
. 

NASA Technical Memorandum 89132 

STATIC AEROELASTIC EFFECTS ON THE 
FLUTTER OF A SUPERCRITICAL W I N G  

(bas&-Tl -8913  2) STATXC ABECELASTIC EPPECTS N87-2 22 70 
ca T H E  FLIJTTBG OP A SUFERCPIIICAL WING 
(BASA) 16 p A v a i l :  BXIS HC AOi/LIT A01 

CSCL 20K Unclas 
H1/39 0071804 

E.  Carson Yates, Jr . ,  and Li-Chuan Chu 

MARCH 1987 

National Aeronautics and 
Space Administration 

Langley Research Center 
Hampton, Virginia 23665-5225 

https://ntrs.nasa.gov/search.jsp?R=19870012837 2020-03-20T11:50:14+00:00Z
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by NASA Technical Reports Server

https://core.ac.uk/display/42837095?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


STATIC AEROELASTIC EFFECTS ON THE FLUTTER OF A SUPERCRITICAL W I N G  

E. Carson Y a t e s ,  J r .  
C h i e f  S c i  e n t i  s t 

L o a d s  and A e r o e l a s t i c i t y  D i v i s i o n  
NASA L a n g l e y  R e s e a r c h  C e n t e r  
Hampton, V i r g i n i a  23665-5225  

L i -Chuan  Chu 
Research  E n g i n e e r  

P R C  K e n t r o n  C o r p o r a t i o n  
Hampton, V i r g i n i a  23666 

U. S. A. 

SUMMARY 

I t  i s  w e l l  known t h a t  w i n g s  w i t h  s u p e r c r i t i c a l  a i r f o i l s  g e n e r a l l y  h a v e  l o w e r  t r a n s o n i c  
f l u t t e r  speeds  t h a n  s i m i l a r  w i n g s  w i t h  c o n v e n t i o n a l  a i r f o i l s  and  t h a t  s m a l l  i n c r e a s e s  
i n  a n g l e  o f  a t t a c k  f r o m  z e r o  a n d  t h e  accompany ing  s t a t i c  a e r o e l a s t i c  d e f o r m a t i o n s  h a v e  
f u r t h e r  d e t r i m e n t a l  e f f e c t s  on t r a n s o n i c  f l u t t e r .  T h i s  p a p e r  p r e s e n t s  t h e  r e s u l t s  o f  
a n  e f f o r t  t o  c a l c u l a t e  t h e  e f f e c t s  o f  a n g l e  o f  a t t a c k  and  t h e  a s s o c i a t e d  a e r o e l a s t i c  
d e f o r m a t i o n  on t h e  f l u t t e r  o f  a h i g h l y  swep t  s u p e r c r i t i c a l  w i n g  (TF-EA)  b y  u s e  o f  t h e  
m o d i f i e d  s t r i p  a n a l y s i s  e m p l o y e d  i n  p r e v i o u s  s t u d i e s  o f  t h i s  w i n g .  The s p a n w i s e  
d i s t r i b u t i o n s  o f  s t e a d y - s t a t e  s e c t i o n  l i f t - c u r v e  s l o p e  and  a e r o d y n a m i c  c e n t e r  r e q u i r e d  
as i n p u t  f o r  t h e s e  c a l c u l a t i o n s  w e r e  o b t a i n e d  f r o m  s t a t i c  a e r o e l a s t i c  c a l c u l a t i o n s  f o r  
t h e  w i n g  b y  u s e  o f  t h e  FL022 t r a n s o n i c  code and  an assumed dynamic  p r e s s u r e .  The 
p r o c e s s  i s  i t e r a t i v e  S O  t h a t  f l u t t e r  can b e  o b t a i n e d  a t  t h e  same dynamic  p r e s s u r e  as  
t h a t  u s e d  t o  c a l c u l a t e  t h e  s t a t i c a l l y  de fo rmed  shape and l o a d i n g  a b o u t  w h i c h  t h e  
f l u t t e r  o s c i l l a t i o n  o c c u r s  ( m a t c h e d  c o n d i t i o n s ) .  The r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  
show t h a t  t h e  u n c o n v e n t i o n a l  b a c k w a r d  t u r n  o f  t h e  t r a n s o n i c  d i p  i n  t h e  e x p e r i m e n t a l  
f l u t t e r  b o u n d a r y  f o r  a n g l e s  o f  a t t a c k  g r e a t e r  t h a n  z e r o  i s  c a u s e d  by  v a r i a t i o n s  i n  
mass r a t i o  and  n o t  by  S t a t i c  a e r o e l a s t i c  d e f o r m a t i o n ,  a l t h o u g h  i n c l u s i o n  o f  t h e  l a t t e r  
a p p e a r s  t o  be  r e q u i r e d  f o r  q u a n t i t a t i v e  a c c u r a c y  i n  t h e  c a l c u l a t i o n s .  F o r  t h e  v e r y  
h i g h  s u b s o n i c  Mach numbers o f  t h i s  i n v e s t i g a t i o n ,  however ,  q u a n t i t a t i v e  a c c u r a c y  w i l l  
a l s o  r e q u i r e  i n c l u s i o n  o f  v i s c o u s  e f f e c t s  on  shock  s t r e n g t h  a n d  l o c a t i o n .  

SYMBOLS 

ac ,n  n o n d i m e n s i o n a l  d i s t a n c e  f r o m  m i d c h o r d  t o  s e c t i o n  a e r o d y n a m i c  c e n t e r  
measured  p e r p e n d i c u l a r  t o  e l a s t i c  a x i s ,  p o s i t i v e  r e a r w a r d ,  f r a c t i o n  o f  
s e m i c h o r d  

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

b r  s e m i c h o r d  o f  w i n g  a t  spanw ise  r e f e r e n c e  s t a t i o n  (n = 0 .75)  

w i n g  l i f t  c o e f f i c i e n t  a t  a=O 

w i n g  1 i f t - c u r v e  s l o p e  

CLO 

‘La 

c, s e c t i o n  l i f t  c o e f f i c i e n t  f o r  a s e c t i o n  p e r p e n d i c u l a r  t o  e l a s t i c  a x i s  

s e c t i o n  l i f t - c u r v e  s l o p e  f o r  a s e c t i o n  p e r p e n d i c u l a r  t o  e l a s t i c  a x i s  
‘Pa, n 

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

Cm 

k r e d u c e d  f r e q u e n c y ,  brw/VCOSAea 

M f r e e s t r e a m  Mach number 

m r  mass o f  w i n g  p e r  u n i t  span a t  s p a n w i s e  r e f e r e n c e  s t a t i o n  (11 = 0 .75 )  

q f r e e s t r e a m  dynamic  p r e s s u r e  

V f r e e s t r e a m  speed  

V I  
f l u t t e r - s p e e d  i n d e x ,  b- V 

ror !’r 

a a n g l e  o f  a t t a c k  a t  w i n g  r o o t  

n n o n d i m e n s i o n a l  c o o r d i n a t e  measured f r o m  w i n g  r o o t  a l o n g  e l a s t i c  a x i s ,  

A e a  sweep a n g l e  o f  e l a s t i c  a x i s  

f r a c t i o n  o f  e l a s t i c  a x i s  l e n g t h  



2 mass r a t i o  based  on s p a n w i s e  r e f e r e n c e  s t a t i o n  (n = 0 .75 ) .  m r / r p b r  
p r  

P f r e e s t r e a m  d e n s i t y  

w c i r c u l a r  f r e q u e n c y  o f  v i b r a t i o n  

O r  r e f e r e n c e  f r e q u e n c y ,  f r e q u e n c y  o f  f i r s t  u n c o u p l e d  t o r s i o n a l  mode o f  w i n g  

INTRODUCTION 

I t  i s  w e l l  known t h a t  t h e  use  o f  s u p e r c r i t i c a l  a i r f o i l s ,  r a t h e r  t h a n  c o n v e n t i o n a l  
a i r f o i l s ,  c a n  have a d v e r s e  e f f e c t s  on t h e  t r a n s o n i c  f l u t t e r  c h a r a c t e r i s t i c s  o f  l i f t i n g  
s u r f a c e s .  The e f f e c t s  i n c l u d e  r e d u c t i o n  o f  t r a n s o n i c  f l u t t e r  speeds ( r e f s .  1 t o  31 and  
i n c r e a s e d  r a t e  o f  d e g r a d a t i o n  o f  f l u t t e r  speed w i t h  s m a l l  i n c r e a s e s  i n  a n g l e  o f  a t t a c k  
( r e f s .  4 and  5 ) .  I n  o r d e r  t o  g a i n  i n s i g h t  i n t o  t h e s e  d e l e t e r i o u s  e f f e c t s  and  t h e  
p h y s i c a l  phenomena i n v o l v e d ,  a c o m p u t a t i o n a l  f l u t t e r  s t u d y  was c o n d u c t e d  h a l f  a dozen 
y e a r s  ago f o r  a f l u t t e r  mode l  o f  t h e  s u p e r c r i t i c a l  w i n g  o f  t h e  TF-8A a i r p l a n e  ( f i g .  
1). S i n c e  adequa te  a e r o d y n a m i c  t h e o r i e s  f o r  t h r e e - d i m e n s i o n a l  u n s t e a d y  t r a n s o n i c  f l o w  
were  n o t  a v a i l a b l e ,  t h e  m o d i f i e d  s t r i p  a n a l y s i s  ( r e f s .  6 t o  1 2 )  was used.  Spanw ise  
d i s t r i b u t i o n s  o f  s t e a d y - s t a t e  s e c t i o n  l i f t - c u r v e  s l o p e  and  ae rodynamic  c e n t e r ,  r e q u i r e d  
as i n p u t  t o  t h e  f l u t t e r  c a l c u l a t i o n s ,  were  o b t a i n e d  f r o m  w i n d - t u n n e l  p r e s s u r e  
m e a s u r e m e n t s  on a n o t h e r  mode l  o f  t h e  same a i r p l a n e .  

