurs  w i t h  i s o l a t e d  a i r f o i l s .  Thus 
cascading i s  no t  a  fundamental f a c t o r .  However, 
there  i s  s u f f i c i e n t  evidence i n  t he  l i t e r a t u r e  t o  
support  t he  f a c t  t h a t  cascade e f f ec t s  t o  exerc ise  
a  c o n t r o l  on t he  i n s t a b i l i t y .  These e f f e c t s  have 
no t  been p a r a m e t r i c a l l y  s tud ied  i n  t he  ESR pro-  



grams, b u t  t h e r e  a r e  e f f o r t s  i n  t h e  J o i n t  
USAFINASA A e r o e l a s t i c i t y  programs i n v e s t i g a t i n g  
these  e f f e c t s . 1 2  I t  appears t h a t  t h e  fundament- 
a l  mechanism o f  separa ted- f low f l u t t e r  does n o t  
r e q u i r e  t h e  presence o f  ad jacen t  a i r f o i l s ,  b u t  
t h e i r  presence can have an e f f e c t  on t h e  unsteady 
aerodynamics. S ince  a l l  cascades a r e  i n  r e a l i t y  
aeromechan ica l l y  m is tuned  systems, o n l y  a  few 
b lades  i n  a  cascade assembly w i l l  be i n i t i a l l y  
prone t o  f l u t t e r ;  and t h e s e  few can couple,  b o t h  
aerodynamica l l y  and mechan ica l l y ,  w i t h  a  few 
ad jacen t  blades. S ince  more t h a n  one b lade  may be 
prone t o  f l u t t e r  a t  i t s  un ique  f l u t t e r  f requency 
and t h e  i n t e r b l a d e  phase ang les  around t h e  cascade 
w i l l  be nonuniform, s e v e r a l  f l u t t e r  f requenc ies  
w i l l  be i n  t h e  exper imenta l  da ta .  Beyond f l u t t e r  
onset  and i n t o  t h e  i n s t a b i l i t y  regime t h e  phenom- 
ena i n  a  m is tuned  system become complex and de- 
pendent o n  n o n l i n e a r  and cascade cons idera t ions .  

S tage  i n l e t  c o n d i t i o n s  were found  t o  have a  
s t r o n g  i n f l u e n c e  on t h e  behav io r  of separated- f low 
f l u t t e r .  l n c r e a s i n g  e i t h e r  i n l e t  p ressure  o r  
s tage  i n l e t  tempera tu re  tended t o  inc rease  t h e  
s i z e  o f  t h e  i n s t a b i l i t y  r e g i o n  on a  fan  o r  com- 
p r e s s o r  map.13 I n c r e a s i n g  stage i n l e t  p ressure  
was a l s o  found  t o  have a  s t r o n g  i n f l u e n c e  o n  t h e  
s t a b i l i t y  boundary as a  f u n c t i o n  o f  reduced ve loc -  
i t y  and inc idence .  T h i s  w i l l  be d iscussed  l a t e r .  
Stage i n l e t  p ressure  and i n l e t  temperature were 
a l s o  found  t o  have a  un ique  e f f e c t  on t h e  f l u t t e r  
f requency.  

I n c r e a s i n g  e i t h e r  s tage  i n l e t  p r e s s u r e  and 
i n l e t  tempera tu re  tended t o  decrease t h e  observed 
f l u t t e r  f requency.  T h i s  c h a r a c t e r i s t i c  was found 
t o  be unique t o  t h e  separated- f  low f l u t t e r  phenom- 
enon. Two s e t s  o f  d a t a  demons t ra t ing  t h i s  a r e  
shown i n  f i g u r e s  8 dnd 9. One s e t  of d a t a  i s  from 
a  f r o n t  f a n  s tage  t h a t  e x h i b i t e d  separated- f low 
f l u t t e r  o p e r a t i n g  i n  t h e  s t a l l  regime a t  l a r g e  
p o s i t i v e  inc idence .  The o t h e r  s e t  o f  d a t a  i s  f rom 
a  mids tage  s t a t o r  cascade o p e r a t i n g  i n  t h e  choke 
regime a t  n e g a t i v e  inc idence .  Some q u e s t i o n  s t  ill 
e x i s t s  as t o  t h e  exac t  n a t u r e  of t h e  i n s t a b i l i t y  
a f f e c t i n g  t h e  s t a t o r  stage. T h i s  s tage was oper-  
a t i n g  near  choke, a t  t h e  t i p ,  and i t  was f i r s t  
assumed t h a t  t h e  i n s t a b i l i t y  was choke f l u t t e r .  
However, a n a l y s i s  of t h e  s t r a i n  g a g e  d a t a  t e n d e d  
t o  i n d i c a t e  t h a t  t h i s  i n s t a b i l i t y  e x h i b i t e d  char-  
a c t e r i s t i c s  more l i k e  separated- f low f l u t t e r  t h a n  
choke f l u t t e r .  F low s e p a r a t i o n  was observed on 
t h e  s t r a i n  gages near  second bending b e f o r e  t h e  
development o f  t h e  i n s t a b i l i t y .  As seen i n  f i g -  
u r e  9 t h e  f l u t t e r  f requency responded t o  i n l e t  
P ressure  and tempera tu re  v a r i a t i o n s  i n  t h e  same 
manner as observed w i t h  separated- f  low f l u t t e r  i n  
t h e  s t a l l  regime. I n  a d d i t i o n ,  as seen l a t e r ,  t h e  
s t a b i l i t y  boundary as a  f u n c t i o n  o f  reduced veloc-  
i t y  and i n c i d e n c e  responded t o  i n l e t  p ressure  
variations more l i k e  separated- f low f l u t t e r  t h a n  
choke f l u t t e r .  Thus t h i s  i n s t a b i l i t y  i s  be ing  
t r e a t e d  as separated- f low f l u t t e r  a t  n e g a t i v e  i n -  
c i d e n c e  i n  t h e  choke regime. F low s e p a r a t i o n  i s  
o c c u r r i n g  a t  o r  near  t h e  lead ing  edge on t h e  p res -  
sure su r face  of t h e  a i r f o i l  i n  t h e  t i p  reg ion .  I t  
was n o t  p o s s i b l e  t o  determine if l o c a l  chok ing  may 
have p r e c i p i t a t e d  t h e  i n s t a b i l i t y .  

s t a l l  regime. A l l  t h e  s t r a i n  gage d a t a  o b t a i n e d  
i n  t h e  ESR program i s  ana lyzed  by u s i n g  s ta te -o f -  
t h e - a r t  f a s t  F o u r i e r  t rans fo rm a n a l y s i s  techn iques  
and apparatus t o  o b t a i n  a  v d r i e t y  of f l u t t e r  char-  
a c t e r i s t i c s  as a  f u n c t i o n  o f  o p e r a t i n g  parameters. 

