
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANASA Contractor Report zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3092 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The Influence of Sweep on 
the Aerodynamic Loading of an 
Oscillating NACA 0012 Airfoil 

Volume I - Technical Report 

A. 0. St. Hilaire, F. 0. Carta, 
M. R. Fink, and W. D. Jepson 
United Technologies Research Center 
East Hartford, Connecticut 

Prepared for 
Langley Research Center 
under Contract zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANAS1-14873 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NASA 
National Aeronautics 

and Space Administration 

Scientific and Technical 
Information Office 

1979 



TABLE OF CONTENTS ( C o n t ' d )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Page No. 

A P P E N D I X E S  
I. NUMERICAL INTEGRATION ESTIMATE OF UNSTEADY LOAD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. . . . . .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA43 
11. NUMERICAL INTEGRATION METHODS . . . . . . . . . . . . . . .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA46 

I N  OBLIQUE FLOW . . . . . . . . . . . . . . . . . . . . . .  47 
111. WIND TUNNEL WALL CORRECTIONS DUE TO A L I F T I N G  SURFACE 

51 REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

T A B L E S . . . . . .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA53 . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  57 F I G U R E S  

iv 



INTRODUCTION 

The need f o r  u n s t e a d y  aerodynamic  d a t a  i n t o  t h e  dynamic s t a l l  reg ime h a s  

Examples a r e  t h e  work by  Hal fman e t  a l .  
l ong  been r e c o g n i z e d  by h e l i c o p t e r  d e s i g n e r s ,  and many i n v e s t i g a t i o n s  have 
been per fo rmed %serve t h e s e  needs .  
( R e f .  11, f o l l owed  by u n s t e a d y  t es ts  per fo rmed a t  t h e  Un i ted  T e c h n o l o g i e s  

Research  C e n t e r  (UTRC) ( R e f s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 )  and a t  t h e  V e r t o l  D i v i s i o n  o f  Boeing ( R e f .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 ) .  While t h e s e  t es ts  y i e l d e d  a g r e a t  d e a l  o f  d e t a i l e d  i n f o r m a t i o n  on dynamic 

s t a l l ,  t h e y  were a l l  r e s t r i c t e d  t o  unswept zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw-. c o n f i g u r a t i o n s .  Swept c o n f i g -  
u r a t i o n s  were n o t  i n c l u d e d  i n  t h e s e  e a r l y  t e s t  programs f o r  two main r e a s o n s .  

F i r s t ,  o s c i l l a t i n g  swept  wing tests  were p r o b a b l y  beyond t h e  a c h i e v a b l e  
s t a t e - o f - t h e - a r t  b e c a u s e  o f  t h e  p r o h i b i t i v e  c o s t  and t h e  t e c h n i c a l  compl ica-  

t i o n s  o f  t h e  r e q u i r e d  f a c i l i t y .  Second,  i t  was fe l t  t h a t  t h e  main emphas is  
s h o u l d  be t h e  c o m p i l a t i o n  o f  s t r a i g h t  wing d a t a  t o  s e r v e  a s  a b a s i s  for f u t u r e  

i n v e s t i g a t i o n s .  I n d e e d ,  i t  was found t h a t  t h e  i n t r o d u c t i o n  of b a s i c  unswept 
d a t a  i n  t a b u l a t e d  form p rov ided  a s u b s t a n t i a l  improvement in t h e  a b i l i t y  t o  
p r e d i c t  r o t o r  b l a d e  dynamic r e s p o n s e  ( R e f .  3 ) .  

N e v e r t h e l e s s ,  i t  is o b v i o u s  t h a t  even under  t h e  s i m p l e s t  o f  i n f l o w  cond i -  
t i o n s ,  a h e l i c o p t e r  r o t o r  b l a d e  i n  fo rward  f l i g h t  i s  i n s t a n t a n e o u s l y  unswept 
i n  o n l y  two p o s i t i o n s ;  v i z . ,  a t  az imuth  a n g l e s  o f  90 deg and 270 deg.  Thus ,  
c o n v e n t i o n a l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, unswept ,  two-d imens iona l  aerodynamic t e s t i n g  may n o t  b e  com- 

p l e t e l y  a d e q u a t e  f o r  h e l i c o p t e r  r o t o r  b l a d e  a p p l i c t i o n s .  T h i s  i s  t r u e  because  
a h e l i c o p t e r  b l a d e  s e c t i o n  undergoes  wide v a r i a t i o n s  i n  Mach number, sweep 
a n g l e ,  and i n c i d e n c e  a n g l e  w h i l e  t r a v e r s i n g  t h e  az imuth  p l a n e .  The wide para-  
meter r a n g e  e n c o u n t e r e d  i n  r o t o r  c r a f t  is i n d i c a t e d  by t h e  p l o t s  i n  F i g s .  1 
and 2 .  I n  F i g .  1 a t y p i c a l  spanw ise  v a r i a t i o n  i n  l i f t  c o e f f i c i e n t  as a func- 
t i o n  o f  Mach number f o r  s e v e r a l  b l a d e  a t t i t u d e s  ( i n c l u d i n g  h o v e r )  i s  shown 
super imposed on two o p e r a t i n g  c o n d i t i o n s  o f  c o n c e r n  t o  t h e  d e s i g n e r ,  t h e  d rag  
d i v e r g e n c e  r e g i o n ,  and t h e  p o t e n t i a l l y  d a n g e r o u s  c o n d i t i o n  i n v o l v i n g  s e v e r e  

s t a l l .  
t r a i l i n g  v o r t e x  e n c o u n t e r . )  F i g u r e  2 d e p i c t s  t y p i c a l  c o n t o u r s  o f  c o n s t a n t  

sweep a n g l e  ( s o l i d  l i n e s )  and c o n s t a n t  Mach number (dashed  l i n e s )  on  t h e  r o t o r  
d i s k  p l a n e .  I t  is  s e e n  t h a t  h i g h  l o a d i n g  i s  e n c o u n t e r e d  a t  m o d e r a t e  Mach 

numbers on t h e  r e t r e a t i n g  s i d e  o f  t h e  d i s k .  It is  f u r t h e r  shown t h a t  t h e  
b l a d e  sweep a n g l e  i s  15  deg or g r e a t e r  o v e r  60 p e r c e n t  o f  t h e  r o t o r  d i s k  p lane  

( a s  shown by t h e  shaded r e g i o n  i n  F i g .  2) .  

(No te  t h a t  t h e  peak i n  CL n e a r  t h e  b l a d e  t i p  i n  hove r  is caused  by a 

A s  t h e  r e q u i r e m e n t s  f o r  improved dynamic p r e d i c t i o n s  have i n c r e a s e d ,  t h e  
need f o r  u n s t e a d y  dynamic s t a l l  d a t a  a t  nonzero  sweep a n g l e s  h a s  become in- 

c r e a s i n g l y  more i m p o r t a n t .  To meet t h e s e  needs  UTRC, under  S i k o r s k y  sponsor -  
s h i p ,  h a s  p rov ided  a new s u p p o r t  s t r u c t u r e  t h a t  h a s  c o n v e r t e d  t h e  s t e a d y - s t a t e  

t u n n e l  spann ing  model ( R e f .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 )  i n t o  an o s c i l l a t i n g  a i r f o i l  sys tem t h a t  is  
a d a p t a b l e  t o  sweep a n g l e s  o f  0 deg and 30 deg ( R e f .  6). The work r e p o r t e d  on 

h e r e i n  is e s s e n t i a l l y  a c o n t i n u a t  i o n  o f  t h e  tunne l - spann ing  o s c i l l a t i n g  
a i r f o i l  s t u d y  d e s c r i b e d  i n  Ref .  6. 
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L IST  OF SYMBOLS 

Note :  E q u a t i o n  or f i g u r e  numbers r e f e r  t o  t h e  d e f i n i n g  r e l a t i o n s h i p  o r  t o  
t h e  f i r s t  use  of t h e  g i v e n  symbol. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A 

f 

kc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a 

s i d e  f o r c e ,  F i g .  8 

G a u s s i a n  w e i g h t i n g  c o n s t a n t ,  E q .  ( 2 5 )  

t e s t  s e c t i o n  w i d t h ,  m ,  Eq. ( 2 6 )  

f ree s t r e a m  speed of  sound,  m l s e c ,  Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 )  

b l a d e  s e m i c h o r d ,  m ,  Eq. ( 2 )  

chord  f o r c e ,  n ,  Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 )  

chord  f o r c e  c o e f f i c i e n t ,  Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(7 )  

d r a g  c o e f f i c i e n t ,  E q .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 1 4 )  

l i f t  c o e f f i c i e n t ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE q .  ( 1 3 )  

moment c o e f f i c i e n t ,  Eq. ( 8 )  

normal  f o r c e  c o e f f i c i e n t ,  Eq. ( 6 )  

work c o e f f i c i e n t ,  Eq. ( 1 6 )  

b l a d e  c h o r d ,  m ,  Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  

d i s t r i b u t i o n  f u n c t i o n ,  Eq. ( 2 5 )  

f r e q u e n c y  o f  o s c i l l a t i o n ,  c p s  

d i s t r i b u t i o n  f u n c t i o n ,  Eq. ( 2 0 )  

tes t  s e c t i o n  h e i g h t ,  m ,  Eq. ( 2 6 )  

c h o r d w i s e  reduced f r e q u e n c y ,  E q .  ( 2 )  

r o l l ,  Fig.  8 
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LIST OF SYMBOLS ( c o n t  ' d )  

moment, newton-, Eq. ( 5 )  

c h o r d w i s e  Mach number normal  t o  wing - e a d i n g  e d g e ,  Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 

f r e e  s t r e a m  Mach number,  Eq. (1) 

i n t e g e r s  d e f i n i n g  image l o c a t i o n ,  Eq. (26 )  

normal  f o r c e ,  newton,  Eq. (3) 

harmon ic  number,  Eq. (18) 

p r e s s u r e ,  newton/m 2 , Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 )  

l i n e a r l y  e x t r a p o l a t e d  t r a i l i n g  edge v a l u e s  of  p r e s s u r e ,  
u p p e r  and lower  s u r f a c e s ,  Eq. ( 9 )  

w e i g h t e d  e x t r a p o l a t e d  t r a i l i n g  edge v a l u e s  o f  p r e s s u r e ,  
u p p e r  and lower  s u r f a c e s ,  Eqs. ( 9 )  and (10)  

dynamic p r e s s u r e ,  newton/m 2 , Eq. ( 6 ) ,  o r  v e l o c i t y  induced 

by image v o r t e x ,  m / s e c ,  Eq. ( 2 6 )  

Reynolds number 

t i m e ,  s e c ,  Eq. ( 3 )  

v e l o c i t y ,  m/sec, F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

chordwide  v e l o c i t y  normal  t o  wing l e a d i n g  e d g e ,  Eq. (2) 

v e r t i c a l  induced v e l o c i t y ,  m / s e c ,  E q .  ( 2 8 )  

w e i g h t i n g  f a c t o r ,  Eq. (11) 

c h o r d w i s e  c o o r d i n a t e ,  m ,  E q .  ( 3 )  

l a t e r a l  o r  s p a n w i s e  c o o r d i n a t e s ,  m ,  Eq. (261 ,  or a i r f o i l  
t h i c k n e s s  d i s t r i b u t i o n ,  m ,  Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 )  

G a u s s i a n  c o o r d i n a t e ,  Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 5 )  
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L IST  OF SYMBOLS ( c o n t ’ d )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
01 

Q M  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 
a 

Aa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Y zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
u 