The c a l c u l a t e d  f l u t t e r  r e s u l t s  compared w e l l  w i t h  e x p e r i m e n t s  f o r  O o  and lo a n g l e s  
o f  a t t a c k  b u t  d i d  n o t  r e p r o d u c e  t h e  d r a s t i c  d e c l i n e  i n  t r a n s o n i c  f l u t t e r  speeds shown 
by  t h e  e x p e r i m e n t s  a t  2O and 3 O  a n g l e s  o f  a t t a c k  ( r e f .  5 ) .  The t r e n d s  seemed t o  
i n d i c a t e ,  however,  t h a t  t h e  l a t t e r  d i s c r e p a n c y  was c a u s e d  a t  l e a s t  t o  some e x t e n t  by 
t h e  f a c t  t h a t  t h e  p r e s s u r e  mode l ,  f r o m  w h i c h  t h e  a e r o d y n a m i c  i n p u t s  were  o b t a i n e d ,  was 
t w o  o r d e r s  o f  m a g n i t u d e  s t i f f e r  t h a n  t h e  f l u t t e r  model and hence d e f o r m e d  s t a t i c a l l y  
much l e s s  t h a n  t h e  f l u t t e r  mode l .  

The p r e s e n t  i n v e s t i g a t i o n  was i n i t i a t e d  t o  a d d r e s s  t h a t  p r o b l e m .  The same m e t h o d o l o g y  
I s  u s e d  e x c e p t  t h a t  t h e  s p a n w i s e  d i s t r i b u t i o n s  o f  s e c t i o n  l i f t - c u r v e  s l o p e  and 
a e r o d y n a m i c  c e n t e r  a r e  o b t a i n e d  f r o m  s t a t i c  a e r o e l a s t i c  c a l c u l a t i o n s  f o r  t h e  f l u t t e r  
mode l  e m p l o y i n g  t h e  FL022 f u l l - p o t e n t i a l  code  ( r e f .  1 3 ) .  Dynamic  p r e s s u r e  i s  i t e r a t e d  
b e t w e e n  t h e  a e r o e l a s t i c  c a l c u l a t i o n  and t h e  f l u t t e r  c a l c u l a t i o n  i n  o r d e r  t o  o b t a i n  
f l u t t e r  a t  t h e  same dynamic  p r e s s u r e  as t h a t  u s e d  t o  c a l c u l a t e  t h e  s t a t i c  d e f o r m a t i o n  
and  l o a d i n g .  The o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  i s  n o t  t o  d e v e l o p  new m e t h o d o l o g y  b u t  
t o  s t u d y  t h e  p h y s i c a l  phenomena i n v o l v e d .  

FLUTTER ANALYSIS METHOD 

The m o d i f i e d  s t r i p  a n a l y s i s  ( r e f .  6 )  i s  f o r m u l a t e d  f o r  w i n g  s t r i p s  o r f e n t e d  n o r m a l  t o  
t h e  e l a s t i c  a x i s  a n d  i s  b a s e d  on s t r i p w i s e  a p p l i c a t i o n  o f  T h e o d o r s e n - t y p e  a e r o d y n a m i c s  
( r e f .  1 4 )  i n  wh ich  t h e  l i f t - c u r v e  s l o p e  o f  2n and a e r o d y n a m i c  c e n t e r  a t  q u a r t e r  c h o r d  
a r e  r e p l a c e d ,  r e s p e c t i v e l y ,  by  t h e  l i f t - c u r v e  s l o p e  and  a e r o d y n a m i c  c e n t e r  f o r  t h e  same 
s t r i p  o f  t h e  t h r e e - d i m e n s i o n a l  w i n g  a t  t h e  a p p r o p r i a t e  Mach number and a n g l e  o f  
a t t a c k .  The downwash c o l l o c a t i o n  p o i n t ,  where  t h e  downwash i n d u c e d  by t h e  a e r o d y n a m i c  
l o a d  i s  s e t  equal  t o  t h e  k i n e m a t i c  downwash, i s  m o d i f i e d  a c c o r d i n g l y .  The a e r o d y n a m i c  
a d m i t t a n c e  f u n c t i o n  ( c i r c u l a t i o n  f u n c t i o n )  i s  m o d i f i e d  f o r  c o m p r e s s i b i l i t y  by  u s e  o f  
t w o - d i m e n s i o n a l  u n s t e a d y  c o m p r e s s i b l e - f l o w  t h e o r y  ( r e f .  1 5 ) .  

The s i m p l e  example  o f  s e c t i o n  l i f t  L on  an  u n s w e p t  w i n g  c a n  b e  u s e d  t o  i l l u s t r a t e  t h e  
changes  t o  Theodorsen  a e r o d y n a m i c s  t h a t  a r e  i n v o l v e d  i n  t h e  m o d i f i e d  s t r i p  a n a l y s i s .  

F o r  a t h r e e - d i m e n s i o n a l  w i n g  i n  c o m p r e s s i b l e  s t e a d y  f l o w ,  t h e  s e c t i o n  l i f t  i s  g i v e n  i n  
t e r m s  o f  t h e  s e c t i o n  l i f t - c u r v e  s l o p e  C and t h e  s t a t i c  a n g l e  o f  a t t a c k  a o r  

a1 t e r n a t i v e l y  t h e  downwash Q=aV. 
‘a,n 

F o r  t w o - d i m e n s i o n a l  i n c o m p r e s s i b l e  o s c i l l a t o r y  f l o w ,  t h e  s e c t i o n  l i f t  as  g i v e n  by  
T h e o d o r s e n  can be e x p r e s s e d  i n  s i m i l a r  f o rm.  

L = ZnpVbQC t n o n c i r c u l a t o r y  t e r m s  

Now, however ,  t h e  l i f t - c u r v e  s l o p e  f o r  t w o - d i m e n s i o n a l  i n c o m p r e s s i b l e  f l o w  i s  2n,  a n d  
t h e  c i r c u l a t o r y  l i f t  i s  m u l t i p l i e d  by an a e r o d y n a m i c  a d m i t t a n c e  f u n c t i o n  ( c i r c u l a t i o n  
f u n c t i o n )  C ( k ) = F I  + i G  . The downwash q i s  t h e  u n s t e a d y  downwash e v a l u a t e d  a t  t h e  
t h r e e - q u a r t e r - c h o r d  p o f n t  w h i c h  i s  t h e  c o l l o c a t i o n  p o i n t  f o r  i n d u c e d  and k i n e m a t i c  
downwash i n  t w o - d i m e n s i o n a l  i n c o m p r e s s i b l e  f l o w .  N o n c i r c u l a t o r y  l i f t  t e r m s  w h i c h  h a v e  
no c o u n t e r p a r t  f o r  s t e a d y  f l o w  a r e  a l s o  i n c l u d e d .  

