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INTRODUCTION 

B u f f e t i n g  and  t h e  r e l a - t ed  f low phenomena t h a t  c a u s e  b u f f e t i n g  s t r o n g l y  a f f e c t  
t h e  maneuver c h a r a c t e r i s t i c s  o f  a i r c r a f t .  Because o f  t h e  complex i ty  o f  t h e  
aerodynamic e x c i t a t i o n  and a e r o s t r u c t r u a l  i n t e r a c t i o n ,  t h e  a b i l i t y  t o  p r e d i c t  
b u f f e t  c h a r a c t e r i s t i c s  h a s  been s e v e r e l y  l i m i t e d .  A good r e v i e w  o f  t h e  g e n e r a l  
p r i n c i p l e s  o f  t h e  a e r o s t r u c t u r a l  b u f f e t  problem i n c l u d i n g  t h e  b a s i c  f e a t u r e s  o f  
t h e  f l u c t u a t i n g  aerodynamic p r e s s u r e s  and t h e  e l a s t i c a l l y  r e s p o n d i n g  a i r c r a f t  
s t r u c t u r e  is  g i v e n  by J o n e s  i n  Ref. 1 .  

The e f f e c t s  o f  b u f f e t i n g  and o t h e r  t r a n s o n i c  phenomena on maneuvering combat 
a i r c r a f t  were t h e  s u b j e c t  o f  a s t u d y  o f  a n  AGARD Working Group ( sponsored  by t h e  
F l i g h t  Mechanics P a n e l )  which was r e p o r t e d  i n  Ref. 2 .  T h i s  s t u d y ,  a l s o  summa- 
r i z e d  by Lamar ( t h e  Working Group Chairman) i n  Ref. 3, documented t h e  comprehen- 
s i v e  r ev iew o f  t h e  s t a t e - o f - t h e - a r t  o f  b u f f e t  t es t  t e c h n i q u e s  and p r e d i c t i o n  
methods t h a t  was c a r r i e d  o u t  by t h e  Working Group. Lamar's p a p e r ,  which 
emphas izes  t h e  c o r r e l a t i o n  o f  d a t a  f rom wind t u n n e l  and f l i g h t  t es t s ,  p o i n t s  o u t  
t h e  many g a p s  and a m b i g u i t i e s  i n  a v a i l a b l e  b u f f e t  i n f o r m a t i o n .  Impor t an t  
f a c t o r s  which may a f f ec t  t h e  c o r r e l a t i o n  o f  wind- tunnel  and f l i g h t -  t e s t  b u f f e t  
d a t a  are  l i s t e d  i n  F i g u r e  1 ( a d a p t e d  from Ref. 2 ) .  

The l i s t  i n  F i g u r e  1 shows t h a t  wind t u n n e l  measurements  o f  b u f f e t  e x c i t a t i o n  or 
r e s p o n s e  i n v o l v e  t h e  same c l a s s i c  problems f o r  p r o p e r  f l o w - f i e l d  s i m u l a t i o n  as 
any  s t e a d y - s t a t e  f o r c e  or p r e s s u r e  tests.  Impor t an t  common problems t h a t  a f f e c t  
wind- tunnel  d a t a  are  Reynolds number, wall  i n t e r f e r e n c e ,  f l ow t u r b u l e n c e ,  
t r a n s i t i o n  f i x i n g ,  boundary- layer  t h i c k n e s s  d i s t r i b u t i o n ,  and s t a t i c  e l a s t i c i t y .  
A l l  o f  t h e s e  items may a f f e c t  t h e  occurence ,  b o u n d a r i e s ,  and c h a r a c t e r i s t i c s  o f  
s e p a r a t e d  f low f i e l d s  t h a t  c a u s e  b u f f e t i n g .  A d d i t i o n a l l y ,  b u f f e t  e x c i t a t i o n  
measurements may be i n f l u e n c e d  by dynamic mot ions ,  so d a t a  o b t a i n e d  from 
nondynamica l ly-sca led  models  can  b e  c r i t i c a l l y  i n f l u e n c e d .  

F l i g h t - t e s t  measurements  o f  b u f f e t  e x c i t a t i o n  or r e s p o n s e  a l s o  have  been sub- 
j ec t  t o  many u n c e r t a i n t i e s  t h a t  are  o b s t a c l e s  t o  s u c c e s s f u l  c o r r e l a t i o n  o f  d a t a  
( F i g u r e  1 ) .  The main problems w i t h  f l i g h t  d a t a  re la te  t o  l i m i t a t i o n s  i n  
measurement a c c u r a c i e s .  It i s  d i f f i c u l t  t o  measure f l i g h t  p a r a m e t e r s  a c c u r a t e -  
l y ,  b u t  t h e  n o n s t a t i o n a r i t y  o f  d a t a  h a s  a l s o  been a more s e r i o u s  problem 
a f f e c t i n g  b u f f e t  measurements .  The n o n s t a t i o n a r i t y  is  due  t o  t h e  f a c t  t h a t  most 
a i r c ra f t  c a n n o t  h o l d  s t e a d y  c o n d i t i o n s  i n  a h igh-g  maneuver. S t a t i s t i c a l  
a c c u r a c y  is c r i t i c a l l y  a f f e c t e d  by the u s u a l  s h o r t  d u r a t i o n  o f  t h e  d a t a  samples .  
A l so ,  f l i g h t  t es t s  are e x p e n s i v e ,  s e n s o r  i n s t a l l a t i o n s  are complex, and  a i r b o r n e  
d a t a  sys t ems  have  l i m i t e d  v e r s a t i l i t y .  These f a c t s  have  g e n e r a l l y  caused  f l i g h t  
d a t a  t o  be s p a r s e ,  o f t e n  i n c o m p l e t e ,  and l a c k i n g  i n  one-to-one s e n s o r  l o c a t i o n s .  
I n  a d d i t i o n ,  t h e r e  are u s u a l l y  no boundary- layer  measurements or flow 
v i s u l a t i o n s  t o  enhance  t h e  d a t a  a n a l y s i s .  

Re fe rences  2 and 3 c o n t a i n  v e r y  comple te  b i b l i o g r a p h i e s  on b u f f e t i n g .  O f  a l l  
t h e  r e f e r e n c e d  a u t h o r s ,  Mabey (Refs. 4 and 5 )  h a s  p robab ly  c o n t r i b u t e d  more 
i n f o r m a t i o n  on t h e  b a s i c s  o f  b u f f e t i n g  and p r a c t i c a l  e m p i r i c a l  methods of  
p r e d i c t i n g  b u f f e t  b o u n d a r i e s  and beyond t h a n  any  o t h e r  r e s e a r c h e r .  Among t h e  
many r e f e r e n c e s ,  a p e r t i n e n t  one  is by John (Ref. 61, who c o n t r i b u t e d  a comp- 
p r e h e n s i v e  r e v i e w  o f  methods f o r  b u f f e t  p r e d i c t i o n .  He g e n e r a l l y  concluded  t h a t  
e m p i r i c a l  methods were good f o r  p r e d i c t i o n  o f  b u f f e t  b o u n d a r i e s  and he  
recommended t h a t  Mabey methods be  a p p l i e d  i n  e a r l y  d e s i g n  p h a s e s  o f  a n  a i r -  
c r a f t .  He concluded  t h a t  wind- tunnel  t es t s  o f  dynamica l ly  s c a l e d  models  shou ld  
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y i e l d  t h e  most a c c u a t e  p r e d i c t i o n  o f  f u l l - s c a l e  b u f f e t i n g ,  b u t  t h e  t e c h n i q u e  i s  
e x p e n s i v e  and  p r o b a b l y  n o t  p r a c t i c a l  d u r i n g  a n  e a r l y  phase  of a i r c r a f t  d e s i g n .  

I n  a d d i t i o n  t o  t h e  ex t r emes  of e m p i r i c a l  tests t h a t  do n o t  y i e l d  t h e  o f t e n  
d e s i r e d  b u f f e t  r e s p o n s e  o f  v a r i o u s  s t r u c t u a l  modes and  aeroe las t ic  t es t s ,  t h e r e  
a re  two o t h e r  t e s t  t e c h n i q u e s  of  i n t e r e s t .  One method, which h a s  r e c e i v e d  
c o n s i d e r a b l e  a t t e n t i o n  i n v o l v e s  t h e  measurements of t h e  f l u c t u a t i n g  p r e s s u r e s  on 
a nomina l ly  r i g i d  model ;  t h e  measurements are t h e n  used t o  c a l c u l a t e  t h e  
r e s p o n s e  of t h e  e l a s t i c  a i r c r a f t .  The o t h e r  method, o r i g i n a l l y  s u g g e s t e d  by 
J o n e s  (Ref. 7) and implemented by B u t l e r  and S p a v i n s  (Ref. 81, u s e s  measure- 
ments  o f  t h e  b u f f e t  r e s p o n s e  of a n c m i n a l l y  r i g i d  model of a wing t o  c a l c u l a t e  
t h e  aerodynamic e x c i t a t i o n  and damping; t h e  measurements are  t h e n  used t o  
c a l c u l a t e  t h e  r e s p o n s e  o f  t h e  CGrreSpGnding f u l l - s c a l e  wing. 

Each of t h e  e x p e r i m e n t a l  a p p r o a c h e s  f o r  o b t a i n i n g  b u f f e t  i n t e n s i t y  i n f o r m a t i o n  
h a s  i t s  un ique  t e c h n i c a l  and c o s t  a d v a n t a g e s  and d i s a d v a n t a g e s .  From a c o s t  
p o i n t  of v iew,  t h e  dynamica l ly  s c a l e d  models  are t h e  most e x p e n s i v e ;  and s i m p l e  
s o l i d  metals models  w i t h  o n l y  s t r a i n - g a g e  and  a c c e l e r o m e t e r  i n s t r u m e n t a t i o n  are 
c l e a r l y  t h e  l ea s t  e x p e n s i v e .  P r e s s u r e  models  a re  complex and  c o s t l y  due  t o  t h e  
i n s t r u m e n t a t i o n  r e q u i r e m e n t s ,  b u t  t h e y  o f f e r  a n  advan tage  o f  a l so  r e v e a l i n g  
l o c a l  f l o w - f i e l d  i n f o r m a t i o n  t h a t  i s  b e n e f i c i a l  t o  b u f f e t  r e s e a r c h .  

From a t e c h n i c a l  p o i n t  of v i e w ,  e l a s t i c a l l y  scaled models  s h o u l d  y i e l d  t h e  m o s t  
a c c u r a t e  p r e d i c t i o n s  of b u f f e t  i n t e n s i t i e s .  The o n l y  t e c h n i c a l  drawback of  
e l a s t i c a l l y  sca led  models i s  t h a t  t h e y  a re  s t a t i c - s t r e n g t h  l i m i t e d  and conse-  
q u e n t l y  compromises are r e q u i r e d  on t h e  uppe r  l i m i t s  o f  t e s t  a n g l e s - o f - a t t a c k  
a n d / o r  Reynolds  number. 

Good examples  of b u f f e t  p r e d i c t i o n s  from an e l a s t i c a l l y  s c a l e d  model are 
i l l u s t r a t e d  i n  F i g u r e  2 t a k e n  from Hanson (Ref. 9 ) .  F i g u r e  2 shows compar isons  
of F-111A aeroelast ic  model and a i r c r a f t  r e s p o n s e  s p e c t r a .  These d a t a  are f o r  
a wing-sweep a n g l e  ( A )  of 2 6 O  and Mach number ( M I  of 0.81. The a n g l e  of a t t a c k  
( a )  was o n l y  a b o u t  8 .5"  which was t h e  maximum a n g l e  a l l o w e d  by t h e  s t a t i c  l o a d  
l i m i t  a t  M = 0.8.  F i g u r e  2 ( a )  shows e x c e l l e n t  c o r r e l a t i o n  o f  t h e  no rma l i zed  
bend ing  moments a t  t h e  f irst  wing bend ing  mode. T h i s  r e s u l t  s u p p o r t s  t h e  
e x p e c t a t i o n  of good b u f f e t  i n t e n s i t y  p r e d i c t i o n  by t h i s  method. However, 
c o r r e l a t i o n s  i n  F i g u r e  2 ( b ) ,  which shows t h e  no rma l i zed  s p e c t r a  of  a c c e l e r a t i o n s  
a t  t h e  c e n t e r  of g r a v i t y  f o r  modes o t h e r  t h a n  f irst  wing bend ing ,  are  n o t  so 
encourag ing .  If t h e  n o r m a l i z a t i o n  f a c t o r  i s  accoun ted  f o r ,  some of t h e  d i f f e r -  
e n c e s  i n  c o r r e s p o n d i n g  s p e c t r a l  peaks  would b e  greater t h a n  a f ac to r  of I O .  

S e v e r a l  p r e v i o u s  i n v e s t i g a t i o n s  of t h e  p r e d i c t i o n  o f  b u f f e t  i n t e n s i t y  from 
f l u c t u a t i n g - p r e s s u r e  measurements have  been conducted  p r i o r  t o  t h i s  r e s e a r c h .  
Good examples  of t h e  i n v e s t i g a t i o n s  a re  r e p o r t e d  i n  Refs. IO, 1 1  and 12. 

Mul l ens  and  Lemley (Ref. I O )  were amoung t h e  first t o  c o r r e l a t e  p r e d i c t e d  b u f f e t  
i n t e n s i t i e s  from f l u c t u a t i n g - p r e s s u r e  measurements w i t h  t h e  measured b u f f e t -  
i n g  of a n  a i r c r a f t .  An i l l u s t r a t i o n  of t h e i r  c o r r e l a t i o n s  o f  a c c e l e r a t i o n s  of 
an  F-4 w i n g t i p  i s  shown i n  F i g u r e  3. These  r e s u l t s ,  which are  somewhat t y p i c a l  
of e a r l y  a t t e m p t s  t o  p r e d i c t  b u f f e t  i n t e n s i t i e s ,  proved t o  b e  d i s a p p o i n t i n g .  
The d i f f e r e n c e s  between p r e d i c t i o n s  and  measurements o f  s p e c t r a l  peaks  f o r  t h e  
v a r i o u s  no ted  v i b r a t i o n  modes v a r i e d  from a f a c t o r  of 5 f o r  wing bend ing  modes 
t o  more t h a n  a f a c t o r  o f  10 f o r  t o r s i o n  modes. It was t h i s  g e n e r a l l y  poor  
s u c c e s s  of  b u f f e t  i n t e n s i t y  p r e d i c t i o n s  t h a t  prompted N A S A - A m e s  Research  C e n t e r  
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t o  embark on a r e s e a r c h  program t h a t  i n c l u d e d  t h e  i n v e s t i g a t i o n s  by Hwang and  P i  
(Ref. 1 1 1 ,  and Cunningham, e t  a l ,  (Ref. 1 2 ) .  

The i n v e s t i g a t i o n  by Hwang and P i  u sed  p r e s s u r e  f l u c t u a t i o n s  measured on t h e  
F-5A a i r c ra f t  t o  p r e d i c t  t h e  b u f f e t i n g  o f  t h e  same a i r c ra f t .  Examples o f  t h e  
r e s u l t s  are shown i n  F i g u r e  4 .  which i n c l u d e  power s p e c t r a  of w i n g t i p  acce l -  
e r a t i o n s  d u r i n g  f o u r  d i f f e r e n t  segments  of time i n  a wind-up t u r n  a t  a Mach 
number of 0 .925 .  A s  i n  t h e  p r e v i o u s  example,  t h e  compar ison  of  a n a l y t i c a l  and 
e x p e r i m e n t a l  power s p e c t r a  i s  d i s a p p o i n t i n g .  G e n e r a l l y  i t  a p p e a r s  t h a t  t h e  d i f -  
f e r e n c e s  i n  s p e c t r a l  peaks  f o r  t h e  l a b e l e d  v i b r a t i o n  modes v a r i e d  from a f a c t o r  
of 5 t o  greater t h a n  a f a c t o r  of IO. Hwang and  P i  a t t r i b u t e d  t h e  poor  correla- 
t i o n  t o  t h e  n o n s t a t i o n a r i t y  and  s h o r t  d u r a t i o n  of  t h e  d a t a .  These  are fac tors  
which are  c r i t i c a l  t o  t h e  s t a t i s t i c a l  a c c u r a c y  of t h e  s p e c t r a l  a n a l y s i s .  
F i g u r e  5 i l l u s t r a t e s  t h e s e  fac tors  by showing t h e  v a r i a t i o n  of w i n g t i p  
a c c e l e r a t i o n  r e s p o n s e  of t h e  F-5A a i r c r a f t  w i t h  time and a n g l e  of  a t t a c k .  The 
f i g u r e  shows t h e  f o u r  time segments  a n a l y z e d  f o r  t h e  s p e c t r a  i n  F i g u r e  4 .  It 
can  b e  s e e n  t h a t  t h e  time segments  were o n l y  s l i g h t l y  l o n g e r  t h a n  2 seconds .  
Angles  of a t t a c k  v a r i e d  from 2O t o  4' d u r i n g  t h e  f o u r  time segments .  

The i n v e s t i g a t i o n  by Cunningham, e t  a l ,  (Ref. 1 2 )  used p r e s s u r e  f l u c t u a t i o n s  
measured on a 1/6-scale s t ee l  semispan  model o f  t h e  F-111A a i r c ra f t .  Examples 
of t h e  compar i sons  of  p r e d i c t e d  and  measured w i n g t i p  a c c e l e r a t i o n  r e s p o n s e  f o r  a 
wing sweep a n g l e  of 26O and  Mach number of 0.8 are shown i n  F i g u r e  6 .  These  
d a t a  are  of s p e c i a l  i n t e r e s t  because  t h e  model s ca l e  was large t o  minimize  
Reynolds  number e f f ec t s ,  and i t  c o n t a i n e d  t h e  largest  number of dynamic p r e s s u r e  
t r a n d u c e r s  used  f o r  any  b u f f e t  t e s t s .  There  were 97 t r a n d u c e r s  on t h e  uppe r  
and lower s u r f a c e s  of t h e  wing a t  5 spanwise  s t a t i o n s .  Power and cross -power  
s p e c t r a l  d e n s i t i e s  of a l l  97 p r e s s u r e s  were used  t o  c o n s t r u c t  t h e  complex 
p r e s s u r e  d i s t r i b u t i o n s  and u l t i m a t e l y  t h e  b u f f e t  p r e d i c t i o n s  i n  F i g u r e  6 .  The 
r e s u l t s  show t h a t  t h i s  e x t e n s i v e  e f f o r t  on  t h e  aerodynamics  may have  y i e l d e d  
some improvement i n  t h e  p r e d i c t i o n s  o f  s p e c t r a l  peaks  f o r  some modes of i n t e r -  
e s t ,  b u t  g e n e r a l l y  t h e  r e s u l t s  were no t  encourg ing .  U n f o r t u n a t e l y ,  as  w i t h  t h e  
F-5A, t h e  f l i g h t  d a t a  were n o n s t a t i o n a r y  and  t h e  d a t a  samples  were of  s h o r t  
d u r a t i o n .  For t h e  d a t a  i n  F i g u r e s  6 ( a )  and  6 ( b )  t h e  time span  of  t h e  d a t a  was 
o n l y  2-seconds l o n g  f o r  e a c h  case. The a n g l e s  of a t t a c k  v a r i e d  from 6 .80°  t o  
7.12O d u r i n g  t h e  time of  f l i g h t  d a t a  a n a l y z e d  i n  F i g u r e  6 ( a )  and from 10.35O t o  
12.90° d u r i n g  t h e  t i m e  of  data a n a l y z e d  i n  F i g u r e  6 ( b ) .  

The o t h e r  method of i n t e r e s t ,  p r e s e n t e d  by B u t l e r  and S p a v i n s  i n  Ref. (81, u s e s  
s o l i d  metal models  t o  p r e d i c t  t h e  s i n g l e  degree-of-freedom b u f f e t  r e s p o n s e  of 
a i r c r a f t .  The method is  s i m p l e r  and less c o s t l y  t h a n  t h e  p r e s s u r e - f l u c t u a t i o n  
method. The f i rs t  a p p l i c a t i o n  of t h e  method t o  p r e d i c t i o n s  of b u f f e t i n g  of t h e  
Gnat a i r c r a f t  y i e l d e d  v e r y  e n c o u r a g i n g  r e s u l t s .  The p r e d i c t i o n s  f o r  t h e  first 
bend ing  mode o n l y  were g e n e r a l l y  b e t t e r  t h a n  t h e  p r e v i o u s  p r e d i c t i o n s  by t h e  
p r e s s u r e - f l u c t u a t i o n  method. Because  of  t h i s  i n i t i a l  s u c c e s s ,  t h e  r e s e a r c h  i n  
t h e  UK was ex tended  t o  i n c l u d e  p r e d i c t i o n s  of  t h e  F - I l l  TACT a i r c ra f t  b u f f e t i n g  
as  p a r t  of a c o l l a b o r a t i v e  program on b u f f e t  r e s e a r c h  w i t h  t h e  US. The r e s u l t s  
of t h e  UK r e s e a r c h  i n v o l v i n g  t h e  TACT a i r c ra f t ,  r e p o r t e d  i n  Refs. 13 and 14 ,  
f u r t h e r  conf i rmed  t h a t  t h e  method c o u l d  y i e l d  good b u f f e t  p r e d i c t i o n s .  The UK 
TACT b u f f e t  i n v e s t i g a t i o n  was conduc ted  c o n c u r r e n t l y  w i t h  t h e  N A S A  r e s e a r c h  
r e p o r t e d  h e r e i n .  

The F - I l l  TACT Program p rov ided  a t i m e l y  o p p o r t u n i t y  t o  i n v e s t i g a t e  many a s p e c t s  
of t h e  b u f f e t  p roblem,  and p a r t i c u l a r l y ,  n e a r l y  a l l  t h e  f a c t o r s  t h a t  a f f e c t  
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wind-tunnel  and f l i g h t - t e s t  d a t a  ( F i g .  1 ) .  NASA-Ames Research Cen te r  p a r t i c i -  
pa t ed  i n  t h e  b u f f e t  r e s e a r c h  a s p e c t s  o f  t h e  TACT Program wi th  o b j e c t i v e s  o f :  
( 1 )  t o  v e r i f y  t h e  a p p l i c a b i l i t y  o f  b u f f e t  e x c i t a t i o n  measurements o b t a i n e d  on 
nomina l ly  r i g i d  wind- tunnel  models t o  t h e  f u l l - s c a l e  e l a s t i c  a i r c r a f t ,  ( 2 )  t o  
i n v e s t i g a t e  e f f e c t s  o f  Reynolds  number and s t a t i c  and  dynamic e l a s t i c i t y ,  and 
( 3 )  t o  c o r r e l a t e  p r e d i c t i o n s  o f  b u f f e t  r e s p o n s e  w i t h  f l i g h t - t e s t  measurements .  

A t  A m e s  Research Cen te r  two 1 / 6 - s c a l e  semispan  models  o f  t h e  TACT a i r c r a f t  were 
t e s t e d  i n  t h e  11- by 11-Foot T ranson ic  Wind Tunnel .  One model was o f  s o l i d  
s t ee l  and t h e  o t h e r  o f  s o l i d  aluminum. Both models  were i n s t r u m e n t e d  i d e n t i -  
c a l l y  f o r  s t e a d y - s t a t e  and f l u c t u a t i n g - p r e s s u r e  measurements and fo r  b u f f e t  
r e s p o n s e  measurements.  

The TACT a i r c r a f t  was more comple t e ly  i n s t r u m e n t e d  f o r  b u f f e t  t e s t i n g  t h a n  any 
p r e v i o u s  r e s e a r c h  a i r c r a f t .  I n  a d d i t i o n  t o  t h e  thorough i n s t r u m e n t a t i o n  f o r  
s t e a d y - s t a t e  measurements ,  t h e r e  were 25 dynamic-pressure  t r a n s d u c e r s  on t h e  
wing a t  l o c a t i o n s  which cor responded t o  l o c a t i o n s  on t h e  two 1 /6 - sca l e  models .  
The TACT a i r c r a f t  was a l s o  i n s t r u m e n t e d  w i t h  s t r a i n  gages and  a c c e l e r o m e t e r s  f o r  
b u f f e t  r e s p o n s e  measurements.  I n  a d d i t i o n  t o  t h e  a d v a n t a g e s  o f  t h e  abundance 
o f  i n s t r u m e n t a t i o n  on t h e  TACT a i r c r a f t ,  major  improvements were made i n  t h e  
s t a t i s t i c a l  

T h i s  r e p o r t  

wind-tunnel  
p r e d i c t i o n  
c o r r e l a t i o n  

F - I l l  TACT 

a T  
A R  

b 

cP 
C 

C 
- 

E 

f 

G 

h 

K 

LE 

i 

M 

P 

q 

a c c u r a c y  o f  t h e  f l i g h t - t e s t  b u f f e t  e x c i t a t i o n  and r e s p o n s e  d a t a .  

p r e s e n t s  t h e  r e s u l t s  of t h e  b u f f e t  r e s e a r c h  conducted  as pa r t  of  t h e  
Research  Program. It p r e s e n t s  s e p a r a t e l y :  ( 1 )  t h e  c o r r e l a t i o n  o f  

and f l i g h t  measurements  o f  b u f f e t  e x c i t a t i o n ,  and ( 2 )  a method f o r  
o f  b u f f e t  r e sponse  based on f l u c t u a t i n g - p r e s s u r e  measurements and 
o f  p r e d i c t e d  and measured b u f f e t i n g  o f  t h e  F - I l l  TACT a i r c r a f t .  

NOTAT I ON 

t o t a l  root-mean-square normal a c c e l e r a t i o n  

a s p e c t  r a t i o  

semispan l e n g t h  

p r e s s u r e  c o e f f i c i e n t  

chord  l e n g t h  

mean aerodynamic chord  

b u f f e t  e x c i t a t i o n  c o e f f i c i e n t  

f r equency  

power s p e c t r a l  d e n s i t y  o f  p r e s s u r e  

a1 ti t u d e  

damping pa rame te r  

l e a d i n g  edge 

i n c i d e n c e  a n g l e  ( r e f e r r e d  t o  model c e n t e r l i n e )  

Mach number 

p r e s s u r e  

dynamic p r e s s u r e  
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Q g e n e r a l i z e d  force 

R Reynolds  number 
I 

I rms root  mean s q u a r e  

I T t o t a l  time of r e c o r d  i n c l u d e d  i n  a n a l y s i s  

1 S wing area 

TR t a p e r  r a t i o  

t t h i c k n e s s  

V v e l o c i t y  

X cho rdwise  p o s i t i o n  from LE 

a a n g l e  of a t t a c k  ( r e f e r r e d  t o  c h o r d l i n e  a t  wing p i v o t )  I 
damping r a t i o  

I 5 
I 

I r d i h e d r a l  a n g l e  

Y c o h e r e n c e  f u n c t i o n  
I 

I 

I r\ r a t i o  of span  s t a t i o n  t o  semispan  

A sweep a n g l e  

P free-stream d e n s i t y  

t o t a l  root-mean-square bend ing  moment a c c e l e r a t i o n  OT 
t 

A b b r e v i a t i o n s :  

A / C  

AL 

BD 

CG 

CGA 

FVB 
GVT 

LWT 

PSD 
RMS 

RWA 

RWT 

sc 
ST 

TORS 

WASB 

WAST 

WSB 

a i r c r a f t  

aluminum model 

bend ing  

c e n t e r  of g r a v i t y  

a c c e l e r a t i o n  a t  c e n t e r  of g r a v i t y  

1st f u s e l a g e  v e r t i c a l  bend ing  
ground v i b r a t i o n  test 

1st l e f t  wing t o r s i o n  

power s p e c t r a l  d e n s i t y  

root  mean s q u a r e  

a c c e l e r a t i o n  a t  r i g h t  wing t i p  

1st r i g h t  wing t o r s i o n  

scale 

s t ee l  model 

t o r s i o n  

1st wing a n t i s y m m e t r i c a l  bend ing  

1st wing a n t i s y m m e t r i c a l  t o r s i o n  

1st wing symmet r i ca l  bend ing  
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2WSB 2nd wing symmet r i ca l  bending  

WST 1st wing symmet r i ca l  t o r s i o n  

W/T wing t i p  

WIND-TUNNEL MODELS AND AIRCRAFT 

The 1 / 6 - s c a l e  semispan  model of t h e  F - I l l  TACT i s  shown i n s t a l l e d  i n  t h e  A m e s  
1 1 -  by 11-Foot T ranson ic  Wind Tunnel  i n  F i g u r e  7 a l o n g  w i t h  some p e r t i n e n t  
d imens ions .  The model was mounted on a s u b f l o o r  s t r a i n - g a g e  ba lance .  A l l  s l o t s  
i n  t h e  t u n n e l  f l o o r  were s e a l e d .  

