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ABSTRACT 

T h i s  paper p resen ts  a t h e o r e t i c a l  model and an 
a s s o c i a t e d  computer program f o r  p r e d i c t i n g  subsonic 
bend ing - to rs ion  f l u t t e r  i n  p rcp fans .  The model i s  
based on two-dimensional  uns teady  cascade s t r i p  
t h e o r y  and th ree-d imens iona l  s teady  and unsteady 
l i f t i n g  s u r f a c e  aerodynamic t h e o r y  i n  c o n j u n c t i o n  
w i t h  a f i n i t e  e lement  s t r u c t u r a l  model f o r  t h e  
b lade.  The a n a l y t i c a l  r e s u l t s  compare w e l l  w i t h  
p u b l i s h e d  exper imen ta l  da ta .  A d d i t i o n a l  para- 
m e t r i c  s t u d i e s  a r e  a l s o  p resen ted  i l l u s t r a t i n g  t h e  
e f f e c t s  on  f l u t t e r  speed o f  s teady  a e r o e l a s t i c  
de fo rma t ions ,  b l a d e  s e t t i n g  angle,  r o t a t i o n a l  
speed, number o f  b lades, s t r u c t u r a l  damping, and 
number o f  modes. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 

f j  

(GI 

h 

i zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
j 

k 

CKgJ 

NOMENCLATURE 

e l a s t i c  a x i s  l o c a t i o n  

g e n e r a l i z e d  aerodynamic m a t r i x  

t o r s i o n  c o n t r i b u t i o n s  o f  
t h e  m norma! modes about  t h e  
r e f e r e n c e  a x i s  

b l a d e  semi-chord 

nonaerodynamic noda l  f o r c e  vec to r  

t ime- independent nonaerodynamic 
f o r c e  v e c t o r  

modal f requency  o f  j - t h  mode i n  Hz 

g e n e r a l i z e d  mo t ion  independent 
f o r c e  v e c t o r  

bend ing  d e f l e c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 
mode index, j = 1, 2, 3, 

reduced f requency  (wb/V) 

g e n e r a l i z e d  s t i f f n e s s  ma 
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r i  x 

c e n t r i f u g a l  s o f t e n i n g  m a t r i x  i n  
p h y s i c a l  c o o r d i n a t e s  

n o n l i n e a r  s t i f f n e s s  m a t r i x  i n  
p h y s i c a l  c o o r d i n a t e s  

aerodynamic c o e f f i c i e n t s  
de f i ned  i n  Eq. (12)  

aerodynamic 
i n  Ref. 13 

c o e f f i c i e n t s  d e f i n e d  

aerodynamic l i f t  

aerodynamic moment 

Mach number 

p h y s i c a l  mass m a t r i x  

g e n e r a l i z e d  mass m a t r i x  

numher of b lades  

s t i f f n e s s  m a t r i x  d e f i n e d  i n  
Eq. (10) 

aerodynamic noda l  f o r c e  
v e c t o r  

s teady -s ta te  aero- 
dynamic noda l  f o r c e  v e c t o r  

v e c t o r  of g e n e r a l i z e d  c o o r d i n a t e s  

amp l i t ude  o f  m o t i o n  i n  
g e n e r a l i z e d  c o o r d i n a t e s  

g e n e r a l i z e d  aerodynamic f o r c e  
v e c t o r  

i n t e r b l a d e  phase ang le  index, 
r = 1, 2,..., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN; a l s o  d i s t a n c e  
f r o m  t h e  a x i s  o f  r o t a t i o n  

b l a d e  l e n g t h  a long  t h e  r e f e r e n c e  
1 i n e  

t i m e  

v e c t o r  o f  b l a d e  d e f l e c t i o n s  a t  
g r i d  p o i n t s  
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v e c t o r  o f  s teady  s t a t e  
d e f l e c t i o n s  a t  g r i d  p o i n t s  

steady s t a t e  d e f l e c t i o n s  due t o  
c e n t r i f u g a l  l oads  

steady s t a t e  d e f l e c t i o n s  a f t e r  
t h e  i - t h  i t e r a t i o n  

f r e e  stream v e l o c i t y  

r e 1  a t i v e  v e l o c i t y  

modal m a t r i x  expressed i n  te rms 
o f  i n d i v i d u a l  bend ing  and t o r s i o n  
c o n t r i b u t i o n s  about t h e  r e f e r e n c e  
a x i s  

bending c o n t r i b u t i o n s  o f  m 
normal modes o f  t h e  r e f e r e n c e  a x i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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g l o b a l  c o o r d i n a t e  system 

b lade  f i x e d  c o o r d i n a t e  system 

t o r s i o n a l  d e f l e c t i o n  

b lade p i t c h  ang le  a t  
t h ree -quar te r  r a d i u s  

e igenva lue  d e f i n e d  i n  Eq. (10) 

p e r t u r b a t i o n  nonaerodynamic noda l  
f o r c e  v e c t o r  

p e r t u r b a t i o n  aerodynamic noda l  
f o r c e  v e c t o r  (mot ion- independent )  

p e r t u r b a t i o n  aerodynamic 
noda l  f o r c e  v e c t o r  (mot ion-  
dependent) 

vec to r  o f  v i b r a t o r y  d e f l e c t i o n s  
a t  g r i d  p o i n t s  measured r e l a t i v e  

s t r u c t u r a l  damping r a t i o  i n  j - t h  
mode 

t o  {Uo1 

sweep ang le  

r e a l  p a r t  o f  i y ( p r o p o r t i o n a l  

imag inary  p a r t  o f  i ) T ; - ( f l u t t e r  
f requency)  

d e n s i t y  o f  a i r  

i n t e r b l a d e  phase ang le  

modal m a t r i x  

frequency 

frequency zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  j - t h  mode 

r o t a t i o n a l  speed 

t o  damping) f- 

steady s t a t e  v a l u e  

genera l i zed  (modal ) 

F va lues  a t  f l u t t e r  p o i n t  

S u p e r s c r i p t s  

d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  
t irne 

T t ranspose  

I d i f f e r e n t i a t i o n  w i t h  r e s p e c t  t o  
s p a t i a l  c o o r d i n a t e  

INTRODUCTION -- 
The ma jo r  g o a l s  of  p r o p f a n  des igns  a r e  t o  

maximize aerodynamic e f f i c i e n c y ,  m in im ize  n o i s e  and 
assure  s t r u c t u r a l  i n t e g r i t y .  The aerodynamic and 
a c o u s t i c  requ i remen ts  o f  p rop fans  have r e s u l t e d  i n  
des iqns  w i t h  t h i n ,  swept, and t w i s t e d  b lades  o f  l ow  
aspec t  r a t i o  and h i q h  s o l i d i t y  compared t o  conven- 
t i o n a l  p r o o e l l e r s .  These b lades  o p e r a t e  i n  sub- 
son ic ,  t r a n s o n i c ,  and p o s s i b l y  superson ic  f l o w s .  
Fur thermore ,  p rop fans  may have a s i n q l e  r o t o r  w i t h  
b lades  r o t a t i n g  i n  one d i r e c t i o n  o r  two r o t o r s  
r o t a t i n g  i n  o p p o s i t e  d i r e c t i o n s .  
c a l l e d  a s i n g l e  r o t a t i o n ,  SR, p r o p f a n  and t h e  
l a t t e r  i s  c a l l e d  a c o u n t e r  r o t a t i o n ,  CR, Dropfan. 