F o r  t h r e e - d i m e n s i o n a l  c o m p r e s s i b l e  o s c i l l a t o r y  f l o w ,  t h e  T h e o d o r s e n  f o r m  o f  t h e  
e x p r e s s i o n  i s  r e t a i n e d  f o r  t h e  m o d i f i e d  s t r i p  a n a l y s i s  

L = C, pVbQC t n o n c i r c u l a t o r y  t e r m s  
a .n  

2 

L 



b u t  w i t h  t h r e e  m o d i f i c a t i o n s :  ( a )  The l i f t - c u r v e  s l o p e  i s  no l o n g e r  2n b u t  t h e  v a l u e  
f o r  t h e  p a r t i c u l a r  s e c t i o n  o f  t h e  t h r e e - d i m e n s i o n a l  w i n g  a t  t h e  p a r t i c u l a r  Mach number,  
a n g l e  o f  a t t a c k ,  and  o t h e r  c o n d i t i o n s  b e i n g  s t u d i e d .  ( b )  The downwash c o l l o c a t i o n  
p o i n t  i s  no  l o n g e r  a t  t h r e e - q u a r t e r  c h o r d  b u t  i s  r e l o c a t e d  t o  s a t i s f y  t h e  t r a i l i n g - e d g e  
c o n d i t i o n  f o r  t h e  p a r t i c u l a r  s e c t i o n  l i f t - c u r v e  s l o p e  and  a e r o d y n a m i c - c e n t e r  p o s i t i o n  
i n v o l v e d .  ( c )  The c i r c u l a t i o n  f u n c t i o n  f o r  i n c o m p r e s s i b l e  f l o w  i s  m o d i f i e d  i n  
m a g n i t u d e  o n l y  t o  a c c o u n t  f o r  c o m p r e s s i b i l i t y .  

2+ G g  
C(k,M) =/k (FI + iGI) - Fc (FI + iGI) 

F + G  7 
w h e r e  s u b s c r i p t s  C and I i n d i c a t e  v a l u e s  f o r  t w o - d i m e n s i o n a l  c o m p r e s s i b l e  and  
i n c o m p r e s s i b l e  f l o w ,  r e s p e c t i v e l y .  S i m i l a r  m o d i f i c a t i o n s  a r e  a l s o  made, o f  c o u r s e ,  i n  
t h e  c o r r e s p o n d i n g  e x p r e s s i o n  f o r  s e c t i o n  p i t c h i n g  moment ( r e f s .  6 and  7 ) .  N o t e  t h a t  no  
a r b i t r a r y  u s e r - s e l e c t e d  p a r a m e t e r s  a r e  i n c l u d e d  i n  t h e  e x p r e s s i o n s  i n  o r d e r  t o  i m p r o v e  
t h e  a g r e e m e n t  w i t h  e x p e r i m e n t a l  f l u t t e r  d a t a  o r  w i t h  o t h e r  c a l c u l a t i o n s .  

The m o d i f i e d  s t r i p  a n a l y s i s  has  c o n s i s t e n t l y  g i v e n  good f l u t t e r  r e s u l t s  f o r  a b r o a d  
r a n g e  o f  s w e p t  and  u n s w e p t  w i n g s  a t  speeds up  t o  h y p e r s o n i c  ( r e f .  7). i n c l u d i n g  e f f e c t s  
o f  w i n g  t h i c k n e s s  ( r e f s .  9 and  1 0 )  and  a n g l e  o f  a t t a c k  ( r e f .  1 1 ) .  I n  p a r t i c u l a r ,  t h i s  
m e t h o d  w h i c h  was d e v e l o p e d  i n  t h e  m i d  1 9 5 0 ' s  ( r e f .  6 )  was u s e d  s u c c e s s f u l l y  i n  1959  t o  
c a l c u l a t e  t r a n s o n i c  f l u t t e r  c h a r a c t e r i s t i c s  f o r  some s w e p t  w i n g s  w i t h  c o n v e n t i o n a l  
a i r f o i l s  ( r e f .  8 ) .  I n  1979, i t  was used t o  c a l c u l a t e  t r a n s o n i c  f l u t t e r  o f  t h e  p r e s e n t  
s u p e r c r i t i c a l  w i n g  a t  e s s e n t i a l l y  z e r o  a n g l e  o f  a t t a c k  w i t h  e x c e p t i o n a l l y  good r e s u l t s  
( r e f .  3 ) .  T h a t  s t u d y  was e x t e n d e d  i n  1980 t o  i n c l u d e  n o n z e r o  a n g l e s  o f  a t t a c k  ( r e f . 5 ) .  

PREVIOUS FLUTTER CALCULATIONS FOR TF-8A W I N G  

F o r  E x p e r i m e n t s  i n  F r e o n - 1 2  

I n  t h e  c a l c u l a t i o n s  f o r  t h e  TF-8A w i n g  shown i n  f i g u r e  2 ( f r o m  r e f .  3 ) .  t h e  r e q u i r e d  
a e r o d y n a m i c  p a r a m e t e r s  w e r e  o b t a i n e d  f rom s t e a d y - s t a t e  s u r f a c e  p r e s s u r e  measuremen ts  i n  
t h e  L a n g l e y  8 - f o o t  T r a n s o n i c  T u n n e l  ( r e f .  1 6 ) .  I n  t h e  s u b s o n i c  r a n g e ,  a g r e e m e n t  
b e t w e e n  c a l c u l a t e d  a n d  measured  f l u t t e r  b o u n d a r i e s  i s  e x c e l l e n t .  I n  t h e  t r a n s o n i c  
r a n g e ,  a t r a n s o n i c  d i p  i s  c a l c u l a t e d  wh ich  c l o s e l y  r e s e m b l e s  t h e  e x p e r i m e n t a l  one  w i t h  
r e g a r d  t o  b o t h  shape  a n d  d e p t h .  However, t h e  c a l c u l a t e d  d i p  o c c u r s  a t  a b o u t  0.04 Mach 
number l o w e r  t h a n  t h e  e x p e r i m e n t a l  one. The  r e a s o n  f o r  t h i s  d i f f e r e n c e  i s  n o t  known 
w i t h  c e r t a i n t y .  T h e r e  i s  some e v i d e n c e ,  however ,  t h a t  i n d i c a t e s  t h a t  t h e  d i f f e r e n c e  
may be a s s o c i a t e d  w i t h  mode l  s i z e  r e l a t i v e  t o  t u n n e l  d i m e n s i o n s .  The p r e s s u r e  mode l  
f r o m  w h i c h  t h e  a e r o d y n a m i c  c o e f f i c i e n t s  w e r e  o b t a i n e d  f o r  u s e  i n  t h e  f l u t t e r  
c a l c u l a t i o n s  was s m a l l e r  r e l a t i v e  t o  t u n n e l  s i z e  t h a n  was t h e  f l u t t e r  mode l .  

N o t e  a l s o  t h a t  t h e  e x p e r i m e n t a l  f l u t t e r  d a t a  i n  f i g u r e  2 as w e l l  as t h e  a e r o d y n a m i c  
p a r a m e t e r s  u s e d  i n  t h e  c o r r e s p o n d i n g  f l u t t e r  c a l c u l a t i o n s  w e r e  o b t a i n e d  a t  e s s e n t i a l l y  
z e r o  a n g l e  o f  a t t a c k .  C o n s e q u e n t l y ,  t he  a s s o c i a t e d  s t a t i c  a e r o d y n a m i c  l o a d s  and  
a e r o e l a s t i c  d e f o r m a t i o n s  w e r e  s m a l l  and w e r e  n o t  e x p e c t e d  t o  i n f l u e n c e  f l u t t e r  
c h a r a c t e r i s t i c s  t o  any s i g n i f i c a n t  e x t e n t .  

The e x p e r i m e n t a l  f l u t t e r  d a t a  shown i n  f i g u r e  2 were  o b t a i n e d  w i t h  F r e o n - 1 2 *  gas  u s e d  
as  t e s t  medium. T h e r e f o r e ,  t h e  a s s o c i a t e d  v a l u e s  o f  mass r a t i o  ( f i g .  3 )  w e r e  
r e l a t i v e l y  l o w .  

F o r  E x p e r i m e n t s  i n  A i r  

The good r e s u l t s  shown i n  f i g u r e  2 ( f r o m  r e f .  3 )  e n c o u r a g e d  an  e x t e n s i o n  o f  t h e  s t u d y  
t o  e x a m i n e  t h e  e f f e c t s  o f  a n g l e  o f  a t t a c k  on f l u t t e r  ( r e f .  5 ) .  The r e q u i r e d  
a e r o d y n a m i c  p a r a m e t e r s  C (II) and  a ( 0 )  were  o b t a i n e d  f r o m  t h e  same w i n d - t u n n e l  
p r e s s u r e  d a t a  as b e f o r e ,  and  r e p r e s e n t a t i v e  v a l u e s  a r e  shown i n  f i g u r e s  4 and  5 .  

F i g u r e  4 shows r e p r e s e n t a t i v e  s p a n w i s e  d i s t r i b u t i o n s  o f  s e c t i o n  l i f t - c u r v e  s l o p e  a n d  
a e r o d y n a m i c  c e n t e r  o b t a i n e d  f r o m  measured s u r f a c e  p r e s s u r e s  a t  two  s u b s o n i c  Mach 
numbers .  N o n l i n e a r i t y  w i t h  r e s p e c t  t o  a n g l e  o f  a t t a c k  i s  m i n o r  a t  Mach number  0.25 b u t  
i n c r e a s e s  as Mach number r i s e s  t o  0.80, e s p e c i a l l y  i n  t h e  a e r o d y n a m i c  c e n t e r  l o c a t i o n .  
N o t e  t h a t  t h e  TF-8A w i n g  was d e s i g n e d  f o r  an  u n u s u a l l y  h i g h  d r a g - r i s e  Mach number  
(M10 .99 ) .  