6 11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
x = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX I C  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 

w 

v e r t i c a l  axis ,  F i g .  69 

i n c i d e n c e  a n g l e ,  deg, E q .  (11) 

mean i n c i d e n c e  a n g l e ,  d e g ,  Eq. ( 1 5 )  

u n c o r r e c t e d  and c o r r e c t e d  inc i .dence a n g l e ,  deg 

p i t c h i n g  a m p l i t u d e ,  d e g ,  Eq. (15)  

i n c i d e n c e  a n g l e  change due t o  t u n n e l  b o u n d a r i e s ,  d e g ,  Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 1 )  

d i m e n s i o n l e s s  p i v o t  a x i s  l o c a t i o n  from l e a d i n g  e d g e ,  Eq. ( 5 )  

v o r t e x  c i r c u l a t i o n  s t r e n g t h ,  m z / s e c ,  Eq. ( 2 6 )  

G a u s s i a n  p a r t i t i o n  p o i n t ,  Eq. ( 2 5 )  

d i r e c t i o n  c o s i n e ,  Eq. ( 2 7 )  

sweep a n g l e ,  d e g ,  Eq. ( 1 )  

p a r a m e t e r  d e f i n e d  by Eq. ( l l ) ,  or advance r a t i o ,  F i g .  2 

aerodynamic damping p a r a m e t e r  , Eq. ( 1 7 )  

n t h  harmonic  p h a s e  a n g l e ,  r a d ,  E q .  ( 1 8 )  

d i m e n s i o n l e s s  c h o r d w i s e  c o o r d i n a t e  

az imuth  a n g l e ,  d e g ,  F i g .  1 

f r e q u e n c y  of  o s c i l l a t i o n ,  r a d / s e c ,  Eq. ( 2 )  

S u b s c r i p t s  and s u p e r s c r i p t s :  

( )c c h o r d  
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LIST zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF SYMBOLS ( c o n t ' d )  

lower  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
normal or  n t h  harmonic  

s t e a d y  

u n s t e a d y  o r  upper  

t r a i l i n g  edge zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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W I N D  TUNNEL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND EXPERIMENTAL EQIJIPMENT 

Wind Tunne l  

Tests  were conduc ted  i n  t h e  2 .44  m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 8  f t )  o c t a g o n a l  t e s t  s e c t i o n  o f  t h e  
UTRC Main Wind Tunne l  (MWT). T h i s  i s  a s i n g l e  r e t u r n ,  c l o s e d  t h r o a t  f a c i l i t y  
w i t h  a maximum speed  c a p a b i l i t y  i n  t h e  2 .44  m ( 8  f t )  s e c t i o n  o f  a p p r o x i m a t e l y  
M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0 . 9 .  The p r e s e n t  t e s t  program was conduc ted  o v e r  a r a n g e  of  f r e e s t r e a m  
Mach number from ?lm= 0 . 1  t o  Mm = 0 . 4 6 .  The s t a g n a t i o n  t e m p e r a t u r e  o f  t h e  
a i r s t r e a m  i s  h e l d  c o n s t a n t  o v e r  t h e  r a n g e  16OC t o  6OoC (60°F t o  140°F) 
by means o f  e x t e r n a l  a i r  exchange v a l v e s ,  and t u n n e l  s t a g n a t i o n  p r e s s u r e  

e q u a l s  a t m o s p h e r i c  p r e s s u r e .  Hence, a t  t h e  Mm = 0 . 3  o p e r a t i n g  c o n d i t i o n  f o r  
t h e  p r e s e n t  t e s t  t h e  Reyno lds  number was a p p r o x i m a t e l y  K e / L  = 6 .82  x 106/m 

(= 2 .08  x 10 / f t ) ,  and f o r  t h e  40 .64  cm ( 1 6  i n )  cho rd  mode l ,  Re = 2 .77  x l o 6 .  6 

Tunne l  Spann ing  Wing and Dr i ve  Sys tem zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A s c h e m a t i c  v iew o f  t h e  t u n n e l  s p a n n i n g  w ing  s y s t e m  i s  shown zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 

( f r o m  R e f .  5 ) .  I t  c o n s i s t s  o f  a t u n n e l  s p a n n i n g  r e c t a n g u l a r  s t e e l  s p a r  
a p p r o x i m a t e l y  2 . 4 4  m ( 8  f t )  i n  l e n g t h ,  p l u s  a d d i t i o n a l  end p i e c e s  t o  comp le te  
t h e  s p a r  f o r  i n s t a l l a t i o n  a t  s e v e r a l  a v a i l a b l e  sweep a n g l e s  o r  f o r  i n s t a l l a t i o n  
i n  d i f f e r e n t  wind t u n n e l s  h a v i n g  a t  l e a s t  one tes t  s e c t i o n  d imens ion  o f  1 .83  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm 
(6 f t ) .  I n t e r c h a n g e a b l e  a i r f o i l - s h a p e d  s h e l l s  w i t h  40 .64  cm ( 1 6  i n )  cho rd  a r e  

mounted i n  s e c t i o n s  o n t o  t h e  s p a r  t o  p r o v i d e  t h e  t e s t  c o n f i g u r a t i o n .  I t  i s  
s e e n  t h a t  t h e  model s h e l l  c o n s i s t s  o f  two s e t s  of p i e c e s :  t h e  upper  p o r t i o n s  
which s u r r o u n d  t h e  s p a r  f o r e  and a f t ,  and t h e  lower  c o v e r  p l a t e s  which comp le te  
t h e  a i r f o i l  p r o f i l e .  A l so  shown i s  t h e  c e n t e r  span  m e t r i c  s e c t i o n ,  20 .32  cm 
(8  i n )  i n  w i d t h ,  which mounts t o  a p a i r  o f  s t r a i n  gage b a l a n c e s .  The i n t e n t  
o f  t h i s  i n s t r u m e n t a t i o n  package i s  t o  measure  a i r l o a d s  f a r  f rom t h e  t u n n e l  
s i d e  w a l l s  and c e i l i n g .  The model cho rd  l e n g t h  a l l o w s  d a t a  t o  be o b t a i n e d  a t  
r e p r e s e n t a t i v e  f u l l  s c a l e  Reyno lds  n u m b e r s  and a t  a f a v o r a b l e  t u n n e l  h e i g h t  t o  
cho rd  r a t i o  o f  6 .  

The model and i t s  o s c i l l a t o r y  d r i v e  s y s t e m  were s u p p o r t e d  o u t s i d e  t h e  

t u n n e l  w a l l s  a s  shown i n  F i g .  4 .  S l i d i n g  s e a l s  were used t o  p r e v e n t  l e a k a g e  a t  
each  end o f  t h e  span  and a v a r i a b l e - s p e e d  56 ,000  w a t t  ( 7 5  hp)  motor  was used t o  

power t h e  d r i v e  l i n k a g e .  The l i n k a g e  c o n n e c t i n g  t h e  motor d r i v e  t o  each  end 
of t h e  t u n n e l  s p a n n i n g  model c o n s i s t e d  of  an e c c e n t r i c  cam, a v e r t i c a l  push 

r o d ,  and a c r a n k  ( c f .  F i g .  4 ) .  The l a t t e r  was s e c u r e l y  f a s t e n e d  t o  t h e  s p a r -  
end s h a f t  by means o f  a compress ion  r i n g  c o u p l i n g  d e v i c e .  The r e s u l t i n g  a i r -  
f o i l  p i t c h i n g  mo t ion  was s i n u s o i d a l  w i t h  o n l y  a 0 . 5  p e r c e n t  second harmon ic  

d i  s t o r t  i o n .  
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A n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo v e r a l l  downstream v iew o f  t h e  tes t  s e c t i o n  w i t h  t h e  swept c o n f i g u r a -  

t i o n  i n s t a l l e d  i s  shown i n  F i g .  5 .  Note t h a t  s h e e t  m e t a l  end c u f f s  and 
aluminum n o s e  p i e c e s  were r e q u i r e d  t o  e x t e n d  t h e  p r o f i l e  a l o n g  t h e  s p a n  a t  
each end o f  t h e  b a s i c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 . 4 4  m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(8  f t )  model.  The p o r t i o n  o f  t h e  s p a r  end s h a f t  
v i s i b l e  i n  t h e  p h o t o g r a p h  was l o c a t e d  a t  t h e  j o i n t  w i t h  t h e  main s p a r ,  and 
was c o n t o u r e d  t o  t h e  b a s i c  c h o r d w i s e  a i r f o i l .  Also shown i n  t h i s  f i g u r e  a r e  
t h e  c e n t e r  m e t r i c  s e c t i o n  and t h e  a d j o i n i n g  s e c t i o n  c o n t a i n i n g  t h e  p r e s s u r e  
and h o t  f i l m  i n s t r u m e n t a t i o n ,  b o t h  o f  which a r e  d i s c u s s e d  below.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn u p s t r e a m  

v iew o f  t h i s  s y s t e m  i s  p r e s e n t e d  i n  F i g .  6 ,  showing t h e  o n e - t h i r d  s p a n  t e n s i o n  
s u p p o r t s  from b o t h  c e i l i n g  and f l o o r  of t h e  t u n n e l  t o  q u a r t e r  c h o r d  p i v o t s  
l o c a t e d  i n  t h e  model s p a r .  These were i n s t a l l e d  t o  r e d u c e  o s c i l l a t o r y  bend- 

i n g  d e f l e c t i o n s  r e s u l t i n g  from t h e  s m a l l  c h o r d w i s e  n o n c o i n c i d e n c e  o f  model 
c e n t e r  o f  g r a v i t y  and p i v o t  a x i s  a s  w e l l  a s  from any s p u r i o u s  aerodynamic 

b u f f e t i n g .  S t e a d y - s t a t e  o i l  f l o w  s t u d i e s  have d e m o n s t r a t e d  t h a t  o n l y  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsmall  

p o r t i o n  o f  t h e  a i r f o i l  s u r f a c e  a f t  o f  t h e  q u a r t e r  chord  was a f f e c t e d  i n  t h e  
immediate v i c i n i t y  o f  t h e  s u p p o r t s ,  and t h a t  t h e  e f f e c t  on t h e  c e n t e r  s p a n  
f low was n e g l i g i b l e .  

Test A i r f o i l  and I n s t r u m e n t a t i o n  

The a i r f o i l  p r o f i l e  t e s t e d  in t h i s  program was NACA 0012 s e c t i o n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAir- 
f o i l  c o o r d i n a t e s  i n  d i m e n s i o n l e s s  form,  a r e  p r e s e n t e d  i n  T a b l e  I and a c r o s s  
s e c t i o n  v iew of  t h e  a i r f o i l  i s  shown i n  F i g .  7 .  Here i t  i s  s e e n  t h a t  t h e  
a i r f o i l  c o n s i s t e d  o f  two p a r t s :  an  u p p e r  p o r t i o n  t h a t  i n c l u d e d  b o t h  l e a d i n g  
and t r a i l i n g  e d g e s ,  and a l o w e r  c o v e r  p a n e l .  Except  f o r  t h e  m e t r i c  s e c t i o n ,  
t h e s e  p a r t s  were b o l t e d  t o  t h e  s tee l  s p a r ,  which o c c u p i e d  most o f  t h e  c e n t e r  
c a v i t y  shown i n  t h e  f i g u r e .  ( C l e a r a n c e  s p a c e s  were p r o v i d e d  f o r e  and a f t  of  
t h e  s p a r  f o r  t r a n s d u c e r  wires and pneumat ic  t u b i n g . )  The metr ic  s e c t i o n  w a s  
s e p a r a t e d  f rom i t s  n e i g h b o r i n g  s i d e  p a n e l s  by a 1 . 2 7  mm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( . 0 5 0  i n c h )  s e a l e d  g a p  

a t  e a c h  end and was b o l t e d  t o  t h e  b a l a n c e  s y s t e m ,  which i n  t u r n  was b o l t e d  to 
t h e  s p a r .  