The fo rmer  i s  

The unconven t iona l  f e a t u r e s  o f  t h e  SR p r o p f a n  
add c o m p l e x i t y  t o  unders tand ing  t h e  a e r o e l a s t i c  
phenomena i n v o l v e d  and t o  deve lop ing  an a n a l y t i c a l  
a e r o e l a s t i c  model. S ince  t h e  b lades  a r e  t h i n  and 
f l e x i b l e ,  d e f l e c t i o n s  due t o  c e n t r i f u q a l  and aero- 
dynamic l oads  a r e  l a r g e .  Hence, t h e  a e r o e l a s t i c  
p rob lem i s  i n h e r e n t l y  n o n l i n e a r ,  r e q u i r i n g  qeo- 
m e t r i c  n o n l i n e a r  t h e o r y  o f  e l a s t i c i t y .  A lso ,  t h e  
b lades  a r e  o f  l ow  aspec t  r a t i o  w i t h  l a r g e  sweep 
and, hence, r e q u i r e  th ree-d imens iona l  s teady  and 
uns teady  aerodynamic models f o r  a c c u r a t e  a n a l y s i s .  
The b lades  have l a r q e  sweep and t w i s t ,  wh ich  
coup les  b l a d e  bend inq  and t o r s i o n a l  mot ions ,  and 
a r e  p l a t e - l i k e  s t r u c t u r e s  because o f  t h e i r  l ow  
aspec t  r a t i o .  These f a c t o r s  r e q u i r e  a f i n i t e  e l e -  
ment s t r u c t u r a l  model wh ich  accounts  f o r  c e n t r i f -  
uga l  s o f t e n i n g  and s t i f f e n i n q  e f f e c t s  and p o s s i b l y  
f o r  C o r i o l i s  e f f e c t s .  The c e n t r i f u q a l  s o f t e n i n g  
te rms a r e  i m p o r t a n t  because o f  l a r g e  b l a d e  sweep 
and f l e x i b i l i t y .  
more b lades  wh ich  n e c e s s i t a t e  t h e  i n c l u s i o n  o f  
aerodynamic c o u p l i n g  o r  cascade e f f e c t s  between t h e  
b lades .  The f l e x i b i l i t y  o f  t h e  hub i n t r o d u c e s  
a d d i t i o n a l  s t r u c t u r a l  c o u p l i n q  between t h e  b l a d e s  
o f  a r o t o r .  Furthermore, t h e  aerodynamic and 
s t r u c t u r a l  p r o p e r t i e s  o f  t h e  i n d i v i d u a l  b lades  may 
d i f f e r  f r o m  each o t h e r .  
d i f f e r e n c e s  r e q u i r e s  e x p l i c i t  c o n s i d e r a t i o n  o f  b o t h  
s t r u c t u r a l  and aerodynamic m i s t u n i n g  i n  t h e  ana ly -  
t i c a l  a e r o e l a s t i c  model. A d d i t i o n a l l y ,  f o r  t h e  CR 
propfan ,  t h e r e  i s  aerodynamic i n t e r a c t i o n  between 
t h e  b lades  o f  t h e  two r o t o r s .  Because o f  t h e s e  
un ique  f e a t u r e s  o f  b o t h  t h e  SR and C R  concepts,  i t  
i s  n o t  p o s s i b l e  t o  d i r e c t l y  use t h e  e x i s t i n q  aero- 
e l a s t i c  t echno logy  o f  c o n v e n t i o n a l  p r o p e l l e r s  o r  o f  
c o n v e n t i o n a l  t u r b o f a n s  o r  o f  h e l i c o p t e r s .  

The p r o p f a n  r o t o r  has f o u r  o r  

The presence o f  t h e s e  

As a p a r t  o f  t h e  o v e r a l l  NASA s i n g l e  r o t a t i o n  
Drop fan  techno logy  proqram, a s e r i e s  of  0.61 m 
( 2  f t )  d iamete r  q e o m e t r i c a l l y  s c a l e d  models were 
t e s t e d  i n  w ind  t u n n e l s  and on a NASA a c o u s t i c  
r e s e a r c h  a i r c r a f t .  The t e s t s  and r e s u l t s  a r e  
summarized i n  Ref.  1. 
t h e  CR concept  i s  v e r y  l i m i t e d .  However, t h e  
b e n e f i t s  o f  t h e  CR concept  a r e  d i scussed  i n  Ref. 2. 

The p u b l i s h e d  l i t e r a t u r e  on 
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The p r e s e n t  paper  addresses t h e  a e r o e l a s t i c  aspects 
of t h e  SR p r o p f a n  on ly .  

C l a s s i c a l  f l u t t e r  o f  a SR p r o p f a n  occu r red  
unexpec ted ly  d u r i n g  a p r e v i o u s  w ind  t u n n e l  perform- 
ance exper iment  on a model (des igna ted  SR-5) w i t h  
t e n  h i g h l y  swept t i t a n i u m  b lades .  
p resen ted  exper imen ta l  d a t a  o f  t h e  SR-5 model and 
c o r r e l a t e d  t h e  d a t a  w i t h  theo ry .  I n  Ref.  3, t h e  
aerodynamic model i s  based zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO G  two-dimensional  
uns teady  cascade t h e o r y  w i t h  a c o r r e c t i o n  f o r  blade 
sweep and t h e  s t r u c t u r a l  model i s  an i d e a l i z e d  
swept beam f o r  each blade. References  4 and 5 
r e f i n e d  t h e  a n a l y t i c a l  model o f  Ref. 3 b y  u s i n g  
b l a d e  normal inodes c a l c u l a t e d  f r o m  a f i n i t e - e l e m e n t  
p l a t e  model f o r  t h e  b lade,  and c o r r e l a t e d  t h e  
r e f i n e d  a n a l y t i c a l  r e s u l t s  w i t h  t h e  d a t a  o f  t h e  
SR-5 model. The c o r r e l a t i o n  between t h e o r y  and 
exper imen t  i n  Refs. 3 t o  5 v a r i e d  f r o m  poor  t o  
good. 

A d d i t i o n a l  subsonic w ind  t u n n e l  f l u t t e r  data, 
o b t a i n e d  b y  t e s t i n g  a compos i te  p r o p f a n  model, 
SR3C-X2 ( F i g . l ) ,  were p resen ted  i n  Ref. 6. A 
th ree -d imens iona l  s teady  and uns teady  aerodynamic 
t h e o r y  f o r  p rop fans  w i t h  subson ic  l e a d i n g  edge was 
p resen ted  i n  Ref. 7, and t h e  t h e o r y  was a p p l i e d  f o r  
p r e d i c t i n g  f l u t t e r  f o r  one t e s t  case o f  t h e  wind 
t u n n e l  inodel o f  Ref.  6. 

Reference 3 

The s p e c i f i c  o b j e c t i v e s  o f  t h e  p resen t  inves- 
t i g a t i o n  a re :  (1) t o  deve lop  a modal f l u t t e r  ana- 
l y s i s  method wh ich  uses b o t h  two-dimensional  and 
th ree -d imens iona l  s teady  and uns teady  aerodynamics; 
( 2 )  t o  conduct  p a r a m e t r i c  s t u d i e s  t o  a s c e r t a i n  the  
e f f e c t  o f  s teady  a i r l o a d s  on f requenc ies ,  modes and 
f l u t t e r  speed, and t h e  e f f e c t  of  number o f  b lades, 
b l a d e  s e t t i n g  ang le  and b l a d e  s t r u c t u r a l  damping on 
f l u t t e r  speed; ( 3 )  t o  v a l i d a t e  a n a l y t i c a l  models b y  
c o r r e l a t i n g  a n a l y t i c a l  and measured f l u t t e r  speeds 
o f  t h e  SR3C-X2 p r o p f a n  model; and ( 4 )  t o  examine 
t h e  l i m i t a t i o n s  o f  two-dimensional  uns teady  aero- 
dynamic t h e o r y  f o r  p r o p f a n  f l u t t e r  ana lys i s .  
accompl ish  t h e  o b j e c t i v e s ,  a computer program 
ASTROP ( A e r o e l a s t i c  S t a b i l i t y  and Response of Pro- 
p u l s i o n  Zystems) was-developed. 
w i t h  two-d imens iona l  uns teady  aerodynamic t h e o r y  
c o r r e c t e d  f o r  b l a d e  sweep. T h i s  v e r s i o n  i s  desig- 
n a t e d  ASTROP2. Subsequent ly,  i t  was enhanced by 
i n c l u d i n g  th ree-d imens iona l  s teady  and uns teady  
aerodynamics i n  a v e r s i o n  c a l l e d  ASTROP3. ASTROP 
can  use C O S M I C  NASTRAN8 o r  any o t h e r  f i n i t e  e l e -  
ment code t o  c a l c u l a t e  b l a d e  s teady  s t a t e  de f l ec -  
t i o n s ,  mode shapes, and f requenc ies .  P r e s e n t l y ,  
C O S M I C  NASTRAN i s  used. T h i s  paper desc r ibes  the 
a n a l y t i c a l  method and t h e  ASTROP code and presents  
p a r e m e t r i c  r e s u l t s  wh ich  a r e  b e l i e v e d  t o  be use fu l  
f o r  p r o p f a n  des igne rs  and o t h e r  i n v e s t i g a t o r s  i n  
t h e  f i e l d .  