TWG wings which c o u l d  be  p o s i t i o n e d  a t  s e l e c t e d  sweep a n g l e s  were t e s t e d .  To 
g i v e  a v a r i a t i o n  o f  s t a t i c  de fo rma t ion  u n d e r  l o a d ,  one  wing was made o f  s o l i d  
aluminum. The 1 /6 - sca l e  semispan  c o n f i g u r a t i o n  was chosen  f o r  t h e  TACT b u f f e t  
i n v e s t i g a t i o n  t o  be  c o n s i s t e n t  w i t h  a p r e v i o u s l y  t e s t e d  1 / 6 - s c a l e  F-111A model 
(Ref. 1 2 ) .  A s  w i t h  t h e  F-111A model ,  i t  was d e s i r a b l e  t o  u s e  t h e  l a rges t  model 
t h a t  would n o t  exceed  r e a s o n a b l e  b lockage  c o n s t r a i n t s  i n  t h e  11-foot t u n n e l .  
The b e n e f i t s  of t h e  large s o l i d  metal models  were large volume f o r  i n s t r u m e n t -  
a t i o n  and  h i g h  s t r e n g t h  and r i g i d i t y  f o r  h i g h  a n g l e - o f - a t t a c k  and h i g h  dynamic- 
p r e s s u r e  t e s t i n g ;  t h e y  a l s o  made i t  p o s s i b l e  t o  o b t a i n  maximum t e s t  Reynolds  
number. Both t h e  s tee l  and aluminum wings had 0.0032-m (1/8-in.) wide  t r a n s i -  
t i o n  s t r i p s  o f  0.00016-m (0 .0064- in . )  d i a m e t e r  edge. A l l  of t h e  b u f f e t  tests 
were conduc ted  w i t h  a s o l i d  s t ee l  h o r i z o n t a l  t a i l  a t  -4' i n c i d e n c e .  The p r imary  
n a t u r a l  f r e q u e n c i e s  o f  t h e  wings  a r e  g i v e n  i n  Tab le  1 f o r  A 26O and 35O. The 
f r e q u e n c i e s ,  mode s h a p e s  and node l i n e s  were de te rmined  by v i b r a t i o n  tests o f  
t h e  model i n s t a l l e d  i n  t h e  wind t u n n e l .  

The TACT a i r c r a f t  ( F i g u r e  8 )  i s  d e s c r i b e d  i n  d e t a i l  i n  Ref. 13. The main 
f e a t u r e s  o f  t h e  geometry  are t h e  v a r i a b l e  sweep and  s u p e r c r i t i c a l  a i r f o i l  
s e c t i o n .  O f  s p e c i a l  advan tage  t o  t h e  b u f f e t  tests are t h e  d r y  wing,  t h e  a b i l i t y  
t o  a c h i e v e  a d e q u a t e  l a t e ra l  and d i r e c t i o n a l  c o n t r o l  w i t h  empennage c o n t r o l s  
(w ing  s p o i l e r s  were n o t  used  w h i l e  f l u c t u a t i n g  p r e s s u r e s  were m e a s u r e d ) ,  and 
s u f f i c i e n t  t h r u s t  t o  h o l d  r e a s o n a b l y  s t e a d y  c o n d i t i o n s  a t  h i g h  a n g l e s  of a t t a c k .  
The p r imary  n a t u r a l  f r e q u e n c i e s  of conce rn  t o  t h e  b u f f e t  e x c i t a t i o n  i n v e s t i g a -  
t i o n s  and  t h e  r e s p o n s e  p r e d i c t i o n s  are g i v e n  T a b l e  2 .  Details o f  t h e  n a t u r a l  
f r e q u e n c i e s  and mode s h a p e s  of t h e  a i r c r a f t  as  de te rmined  by ground v i b r a t i o n  
tests are g i v e n  i n  Ref. 15. A comple te  d i s c u s s i o n  of t h e  s t r u c t u r a l  dynamic 
a n a l y s i s  employed f o r  t h e  b u f f e t  p r e d i c t i o n  p a r t  of t h e  p r e s e n t  i n v e s t i g a t i o n  is  
g i v e n  a f o l l o w i n g  s e c t i o n  of t h e  r e p o r t .  

INSTRUMENTATION 

A main f e a t u r e  of t h e  TACT models  and  a i r c r a f t  i s  t h e  abundance of s t e a d y  and 
f l u c t u a t i n g  p r e s s u r e  i n s t r u m e n t a t i o n  a t  ma tch ing  l o c a t i o n s .  T h i s  s e c t i o n  
d e s c r i b e s  t h e  f l u c t u a t i n g  p r e s s u r e  i n s t r u m e n t a t i o n  and some r e l a t e d  b u f f e t  
r e s p o n s e  i n s t r u m e n t a t i o n .  The s t e a d y  p r e s s u r e  i n s t r u m e n t a t i o n  i s  d e s c r i b e d  by 
Kinsey and by P y l e  (Ref. 1 3 ) .  

The l o c a t i o n  of t h e  f l u c t u a t i n g  p r e s s u r e  i n s t r u m e n t a t i o n  i n  t h e  models  and a i r -  
c r a f t  a re  shown i n  F i g u r e  9 .  
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Model s 

The s teel  and aluminum semispan-wing models  a re  l e f t - w i n g  p a n e l s .  Each o f  t h e  
model wing p a n e l s  had 50 dynamic-pressure  t r a n s d u c e r s  and  t h e  model h o r i z o n t a l  
t a i l  had s i x  dynamic-pressure  t r a n s d u c e r s  i n s t a l l e d  by t h e  t e c h n i q u e  d e s c r i b e d  
f o r  t h e  t h i r d - p h a s e  t es t s  o f  t h e  F-111A model (Ref. 1 2 ) .  The t r a n s d u c e r s  t h a t  
were i n  t h e  chordwise  rows were a l i g n e d  w i t h  t h e  free-stream f l o w  a t  A = 26O. 
The t r a n s d u c e r s  are small d i f f e r e n t i a l - p r e s s u r e  u n i t s  ( K u l i t e  model XCQL-7- 
093-4D); t h e y  are c y l i n d r i c a l  i n  s h a p e  w i t h  a n  o u t s i d e  d i a m e t e r  o f  0.00236 m 
(0 .093  i n . )  and a l e n g t h  o f  0.00952 m (0 .375  i n . ) .  The t r a n s d u c e r s  were 
i n s t a l l e d  i n  t h e  models  i n  removable  b l o c k s  which were s e c u r e d  i n  s l o t s  c u t  i n t o  
t h e  wing and t a i l  s u r f a c e .  The a x e s  o f  each  t r a n s d u c e r  was p a r a l l e l  t o  and 
s l i g h t l y  benea th  t h e  model s u r f a c e ,  and t h e  p r e s s u r e  s e n s i n g  diaphragm was i n  
t h e  small c a v i t y  formed by a (0.00127-m ( 0 . 0 5 0 - i n . )  d i a m e t e r  s t a t i c - p r e s s u r e  
o r i f i c e  and t h e  t i p  of  a 0.00236-m (0 .093- in . )  d i a m e t e r  d r i l l e d  h o l e .  It was 
de te rmined  by tes t  t h a t  t h e  submerged c o n f i g u r a t i o n  had a u s a b l e  p r e s s u r e -  
f l u c t u a t i o n  r ange  from z e r o  t o  a t  l eas t  7000 Hz. Some a t t e n u a t i o n  o f  t h e  
s i g n a l s  above 7000 Hz was p r e s e n t  due  t o  t h e  o r i f i c e  and c a v i t y .  

Two a c c e l e r o m e t e r s  were i n s t a l l e d  a t  t h e  t i p s  o f  each  model wing,  and semi- 
conduc to r  s t r a i n  gages were i n s t a l l e d  a t  t h e  wing r o o t s  t o  measure f l u c t u a t i n g  
bending  and t o r s i o n a l  moments. The f l u c t u a t i n g  p r e s s u r e ,  a c c e l e r a t i o n  and 
moment s i g n a l s  were a m p l i f i e d ,  h igh -pass  f i l t e r e d  a t  5 Hz t o  remove t h e  s t e a d y -  
s t a t e  components o f  t h e  s i g n a l s  and t h e n  r e c o r d e d  on magnet ic  t a p e .  The t a p e  
r e c o r d i n g  sys t em used  was a n  80-channel  FM-multiplex sys t em w i t h  a u s e a b l e  
u s e a b l e  f r e q u e n c y  r a n g e  from z e r o  t o  16,000 Hz. 

The s teel  wing c o n t a i n e d  o i l  s u p p l y  t u b e s  and o r i f i c e s  a l o n g  t h e  5% and 70% 
c h o r d l i n e s  on t h e  uppe r  s u r f a c e  and 5% c h o r d l i n e  on t h e  lower  s u r f a c e  t o  p r o v i d e  
f o r  f l u o r e s c e n t - o i l  s t u d i e s  o f  t h e  f low.  The o r i f i c e s  were d r i l l e d  i n t o  t h e  
s u p p l y  t u b e s  w i t h  a s p a c i n g  o f  0 .024 ? t o  g i v e  a n  even d i s p e r s i o n  o f  t h e  o i l  on 
t h e  wing s u r f a c e s .  

A i r c r a f t  

There  were t w e n t y - f i v e  dynamic p r e s s u r e  t r a n s d u c e r s  i n  t h e  r i g h t  wing of t h e  
a i r c r a f t .  The same model o f  K u l i t e  t r a n s d u c e r  was used  i n  t h e  a i r c r a f t  as i n  
t h e  1 / 6 - s c a l e  wings ;  however,  t h e r e  was a n  i m p o r t a n t  m o d i f i c a t i o n .  An e x t r e m e l y  
t h i n ,  b u t  opaque ,  aluminum c o a t i n g  was vapor  d e p o s i t e d  o n t o  t h e  s i l i c o n  p r e s s u r e  
s e n s i t i v e  d iaphragm o f  t h e  t r a n s d u c e r s  t h a t  were i n s t a l l e d  on t h e  uppe r  s u r f a c e  
o f  t h e  wing. T h i s  was deemed n e c e s s a r y  a f te r  i n i t i a l  f l i g h t s  i n  which i t  was 
found t h a t  e x t r a n e o u s  f l u c t u a t i n g  p r e s s u r e  s i g n a l s  c o u l d  be  caused  by t h e  l i g h t  
s e n s i t i v i t y  o f  t h e  t r a n s d u c e r s .  Tests showed t h a t  v e r y  small changes  i n  
o r i e n t a t i o n  o f  t h e  t r a n d u c e r  diaphragm t o  d i r e c t  r a d i a t i o n  of s u n l i g h t  would 
c a u s e  o u t p u t s  e q u i v a l e n t  t o  p r e s s u r e s  greater  t h a n  3 , 4 4 7  N / m 2  ( 0 .5  l b / i n . ' ) .  I n  
t h e  a i r c r a f t ,  t h e  t r a n s d u c e r s  were i n s t a l l e d  i n  removable  f i x t u r e s  w i t h  t h e  
diaphragms p a r a l l e l  t o  t h e  s u r f a c e  and submerged a b o u t  0.00076 m (0 .030  i n . )  
behind  0.0013-m ( 0 . 0 5 0 - i n . )  o r i f i c e s .  

S t r a i n  gages and a c c e l e r o m e t e r s  were i n s t a l l e d  i n  t h e  a i r c r a f t  a t  s e v e r a l  
l o c a t i o n s .  For f l i g h t s  on which b u f f e t  e x c i t a t i o n  was i n v e s t i g a t e d ,  o u t p u t s  
from r i g h t - w i n g  and l e f t - w i n g  r o o t  bending-moment gages, a r i g h t - w i n g - t i p  
a c c e l e r o m e t e r ,  and a n  a c c e l e r o m e t e r  a t  t h e  c.g. were r e c o r d e d .  The a i r c r a f t  
f l u c t u a t i n g  p r e s s u r e ,  a c c e l e r a t i o n ,  and moment s i g n a l s  were h igh -pass  f i l t e r e d  
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a t  abou t  3 Hz t o  remove s t e a d y - s t a t e  o r  sho r t -pe r iod -mot ion  induced  components 
o f  t h e  s i g n a l s ,  t h e n  a m p l i f i e d  and r e c o r d e d  by a n  on-board t a p e  r e c o r d e r .  The 
29 c h a n n e l s  o f  uns t eady  d a t a  p l u s  a n  a n g l e - o f - a t t a c k  s i g n a l  were r e c o r d e d  on 
f i v e  o f  t h e  a v a i l a b l e  t a p e  t r a c k s  by a cons t an t -bandwid th  FM-multiplex sys tem.  

TEST TECHNIQUE 

Model s 

The wind-tunnel  tests were conducted  i n  two p h a s e s .  The f irst  phase  was f o r  
su r face - f low v i s u a l i z a t i o n  u s i n g  t h e  s t ee l  wing p r i o r  t o  t h e  i n s t a l l a t i o n  o f  t h e  
p r e s s u r e  i n s t r u m e n t a t i o n .  The second phase  i n c l u d e d  t h e  tests of t h e  f u l l y  
in s t rumen ted  s t ee l  and aluminum wings t o  measure t h e  f l u c t u a t i n g  p r e s s u r e s  and 
model r e s p o n s e s .  Fo r  bo th  phases ,  t e s t s  were conducted  a t  Mach numbers from 0.7 
t o  0 .95 a t  Reynolds  numbers o f  7 x I O 6 ,  10 .5  x I O 6 ,  and 1 4  x I O 6  based on 7 and 
w i t h  wing-sweep a n g l e s  a t  26', 35'. 

F l o u r e s c e n t  o i l  was used  f o r  t h e  f low v i s u a l i z a t i o n ,  and pho tograph ic  r e c o r d s  
were made a t  e a c h  t es t  c o n d i t i o n  w i t h  s t i l l  and  motion p i c t u r e  cameras .  Angle 
o f  a t t a c k  was v a r i e d  from -5" t o  + 2 5 O  f o r  t h e  o i l - f l o w  tes ts .  P r i o r  t o  t a k i n g  
each  s e t  o f  pho tograph ic  d a t a ,  o i l  was momentar i ly  e j e c t e d  o n t o  t h e  wing and t h e  
f low a l lowed t o  s t a b i l i z e .  Oi l - f low c o n t r o l  v a l v e s  were o f f  d u r i n g  t h e  p i c t u r e -  
t a k i n g  sequences .  

P r e s s u r e  f l u c t u a t i o n s  were measured a t  most o f  t h e  above mentioned t e s t  condi -  
t i o n s  a t  a n g l e s  o f  a t t a c k  from 7' t o  15'. Model s t r e n g t h  l i m i t a t i o n s ,  however,  
r e s t r i c t e d  t h e  maximum a n g l e  o f  a t t a c k  i n  some c a s e s .  The dynamic p r e s s u r e  
t r a n s d u c e r s  were c a l i b r a t e d  b e f o r e  each  wind-tunnel  s tart .  Record ings  o f  
1-minute l e n g t h  were made f o r  each  t e s t  c o n d i t i o n  a f t e r  a m p l i f i e r s  a u t o m a t i c a l l y  
a d j u s t e d  g a i n s  t o  o b t a i n  maximum a m p l i t u d e s  a l lowed  by t h e  t a p e  r e c o r d e r .  

A i  r c r a f  t 

F l u c t u a t i n g  p r e s s u r e s  and  t h e  c o r r e s p o n d i n g  b u f f e t  r e s p o n s e  were measured on t h e  
TACT a i r c r a f t  a t  wing sweep a n g l e s  o f  26' and 35', Mach numbers o f  0 . 8  and 0 .9 ,  
and a t  dynamic p r e s s u r e s  o f  a b o u t  14 ,364 ,  21 ,546 ,  and 28 ,728  N / m 2  (300 ,  and 450, 
and 600 l b s / f t * ) .  Data were o b t a i n e d  i n  c o n t i n u o u s  t u r n  maneuvers  a t  v a r i o u s  
c o n s t a n t  mean a n g l e s  o f  a t t a c k  w i t h i n  t h e  r a n g e  from 7' t o  1 3 O .  Some d a t a  were 
also o b t a i n e d  a t  c r u i s e  c o n d i t i o n s .  

I n  o r d e r  t o  maximize t h e  s t a t i s t i c a l  a c c u r a c y  of t h e  d a t a ,  p i l o t s  were r e q u e s t e d  
t o  r e c o r d  d a t a  f o r  6 0  seconds  w h i l e  h o l d i n g  a n g l e  o f  a t t a c k ,  Mach number, and 
a l t i t u d e  as s t e a d y  as  p o s s i b l e .  Target b o u n d a r i e s  o f  maximum a l l o w a b l e  
d e v i a t i o n  a b o u t  t h e  mean c o n d i t i o n s  were s p e c i f i e d  f o r  a a t  +0.5', f o r  M a t  
20.01,  and f o r  q a t  + I O % .  For  many c o n d i t i o n s ,  60 seconds  o r  more o f  c o n t i n u o u s  
d a t a  were r e c o r d e d  w i t h i n  t h e  s p e c i f i e d  boundar i e s .  When f l i g h t  c o n d i t i o n s  
w i t h i n  t h e  b o u n d a r i e s  c o u l d  n o t  be s u s t a i n e d  f o r  60  seconds ,  t h e  c o n d i t i o n s  were 
u s u a l l y  r e p e a t e d  u n t i l  a t o t a l  o f  60  s e c o n d s  o f  d a t a  was r e c o r d e d .  F i g u r e  10 
shows some t y p i c a l  time h i s t o r i e s  of M ,  q ,  and a which i l l u s t r a t e  t h e  s k i l l f u l -  
n e s s  o f  t h e  p i l o t s  i n  h o l d i n g  s t e a d y  c o n d i t i o n s  w i t h  t h e  TACT a i r c r a f t .  
A t  a = g o ,  which was n e a r  b u f f e t  o n s e t  f o r  I\ = 35" and a c o n t i n u o u s  
r e c o r d i n g  of d a t a  for 120 s e c o n d s  was o b t a i n e d  w i t h  a v a r i a t i o n s  n o t  o v e r  20.1O. 
For  ci = 10" and 11.9",  when b u f f e t  i n t e n s i t i e s  were h i g h ,  c o n d i t i o n s  were s t i l l  

M = 0.80, 
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h e l d  w i t h i n  t h e  s p e c i f i e d  b o u n d a r i e s  f o r  r e l a t i v e l y  l o n g  p e r i o d s .  

The dynamic-pressure  t r a n s d u c e r s  were c a l i b r a t e d  b e f o r e  or  a f t e r  each  TACT 
f l i g h t  which was conducted  t o  measure t h e  b u f f e t  e x c i t a t i o n .  T r a n s d u c e r s  were 
powered by a 28-V s u p p l y  for  some f l i g h t s  and  by a 12-V s u p p l y  f o r  some f l i g h t s .  
Thus a v a r i a t i o n  o f  t r a n s d u c e r  s e n s i t i v i t i e s  was o b t a i n e d  f o r  d i f f e r e n t  r a n g e s  
o f  a n g l e  o f  a t t a c k  w i t h o u t  chang ing  f i x e d  g a i n  resistors i n  t h e  s i g n a l  condi -  
t i o n i n g  sys tem.  Angles  o f  a t t a c k  o f  I O o  or less  were schedu led  when t h e  28-V 
s u p p l y  was used  and a n g l e s  of a t t a c k  o f  10' and more were schedu led  when t h e  
12-V s u p p l y  was used .  The f i x e d  g a i n  r e s i s t o r s  were s e l e c t e d  t o  g i v e  t h e  
h i g h e s t  p o s s i b l e  s i g n a l  a m p l i t u d e s  for  t a p e  r e c o r d i n g s  w i t h o u t  exceed ing  l i m i t s  
o f  t h e  r e c o r d e r .  The s e l e c t i o n  o f  s e n s i t i v i t i e s  f o r  each  t r a n s d u c e r  l o c a t i o n  
was based on t h e  p r e v i o u s l y  o b t a i n e d  1 / 6 - s c a l e  model d a t a .  

DATA REDUCTION 

Mean and f l u c t u a t i n g  s t a t i c  p r e s s u r e s  on t h e  1 / 6 - s c a l e  models  and a i r c r a f t  were 
reduced  t o  mean s t a t i c  p r e s s u r e  c o f f i c i e n t s  ( C p )  and f l u c t u a t i n g  p r e s s u r e  c o e f -  
f i c i e n t s  (CPrms 1. The f l u c t u a t i n g  p r e s s u r e  s i g n a l s  were band-pass  f i l t e r e d  

p r i o r  t o  p r o c e s s i n g  by t h e  m u l t i c h a n n e l  rms sys tem.  The f r equency  r a n g e  between 
3 dB p o i n t s  was 5 Hz t o  16,000 Hz f o r  t h e  sca le -model  d a t a  f o r  2.5 Hz t o  2500 Hz 
f o r  t h e  a i r c r a f t  d a t a .  Power and c r o s s - s p e c t r a l  d e n s i t i e s  of t h e  p r e s s u r e  
f l u c t u a t i o n s  a t  s e l e c t e d  c o n d i t i o n s  were o b t a i n e d  u s i n g  a h y b r i d  a n a l o g - d i g i t a l  
a n a l y s i s  p r o c e s s  d e s c r i b e d  i n  Ref. 16. 

Test c o n d i t i o n s  i n  t h e  wind t u n n e l  are s t e a d y  a n d ,  t h e r e f o r e ,  a n y  time segments  
o f  t h e  t a p e  r e c o r d i n g s  f o r  a g i v e n  c o n d i t i o n  were a c c e p t a b l e  for  d a t a  a n a l y s i s .  
For t h e  f l i g h t  tests, segments  o f  t h e  t a p e  r e c o r d i n g s  s u i t a b l e  for  a n a l y s i s  had 
t o  be c a r e f u l l y  s e l e c t e d  by s t u d y i n g  d i g i t a l  p r i n t o u t s  ( a t  a ra te  o f  l / s e c )  o f  
i m p o r t a n t  f l i g h t  p a r a m e t e r s  and a n a l o g  s t r i p  c h a r t s  o f  t h e  p r e s s u r e - f l u c t u a t i o n  
time h i s t o r i e s .  The c r i t e r i a  f o r  s e l e c t i n g  t h e  time segments  f o r  d a t a  a n a l y s i s  
w a s  t h a t  c o n d i t i o n s  remained w i t h  t h e  t o l e r a n c e  p r e v i o u s l y  s p e c i f i e d  for c1 , M, 
and q .  After the time segments  were s e l e c t e d ,  t h e  a r i t h m e t i c a l  means of a,  M ,  
and q were computed from t h e  d ig i t a l  p r i n t o u t .  

CORRELATION OF W I N D  TUNNEL AND F L I G H T  
MEASUREMENTS OF B U F F E T  E X C I T A T I O N  

The c o r r e l a t i o n  o f  wind- tunnel  and f l i g h t  measurements  o f  b u f f e t  e x c i t a t i o n  was 
one  o f  t h e  main o b j e c t i v e s  o f  t h e  A m e s  Research  Cen te r  p a r t i c i p a t i o n  i n  t h e  TACT 
program. P rocedures  for  s c a l i n g  p r e s s u r e  f l u c t u a t i o n s  had been well e s t a b l i s h -  
e d ,  b u t  some r e f e r e n c e s  i n c l u d i n g  R i d d l e  (Ref. 1 7 )  and Coe and R i d d l e  (Ref. 18) 
have  shown t h a t  f o r  some t e s t  c o n d i t i o n s  p r e s s u r e  f l u c t u a t i o n s  t ended  t o  c o u p l e  
w i t h  model wing t o r s i o n  and  second-bending mode v i b r a t i o n s .  Consequent ly ,  t h e r e  
was st i l l  some u n c e r t a i n t y  whether  p r e s s u r e  f l u c t u a t i o n s  on non-dynamical ly  
s c a l e d  models  t r u l y  r e p r e s e n t  t h e  p r e s s u r e  f l u c t u a t i o n s  on e l a s t i c  a i r c ra f t .  I n  
q u e s t i o n  are  t h e  effects  of s t a t i c  and dynamic e l a s t i c i t y  and  e f fec ts  of 
Reynolds  number. 
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Root-Mean-Square Pressure F l u c t u a t i o n s  

C o r r e l a t i o n  o f  w ind - tunne l  and f l i g h t  d a t a . -  P r e s s u r e  f l u c t u a t i o n s  measured a t  
c o r r e s p o n d i n g  l o c a t i o n s  on t h e  upper  wing s u r f a c e s  o f  t h e  1 / 6 - s c a l e  models  and 
a i r c r a f t  are p r e s e n t e d  i n  F i g u r e  1 1 .  w i t h  
a f o r  t e s t  c o n d i t i o n s  t h a t  y i e l d e d  t h e  c l o s e s t  matching  o f  Reynolds  numbers i n  
t h e  wind t u n n e l  and f l i g h t .  Fo r  M = 0.80, t h e  model d a t a  are  from t h e  s t ee l  
wing a t  R ?  = 1 4  x I O 6  ( F i g s .  I l ( a )  and ( c ) ) .  Model s t r e n g t h  l i m i t s  r e s t r i c t e d  
t h e  maximum Reynolds number t o  Rc = 10.5 x I O 6  a t  M 0 .90;  s o  t h e  d a t a  from t h e  
aluminum wing were a r b i t r a r i l y  s e l e c t e d  f o r  p r e s e n t a t i o n  a t  t h e s e  c o n d i t i o n s  
( F i g s .  I l ( b )  and ( d ) ) .  The dashed l i n e s  c o n n e c t i n g  some d a t a  p o i n t s  i n d i c a t e s  
an  a u t h o r  judgement o f  t h e  p r o b a b l e  v a r i a t i o n s  o f  CprmS wi th  a. 

The d a t a  show t h e  v a r i a t i o n  o f  Cprms 

The d a t a  i n  F i g u r e  1 1  g e n e r a l l y  show e x c e l l e n t  c o r r e l a t i o n  o f  t h e  p r e s s u r e -  
f l u c t u a t i o n  measurements  on t h e  models  and a i r c r a f t  e x c e p t  i n  r e g i o n s  o f  shock 
waves and s e p a r a t i o n  boundar i e s .  T h i s  judgement o f  e x c e l l e n c e  is based  on t h e  
a u t h o r s '  knowledge o f  t h e  s ta te  o f  t h e  a r t  o f  random p r e s s u r e - f l u c t u a t i o n  
measurements ,  on t h e  r e l a t i v e l y  meager p r e v i o u s  w i n d - t u n n e l - t o - f l i g h t  c o r r e -  
l a t i o n s  and on t h e  a u t h o r s '  e x p e r i e n c e  w i t h  model-to-model c o r r e l a t i o n s .  The 
d a t a  show some s i g n i f i c a n t  d i f f e r e n c e s  i n  a n g l e  o f  a t t a c k  o f  t h e  model and 
a i r c r a f t  where t h e  p r e s s u r e  f l u c t u a t i o n s  sudden ly  i n c r e a s e  due  t o  t h e  occur -  
r e n c e  of  a shock wave or s e p a r a t i o n  boundary a t  a measurement l o c a t i o n .  These 
d i f f e r e n c e s  are due t o  some combina t ion  o f  e f f e c t s  of t h e  v a r i o u s  wind-tunnel  
f a c t o r s  l i s t e d  i n  F i g u r e  1 t h a t  c a n  a f f e c t  t h e  c o r r e l a t i o n  o f  d a t a .  It i s  
expec ted  t h a t  Reynolds  number s i m u l a t i o n  and s t a t i c - e l a s t i c  e f f e c t s  are  t h e  most 
i m p o r t a n t  e f f ec t s ,  b u t  t h e  s e p a r a t i o n  o f  t h e s e  effects  is  n o t  a p p a r e n t  due t o  
i n c o n s i s t e n c i e s  o f  t h e  d a t a .  The main problem i s  t h a t  i n  some c a s e s  t h e  r ise  
i n  Cprms o c c u r r e d  a t  lower  c1 on t h e  a i r c r a f t  t h a n  on t h e  model ( F i g s .  I l ( a )  and 
( d ) )  and  i n  o t h e r  cases a t  lower c1 on t h e  model t han  on t h e  a i r c r a f t  ( F i g s .  
I l ( b )  and ( c ) ) .  S t a t i c  e l a s t i c i t y  s h o u l d  have  a larger e f f e c t  on t h e  d a t a  a t  
q = 0.910 t h a n  a t  rl = 0.744 or rl = 0.578. Such a t r e n d  i n  d a t a  can be n o t e d ,  
b u t  a d d i t i o n a l  a n a l y s e s  i n c l u d i n g  computa t ions  o f  t h e  deformed s h a p e s  o f  t h e  
models  and a i r c r a f t  unde r  l o a d  would be needed t o  f u r t h e r  a c c o u n t  f o r  e f f e c t s  o f  
Reynolds  number and s t a t i c  e l a s t i c i t y .  