The b a l a n c e  s y s t e m  c o n s i s t e d  o f  two c y l i n d r i c a l  b a l a n c e s  each c a p a b l e  o f  
l oad  measurements  i n  s i x  d i r e c t i o n s  as shown s c h e m a t i c a l l y  i n  t h e  u p p e r  por -  

t i o n  o f  F i g .  8. However, o n l y  t h e  normal  and c h o r d  f o r c e  v e c t o r s  were meas- 
u r e d  i n  t h i s  t e s t  program. The lower  p o r t i o n  o f  F i g .  8 summar izes t h e  f o r c e  

s y s t e m  t h a t  was u s e d .  The normal  and chord  f o r c e s  measured by t h e  f o r w a r d  and 
r e a r  b a l a n c e s  a r e  d e n o t e d  by s u b s c r i p t s  F and R ,  r e s p e c t i v e l y .  Chordwise  
b a l a n c e  o f f s e t s  r e l a t i v e  t o  t h e  q u a r t e r  c h o r d  a r e  X1 and X 2 ,  and d i s  t h e  
h e i g h t  o f  t h e  b a l a n c e  c e n t e r  l i n e  above t h e  c h o r d l i n e .  

of  t h e  b a l a n c e  s y s t e m  c a n  b e  found i n  R e f .  5 .  
A d e t a i l e d  d e s c r i p t i o n  

F i g u r e  7 shows t h e  l o c a t i o n s  of  t h e  u n s t e a d y  p r e s s u r e  t r a n s d u c e r  measur-  

i n g  s t a t i o n s  i n  a c h o r d w i s e  r e f e r e n c e  l i n e  normal  to  t h e  span .  P r i m a r y  
u n s t e a d y  p r e s s u r e  d a t a  a c q u i s i t i o n  t o o k  p l a c e  a l o n g  t h i s  l i n e  and t h e  number 
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appended t o  each m e a s u r i n g  s t a t i o n  d e n o t e s  t h e  c o o r d i n a t e  l o c a t i o n ,  i n  p e r c e n t  
c h o r d ,  r e l a t i v e  t o  t h e  l e a d i n g  e d g e .  The t w e l v e  s u c t i o n  s u r f a c e  o r i f i c e s  and 
t h e  e i g h t  p r e s s u r e  s u r f a c e  o r i f i c e s  were i n d e p e n d e n t l y  grouped i n  two G a u s s i a n  
a r r a y s  a s  d e s c r i b e d  i n  Re f .  7 ,  from 0 . 4  p e r c e n t  c h o r d  n e a r  t h e  l e a d i n g  edge t o  
97 .1  p e r c e n t  chord  n e a r  t h e  t r a i l i n g  e d g e .  T h i s  a r rangement  i s  u n l i k e  p a s t  

e x p e r i e n c e  i n  which t h e  u p p e r  and lower  s u r f a c e  i n s t r u m e n t a t i o n  a r r a y s  were 
i d e n t i c a l  t o  p e r m i t  p r e s s u r e  d i f f e r e n c e  c o m p u t a t i o n s  a t  each t r a n s d u c e r  s t a t i o n  

a t  any i n s t a n t .  However, a n  i n c r e a s e d  r e s o l u t i o n  o f  t h e  f o r c e  d i s t r i b u t i o n  i s  
more d e s i r a b l e  t h a n  a p o i n t - b y - p o i n t  d i f f e r e n c e  c o m p u t a t i o n .  F u r t h e r m o r e ,  

e x p e r i e n c e  h a s  shown t h a t  t h e  p r e s s u r e  s u r f a c e  g r a d i e n t s  and m a g n i t u d e s  a r e  
much lower  t h a n  t h e  s u c t i o n  s u r f a c e  g r a d i e n t s  and m a g n i t u d e s  u n d e r  v i r t u a l l y  

a l l  l oad  c o n d i t i o n s .  T h e r e f o r e ,  t h e  u s e  o f  h i g h  d e n s i t y  t r a n s d u c e r  p lacement  
i n  r e g i o n s  o f  l a r g e  p r e s s u r e  g r a d i e n t s  n e a r  t h e  s u c t i o n  s u r f a c e  l e a d i n g  edge ,  
and low d e n s i t y  p lacement  i n  r e g i o n s  o f  s m a l l  g r a d i e n t s  everywhere  e l s e  on t h e  
a i r f o i l  c a n  produce a s i g n i f i c a n t  i n c r e a s e  i n  r e s o l u t i o n  w i t h o u t  s i g n i f i c a n t l y  
i n c r e a s i n g  t h e  t o t a l  number of  c h o r d w i s e  m e a s u r i n g  s t a t i o n s .  

An a d d i t i o n a l  o r i f i c e  was l o c a t e d  n e a r  t h e  r e f e r e n c e  l i n e  a t  1 p e r c e n t  

chord  t o  h e l p  document t h e  l e a d i n g  edge s u c t i o n  peak b e h a v i o r .  T h i s  e x t r a  
l o c a t i o n  i s  shown i n  t h e  p l a n f o r m  v iew zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO F  t h e  s u c t i o n  s u r f a c e  ( F i g .  9 )  which 
a l s o  d e p i c t s  t h e  c o m p l e t e  t r a n s d u c e r  l a y o u t  (bo th  p r e s s u r e  and h o t  f i l m )  
i n  b o t h  t h e  c h o r d w i s e  and spanwise  d i r e c t i o n s .  The l o c a t i o n  o f  each t r a n s -  
d u c e r  or  h o t  f i l m  i s  d e n o t e d  by a p a i r  o f  c o o r d i n a t e s  c o r r e s p o n d i n g  t o  t h e  
c h o r d w i s e  and s p a n w i s e  p o s i t i o n ,  i n  p e r c e n t  c h o r d ,  r e l a t i v e  t o  t h e  l e a d i n g  
edge and r e l a t i v e  t o  t h e  r e f e r e n c e  l i n e ,  r e s p e c t i v e l y .  F o r  example ,  t h e  
t r a n s d u c e r  l a b e l e d  ( 1 4 . 9 ,  1 7 . 7 )  was a t  14 .9  p e r c e n t  c h o r d  a f t  o f  t h e  l e a d i n g  
edge and a t  1 7 . 7  p e r c e n t  chord a l o n g  t h e  s p a n  from t h e  r e f e r e n c e  l i n e .  The 

r e f e r e n c e  l i n e  was l o c a t e d  a t  0.36C ( o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA36 p e r c e n t  o f  t h e  c h o r d )  a l o n g  t h e  
s p a n ,  away from o f  t h e  edge of  t h e  m e t r i c  s e c t i o n .  

A s  s e e n  i n  F i g .  9 ,  s e v e r a l  o f  t h e  t r a n s d u c e r s  were p l a c e d  a l o n g  t h e  s p a n  

t o  p r o v i d e  b o t h  s p a n w i s e  a r r a y s  and 30 d e g r e e  a r r a y s .  S p e c i f i c a l l y ,  f o u r  
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 e f e r e n c e  l i n e  ( a t  0 . 4 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 . 5 ,  14.9  and 26 .8  p e r c e n t  

c h o r d )  a r e  e a c h  p a r t  of a two- o r  t h r e e - t r a n s d u c e r  a r r a y  a l o n g  t h e  s p a n ,  w h i l e  
two t r a n s d u c e r s  i n  t h e  r e f e r e n c e  l i n e  ( a t  45 .4  and 9 7 . 1  p e r c e n t  c h o r d )  a r e  

each p a r t  o f  a f o u r - t r a n s d u c e r  a r r a y  swept a t  30 d e g r e e s .  The swept a r r a y s  
were a l i g n e d  i n  t h e  s t r e a m w i s e  d i r e c t i o n  d u r i n g  swept wing t e s t i n g .  S i m i l a r l y ,  

t h e r e  a r e  s i x  h o t  f i l m s  p l a c e d  i n  a normal  c h o r d w i s e  a r r a y  which i s  l o c a t e d  
a l o n g  a l i n e  p a r a l l e l  t o  and 0.1C away from t h e  p r e s s u r e  r e f e r e n c e  l i n e .  Four  
o t h e r  h o t  f i l m s  p r o v i d e  a d d i t i o n a l  a r r a y s  i n  bo th  s p a n w i s e  and 30 d e g r e e  swept 
d i r e c t i o n s .  I n  t h i s  f i g u r e  t h e  p r e s s u r e  a r r a y s  a r e  c o n n e c t e d  by s o l i d  l i n e s  
and t h e  h o t  f i l m  a r r a y s  by dashed l i n e s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA c o m p l e t e  l i s t i n g  o f  t h e  p r e s s u r e  

and h o t  f i l m  t r a n s d u c e r  l o c a t i o n s  c a n  be  found i n  T a b l e  11. 
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A l l  o f  t h e  m i n i a t u r e  p r e s s u r e  t r a n s u c e r s  used i n  t h i s  t e s t  were s i n g l e -  
s u r f a c e  a b s o l u t e  t r a n s d u c e r s  r a t e d  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA_+ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.34  atmospheres  (_+ 5 p s i )  r e l a t i v e  
t o  ambient  p r e s s u r e ,  w i t h  nominal  s e n s i t i v i t i e s  o f  0 .68  mv/atmos (10  m v / p s i )  

a t  10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAv e x c i t a t i o n .  
( . 0 9 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin.) i n  d i a m e t e r  on a p a d d l e  b a s e  6 . 1  mm ( . 2 4  i n . )  l ong .  F i g u r e  10 
s c h e m a t i c a l l y  d e p i c t s  t h e  t y p i c a l  t r a n s d u c e r  i n s t a l l a t i o n .  I t  i s  s e e n  t h a t  
t h e  d e s i r e d  p r e s s u r e  r e s p o n s e s  were m o n i t o r e d  by t r a n s d u c e r s  mounted i n  coun- 

t e r b o r e d  ( o r  m i l l e d )  h o l e s  on t h e  o p p o s i t e  s u r f a c e .  A f t e r  i n s t a l l a t i o n  e a c h  
t r a n s d u c e r  was s e a l e d  i n  p l a c e  and t h e  s e a l a n t  was sanded smooth t o  conform 

t o  t h e  l o c a 1 , a i r f o i l  c o n t o u r .  

Each d e v i c e  c o n s i s t e d  o f  a c i r c u l a r  d iaphragm 2.36 mm 

A l l  t r a n s d u c e r  o u t p u t s  were ac-coup led  w i t h  "high" p a s s  f i l t e r s  (which 
r o l l e d  o f f  at 6 d B / o c t a v e  be low 1 c p s ) .  The s t e a d y  p o r t i o n  o f  t h e  s i g n a l  was 
r e c o v e r e d  w i t h  pneumat ic  s t a t i c  p r e s s u r e  o r i f i c e s  l o c a t e d  a d j a c e n t  t o  e a c h  
t r a n s d u c e r .  In e f f e c t ,  t h e  l o n g  t u b e  l e n g t h s  ( a p p r o x i m a t e l y  10 m o f  1 . 5  mm 
d i a m e t e r  t u b i n g )  between t h e  pneumat ic  o r i f i c e s  and t h e  c o n t r o l  room s c a n i v a l v e  
s e r v e d  a s  t h e  low p a s s  f i l t e r  p o r t i o n  o f  t h e  d a t a  a c q u i s i t i o n  s y s t e m .  The 
pneumat ic  p o r t i o n  o f  t h e  d a t a  a c q u i s i t i o n  s y s t e m  y i e l d e d  a t i m e  a v e r a g e  o f  t h e  
s i g n a l ,  e q u i v a l e n t  t o  t h e  z e r o t h  harmonic  component o f  t h e  s i g n a l  i n  a F o u r i e r  
se r ies  r e p r e s e n t a t i o n ,  and t h e  e l e c t r o n i c a l l y  f i l t e r e d  s i g n a l  r e p r e s e n t e d  t h e  
t o t a l  s i g n a l  w i t h  t h e  t i m e  a v e r a g e  removed. The sum o f  t h e s e  measurements 
e q u a l s  t h e  c o m p l e t e  p r e s s u r e  r e s p o n s e  a t  e a c h  l o c a t i o n .  