To 

ASTROP was s t a r t e d  

The p r e s e n t  work has been ex tended i n  Ref.  9 
t o  i n c l u d e  t h e  e f f e c t s  o f  b o t h  s t r u c t u r a l  and aero- 
dynamic m i s t u n i n g  on p r o p f a n  f l u t t e r .  

ANALYTICAL FORMULATION 

The c o o r d i n a t e  system used f o r  deve lop ing  the  
e q u a t i o n  o f  mo t ion  o f  a r o t a t i n g  p r o p f a n  b lade  i s  
shown i n  F i g .  2. The p r o p f a n  r o t a t e s  about t h e  
X-axis wh ich  i s  a l i g n e d  w i t h  t h e  f r e e s t r e a m  d i rec -  
t i o n .  
a x i s  and t h e  Z-ax is  i s  p e r p e n d i c u l a r  t o  t h e  X-Y 
p lane .  
d e f l e c t e d  p o s i t i o n s  o f  an a r b i t r a r y  b l a d e  s t r i p  

The Y-axis i s  a l i g n e d  a long  t h e  b l a d e  p i t c h -  

A l s o  shown i n  F i g .  2 a r e  u n d e f l e c t e d  and 

normal t o  t h e  r e f e r e n c e  l i n e .  The f i n i t e - e l e m e n t  
model o f  t h e  b l a d e  i s  shown i n  F i g .  3. The aero- 
e l a s t i c  e q u a t i o n  o f  mo t ion  of  t h e  b l a d e  can be  
w r i t t e n  as 

[ M I  + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ K s ]  { u l  + [ K ( r u l ) l  { u }  

where { u }  r e p r e s e n t s  t h e  b l a d e  d e f l e c t i o n s  a t  
t h e  q r i d  p o i n t s ,  [ M ]  i s  t h e  mass m a t r i x ,  [Ks ]  t h e  
c e n t r i f u g a l  s o f t e n i n g  m a t r i x ,  [ K { ( u )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI ]  t h e  non- 
l i n e a r  s t i f f n e s s  m a t r i x ,  { P ( { u l , t ) j  t h e  e q u i v a l e n t  
aerodynamic noda l  f o r c e  v e c t o r ,  and { F ( t ) ]  t h e  
e q u i v a l e n t  nonaerodynamic f o r c e  v e c t o r .  
t h e  l a r g e  d e f l e c t i o n s  and t h e  consequent need f o r  
t h e  qeomet r i c  n o n l i n e a r  t h e o r y  o f  e l a s t i c i t y  i n  
wh ich  t h e  s t r a i n  and d isp lacement  r e l a t i o n s  a r e  
n o n l i n e a r ,  t h e  s t i f f n e s s  m a t r i x  [ K ( { u ] ) ]  i s  a 
f u n c t i o n  o f  noda l  d isp lacements  and, hence, i s  non- 
l i n e a r .  The l e v e l  o f  t h e  geomet r i c  n o n l i n e a r  
t h e o r y  o f  e l a s t i c i t y  used h e r e i n  as w e l l  as i n  
NASTRAN, i s  t h e  one i n  wh ich  e l o n g a t i o n s  and shears  
a r e  n e g l i g i b l e  compared t o  u n i t y .  T h i s  e x p l i c i t  
c o n s i d e r a t i o n  o f  geomet r ic  n o n l i n e a r  t h e o r y  o f  
e l a s t i c i t y  p r o v i d e s  t h e  a d d i t i o n a l  geomet r i c  d i f -  
f e r e n t i a l  s t i f f n e s s  due t o  c e n t r i f u g a l  s t i f f e n i n g  
terms. The d isp lacement  dependent c e n t r i f u g a l  
s o f t e n i n g  te rms a r e  i n c l u d e d  i n  t h e  m a t r i x  [KS],  
wh ich  i s  l i n e a r .  The r o t a t i o n  a l s o  i n t r o d u c e s  
C o r i o l i s  f o rces ,  b u t  t h e y  a r e  shown t o  b e  n e g l i g -  
i b l e  f o r  t h i n  p r o p f a n  b lades  i n  Ref.  10. Hence, 
t h e y  a r e  n o t  i n c l u d e d  i n  t h e  p r e s e n t  f o r m u l a t i o n .  

Because of 

L i n e a r i z a t i o n  o f  Equa t ions  

Equa t ion  (1) i s  q e n e r a l l y  n o n l i n e a r  and i s  
v a l i d  f o r  c a l c u l a t i n g  s t a l l e d  and u n s t a l l e d  f l u t t e r  
speed, f o r c e d  response, a e r o e l a s t i c  performance, 
s teady -s ta te  d e f l e c t i o n s ,  f r e q u e n c i e s  and mode 
shapes. An a p p r o p r i a t e  s o l u t i o n  method i s  t o  
d i r e c t l y  i n t e g r a t e  i n  t i m e  domain, b u t  i t  i s  compu- 
t a t i o n a l l y  i n e f f i c i e n t .  Common p r a c t i c e  i s  t o  
p e r t u r b  i t  about a s teady -s ta te  c o n f i g u r a t i o n  b y  
w r i t  i ng 

{ U )  = {UoI  + I A U ( t ) )  

where { u o l ,  { P ( { u o ] ) ,  and { F  1 a r e  t h e  s teady  
s t a t e  va lues  o f  {u ) ,  I P ( { u l , t ? I ,  and { F ( t ) l ,  
r e s p e c t i v e l y .  The q u a n t i  t i e s  {AU( t)}, {AP( {Au), t )  1 ,  
and I A F ( t ) l  a r e  p e r t u r b a t i o n s  f r o m  {uo},  
{P( { u o ] ) } ,  and {Fo} ,  r e s p e c t i v e l y .  The p e r t u r b a t i o n  
aerodynamic f o r c e  i s  s p l i t  i n t o  m o t i o n  dependent 
( {AP({AUI,~)I) and mo t ion  independent  ( { A P w ( t ) 1 )  
p a r t s  f o r  conven ience i n  f o r c e d  response a n a l y s i s .  
S u b s t i t u t i n g  Eq. ( 2 )  i n t o  t h e  n o n l i n e a r  Eq. ( 1 )  
l e a d s  t o  two  s e t s  o f  equa t ions :  one s teady -s ta te  
e q u a t i o n  f o r  {u? }  
p e r t u r b a t i o n  v a r i a b  

and ano the r  f o r  t h e  . 

e I A u ( t ) } .  These a r e  
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Steady-State Configuration and Vibration Analysis 

The steady-state configuration for a given 
rotational speed and Mach number is obtained by 
solving the nonlinear Eq. (3). The stiffness 
matrix [K( Iuol)] includes elastic stiffness and 
differential stiffness due to centrifugal stiffening 
loads and steady-state aerodynamic loads. Once the 
steady-state deflection and the effective total 
stiffness are known from Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 ) ,  the vibration 
frequencies and mode shapes are calculated by 
solving 

[MI {Aii(t)l zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ [[KSl + [K({uol)l] {Au(t)l = 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(5) 

which leads t o  the generalized mass matrix [Mg], 
the modal matrix [a], and the modal frequencies "j. 