Reynolds number and s t a t i c  e l a s t i c  e f f e c t s . -  
t i c i t y  have been mentioned i n  t h e  f o r e g o i n g  p r e s e n t a t i o n  o f  d a t a  a s  c a u s e s  o f  

Reynolds  number and s t a t i c  elas- 

d i s c r e p a n c i e s  i n  t h e  c o r r e l a t i o n  o f  t h e  p r e s s u r e  f l u c t u a t i o n s  measured on t h e  
models  and a i r c ra f t .  The separate e f fec ts  o f  Reynolds number and e l a s t i c i t y  
c o u l d  n o t  be d i s t i n g u i s h e d  because  b o t h  Reynolds  number and wing s h a p e  v a r i e d  i n  
t h e  c o r r e l a t i o n s .  The d a t a  from t h e  s teel-  and aluminum-wing models  a l m o s t  
c i r cumven t  t h i s  problem. The s t e e l  wing a t  RF = 14 x I O 6  deformed unde r  l o a d  
t o  t w o - t h i r d s  t h e  d e f l e c t i o n  o f  t h e  aluminum model a t  so t h a t  t h e  
s h a p e s  of t h e  wings were similar.  When t h e  wings  were t e s t e d  a t  R, = 10.5 x I O 6 ,  

~ t h e  aluminum-wing d e f l e c t i o n  was t h r e e  times t h e  d e f l e c t i o n  o f  t h e  s t ee l  wing. , 
I 

I 
F i g u r e  12 Shows t h e  Reynolds  number e f f e c t s  and F i g u r e  13 t h e  s t a t i c  e l a s t i c  
e f f e c t s  on t h e  p r e s s u r e  f l u c t u a t i o n s  a t  t h r e e  span  s t a t i o n s  f o r  A = 26O and 
M = 0.80. 

R F  = 7 x I O 6  

i 
F i g u r e  12 shows some d e f i n i t e  t r e n d s  r e s u l t i n g  from Reynolds number e f fec ts .  

l o  l ower  a n g l e  of a t t a c k  a t  R C  = 1 4  x l o 6  t h a n  a t  T h i s  t r e n d  i s  
c o n s i s t e n t  w i t h  t h e  obse rved  movement o f  t h e  shock  wave t o  x / c  = 0.06  a t  lower  

, 
The shock wave and s e p a r a t i o n  boundary o c c u r r e d  a t  x / c  = 0.06 a t  approx ima te ly  I 

i R ?  = 7 x I O 6 .  
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a n g l e  o f  a t t a c k  on t h e  a i r c r a f t  t h a n  on t h e  model.  The p r e s s u r e  f l u c t u a t i o n s  
were r e l a t i v e l y  u n a f f e c t e d  by Reynolds number w i t h i n  t h e  r e g i o n  o f  s e p a r a t e d  
f low downstream o f  x / c  = 0 . 4 5  and q =  0.910 and T J =  0.744 a t  a l l  a n g l e s  o f  a t t a c k  
and a t  T J =  0.578 a t  a n g l e s  of a t t a c k  less t h a n  12O. A t  Q = 0.578 for a > 12O, 
t h e r e  was a large e f f ec t  o f  Reynolds  number on Cprms. The p r e s s u r e  f l u c t u a t i o n s  
a p p e a r  t o  become independen t  o f  dynamic p r e s s u r e ,  p o s s i b l y  due  t o  t h e  i n f l u e n c e  
o f  a l ead ing -edge  v o r t e x .  

With r e s p e c t  t o  e f f e c t s  of s t a t i c  e l a s t i c i t y ,  F i g u r e  13 shows t h a t  t h e  shock 
wave and s e p a r a t i o n  boundary o c c u r r e d  a t  x / c  = 0.06 a t  a lower  a n g l e  o f  a t t a c k  
on t h e  steel wing t h a n  on t h e  aluminum wing. The d a t a  a t  TJ = 0.910 i n d i c a t e  
t h a t  t h e  s e c t i o n  a n g l e  o f  a t t a c k  n e a r  t h e  wing t i p  was a b o u t  1' less on t h e  
aluminum wing t h a n  on t h e  s tee l  wing. The d a t a  a t  o t h e r  span  s t a t i o n s  show less 
e f fec t  o f  e l a s t i c i t y  as expec ted .  A s  w i t h  t h e  Reynolds number e f fec ts ,  t h e  
p r e s s u r e  f l u c t u a t i o n s  were r e l a t i v e l y  u n e f f e c t e d  by s t a t i c  e l a s t i c i t y  w i t h i n  t h e  
s e p a r a t e d  f l o w  downstream o f  x / c  = 0 . 4 5 .  Some s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  
p r e s s u r e  f l u c t u a t i o n s  o n  t h e  steel  and aluminum wings o c c u r r e d  a t  q = 0.578 a t  
01 > 11'. However, t h e  d i f f e r e n c e s  are  n o t  s o  large as  t h e  p r e v i o u s l y  no ted  
Reynolds  number e f f e c t s  a t  q = 0.578 a t  h i g h  a n g l e  o f  a t t a c k .  

A comparison of t h e  p r e s s u r e - f l u c t u a t i o n  measurements a t  x /c  = 0.06 i n  F i g u r e s  
12 and 13 shows t h e  c o u n t e r a c t i n g  i n f l u e n c e s  o f  Reynolds  number and  s t a t i c  
e l a s t i c i t y  on t h e  p o s i t i o n  o f  t h e  shock  wave. The shock  wave h a s  moved ups t ream 
w i t h  i n c r e a s i n g  Reynolds  number and downstream due  t o  i n c r e a s i n g  e l a s t i c i t y .  
T h e r e f o r e ,  t h i s  compensa t ing  e f f e c t  p robab ly  improved t h e  c o r r e l a t i o n  between 
t h e  model and a i r c r a f t  p r e s s u r e - f l u c t u a t i o n  measurements ( F i g .  1 1 ) .  

A s  p r e v i o u s l y  ment ioned ,  t h e  TACT program i s  p rov idng  more comple t e  i n f o r m a t i o n  
f o r  t h e  w i n d - t u n n e l l f l i g h t  c o r r e l a t i o n  o f  b u f f e t  e x c i t a t i o n  d a t a  t h a n  any  prev-  
i o u s  program. A ma jo r  asset  o f  t h e  a n a l y s i s  o f  t h e  d a t a  is  t h e  s t a t i c  mean 
p r e s s u r e  d i s t r i b u t i o n s  o b t a i n e d  on t h e  models  and a i r c r a f t  and  t h e  f low v i s u a l -  
i z a t i o n s  on t h e  s t e e l - w i n g  model. Examples o f  some s t e a d y  and f l u c t u a t i n g  
p r e s s u r e  d i s t r i b u t i o n s  and c o r r e s p o n d i n g  pho tographs  of f l u o r e s c e n t  o i l  are 
shown i n  F i g u r e  14  f o r  I\ = 2 6 O  and M = 0.80. The s t e a d y  p r e s s u r e  d i s t r i -  
b u t i o n s  on t h e  model and aircraft are distinguished by solid and dashed lines. 
The f l u c t u a t i n g  p r e s s u r e s  on t h e  model are p r e s e n t e d  by s o l i d  l i n e s  where t h e  
d a t a  follows r e a s o n a b l e  t r e n d s  and by dashed  l i n e s  between measured v a l u e s  t h e  
s t e a d y  p r e s s u r e  d i s t r i b u t i o n s  and pho tographs  i n d i c a t e  t h e  p r o b a b i l i t y  o f  h i g h  
p r e s s u r e  f l u c t u a t i o n s  due  t o  t h e  shock  waves. The f l u c t u a t i n g  p r e s s u r e s  
measured on t h e  a i r c r a f t  are i n d i c a t e d  by t h e  symbols .  When t h e  l o c a t i o n s  of 
shock waves are d e f i n e d ,  as  i n  F i g u r e  14 ,  and t h e  p r o b a b l e  s t e e p  g r a d i e n t s  i n  
t h e  chordwise  d i s t r i b u t i o n s  o f  Cprms are c o n s i d e r e d ,  t h e  o v e r a l l  e x c e l l e n t  
c o r r e l a t i o n  between t h e  wind t u n n e l  and f l i g h t  f l u c t u a t i n g  p r e s s u r e s  is  as  good 
as t h e  c o r r e l a t i o n  o f  wind t u n n e l  and f l i g h t  s t e a d y  p r e s s u r e s .  A d d i t i o n a l  
c o r r e l a t i o n s  o f  wind t u n n e l  and f l i g h t  measurements  o f  s t e a d y  p r e s s u r e s  are 
p r e s e n t e d  by Kinsey (Ref. 13) .  

E f f e c t s  o f  dynamic p ressu re  on f l i g h t  da ta . -  The p r e v i o u s  c o r r e l a t i o n s  o f  p re s -  
s u r e - f l u c t u a t i o n  d a t a  ( F i g s .  11 and  1 4 )  compared Cprms from t h e  models  a t  t h e  
h i g h e s t  test  Reynolds  numbers,  t o  14  x l o 6 ,  w i t h  CPrms from t h e  a i r c r a f t  a t  a 
Reynolds  number of a b o u t  25  x l o 6 .  Both Reynolds-number v a l u e s  are based  on c .  
Some f l i g h t  d a t a  were a l s o  o b t a i n e d ,  however,  a t  d i f f e r e n t  a l t i t u d e s  t o  d e t e r -  
mine t h e  combined e f f ec t s  o f  s t a t i c  e l a s t i c i t y  and Reynolds number o v e r  a r a n g e  
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o f  f l i g h t  Reynolds  numbers. An example o f  t h e  p r e s s u r e - f l u c t u a t i o n s  measured 
a t  dynamic p r e s s u r e s  o f  14,364 t o  28,728 N / m 2  (300 t o  600 l b s / f t 2 )  and 
cGrresponding  Reynolds  numbers o f  25 x I O 6  t o  40 x I O 6  is  g i v e n  i n  F i g u r e  15 f o r  
A = 26O, M = 0 . 8 0 ,  and rl = 0.744. These da ta  show v e r y  l i t t l e  e f f e c t  of dynamic 

Only t h e  data a t  x / c  = 0 .63  and x / c  = 0.90 i n d i c a t e  a n  a rms ' p r e s s u r e  on C p  

s h i f t  o f  O . I o  t o  0 . 3 O ,  p o s s i b l y  due  t o  t h e  greater washout o f  t h e  wing a t  h i g h  
dynamic p r e s s u r e s .  The CPrms v a l u e s  measured a t  x / c  = 0.45 do  n o t  show e v i d e n c e  
o f  such  an  01 s h i f t ,  however. It i s  i n t e r e s t i n g  t o  n o t e  t h e  ex t reme s e n s i t i v i t y  
o f  t h e  f l u c t u a t i n g  p r e s s u r e s  t o  a n g l e  o f  a t t a c k  a t  x / c  = 0.06 and  0.20 n e a r  c1 = 
I O o .  I t  can  be s e e n  t h a t  t h e  shock  wave on t h e  TACT s u p e r c r i t i a l  wing moved 
from x/c  = 0.20 t o  0.06 w i t h  a n  a n g l e - o f - a t t a c k  v a r i a t i o n  o f  less  t h a n  a few 
t e n t h s  degree. 

was due  t o  a n  i n c r e a s e  i n  t h e  s p e c t r a l  l e v e l  a t  a l l  f r e q u e n c i e s .  The lower  
s u r f a c e  p r e s s u r e s  t ended  t o  c o u p l e  w i t h  t o r s i o n a l  mot ion ,  a l t h o u g h  i n  some 
c a s e s ,  l i k e  t h e  12 = 35' M = 0.80 case shown i n  F i g u r e  17 ,  s u c h  motion dependency 
o f  t h e  p r e s s u r e s  was n e g l i g i b l e .  

Pressure fluctuations on  lower surface of a i r c r a f t  wing.- T y p i c a l  p r e s s u r e -  
f l u c t u a t i o n  measurements  on t h e  lower  s u r f a c e  o f  t h e  a i r c r a f t  wing are i l l u -  
s t ra ted  i n  F i g u r e  16. These d a t a  show t h a t  t h e  p r e s s u r e  f l u c t u a t i o n s  on t h e  
lower  s u r f a c e  o f  t h e  wing i n c r e a s e  s i g n i f i c a n t l y  a t  t h e  same a n g l e s  o f  a t t a c k  
a s s o c i a t e d  w i t h  i n c r e a s i n g  b u f f e t  e x c i t a t i o n  on t h e  upper  s u r f a c e  o f  t h e  wing. 
Below ci = l o o ,  t h e  Cprms v a l u e s  were a b o u t  0.006, which is  t h e  g e n e r a l l y  
expec ted  v a l u e  f o r  s u b s o n i c  a t t a c h e d - t u r b u l e n t  boundary l a y e r s  (Refs. 19 ,  2 0 ) .  
A t  a > loo t h e  lower su r face  p r e s s u r e  f l u c t u a t i o n s  i n c r e a s e d  w i t h  Q t o  maximum 
Cprrns v a l u e s  between 0.015 and 0.025 which were 15% t o  20% of t h e  c o r r e s p o n d i n g  
measurements on t h e  upper  surface. The v a r i a t i o n  of q ,  which a f f ec t s  Reynolds 
number and wing d i s t o r t i o n ,  d i d  n o t  a f f e c t  t h e  lower  s u r f a c e  p r e s s u r e  f l u c t u a -  
t i o n s .  

, 

P r e s s u r e  f l u c t u a t i o n s  were a l s o  measured on t h e  lower  s u r f a c e s  o f  t h e  1 /6 - sca l e  
model wings.  These d a t a  are n o t  p r e s e n t e d  and c o r r e l a t e d  w i t h  t h e  f l i g h t  d a t a  
because  o f  t h e  domina t ing  e f f e c t s  o f  wind- tunnel  env i ronmen ta l  t u r b u l e n c e  and 
n o i s e .  

PSDs of Pressure Fluctuations 

Typical PSDs of pressure fluctuations on a i r c r a f t . -  PSDs of t h e  p r e s s u r e  f l uc -  
t u a t i o n s  on t h e  a i r c r a f t ,  which are t y p i c a l  of t h e  broad r ange  of data examined,  
are shown i n  F i g u r e  17. These PSDs are  p r e s e n t e d  f o r  a n g l e s  o f  a t t a c k  o f  
a p p r o x i m a t e l y  I O o  and  1 2 O ;  t h i s  was done t o  i l l u s t r a t e  t h e  d i f f e r e n c e s  between 
upper-  and lower - su r face  measurements ,  t h e  g e n e r a l  s h a p e s  o f  t h e  PSDs, and some 
e f f ec t s  of dynamic mot ions  o f  t h e  wing on  t h e  data. The f r e q u e n c i e s  o f  impor- 
t a n t  wing v i b r a t i o n  modes are no ted  i n  t h e  f i g u r e .  T o r s i o n a l  modes are 
i n d i c a t e d  by a band o f  f r e q u e n c i e s  s i n c e  t h e r e  are s e v e r a l  modes i n v o l v i n g  
t o r s i o n a l  mot ion  n e a r  t h e  same f requency .  



The PSD l e v e l s  o f  t h e  p r e s s u r e  f l u c t u a t i o n s  on t h e  wing upper  s u r f a c e  were 
g e n e r a l l y  from 1 t o  2 decades  h i g h e r  t h a n  t h e  c o r r e s p o n d i n g  l e v e l s  on t h e  lower 
s u r f a c e .  Coupl ing  of t h e  p r e s s u r e  f l u c t u a t i o n s  on t h e  upper  s u r f a c e  w i t h  
dynamic mot ions  was i n  e v i d e n c e  i n  less t h a n  5% o f  t h e  a p p r o x i m a t e l y  500 PSDs 
examined. I n  most c a s e s ,  when c o u p l i n g  o c c u r r e d ,  t o r s i o n  a n d / o r  second bending  
mot ions  were i n v o l v e d .  Coupl ing  e f f ec t s  were most pronounced a t  a n g l e s  o f  
a t t a c k  n e a r  b u f f e t  o n s e t  and were u s u a l l y  n e g l i g i b l e  when t h e  p r e s s u r e  f l u c -  
t u a t i o n s  were large. However, e x c e p t i o n s  are  shown i n  F i g u r e  17 f o r  A = 26O, 
M = 0 .80 ,  x / c  = 0 .90 ,  and  f o r  A = 35O, M = 0.90 a t  a = 12O. These PSDs show 
c o u p l i n g  w i t h  t o r s i o n  and second an t i symmet r i c -bend ing  modes i n  one  case and 
c o u p l i n g  w i t h  t h e  t o r s i o n  modes i n  t h e  second case. No s i g n i f i c a n t  c o u p l i n g  o f  
first bendng modes and p r e s s u r e  f l u c t u a t i o n s  h a s  been no ted  i n  t h e  d a t a .  The 
e x t e n t  o f  such  c o u p l i n g  is  i m p o r t a n t  t o  t h i s  i n v e s t i g a t i o n  s i n c e  t h e  wind-tunnel  
models  were nomina l ly  r i g i d .  I f  c o u p l i n g  e f f ec t s  were t o  dominate  t h e  p r e s s u r e  
f l u c t u a t i o n s ,  t h e n  t h e  u s e  o f  such  models f o r  p r e d i c t i o n  o f  t h e  a i r c r a f t  b u f f e t  
e x c i t a t i o n  would be i n a p p r o p r i a t e .  

W i  nd- tunne l  - t o - f  1 i g h t  correl a t i o n  o f  PSDs. - Samples o f  t h e  c o r r e l a t i o n s  o f  PSDs 
of t h e  p r e s s u r e  f l u c t u a t i o n s  on t h e  1 / 6 - s c a l e  models  and a i c r a f t  are  i n  F i g u r e  
18. On t h e  basis o f  t h e  o v e r a l l  f r equency  r a n g e  o f  t h e  d a t a  t h e  c o r r e l a t i o n s  o f  
t h e  PSDs are c o n s i d e r e d  t o  be e x c e l l e n t .  However, i t  s h o u l d  be k e p t  i n  mind 
t h a t  t h e  i m p o r t a n t  v i b r a t i o n  modes of  t h e  a i r c r a f t  b u f f e t i n g  a re  w i t h i n  a 
r e l a t i v e l y  small r a n g e  o f  nondimens iona l  f r e q u e n c i s  from a b o u t  0 .03  t o  0.3.  
F i g u r e s  18(a)  shows one  o f  t h e  e x c e l l e n t  c o r r e l a t i o n s  o f  PSDs t o  i l l u s t r a t e  t h e  
o u t p u t  o f  t h e  h y b r i d  a n a l o g / d i g i t a l  s p e c t r a l  a n a l y z e r  used  a t  Ames (Ref. 1 6 ) .  
The f i g u r e  i s  a t  large s c a l e  t o  show t h e  computer  p l o t t e d  o u t p u t  o f  t h e  c o r r e -  
l a t i o n ,  where in  s e p a r a t e l y  a n a l y z e d  f i l e s  o f  t h e  model and a i r c ra f t  d a t a  were 
ca l led  and p l o t t e d  w i t h  t h e  a p p l i c a t i o n  o f  a p p r o p r i a t e  n o n d i m e n s i o n a l i z i n g  
v a r i a b l e s .  I n  F i g u r e  18(a) e a c h  symbol ("A"  f o r  model and "B" f o r  a i rc raf t )  
r e p r e s e n t  a f i x e d  bandwidth i n  t h e  s t epped- f r equency  PSD a n a l y s i s .  I n  t h e  
r ema inde r  o f  F i g u r e  18 t h e  PSD c o r r e l a t i o n s  have  been t r a c e d  t o  more c l e a r l y  
d i s t i n g u i s h  t h e  model and  a i r c r a f t  PSDs. 

F i g u r e  1 8 ( b )  shows t h e  c o r r e l a t i o n  o f  PSDs o f  p r e s s u r e  f l u c t u a t i o n s  a t  t h r e e  
span  s t a t i o n s  for A = 2 6 O ,  M = 0.80, and c1 g o ,  a c o n d i t i o n  of  r e l a t i v e l y  l o w  
b u f f e t  e x c i t a t i o n  (see F i g .  I l ( a ) ) .  Fo r  t h i s  c o n d i t i o n ,  e f f e c t s  o f  a i rc raf t  
dynamic mot ions  and wind- tunnel  env i ronmen ta l  n o i s e  are c l e a r l y  s e e n .  The 
a i r c r a f t  t o r s i o n a l  modes have  t h e  most pronounced e f f e c t  a t  q = 0.910,  p a r t i c -  
u l a r l y  a t  x / c  = 0.64 .  The prominent  p e a k s  i n  t h e  model a t  fc /V = 1 .2 ,  4 . 5 ,  and 
9.0 have  been i d e n t i f i e d  t o  be due  t o  compressor -b lades  c r o s s i n g  t h e  s t a t o r  
b l a d e s  and  t o  t h e  t r a n s o n i c  t e s t - s e c t i o n  s l o t s  (Ref. 2 1 ) .  The o r i g i n  of t h e  
peaks  i n  b o t h  model and a i rc raf t  d a t a  a t  fc/V = 0.6  may be aerodynamic r e s o -  
nance  d u e  t o  ups t ream p r o p a g a t i n g  p r e s s u r e  waves as d i s c u s s e d  i n  Ref. 22 .  

F i g u r e s  1 8 ( c ) ,  ( d )  and ( e )  show t h e  c o r r e l a t i o n  of PSDs o f  p r e s s u r e  f l u c t u -  
a t i o n s  f o r  c o n d i t i o n s  when t h e  b u f f e t  e x c i t a t i o n  was medium and h i g h  r e l a t i v e  t o  
t h e  r a n g e  o f  measurements  (see F i g .  1 1 ) .  The data  i n  F i g u r e  1 8 ( c )  are f o r  A = 
26O, M = 0 .80 ,  and a = 11.1O. The d a t a  i n  F i g u r e  1 8 ( d )  are fo r  A 3 5 O ,  M 
0 .80 ,  and a = I O o ,  and i n  F i g u r e  18(e)  f o r  A = 3 5 O ,  M = 0.90 ,  and a 12O. 
These d a t a  show t h a t  t h e  c o r r e l a t i o n s  o f  PSDs g e n e r a l l y  improved w i t h  i n c r e a s -  
i n g  p r e s s u r e  f l u c t u a t i o n s .  It i s  q u i t e  c l ea r  from t h e  c o r r e l a t i o n s  t h a t  t h e  
reduced  f r e q u e n c y  p a r a m e t e r ,  f c /V ,  and  t h e  n o n d i m e n s i o n a l i z a t i o n  of t h e  PSDs by 
GV/q2c are v a l i d .  F i g u r e  1 8 ( c )  shows t h a t  f o r  A = 26O PSD c o r r e l a t i o n s  were 
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b e t t e r  t o  e x c e l l e n t  f o r  spanwise  s t a t i o n s  i n b o a r d  o f  rl = 0.910. For  A = 35' PSD 
c o r r e l l a t i o n s  were a l s o  good t o  e x c e l l e n t  a t  I? = 0.910 ( F i g u r e  1 8 ( d )  and ( e ) ) .  
I n  F i g u r e  18(e)  i t  is o f  i n t e r e s t  t o  n o t e  c o r r e s p o n d i n g  peaks  i n  t h e  model and 
a i r c r a f t  PSDs n e a r  fc /V = 0.18 .  The peaks  i n  t h e  a i r c r a f t  PSDs c o i n c i d e  w i t h  
t h e  t o r s i o n a l  modes, whereas  t h e  peaks  i n  t h e  model PSDs o c c u r  between t h e  
second bending and t o r s i o n  modes. 

Coherence and Phase Angle o f  Pressure F l u c t u a t i o n s  

A t y p i c a l  a n a l y s i s  o f  t h e  s p a t i a l  c o r r e l a t i o n  o f  t h e  p r e s s u r e  f l u c t u a t i o n s  on 
t h e  models and a i r c r a f t  i s  g i v e n  i n  F i g u r e  19. Shown i s  t h e  cohe rence  and phase  
a n g l e  ( 0 )  between f l u c t u a t i o n s  a t  x / c  = 0 .45  and x /c  = 0.63 a t  rl = 0.744 for  M = 
0.80 and a = 1 2 O  f o r  A = 26O and A = 35'. G e n e r a l l y ,  t h e  t r e n d s  o f  t h e s e  d a t a  
are t h e  same w i t h  t h e  e x c e p t i o n  t h a t  t h e  r e s u l t s  f o r  A = 26O show a s t r o n g  
cohe rence  o f  p r e s s u r e s  on t h e  a i r c r a f t  wing a t  a f r equency  c o r r e s p o n d i n g  t o  
t o r s i o n a l  v i b r a t i o n s .  The e x c e l l e n t  agreement  o f  t h e  phase  a n g l e s  c o n f i r m s  t h e  
a c c e p t a b i l i t y  o f  t h e  nondimensional-frequency paramete r  fo r  s c a l i n g  t h e  b u f f e t  
e x c i t a t i o n .  Equal  phase  a n g l e s  f o r  a g i v e n  nondimens iona l  f r equency  mean t h a t  
t h e  dominant  boundary- layer  t u r b u l e n c e  c a u s i n g  t h e  p r e s s u r e  f l u c t u a t i o n s  i s  
c o n v e c t i n g  between x/c  = 0.45  and x / c  = 0.63 a t  t h e  same v e l o c i t y - t o - f r e e -  
stream v e l o c i t y  r a t i o  on t h e  model and a i r c r a f t .  

Concluding Remarks on Cor re l  a t i o n  o f  Wind Tunnel 
and F l i g h t  Measurements o f  B u f f e t  E x c i t a t i o n  

G e n e r a l l y ,  t h e r e  was r e l a t i v e l y  good agreement  between measurements o f  t h e  
p r e s s u r e  f l u c t u a t i o n s  on t h e  models  and  a i r c r a f t  i n  r e g i o n s  o f  s e p a r a t e d  f low.  
A t  t h e  shock-wave b o u n d a r i e s  of t h e  s e p a r a t e d  f l o w ,  good c o r r e l a t i o n  c a n n o t  be  
expec ted  due  t o  Reynolds  number and  s t a t i c - e l a s t i c  e f f e c t s  t h a t  d i s p l a c e  t h e  
boundar i e s .  Reynolds  number and s t a t i c - e l a s t i c  e f f e c t s  on t h e  p o s i t i o n  o f  t h e  
shock  wave t e n d  t o  be compensa t ing .  The PSD a n a l y s i s  o f  t h e  p r e s s u r e  f l u c t u -  
a t i o n s  show e v i d e n c e  o f  d y n a m i c - e l a s t i c  e f f e c t s  i n  b o t h  t h e  a i r c r a f t  and model 
d a t a .  A t  c e r t a i n  test c o n d i t i o n s ,  t h e  f l u c t u a t i n g  p r e s s u r e s  may i n t e r a c t  w i t h  
t o r s i o n a l  a n d / o r  second-bending n a t u r a l  v i b r a t i o n  modes o f  t h e  a i r c r a f t  and 
model wings.  G e n e r a l l y  t h i s  c o u p l i n g  o f  t h e  p r e s s u r e s  w i t h  t h e  v i b r a t o r y  mot ion  
was small o r  n e g l i g i b l e  when t h e  b u f f e t  e x c i t a t i o n  p r e s s u r e s  were h i g h .  