The h o t  f i l m  d e v i c e s  e a c h  c o n s i s t  o f  a s m a l l  f l a t  f o i l  s e n s i n g  r e g i o n  
( s i m i l a r  t o  a m i n i a t u r e  s t r a i n  g a g e )  which i s  s p u t t e r e d  o n t o  a l a r g e r  p l a s t i c  
i n s u l a t i n g  s h e e t  a p p r o x i m a t e l y  0.025 mm (0.001 i n )  t h i c k .  The u n i t s  a r e  
bonded t o  t h e  a i r f o i l  s u r f a c e  w i t h  epoxy. Each h o t  f i l m  i s  a r e s i s t a n c e  

thermometer  e lement  which r e a c t s  t o  t h e  l o c a l  h e a t  t r a n s f e r  between i t s e l f  
and t h e  a d j a c e n t  f l u i d .  T h i s  i s  measured by u s i n g  a c o n s t a n t - t e m p e r a t u r e  

anemometer which c o m p l e t e s  t h e  b r i d g e  c i r c u i t  and p r o v i d e s  a l l  n e c e s s a r y  
c o n t r o l  f u n c t i o n s  ( R e f s .  8 and 9 ) .  I n  i t s  s i m p l e s t  a p p l i c a t i o n ,  c h a n g e s  i n  

s u r f a c e  f l o w  b e h a v i o r  a r e  r e v e a l e d  t h r o u g h  changes i n  h e a t  t r a n s f e r .  A s  t h e  
h e a t  t r a n s f e r  from t h e  f i l m  to  t h e  s u r r o u n d i n g  f l u i d  c h a n g e s ,  t h e  v o l t a g e  
r e q u i r e d  t o  m a i n t a i n  c o n s t a n t  t e m p e r a t u r e  a l s o  c h a n g e s .  The r e s u l t i n g  b r i d g e  

u n b a l a n c e  i s  r e c o r d e d  and s u b s e q u e n t l y  p r o c e s s e d  by a d i g i t a l  computer .  

The a n g u l a r  d i s p l a c e m e n t  of  t h e  a i r f o i l  was measured u s i n g  a wire-wound 
r o t a r y  p o t e n t i o m e t e r  w i t h  l i n e a r  r e s p o n s e  c h a r a c t e r i s t i c s .  
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TEST PROGRAM AND COMPUTATIONAL PROCEDURES 

C a l i b r a t i o n  P r o c e d u r e s  

P r i o r  t o  t e s t i n g ,  a l l  p r e s s u r e  t r a n s d u c e r s  were i n d i v i d u a l l y  c a l i b r a t e d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A vacuum l i n e  was a p p l i e d  t o  each  l o c a t i o n  and t h e  d iaphragm o f  each  t r a n s d u c e r  
was s u b j e c t e d  t o  p r e s s u r e s  a p p r o x i m a t e l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA84 cm H 2 0  ( 3 3  i n  H20) be low atmos- 
p h e r e .  The c a l i b r a t i o n  c u r v e s  a r e  e s s e n t i a l l y  l i n e a r .  B a l a n c e  e lemen t  C a l i -  
b r a t i o n s  were per fo rmed by  t h e  d i r e c t  a p p l i c a t i o n  of  known l o a d s  t o  t h e  m e t r i c  
s e c t i o n .  T h e s e  l o a d s  were a p p l i e d  a t  d i s c r e t e  i ndependen t  l oad  p o i n t s  such 
t h a t  o n l y  one i n d i v i d u a l  component ( i . e . ,  normal  f o r c e ,  c h o r d  f o r c e ,  o r  p i t c h -  
i n g  moment) was l o a d e d  a t  any g i v e n  t i m e .  The a c t u a l  p r o c e d u r e  i s  d e s c r i b e d  
i n  d e t a i l  i n  R e f .  5 .  

I n  a d d i t i o n  t o  s t a t i c  c a l i b r a t i o n s ,  no-f low dvnamic t a r e  t e s t s  were p e r -  
formed a t  each i n c i d e n c e  a n g l e  and f requency  comb ina t ion  t o  o b t a i n  a dynamic 
r e f e r e n c e .  Records  were t a k e n  o f  bo th  b a l a n c e  and p r e s s u r e  t r a n s d u c e r  r e s p o n s e s .  
While t h e  l a t t e r  were n e g l i g i b l e  f o r  a l l  c o n d i t i o n s ,  t h e  fo rmer  r e s p o n s e s  were  
l a r g e  and c o n t a i n e d  h i g h  f requency  o s c i l l a t i o n s  o f  s i g n i f i c a n t  magn i tude  re la -  
t i v e  t o  t h e  fundamenta l  r e s p o n s e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA F o u r i e r  breakdown o f  a sample  r e s p o n s e  i s  

shown i n  F i g .  1 1 .  I n  a d d i t i o n  t o  t h e  t y p e  of i n e r t i a l  r e a c t i o n  t h a t  was ob- 
s e r v e d  by P h i l l i p e  ( R e f .  10 )  i n  h i s  o s c i l l a t i n g  a i r f o i l  e x p e r i m e n t s ,  t h e  mag- 

n i t u d e  o f  t h e  h i g h e r  ha rmon ic  components o f  t h e  b a l a n c e  r e s p o n s e  s p e c t r u m  ( F i g .  
11)  i n d i c a t e s  t h a t  t h e  a m p l i t u d e  o f  t h e  p i t c h i n g  mot ion  may have  b e e n  l a r g e  

enough t o  a l s o  i n d u c e  a n o n - n e g l i g i b l e ,  n o n l i n e a r  m e c h a n i c a l  r e a c t i o n .  T h i s  
n o n l i n e a r  r e s p o n s e  i s  b e l i e v e d  t o  h a v e  been  f u r t h e r  a g g r a v a t e d  by t h e  h i g h  mass 
o f  t h e  m e t r i c  s e c t i o n  and t h e  n o n c o i n c i d e n c e  o f  model p i v o t  a x i s  w i t h  t h e  s y s -  
t e m  c e n t e r  o f  g r a v i t y .  ( I t  s h o u l d  be  n o t e d  t h a t  t h e  model was o r i g i n a l l y  con- 

s t r u c t e d  f o r  s t e a d y - s t a t e  t e s t i n g  o n l y  and t h e  p r imary  d e s i g n  c r i t e r i o n  was 
f o r  a s t e a d y  l o a d  c a p a c i t y  a t  h i g h  Mach number. )  
a r rangement  i s  t h a t  t h e  s y s t e m  becomes s u s c e p t i b l e  t o  a v e r t i c a l  b e n d i n g  r e a c -  
t i o n  o v e r  t h e  s p a n  a s  t h e  a i r f o i l  undergoes  imposed p i t c h i n g  m o t i o n s  about  
t h e  p i v o t  a x i s .  P resumab ly ,  t h e  b a l a n c e  r e s p o n s e  was a l s o  a g g r a v a t e d  by t h e  

c o n s t r a i n t s  o f  t h e  p a r t - s p a n  c a b l e  s u p p o r t s .  However c a u s e d ,  t h e  r e s u l t i n g  
c o n t a m i n a t i o n  o f  t h e  p r imary  s i g n a l  made i t  i m p o s s i b l e  t o  u s e  t h e  f low-on 
b a l a n c e  r e s u l t s  o b t a i n e d  i n  t h e  o s c i l l a t o r y  p a r t  o f  t h i s  t e s t .  T h e r e f o r e ,  t h e  
d a t a  s o  o b t a i n e d  a r e  no t  d i s c u s s e d  h e r e i n .  

One consequence  of such an 

T e s t  P l a n  

The u n s t e a d y  e x p e r i m e n t s  u n d e r t a k e n  i n  t h e  o v e r a l l  s t u d y  were per fo rmed 
f o r  t h e  m a t r i x  o f  p a r a m e t e r s  shown i n  T a b l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA111. These p a r a m e t e r s  were t h e  
sweep a n g l e ,  A ,  t h e  a m p l i t u d e  o f  mo t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa, t h e  mean i n c i d e n c e  a n g l e ,  uM, 

11 



t h e  p i t c h i n g  f r e q u e n c y ,  f ,  and t h e  approach Mach number.  To p r o v i d e  a s t a n d a r d  
of compar ison,  t h e  t e s t  r e s u l t s  were based on t h e  c h o r d w i s e  Mach number normal  
t o  t h e  wing l e a d i n g  e d g e ,  M c ,  which i s  r e l a t e d  t o  t h e  f r e e  s t r e a m  Mach number 
by t h e  fo rmula  

Mc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM m  c o s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh 

T h e r e f o r e ,  Mc = 0 . 3 ,  0 . 4  f o r  b o t h  swept  and unswept t e s t s  whereas M m  = 0 . 3 ,  
0 . 4  f o r  z e r o  sweep and M m  = 0 . 3 4 6 ,  0 .462 f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA = 30 d e g .  (One e x c e p t i o n a l  
c a s e  a t  Mc = 0.10  was r u n  a t  h = 30 d e g  and aM = 15 d e g . )  O t h e r  p a r a m e t e r  
v a l u e s  were h = 0 ,  30 d e g ,  a = 8,  10 d e g ,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa M  = 0 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 ,  1 2 ,  15 d e g  ( f o r  
most t e s t s ) .  The c h o i c e  o f  f r e q u e n c i e s  used i n  t h i s  t e s t  was p r e d e t e r m i n e d  
a c c o r d i n g  t o  T a b l e  I V  which l i s t s  t h e  nominal  v a l u e s  o f  c h o r d w i s e  r e d u c e d  

f r e q u e n c y  p a r a m e t e r ,  

- 

€or  t h e  b a s i c  t e s t  program. The unswept p o r t i o n  of t h e  t es t  w a s  c o n d u c t e d  
f i r s t ,  and w i t h  few e x c e p t i o n s  was per fo rmed a t  t h r e e  v a l u e s  o f  f r e q u e n c y ,  f = 

4 ,  8 ,  10 c p s  a t  b o t h  Mc = 0 .3  and 0 . 4 ,  a s  d e n o t e d  by t h e  h o r i z o n t a l  a r r o w s  
a l o n g  t h e  r i g h t  column o f  T a b l e  IV. In t h e  s u b s e q u e n t  swept  t e s t ,  t h e  same 

t h r e e  f r e q u e n c i e s  were matched a t  b o t h  Mach numbers,  b u t  i n  a d d i t i o n  a c h o r d w i s e  
r e d u c e d  f r e q u e n c y  match was o b t a i n e d  between t h e  two Mach numbers,  a s  d e n o t e d  
by  t h e  d i a g o n a l  a r r o w s  between t h e  two co lumns.  S p e c i f i c a l l y ,  t h e  f r e q u e n c i e s  
used were f = 4 ,  6 ,  8 ,  10 c p s  a t  Mc = 0 . 3  and f = 4 ,  5 . 3 3 ,  8 ,  10,  1 0 . 6 7  c p s  
a t  Mc = 0 . 4 .  