The most f r e q u e n t l y  used parameter  i n  c o r r e -  
l a t i n g  f l u t t e r  d a t a  i s  t h e  S t r o u h a l  number, usu- 
a l l y  r e f e r r e d  t o  as e i t h e r  t h e  reduced f requency  
o r  i t s  inverse ,  reduced v e l o c i t y .  The s tandard  
f o r m  o f  t h e  l a t t e r  most commonly used i s  

where VR i s  t h e  r e l a t i v e  v e l o c i t y  a t  t h e  lead-  
i n g  edge f o r  a  s p e c i f i e d  spanwise l o c a t i o n  and c  
i s  t h e  semichord l e n g t h  a t  t h e  same spanwise loca-  
t i o n .  The most commonly used spanwise l o c a t i o n s  
are 75 and 87-112 percen t .  The f requency i s  a  
c i r c u l a r  f requency.  E i t h e r  t h e  a c t u a l  va lue  of 
t h e  c i r c u l a r  f l u t t e r  f requency  can be used, o r  t h e  
n a t u r a l  c i r c u l a r  f requency  o f  t h e  mode under con- 
s i d e r a t i o n ,  c o r r e c t e d  f o r  c e n t r i f u g a l  s t i f f e n i n g  
and b lade t e ~ n p e r a t u r e  e f f e c t s ,  can be used. The 
two a r e  seldom t h e  sarne and can  vary  as much as 5 
p e r c e n t  o r  more. The des igner  w i l l  n o r m a l l y  use 
t h e  n a t u r a l  mode f requency  bccause t h a t  i s  a l l  
t h a t  he knows beforehand.  I n  c o r r e l a t i n g  t h e  d a t a  
ob ta ined  i n  t h e  ESR programs b o t h  f requency va lues  
have been used. On an expanded s c a l e  those  c o r r e -  
l a t i o n s  u s i n g  t h e  b l a d e  n a t u r a l  c i r c u l a r  f requency  
y i e l d e d  r e s u l t s  t h a t  appeared more o r d e r l y  and 
r e f l e c t e d  known p e r t u r b a t i o n s .  The c i r c u l a r  f l u t -  
t e r  f requency i s  used when work ing  w i t h  e x p e r i -  
menta l  da ta  s i n c e  i t  r e l a t e s  t h e  a c t u a l  v i b r a t i o n -  
a l  p e r i o d  t o  t h e  passage f l o w  p e r i o d ,  p r o v i d e d  t h e  
v e l o c i t y  g r a d i e n t  th rough  t h e  passage does n o t  
v a r y  excess ive ly .  

The reduced v e l o c i t y  parameter  and t h e  i n -  
c i d e n c e  ang le  been used i n  c o r r e l a t i n g  separated-  
f l o w  f l u t t e r  based o n  e a r l y  successes w i t h  
i s o l a t e d - a i r f o i  1  f l u t t e r  da ta .  U n l i k e  i s o l a t e d -  
a i r f o i l  f l u t t e r  t h e  phenomenon i n  cascades i s  
somewhat more complex, and t h e  s imp le  c o r r e l a t i o n  
o f  reduced v e l o c i t y  ve rsus  i n c i d e n c e  has n o t  
always been as o r d e r l y  as des i red .  T h i s  i n d i c a t e s  
t h a t  o t t i e r  p a r d s ~ e t e r s   nus st be cons idered .  One of 
t h o s e  i s  s tage  i n l e t  pressure,  as no ted  by  J e f f e r s  
and ~ e e c e . l ~    he t i r s t  s e t  o f  f l u t t e r  d a t a  
c o r r e l a t e d  i n  t h e  ESR programs, w i t h  reduced 
v e l o c i t y  and i n c i d e n c e  as parameters,  were f r o m  
t h e  shrouded-fan program. I t  was found  on an ex- 
panded s c a l e  t h a t  t h e  d a t a  f e l l  i n t o  groups, w i t h  
t h e  d i f f e r e n t i a t i n g  parameter  b e i n g  i n l e t  p res -  
sure. Three d a t a  p o i n t s  f rom these  d a t a  w i t h  o n l y  
i n l e t  p ressure  as a  v a r i a b l e  a r e  d e l i n e a t e d  i n  
f i g u r e  10. 

I n l e t  temperature,  speed, and nominal  s t r e s s  
l e v e l s  i n  these  d a t a  were f o r  p r a c t i c a l  purposes 
t h e  same. As can be seen, t h e  stability boundary 
moves t o  t h e  l e f t  as i n l e t  p r e s s u r e  i s  increased.  
The same behav io r  was observed w i t h  r e s p e c t  t o  a  
m ids tdye  s t a t o r  i n s t a b i l i t y  a t  n e g a t i v e  i n c i d e n c e  
i n  t h e  choke regime, as seen i n  f i g u r e  11. I n  
these  d a t a  t h e  s h i f t  of t h e  i n s t a b i l i t y  boundary 

Another  c h a r a c t e r i s t i c  o f  t h e  f l u t t e r  f r e -  i s  more pronounced s i n c e  t h i s  i s  a  m ids taye  w i t h  a  

quency in separated-f low f lu t te r  is  t ha t  the f lu t -  much l a r g e r  s tage p ressure  d i f f e r e n t i a l  t h a n  i n d i -  
ter frequency did not vary  as  vibratory ca ted  by t h e  i n l e t  p ressure  d i f f e r e n t i a l .  The 
tude increased. As  seen later, t h i s  i s  not char- i n s t a b i l i t y  zone on a  p l o t  of reduced v e l o c i t y  as 

a c t e r i s t i c  of another  t y p e  of i n s t a b i l i t y  i n  t h e  a  f u n c t i o n  o f  i n c i d e n c e  i s  cons idered  by some t o  
be a  c losed,  bounded r e g i o n .  T h i s  appears t o  be 



l o g i c a l  if one c o n s i d e r s  t h e  c e n t e r  of t h e  r e g i o n  
t o  be a  un ique  s i n g u l a r  p o i n t  surrounded by a  
boundsd u n s t a b l e  r e g i o n  i n  which t h e  govern ing  
parameters t e n d  toward s t a b i l i t y  as t h e  boundary 
i s  approached f r o m  w i t h i n  t h e  r e g i o n .  I n  t h a t  
case i n c r e a s i n g  s tage  i n l e t  p ressure  on t h e  
govern ing  parameters tends  t o  cause t h e  zone t o  
expand. 