I 
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PREDICTION OF F-111 TACT AIRCRAFT BUFFET RESPONSE 

1 , 

It was p o i n t e d  o u t  i n  t h e  I n t r o d u c t i o n  t h a t  b u f f e t  p r e d i c t i o n s  p r i o r  t o  t h e  work 
o f  B u t l e r  and S p a v i n s  (Ref. 8 )  and t h e  TACT Program (Ref. 13) g e n e r a l l y  have  
been d i s a p p o i n t i n g .  C o r r e l a t i o n s  o f  p r e d i c t e d  b u f f e t  r e s p o n s e  s p e c t r a  w i t h  
f l i g h t  measurements t y p i c a l l y  have  shown f a c t o r s  o f  5 t o  10 or even larger 
d i f f e r e n c e s  i n  s p e c t r a l  peaks  f o r  i m p o r t a n t  modes. There  are  s e v e r a l  p o s s i b l e  
r e a s o n s  f o r  t h e  poor  c o r r e l a t i o n s .  The most  i m p o r t a n t  r e a s o n s  are:  

1 .  The n o n s t a t i o n a r i t y  and s h o r t  time d u r a t i o n s  o f  f l i g h t  da ta ,  which can  

2. The a s sumpt ion  r e q u i r e d  f o r  n o n - e l a s t i c a l l y  s c a l e d  models  t h a t  modal aerody-  

3. The u s e  o f  p o t e n t i a l - f l o w  u n s t e a d y  aerodynamic a n a l y s i s  t o  estimate aerody-  

4 .  I n s u f f i c i e n t  p r e s s u r e  measurements f o r  t h e  f l u c t u a t i n g - p r e s s u r e  method and 

5. Reynolds  number effects .  

6.  S t a t i c  and dynamic a e r o e l a s t i c  d i f f e r e n c e s .  

7. P o s s i b l e  p i t c h  ra te  e f fec ts .  

a f f ec t  t h e  c o r r e l a t i o n s  f o r  a n y  method o f  b u f f e t  p r e d i c t i o n .  

namics  are  s e p a r a b l e  

namic damping. 

s i m p l i f i c a t i o n s  o f  s p a t i a l  c o r r e l a t i o n s .  

( b u f f e t  p r e s s u r e s  are  u n a f f e c t e d  by model m o t i o n s ) .  

The d i s a p p o i n t i n g  h i s t o r y  o f  b u f f e t  p r e d i c t i o n s  i s  what prompted t h i s  r e s e a r c h  
t o  be i n c l u d e d  as p a r t  of t h e  TACT Program. A s  p r e v i o u s l y  ment ioned ,  t h e  TACT 
a i r c r a f t  p rov ided  a large improvement i n  t h e  s t a t i s t i c a l  a c c u r a c y  o f  b u f f e t  
f l i g h t - t e s t  data.  Also, i t  was proposed  t o  e v a l u a t e  a s i m p l e r  more d i r e c t  
approach  f o r  p r e d i c t i n g  t h e  g e n e r a l i z e d  b u f f e t  f o r c e s  on t h e  a i r c ra f t  from 
f l u c t u a t i n g - p r e s s u r e  measurements o b t a i n e d  from a wind-tunnel  model. Aerody- 
namic damping a l s o  would be p r e d i c t e d  from model damping measurements .  

Overview o f  Method 

There  are  two s i g n i f i c a n t  d i f f e r e n c e s  between t h e  p r e s e n t  method and p r e v i o u s  
f l u c t u a t i n g - p r e s s u r e  methods.  F i r s t ,  f o r  t h e  p r e s e n t  method, t h e  measured 
f l u c t u a t i n g - p r e s s u r e  time h i s t o r i e s  were summed on a real-time basis  t o  y i e l d  
t h e  g e n e r a l i z e d  aerodynamic f o r c e s  fo r  s e l e c t e d  modes. T h i s  approach  is  much 
s i m p l e r  and more d i r e c t  t h a n  t h e  a p p r o a c h e s  o f  Refs. 1 1  and 12 which r e q u i r e d  
t h e  a n a l y s e s  o f  a large number o f  c r o s s  s p e c t r a  t o  r e p r e s e n t  t h e  complex span-  
wise and chordwise  b u f f e t  e x c i t a t i o n .  Second,  e x p e r i m e n t a l  measurements o f  
aerodynamic damping f o r  l i m i t e d  p i v o t a l  modes t h a t  are c l e a r l y  d i s t i n g u i s h a b l e  
i n  t h e  model r e s p o n s e  were used  i n  c o n j u n c t i o n  w i t h  a s i m i l a r i t y  a n a l y s i s  o f  
damping t o  p r e d i c t  t h e  t o t a l  damping o f  t h e  a i r c ra f t  f o r  a l l  of t h e  s e l e c t e d  
modes. 

The v a r i o u s  f u n c t i o n s  i n v o l v e d  i n  t h e  method and t h e i r  r e l a t i o n s h i p s  t o  t h e  
p r e d i c t i o n  o f  b u f f e t i n g  a r e  shown i n  F i g u r e  20. The t h r e e  major  e l e m e n t s  o f  t h e  
b u f f e t  p r e d i c t i o n  are t h e  model t es t s ,  a i r c ra f t  s t r u c t u r a l  dynamic a n a l y s i s  and 
t h e  c a l c u l a t i o n  of t h e  a i r c r a f t  f o r c e d  r e s p o n s e .  

The d a t a  from t h e  model tests i n c l u d e  f l u c t u a t i n g - p r e s s u r e  and b u f f e t  r e s p o n s e  
time h i s t o r i e s .  The f l u c t u a t i n g  p r e s s u r e s  must be measured a t  s u f f i c i e n t  l o c a -  
t i o n s  on t h e  model f o r  a c c u r a t e  i n t e g r a t i o n  t o  t h e  o v e r a l l  b u f f e t  e x c i t a t i o n .  
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For  t he  F-111 TACT model tests there were 6 2  f l u c t u a t i n g  p r e s s u r e  t r a n s d u c e r s  on 
t h e  1 / 6 - s c a l e  semispan  wing and  t a i l  s u r f a c e s  ( F i g u r e  9). The b u f f e t  r e sponse  
time h i s t o r i e s  are used  f o r  damping measurements .  

Because f l u c t u a t i n g - p r e s s u r e  models  are  n o t  dynamica l ly  s c a l e d  i n  o r d e r  t o  mea- 
s u r e  motion independen t  b u f f e t  e x c i t a t i o n s ,  t h e  model and model s u p p o r t  shou ld  
be as r i g i d  as  p r a c t i c a l .  However, some compromise on t h e  wing c o n s t r u c t i o n  
material i s  n e c e s s a r y  t o  a l l o w  s u f f i c i e n t  wing r e s p o n s e s  r e l a t i v e  t o  s u p p o r t  
e l a s t i c  and j o i n t  mo t ions  s o  t h a t  aerodynamic damping c a n  be  e v a l u a t e d  a t  l eas t  
f o r  t h e  fundamenta l  bending  and t o r s i o n  modes. It i s  i m p o r t a n t  t h a t  s t r u c t u r a l  
damping is as small as p o s s i b l e  r e l a t i v e  t o  t h e  t o t a l  damping. For  t h i s  
i n v e s t i g a t i o n  b o t h  aluminum and s teel  semispan  wings were t e s t e d  and  i t  was 
found t h a t  t h e  aluminum wing y i e l d e d  b e t t e r  damping measurments.  A s  p a r t  o f  t h e  
model tes ts  i t  i s  n e c e s s a r y  t o  d e t e r m i n e  t h e  g e n e r a l i z e d  masses, n a t u r a l  
f r e q u e n c i e s  and  s t r u c t u r a l  damping for  t h e  modes t h a t  y i e l d  t o t a l  damping 
measurements.  T h i s  i n f o r m a t i o n  i s  a p p l i e d  t o  t h e  damping measurements t o  
d e t e r m i n e  t h e  aerodynamic damping p a r a m e t e r ,  Kp, for  each o f  t h e  p i v o t a l  modes. 
K p  t h u s  K is 
t h e  same damping pa rame te r  d e f i n e d  by B u t l e r  and S p a v i n s  (Ref. 8 ) .  

a c c o u n t s  for  t h e  model s t r u c t u r e  and  wind t u n n e l  t e s t  c o n d i t i o n s .  

where 

MpupVWT6ap 
K p  = 

qWTS 

S a p  = G t p - S s p  

Mp 

up 
Vm = freestream v e l o c i t y  i n  wind t u n n e l  

Sap = aerodynamic damping r a t i o  for  p i v o t a l  mode 

ctp = measured t o t a l  damping r a t i o  fo r  p i v o t a l  mode 

= g e n e r a l i z e d  mass o f  p i v o t a l  mode 

= n a t u r a l  f r equency  o f  p i v o t a l  mode 

= measured s t r u c t u r a l  damping r a t i o  for  p i v o t a l  mode 6 SP 
I 
, S = area o f  model wing 

qWT = freestream dynamic p r e s s u r e  i n  wind t u n n e l  

F o r  each mode d e s i r e d  i n  t h e  b u f f e t  r e s p o n s e  p r e d i c t i o n  t h e  a i rc raf t  s t r u c t u r a l  
dynamic a n a l y s i s  p r o v i d e s  normal ized  modal d i s p l a c e m e n t s  a t  t h e  c e n t r o i d s  o f  
p a n e l s  o v e r  which t h e  p r e s s u r e s  from e a c h  p r e s s u r e  t r a n s d u c e r  are  assumed t o  be 
uni form.  The no rma l i zed  modal d i s p l a c e m e n t s  [ h i ]  f o r  t h e  i t h  mode are t h e n  
combined w i t h  t h e  a i r c r a f t  p a n e l  areas [ A ]  and model p r e s s u r e s  { p }  t o  y i e l d  t h e  
t o t a l  g e n e r a l i z e d  aerodynamic f o r c e  Qti f o r  t h e  i t h  mode. 

( 3 )  

F o r  t h i s  i n v e s t i g a t i o n ,  because  t h e  p r e s s u r e  f l u c t u a t i o n s  were measured on a 
ha l f - span  model,  i t  was assumed t h a t  t h e  p r e s s u r e s  on t h e  r i g h t - a n d  l e f t - h a n d  
l i f t i n g  s u r f a c e s  were symmet r i ca l  and u n c o r r e l a t e d .  T h e r e f o r e ,  
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where Q t i R  and Q t i L  are t h e  r i g h t - a n d  l e f t - h a n d  t o t a l  g e n e r a l i z e d  aerodynamic 
f o r c e s  f o r  t h e  ith mode. Then, t o  t a k e  i n t o  a c c o u n t  t h e  r i g h t -  and l e f t - h a n d  
modal d e f l e c t i o n s  on t h e  a i r c r a f t  and  t h e  f a c t  t h a t  p r e s s u r e s  were measured on a 
semispan model,  

where [h iR]  and    hi^] a re  t h e  r i g h t -  and l e f t - h a n d  no rma l i zed  modal d i s p l a c e -  
ments  a t  t h e  c e n t r o i d s  o f  t h e  p a n e l  areas, [AAS]  a re  t h e  p a n e l  areas on t h e  
a i r c r a f t  semispan ,  [VMS] are t h e  v o l t a g e  o u t p u t s  from t h e  p r e s s u r e  t r a n s d u c e r s  
on t h e  model semispan  and  [ k ]  are  t h e  p r e s s u r e  t r a n s d u c e r  s e n s i t i v i t y  f a c t o r s .  

The mot ion- independent  g e n e r a l i z e d  f o r c e ,  Qii, i s  de te rmined  from t h e  power 
spec t rum o f  Qti where 

I 

and Q d i  i s  t h e  motion-dependent  g e n e r a l i z e d  f o r c e .  (The e s t i m a t i o n  o f  G Q d i ( f )  
w i l l  b e  d i s c u s s e d  i n  a f o l l o w i n g  p a r a g r a p h ) .  After G 6 1 i i ( f )  is de te rmined  i t  i s  
is t h e n  r educed  t o  t h e  g e n e r a l i z e d  aerodynamic f o r c e  c o e f f i c i e n t  

G Q i i V W T  
E =  

where Goi i  = G Q ~ ~  ( fn  

f n  
SA = a i r c ra f t  wing area 

VWT = free stream v e l o c i t y  i n  wind t u n n e l  

qWT free stream dynamic p r e s s u r e  i n  wind t u n n e l  

= r e s o n a n t  f r equency  of  t h e  a i r c r a f t  ith mode 

SM = mean aerodynamic chord  of  model wing 

(6) 

I n  a d d i t i o n  t o  t h e  modal d i s p l a c e m e n t s  ( F i g u r e  201, t h e  s t r u c t u r a l  dynamic 
a n a l y s i s  a l s o  y i e l d s  f r equency  dependent  g e n e r a l i z e d  masses and f r e q u e n c i e s ,  
i n c l u d i n g  t h e  e f f ec t s  of f u e l  we igh t ,  and no rma l i zed  aerodynamic damping, 
i n c l u d i n g  t h e  e f f ec t s  o f  a l t i t u d e ,  f o r  a l l  modes s e l e c t e d  for a n a l y s i s .  The 
normal ized  damping f o r  each  mode i s  t h e  t h e o r e t i c a l  aerodynamic damping for  t h e  
mode d i v i d e d  by t h e  t h e o r e t i c a l  aerodynamic damping f o r  a p i v o t a l  mode ( b e n d i n g  
or t o r s i o n ) .  The p i v o t a l  modes are t h e  p r imary  bending  and t o r s i o n  modes w i t h  
similar mode s h a p e s  f o r  t h e  a i r c r a f t  and model.  

The a i rc raf t  s t r u c t u r a l  dynamic a n a l y s i s  i n c l u d i n g  t h e  aerodynamic damping 
a n a l y s e s  is  a mul t idegree-of - f reedom a n a l y s i s  t h a t  a c c o u n t s  for  modal c o u p l i n g .  
The combina t ion  of t h e  aerodynamic damping p a r a m e t e r ,  K p ,  w i t h  t h e  g e n e r a l i z e d  
masses, f r e q u e n c i e s  and no rma l i zed  aerodynamic damping f o r  t h e  a i r c r a f t  y i e l d  
t h e  damping f o r  each  o f  t h e  a i r c r a f t  modes and f l i g h t  c o n d i t i o n s  s e l e c t e d  f o r  
a n a l y s i s ,  

( 7 )  
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where C a ( f , h )  = aerodynamic damping a s  a f u n c t i o n  o f  f r equency  and a l t i t u d e  

= damping f a c t o r  f o r  p i v G t a l  mode (Eq. 1 )  

QA = dynamic p r e s s u r e  f o r  a i r c r a f t  f l i g h t  c o n d i t i o n  

SA = area o f  a i r c r a f t  wing 

C a n ( f , h )  = normal ized  aerodynamic damping r a t i o  as  a f u n c t i o n  of 

KP 

f r equency  and  a l t i t u d e  

M A ( w )  = g e n e r a l i z e d  mass as  a f u n c t i o n  o f  f u e l  weight  

w (  

V A 

c t  
CS 

The f i n a l  
t h e  power 

, w  = n a t u r a l  f r e q u e n c y  a s  a f u n c t i o n  o f  f r equency  and f u e l  weight  

= a i r c r a f t  v e l o c i t y  

= t o t a l  damping as  a f u n c t i o n  o f  f r equency  and a l t i t u d e  

= s t r u c t u r a l  damping r a t i o  

f , h )  

s t e p  i n  t h e  b u f f e t  p r e d i c t i o n  method ( F i g u r e  2 0 )  i s  t h e  c a l c u l a t i o n  o f  
s p e c t r a l  d e n s i t y  o f  t h e  f o r c e d  r e s p o n s e  of t h e  a i r c r a f t .  The g e n e r a l -  

i z e d  aerodynamic f o r c e  c o e f f i c i e n t s ,  g e n e r a l i z e d  masses, f r e q u e n c i e s  and total 
damping are embodied i n  t h e  PSD c a l c u l a t i o n  f o r  a r ange  o f  f r e q u e n c i e s  t h a t  
i n c l u d e s  t h e  s e l e c t e d  modes. Details o f  t h e  model tests, s t r u c t u r a l  dynamics 
a n a l y s e s  and t h e  TACT a i r c r a f t  b u f f e t  p r e d i c t i o n s  are g i v e n  i n  f o l l o w i n g  
s e c t i o n s  o f  t h e  r e p o r t .  A p r e l i m i n a r y  e v a l u a t i o n  o f  t h e  method i s  a l s o  r e p o r t e d  
i n  Ref. 23 which d e s c r i b e s  i n  d e t a i l  t h e  p r e d i c t i o n  o f  t h e  b u f f e t i n g  of t h e  
1 / 6 - s c a l e  TACT aluminum model.  

Model Tests 

Data  processing.- Details o f  t h e  1 / 6 - s c a l e  semispan  model o f t h e  F-111 TACT a i r -  
c r a f t ,  t h e  i n s t r u m e n t a t i o n ,  t e s t  t e c h n i q u e  and g e n e r a l  d a t a  r e d u c t i o n  a r e  g i v e n  
i n  p r e v i o u s  s e c t i o n s  o f  t h e  r e p o r t  as  t h e y  a p p l y  t o  t h e  r e c o r d i n g  o f  t h e  
p r e s s u r e  f l u c t u a t i o n s  and  model wing b u f f e t i n g .  A l l  o f  t h e  dynamic d a t a  were 
reco rded  a t  t h e  time of t h e  t es t s  on a one-inch magnet ic  t a p e  by a n  80-channel  
FM-multiplex sys tem.  A t  a l a t e r  d a t e ,  when t h e  modes t o  be  i n c l u d e d  i n  t h e  
b u f f e t  p r e d i c t i o n s  were s e l e c t e d  and t h e  no rma l i zed  modal d i s p l a c e m e n t s  [ h i ]  
were t a b u l a t e d ,  t h e  magnet ic  t a p e  was p r o c e s s e d  f o r  each  mode v i a  an  a n a l o g  
sys tem shown i n  F i g u r e  21 t o  y i e l d  t h e  g e n e r a l i z e d  f o r c e  time h i s t o r y ,  Qti, 
(Eq. 4 ) .  

The f low c h a r t  i n  F i g u r e  21 shows t h a t  t h e  p r e s s u r e - f l u c t u a t i o n  time h i s t o r i e s  
were h igh -pass  f i l t e r e d  ( 3  dB a t  1 Hz) and t h e n  a t t e n u a t e d  by w e i g h t i n g  f a c t o r s  
t h a t  comprised t h e  no rma l i zed  p r o d u c t s  o f  [ [ h i ~ ] '  + E h i ~ I ' l ' ,  [ A I  and [kl. The 
a t t e n u a t e d  time h i s t o r i e s  were t h e n  summed t o  y i e l d  t h e  time h i s t o r i e s  o f  t h e  
s e p a r a t e  upper-  and lower - su r face  c o n t r i b u t i o n s  t o  t h e  g e n e r a l i z e d  f o r c e ;  t h e  
lower - su r face  time h i s t o r y  was t h e n  i n v e r t e d  and summed w i t h  t h e  u p p e r - s u r f a c e  
time h i s t o r y  t o  o b t a i n  and r e c o r d  a time h i s t o r y  p r o p o r t i o n a l  t o  t h e  t o t a l  
g e n e r a l i z e d  f o r c e .  For t h i s  i n v e s t i g a t i o n  t h e  wing and t a i l  c o n t r i b u t i o n s  t o  
t h e  g e n e r a l i z e d  f o r c e  were a l s o  r e c o r d e d  s e p a r a t e l y  i n  o r d e r  t o  s t u d y  t h e  
e f fec ts  o f  t h e  wing and  t a i l  on t h e  b u f f e t  e x c i t a t i o n .  
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Mode shapes.- The mode s h a p e s  employed i n  t h e  p r e s e n t  a n a l y s i s  of  t h e  g e n e r a l -  
i z e d  aerodynamic f o r c e s  were g e n e r a t e d  by Genera l  Dynamics Corp. ,  F o r t  Worth 
D i v i s i o n ,  d u r i n g  t h e  o r i g i n a l  s t r u c t u r a l  dynamics a n a l y s i s  r e q u i r e d  for  t h e  TACT 
m o d i f i c a t i o n  t o  t h e  F-111 a i r c r a f t .  E i t h e r  n u m e r i c a l l y  or  e x p e r i m e n t a l l y  
de t e rmined  mode s h a p e s  c o u l d  have  been used  f o r  t h e  TACT a n a l y s i s ;  however,  t h e  
numer i ca l  mode s h a p e s  were used  i n  t h i s  case t o  e v a l u a t e  b u f f e t  p r e d i c t i o n s  t h a t  
c o u l d  be made p r i o r  t o  a i r c r a f t  manufac ture .  S i x  modes were s e l e c t e d  t o  be  
i n c l u d e d  i n  t he  TACT a i r c r a f t  b u f f e t  p r e d i c t i o n s .  They are  as f o l l o w s :  

1 .  1st wing symmet r i ca l  bending ,  WSB 

2.  1st f u s e l a g e  v e r t i c a l  bending .  FVB 

3. 1st wing a n t i s y m m e t r i c a l  bending ,  WASB 

4. 1st r i g h t - w i n g  t o r s i o n ,  RWT 

5. 1st l e f t - w i n g  t o r s i o n ,  LWT 

6 .  1st wing symmet r i ca l  t o r s i o n ,  WST 

The mode s h a p e s  f o r  t h e  s e l e c t e d  modes and  n a t u r a l  f r e q u e n c i e s ,  which are i n  t h e  
r a n g e  from 4.42 Hz t o  17.14 Hz, a r e  shown i n  Appendix A ( F i g u r e  A I )  and i n  Tab le  
2. The modes were s e l e c t e d  t o  p r o v i d e  a v a r i e t y  o f  mode s h a p e s  (wing  bending  v s  
f u s e l a g e  bending  v s  wing t o r s i o n ) ,  and because  t h e y  were expec ted  t o  dominate  
t h e  TACT a i r c r a f t  b u f f e t i n g .  Also ,  t h e  d i f f e r e n c e s  i n  t h e  n a t u r a l  f r e q u e n c i e s  
f o r  t h e  FVB and WASB modes and  t h e  RWT, LWT and WST modes are small; t h e r e f o r e ,  
i t  was c o n s i d e r e d  n e c e s s a r y  t o  i n c l u d e  a l l  modes i n  t he  c lose - f r equency  
g r o u p i n g s  because  o f  t h e  p o s s i b l e  i n f l u e n c e  o f  t h e  f o r c e d  r e s p o n s e  o f  e a c h  mode 
on t h e  r e s p o n s e  o f  t h e  n e i g h b o r i n g  modes. 

Model paneling.- A s  p r e v i o u s l y  mentioned t h e  a i r c ra f t  wing and t a i l  were 
d i v i d e d  i n t o  p a n e l  areas, [ A ] ,  o v e r  which t h e  p r e s s u r e  f l u c t u a t i o n s  were assumed 
t o  be c o n s t a n t .  S k e t c h e s  showing t h e  wing and t a i l  p a n e l  areas, c e n t r o i d s  and 
c o r r e s p o n d i n g  62  l o c a t i o n s  o f  t h e  p r e s s u r e  t r a n s d u c e r s  on t h e  1 /6 - sca l e  model 
are i n  F i g u r e  22. It c a n  be s e e n  t h a t  t h e  t r a n s d u c e r s  were n e a r  t h e  p a n e l  
c e n t r o i d s  f o r  most o f  t h e  p a n e l s  w i t h  t h e  e x c e p t i o n  o f  t h e  p a n e l s  b o r d e r i n g  t h e  
wing and t a i l  r o o t  c h o r d s .  The no rma l i zed  modal d i s p l a c e m e n t s ,  [ h i R ]  and  hi^], 
a t  t h e  c e n t r o i d s  were de te rmined  by i n t e r p o l a t i o n  o f  t h e  d i s p l a c e m e n t s  a t  t h e  
modal-analysis grid points (Figure A I ) .  

Generalized aerodynamic force. - T y p i c a l  PSD's o f  p r e d i c t e d  t o t a l  g e n e r a l i z e d  
aerodynamic f o r c e s  on t h e  TACT a i r c ra f t  are shown i n  F i g u r e  2 3  f o r  t h e  WSB and - 
WST modes (Modes 1 and 6 ) .  Fo r  a l l  f r e q u e n c i e s  e x c e p t  n e a r  t h e  model r e s o n a n t  
f r e q u e n c i e s ,  fnM, t h e  t o t a l  g e n e r a l i z e d  f o r c e s  are u n a f f e c t e d  by model mot ions  
and t h e r e f o r e  Goii(f) = Ggti(fl a t  f # fnM. A t  model r e s o n a n t  f r e q u e n c i e s  t he  

e f fec t  o f  mot ion  i s  t o  d e c r e a s e  t h e  motion-dependent  g e n e r a l i z e d  f o r c e ,  Ggdi(f)  
i n  r e l a t i o n  t o  t h e  aerodynamic damping and a m p l i t u d e  n e a r  t h e  modal r e s o n a n t  
f r e q u e n c i e s .  Such a n  a f f ec t ,  which was d i s c u s s e d  by J o n e s  i n  Ref. 24 ,  is  shown 
i n  F i g u r e  2 3  i n  t h e  PSD f o r  t h e  WSB mode where a s i g n i f i c a n t  n o t c h  is a p p a r a n t  
a t  25 Hz. The n o t c h  i s  a t  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  1st bending  mode of  t h e  
1 / 6 - s c a l e  aluminum wing. F o r  t h i s  i n v e s t i g a t i o n  Ggii(f)  i n  t h e  v i c i n i t y  of  f n ,  
was assumed t o  have  a s t r a i g h t - l i n e  v a r i a t i o n  w i t h  f r e q u e n c y  b r i d g i n g  t h e  
e f fec ts  due  t o  G Q ~ ~ .  F u r t h e r ,  because  G Q i i ( f )  f o r  a l l  t h e  s e l e c t e d  a i r c r a f t  
modes appea red  t o  be  c o n s t a n t  w i t h i n  a r e a s o n a b l e  r a n g e  of t h e  a i r c r a f t  r e s o n a n t  
f r e q u e n c i e s ,  G Q ~ ~  has  been e v a l u a t e d  o n l y  a t  t h e  r e s o n a n t  f r e q u e n c i e s .  
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A s  p r e v i o u s l y  ment ioned  t h e  aluminum-wing model y i e l d e d  more a c c u r a t e  aerody-  
namic damping i n f o r m a t i o n  t h a n  t h e  s t e e l - w i n g  model.  T h i s  r e s u l t  was expec ted  
because  t h e  s t r u c t u r a l  damping f o r  t h e  aluminum wing was less t h a n  t h e  s t r u c -  
t u r a l  damping for  t h e  s teel  wing. The s t r u c t u r a l  damping r a t i o  o f  t h e  aluminum 
model was 0 .005 ,  which was from 7- t o  14 -pe rcen t  o f  t h e  t o t a l  damping r a t i o  f o r  
t h e  bending  mode and 14- t o  20-percent  o f  t h e  t o t a l  damping r a t i o  f o r  t h e  t o r -  
s i o n  mode. Also ,  i n  o r d e r  t o  y i e l d  a c c u r a t e  damping measurements f o r  t h e  p i v o t -  
a l  modes, i t  was i m p o r t a n t  t h a t  t h e  modes were c l e a r l y  s e p a r a b l e  by bandpass  
f i l t e r i n g  t o  allow t h e  a n a l y s i s  o f  a n  a p p a r e n t  s ing le-degree-of - f reedom time 
h i s t o r y .  T a b l e  1 shows t h a t  t h e  r e s o n a n t  f r e q u e n c i e s  o f  t h e  pr imary  v i b r a t i o n  
modes o f  t h e  model were s u f f i c i e n t l y  d i f f e r e n t  t o  a l l o w  t h e  modal s e p a r a t i o n .  
Details o f  t h e  model s t r u c t u r a l  dynamic c h a r a c t e r i s t i c s ,  b u f f e t  r e s p o n s e  and 
damping measurements are g i v e n  i n  Ref. 23. 

B u f f e t  e x c i t a t i o n  c o e f f i c i e n t s . -  I n  o r d e r  t o  c o n v e n i e n t l y  accoun t  f o r  t h e  d i f -  
f e r e n c e s  i n  t h e  model and a i r c r a f t  scale and wind-tunnel  and f l i g h t  c o n d i t i o n s  
t h e  g e n e r a l i z e d  aerodynamic f o r c e s  were reduced  t o  b u f f e t  e x c i t a t i o n  c o e f f i -  
c i e n t s ,  E ,  ( E q .  6 ) .  The b u f f e t  e x c i t a t i o n  c o e f f i c i e n t s  o b t a i n e d  from t h e  
aluminum- and s t e e l - w i n g  models  are  shown i n  F i g u r e  24 v e r s u s  a n g l e - o f - a t t a c k  
for f i v e  o f  t h e  modes s e l e c t e d  f o r  a n a l y s i s .  The aluminum-wing d a t a  were 
o b t a i n e d  a t  t e s t  Reynolds  numbers o f  10.5 x I O 6  and t h e  s t e e l - w i n g  d a t a  were 
o b t a i n e d  a t  t e s t  F i g u r e  24 shows t h a t  e x c i t a -  
a t i o n  c o e f f i c i e n t s  e v a l u a t e d  from t h e  aluminum- and  s t e e l - w i n g  models  were wi th-  
i n  a f a c t o r  o f  2 f o r  a l l  t e s t  p o i n t s  e x c e p t  f o r  a few p o i n t s  a t  i n t e r m e d i a t e  
a n g l e s - o f - a t t a c k  a t  A = 26O f o r  t h e  WASB mode ( F i g u r e  2 4 ( c ) ) .  T h i s  g e n e r a l l y  
good agreement  o f  E ,  which is  on a mean-square s c a l e ,  s u b s t a n t i a t e s  t h e  
r e p e a t a b i l i t y  of d a t a  and  a d d s  c o n f i d e n c e  t o  t h e  e x c i t a t i o n  c o e f f i c i e n t s .  