In a d d i t i o n  t o  t h e s e  u n s t e a d y  t e s t s  a s u b s t a n t i a l  s t e a d y - s t a t e  program was 
p e r f o r m e d .  Both p r e s s u r e  and b a l a n c e  d a t a  were t a k e n  and a s i g n i f i c a n t  p e n e t r a -  
t i o n  i n t o  t h e  s t a l l - f l o w  reg ime was made o v e r  a r a n g e  of  Mach numbers.  

Uns teady  Data A c q u i s i t i o n  

Two FM t a p e  r e c o r d e r s  were employed t o  r e c o r d  t h e  d a t a  € o r  s u b s e q u e n t  
d i g i t i z i n g  and computer  p r o c e s s i n g ,  a s  i n d i c a t e d  i n  t h e  u p p e r  r i g h t  p o r t i o n  of 
t h e  b l o c k  d i a g r a m  i n  F i g .  12 .  T ime h i s t o r i e s  o f  t h e  u n s t e a d y  a n g l e  o f  a t t a c k  

and of  t h e  s e v e r a l  c h a n n e l s  o f  u n s t e a d y  p r e s s u r e  and h o t  f i l m  r e s p o n s e  were 
r e c o r d e d  on t h e  two FM t a p e s  a t  1-718 i n c h e s l s e c .  I n  a d d i t i o n ,  a m o d i f i e d  

I K I G  B t ime code was s i m u l t a n e o u s l y  r e c o r d e d  on  each t a p e .  The p u l s e  r i s e  t i m e  
o f  t h e  t i m e  code w a s  s u f f i c i e n t l y  s h o r t  t o  p e r m i t  c o r r e l a t i o n  be tween t h e  two 

d i g i t i z e d  r e c o r d s  t o  w i t h i n  s e c o n d s .  

1 2  



The number o f  c h a n n e l s  of  d a t a  d e s i r e d  i n  t h i s  t e s t  exceeded t h e  a v a i l a b l e  

number of d a t a  c h a n n e l s  (26 )  i n  t h e  FM t a p e  s y s t e m .  T h i s  was overcome w i t h  a 
two-mode s e l e c t o r  s w i t c h i n g  s y s t e m  ( u p p e r  r i g h t  p o r t i o n  o f  F i g .  12 )  which 
a l l o w e d  up t o  52 d a t a  a c q u i s i t i o n  c h a n n e l s  t o  be  s e l e c t e d ,  26 a t  a t i m e ,  f o r  
r e c o r d i n g  t h r o u g h  t h e  i n s t r u m e n t a t i o n  a m p l i f i e r s  o n t o  two a n a l o g  t a p e s .  

F o r c e  and Moment Computat ion P r o c e d u r e  

The t o t a l  u n s t e a d y  aerodynam 
e f f e c t s  due t o  v i s c o u s  d r a g ) ,  and 

t ime-dependent  p r e s s u r e  d i s t r i b u t  
t a k i n g  t h e  d i f f e r e n c e  between t h e  

t i o n s  a r e :  

c normal  f o r c e ,  chord  f o r c e  ( e x c l u d i n g  
moment a r e  o b t a i n e d  by i n t e g r a t i n g  t h e  

on on e a c h  s u r f a c e  i n d e p e n d e n t l y  and t h e n  
u p p e r  and lower  s u r f a c e  l o a d s .  The equa-  

C C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

s u c t i o n  s u r f a c e  
0 

p r e s s u r e  s u r f a c e  

C C 

0 
s u c t i o n  s u r f a c e  

0 
p r e s s u r e  s u r f a c e  

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- J ( p u ( x , t )  + p s ( x ) ) ( x - B c ) d x  

0 
p r e s s u r e  s u r f a c e  

( 5 )  

where  s u b s c r i p t s  u and s r e p r e s e n t  t h e  u n s t e a d y  and s t e a d y - s t a t e  v a l u e s ,  

r e s p e c t i v e l y .  The q u a n t i t y  c i s  t h e  a i r f o i l  c h o r d  l e n g t h  and Bc i s  t h e  p i v o t  
ax i .s  l o c a t i o n  r e l a t i v e  t o  t h e  l e a d i n g  edge.  I n  t h e  p r e s e n t  c a s e ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB = 0 . 2 5 .  
E q u a t i o n s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 1 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 ) ,  and ( 5 )  were n u m e r i c a l l y  computed v i a  t h e  t r a p e z o i d a l  
r u l e .  A b r i e f  d i s c u s s i o n  of  t h e  a c c u r a c y  o f  t h i s  approach i s  p r e s e n t e d  i n  
Appendix  I. 
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The s i g n  c o n v e n t i o n  used i n  Eqs .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 3 ) ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 )  and ( 5 )  d e f i n e s  t h e  normal 
f o r c e ,  N ( t ) ,  t h e  cho rd  f o r c e ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC ( t ) ,  and t h e  moment, M ( t ) ,  to  be p o s i t i v e  i n  
t h e  upward, u p s t r e a m ,  and n o s e  up d i r e c t i o n s ,  r e s p e c t i v e l y .  These i n t e g r a -  
t i o n s  are per fo rmed w i t h  t h e  t a c i t  assumpt ion  t h a t  t h e  f l ow  i s  two-d imens iona l  
n e a r  t h e  i n s t r u m e n t e d  midspan r e g i o n  and t h a t ,  as a r e s u l t ,  t h e  q u a n t i t i e s  
N ( t ) ,  C ( t )  and M ( t )  a r e  pe r -un i t - span  v a l u e s .  

A l though t h e  a i r f o i l  was t e s t e d  i n  t h e  unswept zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( A  = 0 d e g )  and swept 
( A  = 30 d e g )  c o n f i g u r a t i o n s ,  t h e  e v a l u a t i o n  o f  N ( t ) ,  C ( t ) ,  and M ( t )  i s  i ndepen-  
d e n t  o f  A because  t h e  i n t e g r a t i o n s  are chordw ise  r a t h e r  t h a n  streamwise. The 
e f f e c t s  of sweep on t h e s e  q u a n t i t i e s  o c c u r  i m p l i c i t l y  i n  t h e  measured r e s p o n s e s  
and a r e  a p p r o x i m a t e l y  a c c o u n t e d  f o r  by n o n d i m e n s i o n a l i z i n g  t h e  i n t e g r a t e d  
r e s u l t s  w i t h  r e s p e c t  t o  t h e  v e l o c i t y  component normal t o  t h e  l e a d i n g  e d g e .  The 
normal f o r c e ,  c h o r d  f o r c e ,  and moment c o e f f i c i e n t s  become 

and 

r e s p e c t i v e l y .  T h i s  n o n d i m e n s i o n a l i z a t i o n  scheme i s  based  on a s t e a d y - s t a t e  
sweep a n a l y s i s  which assumes t h e  f l ow  t o  be p o t e n t i a l  and t h e  p r e s s u r e  d i s t r i -  
b u t i o n  on t h e  wing t o  be d e t e r m i n e d  e n t i r e l y  by t h e  magn i tude  o f  t h e  normal  
v e l o c i t y  component,  Vm c o s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA .  Al though t h e s e  a s s u m p t i o n s  may n o t  be c o n s i s -  
t e n t  w i t h  t h e  a c t u a l  f l ow  e n v i r o n m e n t ,  t h e  approach  i s  b e i n g  used as a matter 
of  c o n v e n i e n c e .  

E q u a t i o n s  ( 3 1 ,  ( 4 )  and ( 5 )  were used t o  n u m e r i c a l l y  c a l c u l a t e  t h e  cho rd -  
wise i n t e g r a l s  o f  t h e  u n s t e a d y  p r e s s u r e  t i m e  h i s t o r i e s ,  and Eqs.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 6 ) ,  ( 7 )  and 
(8)  were used t o  c o n v e r t  t h e  i n t e g r a t e d  normal f o r c e ,  cho rd  f o r c e ,  and p i t c h i n g  
moment t ime h i s t o r i e s  i n t o  c o e f f i c i e n t  form. A l though t h e  t r a n s d u c e r  l o c a -  
t i o n s  a l o n g  t h e  c h o r d  c o r r e s p o n d  a p p r o x i m a t e l y  t o  t h e  po lynomia l  r o o t s  o f  t h e  
segmented G a u s s i a n  q u a d r a t u r e  (which i s  d e s c r i b e d  i n  Ref.  7 )  , t h e  n u m e r i c a l  

i n t e g r a t i o n  was per fo rmed  v i a  t h e  t r a p e z o i d a l  r u l e .  
b r i e f  d i s c u s s i o n  of t h e  r e a s o n s  f o r  r e p l a c i n g  t h e  segmented G a u s s i a n  q u a d r a t u r e  
approach  w i t h  a t r a p e z o i d a l  r u l e  i n t e g r a t i o n  i n  t h e  e v a l u a t i o n  o f  Eqs. ( 3 ) ,  
( 4 )  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 5 ) . )  U n l i k e  t h e  G a u s s i a n  q u a d r a t u r e  a p p r o a c h ,  t h e  t r a p e z o i d a l  r u l e  
r e q u i r e s  a knowledge o f  t h e  end p o i n t  v a l u e s  of t h e  i n t e g r a t i o n  i n t e r v a l ;  

t h e r e f o r e ,  t ime-dependent  a p p r o x i m a t i o n s  were made o f  t h e  l e a d i n g  and t r a i l i n g  

edge p r e s s u r e  r e s p o n s e s  o f  t h e  a i r f o i l  p r i o r  t o  i n t e g r a t i o n .  

(Appendix zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 p r e s e n t s  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The l e a d i n g  edge  p r e s s u r e  r e s p o n s e  was assumed e q u a l  t o  t h e  a v e r a g e  o f  
t h e  fo rward  most t r a n s d u c e r  s i g n a l s  f rom each  s u r f a c e .  C o n v e r s e l y ,  t h e  t r a i l -  
i n g  edge v a l u e  of  t h e  p r e s s u r e  r e s p o n s e  f o r  each s u r f a c e  was i n d e p e n d e n t l y  
e x t r a p o l a t e d  from t h e  t w o  rea rward  most s i g n a l s  o f  each s u r f a c e  t o  o b t a i n  P 

f o r  t h e  upper  s u r f a c e  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPa f o r  t h e  lower s u r f a c e .  R a t h e r  t h a n  a v e r a g i n g  
t h e s e  two v a l u e s  t o  o b t a i n  a common t r a i l i n g  edge r e s p o n s e  f o r  e a c h  s u r f a c e ,  

a w e i g h t i n g  f a c t o r ,  w f ,  w a s  i n t r o d u c e d  t o  app rox ima te  t h e  e f f e c t s  o f  t h o  
s h e a r  l a y e r  s e p a r a t i o n  a t  t h e  t r a i l i n g  e d g e .  The t ime-dependent  t r a i l i n g  edge 

v a l u e s  f o r  t h e  upper  and lower s u r f a c e s  were e s t i m a t e d  from t h e  e x p r e s s i o n s  

UT 
T 

and 

TE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ + (10)  

r e s p e c t i v e l y .  The w e i g h t i n g  f a c t o r  was e m p i r i c a l  and dependen t  on b o t h  t h e  

t ime-dependent  a n g l e  o f  i n c i d e n c e ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa ,  and t h e  f r e e s t r e a m  Mach number,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM m ,  

where  

E q u a t i o n  ( 1 2 )  i s  an  e m p i r i c a l  e x p r e s s i o n  w h i c h  i s  based on d a t a  ( u n p u b l i s h e d )  

s u p p l  l e d  by S i k o r  s k y .  