To d a t e  o n l y  a  l i m i t e d  amount o f  d a t a  has 
been examined i n  t h i s  r e s p e c t .  A d d i t i o n a l  d a t a  
w i l l  be examined t o  b e t t e r  d e f i n e  t h e  phenomena. 
The i m p l i c a t i o n  o f  t h i s  behav io r  i s  t h a t  an i n -  
s t a b i l i t y  boundary d e f i n e d  a t  one s tage  i n l e t  
p ressure  may n o t  be v a l i d  f o r  ano ther  s tage i n l e t  
pressure.  There a r e  o t h e r  c o n s i d e r a t i o r ~ s  t o  be 
i n v e s t i g a t e d  r e l a t i v e  t o  t h e  reduced v e l o c i t y  
parameter  - i n c i d e n c e  c o r r e l a t i o n  t h a t  have n o t  
been addressed y e t .  Examples a r e  cascade geome- 
t r y ,  r e l a t i v e  Mach number, and b lade  m a t e r i a l  den- 
s i t y .  

Choke F l u t t e r  

Choke f l u t t e r  occurs  i n  cascades w i t h  l o c a l -  
i z e d  passage chok ing  i n  an aeromechanical e n v i r o n -  
ment, as y e t  n o t  w e l l  understood,  capab le  o f  sus- 
t a i n i n g  b lade  o s c i l l a t i o n s  i n  t h e  absence o f  an 
e x t e r n a l  f o r c i n g  f u n c t i o n .  Flow i n c i d e n c e  ang les  
r e l a t i v e  t o  t h e  b lade  l e a d i n g  edge a r e  n o r m a l l y  
sma l l  and can be e i t h e r  p o s i t i v e  o r  nega t i ve .  
Loca l  Mach numbers w i l l  approach son ic  va lues  con- 
s i  s t e n t  w i t h  chok ing  requi rements.  L o c a l i z e d  
chok ing  a l o n e  i s  n o t  s u f f i c i e n t  cause f o r  choke 
f l u t t e r .  Many cascades have opera ted  near  o r  a t  
choke c o n d i t i o n s  w i t h o u t  e x h i b i t i n g  choke f l u t t e r ,  
t h u s  a  un ique  s e t  of aeromechanical c o n d i t i o n s  i s  
necessary t o  s u s t a i n  t h e  o s c i l l a t i o n s .  

The d a t a  o b t a i n e d  i n  t h e  ESR programs r e l a -  
t i v e  t o  choke f l u t t e r  e x h i b i t e d  t h e  f o l l o w i n g  
c h a r a c t e r i s t i c s :  

(1) No evidence of f l o w  s e p a r a t i o n  was ob- 
served. 

( 2 )  I n i t i a t i o n  o f  a l l  cases observed was p r e -  
c i p i t a t e d  and sus ta ined  by  extraneous b lade  p e r -  
t u r b a t i o n s  i n  t h e  f l u t t e r  mode. 

( 3 )  The observed f l u t t e r  f requency,  as i n  
separa ted- f low f l u t t e r ,  was found t o  be a  un ique  
f u n c t i o n  o f  s tage i n l e t  p ressure  and temperature.  

( 4 )  The aeromechanical ( f l u t t e r )  mode exh ib -  
i t e d  i n d i c a t i o n s  o f  system degeneracy, two d i f f e r -  
e n t  modes a t  s l i g h t l y  d i f f e r e n t  f requencies,  be ing  
a f f e c t e d  by m is tun ing .  

U s l i k e  separated- f low f l u t t e r  i t  was n o t  
p o s s i b l e  t o  a n t i c i p a t e  i n c i p e n t  choke f l u t t e r .  
A n a l y s i s  o f  s t r a i n  gage d a t a  i n  b o t h  t h e  t i m e  do- 
main and t h e  f requency  domain showed no ev idence  
of f l o w  separa t ion .  T h i s  does n o t  i n d i c a t e  t h a t  
t h e r e  was no separa t ion .  I t  does i n d i c a t e  t h a t ,  
if t h e r e  was separa ted  f l o w ,  t h e  unsteady f o r c e s  
generated were o f  i n s u f f i c i e n t  s t r e n g t h  r e l a t i v e  
t o  t h e  e l a s t i c - i n e r t i a  s t i f f n e s s  of t h e  a i r f o i l .  

A l l  cases o f  choke f l u t t e r  responded a t  a  
f requency  near  t h e  a i r f o i l  fundamental fl-equency 
o f  f i r s t  bending. A11 choke i n s t a b i l i t i e s  were 
approached by  do ing  an eng ine  a c c e l e r a t i o n  a long  