Flutter and Forced Response by the Modal Method 

The general vibratory motion can be expressed 
as a superposition of the contributions of the 
various normal modes: 

[AU(t)l = [a] {q} (6 )  

Substituting Eq. (6) into Eq. (4) and post- 
multiplying the result by [elT leads to 

[MgI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA{ql + [Kgd {q) = [A] {q} + IG(t)l ( 7 )  

where 

I 

The order of Eq. (7) depends on the number of 
modes included in Eq. (6). 
determined by performing numerical experiments, 
which will be explained later. The structural 
damping in each mode is introduced through the 
damping ratio 6.j where the modal index 
j = 1,2,3 . . . The generalized aerodynamic 
matrix is represented by [A] for each interblade 
phase angle for simple harmonic motion of the 
blade. The motion independent aerodynamic and 
nonaerodynamic forces are represented by 
{G(t)l for each interblade phase angle. This 
is included for completeness in the formulation, 
but no results on forced response will be presented 
in this paper. For simple harmonic motion the 
flutter eigenvalue problem can be rewritten from 
Eq. (7) after setting IG(t)} = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA{ O }  as 

This number is 

Flutter occurs when p > 0. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I ASTROP COMPUTER CODE 

The ASTROP code is based on the normal mode 
method and is for flutter, forced response, and 
whirl flutter analysis of propulsion systems. 
Only the flutter part of the code that uses two- 
dimensional subsonic unsteady aerodynamics 
(ASTROPZ) and three-dimensional subsonic steady and 
unsteady aerodynamics (ASTROP3) are used in the 
present investigation. 
are written in FORTRAN. Data transfer between 
NASTRAN and aerodynamic codes in ASTROP is made 
through interfacing subroutines. This code is 
operational on a CRAY-XMP computer. 

Both versions of the code 

ASTROP2 

The input to ASTROPZ and the steps involved 
for solving the flutter problem are shown in the 
form of a flow chart in Fig. 4 .  The input consists 
of blade geometry described by the grid point coor- 
dinates in the XYZ system (Fig. 2 )  and the modal 
information--frequencies, mode shapes, and general- 
ized masses. For calculating modal information, 
the equivalent anisotropic material properties for 
each element are generated by using a preprocessor 
code COBSTRAN (Ref. 11). The main step, which is 
No. 3 in Fig. 4, is the calculation of the general- 
ized aerodynamic matrix [A] by using normal modes 
and an aerodynamic strip representation of the 
blade. The blade is divided into a series of 
discrete aerodynamic strips of constant properties, 
and one of these strips is shown in Fig. 2. Each 
swept strip has two motions, plunging and pitching 
about an arbitrary reference line. The lift and 
moment equations for each section are obtained by 
extending the unsteady equations for a swept wing 
generated in Ref. 12 to a linear cascade case. 
This extension was implemented for the first time 
in Ref. 3. The lift and moment expressions per 
unit span are 
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-i 3 
113 = 

t a n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA (1 + l h h ) b  
I- 

1 1 4 =  b 4 t a n  A I-$+; [(:+a) - (+  

-b4 2 
'15 = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 t a n  A 

5 2 
b a t a n  A 

'16 = k 2  

b4 i 
123 = 

t a n  x ( a  - lah) 

b 5 i  t a n  A [-3 ( 1  
2) +; (; '24 = k -8- T J + a  

5 
'25  = 7 a t a n 2  A 

lZ6 = 7 -b6 t a n  2 A (1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB +  a 2) 

The d e f i n i t i o n s  o f  t h e  uns teady  c o e f f i c i e n t s  lhh, 
]ha, e t c .  a r e  t h e  same as t h o s e  i n  Ref. 13  and 
t h e s e  a r e  c a l c u l a t e d  by  u s i n g  t h e  t h e o r y  presented 
i n  Ref. 14  f o r  each i n t e r b l a d e  phase angle.  For  
each s t r i p  t h e  q u a n t i t i e s  h and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa a r e  expressed 
i n  te rms o f  normal modes and normal  coord ina tes ,  
and t h e  gap-to-chord r a t i o ,  sweep angle,  and 
s t a g g e r  ang le  a r e  c a l c u l a t e d  f r o m  t h e  s teady-s ta te  
c o n f i g u r a t i o n .  

The e f f e c t i v e  Mach number f o r  each s t r i p  i s  
o b t a i n e d  f r o m  t h e  r e l a t i v e  v e l o c i t y  and t h e  sweep 
angle.  
v e c t o r  can  be expressed i n  te rms o f  l i f t ,  moment, 
normal  modes, and normal c o o r d i n a t e s  as 

Then, t h e  g e n e r a l i z e d  aerodynamic f o r c e  

where 

w1 w2 ... w, 

[ W l  = [ ] 
A1 A2 ... Am 

The c o e f f i c i e n t s  o f  t h e  m a t r i x  [ A ]  i n  Eq. (13)  are 
o b t a i n e d  by  numer ica l  i n t e g r a t i o n  u s i n g  Gaussian 
Quadra ture .  
f l e c t e d  b l a d e  p o s i t i o n  o r  t h e  d e f l e c t e d  p o s i t i o n  

The u s e r  can choose e i t h e r  t h e  unde- 

due t o  c e n t r i f u g a l  l o a d s  t o  c a l c u l a t e  b l a d e  proper -  
t i e s  such as s tagger ,  sweep, and gap-to-chord r a t i o  
f o r  each s t r i p .  

Then t h e  f l u t t e r  p rob lem d e s c r i b e d  i n  Eq. (10) 
i s  s o l v e d  i n  s t e p  4 o f  F i g .  4. Then, s t e p s  2 t o  4 
a r e  repeated  u n t i l  t h e  c o n d i t i o n s  i n  s t e p s  5 and 6 
a r e  met. F i n a l l y ,  t h e  c r i t i c a l  f l u t t e r  v a r i a b l e s  
a r e  e x t r a c t e d  i n  s t e p  7. The main  l i m i t a t i o n s  o f  
t h e  a n a l y t i c a l  model used i n  t h e  code are:  
v a l i d i t y  o f  aerodynamic s t r i p  t h e o r y  f o r  p rop fans ;  
( 2 )  t h e  v a l i d i t y  o f  t h e  sweep c o r r e c t i o n  i n  t h e  
presence o f  cascade e f f e c t s ;  ( 3 )  t h e  a r b i t r a r i n e s s  
o f  t h e  r e f e r e n c e  l i n e ;  and ( 4 )  t h e  a p p r o x i m a t i o n  
i n v o l v e d  i n  c a l c u l a t i n g  a and i t s  d e r i v a t i v e s  
a l o n g  t h e  r e f e r e n c e  l i n e  f r o m  t h e  normal  modes. 

(1) t h e  

ASTROP3 

T h i s  v e r s i o n  o f  t h e  code c o n s i s t s  o f  t h r e e  
branches. The b l a d e  s t e a d y - s t a t e  p ressures ,  gen- 
e r a l i z e d  uns teady  aerodynamic f o r c e s  and s t a b i l i t y ,  
and f o r c e d  response due t o  yawed-flow a r e  c a l c u l a -  
t e d  i n  branches one, two, and t h r e e ,  r e s p e c t i v e l y .  
On ly  t h e  f i r s t  two branches a r e  shown i n  t h e  f o r m  
o f  a f l o w  c h a r t  i n  F i g .  5 because f o r c e d  response 
i s  n o t  addressed i n  t h e  p r e s e n t  paper. T h i s  i s  a n  
expanded and m o d i f i e d  v e r s i o n  o f  t h e  code d e s c r i b e d  
i n  Ref. 7. The s t r u c t u r a l  model i s  a g a i n  based on  
a f i n i t e  e lement  approx imat ion .  
a n a l y s i s  i s  based on th ree-d imens iona l  subsonic  
c o m p r e s s i b l e  l i f t i n g  s u r f a c e  t h e o r y  i n  wh ich  b l a d e  
s t a l l  and t r a n s o n i c  shock waves a r e  n o t  i n c l u d e d .  