As  Mach number  i n c r e a s e s  f u r t h e r ,  n o n l i n e a r i t y  ( a s  t y p i f i e d  i n  f i g .  5 )  becomes 
s u b s t a n t i a l  a n d  p o r t e n d s  g r o w i n g  s e n s i t i v i t y  o f  f l u t t e r  speed  t o  changes  i n  a n g l e  o f  
a t t a c k .  N o t e ,  however ,  t h a t  t h e  ae rodynamic  mode l  on w h i c h  t h e  p r e s s u r e s  w e r e  measured  
was t w o  o r d e r s  o f  m a g n i t u d e  s t i f f e r  than t h e  f l u t t e r  mode l  i n  b o t h  b e n d i n g  and  
t o r s i o n .  C o n s e q u e n t l y ,  a e r o e l  a s t i c  d e f o r m a t i o n  o f  t h e  a e r o d y n a m i c  mode l  was s m a l l ,  a n d  
t h e  e f f e c t s  o f  a n g l e  o f  a t t a c k  shown here  a r e  e s s e n t i a l l y  a e r o d y n a m i c  ( r a t h e r  t h a n  
a e r o e l a s t i c )  i n  o r i g i n .  

t a , n  c,n 

* F r e o n  i s  a r e g i s t e r e d  t r a d e m a r k  o f  E. I. DuPon t  de Nemours Co., I n c .  
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T h e  c o r r e s p o n d i n g  f l u t t e r  r e s u l t s  f o r  a n g l e s  o f  a t t a c k  f r o m  0 deg t o  3 deg a r e  shown i n  
f i g u r e s  6 ( a )  t o  6 ( d )  ( f r o m  r e f .  5 ) .  N o t e  t h a t  t h e  m a s s - r a t i o  V a l u e s  shown on t h e  
f i g u r e s  f o r  t h e s e  e x p e r i m e n t s  i n  a i r  a r e  c o n s i d e r a b l y  h i g h e r  t h a n  t h o s e  f o r  t h e  
e x p e r i m e n t s  i n  F r e o n - 1 2  w h i c h  w e r e  shown i n  f i g u r e s  2 and  3 .  

A t  e a c h  Mach number f o r  w h i c h  t h e  a e r o d y n a m i c  e x p e r i m e n t s  w e r e  c o n d u c t e d  ( r e f .  161,  
p r e s s u r e s  on t h e  w i n g  s u r f a c e  were  measured  a t  t w o  l e v e l s  o f  f r e e s t r e a m  dynamic  
p r e s s u r e ,  a n d  b o t h  w e r e  u s e d  i n  t h e  f l u t t e r  c a l c u l a t i o n s  o f  r e f e r e n c e  5 as i n d i c a t e d  b y  
t h e  s o l i d  and dash l i n e s  i n  f i g u r e s  6 ( a )  t o  6 ( d ) .  M o r e o v e r ,  t h e  Mach numbers  f o r  t h e  
a e r o d y n a m i c  e x p e r i m e n t s  d i d  n o t  c o i n c i d e  w i t h  t h e  e x p e r i m e n t a l  f l u t t e r  Mach numbers .  
T h e r e f o r e ,  no a t t e m p t  was made t o  m a t c h  e x p e r i m e n t a l  f l u t t e r  c o n d i t i o n s  p o i n t  f o r  p o i n t  
w i t h  r e s p e c t  t o  Mach number and  mass r a t i o .  I n s t e a d ,  t h e  f l u t t e r  c a l c u l a t i o n s  w e r e  
made o n l y  f o r  t h e  maximum and  minimum e x p e r i m e n t a l  v a l u e s  o f  mass r a t i o  a t  each  a n g l e  
o f  a t t a c k .  

F o r  a = 0 ( f i g .  6 ( a ) ) ,  s t a t i c  a e r o e l a s t i c  d e f o r m a t i o n s  o f  t h e  f l u t t e r  mode l  w e r e  n o t  
s i g n i f i c a n t ,  and t h e  c o n v e n t i o n a l l y  shaped e x p e r i m e n t a l  f l u t t e r  b o u n d a r y  i s  r e a s o n a b l y  
w e l l  p r e d i c t e d  by t h e  c a l c u l a t e d  v a l u e s  w h i c h  a r e  a b o u t  6 p e r c e n t  c o n s e r v a t i v e  a t  M = 
0.85 and  a b i t  more so a t  t h e  b o t t o m  o f  t h e  t r a n s o n i c  d i p .  

When a i s  i n c r e a s e d  t o  1 ° . ( f i g .  6 ( b ) ) ,  t h e  d e p t h  and l o c a t i o n  o f  t h e  t r a n s o n i c  d i p  
a r e  s t i l l  a d e q u a t e l y  p r e d i c t e d ,  b u t  t h e  u n c o n v e n t i o n a l  b a c k w a r d  t u r n  o f  t h e  
e x p e r i m e n t a l  boundary  i s  n o t .  

When a i s  f u r t h e r  i n c r e a s e d  t o  2O and 3 O  ( f i g s .  6 ( c )  and 6 ( d ) ,  r e s p e c t i v e l y ) ,  t h e  
b a c k w a r d  t u r n  o f  t h e  e x p e r i m e n t a l  t r a n s o n i c  f l u t t e r  b o u n d a r y  becomes much more  
p r o n o u n c e d ,  and t h e  b o t t o m  o f  t h e  d i p  o b v i o u s l y  d r o p s  d r a s t i c a l l y  a l t h o u g h  t h e  a c t u a l  
b o t t o m  i s  n o t  d e f i n e d  by t h e  a v a i l a b l e  d a t a  p o i n t s .  The e x t e n t  o f  t h i s  d e c l i n e  i s  n o t  
a d e q u a t e l y  p r e d i c t e d  b y  t h e  c a l c u l a t i o n s .  T h e r e  i s  some e v i d e n c e  t o  i n d i c a t e ,  however ,  
t h a t  t h i s  d i s c r e p a n c y  was c a u s e d  a t  l e a s t  t o  some e x t e n t  by t h e  f a c t  t h a t  t h e  p r e s s u r e  
mode l ,  f r o m  wh ich  a e r o d y n a m i c  p a r a m e t e r s  w e r e  o b t a i n e d  f o r  t h e  f l u t t e r  c a l c u l a t i o n s ,  
d i d  n o t  d e f o r m  a e r o e l a s t i c a l l y  n e a r l y  as much as t h e  f l u t t e r  model d i d .  Hence t h e  
a e r o d y n a m i c  p a r a m e t e r s  were  n o t  t h o s e  r e l e v a n t  t o  t h e  s t a t i c a l l y  d e f o r m e d  w i n g  shape  
a b o u t  w h i c h  t h e  e x p e r i m e n t a l  f l u t t e r  m o t i o n  o c c u r r e d .  See r e f e r e n c e  5 f o r  more  
d e t a i l e d  d i s c u s s i o n .  

E x p e r i m e n t a l  t r a n s o n i c  f l u t t e r  d a t a  f o r  a n g l e s  o f  a t t a c k  up  t o  2.05 deg a r e  p r e s e n t e d  
i n  r e f e r e n c e  17 f o r  a h i g h - a s p e c t - r a t i o  s u p e r c r i t i c a l  w i n g  w i t h ,  however ,  l o w e r  sweep 
a n g l e  a n d  l o w e r  d r a g - r i s e  Mach number t h a n  t h o s e  f o r  t h e  TF-8A. The w i n g  o f  r e f e r e n c e  
17  was p r o v i d e d  some d e g r e e  o f  f l e x i b i l i t y  i n  p i t c h ,  b u t  t h e  t o r s i o n a l  s t i f f n e s s  o f  t h e  
w i n g  i t s e l f  appears  t o  h a v e  been  s u f f i c i e n t l y  h i g h  t o  p r e v e n t  t w i s t i n g  d e f o r m a t i o n s  o f  
s i g n i f i c a n t  magn i tude .  The measured  t r a n s o n i c  f l u t t e r  b o u n d a r y  f o r  t h a t  w i n g  a t  2.05 
deg  a n g l e  o f  a t t a c k  i s  r e m a r k a b l y  s i m i l a r  t o  t h e  f l u t t e r  b o u n d a r y  c a l c u l a t e d  f o r  t h e  
TF-8A w i n g  a t  2 deg a n g l e  o f  a t t a c k  u s i n g  a e r o d y n a m i c  p a r a m e t e r s  o b t a i n e d  w i t h  t h e  
c o m p a r a t i v e l y  s t i f f  p r e s s u r e  mode l  o f  r e f e r e n c e  16 ( f i g .  6 ( c ) ) .  The f l u t t e r  b o u n d a r i e s  
f o r  b o t h  w i n g s  show a r e l a t i v e l y  b r o a d  c o n v e n t i o n a l - l o o k i n g  i n i t i a l  t r a n s o n i c  d i p  
f o l l o w e d  by  a s t e e p e r ,  n a r r o w e r ,  deeper ,  a n d  l o w e r  second  d i p .  Second d i p s  o f  t h i s  
s o r t  h a v e  been o b s e r v e d  i n  w i n d - t u n n e l  f l u t t e r - t e s t  r e s u l t s  f o r  o t h e r  m o d e l s  u n d e r  
c o n d i t i o n s  f o r  w h i c h  s t a t i c  a e r o e l a s t i c  d e f o r m a t i o n s  w o u l d  be  e x p e c t e d  t o  b e  m i m i m a l  
(e.g. ,  r e f .  1 8 ) .  