F i n a l l y ,  Eqs .  ( 6 )  and ( 7 )  were used t o  o b t a i n  t h e  u n s t e a d y  l i f t  and pressurc 
d r a g  c o e f f i c i e n t s  o f  , t h e  induced aerodynamic  l o a d ,  

( 1 3 )  C = CN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcos  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAci + C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC s i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0. 
L 

= CN s i n  CI - C C c o s  a 
cD ( 1 4 )  
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r e s p e c t i v e l y .  I n  t h e s e  e q u a t i o n s ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa i s  g i v e n  by 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a = % + s i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAut. 

( 1 5 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A s c h e m a t i c  d e p i c t i n g  t h e  l o a d  c o n f i g u r a t i o n  i s  shown i n  F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13.  

Aerodynamic Damping Computa t ion  P r o c e d u r e  

The p r e d i c t i o n  o f  a i r f o i l  t o r s i o n a l  s t a b i l i t y  i s  r e l a t e d  t o  t h e  

p r e d i c t i o n  o f  t h e  t r a n s f e r  o f  e n e r g y  between t h e  a i r f o i l  p i t c h i n g  mot ion  and 
t h e  s u r r o u n d i n g  u n s t e a d y  f l o w  env i ronment .  For  t o r s i o n a l  m o t i o n s ,  t h e  t r a n s f e r  
of e n e r g y  c a n  b e  computed i n  terms of  t h e  work p e r  c y c l e  c o e f f i c i e n t  g i v e n  

by 2 n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 = JCHda 0 , (16)  

F o r  p u r e  s i n u s o i d a l  m o t i o n s ,  t h e  c o r r e s p o n d i n g  t o r s i o n a l  aerodynamic damping 
p a r a m e t e r  i s  o b t a i n e d  from t h e  e x p r e s s i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

n 

where a t h e  p i t c h i n g  a m p l i t u d e  o f  t h e  a i r f o i l .  When 5 i s  p o s i t i v e  (work done 
by t h e  a i r f o i l ) ,  t h e r e  i s  a ne& t r a n s f e r  o f  e n e r g y  f rom t h e  a i r f o i l  t o  t h e  

a i r s t r e a m  and t h e  m o t i o n  i s  s t a b l e .  C o n v e r s e l y ,  a n e g a t i v e  v a l u e  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE repre-  
s e n t s  an  u n s t a b l e  m o t i o n .  

With t h e  a i d  o f  F o u r i e r  a n a l y s i s ,  t h e  damping p a r a m e t e r  c a n  b e  r e a d i l y  
e s t i m a t e d  from E q s .  ( 1 5 ) ,  (161 ,  ( 1 7 )  and t h e  f o l l o w i n g  e x p r e s s i o n  f o r  CM 

where C n  and $n a r e  t h e  a m p l i t u d e  and p h a s e  a n g l e  l e a d  ( r e l a t i v e  t o  t h e  a i r f o i l  
m o t i o n )  o f  t h e  n t h  harmon ic  component o f  t h e  p e r i o d i c  moment, The damping 

p a r a m e t e r  r e d u c e s  t o  

T h e r e f o r e ,  f o r  s i m p l e  harmon ic  m o t i o n s ,  o n l y  t h e  f i r s t  harmon ic  component o f  
t h e  u n s t e a d y  moment i s  r e l e v a n t  t o  t h e  s t a b i l i t y  of t h e  m o t i o n .  F u r t h e r m o r e ,  
s t a b i l i t y  i s  d e t e r m i n e d  by t h e  s i g n  o f  $ l ;  t h a t  i s ,  w h e t h e r  t h e  f i r s t  h a r -  

monic component o f  t h e  moment l e a d s  o r  l ags  t h e  b l a d e  m o t i o n .  

16 



STEADY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- STATE RESULTS 

\ 

\ 

Wind Tunne l  Wall C o r r e c t i o n s  

The Tunne l  Spann ing  Wing System (TSW) i s  d e s i g n e d  t o  m in im ize  wind t u n n e l  

T e s t  S e c t i o n  

w a l l  and c e i l i n g  c o r r e c t i o n s  and i n t e r f e r e n c e .  
t o  n e a s u r e  t h e  aerodynamic  a i r l o a d s  are l o c a t e d  
o f  t h e  wind t u n n e l  t e s t  s e c t i o n ,  t h e  p o i n t  most 
For t h e  UTRC 8 f o o t  o c t a g o n a l  t e s t  s e c t i o n ,  t h e  
and 2 . 8 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAm ( 9 . 2 4  f t )  f o r  t h e  z e r o  and 30 d e g r e e  

r e s p e c t i v e l y .  The midspan m e t r i c  s e c t i o n  h a s  a 

A 1  1 model i n s t r u m e n t  a t  i o n  used 
a t  midspan and i n  t h e  c e n t e r  
removed from t h e  t u n n e l  w a l l s .  
TSW has a span of 2 . 4 4  m ( 8  f t )  
sweep a n g l e  i n s t a l l a t i o n s ,  

span  of o n l y  20 .32  cm ( 8  i n . ) ;  
t h e  dynamic p ressure  t a p s  a r e  l o c a t e d  t o  t h e  s i d e  of t h e  m e t r i c  s e c t i o n  w i t h i n  
.457 m (18 i n . )  o f  the wind t u n n e l  c e n t e r l i n e .  T h e r e f o r e ,  no  i n s t r u m e n t a t i o n  
i s  any c l o s e r  t o  t h e  w a l l s  t h a n  two model chord  l e n g t h s  (one  chord  l e n g t h  i s  
. 406  m o r  16 i n . ) .  

For  t h e  unswept f low c o n d i t i o n ,  t h e  c o n v e n t i o n a l  c e i l i n g  and f l o o r  
c o r r e c t i o n s  ( R e f .  11 )  a r e  r e l a t i v e l y  s m a l l ,  b e c a u s e  t h e  model i n s t a l l e d  i n  t h e  
U T R C  t u n n e l  h a s  a l a r g e  h e i g h t  t o  chord  r a t i o  of 6 ;  i . e . ,  t h e  c e i l i n g  and 
f l o o r  b o u n d a r i e s  a r e  w e l l  removed. In  a d d i t i o n ,  b l o c k a g e  e f f e c t s ,  which tend  
t o  i n c r e a s e  t h e  l o c a l  Mach number, a r e  e s s e n t i a l l y  n e g l i g i b l e  because  t h e  model 
b l o c k a g e  a r e a  ( t h i c k n e s s  t imes s p a n )  i s  o n l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 p e r c e n t  of t h e  t e s t  s e c t i o n  
c r o s s  s e c t i o n a l  a r e a .  

The c o r r e c t i o n s  t o  f r e e  a i r  c o n d i t i o n s  are computed by methods t h a t  
a r e  v a l i d  o n l y  up t o  s t a l l  a n d / o r  b e f o r e  any s i g n i f i c a n t  f low s e p a r a t i o n  (Re f .  
1 1 ) .  T h i s  c o m p u t a t i o n  i s  accompl ished by s u p e r p o s i n g  a ser ies  of images 
above and below t h e  model u s i n g  t h e  t u n n e l  c e i l i n g  and f l o o r  a s  r e f l e c t i n g  
p l a n e s .  For t h e  swept w ing ,  t h e  t u n n e l  w a l l s  must a l s o  be t r e a t e d  as r e f l e c t i o n  
p l a n e s  i n  o r d e r  t h a t  t h e  e f f e c t  of t h e s e  b o u n d a r i e s  on t h e  l o c a l  model i n c i d e n c e  
a n g l e  be  e s t i m a t e d  when compar ing  swept d a t a  w i t h  c o n v e n t i o n a l  unswept d a t a .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 
m e t h o d  f o r  a c c o m p l i s h i n g  t h i s  i s  g i v e n  i n  R e f .  12  f o r  p o t e n t i a l  f l o w .  T h i s  
app roach  i s  a v a r i a t i o n  of t h e  method of images which assumes t h a t  t h e  l o c a l  

f l ow  d i s t o r t i o n  can  be e s t i m a t e d  by t h e  i nduced  f l ow  g e n e r a t e d  by t h e  bound 

v o r t i c e s  r e p r e s e n t i n g  a l a t t i c e  of swept wing p a n e l s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas shown i n  t h e  s k e t c h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
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above ( r e p r e s e n t i n g  a p lan form v iew i n  t h e  p l a n e  of t h e  m o d e l ) ,  e x t e n d i n g  
t o  i n f i n i t y  above,  be low,  and t o  b o t h  s i d e s  o f  t h e  t e s t  s e c t i o n .  Necessary  
m o d i f i c a t i o n s  t o  t h e  g o v e r n i n g  e q u a t i o n s  were i n t r o d u c e d  t o  a l l o w  e v a l u a t i o n  
of  t h e  induced f l o w  a t  t h e  a i r f o i l  model 50 p e r c e n t  chord  s t a t i o n  a s  i n  t h e  
c l a s s i c a l  t h e o r y .  The m o d i f i e d  e q u a t i o n s  a r e  p r e s e n t e d  i n  Appendix zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA111. To 
d e m o n s t r a t e  t h e  magn i tude of t h e s e  c o r r e c t i o n s ,  t h e i r  e f f e c t  on t h e  l o c a l  
i n c i d e n c e  a n g l e  f o r  d a t a  t a k e n  a t  t h e  c e n t e r  of t h e  t e s t  s e c t i o n  and a t  low 

Mach nrimber (M, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0 .3 )  a r e  shown i n  t h e  t a b l e  below a s  a f u n c t i o n  of l i f t  
c o e f f i c i e n t  : 

NACA 0012 

( d e g r e e s )  
OU aC 

CL Aa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 -0 .6  - 0 . 6  

.4 0 .05  3.4 3.45 

.8 0.09  7.0 7.09 
1 . 2  0.14  11 .0  11.14 
1 . 6  0.18  -- -- 

The t a b l e  d e m o n s t r a t e s  t h a t  t h e s e  c o r r e c t i o n s  t o  f ree a i r  c o n d i t i o n s  amount t o  
a b o u t  1 . 2  p e r c e n t  w i t h o u t  c o n s i d e r a t i o n  of c o m p r e s s i b i l i t y  e f f e c t s .  However, 
wind t u n n e l  w a l l  c o r r e c t i o n s  t o  f ree a i r  c o n d i t i o n s  were not  a p p l i e d  f o r  t h e  
dynamic t e s t  d a t a .  

Some a i r f o i l  s u r f a c e  o i l  f low s t u d i e s  were c o n d u c t e d  d u r i n g  a r e l a t e d  
program ( n o t  d i s c u s s e d  h e r e i n )  t o  i n v e s t i g a t e  p o s s i b l e  i n t e r f e r e n c e  e f f e c t s  of  
t h e  w a l l s  and t h e  p a r t - s p a n  s u p p o r t  s t r u t s .  These s t u d i e s  showed t h a t  t h e i r  
e f f e c t s  were l o c a l i z e d  and d i d  no t  i n f l u e n c e  t h e  i n s t r u m e n t e d  midspan r e g i o n .  
For  t h e  dynamic t es ts  i t  i s  e x p e c t e d  t h a t  t h e  s t r u t  e f f e c t s  would a l s o  be 

l o c a l i z e d .  