Reynolds  numbers o f  14.0 x I O 6 .  

E f f e c t s  o f  w ing  and t a i l . -  The e f fec ts  o f  t h e  wing and t a i l  on t h e  b u f f e t  
e x c i t a t i o n  o b t a i n e d  from t h e  aluminum wing are shown i n  F i g u r e  25. The r e s u l t s  
show t h a t  f o r  t h e  s i x  modes s e l e c t e d  f o r  a n a l y s i s  t h e  e f f e c t s  of t h e  t a i l  were 
n e g l i g i b l e  o n l y  f o r  t h e  WSB mode ( F i g u r e  2 5 ( a ) )  and f o r  t h e  WST mode ( F i g u r e  
2 5 ( f ) ) .  F o r  t h e  o t h e r  modes, FVB, WASB, RWT and LWT, t h e  e f fec ts  o f  t h e  wing 
and t a i l  v a r i e d  w i t h  a n g l e - o f - a t t a c k  ( F i g u r e  2 5 ( b )  t h rough  2 5 ( e ) ) .  The largest  
e f f e c t s  o f  t h e  t a i l  o c c u r r e d  f o r  t h e  FVB mode ( F i g u r e  2 5 ( b )  and for  t h e  WASB 
Mode ( F i g u r e  2 5 ( c ) ) .  F o r  t h e s e  modes E d u e  t o  t h e  t a i l  exceeded E due t o  t h e  
wing a t  t h e  lower  and h i g h e r  t es t  a n g l e s  of a t t a c k .  Consequent ly ,  these r e s u l t s  
show t h a t  t h e  t a i l  b u f f e t  e x c i t a t i o n  was a n e c e s s a r y  p a r t  of t h i s  b u f f e t  
r e s p o n s e  a n a l y s i s .  A s  would be e x p e c t e d ,  a r e l a t i o n s h i p  can  be  s e e n  between t h e  
wing and t a i l  e x c i t a t i o n  c o e f f i c i e n t s  ( F i g u r e  2 5 )  and t h e  modal d i s p l a c e m e n t s  
( F i g u r e  A I ) .  The e f f e c t s  o f  t h e  t a i l  a r e  i n s i g n i f i c a n t  f o r  modes w i t h  small 
f u s e l a g e  and empenage d i s p l a c e m e n t s ,  and t h e y  a re  more s i g n i f i c a n t  f o r  t h e  modes 
wi th  large f u s e l a g e  and empenage d i s p l a c e m e n t s .  

Aerodynamic damping o f  p i v o t a l  modes.- A s  a n e c e s s a r y  p a r t  o f  t h e  model tests 
measurements were made o f  t h e  t o t a l  damping r a t i o s  of t h e  1st wing bending  and 
1st wing t o r s i o n  modes of t h e  1 / 6 - s c a l e  aluminum model. The d a t a  f o r  t h e s e  
modes, which are r e f e r r e d  t o  as  p i v o t a l  modes, are shown i n  F i g u r e  26. The d a t a  
were o b t a i n e d  from t h e  model b u f f e t  r e s p o n s e  t i m e  h i s t o r i e s  u s i n g  t h e  Randomdec 
sys tem d e s c r i b e d  i n  Ref. 25. 

To a p p l y  t h e  model t o t a l  damping measurements  ( F i g u r e  2 6 )  t o  t h e  p r e d i c t i o n  o f  
t h e  a i r c r a f t  aerodynamic damping, t h e  model s t r u c t u r e  and wind-tunnel  test  
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c o n d i t i o n s  are accoun ted  fo r  i n  t h e  c o n v e r s i o n  o f  t h e  aerodynamic damping, c a p ,  
t o  t h e  aerodynamic damping pa rame te r ,  Kp(Eq. 1 ) .  The v a r i a t i o n  o f  Kp w i t h  a n g l e  
of a t t a c k  f o r  t h e  ( p i v o t a l  wing bending  and  t o r s i o n  modes i s  shown i n  F i g u r e  27. 
It is  o f  i n t e r e s t  t o  n o t e  t h a t  these d a t a  agree r e a s o n a b l y  well w i t h  similar 
da ta  o b t a i n e d  by B u t l e r  and  S p a v i n s  u s i n g  a 1/8-scale aluminum model o f  t h e  
F-Ill TACT (Ref. 13 ) .  

S t r u c t u r a l  Dynamic Analys is  

After t h e  e x c i t a t i o n  f o r c e s  o f  t h e  s e l e c t e d  modes and damping d a t a  f o r  p i v o t a l  
modes have  been de te rmined ,  t h e  n e x t  s t e p  i s  t o  deve lop  t h e  a p p r o p r i a t e  equa- 
t i o n s  of motion t h a t  d e s c r i b e  a i r c r a f t  b u f f e t  r e s p o n s e .  I n  a d d i t i o n ,  damping 
must be de t e rmined  for  a l l  t h e  s e l e c t e d  modes i n c l u d i n g  t h e  p i v o t a l  modes t h a t  
e x i s t  on t h e  model i n  such  a way t h a t  t h e  real  f low e f f e c t s  are  accoun ted  f o r  a s  
well as  t h e  modal c o u p l i n g  t h a t  e x i s t s  f o r  t h e  f u l l  s c a l e  a i r c r a f t .  Also, t h e  
miss-match between modes on t h e  model and t h e  a i r c r a f t  must be  c o n s i d e r e d  i n  t h e  
damping a n a l y s i s .  All o f  these e f f e c t s  p l u s  t h e  e f f e c t s  o f  a l t i t u d e  and  f u e l  
weight must  be accoun ted  f o r  i n  t h e  modal f r e q u e n c i e s ,  damping and g e n e r a l i z e d  
masses t h a t  are i n s e r t e d  i n t o  t h e  e q u a t i o n s  o f  mot ion .  The s o l u t i o n  t o  t hese  
f i n a l  e q u a t i o n s  p roduces  t h e  p r e d i c t e d  a i r c ra f t  b u f f e t  r e s p o n s e .  T h i s  s e c t i o n  
d e s c r i b e s  t h e  problems and how t h e y  are  s o l v e d .  

Equat ions of  Motion.- The basic working t o o l  f o r  t h i s  s e c t i o n  is  t h e  s t a n d a r d  
se t  of e q u a t i o n s  o f  motion f o r  model ing dyndmic r e s p o n s e  of a f l e x i b l e  a i r c r a f t .  
The matrices i n v o l v e d  a r e  g e n e r a l l y  d i a g o n a l  i n  form w i t h  e x c e p t i o n  o f  t h o s e  
a s s o c i a t e d  w i t h  t h e  aerodynamic f o r c e s  produced by t h e  e l a s t i c  r e s p o n s e  o f  t h e  
a i r c ra f t .  With c e r t a i n  a s sumpt ions ,  however,  i t  is  p o s s i b l e  t o  u t i l i z e  e igen -  
v a l u e s  o f  t h i s  e q u a t i o n  t h a t  are  o b t a i n e d  i n  r o u t i n e  f l u t t e r  a n a l y s e s  t o  r e d u c e  
a l l  o f  t h e  matrices t o  d i a g o n a l  form. The d i a g o n a l i z e d  e q u a t i o n s  may be  s imply  
s o l v e d  w i t h  t e c h n i q u e s  t h a t  are  e a s i l y  programmed on small p e r s o n a l  computers .  
T h i s  s u b s e c t i o n  t h e r e f o r e  d e s c r i b e s  t h e  d i a g o n a l i z a t i o n  p r o c e s s  and a l s o  t h e  
i m p l i c a t i o n s  t h e  a s sumpt ions  t h a t  are  n e c e s s a r y  t o  accompl i sh  t h e  d i a g o n a l -  
i z a t i o n  of t h e  matrices. 

o f  

The e q u a t i o n s  o f  mot ion  f o r  a n  a i r c r a f t  w i t h  f l e x i b l e  d e g r e e s  o f  freedom (first 
wing symmetr ic  bend ing ,  f irst  wing symmetr ic  t o r s i o n ,  e t c . )  can  be  e x p r e s s e d  i n  
a m a t r i x  e q u a t i o n  f o r  g e n e r a l i z e d  c o o r d i n a t e s  which are t h e  normal modes o f  
v i b r a t i o n .  The form is  

( 9 )  

w h e r e  

M i  
W i s  = undamped n a t u r a l  f r equency  of  t h e  ith mode 

w = e x c i t i n g  f r e q u e n c y  

<is = s t r u c t u r a l  damping f o r  t h e  i th mode 

Q i j  = g e n e r a l i z e d  aerodynamic f o r c e  f o r  p r e s s u r e s  due  t o  t h e  jth 

r i  
Qig = g e n e r a l i z e d  aerodynamic force f o r  t h e  b u f f e t i n g  p r e s s u r e s  

= g e n e r a l i z e d  mass o f  t h e  ith mode 

mode mot ion  working on d e f l e c t i o n s  o f  t h e  ith mode 

= g e n e r a l i z e d  c o o r d i n a t e  r e s p o n s e  o f  t h e  ith mode 

working on d e f l e c t i o n s  of t h e  ith mode 
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For purposes  of d i s c u s s i o n s ,  Equa t ion  9 c a n  be  w r i t t e n  i n  a more compact form: 

where 

I = i d e n t i t y  mat r ix  

T h i s  form l e a d s  d i r e c t l y  t o  t h e  e i g e n v a l u e / e i g e n v e c t o r  problem from which t h e  
d i a g o n a l i z a t i o n  i s  evo lved .  The pu rpose  o f  t h e  d i a g o n a l i z a t i o n  i s  t o  produce  a 
s e t  o f  e q u a t i o n s  t h a t  a r e  uncoupled  m a t h e m a t i c a l l y  b u t  are  e f f e c t i v e l y  coup led  
th rough  t h e  e i g e n v a l u e s  o b t a i n e d  from s o l u t i o n s  t o  t h e  f u l l y  coup led  e q u a t i o n s .  

The e i g e n v a l u e / e i g e n v e c t o r  form o f  Equa t ion  10 i s  

[ D  - IXi] {@i} = { O }  ( 1 1 )  

where 

A i  = e i g e n v a l u e  of t h e  ith mode 

Qi = e i g e n v e c t o r  o f  t h e  ith mode 

The e i g e n v a l u e  r e p r e s e n t s  t h e  f r e q u e n c y  and  damping v a l u e s  f o r  t h e  ith mode 
which,  as a r e s u l t  of t h e  f r equency  dependen t  aerodynamic forces i n  Q i j ,  are a 
f u n c t i o n  of t h e  e x c i t a t i o n  f r e q u e n c y ,  w. The e i g e n v e c t o r ,  {Qi}, i s  n o t  t o  be  
confused  w i t h  t h e  normal  mode shape  b u t  i s  a complex v e c t o r  t h a t  recombines  
t h e  undamped To 
i l l u s t r a t e ,  mode s h a p e  f u n c t i o n  ( d e f l e c t i o n s )  f o r  t h e  
ith mode. 

mode s h a p e s  i n t o  a complex form f o r  t h e  ith d e g r e e  of freedom. 
l e t  { h i }  be  t h e  undamped 

The damped mode s h a p e ,  { h ' i } ,  i s  t h e n  e x p r e s s e d  as 

Thus,  i f  t h e  Q i j  m a t r i x  i s  z e r o ,  t h e n  t h e  aerodynamic  forces  are n o t  a v a i l a b l e  
t o  a l t e r  t h e  mode s h a p e  and  

which l e a d s  t o  t h e  t r i v i a l  r e s u l t  

{ h ' i }  = I { h i }  I 

For most f l i g h t  c o n d i t i o n s ,  e x c e p t  n e a r  f l u t t e r ,  E q u a t i o n s  12 are a p p r o x i m a t e l y  
t r u e  and t h e  damped n a t u r a l  modes a re  v e r y  c lose  t o  t h e i r  undamped c o u n t e r p a r t s .  
Under t h e s e  c o n d i t i o n s ,  t h e  aerodynamic  terms, Q i j ,  a re  small which l e a d s  t o  
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T h i s  i s  t h e  key  e q u a t i o n  needed f o r  d i a g o n a l i z i n g  Equa t ion  9.  

Now,  l e t  Equa t ion  11 b e  w r i t t e n  i n  a more g e n e r a l  form f o r  a l l  modes. S t a r t i n g  
w i t h  

The g e n e r a l  form becomes 

But  from E q u a t i o n s  13, [@] is  v e r y  n e a r l y  a d i a g o n a l  u n i t  m a t r i x ,  hence  

and 

Combining E q u a t i o n s  14 and 15 y i e l d s  

and f i n a l l y  

which i s  t h e  d e s i r e d  d i a g o n a l  form. 

The e i g e n v a l u e s  are  composed of a real  p a r t ,  f r e q u e n c y ,  and  a n  imag ina ry  p a r t ,  
damping, i n  t h e  f o l l o w i n g  form 

where t h e  w i  and ri are a f u n c t i o n  of f r e q u e n c y ,  

T h i s  dependency is  a r e s u l t  of t h e  Q i j  terms i n  t h e  mat r ix  which a re  a f u n c t i o n  
of f r e q u e n c y ,  w. These  e i 5 e n v a l u e s  are  r e a d i l y  a v a i l a b l e  from r o u t i n e  f l u t t e r  
a n a l y s e s  and i n c l u d e  a l l  of t h e  e f f e c t s  of  aerodynamic  c o u p l i n g  between modes. 
One drawback of u s i n g  t h e  f l u t t e r  e i g e n v a l u e s ,  however, is  t h a t  t h e  aerodynamic 
methods c u s t o m a r i l y  used  are based  on l i n e a r  t h e o r y  and  hence  d o  n o t  re f lec t  t h e  
e f fec ts  of s e p a r a t e d  o r  t r a n s o n i c  f lows. T h i s  p o i n t  w i l l  b e  d i s c u s s e d  l a t e r .  

S u b s t i t u t i o n  o f  E q u a t i o n s  16 and 17 i n t o  Equa t ion  10 l e a d s  d i r e c t l y  t o  t h e  work- 
i n g  form of t h e  d i a g o n a l i z e d  e q u a t i o n s  of mot ion:  

2 3  



The s o l u t i o n  t o  Equa t ion  18 is  s imply  

I f  t h e  squa red  a m p l i t u d e  o f  t h e  t r a n s f e r  f u n c t i o n  i s  d e f i n e d  as 

t h e n ,  assuming no c o r r e l a t i o n  between modes, t h e  mean-square b u f f e t  r e s p o n s e  can  
be c a l c u l a t e d .  A s  a n  example,  t h e  r e s p o n s e  power spec t rum f o r  a n  a c c e l e r o m e t e r ,  
an i s  g i v e n  as  

a n d  t h e  root-mean-square v a l u e ,  uan,  is o b t a i n e d  from 

U i n  =; ’ ig”: ( w dw 

W 1  

f o r  t h e  f r e q u e n c y  l i m i t s  o f  wl,  t o  w 2 .  

( 2 0 b )  

Modal Frequency and Damping Ana lys is . -  The magni tudes  o f  t h e  b u f f e t - r e s p o n s e  
s p e c t r a l  peaks  are i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  t o t a l  damping squa red  as may be 
s e e n  from Equa t ion  19, where s e t t i n g  w = w i ,  t h e  t r a n s f e r  f u n c t i o n  becomes 

Thus,  i t  i s  clear  t h a t  a c c u r a t e  d e t e r m i n a t i o n  o f  damping i s  mandatory f o r  accu-  
ra te  p r e d i c t i o n  o f  r e s p o n s e .  

Aerodynamic damping is  i n f l u e n c e d  by many e f f e c t s  which i n c l u d e  t r a n s o n i c  and 
s e p a r a t e d  flows as w e l l  as aerodynamic c o u p l i n g  between modes o f  v i b r a t i o n .  
S c a l e d  wind- tunnel  model damping d a t a  can  p r o v i d e  t h e  e f f e c t s  o f  t r a n s o n i c  and 
s e p a r a t e d  f l o w s  on a l i m i t e d  number and t y p e  o f  modes t h a t  are a v a i l a b l e  on t h e  
model a s  d i s c u s s e d  i n  t h i s  r e p o r t .  I n h e r e n t  i n  t h e s e  e f f e c t s  are t h o s e  o f  
a n g l e - o f - a t t a c k .  The i n f l u e n c e  o f  aerodynamic modal c o u p l i n g  on damping can  be  
o b t a i n e d  from c o n v e n t i o n a l  f l u t t e r  a n a l y s e s  as mentioned i n  t h e  p r e v i o u s  
s u b s e c t i o n .  T h i s  i n f l u e n c e  is  produced on r e a l i s t i c  a i r p l a n e  modes b u t  t h e  
aerodynamic methods are  l i m i t e d  t o  a t t a c h e d  l i n e a r  t h e o r y  t e c h n i q u e s ,  t h u s  a 
dilemma e x i s t s  f o r  d e t e r m i n i n g  a c c u r a t e  damping estimates. A t e c h n i q u e  was 
t h e r e f o r e  c o n t r i v e d  t o  d e a l  w i t h  t h i s  dilemma. 

The t e c h n i q u e ,  which i s  d i s c u s s e d  i n  d e t a i l  i n  Appendix B, u s e s  a h y b r i d  
approach  which combines t h e  s c a l e d  wind-tunnel  model damping d a t a  w i t h  t h a t  
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o b t a i n e d  f o r  t h e o r e t i c a l  f l u t t e r  a n a l y s e s .  The i d e a  i s  t o  d e s i g n a t e  a i r c ra f t  
modes t h a t  are similar t o  t h e  l i m i t e d  modes a v a i l a b l e  on  t h e  model as  " p i v o t  
modes". As a n  example,  t h e  f irst  wing symmetr ic  bending  mode on  t h e  model and 
a i rc raf t  are  u s u a l l y  v e r y  similar.  Model damping data a re  t h e n  s c a l e d  t o  o t h e r  
similar modes on t h e  a i r c r a f t  u s i n g  t h e o r e t i c a l  r e l a t i o n s h i p s  f o r  t h e  damping o f  
these modes. L ikewise  f o r  t h e  example,  t h e  first wing bending  and first 
f u s e l a g e  bend ing  modes on  a f r e e - f l y i n g  a i r c r a f t  are v e r y  similar a s  f a r  as t h e  
wing motion is  concerned .  Repea t ing  t h i s  p r o c e s s  f o r  t h e  n e x t  f l p i v o t  mode" and 
so on l e a d s  t o  a comple t e  s e t  o f  damping v a l u e  f u n c t i o n s ,  < i ( W ) ,  t h a t  have  
accoun ted  for  both  t h e  n o n - l i n e a r  aerodynamic e f f ec t s  and i n t e r m o d a l  c o u p l i n g  
f o r  t h e  a i r c r a f t .  

N 

Also ,  d i s c u s s e d  i n  Appendix B i s  t h e  t r e a t m e n t  o f  t h e  modal f r e q u e n c y  f u n c t i o n s ,  
W i ( W ) ,  which are i n f l u e n c e d  by t h e  u n s t e a d y  aerodynamic f o r c e s .  The v a l u e s  used  
are t a k e n  d i r e c t l y  f rom t h e  t h e o r e t i c a l  f l u t t e r  a n a l y s e s .  Because t h e  aerody-  
namic i n f l u e n c e  on mode f r e q u e n c i e s  i s  a second o r d e r  e f fec t ,  i t  was f e l t  t h a t  
i g n o r i n g  s e p a r a t i o n  and  t r a n s o n i c  f low c o n t r i b u t i o n s  t o  t h i s  pa rame te r  was 
j u s t i f i e d .  

Composite P i v o t  Modes.- The first wing symmetr ic  bending  mode for t h e  F - I l l  
TACT a i r c ra f t  was v e r y  similar t o  t h a t  f o r  t h e  1 /6 - sca l e  aluminum wind- tunnel  
model. Thus,  t h e  first wing symmetr ic  bending  mode was a l o g i c a l  c h o i c e  f o r  t h e  
" p i v o t  mode" t h a t  r e p r e s e n t e d  t h e  f a m i l y  of modes i n v o l v i n g  fundamenta l  
wind-bending mot ion .  The o t h e r  a i r c r a f t  modes i n c l u d e d  i n  t h i s  f a m i l y  were t h e  
first f u s e l a g e  v e r t i c a l  bending  and  first wing a n t i s y m m e t r i c  bend ing  modes. The 
s i m i l a r i t y  o f  wing mot ion  is  i l l u s t r a t e d  i n  F i g u r e s  A I ,  A2 and A 3  i n  Appendix A.  

I n  t h e  case of  t o r s i o n  modes, t h e  c h o i c e  o f  a f l p i v o t  mode" was n o t  so s i m p l e .  
The model wing first t o r s i o n  mode, f o r  example,  had a n  e l a s t i c  a x i s  and a 
t o r s i o n  node l i n e  t h a t  was f u r t h e r  a f t  t h a n  t h e  e l a s t i c  a x e s  and c o r r e s p o n d i n g  
node l i n e s  for  the  t o r s i o n  modes on t he  a i r p l a n e .  The t o r s i o n  modes on t he  
F - I l l  TACT a i r c r a f t  which are  shown i n  F i g u r e s  A 4 ,  A5, and A6, were n o t  t y p i c a l  
o f  p u r e  t o r s i o n  modes. The modes were a c t u a l l y  a combina t ion  o f  first wing 
symmetr ic  and a n t i s y m m e t r i c  t o r s i o n  p l u s  t h e  second symmetr ic  wing bending .  
T h i s  w a s  a r e s u l t  of t h e  d i s t r i b u t i o n  of t h e  i n s t r u m e n t a t i o n  m a s s  which caused a 
mismatch between t h e  r i g h t  and l e f t  hand wings.  The i m p o s s i b i l i t y  of matching  
one  o f  t h e  a i r c ra f t  t o r s i o n  modes w i t h  a model t o r s i o n  mode s i g n i f i c a n t l y  
compl i ca t ed  t h e  problem o f  s c a l i n g  wind- tunnel  model t o r s i o n  mode aerodynamic 
damping data . 
I n  o r d e r  t o  remedy t h e  problem of s e l e c t i n g  a n  a p p r o p r i a t e  t o r s i o n  p i v o t  mode, a 
t e c h n i q u e  was deve loped  f o r  combining t h e  a i r p l a n e  t o r s i o n  modes t o  o b t a i n  a 
composi te  mode t h a t  was more l i k e  t h e  model t o r s i o n  mode. The t e c h n i q u e  is 
f u l l y  deve loped  i n  Appendix C and is  based  on t h e  a s sumpt ions  t h a t  ( 1 )  t h e  
d i a g o n a l i z e d  e q u a t i o n s  of mot ion  are  v a l i d  and ( 2 )  s e p a r a t i o n  and t r a n s o n i c  
e f fec ts  s c a l e  s i m i l a r i l y  f o r  similar mode s h a p e s .  The e q u a t i o n s  deve loped  
p r o v i d e  t h e  g e n e r a l i z e d  mass as well as damped and undamped n a t u r a l  f r e q u e n c i e s  
f o r  t h e  compos i t e  mode. E q u a t i o n s  are a l s o  deve loped  for  r e l a t i n g  s c a l e d  
aerodynamic damping v a l u e s  for  t h e  compos i t e  mode t o  t h o s e  v a l u e s  o f  t h e  "base 
modes" used  t o  c o n s t r u c t  t h e  composi te  mode. 

The r e s u l t  o f  t h i s  e f f o r t  f o r  t h e  F - I l l  TACT a i r c r a f t  r e s u l t e d  i n  t h e  composi te  
mode shown i n  F i g u r e  28.  Also shown i n  F i g u r e  2 8  is  t h e  first wing t o r s i o n  mode 
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f o r  t h e  model. The comparison is  v e r y  good and f a r  s u p e r i o r  t o  t h a t  which 
invo lved  t h e  o r i g i n a l  a i r c r a f t  modes. The t o r s i o n  modes shown i n  F i g u r e s  A 4 ,  A5 
and A6 were used as  t h e  b a s e  modes f o r  t h i s  c o n s t r u c t i o n .  Equa t ions  d e s c r i b e d  
i n  Appendix C s o l v e  f o r  w e i g h t i n g  numbers t o  be  a p p l i e d  t o  t h e  modes i n v o l v e d  i n  
t h e  composi te  mode by s a t i s f y i n g  d e f l e c t i o n  c o n s t r a i n t s  imposed by t h e  model 
t o r s i o n  mode. These c o n d i t i o n s  were s a t i s f i e d  a t  two l e a d i n g  and t r a i l i n g  edge  
p o i n t s  ( i n b o a r d  n e a r  t h e  p i v o t  and t h e  o u t b o a r d  n e a r  t h e  wing t i p )  on b o t h  wings 
which r e s u l t e d  i n  e i g h t  e q u a t i o n s .  S i n c e  o n l y  t h r e e  unknowns were d e s i r e d ,  t h i s  
l e d  t o  a leas t  s q u a r e s  s o l u t i o n .  The w e i g h t i n g  numbers o b t a i n e d  from t h e  
s o l u t i o n  were 

p i  1.5272 ( RWT 1 
p2 = 1.0284 (LWT) 
p3 = -0.5865 ( WST 1 

w i t h  t h e  g e n e r a l i z e d  mass and  undamped n a t u r a l  f r equency  

Mc = 1041.6 l b s  

f c  = 14.92 H Z  

f o r  t h e  compos i t e  mode. Although t h e  e i g h t  boundary c o n d i t i o n s  were n o t  e x a c t l y  
s a t i s f i e d ,  t h i s  s o l u t i o n  d i d  produce a r e a s o n a b l e  f a c s i m i l e  o f  t h e  model t o r s i o n  
mode as shown i n  F i g u r e  28. 

Modal Frequency, Damping and Masses 

The t e c h n i q u e s  d e s c r i b e d  above were used  t o  d e v e l o p  t h e  f r equency  and damping 
d a t a  a p p l i e d  i n  t h e  f i n a l  r e s p o n s e  p r e d i c t i o n  e q u a t i o n s .  The g e n e r a l i z e d  
masses, which were de te rmined  a s  a f u n c t i o n  o f  a i r c r a f t  f u e l  w e i g h t ,  were based 
on t h e o r e t i c a l  a n a l y s i s .  The mode s h a p e s  o f  t h e  s i x  v i b r a t i o n  modes used  i n  
t h i s  s t u d y  are i n  F i g u r e s  A 1  t h rough  A6. 

The b a s e l i n e  g e n e r a l i z e d  masses and undamped n a t u r a l  f r e q u e n c i e s  of t h e  s i x  
modes are g i v e n  i n  T a b l e  1 f o r  t h e  empty a i r c r a f t .  The f a c t o r s  used  t o  accoun t  
f o r  a i r c r a f t  f u e l  weight  are  shown i n  F i g u r e  29. These f a c t o r s  are s i m p l e  
m u l t i p l i e r s  t h a t  are  a p p l i e d  t o  t h e  empty a i r c r a f t  v a l u e s  g i v e n  i n  Tab le  1 .  The 
e i g e n v a l u e s  used  i n  t h e  d e t e r m i n a t i o n  o f  t h e  aerodynamic damping and f r e q u e n c i e s  
were t a k e n  from t h e  f l u t t e r  s o l u t i o n  v e l o c i t y / d a m p i n g  c u r v e s  g i v e n  i n  Ref. 26. 