The i n p u t  t o  ASTROP3 and t h e  s o l u t i o n  proce-  

The aerodynamic 

dure  a r e  a lmost  t h e  same as t h o s e  f o r  ASTROP2. 
However, t h e  e f f e c t  o f  s teady  th ree-d imens iona l  
a i r l o a d s  i s  i n c l u d e d  i n  c a l c u l a t i n g  t h e  s teady-  
s t a t e  c o n f i g u r a t i o n  and t h e  d i f f e r e n t i a l  s t i f f n e s s  
i n  s t e p s  3 t o  6 o f  F ig .  5. T h i s  f e a t u r e  a l s o  p r o -  
v i d e s  t h e  s teady  a e r o e l a s t i c  per formance a t  each 
i t e r a t i o n  o f  t h e  n o n l i n e a r  s o l u t i o n  o f  Eq. ( 3 ) .  
The per formance r e s u l t s  can be p r i n t e d  i n  s t e p  6 
o f  F i g .  5. 

The i t e r a t i v e - i n t e r a c t i o n  process,  s t e p s  4 
t o  6, i s  c o n t i n u e d  u n t i l  t h e  d e f l e c t i o n  f r o m  t h e  
( i  + l ) t h  i t e r a t i o n  i s  equal  t o  t h a t  f r o m  t h e  
i t h  i t e r a t i o n .  Then, t h e  f r e q u e n c i e s  and mode 
shapes a r e  c a l c u l a t e d  i n  s t e p  7. 

The g e n e r a l i z e d  aerodynamic c o e f f i c i e n t  
m a t r i x ,  A, i s  c a l c u l a t e d  i n  s t e p  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 b y  u s i n g  t h e  
procedure  o u t l i n e d  i n  Ref. 7. The e i g e n v a l u e  
prob lem i n  s t e p  10 i s  repeated  u n t i l  t h e  f l u t t e r  
c o n d i t i o n s  i n  s t e p s  11 and 12 a r e  met. 
p rocedure  i s  repeated  f o r  each i n t e r b l a d e  phase 
ang le  and t h e  c r i t i c a l  f l u t t e r  v a r i a b l e s  a r e  
p r i n t e d  i n  s t e p  13. 

The e n t i r e  

RESULTS AND D I S C U S S I O N  

The p r o p f a n  f l u t t e r  r e s e a r c h  model, F ig .  1, 
SR3C-X2, i s  analyzed.  The b l a d e s  a r e  made f r o m  
graphite-plylepoxy-matrix m a t e r i a l .  There a r e  
e i g h t  b l a d e s  on t b e  prop fan .  
c h o r d  sweep i s  45 
i s  0.61 m ( 2  ft). 
i m a t e l y  33. 
a t  v a r i o u s  r o t a t i o n a l  speeds, f r e e s t r e a m  Mach 
numbers, and b l a d e  s e t t i n g  angles.  
model and f l u t t e r  d a t a  can be f o u n d  i n  Ref. 6. 

The geomet r ic  mid- 
a t  t h e  t i p  and t h e  t i p  d i a m e t e r  
The b l a d e  mass r a t i o  i s  approx- 

The model has been t e s t e d  f o r  f l u t t e r  

D e t a i l s  on t h e  
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T h e  f i n i t e  element model of t h e  blade (Fig.  3 )  
c o n s i s t s  of 228 gr id  points and 388 p l a t e  elements. 
The h u b  of the blades i s  assumed r i g i d  and i s  not 
modeled. Also, a l l  the blades a re  assumed t o  be 
aerodynamically, geometrically, and s t r u c t u r a l l y  
i den t i ca l .  Consequently, i t  i s  adequate t o  model 
one blade and t o  analyze each in terb lade phase 
angle independently. The e f f e c t s  of nonident ical  
b lade p roper t i es  a re  addressed in  Ref. 9. 

Frequencies and Mode Shapes 

blade natura l  frequencies with ro ta t i ona l  speed in  
vacuum. The measured bench natura l  frequency band 
of t he  e i g h t  blades i s  shown f o r  comparison. The 
frequencies a r e  calculated with cen t r i f uga l  loads 
( C L )  f o r  a l l  ro ta t ional  speeds a n d  with centr i fugal  
loads and s teady three-dimencional a i r l oads  
( C L  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ A L )  a t  6100 rpm by the  procedure described 
i n  Fig. 5 ( s t e p s  1 t o  7) .  Figure 7 shows hologram 
photos of t h e  measured modes and t h e  corresponding 
ca lcu lated modes. The holograms f o r  only the  f i r s t  
two modes a r e  included because i t  wi l l  be shown 
l a t e r  t h a t  t h e  f l u t t e r  mode i s  a combination of t he  
f i r s t  two modes. 
displacement contours, t h e  whi test  ones being 
nodes. 
measured and calculated frequencies f o r  t h e  f i r s t  
mode c o r r e l a t e  b u t  the measured frequencies f o r  t h e  
second t o  4th mode are lower than t h e  ca lcu lated 
ones. 
n i f i c a n t  e f f e c t  on the f requencies.  The f i r s t  mode 
frequency increases with an increase in  ro ta t i ona l  
speed. This t rend i s  expected because of cen t r i f -  
ugal s t i f f e n i n g .  The second and t h i r d  mode 
frequencies do not change s i g n i f i c a n t l y  with ro ta-  
t i ona l  speed. I t  can be seen from t h e  contour 
p l o t s  t h a t  t h e  f i r s t  mode i s  pr imar i ly  f l exu ra l  b u t  
a l s o  has a l a rge  degree of tors ion and the  second 
mode i s  pr imar i ly  tors ion near t h e  t i p .  The corre- 
l a t i o n  between theory and experiment f o r  the f i r s t  
two modes i s  reasonably good and f o r  t h e  higher 
modes t h e  co r re la t i on  i s  poor. 
between t h e  average measured (375 Hz)  and t h e  ca l -  
cu la ted frequency (399 Hz)  f c r  the second mode i s  
a t t r i b u t e d  t o  t h e  modeling of t h e  composites and/or 
t o  root  e f f e c t s .  Even though t h e  e f f e c t  of aero- 
dynamic loads on frequencies i s  smal l ,  i t s  e f f e c t  
on de f lec t i on ,  pa r t i cu la r l y  a t  t h e  t i p ,  i s  appre- 
c i a b l e  i n  some cases and wi l l  be discussed l a t e r .  

Figure 6 shows the va r ia t i on  of t h e  SR3C-XZ 

The f r i nges  represent  constant 

I t  can be seen from the f i g u r e  t h a t  t he  

Also, t h e  steady a i r l oads  do not have sig- 

The d i f ference 

Ef fect  of Centrifugal Loads and Steady Air loads on 
Blade Steady S t a t e  Configuration 
---___ 

Figure 8 shows the va r ia t i on  of t h e  blade 
s teady-state p i t ch  angle a t  t h e  three-quarter 
rad ius with i t e r a t i o n  number from the  nonl inear 
ae roe las t i c  analys is  w i t h  r o ta t i ona l  speed and Mach 
number as  parameters. 
cedure descr ibed in  Fig. 5, steps 1 t o  6 i s  used. 
The blade angle f o r  i t e ra t i on  ' 0 '  corresponds t o  
the undeflected position ( U P ) ;  f o r  i t e r a t i o n  '1' 
t h e  steady s t a t e  configuration with centr i fugal  
loads ( C L ) ;  f o r  i t e ra t i on  ' 2 '  t he  blade steady- 
s t a t e  conf igurat ion w i t h  centr i fugal  loads and t h e  
aerodynamic loads on the conf igurat ion obtained in  
i t e r a t i o n  '1'; f o r  i t e ra t i on  ' 3 '  t h e  steady s t a t e  
conf igurat ion with centr i fugal  loads and aero- 
dynamic loads on t he  conf igurat ion from i t e r a t i o n  
' 2 ' ;  and so on. 
t h a t  the cen t r i f uga l  loads untwist  t he  blades and 
t h i s  untwist  increases with ro ta t i ona l  speed. The 