F i n a l l y ,  i t  i s  i l l u m i n a t i n g  t o  examine  t h e  v a r i a t i o n  o f  mass r a t i o  w i t h  Mach number f o r  
t h e  e x p e r i m e n t a l  f l u t t e r  d a t a  shown i n  f i g u r e s  6 ( a )  t o  6 ( c ) .  On t h e  c u r v e s  o f  t h e s e  
p a r a m e t e r s  ( f i g .  72, t h e  o n l y  f i r m  v a l u e s  a r e  t h o s e  r e p r e s e n t e d  by  t h e  s y m b o l s  w h i c h  
c o r r e s p o n d  t o  t h e  h a r d "  f l u t t e r  p o i n t s  i n  f i g u r e s  6 ( a )  t o  6 ( c ) .  The c u r v e s  f a i r e d  
t h r o y g h  t h e  symbols  i n  f i g u r e  7 ,  however ,  a r e  c o n s i s t e n t  w i t h  t h e  c u r v e s  f a i r e d  t h r o u g h  
t h e  h a r d "  f l u t t e r  p o i n t s  i n  f i g u r e s  6 ( a )  t o  6 ( c ) .  

F o r  a = 0 ,  t h e  v a r i a t i o n  o f  mass r a t i o  i s  m o d e r a t e  and  o f  c o n v e n t i o n a l  f o r m  ( c o m p a r e  
f i g .  3 ) .  F o r  a = 1 deg and e s p e c i a l l y  f o r  a = 2 deg, on t h e  o t h e r  hand,  t h e  deep 
b a c k w a r d - t u r n i n g  t r a n s o n i c  d i p s  shown i n  f i g u r e s  6 ( b )  and  6 ( c )  c o r r e s p o n d  t o  
s u b s t a n t i a l  i n c r e a s e s  i n  mass r a t i o .  These  w i d e  e x c u r s i o n s  i n  mass r a t i o  i n d i c a t e  t h a t  
t h e  e x p e r i m e n t a l  f l u t t e r  b o u n d a r i e s  f o l l o w  s u b s t a n t i a l l y  d i f f e r e n t  t r a c k s  a c r o s s  t h e  
f l u t t e r - s p e e d  s u r f a c e  ( d e f i n e d  by  V I  = f (M,p  1 )  f o r  a = 0, 1, and  2 d e g r e e s .  The 
l a r g e  v a l u e s  o f  mass r a t i o  i n  t h e m s e l v e s  w o u r d  p r o d u c e  l o w  v a l u e s  o f  f l u t t e r - s p e e d  
i n d e x .  T h i s  p o i n t  w i l l  b e  a d d r e s s e d  s u b s e q u e n t l y  i n  t h i s  p a p e r .  See a l s o  t h e  more  
d e t a i l e d  d i s c u s s i o n  o f  t h e  f l u t t e r - s p e e d  s u r f a c e  and  t h e  i m p l i c a t i o n s  f o r  f l u t t e r  
e x p e r i m e n t s  and d a t a  i n t e r p r e t a t i o n  i n  A p p e n d i x  C o f  r e f e r e n c e  10  and  i n  r e f e r e n c e  1 2 .  

PRESENT ANALYSIS 

T h e  i n a d e q u a c y  of  t h e  a v a i l a b l e  e x p e r i m e n t a l  a e r o d y n a m i c  d a t a  f o r  a p p l i c a t i o n  t o  
c o n d i t i o n s  i n v o l v i n g  s i g n i f i c a n t  s t a t i c  a e r o e l a s t i c  d e f o r m a t i o n  o f  t h e  f l u t t e r  mode l  
l e d  t o  t h e  p r e s e n t  s t u d y  i n  w h i c h  t h e  r e q u i r e d  a e r o d y n a m i c  p a r a m e t e r s  w e r e  o b t a i n e d  
f r o m  s t a t i c  a e r o e l a s t i c  c a l c u l a t i o n s  ( f i g .  8 )  i n c o r p o r a t i n g  FL022 a e r o d y n a m i c s  ( r e f .  
1 3 ) .  P r e s s u r e  d i s t r i b u t i o n s  w e r e  t h u s  compu ted  f o r  t h e  a e r o e l a s t i c a l l y  d e f o r m e d  w i n g  
a t  a g i v e n  Mach number ,  s e v e r a l  a n g l e s  o f  a t t a c k ,  a n d  an  i n i t i a l l y  c h o s e n  dynamic  
p r e s s u r e .  S i n c e  e x p e r i m e n t a l  f l u t t e r  d a t a  were  a v a i l a b l e ,  t h e  Mach numbers  and  dynamic  
p r e s s u r e s  were  t a k e n  t o  b e  t h o s e  f o r  t h e  m e a s u r e d  f l u t t e r  p o i n t s .  The c a l c u l a t e d  
p r e s s u r e s  were  i n t e g r a t e d  t o  g e n e r a t e  s p a n w i s e  d i s t r i b u t i o n s  o f  s e c t i o n  l i f t  and 
p i t c h i n g - m o m e n t  c o e f f i c i e n t s .  These  c o e f f i c i e n t s  w e r e  t h e n  s p l i n e  f i t t e d  as  f u n c t i o n s  
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o f  a n g l e  o f  a t t a c k ,  and  t h e  s p l i n e  cu rves  w e r e  a n a l y t i c a l l y  d i f f e r e n t i a t e d  t o  p r o d u c e  
s e c t i o n  l i f t - c u r v e  s l o p e s  and  moment -curve  s l o p e s  ( a n d  hence  a e r o d y n a m i c  c e n t e r s )  f o r  
t h e  a n g l e s  o f  a t t a c k  a t  w h i c h  t h e  f l u t t e r  d a t a  were  measured.  The s p a n w i s e  
d i s t r i b u t i o n s  o f  s e c t i o n  l i f t - c u r v e  s lope  a n d  a e r o d y n a m i c  c e n t e r  w e r e  i n p u t  t o  t h e  
m o d i f i e d  s t r i p  a n a l y s i s  t o  g e n e r a t e  g e n e r a l i z e d  a e r o d y n a m i c  f o r c e s  f o r  use  i n  t h e  FAST 
f l u t t e r - a n a l y s i s  p r o g r a m  ( r e f .  1 9 ) .  The r e s u l t i n g  f l u t t e r  dynamic  p r e s s u r e  c o u l d  t h e n  
b e  u s e d  t o  m o d i f y  t h e  dynamic  p r e s s u r e  i n p u t  t o  t h e  s t a t i c  a e r o e l a s t i c  c a l c u l a t i o n  and  
t h e  p r o c e s s  i t e r a t e d  t o  p r o d u c e  f l u t t e r  and  s t a t i c  d e f o r m a t i o n  ( a n d  a s s o c i a t e d  p r e s s u r e  
d i s t r i b u t i o n s )  f o r  t h e  same ( m a t c h e d )  dynamic p r e s s u r e .  

T h e  FL022 f i n i t e - d i f f e r e n c e  code  ( r e f .  1 3 )  i m p l e m e n t s  a n o n c o n s e r v a t i o n  f o r m  o f  t h e  
f u l l  p o t e n t i a l  e q u a t i o n .  I t  was employed i n  t h i s  i n v e s t i g a t i o n  b e c a u s e  i t  h a d  b e e n  
p r e v i o u s l y  i n c o r p o r a t e d  i n t o  a s t a t i c  a e r o e l a s t i c  a n a l y s i s  ( r e f .  2 0 )  and p r e v i o u s l y  
u s e d  by t h e  p r e s e n t  f i r s t  a u t h o r  i n  some u n p u b l i s h e d  c a l c u l a t i o n s  o f  t h e  t y p e  p r e s e n t e d  
h e r e  b u t  f o r  a d i f f e r e n t  s u p e r c r i t i c a l  w ing .  