S t e a d y - S t a t e  Response 

F i g u r e s  14 t h r o u g h  1 7  p r e s e n t  t h e  u n c o r r e c t e d  l i f t ,  d r a g ,  and p i t c h i n g  

moment c o e f f i c i e n t  d a t a  from m e t r i c  s e c t i o n  b a l a n c e  measurements  on t h e  TSW 

model of t h e  NACA 0012 p r o f i l e .  A d a t a  s y s t e m  m a l f u n c t i o n  made i t  i m p o s s i b l e  
t o  r e t r e i v e  t h e  unswept d a t a  t a k e n  d u r i n g  t h i s  t e s t  f o r  f i n a l  d a t a  r e d u c t i o n .  
On- l ine  s p o t  c h e c k s  of  t h e s e  d a t a ,  made p r i o r  t o  t h e  m a l f u n c t i o n ,  i n d i c a t e d  

q u a l i t a t i v e  agreement  w i t h  ea r l i e r  d a t a ,  and f o r  r e f e r e n c e ,  t h e s e  p r e v i o u s  
unswept r e s u l t s  ( u n p u b l i s h e d )  a r e  i n c l u d e d  h e r e  i n  F i g s .  14 and 15 .  The 
c u r v e s  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 deg o b t a i n e d  i n  t h i s  tes t  a r e  found i n  F i g s .  16 and 1 7 .  



The e f f e c t  o f  Mach number i s  c o n f i n e d  p r  
c u r v e  on t h e  unswept mode l ,  and t h e  e f f e c t  o f  

m a r i l y  t o  a round ing  of t h e  l i f t  
sweep i s  t o  ex tend  t h e  l i f t  

c u r v e  t o  h i g h e r  v a l u e s  o f  C L  w i t h o u t  any s i g n i f i c a n t  d r o p  d u e  t o  s t a l l .  
Both d r a g  and moment c o e f f i c i e n t  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e s e  e f f e c t s .  
F i n a l l y ,  a compar i son  o f  t h e  l i f t  c u r v e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs lopes between t h e  unswept  and swept 
c o n f - i g u r a t i o n s  i n d i c a t e s  t h a t  s i m p l e  sweep t h e o r y  c a n  be used t o  c o n v e r t  un- 
swept  s t e a d y - s t a t e  l i f t  d a t a  i n t o  swept  d a t a  o v e r  t h e  p o t e n t i a l  f l o w  r a n g e  of 
t h e  s t e a d y - s t a t e  r e s p o n s e .  However, i f  s t e a d y - s t a t e  swept d a t a  a r e  needed 
beyond s t a l l ,  c u r r e n t  s t a t e - o f - t h e - a r t  r e q u i r e s  t h a t  t h e y  b e  measured d i r e c t l y .  

T h e r e  i s  a l a r g e  s c a t t e r  i n  t h e  d r a g  measurements  a t  low i n c i d e n c e  as 
shown i n  F i g s .  14 and 15.  These r e s u l t s  i n d i c a t e  t h a t  t h e  p r e s e n t  b a l a n c e  
sys tem canno t  p r o v i d e  s u f f i c i e n t l y  r e p e a t a b l e  s t e a d y - s t a t e  d r a g  d a t a  a t  
low !*lath number. The d e v i a t i o n  i n  measured d r a g  v a l u e s  i s  g r e a t e s t  i n  t h e  

ne ighborhood  o f  t h e  d r a g  d i v e r g e n c e  k n e e ,  e s p e c i  a1 l y  f o r  t h e  o b l i q u e  f low 
c a s e s  where  t h e  c h o r d  f o r c e  i s  s m a l l .  T h i s  d e v i a t i o n  i n  measured d r a g  
c o e f f i c i e n t  v a l u e s  was a s  l a r g e  a s  ACD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0 .100 .  
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UNSTEADY RE SULTS 

P r e s s u r e  T i m e  H i s t o r i e s  

Two examples of  t h e  u n s t e a d y  p r e s s u r e  t i m e  h i s t o r i e s  o b t a i n e d  i n  t h i s  t e s t  
a r e  p r e s e n t e d  i n  F i g s .  18 and 19 f o r  mean i n c i d e n c e  a n g l e s  aM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0 d e g  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a = 1 2  d e g ,  r e s p e c t i v e l y .  O t h e r  t e s t  p a r a m e t e r s ,  i d e n t i c a l  f o r  b o t h  c a s e s ,  
were Mc = 0.3,  f = 1 0  c p s ,  k = 0.124, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE = 8 deg ,  and bo th  r e s u l t s  were 
o b t a i n e d  i n  t h e  s w e p t  c o n f i g u r a t i o n .  I n  e a c h  f i g u r e  t h e  t o p  t r a c e  i s  f o r  t h e  
f i r s t  c h o r d w i s e  s t a t i o n  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX = x / c  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.004, and s u b s e q u e n t  t r a c e s  a r e  f o r  down- 
s t r e a m  l o c a t i o n s ,  b a c k  t o  t h e  r e a r m o s t  t r a c e  a t  X = 0.971.  A t  t h e  bo t tom o f  
each f i g u r e  i s  t h e  a n g u l a r  d i s p l a c e m e n t  t i m e  h i s t o r y  r e l a t i v e  t o  t h e  mean 
i n c i d e n c e  a n g l e .  T h e s e  two r e s u l t s  are s i n g l e d  o u t  a s  t y p i c a l  examples t o  
d e m o n s t r a t e  t h e  q u a l i t y  o f  t h e  measured u n 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 
t o  p o i n t  o u t  t h e  i n c r e a s e d  o p p o r t u n i t y  f o r  a f u t u r e  e x a m i n a t i o n ,  i n  d e t a i l ,  
o f  t h e  complex s u r f a c e  phenomena. 

M 

The p o t e n t i a l  f l o w  r e s u l t s  i n  F i g .  18 i l l u s t r a t e s  t h e  upst roke- to-down- 
s t r o k e  symmetry of t h e  r e s p o n s e  and t h e  l a r g e  v a r i a t i o n  i n  p r e s s u r e  a m p l i t u d e  
f rom l e a d i n g  edge t o  t r a i l i n g  edge .  Note  t h a t  t h e  d o u b l e  minimum of  t h e  
l e a d i n g  edge t r a c e  o v e r  t h e  low i n c i d e n c e  a n g l e  r e g i o n  s i g n a l s  t h e  p a s s a g e  of 
t h e  l e a d i n g  e d g e  s t a g n a t i o n  p o i n t  o v e r  t h i s  t r a n s d u c e r ,  f i r s t  as i t  moves 
r e a r w a r d  f o r  d e c r e a s i n g  a ,  and t h e n  a s  i t moves f o r w a r d  f o r  i n c r e a s i n g  a .  

I n  c o n t r a s t ,  t h e  s t a l l e d  f low p e n e t r a t i o n  case i n  F i g .  19 c o n t a i n s  no 
e v i d e n c e  of  u p s t r o k e - t o - d o w n s t r o k e  symmetry i n  t h e  p r e s s u r e  r e s p o n s e .  The 

most  s t r i k i n g  c h a r a c t e r i s t i c  h e r e  i s  t h e  a b r u p t  c o l l a p s e  o f  s u c t i o n  a t  X = 

0.004 j u s t  p r i o r  t o  maximum i n c i d e n c e  a n g l e ,  and t h e  p r o p a g a t i o n  of  t h i s  e v e n t  

r e a r w a r d  a l o n g  t h e  c h o r d  t o  t h e  t r a i l i n g  e d g e .  Note t h a t  t h e  p r e s s u r e  wave 
t h a t  r e a c h e s  t h e  t r a i l i n g  edge i n  F i g .  19  i s  s e v e r a l  o r d e r s  o f  magn i tude 
g r e a t e r  t h a n  t h e  a m p l i t u d e  o f  t h e  t r a i l i n g  edge r e s p o n s e  i n  F i g .  18 f o r  QM = 

0 d e g .  

F o r c e  and P i t c h i n g  Moment Loops 

The i n t e g r a t i o n s  of  E q s .  ( 3 ) ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 ) ,  and ( 5 )  were per formed a f t e r  t h e  

c y c l e - t o - c y c l e  r e p e a t a b i l i t y  o f  t h e  i n d i v i d u a l  p r e s s u r e  t r a n s d u c e r  r e s p o n s e s  
w a s  v e r i f i e d .  A c y c l e  a v e r a g i n g  p r o c e d u r e  was t h e n  used o v e r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 c y c l e s  ( R e f .  3 )  
t o  smooth o u t  any  v a r i a t i o n s  of  t h e  s i g n a l s  from c y c l e - t o - c y c l e ,  t h u s  o b t a i n i n g  
a mean r e p r e s e n t a t i o n  o f  t h e  c y c l i c a l  r e s p o n s e  s i g n a t u r e s  o f  t h e  normal  f o r c e ,  
moment and c h o r d  f o r c e  c o e f f i c i e n t s .  E q u a t i o n s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 1 3 )  and ( 1 4 )  were t h e n  used t o  
compute t h e  c y c l e - a v e r a g e d  t i m e  h i s t o r i e s  o f  t h e  l i f t  and p r e s s u r e  d r a g  c o e f -  
f i c i e n t s .  ( A g a i n ,  i t  i s  n o t e d  t h a t  v i s c o u s  d r a g  e f f e c t s  a r e  n o t  i n c l u d e d . )  
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With t h e  e l i m i n a t i o n  of t i m e  as t h e  i ndependen t  v a r i a b l e ,  h y s t e r e s i s  l o o p s  
are o b t a i n e d  when t h e  c y c l e - a v e r a g e d  f o r c e  and moment c o e f f i c i e n t s  are  p l o t t e d  

as f u n c t i o n s  o f  t h e  a i r f o i l  m o t i o n .  S i n c e  normal f o r c e  and moment l o o p s  have 
been t h e  s u b j e c t  o f  many e a r l i e r  r e p o r t s  ( e . g . ,  Ke fs .  1 -4 ,  6 ,  1 3  and 1 4 ) ,  a 
d e t a i l e d  d i s c u s s i o n  of t h e s e  i s  n o t  p r e s e n t e d  h e r e i n .  C o n v e r s e l y ,  t h e  compu- 
t a t i o n  of t h e  cho rd  f o r c e  h y s t e r e s i s  r e s p o n s e  i s  new ( c f .  Ref .  14 )  and i t s  
c o n t r i b u t i o n  ( r e l a t i v e  t o  t h e  normal f o r c e  c o n t r i b u t i o n )  t o  t h e  l i f t  and p r e s -  

s u r e  d r a g  h y s t e r e s i s  l o o p s  i s  b r i e f l y  examined.  F i g u r e  20 d e p i c t s  t h e  c o n t r i -  
b u t i o n s  o f  CN and Cc t o  CL and CD f o r  t h e  ex t reme c a s e  i n  which t h e  unswept 
a i r f o i l  t e s t  p a r a m e t e r s  a r e  f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 10 c p s ,  
The upper  two l o o p s  i n  t h e  l e f t  column d e p i c t  t h e  normal and c h o r d w i s e  compo- 
n e n t s  o f  t h e  i nduced  l o a d .  The upper  two l o o p s  i n  t h e  r i g h t  hand column show 
t h e i r  r e s p e c t i v e  c o n t r i b u t i o n  t o  t h e  d r a g  h y s t e r e s i s  l o o p  (shown i n  t h e  lower- 
most p l o t  of t h e  r i g h t  hand co lumn) .  Here i t  i s  s e e n  t h a t  t h e  c o n t r i b u t i o n s  

of  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACN and Cc t o  CD a r t  
C o n v e r s e l y ,  t h e  c o n t r i b u t i o n  of  C c  t o  CL (Cc s i n a ;  n o t  shown) i s  a t  l eas t  an 
o r d e r  o f  magn i tude  s m a l l e r  t h a n  t h a t  o f  C N  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(C, c o s a ;  a l s o  no t  shown) even  a t  
l a r g e  v a l u e s  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa .  The s u p e r p o s i t i o n  shown at  t h e  lower  l e f t  of F i g .  20 
c l e a r l y  i l l u s t r a t e s  t h i s .  I n  c o n t r a s t  t o  t h i s ,  F i g .  2 1  shows how CN and 
Cc c o n t r i b u t e  t o  CD f o r  t h e  same tes t  c o n d i t i o n  w i t h  t h e  e x c e p t i o n  t h a t  t h e  
mean i n c i d e n c e  a n g l e  e q u a l s  z e r o  d e g r e e s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA compar i son  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC N  and CL i s  n o t  
shown i n  t h i s  c a s e  s i n c e  t h e r e  are no d i s c e r n a b l e  d i f f e r e n c e s  be tween t h e s e  

f o r c e  components .  