The nonl inear ana lys i s  pro- 

I t  can be seen from t h e  f i gu re  

untwist  p g l e  a t  0.75R f o r  7400 rpm i s  approxi- 
mately 2 . The aerodynamic loads a l so  untwist the 
blade and con t r i bu te  an addi t ional  untwist a t  t.75R 
f o r  7400 rpm and M = 0.5 of approximately 0.65 . 
The convergence with both cen t r i f uga l  and aero- 
dynamic loads i s  accomplished with f i v e  i t e r a t i o n s .  
I n  other  words the aerodynamic loads have t o  be 
updated a t  l e a s t  f ou r  times in  t h e  analys is .  The 
converged pos i t ion i s  designated by CL + AL.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI n  
addi t ion t o  blade p i t ch  angle change, the re  i s  a 
change in  blade camber, p a r t i c u l a r l y  a t  t h e  blade 
t i p .  These changes have a very s i g n i f i c a n t  e f f e c t  
on blade performance, as  well as,  on f l u t t e r ;  and 
t h e  e f f e c t  i s  expected t o  be even more s i g n i f i c a n t  
i n  t ransonic  flows. T h u s ,  one should include 
steady a i r  loads in performance, f l u t t e r  and forced 
response ana lys i s  of propfans. 

Ef fect  of Unsteady Cascade Aerodynamics on Rlade 
Flutter----- -- 

To i l l u s t r a t e  t h e  e f f e c t  of cascade aero- 
dynamics on f l u t t e r ,  t h e  rea l  and imaginary p a r t s  
of t h e  eigenvalues of t he  c r i t i c a l  f l u t t e r  mode of 
t h e  SR3C-X2 wind tunnel model a re  shown in  Fig. 9.  
These r e s u l t s  a r e  obtained by using t h e  procedure 
described in  Fig. 5 s teps  1 t o  13 without s teady 
a i r l oads .  Af ter  ca l cu la t i nq  t h e  c r i t i c a l  f ree-  
stream Mach number and the  c r i t i c a l  in terb lade 
phase angle,  t h e  eigenvalues f o r  o ther  i n te rb lade  
phase angles a re  ca lcu lated.  
i n te rb lade  phase angles,  o r  = 360r/8 where t h e  
phase index r = O , l , .  . . 7, Fig. 9 may be i n te r -  
preted as a roo t  locus of t h e  in terb lade phase 
angle modes. For comparison the root  loc i  f o r  t h e  
four  blade conf igurat ion and f o r  t h e  s i n g l e  blade 
case a r e  a l so  included in  Fig. 9. Because of t h e  
aerodynamic i n te rac t i on  (cascade e f f e c t )  between 
the blades, t he  s ing le  point  s p l i t s  i n to  4 and 8 
f o r  the four  and e iqh t  blade cases,  respect ive ly .  
When these points  a r e  jo ined, a rough e l l i p s e  i s  
formed f o r  each case. The des tab i l i z i nq  inf luence 
of t h e  cascade e f f e c t  i s  indicated by the length 
of t h e  semi-major ax i s  of t h e  e l l i p s e .  The r e s u l t s  
c l e a r l y  show t h a t  t he  cascade e f f e c t  i s  very s ig-  
n i f i c a n t  even f o r  t h e  case of four  blades. This i s  
confirmed b y  t h e  experiment as wi l l  be shown in 
t h e  l a t e r  r e s u l t s .  The other  point  t o  be noted 
from t h i s  f i g u r e  i s  t h a t  t he  most c r i t i c a l  f l u t t e r  
i n te rb lade  phase angle f o r  t h e  e iqh t  blade case  i s  
225", which i s  a three nodal diameter backward 
t rave l i nq  wave in the notat ion employed here in,  
and t h a t  f o r  t h e  fou r  blade case i t  i s  180 . 
Effect  of Freestream Mach Number on Effect ive 

Since the re  a r e  e i g h t  

E f i g  

Figure 10 shows the va r ia t i on  of the rea l  p a r t  
of t h e  eigenvalue with f reegtream Mach number a t  
n = 6080 rpm, 6 0 . 7 5 ~  = 61.6 , and 
The r e a l  p a r t  of t he  eigenvalue i s  proport ional  t o  
modal damping. The rea l  pa r t  of t h e  eigenvalue i s  
p lo t ted  f o r  t he  c r i t i c a l  f l u t t e r  mode only. 
t h e  case  of no s t r u c t u r a l  damping, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 = 0,  the 
rea l  pa r t  of t h e  eigenvalue i s  almost constant f o r  
Mach numbers between 0.3 and 0.4 and s t a r t s  
increasing rap id l y  f o r  M between 0.4 and 0.6. 

Ef fect  of_ St ruc tu ra l  Damping 

introduced i n t o  t h e  ana lys i s ,  Eq. ( 8 ) ,  through t h e  
viscous damping r a t i o .  

u r  = 225'. 

For 

As mentioned e a r l i e r ,  s t ruc tu ra l  damping i s  

The e f f e c t  of s t ruc tu ra l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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damping on the  rea l  pa r t  of the eigenvalues i s  
a l s o  included in  Fig. 10. 
f i g u r e  t h a t  a damping r a t i o  of 0.02 i n  each mode 
has increased the  f l u t t e r  Mach number from 0.595 
t o  0.615. Also, t he  r e s u l t s  show t h a t  a s t ruc tu ra l  
damping r a t i o  of 0.04 i n  each mode increases the 
e f f e c t i v e  damping r a t i o  only t o  0.024 f o r  t he  
c r i t i c a l  mode. T h u s  t h e  e f f e c t i v e  damping i s  not 
increased by the f u l l  amount of the added st ruc-  
t u r a l  damping. The e f f e c t i v e  damping r a t i o  i s  the 
r a t i o  of t h e  rea l  and imaginary p a r t s  of t he  eigen- 
value. T h e  value of t h e  damping r a t i o  f o r  compos- 
i t e  blades of t he  SR3C-X2 model i s  of t he  order of 
0.02. Since t h e  value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 and the consequent 
increase i n  f l u t t e r  Mach number f o r  t h e  SR3C-X2 
blades a r e  small, a l l  t he  analy t ica l  predic t ions 
i n  t h i s  paper a re  made with 5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0. Consequently, 
the ana ly t i ca l  r e s u l t s  a r e  s l i g h t l y  conservat ive.  

Comparison of Calculated and Measured F l u t t e r  
Boundary- ~ 

steady s t a t e  conf igurat ions and f o r  var ious per- 
turbat ion cases a re  compared with measured bound- 
a r i e s  i n  Figs. 11 and 12 f o r  8 and 4 blade cases, 
respect ive ly .  The f l u t t e r  boundary i s  shown as  a 
va r ia t i on  of f reestream Mach number with ro tat ional  
speed with blade p i t ch  angle as a paramet$r. Three 
blade p i t ch  angles 61.6", 56.6', and 68.4 a re  con- 
s idered f o r  comparison. The steady s t a t e  confiqu- 
r a t i o n s  t h a t  might be used in  var ious degrees of 
approximation are:  ( I )  undeflected pos i t ion,  UP, 
( 2 )  def lected pos i t ion w i t h  cen t r i f uga l  loads, CL; 
and ( 3 )  def lected pos i t ion with cen t r i f uga l  and 
three-dimensional steady a i r l oads ,  CL + AL. The  
possib le  per turbat ion cases a r e  designated by modes 
and f requencies and these are:  
ugal loads, C L ;  ( 2 )  with cen t r i f uga l  loads and 
corrected second mode frequency, C L  and 
f 2  = 375 Hz; (3 )  with centr i fugal  loads and 
three-dimensional a i r loads,  C L  + AL; and ( 4 )  same 
as  th ree  with f 2  = 375 Hz. 
f ( 2 )  = 375 Hz i s  included because the measured non- 
ro ta t i ng  frequency f o r  the second mode i s  375 Hz 
and t h e  ca lcu lated value i s  399 Hz. Since t h i s  
frequency, as shown by theory,  Fig. 6,  i s  indepen- 
dent  of ro ta t i ona l  speed, the measured value i s  
used in  f l u t t e r  speed ca lcu lat ions.  To minimize 
computational t ime, a l l  these poss ib le  confjgura- 
t i o n s  a r e  considered only f o r  0 0 . 7 5 ~  = 61.6 . 