The aerodynamic damping f a c t o r s  deve loped  w i t h  t h e  p r e v i o u s l y  d i s c u s s e d  t ech -  
n i q u e s  are shown i n  F i g u r e  30 a s  f u n c t i o n s  o f  a l t i t u d e  and f r equency .  These 
f a c t o r s  r e p r e s e n t  t h o s e  v a l u e s  t h a t  a re  m u l t i p l i e d  by t h e  s c a l e d  model d a t a  f o r  
t h e  two "p ivo t "  modes ( t h e  first wing symmetr ic  bending  mode and t h e  composi te  
t o r s i o n  modes) .  It c a n  be no ted  t h a t  t h e  e f f e c t s  o f  a l t i t u d e  are  n o t  s i g n i f i -  I 

I c a n t  i n  t h e s e  p l o t s  because  t h e  e f f e c t s  are a l r e a d y  accoun ted  f o r  i n  t h e  s c a l i n g  
o f  t h e  model damping d a t a .  The i n f l u e n c e  of e x c i t a t i o n  f r e q u e n c y ,  f ,  i s  
s i g n i f i c a n t ,  however,  p a r t i c u l a r l y  f o r  t h e  wing bending  t y p e  modes, WSB, WASB 1 
and FVB, because  f r equency  e f fec ts  are  a d i r e c t  r e s u l t  o f  t h e  f l u t t e r  e i g e n v a l u e  
v a r i a t i o n s  w i t h  f r equency .  

The i n f l u e n c e s  o f  e x c i t a t i o n  f r equency  and a l t i t i d e  on mode f r e q u e n c i e s  are  
shown i n  F i g u r e  31. I n  t h i s  case b o t h  a l t i t u d e  and f r equency  e f f ec t s  are  v e r y  

26 



pronounced.  F i g u r e  31 shows t h a t  t h e  bend ing  t y p e  mode f r e q u e n c i e s  t e n d  t o  

dynamic s t i f f n e s s .  The f r e q u e n c i e s  o f  t h e  first two t o r s i o n  modes, RWT and LWT, 

1 which mode f r e q u e n c i e s  no rma l ly  t e n d  t o  d e c r e a s e  w i t h  i n c r e a s i n g  aerodynamic 
f o r c e s .  T h i s  effect  i s  a t t r i b u t e d  t o  t h e  forward  l o c a t i o n  o f  t h e  node l i n e s  on 

mode, WST, d o e s  e x h i b i t  t h e  c l a s s i c a l  d r o p  i n  mode f r equency  w i t h  t h e  i n c r e a s i n g  
aerodynamic f o c e s  a s s o c i a t e d  w i t h  a d e c r e a s e  i n  a l t i t i u d e .  Although t h e r e  is 

c i e n t l y  a f t  t o  produce t h e  e x p e c t e d  mode-frequency v a r i a t i o n .  

I i n c r e a s e  w i t h  d e n s i t y  ( d e c r e a s i n g  a l t i t u d e )  as  a r e s u l t  of t h e  i n c r e a s i n g  a e r o -  

I e x h i b i t  t h e  same t r e n d  w i t h  a l t i t u d e ,  which is  n o t  t y p i c a l  o f  t o r s i o n  modes, f o r  

I t h e  wing and t o  s i g n i f i c a n t  bend ing  of t h e  h o r i z o n t a l  t a i l s .  The t h i r d  t o r s i o n  

s i g n i f i c a n t  wing second bend ing  motion i n  t h e  WST mode, t h e  node l i n e  i s  s u f f i -  

A i r c r a f t  B u f f e t  P r e d i c t i o n  

The dynamic model deve loped  i n  t h e  p r e v i o u s  s e c t i o n s  was a p p l i e d  t o  p r e d i c t  t h e  
b u f f e t  r e s p o n s e  f o r  t h e  F - I l l  TACT a i r c r a f t  a t  s e l e c t e d  f l i g h t  t e s t  c o n d i t i o n s .  

I T h i s  s e c t i o n  p r e s e n t s  and  d i s c u s s e s  t h e  r e s u l t s  o f  t h e s e  p r e d i c t i o n s  i n c l u d i n g  
c o r r e l a t i o n s  of p r e d i c t e d  and measured damping. The c o r r e l a t i o n  o f  p r e d i c t e d  

I and measured b u f f e t i n g  are based on PDSs and i n t e g r a t e d  RMS v a l u e s .  The b u f f e t  
t r e s p o n s e  c h a r a c t e r i s t i c s  are c o r r e l a t e d  for t h e  same r a n g e  o f  a n g l e s  of a t t a c k ,  

a l t i t u d e  and wing sweep as  t h e  p r e s s u r e - f l u c t u a t i o n  c o r r e l a t i o n s  t h a t  were 
I p r e s e n t e d  i n  a p r e v i o u s  s e c t i o n  o f  t h e  r e p o r t .  

I 

I 

I 

I 

F l i g h t  C o n d i t i o n s  f o r  C o r r e l a t i o n s . -  Details o f  t h e  f l i g h t  t e s t  program are 
d e s c r i b e d  i n  t h e  "Test Techniques"  s e c t i o n  of t h e  r e p o r t .  The nominal  condi -  
t i o n s  f o r  t h e  b u f f e t  r e s p o n s e  c o r r e l a t i o n s  a re  summarized as f o l l o w s :  ~ 

MACH NUMBER 0 .8  f o r  a l l  b u f f e t  r e s p o n s e  c o r r e l a t i o n s  

ALTITUDE 3,700 m 6 ,100  m 8,500 m 
(12 ,000  f t )  (20 ,000  f t )  (28 ,000  f t )  

DYNAMIC PRESSURE 28,700 N / m  21,500 N / m  14,400 N / m  

ANGLES OF ATTACK 70 - 100 70- 120 70 - 120 

(600 p s f )  ( 4 5 0  p s f )  (300  p s f )  
, 
1 

I 
W I N G  SWEEP 26O & 3 5 O  26O & 3 5 O  2 6 O  & 35O 

C o r r e l a t i o n  o f  Damping.- As shown i n  a p r e v i o u s  s e c t i o n  on t h e  development  o f  
1 t h e  e q u a t i o n s  o f  mot ion  t h e  a m p l i t u d e  o f  p r e d i c t e d  b u f f e t  r e s p o n s e  f o r  any  g i v e n  ' v i b r a t i o n  mode i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  t o t a l  damping v a l u e  f o r  t h e  
1 mode. Because of t h i s  s e n s i t i v i t y ,  a s i g n i f i c a n t  e f f o r t  was made t o  improve t h e  

a c c u r a c y  of damping estimates. T h e r e f o r e ,  t h e  c o r r e l a t i o n  o f  t h e s e  estimates 
w i t h  measured f l i g h t  t e s t  v a l u e s  of damping i s  a v e r y  i m p o r t a n t  p a r t  o f  t h e  

1 b u f f e t  p r e d i c t i o n  i n v e s t i g a t i o n .  

Comparisons of  p r e d i c t e d  and measured t o t a l  damping r a t i o s  f o r  t h e  TACT a i r c r a f t  
. WSB, FVB and RWT modes are shown i n  F i g u r e  32.  T o t a l  damping i n c l u d e s  b o t h  

aerodynamic and s t r u c t u r a l  damping r a t i o s .  The t o t a l  damping measurements ,  
which were o b t a i n e d  w i t h  t h e  Randomdec sys t em (Ref. 251,  c o u l d  o n l y  be  made f o r  

I n  F i g u r e  3 2 ( a )  t o t a l  damping va lues  for t h e  WSB mode a r e  compared for  M = 0.8  
w i t h  A =26O and A = 3 5 O .  P r e d i c t e d  and measured t r e n d s  are shown f o r  b o t h  a l t i -  

l t u d e  and a n g l e  of a t t a c k .  Although t h e r e  i s  s c a t t e r  i n  t h e  f l i g h t  t e s t  d a t a ,  
t h e  t r e n d s  are g e n e r a l l y  t h e  same w i t h  e x c e p t i o n  o f  t h e  o v e r a l l  h i g h e r  l e v e l s  o f  

j 
1 

. t h r e e  of  t h e  s i x  modes s e l e c t e d  f o r  t h e  b u f f e t  p r e d i c t i o n s .  
I 
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It is s i g n i f i c a n t  t h a t  t h e  p r e d i c t e d  s p e c t r a l  peaks  i n  t h e  t o r s i o n  g roup  o f  
modes (14  Hz - 17 Hz) i n  many c a s e s  correlate v e r y  well w i t h  c o r r e s p o n d i n g  
measured s p e c t r a l  peaks .  Yet because  o t h e r  tors ion-mode s p e c t r a l  p e a k s  o c c u r  i n  
t h e  measurements  t h a t  are n o t  p r e d i c t e d  t h e  RMS c o r r e l a t i o n s  c o v e r i n g  t h e  over -  
a l l  tors ion-mode band o f  f r e q u e n c i e s  can  be s t r o n g l y  a f f e c t e d .  Examples of such  
s p e c t r a l - p e a k  c o r r e l a t i o n s  are i n  F i g u r e s  3 3 ( f )  and 33(1) .  

t h e  p r e d i c t e d  v a l u e s .  R e s u l t s  i n  F i g u r e  3 2 ( b )  f o r  t h e  FVB mode show a b e t t e r  
c o r r e l a t i o n  w i t h  magnitude b u t  t h e r e  is greater s c a t t e r  i n  t h e  f l i g h t  test  d a t a  
i n  t h e  c r i t i c a l  o n s e t  r a n g e  o f  a = 9.5" t o  a = 10.5".  Better c o r r e l a t i o n s  are 
shown i n  F i g u r e  3 2 ( c )  f o r  t h e  RWT mode, w i t h  e x c e p t i o n  o f  u s u a l  s c a t t e r  i n  t h e  
o n s e t  r ange .  

I n  view o f  t h e  expec ted  d i f f i c u l t y  o f  p r e d i c t i n g  and measur ing  aerodynamic 
damping v a l u e s  for a i r c r a f t  o p e r a t i n g  i n  s e p a r a t e d  t r a n s o n i c  f low f i e l d s ,  t h e  
above r e s u l t s  a re  v e r y  encourag ing .  

Correlations of Power Spectral Densities.- Complete sets o f  f i g u r e s  t h a t  
i n c l u d e  t h e  p r e d i c t e d  and  measured PSDs of  t h e  wing t i p  and CG a c c e l e r a t i o n s  are 
shown i n  F i g u r e  33 f o r  A = 26" and F i g u r e  34 f o r  A = 35" f o r  a l l  t h e  f l i g h t  
c o n d i t i o n s  s t u d i e d .  I n  g e n e r a l  t h e  PSD p r e d i c t i o n s  are c o n s i d e r e d  t o  be q u i t e  
good,  t h u s  c o n f i r m i n g  t h e  method. The p r e d i c t i o n s  f o r  t h e  bending  t y p e  modes, 
WSB, FVB and WASB, were g e n e r a l l y  somewhat b e t t e r  t h a n  f o r  t h e  t o r s i o n  modes, 
RWT, LWT and WST. T h i s  t r e n d  i s  i n c o n s i s t e n t  w i t h  t h e  damping c o r r e l a t i o n s  
( F i g u r e  321, which showed b e t t e r  damping p r e d i c t i o n s  f o r  t h e  RWT mode t h a n  f o r  
t h e  WSB o r  FVB modes. Comparisons o f  t h e  PSDs i n  F i g u r e s  33 and  34 show t h a t  
t h e  b u f f e t  p r e d i c t i o n s  t e n d  t o  be b e t t e r  f o r  A = 35" than  for  A = 26".  

With respect t o  t h e  d i s a p p o i n t i n g  t o r s i o n  mode c o r r e l a t i o n s  a t  A = 26" i n  F i g u r e  
33, t h e  PDSs show t h a t  t h e  c o r r e l a t i o n s  o f  t h e  s p e c t r a l  peaks  i n  t h e  wing- t ip  
r e s p o n s e  o f  t h e  RWT mode a t  a b o u t  14  Hz were s i g n i f i c a n t l y  a f f e c t e d  by a l t i t u d e  
and t h e  consequen t  q v a r i a t i o n .  F o r  example,  a comparison o f  t h e  RWA PSDs i n  
F i g u r e s  3 3 ( e ) ,  3 3 ( k )  and 33(0)  shows t h a t  t h e  c o r r e l a t i o n s  of t h e  RWT mode 
s p e c t r a l  peaks  improved w i t h  i n c r e a s i n g  q .  The c o r r e l a t i o n s  o f  t h e  CGA s p e c t r a l  
peaks  of t h e  WST mode a t  a b o u t  17 Hz, on  t h e  o t h e r  hand ,  were r e l a t i v e l y  good 
and u n a f f e c t e d  by a l t i t u d e ,  e.g. F i g u r e s  33 ( f )  and 33(1) .  It is  of i n t e r e s t  
t h a t  t h e  PSDs show t h a t  t h e  p r e d i c t e d  r e s p o n s e  i n c r e a s e d  w i t h  q ,  as  would be 
e x p e c t e d ;  b u t ,  f o r  some r e a s o n ,  t h e  measured RWA o f  t h e  RWT mode remained a b o u t  
c o n s t a n t  w i t h  t h e  q v a r i a t i o n s .  

Correlations o f  RMS Buffet Responses.- I n  o r d e r  t o  c o r r e l a t e  t h e  RMS v a l u e s  o f  
t h e  p r e d i c t e d  and measured b u f f e t i n g ,  t h e  PSDs were i n t e g r a t e d  o v e r  s e v e r a l  d i f -  
ferent  f r equency  r a n g e s .  The f r equency  l i m i t s  of t h e  i n t e g r a t i o n s  and  g r o u p i n g  
o f  modes were as f o l l o w s :  ! 

MODES PREDICTION LIMITS FLIGHT TEST LIMITS 

WSB 3.45 - 6 .25  H Z  3 .22 - 6.14 H Z  

FVB and WASB 5.95 - 9.46 H Z  5.95 -- 9.46 H Z  

RWT, LWT and WST 11.9 - 19.0 H Z  12.0 - 19.0 HZ 

The FVB and WASB modes and RWT, LWT and WST modes were combined because  t h e  
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s e p a r a t e  modes c o u l d  n o t  be  i s o l a t e d  i n  f l i g h t  test  PSDs. A f o u r t h  i n t e g r a t i o n  
was a l s o  preformed where a l l  r e s p o n s e s  l i s t e d  above  were combined i n t o  a t o t a l  

I compar isons  were made f o r  b o t h  wing- t ip  and  CG a c c e l e r a t i o n s  as a f u n c i o n  of 
I a n g l e  o f  a t t a c k ,  a l t i t u d e  and  wing sweep a t  M = 0.8. 

I 
I RMS o v e r  t h e  f u l l  f r equency  spec t rum.  A s  f o r  t h e  PSD compar isons ,  t h e  RMS 

The i n t e g r a t e d  RMS r e s u l t s  from a l l  t h e  PSDs c o n t a i n e d  i n  F i g u r e  33 and 34 are 

are v e r y  encourag ing  for  t h e  wing- t ip  a c c e l e r a t i o n s  a t  bo th  wing sweeps.  A s  
might b e  e x p e c t e d  because  CG a m p l i t u d e s  are v e r y  small d u e  t o  wing bend ing  (see 
F i g u r e  A I ) ,  CGA p r e d i c t i o n s  a re  n o t  q u i t e  so  good as t h e  RWA p r e d i c t i o n s .  
R e s u l t s  f o r  t h e  FVB and WASB modes shown i n  F i g u r e  3 5 ( b )  show a n  improvement i n  
c o r r e l a t i o n  f o r  t h e  CG a c c e l e r a t i o n s  and e x c e l l e n t  c o r r e l a t i o n  f o r  t h e  wing- t ip  
a c c e l e r a t i o n s .  It a l s o  can  be no ted  t h a t  t h e  b u f f e t  o n s e t  i s  f a i r l y  w e l l  
p r e d i c t e d  i n  b o t h  F i g u r e s  35(a)  and  3 5 ( b ) .  

, shown i n  F i g u r e  35. F o r  t h e  WSB mode, as shown i n  F i g u r e  35(a)  t h e  p r e d i c t i o n s  , 
t 

Response p r e d i c t i o n s  f o r  t h e  t o r s i o n  mode f a m i l y  are n o t  q u i t e  so  good as t h e  
bend ing  mode r e s p o n s e  p r e d i c t i o n s  as was ment ioned  i n  t h e  p r e v i o u s  s u b s e c t i o n  

t o r s i o n  r e s p o n s e s  f o r  A = 26O are c o n s i s t a n t l y  unde r  p r e d i c t e d  f o r  ang le s -o f -  

A = 3 5 O ,  and t h e  agreement  i s  more c o n s i s t e n t  w i t h  t h a t  shown for  t h e  bending- 
t y p e  modes i n  F i g u r e s  35 (a )  and  3 5 ( b ) .  F o r  bo th  wing sweeps,  i t  s h o u l d  be  no ted  

t h e  bend ing  modes. T h i s  i s  p a r t i c u l a r l y  t r u e  for  A = 2 6 O  where t h e  maximum 
wing- t ip  a c c e l e r a t i o n  a t  a = 12' f o r  t h e  t o r s i o n  modes is  a b o u t  three times t h a t  
f o r  t h e  WSB mode. A s  a r e s u l t ,  t h e  t o t a l  RMS compar isons  shown i n  F i g u r e  3 5 ( d )  

, 

I on PSD c o r r e l a t i o n s .  The compar isons  shown i n  F i g u r e  3 5 ( c )  i n d i c a t e  t h a t  

, a t tack  greater t h a n  a b o u t  9.5'. The p r e d i c t i o n s  are  q u i t e  good,  however,  f o r  

I t h a t  t h e  a c c e l e r a t i o n  r e s p o n s e s  are  much h ighe r  f o r  t h e  t o r s i o n  modes t h e n  f o r  

I 

I are dominated by t h e  t o r s i o n  mode f a m i l y  charac te r i s t ics  and hence  t h e y  c l o s e l y  
I resemble t h o s e  shown i n  F i g u r e  3 5 ( c ) .  

I A s t r i k i n g  p e c u l i a r i t y  t h a t  c a n  be  n o t e d  i n  t h e  RMS d a t a  shown i n  F i g u r e  3 5 ( c )  
i s  t h e  absence  o f  a l t i t u d e  e f fec ts  on t h e  measured tors ion-mode f a m i l y  a c c e l e r -  
a t i o n s .  T h i s  charac te r i s t ic  was r e s t r i c t e d  t o  A = 26O and was most n o t i c e a b l e  
i n  t h e  wing- t ip  a c c e l e r a t i o n .  The expec ted  a f f e c t  o f  i n c r e a s i n g  a l t i t u d e  is  a 
r e d u c t i o n  of b u f f e t  r e s p o n s e  as shown by a l l  of  t h e  o t h e r  p r e d i c t i o n s  and  f l i g h t  

1 measurements  summarized i n  t h i s  r e p o r t .  Thus,  there must be a n o t h e r  domina t ing  
I f a c t o r  t h a t  a f fec ts  t h e  b u f f e t i n g  a t  A = 2 6 O .  

I Discussion of Factors t h a t  Influence the Correlations 

The b a s i c  f a c t o r s  t h a t  a f fec t  t h e  c o r r e l a t i o n s  of wind-tunnel  and f l i g h t - t e s t  
b u f f e t  d a t a  were d i s c u s s e d  i n  t h e  I n t r o d u c t i o n ;  and i n  t h e  body o f  t h e  r e p o r t  i t  

i was p o i n t e d  o u t  t h a t  t h e  F-111 TACT program p rov ided  a s i g n i f i c a n t  improvement 
1 i n  t he  f a c t o r s  t h a t  af'fect t h e  f l i g h t  d a t a .  However, even w i t h  these improve- 
[ ments ,  t h e  p r e s e n t  c o r r e l a t i o n s  of  p r e d i c t e d  and measured b u f f e t i n g  s t i l l  show 
: some d i s c r e p a n c i e s .  The q u e s t i o n s  arises t h e n  as  t o  what factors  were t h e  most 
, p r o b a b l e  c a u s e  o f  t h e  d i s c r e p a n c i e s .  

Before d i s c u s s i n g  s p e c i f i c  f a c t o r s  t h a t  i n f l u e n c e  t h e  c o r r e l a t i o n s ,  i t  shou ld  
I first be  remembered t h a t  t h e  b u f f e t  r e s p o n s e  d a t a  i n  F i g u r e  33, 34 and 35 are 

p r e s e n t e d  i n  terms of a c c e l e r a t i o n s .  A c c e l e r a t i o n  data exaggerates t h e  higher-  
I f r e q u e n c y  mode a m p l i t u d e  d i f f e r e n c e s  between p r e d i c t i o n s  and measurements .  
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Selection o f  Modes f o r  Analysis.- The c o r r e l a t i o n  o f  PSDs i n  F i g u r e s  33 and 3 4  
g e n e r a l l y  show t h a t  t h e  most d i s a p p o i n t i n g  r e s u l t s  o c c u r r e d  a t  A = 2 6 O  i n  t h e  
r ange  o f  f r e q u e n c i e s  from 14 Hz t o  17 Hz t h a t  i n c l u d e s  t h e  t o r s i o n  modes. Three  
t o r s i o n  modes were s e l e c t e d  t o  be i n c l u d e d  i n  t h e  a n a l y s i s .  The b u f f e t  r e s p o n s e  
d a t a ,  however,  ( F i g u r e  33 (e )  show a g roup  o f  f o u r  s p e c t r a l  peaks  i n  t h e  1 4  Hz t o  
17 Hz f r equency  r ange .  It t h e r e f o r e  now a p p e a r s  v i a  h i n d s i g h t  and examina t ion  
of GVT modes (Ref. 15)  t h a t  a f o u r t h  mode s h o u l d  have been i n c l u d e d  i n  t h e  
a n a l y s i s .  The a d d i t i o n a l  mode which i s  i d e n t i f i e d  as  a complex mode i n v o l v i n g  
mos t ly  motion o f  t h e  h o r i z o n t a l  t a i l  b u t  a l s o  some an t i symmet r i c  p i t c h  and 
t o r s i o n  motion o f  t h e  wing,  o c c u r s  a t  a n a t u r a l  f r equency  o f  15.04 Hz. Unfor- 
t u n a t e l y  i t  is n o t  p o s s i b l e  t o  estimate t h e  e f fec ts  o f  t h i s  mode i n  t h e  p r e s e n t  
c o r r e l a t i o n s  w i t h o u t  s u b s t a n t i a l  a d d i t i o n a l  a n a l y s i s  o f  data i n c l u d i n g  t h e  
d e t e r m i n a t i o n  o f  t h e  g e n e m l i z e d  force fo r  t h e  mode. O r i g i n a l l y  t h e  mode was 
n o t  i n c l u d e d  because  t h e  wing t i p  and  CG mot ions  were e x p e c t e d  t o  be  small. 

Aerodynamic damping.- A s  h a s  been p r e v i o u s l y  d i s c u s s e d ,  aerodynamic damping 
p l a y s  a dominant r o l e  i n  t h e  a c c u r a t e  d e t e r m i n a t i o n  o f  a i r c r a f t  b u f f e t  r e s p o n s e .  
Equa t ions  19 and 20 show, f o r  example,  t h a t  t h e  PSD o f  t h e  r e s p o n s e  v a r i e s  as  
I / ( < i  + <i j12. i t  i s  v e r y  
d i f f i c u l t  t o  p r e d i c t  and ( 2 )  i t  is  v e r y  d i f f i c u l t  t o  measure.  Thus,  when 
c o n s i d e r i n g  t h i s  d i f f i c u l t y ,  t h e  compar isons  o f  p r e d i c t e d  and measured damping 
v a l u e s  shown i n  F i g u r e  32 are  b e l i e v e d  t o  be  q u i t e  s a t i s f a c t o r y .  A s  was d i s -  
cussed  i n  c o n n e c t i o n  w i t h  t h e  p r e s e n t a t i o n  of  t h e  damping estimates,  t h e  damping 
p r e d i c t i o n s  agree v e r y  well w i t h  t h e  measurements  for  t h e  FVB and t h e  RWT modes 
b u t  n o t  so  w e l l  f o r  t h e  WSB mode. 

The aerodynamic damping i s  v e r y  i l l u s i v e  because  ( 1 

Based on t h e  c o r r e l a t i o n s  o f  measured and p r e d i c t e d  damping, i t  i s  b e l i e v e d  t h a t  
t h e  t e c h n i q u e  used  f o r  s c a l i n g  t h e  wind- tunnel  damping v a l u e s  t o  f u l l  scale  for  
similar modes and  t h e  t e c h n i q u e  f o r  e x t r a p o l a t i n g  t h e  r e s u l t s  t o  o t h e r  modes I 

r e p r e s e n t s  a s a t i s f a c t o r y  methodology f o r  g e n e r a t i n g  r e a s o n a b l e  estimates o f  
f u l l - s c a l e  damping. The f a c t  t h a t  damping c o r r e l a t i o n s  were good where b u f f e t  
p r e d i c t i o n s  were n o t  so  good suggests t h a t  o t h e r  effects  were r e s p o n s i b l e  for 
d i f f e r e n c e s  i n  c o r r e l a t i o n s  between bend ing  and  t o r s i o n  modes. 

General i zed masses. - A s  p r e v i o u s l y  ment ioned ,  t h e s e  F-11 1 TACT b u f f e t  1 
p r e d i c t i o n s  were based  on t h e o r e t i c a l  dynamic i n f o r m a t i o n  t h a t  i n c l u d e d  t h e  

done t o  i l l u s t r a t e  t h e  u s e f u l l n e s s  o f  t h e  method f o r  b u f f e t  estimates p r i o r  t o  
t h e  a v a i l a b i l i t y  o f  a p r o t o t y p e  a i r c r a f t .  

g e n e r a l i z e d  masses f o r  each  of t h e  s i x  modes s e l e c t e d  f o r  a n a l y s i s .  T h i s  was I 

The g e n e r a l i z e d  mass a f f e c t s  bo th  t h e  damping estimate ( E q u a t i o n  7 )  and t h e  
r e s p o n s e  p r e d i c t i o n  ( E q u a t i o n s  19 and  2 0 ) .  A s  can  be  s e e n  from t h e s e  e q u a t i o n s ,  
t h e  e f f ec t s  of t h e  g e n e r a l i z e d  mass on t h e  aerodynamic damping is somewhat 
compensa t ing  t o  t h e  r e s p o n s e  p r e d i c t i o n .  N e v e r t h e l e s s ,  i t  is  s i g n i f i c a n t  t h a t  i 

RWT, LWT and WST) were s u b s t a n t i a l l y  d i f f e r e n t  t h a n  t h e  GVT g e n e r a l i z e d  masses 
(see Tab le  2 ) .  The f a c t  t h a t  t h e r e  a re  large d i f f e r e n c e s  i n  t h e  t h e o r e t i c a l  and 
GVT g e n e r a l i z e d  masses s u g g e s t s  t h a t  t h e  t h e o r e t i c a l  modal d e f l e c t i o n s  may a l s o  
be s u b s t a n t i a l l y  d i f f e r e n t  t h a n  t h e  GVT modal d e f l e c t i o n s .  

I 
, 

t h e  t h e o r e t i c a l  g e n e r a l i z e d  masses f o r  f o u r  of  t h e  s i x  s e l e c t e d  modes (WASB, i 

1 
J 
, 

Mode shapes.- The a c c u r a c y  of  t h e  mode-shape p r e d i c t i o n s  is fundamenta l  t o  t h e  
a c c u r a t e  p r e d i c t i o n s  o f  t h e  a i r c r a f t  b u f f e t i n g .  I n  a d d i t i o n  t o  a f f e c t i n g  t h e  
g e n e r a l i z e d  masses, mode s h a p e s  a f fec t  t h e  d e t e r m i n a t i o n  o f  t h e  c o r r e s p o n d i n g  
g e n e r a l i z e d  f o r c e s  ( E q u a t i o n  4 )  and a l s o  t h e  d i sp lacemen t  f a c t o r s  ( E q u a t i o n  2 0 a )  

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

Er rors  i n  mode shape  p r e d i c t i o n  c a n  be  e x p e c t e d  t o  have  a larger e f f e c t  on t h e  
t o r s i o n  modes than  on t h e  wing bending  modes. Fo r  t o r s i o n  modes, f l u c t u a t i n g  
p r e s s u r e s  on t h e  wing have  o p p o s i t e  s i g n s  on each  s i d e  o f  t h e  node l i n e s  and 
d i s t a n c e s  f rom node l i n e s  t o  s i g n i f i c a n t  f l u c t u a t i n g  p r e s s u r e s  a re  less f o r  
t o r s i o n  modes t h a n  f o r  wing bend ing  modes. Also ,  because  t h e  a c c e l e r o m e t e r s  are 
c l o s e  t o  t o r s i o n  node l i n e s ,  t h e  a c c u r a t e  r e s o l u t i o n  o f  t h e  tors ion-mode 
a c c e l e r a t i o n  d i s p l a c e m e n t  f a c t o r s  is  d i f f i c u l t .  Fo r  t h i s  same r e a s o n  t h e  
p r e d i c t i o n s  o f  CG a c c e l e r a t i o n s  can  be e x p e c t e d  t o  b e  less a c c u r a t e  t h a n  wing 
t i p  a c c e l e r a t i o n s  f o r  bend ing  modes. 