RESULTS AND DISCUSSION 

F o r  a l l  o f  t h e  f l u t t e r  c a l c u l a t i o n s  made w i t h  a e r o d y n a m i c  p a r a m e t e r s  f r o m  FL022, t h e  
Mach number,  a n g l e  o f  a t t a c k  a n d  mass r a t i o  f o r  t h e  e x p e r i m e n t a l  f l u t t e r  p o i n t s  w e r e  
e s s e n t i a l l y  d u p l i c a t e d .  As i n  r e f e r e n c e  3 and  5, s i x  measured  n a t u r a l  modes o f  
v i b r a t i o n  w e r e  u s e d  i n  a l l  f l u t t e r  c a l c u l a t i o n s .  I n  f i g s .  9 and  10,  t h e  r e s u l t s  a r e  
compared  w i t h  t h e  p r e v i o u s l y  shown e x p e r i m e n t a l  f l u t t e r  p o i n t s  and w i t h  t h e  f l u t t e r  
b o u n d a r i e s  c a l c u l a t e d  w i t h  t h e  e x p e r i m e n t a l  a e r o d y n a m i c  p a r a m e t e r s  d e s c r i b e d  p r e v i o u s l y  
(e .g . ,  f i g s .  4 and 5; see a l s o  r e f .  5 ) .  N o t e  t h a t  t h e  p r e s e n t  c a l c u l a t i o n s  have  been  
l i m i t e d  t o  t h e  s u b s o n i c  s i d e  o f  t h e  t r a n s o n i c  d i p .  I n v e s t i g a t i o n  o f  t h e  s u b s o n i c  s i d e  
was c o n s i d e r e d  t o  be s u f f i c i e n t  t o  i n d i c a t e  t h e  o c c u r r e n c e ,  c h a r a c t e r ,  and  c a u s e s  o f  
t h e  backward -  t u r n i  ng t r a n s o n i c  d i p .  

1 
An i n i t i a l  s e t  o f  a e r o d y n a m i c  ( F L 0 2 2 )  c a l c u l a t i o n s  was made f o r  t h e  w i n g  d e f o r m e d  i n t o  
i t s  d e s i g n  shape and t r e a t e d  as r i g i d .  The s p a n w i s e  d i s t r i b u t i o n s  o f  s e c t i o n  
l i f t - c u r v e  s l o p e  a n d  a e r o d y n a m i c  c e n t e r  t h u s  o b t a i n e d  w e r e  u s e d  i n  some i n i t i a l  f l u t t e r  
c a l c u l a t i o n s .  The r e s u l t i n g  n o n d i m e n s i o n a l  f l u t t e r  speeds VI a r e  r e p r e s e n t e d  by t h e  
d iamond  symbo ls  i n  f i g s .  9 and 10. F o r  z e r o  a n g l e  o f  a t t a c k  ( f i g .  9 ( a ) ) ,  t h e  
c a l c u l a t e d  f l u t t e r  speeds  a r e  i n  good  agreement  w i t h  e x p e r i m e n t  and d i f f e r  v e r y  l i t t l e  
f r o m  t h o s e  o b t a i n e d  w i t h  t h e  e x p e r i m e n t a l  a e r o d y n a m i c  p a r a m e t e r s  f o r  ( n o r m a l l y )  t h e  
d e s i g n  shape.  A t  a = 1 deg ( f i g .  9 ( b ) ) ,  t h e  a g r e e m e n t  i s  a g a i n  good a t  t h e  l o w e s t  
e x p e r i m e n t a l  Mach number and mass r a t i o ,  b u t  t h e  c a l c u l a t e d  p o i n t s  become p r o g r e s s i v e l y  
u n c o n s e r v a t i v e  as mass r a t i o  i n c r e a s e s  t o  547.  I t  i s  i m p o r t a n t  t o  n o t e ,  however ,  t h a t  
t h e  b a c k w a r d  t u r n  o f  t h e  f l u t t e r  boundary  i s  c l e a r l y  i n d i c a t e d  by t h e  t h r e e  c a l c u l a t e d  
p o i n t s ,  t h u s  i n d i c a t i n g  t h a t  v a r y i n g  a e r o e l a s t i c  d e f o r m a t i o n  i s  n o t  e s s e n t i a l  t o  
p r o d u c e  t h i s  b e h a v i o r .  I n s t e a d ,  t h e  backward  t u r n  shown h e r e  i s  c a u s e d  by  t h e  
i n d i c a t e d  v a r i a t i o n  i n  mass r a t i o .  I f  t h e  t h r e e  c a l c u l a t e d  p o i n t s  a r e  compared  on t h e  
b a s i s  o f  a c o n s t a n t  mass r a t i o ,  say u r  = 450.  ( r e s u l t s  n o t  shown) ,  no  b a c k w a r d  t u r n  
a p p e a r s .  R e s u l t s  t h a t  a r e  q u a l i t a t i v e l y  s i m i l a r  t o  t h o s e  i n  f i g .  9 ( b )  f o r  a = 1 deg  
a r e  shown i n  f i g .  9 ( c )  f o r  a = 2 deg. 

These  p r o g r e s s i v e l y  more  u n c o n s e r v a t i v e  p r e d i c t i o n s  o f  f l u t t e r - s p e e d  i n d e x  as mass 
r a t i o  i n c r e a s e s  were  a n t i c i p a t e d  f r o m  these  c a l c u l a t i o n s  i n  w h i c h  s t a t i c  a e r o e l a s t i c  
d e f o r m a t i o n  was n e g l e c t e d .  C o n s i d e r  t h e  e x p e r i m e n t a l  f l u t t e r  b o u n d a r y  shown i n  f i g s .  
9 ( c )  and 10 f o r  t h e  f l e x i b l e  f l u t t e r  model. As mass r a t i o  i n c r e a s e s ,  t h e  f l u t t e r - s p e e d  
i n d e x  ( a n d  h e n c e  f l u t t e r  dynamic  p r e s s u r e )  d e c r e a s e s .  As dynamic  p r e s s u r e  d e c r e a s e s ,  
s t a t i c  a e r o e l a s t i c  d e f o r m a t i o n  ( n o t a b l y  w i n g  w a s h o u t )  d i m i n i s h e s ,  and s e c t i o n  
l i f t - c u r v e  s l o p e s  i n c r e a s e ,  e s p e c i a l l y  o v e r  t h e  o u t b o a r d  s e c t i o n s  o f  t h e  w i n g .  As 
s e c t i o n  l i f t - c u r v e  s l o p e s  i n c r e a s e ,  f l u t t e r  dynamic  p r e s s u r e  and  f l u t t e r - s p e e d  i n d e x  
d e c r e a s e .  I n  o t h e r  w o r d s ,  as mass r a t i o  i n c r e a s e s ,  d i m i n i s h i n g  s t a t i c  a e r o e l a s t i c  
d e f o r m a t i o n  o f  t h e  f l u t t e r  mode l  c o n t r i b u t e s  t o  l o w e r  f l u t t e r - s p e e d  i n d e x ,  and  t h a t  
e f f e c t  i s  n o t  i n c l u d e d  i n  t h e  c a l c u l a t i o n s  f o r  t h e  r i g i d  d e s i g n  shape ( f i g s .  9 ( b )  a n d  
( C )  and  f i g .  10). M o r e o v e r ,  s t a t i c  l o a d s  and d e f o r m a t i o n s  and t h e i r  e f f e c t s  s h o u l d  
i n c r e a s e  w i t h  i n c r e a s i n g  a n g l e  o f  a t t a c k ,  a n d  t h e  e f f e c t s  j u s t  d e s c r i b e d  a r e  i n d e e d  
o b s e r v e d  i n  f i g s .  9 ( a ) ,  ( b ) ,  and ( c )  t o  become more  p r o n o u n c e d  as a n g l e  o f  a t t a c k  
i n c r e a s e s .  I n  f a c t ,  t h e  e f f e c t s  o f  s t a t i c  d e f l e c t i o n  a p p e a r  t o  be  n e g l i g i b l e  a t  z e r o  
a n g l e  of  a t t a c k  ( f i g .  9 ( a ) ) .  