an o p e r a t i n g - l i n e .  Two r o t o r  s tages were found  
t h a t  e x h i b i t e d  t h i s  i n s t a b i l i t y ,  and i n  each case 
t h e r e  were n o t a b l e  d i f f e r e i i c e s .  111 once case t h e  
i n s t a b i l i t y  was found t o  be p o o r l y  coupled.  The 
P t S  system ( l i g h t  probes)  was ex t reme ly  u s e f u l  i n  
t h i s  case s i n c e  t h e  i n s t a b i l i t y  was l o c a l i z e a  on a  
sma l l  s e c t o r  of t h e  r o t o r  assembly away from any 
f u n c t i o n a l  s t r a i n  gages. T h i s  i s  shown i n  f i g -  
u r e s  12 t o  14. F i g u r e  12  i s  a  PES system d i s p l a y  
o f  t i re  r o t o r  i n  t h e  s t a b l e  c o n d i t i o n .  F i g u r e  13 
shows a  n o n i n t e g r a l  o r d e r  response deve lop ing  t h a t  
a f f e c t s  o n l y  a  few r o t o r  b lades;  f i g u r e  14 shows 
t h e  response deep i n t o  t h e  i n s t a b i l i t y .  The d i s -  
p lacements i n  f i g u r e  14 are la rge .  The c a l c u l a t e d  
s t r e s s e s  a r e  o f  t h e  o r d e r  of '85 MPa ('12.3 k s i ) .  
The l a r g e s t  observed s t r a i n  gage response was 
about *20 MPa ('2.9 k s i )  on a  gage near  t h e  bo t tom 
f r i n g e  area. Data were o b t a i n e d  r e l a t i v e  t o  t h i s  
i n s t a b i l i t y  a t  nominal i n l e t  p ressures  of 138 and 
103 kk'a (20 and 15 p s i a )  a t  i n l e t  tempera tu res  
between -17.7" L ( 0 '  F )  and -30' L (-20' F ) .  
A n a l y s i s  o f  these  d a t a  produced some anomalies. 
i n c r e a s i n g  i n l e t  p ressure  was found t o  be s t a b i -  
l i z i n g ,  which was cons idered  unusual .  l n t e r s t a g e  
aerodynamic d a t a  i n d i c a t e d  t h a t  t h e  s tage  t o t a l  
p ressure  r a t i o  was decreas ing  an eng ine  speed 
increased;  t h u s  t h e r e  was some p a r t i a l  chok ing  
o c c u r r i n g  i n  t h e  stage.  S t r a i n  gage d a t a  were 
ana lyzed  f rom a  few s t r a i n  gages l o c a t e d  near  t h e  
u n s t a b l e  s e c t o r .  These d a t a  i n d i c a t e d  a  f requency  
response near  f i r s t  bending t h a t  was responding t o  
v a r i a t i o n s  i n  s tage  i n l e t  p r e s s u r e s  and tempera- 
t u r e s  c o n s i s t e n t  w i t h  a  choke f l u t t e r  response. 
S t r a i n  gage d a t a  a l s o  i n d i c a t e d  a  one-per- 
r e v o l u t i o n  impulse t h a t  c o u l d  be i n t e r p r e t e d  as a  
b l a d e  rub. To c l a r i f y  these  anomalies, a d d i t i o n a l  
d a t a  p o i n t s  were acqui red.  Wh i le  a c c e l e r a t i n g  t h e  
eng ine  a long  t h e  nominal  o p e r a t i n g  l i n e  a t  i n l e t  
c o ? d i t i o n s  o f  b y  kf'a (10 p s i a )  and -17.7- L 
( 0  F ) ,  a  heavy r u b  was encountered and documented 
w i t h  t h e  PES system. Approx imate ly  70 percen t  o f  
t h e  b lades  on t h e  a f f e c t e d  r o t o r  showed a  l a r g e  
l o s s  i n  r e f l e c t i v i t y  f r o m  midchord a f t  t o  t h e  
t r a i l i n g  edge. A  s i m i l a r  response occur red  when 
t h e  d a t a  p o i n t  was repeated,  and f a r  ano ther  d a t a  
p o i n t  a t  i n l e t  c o n d i t i o n s  of 103 kPa ( 1 5  p s i a )  and 
-17.7 '  C. A t  t h i s  p o i n t  a i r  a t  ambient tempera- 
t u r e ,  n o r m a l l y  used t o  c o o l  t h e  t e s t  c e l l  f o r  
h i q h - i n l e t - t e m p e r a t u r e  t e s t i n g ,  was i n t r o d u c e d  
i n t o  t h e  t e s t  c e l l  t o  warm t h e  c e l l .  A f t e r  in; 
c r e a s i n g  t h e  t e s t  c e l l  temperature by about  20 C 
t h e  d a t a  p o i n t s  were repea ted  a t  t h e  same i n l e t  
c o n d i t i o n s  used p r e v i o u s l y .  No r u b s  n o r  i n s t a b i -  
l i t i e s  were e r~coun te red .  The ambient tempera tu re  
near  t h e  compressor cas ing  was observed t o  be 
about 18' C warmer t h a n  before.  The r e s u l t s  o f  
t h i s  l a t t e r  t e s t  s e r i e s  e x p l a i n e d  t h e  anomal ies 
observed i n  t h e  o r i g i n a l  da ta .  The i n s t a b i l i t y  
o c c u r r i n g  was choke f l u t t e r  induced by a  p e r t u r b a -  
t i o n  due t o  a  l o c a l  rub.  Wi thou t  t h e  r u b  t h e  
stage i s  s t a b l e  f o r  t h e  i n l e t  c o n d i t i o n s  t e s t e d .  
The p r i n c i p a l  c o n t r o l l i n g  parameter  was b lade  t i p  
c learance.  For  t h e  lower i n l e t  p r e s s u r e s  b o t h  
b lade  bending and c a s i n g  expansion were s m a l l e r  
and t h e  r u b  occur red  sooner, e x p l a i n i n g  why i n -  
c r e a s i n g  i n l e t  p ressure  appeared t o  be s t a b i l i z -  
i ng .  I n c r e a s i n g  c e l l  tempera tu re  and t h u s  c a s i n g  
tempera tu re  r e s u l t e d  i n  l a r g e r  t i p  c lea rances  due 
t o  c a s i n g  expansion. 

Noteworthy i n  these  d a t a  was t h e  f a c t  t h a t  
t h e  i n s t a b i l i t y  c o u l d  be induced and sus ta ined  i n  
t h e  presence of an e x t e r n a l  p e r t u r b a t i o n .  T h i s  
has, t o  date, n o t  been observed i n  separated- f low 



f l u t t e r .  A s i n g l e  e x t e r n a l  p e r t u r b a t i o n  c a n  i n -  
duce  sepa ra ted - f l ow  f l u t t e r ,  b u t  ESR p rog ram 
e x p e r i e n c e  h a s  shown t h a t  a  s u s t a i n e d  p e r t u r b a t i o n  
w i l l  r e t a r d  t h e  i n s t a b i l i t y  - as an  example, t h e  
e x p e r i e n c e  w i t h  r o t a t i n g  s t a l l  n o t e d  be fo re .  A l s o  