It i s  b e l i e v e d  t h a t  t h e  large d i f f e r e n c e s  between t h e o r e t i c a l  and  GVT g e n e r a l -  
i z e d  masses ( T a b l e  2 )  stems p r i m a r i l y  f rom t h e  t h e o r e t i c a l  s t r u c t u r a l  model ing  
and t h e  r e s u l t i n g  mode shapes .  T h e r e f o r e ,  t h e  mode s h a p e s  are a key f a c t o r  t h a t  
has  i n f l u e n c e d  t h e  c o r r e l a t i o n s  i n  t h i s  i n v e s t i g a t i o n .  

Reynolds number and s t a t i c  e l a s t i c i t y . -  One o f  t h e  major o b j e c t i v e s  o f  t h e  
1 / 6 - s c a l e  TACT model t e s t  w i t h  aluminum and s t e e l  wings was t h e  s e p a r a t i o n  o f  
Reynolds  number and s t a t i c  a e r o e l a s t i c  e f f e c t s .  D i s c u s s i o n s  o f  these e f f e c t s  on 
t h e  p r e s s u r e  f l u c t u a t i o n s  g i v e n  ear l ier  i n  t h i s  r e p o r t  ( F i g u r e s  12 and 13) 
i n d i c a t e d  t h a t  t h e  effects  were small e x c e p t  a t  t h e  l o c a t i o n s  o f  t h e  shock  
waves. Th i s  was p a r t i c u l a r l y  t r u e  f o r  t h e  r a n g e  o f  a n g l e s - o f - a t t a c k  up t o  12O 
i n c l u d e d  i n  t h e  b u f f e t  r e s p o n s e  c o r r e l a t i o n s .  A t  t h e  shock  waves t h e  e f f e c t s  o f  
Reynolds  number and  s t a t i c  e l a s t i c i t y  t ended  t o  c a n c e l  each o t h e r .  T h e r e f o r e ,  
i t  is n o t  expec ted  t h a t  Reynolds  number or s t a t i c  e l a s t i c i t y  had a s i g n i f i c a n t  
e f fec t  on t h e  b u f f e t  r e s p o n s e  c o r r e l a t i o n s ,  p a r t i c u l a r l y  f o r  wing bending  modes. 
However, f o r  t o r s i o n  modes, r e l a t i v e l y  small v a r i a t i o n s  o f  t h e  shock p o s i t i o n s  
cou ld  have  c o n t r i b u t e d  somewhat t o  t h e  d i f f e r e n c e s  i n  p r e d i c t e d  and measured 
b u f f e t i n g .  

P i t c h  r a t e  and maneuver t i m e  h i s t o r y . -  One a s p e c t  o f  t h e  f l i g h t  dynamics of t h e  
a i r c r a f t ,  t h e  e f f e c t s  of p i t c h  ra te  on b u f f e t  r e s p o n s e ,  was first d i s c u s s e d  i n  
Ref. 27 by Cunningham and Benepe. The i d e a  was p r e s e n t e d  t h a t  a p o s i t i v e  p i t c h  
rate would d e l a y  f l o w  s e p a r a t i o n  i n  t h e  same manner t h a t  i t  c a n  produce  t h e  well 
known dynamic overshoot  of t h e  maximum s t a t i c  l i f t .  L i k e w i s e ,  a n e g a t i v e  p i t c h  
rate would do t h e  r e v e r s e  and  promote s e p a r a t i o n .  Data from t h e  F-111 TACT 
f l i g h t  t es t s  have  a l s o  ex tended  t h i s  idea t o  s l o w e r  maneuvers  which i m p l i e s  t h a t  
maneuver time h i s t o r y  l ikewise has  a similar effect .  T h i s  e f fec t  i s  i l l u s t r a t e d  
i n  F i g u r e  36 ,  which shows a d i s t i n c t  h y s t e r e s i s  i n  t h e  i n t e g r a t e d  RMS b u f f e t  
r e s p o n s e  when t h e  a i r c ra f t  a n g l e - o f - a t t a c k  was i n t e n t i o n a l l y  v a r i e d  a t  a low 
p i t c h  rate.  

I The d a t a  i n  F i g u r e  36 are from t h e  wing t i p  a c c e l e r o m e t e r .  The symbols 
r e p r e s e n t  t h e  RMS v a l u e s  o b t a i n e d  by t h e  p r e v i o u s l y  d e s c r i b e d  TACT f l i gh t - t e s t  
t e c h n i q u e  when t h e  a i r c ra f t  was he ld  as c l o s e  t o  s t e a d y  c o n d i t i o n s  as p o s s i b l e  

I for a t  l eas t  20 t o  60  seconds .  The s o l i d  l i n e  i s  t h e  RMS v a r i a t i o n  o f  RWA 
I v e r s u s  a n g l e - o f - a t t a c k  c o n n e c t i n g  p o i n t s  t h a t  were measured a t  one-second 

I p a s s  f i l t e r  used t o  o b t a i n  t h e  RMS v a l u e s  had  a larger f r equency  band t h a n  t h e  
i n t e r v a l s .  Both data s e t s  were r e c o r d e d  d i r e c t l y  from f l i g h t  data.  The band- 

f r e q u e n c y  i n t e g r a t i o n  l i m i t s  o f  t h e  RMS c o r r e l a t i o n s ,  hence ,  t h e  RMS l e v e l s  i n  1 F i g u r e  36 are  h ighe r  t h a n  t h o s e  s e e n  i n  F i g u r e s  35. N e v e r t h e l e s s ,  a c l e a r  
h y s t e r e s i s  l o o p  is v i s i b l e  i n  t h e  %on-steadyff  data which,  because  o f  t h e  low 
p i t c h  rate,  i s  p r o b a b l y  more i n d i c a t i v e  of  a s t a t i c  h y s t e r e s i s .  I n  F i g u r e  36 ,  
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i t  can  be s e e n  t h a t  t h e  RMS w i n g - t i p  a c c e l e r a t i o n s  can  v a r y  by a f a c t o r  of two 
a t  a = I O o  depending  upon which p a t h  o f  t h e  maneuver t h a t  i s  b e i n g  c o n s i d e r e d .  

The above d i s c u s s i o n  has s i g n i f i c a n t  i m p l i c a t i o n s  t o  t h e  p r o c e s s  o f  p r e d i c t i n g  
t h e  b u f f e t  charac te r i s t ics  o f  maneuvering f i gh te r  a i r c ra f t .  With t h e  r a p i d  
maneuvers t h a t  can  be performed by c u r r e n t  f igh ter  a i r c ra f t ,  p i t c h  rates up t o  
50° or 60° p e r  second are p o s s i b l e .  A t  such  a p o s t i v e  p i t c h  r a t e ,  b u f f e t  
i n t e n s i t i e s  would be  e x p e c t e d  t o  be f a r  below t h o s e  encoun te red  d u r i n g  s low 
wind-up-turns a t  t h e  same f low c o n d i t i o n s .  I n  f a c t ,  b u f f e t  o n s e t  ang le s -o f -  
a t tack  cou ld  be d e l a y e d  by a s  much as  I O o  o r  1 5 O  under  t h e  r i g h t  c o n d i t i o n s .  
With a similar n e g a t i v e  p i t c h  ra te ,  however,  t h e  o p p o s i t e  e f fec t  would be t r u e  
as is i n d i c a t e d  by F i g u r e  36.  I n  t h i s  c a s e  h igh  b u f f e t  i n t e n s i t i e s  cou ld  
p e r s i s t  t o  v e r y  low a n g l e s - o f - a t t a c k ,  f a r  below b u f f e t  o n s e t .  These a s p e c t s  
m u s t  be c o n s i d e r e d  i n  f u t u r e  b u f f e t  r e s e a r c h  f o r  any  h i g h l y  maneuverable  f ighter  
a i r c r a f t .  

F o r  t h e  c u r r e n t  s t u d y ,  c a r e f u l  a t t e n t i o n  was g i v e n  t o  t h e  f l i g h t  test  program t o  
m a i n t a i n  s t e a d y  c o n d i t i o n s  i n  o r d e r  t o  minimize any dynamic o r  maneuver 
t i m e - h i s t o r y  e f f e c t s  i n  t h e  b u f f e t  d a t a .  T h i s  presumpt ion  is  j u s t i f i e d  by t h e  
r e s u l t s  i n  F i g u r e  36 which shows t h a t  t h e  " s t a t i c t t  symbols are a t  t h e  a p p a r e n t  
mean o f  "dynamic" h y s t e r e s i s  l oop .  T h e r e f o r e ,  t h e  e f f e c t s  o f  any  maneuver 
t r a n s i e n t s  are p r o b a b l y  v e r y  small and t h e y  c a n n o t  be blamed f o r  s i g n i f i c a n t  
d i s c r e p a n c i e s  between b u f f e t  p r e d i c t i o n s  and f l i g h t  measurements .  

Coup l ing  between w ing  modes and f l u c t u a t i n g  p r e s s u r e s . -  The p o s s i b i l i t y  o f  any  
c o u p l i n g  between wing modes and  f l u c t u a t i n g  p r e s s u r e s  on t h e  a i r c r a f t  c o u l d  have  
a c r i t i c a l  effect  on t h e  b u f f e t  c o r r e l a t i o n s .  P r e d i c t i o n s  of b u f f e t i n g  by t h e  
p r e s s u r e - f l u c t u a t i o n  method would be  less  t h a n  t h e  measured b u f f e t i n g  because  
t h e  models  are n o t  s c a l e d  t o  r e p r e s e n t  t h e  s t r u c t u r a l  dynamics o f  t h e  a i r c ra f t .  

For  t h e  F-Ill TACT a i r c r a f t  there  were c e r t a i n  c o n d i t i o n s  when c o u p l i n g  may have  
a f f e c t e d  t h e  b u f f e t  r e s p o n s e .  These c o n d i t i o n s  were d i s c u s s e d  w i t h  regard t o  
c o r r e l a t i o n s  of p r e s s u r e - f l u c t u a t i o n  PSDs t h a t  were p r e s e n t e d  i n  F i g u r e s  17 and 
18. These f i g u r e s  show t h a t  some f l igh t -da ta  PSDs e x h i b i t e d  peaks  a t  t h e  
tors ion-mode f r e q u e n c i e s .  T h i s  d e m o n s t r a t i o n  o f  p o s s i b l e  c o u p l i n g  is  i m p o r t a n t  
because  i t  r e v e a l s  a n o t h e r  factor  i n v o l v e d  i n  t h e  c o r r e l a t i o n s ;  however,  it does  
n o t  e x p l a i n  t h e  mechanism of t h e  c o u p l i n g .  A proposed e x p l a n a t i o n  of t h e  
c o u p l i n g  is  t h e r e f o r e  g i v e n  i n  Appendix D. 

Concluding Remarks on t h e  P r e d i c t i o n  o f  t h e  F-111 TACT B u f f e t  Response 

A method has  been p r e s e n t e d  f o r  p r e d i c t i n g  b u f f e t  r e s p o n s e  from p r e s s u r e - f l u c -  
t u a t i o n s  on scale models  i n  wind t u n n e l s .  The method embodies t h e  f o l l o w i n g  
f e a t u r e s  : 

! 1 .  The b u f f e t  f o r c i n g  f u n c t i o n  i s  o b t a i n e d  by real  time i n t e g r a t i o n  of  p r e s s u r e  

2. 

3 .  A h y b r i d  method was developed  and  a p p l i e d  t o  e x t e n d  t h e  pivot-mode damping 

4 .  

time h i s t o r i e s  w i t h  t h e  n a t u r a l  modes. 

Damping i s  o b t a i n e d  for  p i v o t  modes from model b u f f e t  r e s p o n s e .  

measurements t o  m u l t i p l e  modes by t h e  u s e  of t h e o r e t i c a l  damping data. 

b e t t e r  one-to-one co r re spondence  between model and a i r c r a f t  modes t o  improve 
t h e  s c a l i n g  o f  damping. 

, 
I 

, 

A t e c h n i q u e  was deve loped  and  demons t r a t ed  t o  form composi te  modes t o  o b t a i n  i 
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5. Diagona l i zed  e q u a t i o n s  o f  motion were d e r i v e d  and a p p l i e d  t o  s i m p l i f y  t h e  
m u l t i p l e  degree-of-freedom b u f f e t  r e s p o n s e  c a l c u l a t i o n .  

The r e s u l t s  p r e s e n t e d  have  shown c o r r e l a t i o n s  o f  p r e d i c t e d  and measured b u f f e t  
r e s p o n s e  o f  t h e  F - I l l  TACT a i rcraf t  a t  M = 0.8 w i t h  A = 2 6 O  and A = 35O for a 
r a n g e  o f  a n g l e s - o f - a t t a c k  t ha t  i n c l u d e s  b u f f e t  o n s e t  t o  h i g h  i n t e n s i t y  b u f f e t -  
i n g .  The c o r r e l a t i o n s  i n c l u d e d  compar isons  of power s p e c t r a l  d e n s i t i e s  and 
i n t e g r a t e d  RMS r e s u l t s .  Also  i n c l u d e d  were compar isons  o f  damping p r e d i c t i o n s  

I 

I 

I w i t h  some f l igh t - tes t  measurements .  
I G e n e r a l l y  t h e  b u f f e t  p r e d i c t i o n s  were c o n s i d e r e d  t o  be  q u i t e  good p a r t i c u l a r l y  
1 i n  l i g h t  of  p a s t  b u f f e t  p r e d i c t i o n  e x p e r i e n c e .  The most d i s a p p o i n t i n g  c o r r e -  

l a t i o n s  o f  p r e d i c t i o n s  and measurements  were f o r  t h e  t o r s i o n  modes a t  A = 2 6 O  a t  
h i g h  b u f f e t  i n t e n s i t i e s .  G e n e r a l l y  t h e  p r e d i c t i o n s  were b e t t e r  a t  A = 35' t h a n  

I a t  A 2 6 O .  S e v e r a l  f a c t o r s  c o u l d  have  a f f e c t e d  t h e  tors ion-mode p r e d i c -  t i o n s .  
t F a c t o r s  s u c h  as damping p r e d i c t i o n s ,  g e n e r a l i z e d  masses, mode s h a p e s ,  Reynolds  

number, s t a t i c  e l a s t i c i t y ,  p i t c h  ra te ,  and c o u p l i n g  between t o r s i o n a l  mo t ions  
and f l u c t u a t i n g  p r e s s u r e s  were c o n s i d e r e d  and  d i s c u s s e d  i n  d e t a i l .  

I 

, 

1 
I 
1 
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Frequency, (Hz) 

Theor.  
V i  b r a  ti on 

mode 

I\ = 26" 

S tee1 A1 umi num 
V i b r a t i o n  mode 

Is t w i  ng bending 20.0 25.3 

2nd wing bend i  ng 95.9 98.9 

1 s t  wing t o r s i o n  140.0 156.0 

2nd wing t o r s i o n  256.0 --- 

Table 1. Wind-of f  f r e q u e n c i e s  o f  p r i m a r y  v i b r a t i o n  modes o f  
1 / 6 - s c a l e  TACT wings 

I\ = 35" 

S tee l  A1 umi num 

20.7 25.0 

96.4 98.9 

156.0 158.0 

270.0 303.0 

GVT 

1317.3 

4428.6 

973.8 

565.9 

704.8 

809.4 

----------.  

Tab le  2. Genera l i zed  masses, f r e q u e n c i e s  and s t r u c t u r a l  damping 
f o r  empty TACT a i r c r a f t  

- - - - - - - - -  
W SB 

FVB 

WAS B 

RWT 

LWT 

WST 

---------- 
4.418 

7 2 9 6  

7.684 

14.093 

15.204 

17.139 

-------- 
4.54 

8.20 

7.13 

14.17 

15.48 

16.74 

Mass, ( l b s )  l s t r u c t u r a l  

Theor. 

1514.7 

4938.2 

456.0 

871.3 

268.5 

408.8 

---------- 
damping 

r a t i o  

0.022 

0.024 

0.017 

0.026 

0.026 

0.027 

. - - - - - - - - - -  
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FACTORS THAT AFFECT WIND TUNNEL DATA 

REYNOLDS NUMBER 

WALL INTERFERENCE 

FLOW TURBULENCE 

TRANSITION FIXING 

BOUNDARY-LAYER 
THICKNESS DISTRIBUTION 

STAT IC E LASTlC ITY 

DYNAMIC ELASTICITY 

FACTORS THAT AFFECT FLIGHT DATA 

FLIGHT PARAMETER ACCURACIES 

NONSTATIONARITY OF DATA 

SHORT DURATION OF DATA 

INCOMPLETE MEASUREMENT 

LACK OF ONE-TO-ONE SENSOR LOCATIONS 

NO FLOW VISUALIZATION 

Figure 1. Factors that affect the correlation of wind-tunnel 
and flight-test data. 
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Airplane frequency, Hertz 

(a) Right wing bending moment. 

Figure 2. Comparison of F-111A aeroelastic model and aircraft 
response spectra, A = 2 6 ' ,  M=0.81, spectra normalized on 
rms level (Ref. 9). 
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Airplane, % = 0.85 percent design 
Model, % = 1.50 percent design --- 

@ Fuselage vertical bending 
@ Wing second bending 
@ Wing torsion 
@ Horizontal-tail pitch 

Airplane frequency,, Hertz 

(b) Acceleration at center of gravity. 

Figure 2. Concluded. 
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Figure 3 ,  Comparison of predicted and measured acceleration 
response of F-4 aircraft (Ref. 10). 
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TIME SEGMENT 2 
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EXPERIMENTAL PSD 
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and experimental power spectra 
aircraft (Ref. 11 ) .  

41 



I I SEGMENT 4 SEGMENT 1 SEGMENT 2 SEGMENT 3 
.o - - - 

1 I 1 I I 1 1 I 1  I 1 1 
73 74 75 76 77 78 79 80 81 82 83 

TIME -SECONDS 

1 1 I 1 1 1 I -1 

1.6 2.4 3.0 6.2 6.6 8.9 9.4 11.7 12.6 14.0 3.2 

15.0 
ANGLE OF ATTACK, c1 

Figure 5. Variation of wingtip acceleration response of F-5A aircraft 
with time and angle of attack (Ref. 11). 
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(a) ~ = 6 . 6 "  

100 

10-1 

10-2 

3 10 15 20 25 
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Figure 6. Comparison of predicted and measured wingtip acceleration 
, response of F - 1 1 1 A  aircraft, A = 2 6 " ,  M = 0 . 8 ,  spanwise and chord- ' wise phasing of pressures, (Ref. 12). 
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APPENDIX  A 

THEORETICAL V I B R A T I O N  MODES OF F-111 TACT 

The s i x  n a t u r a l  modes of v i b r a t i o n  used  for t h i s  i n v e s t i g a t i o n  were deve loped  by 
Gener-.l Dynamics, F o r t  Worth D i v i s i o n ,  f o r  t h e  F - I l l  TACT a i r c ra f t  u s i n g  a 
f i n i t e  e l emen t  N A S T R A N  model of t h e  comple t e  a i r p l a n e .  The a i r c r a f t  was modeled 
from wing t i p  t o  wing t i p  i n  t h i s  case b e c a u s e  t h e  i n s t r u m e n t a t i o n  p lacement  
c a u s e d  a n  asymmetry of t h e  mass d i s t r i b u t i o n .  I n  s p i t e  o f  asymmetry t h e  modes 
o b t a i n e d  were g e n e r a l l y  symmetr ic  or a n t i s y m m e t r i c ;  however, some modes, p a r t i c -  
u l a r l y  t h o s e  i n v o l v i n g  t o r s i o n ,  were asymmetr ic .  

The s i x  modes s e l e c t e d  f o r  t h e  F - I l l  TACT b u f f e t  p r e d i c t i o n  are  p r e s e n t e d  i n  
F i g u r e s  A I  t h r o u g h  A6. The modes a re  a s  fol lows:  

1 .  F i r s t  wing symmet r i ca l  bend ing  (WSB) 

2 .  F i r s t  f u s e l a g e  v e r t i c a l  bend ing  (FVB) 

3. F i r s t  wing a n t i s y m m e t r i c  b e n d i n g  (WASB) 

4 .  F i r s t  r i g h t  wing t o r s i o n  ( R W T )  

5. F i r s t  l e f t  wing t o r s i o n  (LWT) 

6 .  F i r s t  wing symmetr ic  t o r s i o n  (WST) 

The n a t u r a l  f r e q u e n c i e s  and g e n e r a l i z e d  masses of t h e  modes are g i v e n  i n  
T a b l e  1 .  
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APPENDIX B 

DETERMINATION OF Wi AND G i  AS 
FUNCTIONS OF EXCITATION FREQUENCY 

The p r e s e n c e  of aerodynamic forces  i n  t h e  e q u a t i o n s  of motion (Eq. 9 )  r e s u l t s  i n  
e i g e n v a l u e s ,  of W i  and ti, t h a t  are  f u n c t i o n s  o f  t h e  e x c i t a t i o n  f r e q u e n c y ,  w. 
I d e a l y ,  Eq. 1 s h o u l d  be  s o l v e d  d i r e c t l y  a s  was done i n  Ref. 12: 

However, a n  a l t e r n a t e  s o u r c e  cf t h e  wi and ti is t h e  e i g e n v a l u e  s o l u t i o n  t o  t h e  
mat r ix  as o b t a i n e d  from r o u t i n e  f l u t t e r  a n a l y s e s  t h a t  make u s e  of v e l o c i t y -  
damping-frequency c u r v e s  t o  determime s t r u c t u r a l  s t a b i l i t y .  These  damping 
v a l u e s  u n f o r t u  n a t e l y  a r e  based  on a t t a c h e d  flow aerodynamic f o r c e s ,  and  do  n o t  
r e f l e c t  t h e  e f f ec t s  of t r a n s o n i c  a n d / o r  s e p a r a t e d  flow f i e l d s .  However, damping 
i n f o r m a t i o n  t h a t  d o e s  i n c l u d e  t r a n s o n i c  a n d / o r  s e p a r a t i o n  e f f e c t s  is  a v a i l a b l e  
from model tests u s i n g  a s c a l i n g  t e c h n i q u e  implemented by B u t l e r  and  S p a v i n s  
(Ref. 8 ) .  A l i m i t a t i o n  of t h i s  t e c h n i q u e  i s  t h a t  t h e  v i b r a t i o n  modes e x h i b i t e d  
by s o l i d  metal models  r a r e l y  s i m u l a t e  t h o s e  of a f u l l - s c a l e  f l e x i b l e  a i r c r a f t  
e x c e p t  f o r  t h e  f irst  symmetr ic  wing bend ing  and  p o s s i b l y  t h e  first symmetr ic  
wing t o r s i o n  modes. 

A s  mentioned above ,  e a c h  of t h e  a v a i l a b l e  s o u r c e s  of  w i  and T i  are d e f i c i e n t ,  
e i t h e r  by n o t  i n c l u d i n g  t r a n s o n i c  and  s e p a r a t i o n  e f f ec t s  of  by n o t  i n c l u d i n g  
d a t a  f o r  a l l  modes o f  i n t e r e s t .  A t e c h n i q u e  is t h e r e f o r e  proposed  i n  t h i s  sec- 
t i o n  which combines t h e  d a t a  from t h e  two s o u r c e s  t o  e l i m i n a t e  t h e  d e f i c i e n c i e s .  
The b a s i c  i d e a  i s  t o  u s e  wind-tunnel  mcdel d a t a  as  d e s c r i b e d  by B u t l e r  and 
S p a v i n s  (Ref. 8 )  t o  o b t a i n  damping-parameter v a l u e s  (Eq.  1 )  f o r  " p i v o t  modes" 
( i . e . ,  first symmetr ic  wing bend ing  and  wing symmetr ic  wing t o r s i o n  modes ) ,  and 
t h e n  t o  u s e  t h e  f l u t t e r  s o l u t i o n  r o o t s  t o  scale  t h e  damping t o  o t h e r  modes (Eq. 
7 ) .  The p r imary  a s sumpt ion  i s  t h a t  t h e  real  flow f i e l d s  a f f e c t  modes s imilar  t o  
t h e  " p i v o t  modes" i n  a similar manner. T h i s  t e c h n i q u e  i s  d e s c r i b e d  i n  t h e  
f o l l o w i n g  example.  

- 

Cons ide r  t h e  ve loc i ty-damping-f requency  (V-g-w) c u r v e s  shown i n  F i g u r e  B I .  The 
form shown on t h e  l e f t - h a n d  s i d e  i s  t h a t  c u s t o m a r i l y  used  f o r  d e t e r m i n i n g  f l u t -  
t e r  s p e e d s .  The v e l o c i t y  a t  t h e  p o i n t  o f  c r o s s i n g  t o  p o s i t i v e  damping of  roo t  3 
is  demoted as t h e  f l u t t e r  v e l o c i t y ,  V f .  However, when t h e  same d a t a  are  p l o t t e d  
as a f u n c t i o n  of e x c i t i n g  f r e q u e n c y  w, a s  shown on  t h e  r i g h t - h a n d - s i d e  of F ig-  
u r e  B 1 ,  i t  i s  r e a d i l y  a p p a r e n t  how mode damping and  f r equency  v a r y  w i t h  w. The 
h y p o t h e t i c a l  modes n o t e d  are  t h e  f irst  wing symmetr ic  and a n t i s y m m e t r i c  bend ing  
modes ( 1  and 2 )  and t h e  f irst  wing symmetr ic  and  a n t i s y m m e t r i c  t o r s i o n  modes ( 3  
and 4 ) .  For t h i s  example,  t h e  symmetr ic  bend ing  and t o r s i o n  modes are v e r y  
similar t o  t h e  model bend ing  and  t o r s i o n  modes and  hence  would b e  c o n s i d e r e d  a s  
" p i v o t "  modes. By s c a l i n g  t l ,  and y 3  from wind- tunnel  d a t a  u s i n g  t h e  s c a l i n g  
t e c h n i q u e  a t  t h e  modal f r equency  f o r  e a c h  mode, t h e  v a l u e s  of t2  and f, are 
o b t a i n e d  from t h e  p l o t  t h rough  t h e  r a t i o s  
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where t h e  s u b s c r i b t  r lT1 l  refers t o  t h e o r e t i c a l  v a l u e s .  Thus,  

The v a l u e s  o f  z l ,  and c3 f o r  f r e q u e n c i e s  o t h e r  t h a n  t h e  r e s p e c t i v e  modal fre- 
q u e n c i e s  are a l s o  de t e rmined  from t h e  p l o t .  

The f r equency  s h i f t s  d u e  t o  aerodynamic s t i f f n e s s  a re  assumed t o  be  i n c r e m e n t a l  
c o r r e c t i o n s ,  Awi, added t o  t h e  undamped n a t u r a l  f r e q u e n c y ,  wi as 

N 

As as example,  A G i ,  i s  no ted  i n  t h e  r igh t -hand- s ide  p l o t .  

The s c a l i n g  t e c h n i q u e  as well as t h e  t h e o r e t i c a l  r o o t  p l o t s  are s e n s i t i v e  t o  
a l t i t u d e ,  Mach number and  a i r p l a n e  g r o s s  we igh t .  I n  a d d i t i o n ,  t h e  s c a l i n g  t e c h -  
n i q u e  is  s e n s i t i v e  t o  a n g l e  o f  a t t a c k .  Thus,  t h e  d a t a  n e c e s s a r y  t o  f u l l y  d e t e r -  
mine W i  and ti f o r  a p a r t i c u l a r  a i r c r a f t  and  f l i g h t  c o n d i t i o n s  i n c l u d e  p l o t s  
similar t o  t h a t  i n  t h e  r i g h t - h a n d - s i d e  o f  F i g u r e  B1 f o r  s u f f i c i e n t  g r o s s  we igh t ,  
Mach and a l t i t u d e  c o n d i t i o n s  t o  cove r  t h e  b u f f e t  p r e d i c t i o n  regime. Also 
n e c e s s a r y  are t h e  wind-tunnel  damping d a t a  a t  s u f f i c i e n t  Mach number and a n g l e -  
o f - a t t a c k  c o n d i t i o n s  f o r  s c a l i n g  t o  t h e  f l i g h t  c o n d i t i o n s .  The wind- tunnel  d a t a  
must c o v e r  enough " p i v o t  modes" so  t h a t  t h e  d e s i r e d  a i r p l a n e  modes w i l l  b e  
a v a i l a b l e  for u s e  i n  t h e  e q u a t i o n s  o f  motion.  
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APPENDIX C 

1 

DEVELOPMENT OF A COMPOSITE MODE 

I n  t h e  deve lopment ,  of a new mode t h a t  is  a combina t ion  o f  s e v e r a l  (base)  normal 
modes, t h e  i d e a  o f  d i a g o n a l i z e d  e q u a t i o n s  o f  motion a l l o w s  t h e - e s t a b l i s h m e n t  of 
a r e l a t i o n s h i p  between t h e  G and o f  t h e  new mode w i t h  W i  and <i o f  the  base 
normal modes from which t h e  new mode i s  formed. However, before a d d r e s s i n g  t h e  
r e l a t i o n s h i p  o f  t h e  e i g e n v a l u e s ,  t h e  c a l c u l a t i o n  o f  g e n e r a l i z e d  mass f o r  t h e  
compos i t e  mode w i l l  be  d i s c u s s e d .  