I n  f i g .  10 t h e  e x p e r i m e n t a l  and c a l c u l a t e d  t r a n s o n i c  d i p s  i n  f i g .  9 ( c )  have  been  
e n l a r g e d  a n d  t h e  c a l c u l a t i o n s  e x t e n d e d  t o  show t h e  b o t t o m  p o r t i o n  o f  t h e  d i p  w h i c h  h a s  
b e e n  c a l c u l a t e d  by  use  o f  t h e  m a s s - r a t i o  v a r i a t i o n  f o r  a = 2 deg shown i n  f i g .  7. The  
l a t t e r ,  i n  t u r n ,  i s  c o n s i s t e n t  w i t h  t h e  b o t t o m  p o r t i o n  o f  t h e  d i p  f a i r e d  t h r o u g h  t h e  
e x p e r i m e n t a l  f l u t t e r  p o i n t s .  These  c a l c u l a t i o n s  f o r  t h e  r i g i d  d e s i g n  shape show 
c l e a r l y  t h a t  t h e  u n c o n v e n t i o n a l  b a c k w a r d - t u r n i n g  t r a n s o n i c  f l u t t e r  b o u n d a r y  i s  c a u s e d  
b y  v a r i a t i o n  i n  mass r a t i o  and  n o t  b y  s t a t i c  a e r o e l a s t i c  d e f o r m a t i o n .  A c c u r a c y  i n  
p r e d i c t i n g  t h i s  k i n d  o f  d i p ,  however ,  does a p p e a r  t o  r e q u i r e  c o n s i d e r a t i o n  o f  s t a t i c  
d e f o r m a t i o n .  

C a l c u l a t i o n s  f o r  F l e x i b l e  Wing 

When t h e  w i n g  i s  t r e a t e d  as f l e x i b l e  i n  t h e  s t a t i c - a e r o e 1 : s t i c  p o r t i o n  f f  t h e  
c a l c u l a t i o n  p r o c e d u r e  shown s c h e m a t i c a l l y  i n  f i g .  8, t h e  i n i t i a l  shape  i n p u t  t o  t h e  
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" a e r o e l a s t i c  FL022" i t e r a t i v e  c a l c u l a t i o n  o f  p r e s s u r e s  and d e f o r m a t i o n s  may be  t h e  
u n d e f o r m e d  shape o r ,  i f  a v a i l a b l e ,  a b e t t e r  a p p r o x i m a t i o n  t o  t h e  a e r o e l a s t i c a l l y  
c o n v e r g e d  shape. 
u n d e f o r m e d  shape ( " j i g  shape)  o f  t h e  w i n g  i n t o  a e r o e l a s t i c  FL022 so t h a t  t h e  
c a l c u l a t e d  d e f o r m a t i o n s  may be added t o  i t  i n  o r d e r  t o  o b t a i n  t h e  o u t p u t  de fo rmed  shape 
a n d  a s s o c i a t e d  p r e s s u r e  d i s t r i b u t i o n .  S i n c e  j i g - s h a p e  measuremen ts  f o r  t h e  TF-8A 
f l u t t e r - m o d e l  w ing  were  n o t  a v a i l a b l e ,  a j i g  shape was c a l c u l a t e d  by  s u b t r a c t i n g  f r o m  
t h e  d e s i g n  shape t h e  d e f o r m a t i o n s  c a u s e d  by  t h e  l o a d  d i s t r i b u t i o n  on t h e  d e s i g n  shape  
a t  t h e  d e s i g n  c o n d i t i o n  ( M  = 0.99, CL = 0 . 3 7 ) .  

F o r  t h e  f l e x i b l e  w i n g  t h e  e x p e r i m e n t a l  f l u t t e r  dynamic  p r e s s u r e  was i n p u t  t o  t h e  s t a t i c  
a e r o e l a s t i c  c a l c u l a t i o n  ( f i g .  8). and  a s i n g l e  p a s s  was made t h r o u g h  t h e  c o m p u t a t i o n a l  
sequence .  A l t h o u g h  t h e  o u t e r  q - l o o p  has  n o t  been c l o s e d  a t  t h i s  t i m e ,  t h e  a c c u r a c y  o f  
t h e  c a l c u l a t e d  r e s u l t s  ( t r i a n g l e  s y m b o l s  i n  f i g s .  9 ( a )  and  ( b ) )  i s  w e l l  i n d i c a t e d  by 
c o m p a r i s o n  o f  t he  c a l c u l a t e d  and e x p e r i m e n t a l  f l u t t e r  p o i n t s .  S i n c e  t h e  e x p e r i m e n t a l  
f l u t t e r  dynamic  p r e s s u r e  was i n p u t ,  p e r f e c t  a g r e e m e n t  be tween  c a l c u l a t i o n  a n d  
e x p e r i m e n t  wou ld  b e  i n d i c a t e d  b y  t h e  same f l u t t e r  dynamic  p r e s s u r e  b e i n g  c a l c u l a t e d  i n  
a s i n g l e  p a s s  t h r o u g h  t h e  o u t e r  l o o p .  I t  i s  e v i d e n t  i n  f i g s .  9 ( a )  a n d  ( b ) ,  however ,  
t h a t  t h e  i n c l u s i o n  o f  s t r u c t u r a l  f l e x i b i l i t y  i n  c o m b i n a t i o n  w i t h  FL022 l e a d s  t o  
e x c e s s i v e l y  h i g h  f l u t t e r  speeds.  T h i s  r e s u l t  was n o t  u n a n t i c i p a t e d .  

F o r  t h e  h i g h e r  Mach numbers  and h i g h e r  l o a d i n g  c o n d i t i o n s  p o t e n t i a l - f l o w  methods ,  
i n c l u d i n g  FL022, c h a r a c t e r i s t i c a l l y  p r o d u c e  shockwaves t h a t  a r e  t o o  s t r o n g  and  t o o  f a r  
a f t .  M o r e o v e r ,  once t h e  shock  has  moved a f t ,  i t  e x h i b i t s  v e r y  l i t t l e  f u r t h e r  movement 
w i t h  changes  i n  a n g l e  o f  a t t a c k  o r  d e f o r m a t i o n  and  hence  g e n e r a t e s  l i t t l e  f u r t h e r  
change  i n  s e c t i o n  l i f t - c u r v e  s l o p e s  and a e r o d y n a m i c  c e n t e r s .  Thus ,  f o r  examp le ,  i n  t h e  
p r e s e n t  c a l c u l a t i o n s  o f  l o a d i n g  ( a n d  h e n c e  d e f o r m a t i o n )  a t  t h e  d e s i g n  c o n d i t i o n  ( M  = 
0.99, CL = 0.371, c a l c u l a t e d  CL was c o n s i d e r a b l y  

l o w e r  t h a n  c o r r e s p o n d i n g  e x p e r i m e n t a l  v a l u e s  ( f r o m  r e f .  1 6 ) .  These  a e r o d y n a m i c  
d e f i c i e n c i e s  r a i s e  d o u b t s  c o n c e r n i n g  t h e  a c c u r a c y  o f  t h e  c a l c u l a t e d  j i g  shape.  I n  
a d d i t i o n ,  t h e  l o w  v a l u e s  o f  c a l c u l a t e d  l i f t - c u r v e  s l o p e s  a l s o  c o n t r i b u t e  t o  t h e  
e x c e s i v e l y  h i g h  c a l c u l a t e d  f l u t t e r  speeds  shown i n  f i g s .  9 ( a )  and  ( b ) .  

I n  c o n t r a s t ,  t h e  w i n g  i n  a p h y s i c a l  ( v i s c o u s )  f l o w  w i l l  e x p e r i e n c e  s h o c k s  t h a t  a r e  
weaker  a n d  f a r t h e r  f o r w a r d .  C o n s e q u e n t l y ,  as  f l u t t e r  dynamic  p r e s s u r e  d e c r e a s e s  i n t o  
t h e  t r a n s o n i c  d ip ,  t h e  f l e x i b l e  w i n g  d e f o r m s  l e s s  and l e s s ,  t h e  o u t e r  w i n g  s e c t i o n s  
assume h i g h e r  l o c a l  a n g l e s  o f  a t t a c k ,  as  p r e v i o u s l y  d e s c r i b e d ,  s h o c k s  s t r e n g t h e n  and  
m i g r a t e  a f t ,  and t h e  e f f e c t i v e  s e c t i o n  l i f t - c u r v e  s l o p e s  i n c r e a s e .  T h i s  e f f e c t  o f  
d i m i n i s h i n g  d e f o r m a t i o n  t h u s  c o n t r i b u t e s  t o  a s t i l l  l o w e r  f l u t t e r  dynamic  p r e s s u r e .  
S i n c e  t h i s  b e h a v i o r  i s  n o t  a c c u r a t e l y  o b t a i n e d  f r o m  FL022,  i t  i s  e v i d e n t  t h a t ,  as 
e x p e c t e d ,  a c c u r a t e  f l u t t e r  p r e d i c t i o n  w i l l  r e q u i r e  t h e  i n c l u s i o n  o f  v i s c o u s  e f f e c t s  on  
shock  s t r e n g t h  and l o c a t i o n .  S t a t i c  a e r o e l a s t i c  and  f l u t t e r  c a l c u l a t i o n s  a r e  i n  
p r o g r e s s  w i t h  t h e  FL022 code  r e p l a c e d  by  t h e  FL030 code  ( f u l l - p o t e n t i a l ,  
c o n s e r v a t i o n - f o r m ,  f i n i t e - v o l u m e  c o d e )  ( r e f .  211, i n c l u d i n g  a c o u p l e d  b o u n d a r y - l a y e r  
c o d e  ( r e f .  2 2 )  i n  o r d e r  t o  a d d r e s s  t h e  c u r r e n t  d e f i c i e n c i e s .  