' i n  sepa ra ted - f  l o w  f l u t t e r ,  f r e q u e n c y  e n t r a i n m e n t  
o f  a  r e s o n a n c e  r e s p o n s e  i n  c l o s e  p r o x i m i t y  t o  t h e  
f l u t t e r  f r e q u e n c y  h a s  been  obse rved .  T h i s  ap- 
p a r e n t l y  i s  n o t  t h e  c a s e  w i t h  choke  f l u t t e r ,  as  
seen f r om a n o t h e r  s e t  o f  c h o k e  f l u t t e r  d a t a  ob- 
t a i n e d  f r om a n o t h e r  r o t o r  s tage .  On t h i s  s t a g e  
a l l  s t r a i n  gages responded  a t  t h e  same f r e q u e n c y  
b u t  w i t h  m o d e r a t e l y  v a r y i n g  b l a d e - t o - b l a d e  maximum 
a m p l i t u d e s .  The re  were no  PES sys tem d a t a  a v a i l -  
a b l e  f r om t h i s  s t a g e  because o f  i n t e r f e r e n c e  p r o b -  
lems w i t h  v a r i a b l e - g e o m e t r y  ha rdware .  A  t y p i c a l  
spec t rum o f  t h e  s t r a i n  gage r e s p o n s e  i s  shown i n  
f i g u r e  15. Common t o  a1 1 t h e  d a t a  a n a l y z e d  was 
t h e  c o e x i s t e n c e  o f  an  e n g i n e - o r d e r  b l a d e  r e s p o n s e  
i n  c l o s e  p r o x i m i t y  t o  t h e  f l u t t e r  f r e q u e n c y .  The 
f l u t t e r  f r e q u e n c y  v a r i e d  a s  a  f u n c t i o n  o f  i n l e t  
c o n d i t i o n s  and speed, b u t  a t  no t i n e  d i d  i t  v a r y  
more t h a n  '5 p e r c e n t  f r o m  t h e  e n g i n e  o r d e r .  F o r  
one s e t  o f  c o n d i t ; o n s  i t  was e s s e n t i a l l y  t h e  same 
a s  t h e  e n g i n e - o r d e r  response .  The deve lopmen t  of 
t h e  e n g i n e - o r d e r  r e s p o n s e  p receded  t h e  deve lopmen t  
o f  t h e  f l u t t e r  r esponse .  The e n g i n e - o r d e r  r e -  
sponse i s  now v iewed  a s  an  i m p o r t a n t  f a c t o r  i n  
e s t a b l i s h i n g  and s u s t a i n i n g  t h e  dynamic  c o n d i t i o n s  
n e c e s s a r y  f o r  choke  f l u t t e r .  I t  a c t s  i n  much t h e  
same way a s  t h e  b l a d e  r u b  p r e v i o u s l y  d i scussed .  
Choke f l u t t e r  i s  a  cascade  passage phenomenon 
( i . e . ,  i s o l a t e d  a i r f o i l s  a r e  n o t  p r o n e  t o  choke  
f l u t t e r ) .  Thus any dynamic  b l a d e  m o t i o n  due  t o  an 
e x t e r n a l  p e r t u r b a t i o n  w i l l  i n f l u e n c e  t h e  dynamic  
passage  geomet r y  and a f f e c t  t h e  u n s t e a d y  ae ro -  
dynamics  s u f f i c i e n t l y  t o  p r e c i p i t a t e  and s u s t a i n  
t h e  choke  f l u t t e r  i n s t a b i l i t y .  The s u s t a i n e d  
e x t e r n a l  p e r t u r b a t i o n s  o b s e r v e d  i n  t h e  ESR p r o -  
grams appear  t o  b e  n e c e s s a r y  a t  t h e  i n l e t  c o n d i -  
t i o n s  t e s t e d  t o  s u s t a i n  t h e  i n s t a b i l i t y .  

The f l u t t e r  f r e q u e n c y  i n  c h o k e  f l u t t e r ,  as  i n  
s e p a r a t e d - f l o w  f l u t t e r ,  appea rs  t o  have a  f u n c -  
t i o n a l  dependence w i t h  i n l e t  p r e s s u r e  and tempera-  
t u r e  c o n d i t i o n s ,  a s  shown i n  f i g u r e  16. I n  t h i s  
d a t a  s e t  t h e  p r i m a r y  v a r i a b l e s  we re  i n l e t  p r e s s u r e  
and t e m p e r a t u r e .  I h e  f l u t t e r  f r e q u e n c y  was found 
t o  d e c r e a s e  as  i n l e t  p r e s s u r e  i n c r e a s e d  and i n l e t  
t e m p e r a t u r e  dec reased .  The l a t t e r  e f f e c t  i s  t h e  
o p p o s i t e  o f  t h a t  seen w i t h  s e p a r a t e d - f l o w  f l u t t e r  
d a t a .  The g e n e r a l  t r e n d  o b s e r v e d  w i t h  choke  f l u t -  
t e r  d a t a  was t h a t  i n c r e a s i n g  i n l e t  p r e s s u r e  had a  
destabilizing e f f e c t  e x c e p t  i n  t h e  c a s e  where t h e  
b l a d e  r u b  i n d u c e d  t h e  i n s t a b i l i t y .  F o r  a  g i v e n  
i n l e t  t e m p e r a t u r e  t h e  i n s t a b i l i t y  wou ld  d e v e l o p  a t  
a  l o w e r  speed f o r  a h i g h e r  i n l e t  p r e s s u r e .  I n  
t h i s  r e s p e c t  speed i s  an i m p l i c i t  v d r i a b l e  i n  t h e  
d a t a  shown i n  f i g u r e  l b .  The i n c r e a s e  seen  i n  t h e  
f l u t t e r  f r e q u e n c y  w i t h  d e c r e a s i n g  i n l e t  p r e s s u r e  
i s  p a r t l y  due t o  c e n t r i f u g a l  s t i f f e n i n g  and p rob -  
a b l y  p a r t l y  due  t o  d e n s i t y  e f f e c t s .  

A l s o  a p p a r e n t  i n  t h e  d a t a  shown i n  f i g u r e  16 
i s  a change i n  a e r o n ~ e c t r a n i c a l   node where f o u r  of 
t h e  d a t a  p o i n t s  appea r  t o  b e l o n y  t o  a  d i f f e r e n t  
s e t  o f  e i g e n v a l u e s .  An a n a l y s l i  o f  t h e  i n t e r b l a d e  
phase  a n g l e  d a t d  f o r  a l l  t h e  p o i n t s  i n  t h e  d a t a  
s e t  a l s o  i n d i c a t e d  t h a t  two  ae romechan i ca l  modes 
were p r e s e n t .  The i n t e r b l a d e  phase a n g l e  d a t a  
summarized i n  f i g u r e  1 7  i n d i c a t e s  t h a t  t h e r e  were 
two s e t 5  o r  g r o u p i n g s  o f  i n t e r b l a d e  phase  ang les ,  
d e s i g r l a t e d  as  H and B,  a s s o c i a t e d  w i t h  t h i s  d a t a  
s e t .  One s e t  o r  f a n l i l y  ( A )  i n c l u d e d  t h e  f o u r  d a t a  