Let i t  be  assumed t h a t  three base modes are  t o  be combined t o  produce  a f i n a l  
compos i t e  mode s u b j e c t  t o  some c o n s t r a i n t s  on t h e  mode shape .  Let t h e  modal 
d e f l e c t i o n s  of t h e  compos i t e  mode {hc}  be d e f i n e d  a s  

where p i  are t h e  r e a l w e i g h t i n g n u m b e r s  a s s i g n e d  t o  mode i as de te rmined  by s h a p e  
c o n s t r a i n t s  on {hc} ,  S i n c e  
t h e  h i  v e c t o r s  are  o r t h o g o n a l ,  i . e . ,  

and { h i }  are t h e  modal d e f l e c t i o n s  for  b a s e  mode i. 

c 2  

t h e n  i t  can  shown t h a t  t h e  compos i t e  g e n e r a l i z e d  mass i s  a s i m p l e  sum of  t h e  
g e n e r a l i z e d  masses o f  t h e  three b a s e  modes. C a l c u l a t i n g  M, i n  t h e  u s u a l  manner,  

d t 

But 
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and from e q u a t i o n  C2, 

Cmkhikh jk  = 0 ,  i # j  
k 

hence  

Thus,  once  t h e  w e i g h t i n g  numbers, p i ,  a r e  o b t a i n e d ,  Mc is r e a d i l y  c a l c u l a t e d  
from M i .  T h i s  p r o p e r t y  (Eq. C 3 )  w i l l  a l s o  p l a y  a n  i m p o r t a n t  role  i n  e s t a b l i s h -  
i n g  t h e  damping and  f r e q u e n c y  r e l a t i o n s h i p s .  

S t a r t i n g  w i t h  E q u a t i o n s  I O ,  16,  and  1 7 ,  t h e  r e l a t i o n s h i p s  between e i g e n v a l u e s  
of t h e  compos i t e  mode and i t s  b a s e  modes can  now b e  developed .  Combining 
E q u a t i m s  I O ,  16 and 17 y i e l d s  

i Q i j  ~ 1 i2((L); + i 2 w  w i < i  

which can  be r e a r r a n g e d  t o  become 

t h u s  

But  because  t h e  r igh t -hand  s i d e  matrices are  d i a g o n a l ,  

c4 

c5  

By v i r t u e  of Equa t ion  C4, we may also write 

which may be combined w i t h  Equa t ion  C5 t o  y i e l d  

Equa t ion  C6 is  t h e  b a s i c  complex e q u a t i o n  from which t h e  e i g e n v a l u e  r e l a t i o n -  
s h i p s  w i l l  be  d e r i v e d .  

I n  t h e  a b s e n c e  of aerodynamic fo rces ,  t h e  g e n e r a l i z e d  s t i f f n e s s  of  t h e  equ iva -  
l e n t  mode must be  e q u a l  t o  t h e  weighted  sum of t h e  g e n e r a l i z e d  s t i f f n e s s e s  of  
t h e  b a s e  modes. Hence, t h e  fGl lowing  must  b e  t r u e :  

140 



c7 

where,  i t  w i l l  be  n o t e d ,  t h e  approx ima t ion  s i g n  h a s  been changed t o  a n  e q u a l  
s i g n .  T h i s  i s  t r u e  b e c a u s e  t h e  aerodynamic  fo rces  a re  t h e  o n l y  s o u r c e  of of f -  
d i a g o n a l  terms. E q u a t i n g  t h e  rea l  and imag ina ry  p a r t s  of Equa t ion  C6 y i e l d s  

- 2  2 
M c ( w c  - u C 

and 

M c  ( 2Wcwtc 

which,  w i t h  Equa t ion  C7  

- 2  2 
zz C p . M . ( w .  - w . )  

i l l  1 1 

,Tp?M. i l l  ( 2 W i w z i )  

and  f u r t h e r  s i m p l i f i c a t i o n  become 

and  

C 8  

c9 

Thus,  E q u a t i o n s  C7 ,  C 8  and  C 9  p r o v i d e  a f u l l  s e t  of  e q u a t i o n s  t o  d e t e r m i n e  wc,  
& and & from W i ,  W i  and  ti. However, i n  o u r  case, because  t h e  compos i t e  modes 
are b e i n g  used  f o r  s c a l i n g  wind- tunnel  d a t a ,  one  more s t e p  i s  n e c e s s a r y  b e f o r e  
t h i s  t e c h n i q u e  is comple t e .  

The added  e q u a t i o n s  n e c e s s a r y  t o  d e t e r m i n e  t h e  base-mode damping v a l u e s  from t h e  
s c a l e d  composite-mode damping v a l u e s  are  a v a i l a b l e  from t h e  y i  d a t a  g e n e r a t e d  by 
t h e  t h e o r e t i c a l  s o l u t i o n .  The r a t i o s  d e s c r i b e d  i n  Appendix B p r o v i d e  t h e  f o l -  
lowing  r e l a t i o n s h i p s  from t h e  t h e o r e t i c a l  damping d a t a :  

c 1 0  

where c k  is  some r e f e r e n c e  damping v a l u e ,  u s u a l l y  t h a t  fo r  o n e  of  t h e  base 
modes. S u b s t i t u t i n g  E q u a t i o n  C 1 0  i n t o  C9  y i e l d s  

c 1 1  

N 

which w i l l  now p r o v i d e  a v a l u e  for t k  
p o s i t e  mode. 

f rom t h e  s c a l e d  v a l u e  of cc f o r  t h e  com- 

I n  summary, t h e  above  t e c h n i q u e  f o r  u s i n g  compos i t e  modes t o  improve t h e  a c c u r a -  
c y  of damping estimates for  f u l l - s c a l e  a i r c r a f t  modes c o n s i s t s  o f  t h e  f o l l o w i n g  
e i g h t  s t e p s :  

1 .  P i c k  a set of b a s e  a i r c r a f t  modes t h a t  c a n  b e  combined t o  b e t t e r  s i m u l a t e  
t h e  mode of  i n t e r e s t  on t h e  model. ( A s  a n  example,  t h e  F - I l l  TACT h a s  t h r e e  
asymmetr ic  wing t o r s i o n  modes t h a t  w i l l  combine t o  produce  a symmetr ic  t o r -  
s i o n  mcde w i t h  a node l i n e  v e r y  similar t o  t h a t  of t h e  m o d e l ) .  

1 4 1  



2 .  C a l c u l a t e  p i  f o r  t h e  c o n s t r a i n t s  imposed by t h e  model mode shape .  

3.  C a l c u l a t e  Mc f o r  a i r p l a n e  g r o s s  weight  f rom 

M c  = CpfMi  
1 

4 .  C a l c u l a t e  wc and wc f o r  f l i g h t  c o n d i t i o n s  from 

5. 

6. 

C a l c u l a t e  tc w i t h  t h e  Ref. 8 s c a l i n g  t e c h n i q u e  f o r  t h e  f l i g h t  c o n d i t i o n s .  

Calculate t h e  ( t i / t k ) T  ra t ios  from t h e  t h e o r e t i c a l  f l u t t e r  s o l u t i o n  r o o t s  
f o r  t h e  f l i g h t  C o n d i t i o n s .  

7. Calculate ck  from 

N N  

Mcwc5c 

8 .  

T h i s  t e c h n i q u e  is  a g e n e r a l i z e d  damping s c a l i n g  method which p e r m i t s  m i s s -  
match ing  between model and f u l l  sca le  a i r c r a f t  modes. The o n l y  r e q u i r e m e n t  f o r  
implement ing  t h e  t e c h n i q u e  is  t h a t  t h e  a i r c r a f t  modes b e  similar enough t o  t h e  
model mode s o  t h a t  a r e a s o n a b l e  number o f  b a s e  modes ( a t  most 3 or 4 )  w i l l  b e  
s u f f i c i e n t  t o  c o n s t r u c t  t h e  compos i t e  mode. 

F i n a l l y ,  c a l c u l a t e  ti from ti and ( E i / & ) T .  
I 
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APPENDIX D 

COUPLING BETWEEN WING MODES 
AND FLUCTUATING PRESSURES 

- T h e  a p p a r e n t  c o u p l i n g  t h a t  e x i s t s  between wing v i b r a t i o n  modes and  f l u c t u a t i n g  
p r e s s u r e s  unde r  c e r t a i n  c o n d i t i o n s  was demons t r a t ed  ea r l i e r  i n  t h i s  r e p o r t  i n  
F i g u r e s  17 and 18. It was a l so  s u s p e c t e d ,  b u t  c o u l d  n o t  b e  p roven ,  t h a t  s u c h  a 
c o u p l i n g  e x i s t e d  f o r  t h e  F - I l l  a t  similar c o n d i t i o n s .  For t h e  F - I l l  TACT, t h e  
wing torsion and  second wing bend ing  modes were t h o u g h t  t o  be  c o u p l i n g  where as 
f o r  t h e  F - I l l  case,  t h e  first wing t o r s i o n  mode was s u s p e c t .  Demonst ra t ion  of  
t h e  p o s s i b l e  e x i s t e n c e  of such  c o u p l i n g  i s  i m p o r t a n t ,  however ,  i t  does n o t  
e x p l a i n  t h e  mechanism. 

A c l u e  t o  a p o s s i b l e  means for t h e  c o u p l i n g  can  be  deduced from t h e  s t a t i c  
p r e s s u r e s  i n  F i g u r e s  1 4 .  The o c c u r a n c e  of  t r a i l i n g - e d g e  p r e s s u r e  d i v e r g e n c e  a t  
a b o u t  01 = l o o  a l so  c o r r e s p o n d s  t o  a large fo rward  movement of t h e  uppe r  s u r f a c e  
main shock  a s  shown by compar ing  F i g u r e s  1 4 ( a )  a t  ~ x - 9 ~  and 1 4 ( b )  a t  a = I O o .  It 
w i l l  a lso be n o t e d  t h a t  t h e  fo rward  shock  movement f o r  t h e  a i r c r a f t  is  much 
larger t h a n  t h a t  for t h e  model. The c o n d i t i o n  of t h i s  t r a n s i s t i o n  i s  t h e  
o c c u r r e n c e  of Shock-Induced T r a i l i n g  Edge S e p a r a t i o n  (SITES) which was e x t e n -  
s i v e l y  d i s c u s s e d  by Cunningham, e t  a1 i n  Ref. 27.  Dynamic G s c i l l a t o r y  i n v e s t i -  
gations of t h i s  flow regime were a l so  conduc ted  by T r i e b s t e i n  (Ref. 2 8 )  i n  two- 
d i m e n s i o n a l  flow. I n  e i t h e r  i n v e s t i g a t i o n ,  i t  was shown t h a t  t h i s  t r a n s i t i o n  
was accompanied by a s t e p  change  i n  p i t c h i n g  moment w i t h  e i t h e r  i n c r e a s i n g  o f  
decreasing a n g l e - o f - a t t a c k .  With i n c r e a s i n g  a n g l e - o f - a t t a c k ,  t h e  fo rward  shock  
movement produced  a loss of  l i f t  toward  t h e  l e a d i n g  edge  and  t h e  t r a i l i n g - e d g e  
divergence produced  a g a i n  of l i f t  toward t h e  t r a i l i n g  edge .  The n e t  r e s u l t  was 
t o  p r o v i d e  a s t e p  change  i n  p i t c h i n g  moment t h a t  was n o s e  down for i n c r e a s i n g  
a n g l e - o f - a t t a c k .  F o r  d e c r e a s i n g  a n g l e - o f - a t t a c k ,  t h e  o p p o s i t e  o c c u r r e d  and  
produced  a s t e p  change  i n  p i t c h i n g  moment t h a t  was n o s e  up. Such a s t e p  change  
i n  effect  r e s u l t e d  i n  a n o n l i n e a r  s p r i n g  t h a t  would p r o v i d e  a n  i n c r e a s e d  
r e s i s t a n c e  t o  wing mot ion  p a s t  t h e  p o i n t  o f  S I T E S  f o r  e i t h e r  i n c r e a s i n g  or 
d e c r e a s i n g  a n g l e - o f - a t t a c k .  

The n o n l i n e a r  s p r i n g  d e s c r i b e d  above  can  p o t e n t i a l l y  produce  a l i m i t  a m p l i t u d e ,  
s e l f - s u s t a i n i n g  o s c i l l a t i o n ,  t h e  e x i s t e n c e  of which c o u l d  e x p l a i n  t h e  h i g h e r  
t o r s i o n m o d e  r e s p o n s e  e x h i b i t e d  by t h e  f u l l  sca le  a i r c r a f t .  How t h i s  i s  p o s s i b l e  
c a n  b e  d e s c r i b e d  by c o n s i d e r i n g  an  a i r f o i l  w i t h  a t o r s i o n  s p r i n g .  S lowly  
i n c r e a s i n g  i n c i d e n c e  a t  a n g l e s  below t h a t  of S I T E S  allows t h e  t o r s i o n  s p r i n g  t o  
a t t a i n  a c o n t i n u o u s  s t a t e  of  e q u i l i b r i u m  w i t h  aerodynamic  p i t c h i n g  moment. When 
SITES is r e a c h e d ,  a sudden nose-down i n c r e m e n t  i s  imposed on t h e  aerodynamic 
p i t c h i n g  moment which w i l l  t e n d  t o  r e d u c e  wing i n c i d e n c e .  T h i s  w i l l  be  a dynam- 
i c  n e g a t i v e - p i t c h  r a t e  which w i l l  d e l a y  r e - a t t a c h m e n t  and  p e r m i t  t h e  nose-down 
moment t o  p u t  work i n t o  t h e  sys t em.  A t  some p o i n t ,  r e - a t t achmen t  does t a k e  
p l a c e  and t h e  nose-down moment d i s a p p e a r s .  A c c e l e r a t i o n s  become n e g a t i v e  and 
t h e  wing e x p e r i e n c e s  a r e d u c i n g  p i t c h  ra te  u n t i l  it r e a c h e s  zero and b e g i n s  
nose-up mot ion .  P o s i t i v e  p i t c h  r a t e  now t a k e s  o v e r  which w i l l  p roduce  a d e l a y  
i n  SITES and  a l l o w  a n  o v e r s h o o t  of  t h e  i n i t i a l  s ta r t ing  p o i n t  due  t o  s t o r e d  
e las t ic  e n e r g y  d u r i n g  t h e  down s t r o k e .  When SITES does o c c u r ,  t h e  c y c l e  t h e n  
r e p e a t s  i t s e l f .  
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E < O  

It i s  p o s s i b l e  t o  c a s t  t h e  c o n c e p t  j u s t  d e s c r i b e d  i n  ma themat i ca l  form w i t h  a 
s i m p l e  one-degree-of-freedom s p r i n g  mass sys tem.  The a p p r o p r i a t e  e q u a t i o n  of 
motion f o r  s a y  t h e  RWT mode i s  

where 

M R W T ,  w R W T ,  S R W T  = mass, f r e q u e n c y ,  and t c t a l  damping for  t h e  RWT 
mode 

r = r e s p o n s e  of t h e  RWT mode 

F ( r  1 n o n l i n e a r  g e n e r a l i z e d  force  d u e  t o  t h e  s t e p  
change i n  t h e  s t a t i c  p r e s s u r e  d i s t r i b u t i o n  

The n o n l i n e a r  r i g h t - h a n d  s i d e  term F ( r )  i s  o b t a i n e d  by i n t e g r a t i n g  t h e  
d e f l e c t i o n s  
t i o n  t o  SITES. The f u n c t i o n  of r i s  e x p r e s s e d  as 

RWT mode 
w i t h  t h e  s t e p  change  i n  t h e  C p  v a l u e s  t h a t  o c c u r  d u r i n g  t h e  t r a n s i -  

T R A N S  F ( r )  = F ,  r 2 r  

I n  o r d e r  t o  i n c l u d e  t h e  h y s t e r e s i s  e f f e c t s ,  p i t c h  ra te  must b e  t a k e n  i n t o  
a c c o u n t  SG t h a t  

which s imply  p a r a l l e l s  t h e  i d e a  t h a t  p o s i t i v e  p i t c h  ra te  d e l a y s  s e p a r a t i o n  and 
n e g a t i v e  p i t c h  r a t e  d e l a y s  r e - a t t a c h m e n t .  T h i s  e q u i v a l e n c e  is  p o s s i b l e  when 
t h e  mode of i n t e r e s t  is  a t o r s i o n  mode or h a s  a s i g n i f i c a n t  streamwise a n g u l a r  
d e f l e c t i o n .  The r e l a t i o n s h i p  of t h e  s t e p  change ,  F ,  and  h y s t e r e s i s  is  shown i n  
F i g u r e  D1  where t h e  c o o r d i n a t e  sys t em h a s  been r e f e r e n c e d  t o  r = 0 a t  t h e  occur -  
a n c e  of SITES. 

By w r i t i n g  t h e  d e r i v a t i v e s  i n  f i n i t e  d i f f e r e n c e  form, 

r = r n  

. r n + l  - r n - l  r =  
2 A t  

a f i n i t e  d i f f e r e n c e  s o l u t i o n  t o  t h e  above  e q u a t i o n  of  mot ion  c a n  be  cast  i n  t h e  
form 
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a n d  

w h e r e  

T h e  i n i t i a l  c o n d i t i o n s  a re  

r = ~  I 
t = O  

r = O  f 
w h i c h  are  s a t i s f i e d  i n  t h e  f i n i t e  d i f f e r e n c e  form a s  

r o  = 0 

r l  = 0 

X 2 €  
r 2 = - -  1 + A <  

By d e n c i t i n g  Ar a s  the h a l f  w i d t h  of t h e  h y s t e r e s i s  ( s h o w n  i n  F i g u r e  DI), 

Ar = $ ( r  TRANS(; > O )  - ( r T R A N s ( ; '  0 ) )  

t h e  s o l u t i o n  t o  t h e  e q u a t i o n  of m o t i o n  can be p r e s e n t e d  a s  a f u n c t i o n  of t h e  
p a r a m e t e r s  E a n d  Ar f o r  t h e  s y s t e m  M R W T ,  CRwT a n d  wRWT. 

T h e  a l g o r i t h m  d e s c r i b e d  a b o v e  was p r o g r a m m e d  a n d  estimates were made f o r  t h e  
a p p r o p r i a t e  E v a l u e  t o  b e  u s e d  for t h e  RWT mode. T h e  es t imate  of E was o b t a i n e d  
by u s i n g  t h e  C p  d i s t r i b u t i o n s  shGwn i n  F i g u r e s  1 4 ( a )  a t  c1 9" a n d  1 4 ( b )  a t  c1 = 
10' i n  t h e  f o l l o w i n g  form: 

where 

h R W T ( x , y )  = d e f l e c t i o n  o f  t h e  RWT rnclde a t  p o i n t  x,y 

C p l o ( x , y )  = C p  v a l u e  a t  ct = I O o  a n d  p o i n t  x , y  

C p 9 ( X 9 Y  = C p  v a l u e  a t  ct= 9 O  a n d  p o i n t  x , y  

A area cf t h e  w i n g  
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I n  a c t u a l i t y ,  t h e  a b o v e  i n t e g r a l  was e v a l u a t e d  i n  t h e  same manner as  were t h e  
b u f f e t  e x c i t a t i o n  forces  by summing t h e  p r o d u c t  o f C p  v a l u e s ,  mode d e f l e c t i o n s ,  
and p a n e l  areas ove r  t h e  exposed wing area.  The v a l u e  o b t a i n e d  was 

€10-9 -0.00387 - m (0.0127 f t )  

a t  t h e  i n t e r m e d i a t e  a l t i t u d e  of 6.1 Km (20K f t ) .  Other  pa rame te r s  were 

where 5 RWTwas e s t i m a t e d  from F i g u r e  3 2 ( c ) .  

E s t i m a t e s  f o r  Ar were n o t  p o s s i b l e  based on  t h e  a v a i l a b l e  d a t a ,  hence ,  a param- 
e ter  s t u d y  was conducted  by l e t t i n g  A r  v a r y  a s  a f r a c t i o n  of E. A sample  p l o t  
shown i n  F i g u r e  D2 f o r  Ar = E i l l u s t r a t e s  how t h e  t r a n s i e n t  s o l u t i o n  q u i c k l y  
approaches  a l i m i t  a m p l i t u d e  c s c i l l a t c r y  mot ion .  It i s  a l s o  i n t e r e s t i n g  t o  
n o t e  t h a t  t h e  a p p a r e n t  f r equency  i s  s l i g h t l y  h i g h e r  t h a n  t h a t  of t h e  RWT mode. 
S i n c e  t h e  number of  time s t e p s  i n  t h e  p l o t  r e p r e s e n t s  t e n  c y c l e s ,  i t  i s  e a s y  t o  
c a l c u l a t e  t h e  a p p a r e n t  f r equency .  The r e s u l t s  fo r  v a r y i n g  A r  a re  l i s t e d  below 
f o r  t h e  wing- t ip  a c c e l e r o m e t e r  ( R W A C )  r e s p o n s e  i n  g l s :  

E = 0.00387 rn (0.0127 f t )  

RWT RWAC 
Ar/E Ar, m Apparent  f ,  Hz g ' s  Response 

0.2 0.00077 18.4 0.71 
0.4 0.00 155 17.0 1.42 
0.6 0.00232 16.4 1.79 
0.8 0.0031 0 15.1 2.05 
1 . o  0.00387 14.9 2.34 

where t h e  modal d e f l e c t i o n  a t  t h e  r i g h t  w ing- t ip  accelerometer was t a k e n  as  
0.525 f o r  t h e  RWT mode as  h a s  been  used  th roughou t  t h i s  r e p o r t .  

The r e s p o n s e  r e s u l t s  p r e s e n t e d  above  a r e  i n  e x c e l l e n t  order -of -magni tude  agree- 
ment w i t h  t h e  t o r s i o n  mode RMS r e s p c n s e s  a t  c1 = 10' shown i n  F i g u r e  3 5 ( c ) .  The 
s l i g h t l y  h i g h e r  f r e q u e n c y  a l s o  agrees w i t h  o b s e r v a t i o n s  i n  t h e  f l i g h t  t e s t  PSD's 
i n  F i g u r e s  33 and 34 f o r  A = 26' and  6 . 1  Km a l t i t u d e .  S i n c e  t h e  estimate fo r  E 
was c o n s i d e r e d  t o  b e  c o n s e r v a t i v e ,  t h e  above  r e s u l t s  are  e s p e c i a l l y  encourag ing .  
I t  i s  also i n t e r e s t i n g  t c  n o t e  t h a t  t h e  r educed  p r e s s u r e  l e v e l s  shown by Kinsey 
(Ref.  13) w i t h  i n c r e a s i n g  dynamic p r e s s u r e  would a l s o  e x p l a i n  t h e  p e c u l i a r  t en -  
dency t o  m a i n t a i n  c o n s t a n t  r e s p o n s e  l e v e l s  n e a r l y  independen t  of a l t i t i d u e  as  
shown i n  F i g u r e  35(c). Reducing c r  i n c r e a s i n g  t h e  Cp v a l u e s  used  t o  e v a l u a t e  E 
wculd t e n d  t o  o f f s e t  t h e  v a r i a t i o n  i n  E due  t o  dynamic p r e s s u r e .  T h i s  e f fec t  
wculd be  p r i m a r i l y  d u e  t c  s t a t i c  a e r c e l a s t i c i t y .  

T h i s  c c n c e p t  a l sc  h e l p s  e x p l a i n  why t h e  h i g h  tors ion-mode r e sponse  d i d  n o t  
a p p e a r  on t h e  1 / 6 - s c a l e  wind-tunnel  model. A s  estimate f o r  E was made u s i n g  t h e  
p r e s s u r e  d a t a  shown i n  F iguues  1 4 ( a )  and 14(b). The r e s u l t  was 0.000077 rn 
(0.000253 f t )  which is far l e s s  t h a n  1/6 o f  t h e  f u l l  s c a l e  r e s u l t  o f  0.00387, 
F o r  s imilar  d e f l e c t i o n s  between model and a i r c r a f t ,  t h e  r a t i o  shou ld  b e  t h e  same 
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as t h e  s c a l e  f a c t o r .  Hence, because  a m p l i t u d e  o f  model mot ion  on t h e  b a s i s  
o f  E is  more l i k e  0.12 r e l a t i v e  t o  t h e  a i r c r a f t  mo t ion ,  t h i s  c o n c e p t  would pre-  
d i c t  v e r y  l i t t l e  i n f l u e n c e  o f  t h e  c o u p l i n g  mechanism on t h e  wind- tunnel  model 
e x c i t a t i o n  f o r c e s .  Another  v e r y  i m p o r t a n t  a s p e c t  is t h e  mismatch of s c a l e d  
to r s ion -mode  f r e q u e n c i e s  as  was d i s c u s s e d  ear l ier ,  s o  t h a t  even i f  t h e  c o u p l i n g  
o c c u r r e d  on t h e  model ,  i t  would n o t  a p p e a r  i n  t h e  c o r r e c t  r a n g e  of f u l l - s c a l e  
f r e q u e n c i e s .  

With r e g a r d  t o  a more r e a l i s t i c  math model f o r  t h e  l i m i t  a m p l i t u d e  o s c i l l a t i o n s ,  
i t  i s  e x p e c t e d  t h a t  t h e  n o n l i n e a r  s p r i n g  would be  s l i g h t l y  more compl i ca t ed .  A 
c a l c u l a t i c n  o f  E for t h e  i n c i d e n c e  change from I O o  t o  1 l 0  produced a h i g h e r  E 
v a l u e  o f  0.00651 m (0.0232 f t ) ,  which i n d i c a t e s  a n  i n c r e a s i n g  n o n l i n e a r - s p r i n g  
c o n s t a n t  beyond SITES.  S i m i l a r  r e s u l t s  c o u l d  be produced w i t h  s u c h  a s p r i n g  and 
would e x p l a i n  t h e  h i g h  r e s p o n s e  measured i n  t h e  t o r s i o n  modes a t  a n g l e s  of 
a t t a c k  beyond t h e  t r a n s i t i o n  t o  SITES ( ~ ~ 7 1 0 ~  f o r  t h i s  c a s e ) .  

I n  view o f  t h e  p romis ing  r e s u l t s  o b t a i n e d  w i t h  t h e  s i m p l e  math model ,  f u r t h e r  
r e s e a r c h  on t h i s  approach  s h o u l d  be  v e r y  b e n e f i c i a l .  A b e t t e r  d e f i n i t i o n  of E 
and A r  as f u n c t i o n s  o f  b o t h  s t a t i c  and dynamic mot ions  i s  t h e  most obv ious  first 
s t e p .  I n  a d d i t i o n ,  t h e  math model would need r e f i n e m e n t  t o  r e f l ec t  t h e  know- 
l e d g e  g a i n e d  t h r o u g h  t h e  e x p e r i m e n t a l  work. The r e s u l t  o f  t h i s  e f f o r t  s h o u l d  be  
a s i m p l i f i e d  method f o r  p r e d i c t i n g  t h e  occurance  and magnitude o f  l i m i t  ampl i -  
t u d e  o s c i l l a t i o n s  i n  which wing mot ions  c o u p l e  w i t h  s e p a r a t e d  f l o w  f i e l d s .  
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Figure D 1 .  Schematic diagram of the variation o f  the nonlinear generalized 
force step function due t o  shock induced t r a i l i ng  edge separation. 
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Figure D2. Sample o f  limited amplitude osc i l la t ions  produced by the shock 
induced t r a i l i n g  edge separation model. 
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