I t  can be seen from the 

The ca lcu lated f l u t t e r  boundaries f o r  various 

(1) with c e n t r i f -  

The case with 

Corre la t ion of ca lcu lated and measured f l u t t e r  
Mach numbers. - Comparing t h e  ca l cu la ted  Mach 
numbers f o r  the case in  which t h e  UP as t h e  steady 
s t a t e  and t h e  C L  as  the per turbat ion s t a t e  wiih the 
measured ones i n  Fig. l l ( a )  f o r  8 0 . 7 5 ~  = 61.6 , 
t h e  co r re la t i on  between theory and experiment i s  
very good f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR = 5280 and 6080 rpm. However, 
the calcu lated Mach number f o r  n = 7320 rpm i s  
s l i g h t l y  higher than the measured value. 
comparison with the  same steady and per turbat ion 
s t a t e s  i n  Fig. l l ( b )  f o r  8 0 . ~ 5 ~  = 56.6" and i n  
Fig. l l ( c )  f o r  ~ 0 . 7 5 ~  = 68.4 a l so  shows very 
good agreement between theory and experiment. 
predicted s lope of the f l u t t e r  boundary l i n e  f o r  
a l l  t h e  blade p i t ch  angles agrees well with t h a t  
of t h e  experiment. 
t h a t  f o r  a given rpm t h e  freestream f l u t t e r  Mach 
number decreases with an increase in t h e  blade 
p i t ch  angle. For example, when n = 6000 rpm, 
the f l u t t e r  Mach number i s  0.62 f o r  a blade p i t ch  
angle i s  56.6' (Fig. l l ( b ) ) ,  and i s  0.6 f o r  a 
p i t c h  angle i s  61.6' (Fiq.  l l ( a ) ) .  

A s imi lar  

The 

B o t h  theory and experiment show 

The comparisons made in Fiq. 11 f o r  t he  e ight -  
blade case  with the steady s t a t e  UP and the  per tur -  
bat ion s t a t e  C L  a r e  repeated in Fig. 12 f o r  t h e  
four-blade case. As can he seen, the  co r re la t i on  
between theory a n d  experiment again i s  very qood. 
However, t h e  d i f f e rence  between t h e  ca lcu lated and 
measured f l u t t e r  Mach numbers f o r  t he  four-blade 
case i s  s l i g h t l y  g rea te r .  
theory may b e  overcorrect ing f o r  t h e  aerodynamic 
cascade e f f e c t s  f o r  t he  four-blade case. 

I t  implies t h a t  t he  

Ef fect  of change in  steady s t a t e  conf igurat ion 
d u e  t o  cen t r i f uga l  loads. - Calculated f l u t t e r  Mach 
numbers with the  s teady s t a t e  UP and t h e  perturba- 
t i o n  C L  a r e  compared in  Figs. 11 and 1 2  with the 
corresponding ca lcu lated ones with the  steady and 
per turbat ion s t a t e s  as  C L  f o r  a l l  t he  blade p i t ch  
angles. I t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  evident from the  r e s u l t s  t h a t  the 
change i n  t h e  steady s t a t e  from UP t o  the  CL does 
not have an appreciable e f f e c t  on f l u t t e r  Mach 
numbers. 

S e n s i t i v i t y  of f l u t t e r  Mach number t o  
-- frequency. - Comparison OF calcu lated f l u t t e r  Mach 
numbers with the  s teady s t a t e  UP and t h e  perturba- 
t i o n  s t a t e  as  CL with correqponding ca lcu lated ones 
with the same steady s t a t e  and the per turbat ion 
s t a t e  and f 2  = 375 Hz shows t h a t  t h e  f l u t t e r  
speed i s  very s e n s i t i v e  t o  change in the second 
mode frequency f o r  a l l  t he  cases i n  Fiqs. 11 
and 12. For example, t he  f l u t t e r  Mach number i s  
decreased from 0.6 t o  0.55 a t  
(F ig .  l l ( a ) )  when the  second mode frequency i s  
reduced from 399 t o  375 Hz. 
l a ted  f l u t t e r  Mach numbers with t h e  steady s t a t e  
UP and the per turbat ion s t a t e  CL, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 2  = 375 Hz 
with the corresponding measured ones i n  Figs. 11 
and 12, one can i n f e r  t h a t  t h e  ca lcu lated Mach 
numbers a r e  s l i q h t l y  l e s s  than t h e  measured ones 
f o r  a l l  t h e  blade o i t ch  anqles (Fiqs.  l l ( b )  t o  ( c ) )  
with e i q h t  blades and f o r  t h e  blade p i t ch  anqle 
56.6' (Fig.  1 2 ( b ) )  with fou r  blades. 
the experimental boundary f o r  these cases l i e s  
between t h e  two ca lcu lated boundaries. However, 
when the blade p i t ch  angle i s  61.6' with fou r  
blades, t h e  experimental boundary agrees well with 
the calcu lated one with t h e  steady s t a t e  UP and t h e  
per turbat ion s t a t e  C L  and f 2  = 375 Hz. 
can be seen in  Figs. 12 (a )  and ( b ) ,  t he re  i s  a kink 
i n  f l u t t e r  boundary, and t h e  kink was predicted i n  
Fig. 12(h) by taking a smal ler  step i n  ro ta t i ona l  
speed. The prec ise reason f o r  t h e  kink i s  not 
known. 

n = 6080 rpm 

Comparing the  calcu- 

Furthermore, 

Also, as  

Ef fect  of steady a i r  loads on f l u t t e r  speed. - 
F l u t t e r  Mach numbers calcu lated with t h e  C L  f o r  
both the steady and per turbat ion s t a t e s  a r e  com- 
pared in  Fig. l l ( a )  with t h e  corresponding ones 
with the CL + A L  f o r  both the steady and perturba- 
t i o n  s t a t e s .  I t  i s  evident from t h e  r e s u l t s  t h a t  
the steady a i r l oads  have a s ign i f i can t  inf luence 
on f l u t t e r  speed. The inf luence increases with 
increasing ro ta t i ona l  speed. For example, t h e  
increase in  predicted Mach number i s  0.01 a t  
R = 5280 rpm, and 0.02 a t  n = 6080 rpm, and 
0.05 a t  n = 7370 rpm. Even thouqh t h e  change 
in  model f requencies due t o  steady s t a t e  a i r l oads  
i s  small, t he re  i s  a s i g n i f i c a n t  change in blade 
camber and mode shapes a t  h igher rpm. T h u s ,  t h e  
increase in  f l u t t e r  speed a t  h iqher rpm due t o  
steady a i r l oads  i s  a t t r i b u t e d  t o  (1) small changes 
i n  modal f requencies,  ( 2 )  mode shape changes, and 
( 3 )  change in  blade steady s t a t e  angle and hence 



blade stagger angle. The change in flutter Mach 
number with steady airloads due to a reduction in 
second mode frequency from 399 to 375 Hz in 
Fig. ll(a) is the same as that without steady air- 
loads. The best theoretical boundary in Fig. ll(a) 
is the one for which CL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ AL is the steady state 
and CL + AL and fp = 375 Hz is the perturba- 
tion state. 
experimental one, the correlation is very good. 

Comparing the best boundary with the 

Effect of Number of Modes on Flutter Analysis 

The theoretical results presented in Figs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 
and 12 were obtained by varying the number of modes 
from 2 to 6 in the perturbation analysis. There is 
no appreciable effect on flutter speed by increas- 
ing the number of modes beyond two. In the other 
words, the flutter mode is a combination of first 
and second natural modes and there is very little 
participation of higher modes. 