I f  t i e  l a t t e r  i s  used ,  however;  i t  i s  s t i l l  n e c e f s a r y  t o  i n p u t  t h e  

was c o n s i d e r a b l y  h i g h e r  and  CL 
0 a 

CONCLUDING REMARKS 

M o d i f i e d - s t r i p - a n a l y s i s  f l u t t e r  c a l c u l a t i o n s  have  been made f o r  a s u p e r c r i t i c a l  w i n g  
w i t h  h i g h  d e s i g n  Mach number u s i n g  a e r o d y n a m i c  p a r a m e t e r s  o b t a i n e d  f r o m  t h e  FL022 
f u l l - p o t e n t i a l - f l o w  c o d e  f o r  t h e  d e s i g n  shape ( r i g i d )  and  f o r  t h e  a e r o e l a s t i c a l l y  
d e f o r m e d  w i n g  a t  a p p r o x i m a t e l y  t h e  f l u t t e r  dynamic  p r e s s u r e .  The u n c o n v e n t i o n a l  
b a c k w a r d  t u r n  o f  t h e  t r a n s o n i c  f l u t t e r  b o u n d a r y  f o u n d  e x p e r i m e n t a l l y  a t  n o n z e r o  a n g l e s  
o f  a t t a c k  was a l s o  c a l c u l a t e d  w i t h  a e r o d y n a m i c  p a r a m e t e r s  f o r  t h e  r i g i d  d e s i g n  shape 
a n d  was shown t o  b e  c a u s e d  by  v a r i a t i o n s  i n  mass r a t i o .  Q u a n t i t a t i v e  a c c u r a c y  i n  
p r e d i c t i n g  t h i s  k i n d  o f  t r a n s o n i c  d i p ,  however ,  a p p e a r s  t o  r e q u i r e  c o n s i d e r a t i o n  o f  
s t a t i c  a e r o e l a s t i c  d e f o r m a t i o n .  I n a d e q u a c i e s  o f  t h e  f u l l - p o t e n t i a l  c o d e  a t  t h e  h i g h  
s u b s o n i c  Mach numbers i n v o l v e d  l e d  t o  e x c e s s i v e l y  h i g h  c a l c u l a t e d  f l u t t e r  speeds  f o r  
t h e  f l e x i b l e  w ing  r e s u l t i n g  f r o m  ( 1 )  p o o r  d e f i n i t i o n  o f  j i g  shape  f r o m  t h e  d e s i g n  
shape, and  ( 2 )  l o w  v a l u e s  o f  s e c t i o n  l i f t - c u r v e  s l o p e s  and a f t w a r d  l o c a t i o n s  o f  s e c t i o n  
a e r o d y n a m i c  c e n t e r s  ( r e 1  a t i v e  t o  e x p e r i m e n t s )  c a u s e d  by e x c e s s i v e l y  a f t w a r d  shock  
l o c a t i o n s  t h a t  changed l i t t l e  w i t h  changes  i n  a n g l e  o f  a t t a c k .  The p r e s e n t  m e t h o d o l o g y  
i s  v a l i d ,  b u t  a c c u r a t e  f l u t t e r  p r e d i c t i o n s  w i l l  r e q u i r e  t h e  i n c l u s i o n  o f  v i s c o u s  
e f f e c t s  on shock s t r e n g t h  and l o c a t i o n ,  a t  l e a s t  f o r  t h e  w i n g  u s e d  i n  t h i s  s t u d y .  Such 
c a l c u l a t i o n s  a r e  i n  p r o g r e s s .  
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SECTION A-A 
(ENLARGED) 

F i g .  1 - S u p e r c r i t i c a l  r i n g  f l u t t e r  model 

SOLID SYMBOLS INDICATE LOW DAMPING 
-0- FLUmR EXPER I MEN1 
- 0 - A E R O .  P A R A M n E R S  FROM 8-FOOT TUNNEL 

0 .5 6 7 8 9 1 0  1 1  I 2  
\l 

F i g .  2 - '  Experimental  and c a l c u l a t e d  
f l u t t e r  i n  Freon-12 a t  a = 0 

1m r 

0 FLUTTER EXPERIMENT 
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20 - 
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M 

F i g .  3 - Mass r a t i o s  f o r  f l u t t e r  
exper iments  i n  Freon-12 
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F i g .  4 - T y p i c a l  aerodynamic parameters f o r  f l u t t e r  a n a l y s i s  a t  subsonic Mach numbers 
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F l g .  5 - T y p i c a l  aerodynamic parameters f o r  f l u t t e r  a n a l y s i s  a t  t ransonic  Mach numbers 
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F i g .  6 - Flutter  i n  a i r  obtained from experiments and from c a l c J l a t i o n s  with experimental 
a e  rody nami c pa rame t e  r s 
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F i g .  8 - Hatched s t a t i c - a e r o e l a s t i c  
and f l u t t e r  c a l c u l a t i o n s  

F i g .  7 - Mass r a t i o s  f o r  f l u t t e r  
exper iments  i n  a i r  
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F i g .  9 - F l u t t e r  
and comparison 
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i n  a i r  o b t a i n e d  from C r l C U l a t i o n s  w i t h  c a l c u l a x e d  a e r o d y n a a i c  p a r a m e t e r s  
w i t h  p r e v i o u s  r e s u l t s  
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l e f o r m a t i o n  on t h e  f l u t t e r  o f  a h i g h l y  swep t  s u p e r c r i t i c a l  w i n g  by  use  o f  
;he m o d i f i e d  s t r i p  a n a l y s i s  employed i n  p r e v i o u s  s t u d i e s  o f  t h i s  w i n g .  T t  
; panw ise  d i s t r i b u t i o n s  o f  s t e a d y - s t a t e  s e c t i o n  l i f t - c u r v e  s l o p e  and  
i e r o a y n a m i c  c e n t e r  r e q u i r e d  as i n p u t  f o r  t h e s e  c a i c u i  a t i o n s  were  o b t a i n e d  
‘rom s t a t i c  a e r o e l a s t i c  c a l c u l a t i o n s  f o r  t h e  w i n g  by  use o f  t h e  FLO22 
; r a n s o n i c  code  a n d  an assumed dynamic p r e s s u r e .  The p r o c e s s  i s  i t e r a t i v e  
i o  t h a t  f l u t t e r  c a n  be o b t a i n e d  a t  t h e  same dynamic p r e s s u r e  as  t h a t  used  
;o c a l c u l a t e  t h e  s t a t i c a l l y  de fo rmed  shape and l o a d i n g  a b o u t  w h i c h  t h e  
‘ l u t t e r  o s c i l l a t i o n  o c c u r s  (ma tched  c o n d i t i o n s ) .  The r e s u l t s  o f  t h i s  
i n v e s t i g a t i o n  show t h a t  t h e  u n c o n v e n t i o n a l  b a c k w a r d  t u r n  o f  t h e  t r a n s o n i c  
l i p  i n  t h e  e x p e r i m e n t a l  f l u t t e r  boundary f o r  a n g l e s  o f  a t t a c k  g r e a t e r  t h a i  
! e r o  i s  c a u s e d  by  v a r i a t i o n s  i n  mass r a t i o  and n o t  by s t a t i c  a e r o e l a s t i c  
l e f o r m a t i o n ,  a l t h o u g h  i n c l u s i o n  o f  t h e  l a t t e r  a p p e a r s  t o  be r e q u i r e d  f o r  
l u a n t i t a t i v e  a c c u r a c y  i n  t h e  c a l c u l a t i o n s .  F o r  t h e  v e r y  h i g h  s u b s o n i c  Mac 
l umbers  o f  t h i s  i n v e s t i g a t i o n ,  however,  q u a n t i t a t i v e  a c c u r a c y  w i l l  a l s o  
- e q u i r e  i n c l u s i o n  o f  v i s c o u s  e f f e c t s  on shock s t r e n g t h  and l o c a t i o n .  

N-305 For sale by the National Technical Information Service, Springfield, Virginia 22161 