p o i n t s  n o t e d  and a l l  t h e  d a t a  p o i n t s  a t  103-kPa 
( 1 5 - p s i a )  i n l e t  p r e s s u r e  c o n d i t i o n s ;  t h e  o t h e r  s e t  
( B )  i n c l u d e d  t h e  r e m a i n i n g  seven  d a t a  p o i n t s .  The 
phase  a n g l e  d a t a  a t  103 kPa ( 1 5  p s i a )  had p o o r  
cohe rence ,  i n d i c a t i n g  t h a t  a t  t h i s  c o n d i t i o n  t h e  
i n s t a b i l i t y  i s  n o t  s o l i d l y  deve loped .  A l l  o t h e r  
d a t a  had  e x c e l l e n t  c o h e r e n c e  v a l u e s ,  0.98 o r  
b e t t e r ,  i n d i c a t i n g  t h a t  f o r  t h e  t i m e  s p a n  o v e r  
w h i c h  t h e  d a t a  we re  averaged,  32  averages,  t h e  
i n t e r b l a d e  phase  a n g l e  rema ined  e s s e n t i a l l y  con-  
s t a n t .  These r e s u l t s  i n d i c a t e  t h a t  t h e r e  a r e  t w o  
s e t s  o f  e i g e n v a l u e s  and c o r r e s p o n d i n g  e i g e n v e c t o r s  
( a e r o m e c h a n i c a l  modes) i n  t h e  d a t a  s e t .  S i n c e  t h e  
v a l u e s  o f  t h e  e i g e n v a l u e s  f o r  t h e  t w o  ae ro -  
m e c h a n i c a l  modes a r e  o n l y  s l i g h t l y  d i f f e r e n t ,  
t h e s e  r e s u l t s  a r e  p r o b a b l y  due  a g a i n  t o  m i s t u n i n g  
e f f e c t s  t h a t  make t h e  sys tem a e r o n ~ e c h a n i c a l l y  
a s y m m e t r i c a l .  I n  a  s y m m e t r i c a l  ( t u n e d )  system, 
t h e  c o n d i t i o n  where t w o  e i g e n v a l u e s  have  t h e  same 
v a l u e  f o r  t w o  d i s t i n c t  e i g e n v e c t o r s  i s  c a l l e d  
degeneracy.  Degeneracy i s  removed b y  d e s t r o y i n g  
symmetry ( b y  mak ing  t h e  s y s t e m  a s y m m e t r i c a l  (m is -  
t u n i n g ) ) .  Degeneracy i s  q u i t e  o f t e n  seen  i n  t h e  
s t u d y  o f  mechanical v i b r a t i o n s  o f  m i s t u n e d  
r o t o r s .  i m p l i e d  i n  t h e s e  r e s u l t s  i s  t h e  p r o b a b i l -  
i t y  t h a t  t h e  r o t o r  i s  r e s p o n d i n g  t o  t h e  c h o k e  
f l u t t e r  s t i m u l u s  as  a  system. 

System Mode i n s t a b i l i t i e s  

The c o n c e p t  o f  s y s t e m  mode i n s t a b i l i t i e s  i s  
u s u a l 1  a s s o c i a t e d  w i t h  sh rouded  b l a d e  assem- 
b ~ i e s . ~  T h i s  t y p e  o f  i n s t a b i l i t y  i n v o l v e s  
m e c h a n i c a l  c o u p l i n g  o f  t h e  r o t o r  b l a d e s  w i t h  p a r t -  
span s h r o u d s  a n d i o r  t h e  d i s k  t o  f o r m  a  s t r u c t u r a l  
sys tem mode t h a t  i n  an  ae rodynamic  f i e l d  i s  p a r -  
t i a l l y  n e g a t i v e l y  damped a t  some c o m b i n a t i o n  o f  
u n s t e a d y  aerodynamic  c o n d i t i o n s .  l n t e r b l a d e  cou- 
p l i n g ,  wh i c l i  i s  enhanced b y  p a r t - s p a n  shrouds,  i s  
e s s e n t i a l  t o  t h i s  i n s t a b i l i t y .  Some r e c e n t  i n -  
s t a b i l i t y  d a t a  have  been  o b t a i n e d  i n  t h e  tSR p r o -  
gram f r o m  unsh rouded  b l a d e  a s s e m b l i e s  and i n d i c a t e  
t h e  e x i s t e n c e  o f  an i n s t a b i l i t y  i n  t h e  s t a l l  r e -  
g ime  q u i t e  u n l i k e  s e p a r a t e d - f l o w  f l u t t e r  i n  c h a r -  
a c t e r .  The l i m i t e d  d a t a  o b t a i n e d  t o  d a t e  t e n d  t o  
sugges t  t h a t  t h e  i n s t a b i l i t y  may be a  t y p e  o f  sys-  
t e m  mode r e s p o n s e  b e i n g  s u s t a i n e d  a e r o d y n a m i c a l l y .  

L u r r e n t l y  o n l y  a  l i m i t e d  amount o f  d a t a  r e l a -  
t i v e  t o  sys tem modes have  been  o b t a i n e d  i n  t h e  ESR 
programs;  t h u s  i t  i s  n o t  p o s s i b l e  t o  f u l l y  c h a r -  
a c t e r i z e  t h i s  instability. I t  h a s  been  p o s s i b l e ,  
however,  t o  u s e  t h e  l i m i t e d  d a t a  a v a i l a b l e  t o  d i f - -  
f e r e n t i a t e  t h e  i n s t a b i l i t y  f r o m  o t h e r s  and t o  
d e t e r m i n e  a  few u n i q u e  f e a t u r e s  o f  t h e  i n s t a b i l -  
i t y .  From e x p e r i m e n t a l  o b s e r v a t i o n s  and d a t a  r e -  
d u c t i o n  t h e  f o l l o w i n g  h a s  been  d e t e r m i n e d :  

( I )  ho e v i d e n c e  o f  f l o w  s e p a r a t i o n  h a s  been  
obse rved .  

( 2 )  B l a d e  l o a d l n g  i s  h i g h  and may b e  a  f a c t o r .  

( 3 )  The i n s t a b i l i t y  f r e q u e n c y  dec reases  a s  
t h e  o s c i l l a t i n g  a m p l i t u d e  i n c r e a s e s ,  t h u s  s t r u c -  
t u r a l  n o n l i n e a r  e f f e c t s  may b e  an e q u i l i b r a t i n g  
i n f l u e n c e .  

( 4 )  The i n s t a b i l i t y  f r e q u e n c y  i s  n o n i n t e g r a l  
i n  o r d e r .  

( 5 )  The P t S  sys tem d a t a  i n d i c a t e  t h a t  a  cou-  
p l e d  s tand ing -wave  m i s t u n e d  sys tem mode i s  p r e s e n t .  