Correlation of Measured and Calculated Flutter 
Frequencies 

Measured and calculated flutter frequencies 
for the configurations described in Fig. ll(a) are 
compared in Fig. 13. In general the calculated 
flutter frequency is higher than the measured 
value. 
ment is better when second mode frequency is cor- 
rected to 375 Hz and when steady state aerodynamics 
are included. Even for this case the calculated 
flutter frequencies are approximately 7 percent 
higher than the measured ones. 
tion was noticed for other blade setting angles 
and for four-bladed cases, and they are not shown 
herein. 

Correlation of Measured& Calculated Flutter 
Interblade Phase Angles 

Another important parameter for propfan 
flutter is the interblade phase angle. The meas- 
ured and calculated flutter interblade phase angles 
are shown for the eight bladed case in Fig. 14. 
The interblade phase angle with respect to blade 
one is plotted against the blade number. The cal- 
culated interblad: blade phase angle, Fig. 14(a), 
for 80.75R = 61.6 is 225 which corresponds to 
a three nodal diameter backward travelling wave. 
The predominant measured value is also 225". 
ever, the measured value is slightly off from 225 
for some blades. This is possibly caused by the 
slight frequency mistuning that is present in the 
rotor. The same type of correlation between theory 
and experiment was noticed at other rotational 
speeds and, hence, those results are not shown. 
However, for blade setting of 56.6', two interblade 
phase angles, 180' and 225' are present in the 
measured flutter mode as shown in Fig. 14(b). The 
frequencies of the two interblade angle modes are 
slightly different. Surprisingly, theory also 
predicted the presence of the two interblade phase 
angles, and the correlation is extremely good. 
Furthermore, comparison of Figs. 14(a) and (b) 
shows that the flutter interblade phase angle is a 
function of blade setting ansle. 

For the four bladed rotor the correlation 
between the measured and calculated interblade 
phase angles is very good. Here, the predominant 
interblade phase angle both in experiment and 
theory is 180' for all blade setting angles and 

The correlation between theory and experi- 

A similar correla- 

How; 

rotational speeds considered in Fig. 12. These 
results are not shown because of space limitation. 

Evaluation of Two-Dimensional Unsteady A e e r  
F 1 utter P r e d m o T - -  

To assess the validity o f  two-dimensional 
aerodynamic theory and the associated sweep correc- 
tion, the real part of the eigenvalue of the crit- 
ical mode calculated by using both two-dimensional 
and three-dimensional theories are compared in 
Fig. 15. Also included in this figure is the 
measured flutter Mach number. In the ASTROP2 code, 
which uses two-dimensional aerodynamics, the refer- 
ence line of the blade (Fig. 2(a)) is somewhat 
arbitrary. Also, the sweep of each strip depends 
on the reference line. In the present calculations 
the leading edge is used as reference line. From 
the results it is evident that two-dimensional 
theory is less accurate than the three-dimensional 
theory in predicting flutter Mach number. 
lative studies were also conducted by varying free- 
stream Mach number, blade sweep, rotational speed, 
and blade setting angle. 
from poor to good. 
conservative nature o f  the two-dimensional theory 
did not prevail, possibly because of the arbitrari- 
ness of the reference line and the associated aero- 
dynamic sweep correction. Hence, it is concluded 
that two-dimensional aero theory is adequate for 
conducting parametric studies and for initial 
design flutter calculations, but three-dimensional 
theory should be used for more accuracy. 

Corre- 

The correlation varied 
In some cases the expected 

CONCLUSIONS -____ 

A theoretical model and the associated com- 
puter program was developed for predicting subsonic 
flutter of propfans. Theoretical results were 
correlated with published measured data. 
studies and additional parametric results conducted 
lead to the following conclusions: 

These 

1. In general, the agreement between theory and 
experiment in predicting flutter speeds and 
interblade phase angles is very qood. 
the predicted flutter frequencies with three- 
dimensional unsteady aerodynamic theory are 
slightly higher than the measured ones in all 
the cases. 

However, 

2. The flutter speed predicted by two-dimensional 
aero theory is less accurate than that predic- 
ted by three-dimensional theory. It can be 
used for conducting parametric studies and for 
initial designs. However, the final design 
calculations should be done with three- 
dimensional analysis. 

the steady-state configuration, mode shapes, 
and flutter is significant in some cases. 
Thus, they should be included in the final 
design calculations. 

4. Both theory and experiment showed that increas- 
ing the number of blades on the rotor is desta- 
bilizing. 
difference in cascade effects. Thus, the aero- 
dynamic cascade effects should be included in 
the analysis when the number of blades is four 
or more. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 .  The influence of steady-state aerodynamics on 

This is inferred to be due to a 
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5. Both t h e o r y  and experiment showed t h a t  increas- 
i n g  t h e  b lade s e t t i n g  angle i s  s t a b i l i z i n g .  
T h i s  i s  i n f e r r e d  t o  be due t o  a change i n  blade 
aerodynamic coup l i ng  because o f  change i n  blade 
s tagger  and a change i n  blade load ing  and hence 
b lade f requenc ies  and modes. 

6. Fo r  t h e  r o t o r  considered, t h e  f l u t t e r  mode i s  
dominated by t h e  f i r s t  two b lade normal modes 
and t h e r e  i s  s t rong coup?ing between t h e  two 
modes. 

7. Both theo ry  and experiment showed t h a t  under 
c e r t a i n  cond i t i ons  two i n t e r b l a d e  phase angle 
modes w i t h  s l i g h t l y  d i f f e r e n t  f requenc ies  may 
be  present  du r ing  f l u t t e r .  Furthermore, t h e  
f l u t t e r  i n t e r b l a d e  phase angle i s  a f u n c t i o n  
o f  b lade s e t t i n g  angle and number o f  b lades on 
t h e  r o t o r .  
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FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.- THE SR3C-X2 PROPFAN MODEL I N  THE LEWIS 8x6 FT WIND 
TUNNEL. 
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FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. - F I N I T E  ELEMENT MODEL OF PROPFAN BLADE. 
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FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  - COORDINATE SYSTEM FOR PROPFAN BLADE. 
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FIGURE 6.- VARIATION OF BLADE NATURAL FREQUENCIES WITH 
ROTATIONAL SPEED Po.75R = 61.6', COSMIC NASTRAN. 

(a)  CALCULATED. 

MODE 1 NODE 2 

(b )  MEASURED, BLADE NO. 6.  

FIGURE 7.- COMPARISON OF CALCULATED AND MEASURED 
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FIGURE 8.- EFFECTS OF CENTRIFUGAL AND AERODYNAMIC 

LOADS ON BLADE STEADY STATE PITCH ANGLE AT 0.75R. 
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FIGURE 9 . -  ROOT LOCUS PLOT OF THE NODE WITH LEAST DAMP- 

ING: M = 0.59,9= 6080 RPM, P 0 . 7 5 ~  = 61.6'. 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-16 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 5  .6 .7 

FREE-STREAM MACH NUMBER 
FIGURE 10.- VARIATION OF DAMPING WITH MACH NUMBER: 

n = 6080 RPM, p o , 7 5 ~ =  61.6', Ur = 225'. N = 8. 
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FIGURE 11. - COMPARISON OF MEASURED AND CALCULATED 
FLUTTER BOUNDARY, 8 BLADES. 
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FIGURE 12.- W"AR1SON zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF KASURED AND CAL- 
CULATED FLUTTER BOUNDARY, 4 BLAIKS. 
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FIGURE 13.- COMPARISON OF MEASURED AND CAL- 
CULATED FLUTTER FREQUENCIES, 8 BLADES, 
P0.75R = 61.6'. 
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FIGURE 14. - COMPARISON OF MEASURED AND CAL- 
CULATED INTER-BLADE PHASE ANGLE AT FLUTTER. 
M '= 0.55. n = 6950 RPM. 
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FIGURE 15.-  COMPARISON OF 2-D AND 3-D UNSTEADY 
AERODYNAMIC THEORIES: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ =  6080 RPM, fin 7c;D =61.6'. 
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