As w i t h  choke f l u t t e r  i n  the  choke regime, 
t h i s  type  o f  i n s t a b i l i t y  i n  t he  s t a l l  regime ex- 
h i b i t e d  no i n d i c a t i o n  o f  any f l o w  separa t ion  on 
s t r a i n  gages be fore  and d u r i n g  t he  i n s t a b i l i t y .  
The s t r a i n  gage response i s  c h a r a c t e r i s t i c  of a 
resonant response and would be assumed t o  be one 
were no t  t he  responding f requency non in tegra l .  
Two se t s  o f  data, bo th  l i m i t e d  i n  quan t i t y ,  have 
been ob ta ined i n  t he  ESR programs up t o  t he  pre-  
sent  t ime. One se t  was ob ta ined as p a r t  of an 
aeromechanical program w i t h  a f u l l  complement of 
aerodynamic ins t rumenta t ion .  Ana lys is  o f  da ta  
f r om  t h i s  ins t rumenta t  i o n  i n d i c a t e d  t h a t  the  d i f -  
f u s i o n  f a c t o r  and thus  blade l oad ing  was h igh  a t  
the  t ime  o f  t he  i n s t a b i l i t y .  System mode i n s t a b i -  
l i t i e s  are normal ly  found i n  t h e  s t a l l  regime near 
t he  s t a l l  l i n e ,  where two poss ib l e  c o n t r i b u t o r y  
cond i t i ons  e x i s t :  dynamic s t a l l  charac te r ized  by 
f l o w  separat ion,  and h i gh  b lade loading.  The ab- 
sence of  any i n d i c a t i o n  o f  f l o w  separa t ion  i n  a l l  
t he  da ta  observed up t o  the  present  t ime  makes i t  
u n l i k e l y  t h a t  t h i s  aspect  i s  a necessary c o n d i t i o n  
f o r  uns tab le  behavior .  However, i n  a l l  cases ob- 
served o f  t h i s  i n s t a b i l i t y ,  i t  has been necessary 
t o  approach the  s t a l l  regime and load  t he  blades. 
The need t o  do so tends t o  support  t h e  hypothesis 
t h a t  the  at tendant e f f e c t s  o f  b lade load ing  may be 
one o f  severc l  necessary conditions t o  support  t he  
i n s t a b i l i t y .  

The o the r  se t  o f  system mode i n s t a b i l i t y  da ta  
was ob ta ined se rend ip i t ous l y  w h i l e  r o u t i n e l y  moni- 
t o r i n g  s t r a i n  gages and l i g h t  probes du r i ng  an 
engine research program. Th is  program was no t  
conducted t o  o b t a i n  aeromechanical da ta  and t hus  
was n o t  thorough ly  instrumented f o r  t h d t  purpose. 
Th i s  engine was a s ingle-stage,  unshrouded-fan 
t u rbo fan  engine. The i nstab i  1 i t y  was encountered 
du r i ng  s t a l l  l i n e  mapping o f  a research conf igura-  
t i o n .  The f a n  was be ing  backpressured and loaded 
t o  d r i v e  i t  up toward s t a l l  a long a constant-speed 
l i n e .  The i n s t a b i l i t y  developed be fore  s t a l l .  
Th is  same f a n  had encountered separated-f low f l u t -  
t e r  i n  f i r s t  t o r s i o n  a t  s l i g h t l y  lower co r rec ted  
speeds i n  t h e  s t a l l  regime preceded by strong i n -  
d i c a t i o n s  o f  f l o w  separat ion.  However, the  i n -  
s t a b i l i t y  i n  f i r s t  bending a t  the  h i ghe r  co r rec ted  
speed was devoid o f  any i n d i c a t i o n  o f  f l o w  separa- 
t i o n .  Th is  l e d  t o  t he  suppos i t i on  t h a t  t he  two 
i n s t a b i l i t i e s  were d i f f e r e n t  i n  na tu re  even though 
t h e i r  l o c a t i o n s  on a f a n  map were i n  c l o s e  prox im-  
i t y .  A t  one p o i n t  t h e  two i n s t a b i l i t i e s  over-  
lapped. At t h i s  p o i n t  t he  separated-f low f l u t t e r  
i n  f i r s t  t o r s i o n  s t a r t e d  t o  develop f i r s t  bu t  then 
was re ta rded  by t h e  o t h e r  i n s t a b i l i t y  i n  f i r s t  
bending. 

PES system data  were ob ta ined r e l a t i v e  t o  t he  
s ingle-stage,  unshrouded-fan i n s t a b i l i t y .  Typ i ca l  
d i s p l a y s  o f  t h i s  da ta  a re  shown i n  f i g u r e s  I8 and 
19 f o r  two d i f f e r e n t  engine speeds. The respond- 
i n g  f requency was non in teg ra l  near f i r s t  bending 
between 1 and 2 engine orders.  The b lade mot ion  
i s  assumed t o  be predominant ly  f i r s t  bending. 
Th is  type  o f  response i s  s i m i l a r  t o  a mistuned 
r o t o r  response undergoing a fo rced mechanical 
v i b r a t i o n .  The i n s t a b i l i t y  developed s ~ f t l y  and 
a l l  b lades responded s imul taneously.  As t he  i n -  
s t a b i l i t y  was b u i l d i n g ,  d i s t i n c t  s tand ing  waves of 
displacement were observed on the  PES system t h a t  
l a s t e d  f o r  a t  most severa l  seconds. These ranged 
f r om  2 nodal d iameters t o  6 nodal diameters. The 
f u l l y  developed i n s t a b i l i t y  displacement p a t t e r n s  
as seen i n  t he  f i g u r e s  were no t  as d i s t i n c t i v e ,  

v a r i e d  w i t h  speed, and appear t o  be combinat ions 
o f  severa l  s tanding waves. These c h a r a c t e r i s t i c s  
d r e  t y p l c a l  o f  an dsymnet r i ca l  o r  mistuned system. 

A unique aspect of the  system mode response 
i s  t h a t  t h e  i n s t a b i l i t y  f requency was observed t o  
decrease s l i g h t l y  as t he  o s c i l l a t o r y  ampl i tude 
increased, as ssen i n  f i g u r e  20. Th is  has no t  
been observed i n  e i t h e r  separated-f low f l u t t e r  o r  
choke f l u t t e r .  The decrease i n  f requency i s  smal l  
and can o n l y  be reso lved  by us ing  h i gh - reso lu t i on  
d i g i t a l  s ign31 ana l ys i s  techniques now a v a i l a b l e  
because o f  advances i n  f a s t  Fou r i e r  t r ans fo rm  
technology.  The da ta  i n  f i g u r e  20 were ob ta ined 
from a shrouded f a n  stage w h i l e  acce le ra t i ng  
th rough t he  i n s t a b i l i t y  regime. The i n s t a b i  1 i t y  
mode was a coupled system mode w i t h  a frequency 
about midway between above shrouded bending and 
above shroud t o r s i on .  The behavior  o f  t he  f re -  
quency i n  these da ta  i s  p robab ly  due t o  s t r u c t u r a l  
non l i nea r  e f f ec t s  w i t h  inc reas ing  amplitude. 

Current  p lans  c a l l  f o r  a d d i t i o n a l  experiment- 
a l  i n v e s t i g a t i o n s  o f  the  system mode i n s t a b i l i t y  
us ing  f u l l - s c a l e  engines i n  t he  ESR programs. 
These i n v e s t i g a t i o n s  w i l l  o b t a i n  da ta  on t h e  e f -  
f e c t s  o f  stage i n l e t  cond i t i ons ,  b lade loading,  
and d i s t o r t i o n .  A t  t he  p resent  t ime  t h e r e  i s  no t  
a complete and comprehensive s e t  of  data a v a i l a b l e  
i n  t h i s  regard. 

Concluding Remarks 

Promient r e s u l t s  ob ta ined t o  da te  f rom t h e  
aeromechanical programs o f  t he  Engine Systems 
Research programs were discussed. Data-per ta in ing  
t o  several  types o f  i n s t a b i l i t i e s  were obtained. 
These d ~ t a  i n d i c a t e  t h a t  each type  o f  i n s t a b i l i t y  
possesses unique c h a r a c t e r i s t i c s  t h a t  shed l i g h t  
on t h e  .nature o f  t he  i n s t a b i l i t y  as w e l l  as d i f -  
f e r e n t i a t e  i t  from the  others.  These da ta  are now 
p a r t  of a j o i n t  USAFINASA data  bank be ing  used i n  
government and i ndus t r y  t o  improve t h e  understand- 
i n g  o f  ae roe las t i c  phenomena i n  turbomachinery. 

The ESR program data  bank on separated-f low 
f l u t t e r  and choke f l u t t e r  i s  adequate t o  study 
these phenomena. The da ta  i n  t he  ESR da ta  bank 
r e l a t i v e  t o  t he  system mode f a m i l y  o f  i n s t a b i -  
l i t i e s  a re  l i m i t e d ;  however, t h e r e  are p lanned 
programs under way t o  remedy t h i s .  Also, t h e r e  
are cons iderab le  da ta  a v a i l a b l e  o u t s i d e  of t he  ESR 
programs: t h e  m a j o r i t y  o f  the  cascade work done 
i n  t h e  l a s t  decade us ing  o s c i l l a t i n g  a i r f o i l s  ap- 
pears t o  be r e l evan t  t o  these phenomena. An un- 
c e r t a i n t y  w i t h  respec t  t o  the  system mode i n s t a b i -  
l i t y  i s  t h a t  t h e r e  may w e l l  be severa l  d i f f e r e n t  
and d i s t i n c t  i n s t a b i l i t y  mechanisms t h a t  cou ld  
r e s u l t  i n  t h i s  t ype  o f  response. Th i s  u n c e r t a i n t y  
can o n l y  be reso lved  by thorough ly  i n v e s t i g a t i n g  
and documenting t h i s  c l ass  o f  i n s t a b i l i t y  as t he  
oppo r t un i t y  p resents  i t s e l f  t o  d i f f e r e n t i a t e  i n -  
t r i n s i c  p rope r t i es .  

The study o f  a e r o e l a s t i c i t y  of  turbomachinery 
i s  a con t i nu i ng  e f f o r t  i n  the  ESR programs. 
Jud ic ious  use i s  be ing  made o f  oppo r t un i t i e s  t o  
o b t a i n  meaningful aeromechanical da ta  whenever 
poss ib le .  Areas o f  i n t e r e s t  i n c l ude  o b t a i n i n g  
a d d i t i o n a l  comprehensive da ta  on system mode re -  
sponses, supplementing t he  a v a i l a b l e  separated- 
f low f l u t t e r  and choke f l u t t e r  data, i n v e s t i g a t i n g  
t he  e f f e c t s  o f  i n l e t  d i s t o r t i o n  on a l l  c lasses  of 



ae roe las t i c  phenomena i nc l ud i ng  f o r ced  responses, 
and o b t a i n i n g  q u a n t i t a t i v e  damping data. Inheren t  
i n  these e f f o r t s  i s  t he  con t i nu i ng  e f f o r t  t o  
develop b e t t e r  and soph i s t i ca ted  measurement and 
da ta  ana l ys i s  techniques. 

To support  these e f f o r t s  and make e f f e c t i v e  
use o f  these data, bas ic  research and technology 
must con t inue  i n  computat ional  f l u i d  and s t ruc-  
t u r a l  mechanics, modal analysis,  and t h e  under- 
standing o f  t he  aerodynamic and s t r u c t u r a l  i n t e r -  
faces. Inheren t  i n  a l l  t h e  da ta  obtained f rom 
f u l l - s c a l e  engines, t he  r e a l  wor ld  so t o  speak, i s  
t he  observa t ion  t h a t  f low and s t r u c t u r a l  asymne- 
t r i e s  a re  a f a c t  o f  l i f e  and can be used, if 
understood, b e n e f i c i a l l y .  
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F igu re  2. - Compressor per formance and revised s tab i l i t y  map. 



Figure 3. - Turbofan engine installation. 

Figure 4. - Turbojet engine installation. 



Figure 5. - Single stage fan, turbofan engine installation. 

Figure 6. - PES display during quiet running condition. 



-
-
A

 

Y
Y

Y
 



INLET PRESSURE, kPa 

P 
20 25 30 

INLET PRESSURE, psia 

Figure 9. - Effect of in let temperature and pressure on 
stator f lu t ter  frequency. 
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Figure 10. - Inlet pressure effect on reduced 
velocity-incidence correlat ion for fan sepa- 
rated flow f lutter.  
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Figure 11. - Inlet pressure effect on reduced velocity- 
incidence correlation of stator separated flow flutter. 

Figure 12. - Stable condition prior to localized choke flutter. 



Figure 13. - In i t ia l  response of localized choke flutter. 

Figure 14. - Large amplitude localized choke flutter. 
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Figure 15. - Choke f lutter strain gage spectrum. 
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Figure 16. - Effect of i n le t  pressure and temperature 
o n  choke flutter. 





Figure 19. -System mode response i n  predominantly 1st bending at 105 
percent speed. 
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Figure 20. - System mode instability stress and 
frequency as a function of engine speed. 
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