- 
aM = 1 2  d e g ,  a = 10 deg and M = 0 . 4 .  

of comparab le  magn i tude ,  as migh t  be e x p e c t e d .  

I n s t e a d  o f  p r e s e n t i n g  a d e t a i l e d  d i s c u s s i o n  of t h e  p h y s i c s  o f  t h e s e  l o o p s ,  
t h e  p r e s e n t  d i s c u s s i o n  c o n c e n t r a t e s  on t h o s e  f e a t u r e s  o f  t h e  t es t  r e s u l t s  t h a t  
add t o  o u r  knowledge of t h e  dynamic s t a l l  r e s p o n s e  i n  terms of  i t s  s e n s i t i v i t y  

t o  t h e  v a r i o u s  c o n f i g u r a t i o n  p a r a m e t e r s .  ( R e s u l t s  which i n c l u d e  a d i s c u s s i o n  
o f  p e r i o d i c  t r a n s i t i o n  and s e p a r a t i o n  a t  t h e  l e a d i n g  edge and t h e  e v e n t s  t h a t  
f o l l o w  d u r i n g  t h e  p a s s a g e  of t h e  shed v o r t e x  can  be  found i n  R e f s .  1-4, 6 ,  13,  
and 1 4 . )  
u n s t e a d y  p r e s s u r e  d r a g ,  C D ( a ) ,  and u n s t e a d y  moment, C,(a), a r e  used i n  t h e  
n e x t  s e c t i o n  t o  p a r a m e t r i c a l l y  d e t e r m i n e  t h e  e f f e c t s  of sweep, p i t c h i n g  ampl i -  

t u d e ,  mean i n c i d e n c e  a n g l e ,  f r e q u e n c y ,  and cho rdw ise  Mach number. A l s o  d i s -  
c u s s e d  i n  a s u b s e q u e n t  s e c t i o n  are  t h e  i m p l i c a t i o n s  of t h e  r e s u l t s  i n  terms of  
t h e  s t a b i l i t y  of  t h e  p i t c h i n g  mo t ion  o f  t h e  a i r f o i l .  

I n  p a r t i c u l a r ,  t h e  i n t e g r a t e d  q u a n t i t i e s  o f  u n s t e a d y  l i f t ,  C L ( a ) ,  

D i s c u s s i o n  of Uns teady  Response 

The d i s c u s s i o n  of r e s u l t s  i s  based on a l i m i t e d  s e l e c t i o n  o f  t y p i c a l  d a t a .  
A c o m p l e t e  s e t  o f  d a t a  can  be found i n  Ref .  15.  F i g u r e s  22 t h r o u g h  39 compare 
t h e  u n s t e a d y  l o a d  c h a r a c t e r i s t i c s  o f  t h e  NACA 0012 a i r f o i l  i n  t h e  swept and 
unswept  c o n f i g u r a t i o n s .  A l though t h e  r e s u l t s  are p r e s e n t e d  i n  a f o rma t  

which emphas izes  t h e  e f f e c t s  of b l a d e  sweep, t h e  i n f l u e n c e  of p i t c h i n g  ampl i -  
t u d e  ( F i g s .  22-39),  mean i n c i d e n c e  a n g l e  ( F i g s .  28-36),  f r e q u e n c y  ( F i g s .  22-27) 
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and c h o r d w i s e  Mach number ( F i g s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 7 - 3 9 ) ,  i s  a l s o  i n d i c a t e d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn e a c h  o f  
t h e s e  f i g u r e s ,  t h e  s o l i d  and d a s h e d  l i n e s  r e p r e s e n t  l o o p s  c o r r e s p o n d i n g  t o  
t h e  unswept and swept  c o n f i g u r a t i o n s ,  r e s p e c t i v e l y .  In a d d i t  i o n ,  t h e  l e f t  
hand column o f  l o o p s  shows t h e  e f f e c t  o f  sweep a t  a p i t c h i n g  a m p l i t u d e  o f  8 
d e g  w h i l e  t h e  r i g h t  hand column d e p i c t s  t h e  c o r r e s p o n d i n g  compar ison  a t  a 
p i t c h i n g  a m p l i t u d e  o f  10 deg .  F i n a l l y ,  t h e  d i r e c t i o n  of  t r a v e r s e  o f  e a c h  l o o p  
i s  d e s i g n a t e d  by  a r r o w s .  It is  n o t e d  t h a t  a c o u n t e r c l o c k w i s e  e n c l o s u r e  o f  t h e  
moment l o o p  i n d i c a t e s  t h a t  t h e  u n s t e a d y  aerodynamic l oad  is  s t a b i l i z i n g ,  and 
t h a t  a c l o c k w i s e  t r a v e r s e  i s  i n d i c a t i v e  o f  a d e s t a b i l i z a t i o n .  

F i g u r e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 2  t h r o u g h  2 4  show t h e  e f f e c t s  o f  sweep,  p i t c h i n g  a m p l i t u d e ,  and 

p i t c h i n g  f r e q u e n c y  on t h e  l i f t ,  p r e s s u r e  d r a g ,  and moment r e s p o n s e s  a t  c o n s t a n t  
v a l u e s  of mean i n c i d e n c e  a n g l e  (a, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1 2  d e g )  and c h o r d w i s e  Mach number (Mc = 0 . 3 (  
I n  F i g .  2 2  i t  is  s e e n  t h a t  t h e  a r e a  e n c l o s e d  by t h e  l i f t  I o o p s ,  f o r  t h e  r a n g e  
o f  f r e q u e n c i e s  shown, grows l a r g e r  w i t h  i n c r e a s i n g  f r e q u e n c y  which means t h a t  
t h e  u n s t e a d y  component of l i f t  becomes more i m p o r t a n t  a s  t h e  p i t c h i n g  f r e -  
quency  is  i n c r e a s e d .  T h i s  b e h a v i o r  w i t h  f r e q u e n c y  i s  s i m i l a r  f o r  e a c h  sweep 
a n g l e  and p i t c h i n g  a m p l i t u d e  t e s t e d  and i s  i n  q u a l i t a t i v e  agreement  w i t h  

p o t e n t i a l  f l o w  t h e o r y ;  however ,  t h e  magn i tude o f  t h e  o b s e r v e d  u n s t e a d y  e f f e c t  
i s  much l a r g e r  t h a n  i n d i c a t e d  by t h e  t h e o r y .  This i s  t r u e  b e c a u s e  t h e  a i r f o i l  

i s  o p e r a t i n g  wel l  beyond t h e  s t a t i c  s t a l l  a n g l e ,  and t h e  dominant  e f f e c t  on 
t h e  l o o p  s h a p e s  i s  dynamic s t a l l .  For  t h e  r a n g e  o f  p a r a m e t e r s  shown i n  F i g .  2 2 ,  
sweep ing  t e n d s  t o  d e l a y  t h e  o n s e t  o f  dynamic s t a l l .  T h i s  e f f e c t  i s  n o t  as d i s -  
c e r n a b l e  a t  = 10 d e g  as i t  i s  when zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAci; = 8 deg .  Sweep a l s o  r e d u c e s  t h e  
magn i tude o f  t h e  u n s t e a d y  component o f  t h e  l i f t  f o r c e  r e l a t i v e  t o  t h e  mean 

d i s t r i b u t i o n  of  CL as a f u n c t i o n  of  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa ( i . e . ,  t h e  l o o p s  f o r  30 d e g  sweep a r e  
n a r r o w e r  t h a n  t h o s e  f o r  t h e  unswept c o n f i g u r a t i o n ) .  

While mean v a l u e s  a r e  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  l o a d  c a p a b i l i t y  a t  a 
g i v e n  c o n d i t i o n  t h e  e x t r e m a 1  e x c u r s i o n s  o f  t h e  u n s t e a d y  l o a d s  and t h e i r  l o c a -  

t i o n s  d u r i n g  t h e  c y c l e  a r e  a l s o  i m p o r t a n t  s i n c e  t h e y  a r e  a measure  o f  t h e  
dynamic e n v i r o n m e n t .  For  b o t h  t h e  unswept  and swept c o n f i g u r a t i o n s  i t  is  s e e n  
from a c a r e f u l  e x a m i n a t i o n  of  t he .  d a t a  shown i n  F i g s .  2 2  t h r o u g h  2 4  t h a t  t h e  
peak r e s p o n s e s  i n  l i f t ,  p r e s s u r e  d r a g ,  and moment n o t  o n l y  i n c r e a s e  i n  magni-  
t u d e  b u t  a l s o  s h i f t  t o  h i g h e r  i n c i d e n c e  a n g l e s  a s  t h e  f r e q u e n c y  i s  i n c r e a s e d .  
Beyond t h e  peak r e s p o n s e  i t  i s  s e e n  t h a t  t h e  s e v e r i t y  o f  t h e  dynamic s t a l l  
phenomenon ( i . e .  , t h e  sudden change i n  CL,  C D ,  and CM n e a r  peak i n c i d e n c e )  i s  
s i g n i f i c a n t l y  r e d u c e d  a t  low f r e q u e n c i e s  when t h e  a i r f o i l  i s  swept  b a c k .  How- 
e v e r ,  a s  t h e  f r e q u e n c y  i s  i n c r e a s e d ,  t h e  e f f e c t  o f  sweep on t h e  dynamic s t a l l  

r e s p o n s e  i s  s e e n  t o  marked ly  d i m i n i s h .  

It i s  w e l l  known t h a t  i n  p o t e n t i a l  f l o w  t h e  u n s t e a d y  p i t c h i n g  moment 
a b o u t  t h e  q u a r t e r  c h o r d  p r o d u c e s  a n  e l l i p t i c a l  l o o p  w i t h  ma jor  a x i s  a p p r o x i -  

m a t e l y  p a r a l l e l  t o  t h e  a - a x i s .  In F i g .  2 4  i t  i s  shown t h a t  an  i n c r e a s e  i n  

p i t c h i n g  f r e q u e n c y  d e l a y s  t h e  o n s e t  o f  moment s t a l l  f o r  b o t h  t h e  unswept and 
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swept c o n f i g u r a t i o n s .  A l so ,  when t h e  b l a d e  i s  swept b a c k ,  t h e  nose down 
i m p u l s e  which accompan ies  dynamic s t a l l  i s  r e d u c e d  i n  magn i tude and o c c u r s  
o v e r  a n a r r o w e r  r a n g e  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa .  T h i s  e f f e c t  i s  e s p e c i a l l y  n o t i c e a b l e  a t  lower  
f r e q u e n c i e s .  A l though t h e  e f f e c t  o f  sweep t e n d s  t o  f a v o r a b l y  a l t e r  t h e  moment 
r e s p o n s e  n e a r  peak i n c i d e n c e ,  t h e  c o l l e c t i v e  e f f e c t  o f  t h e  accompanying change 
i n  t h e  u n s t e a d y  moment r e s p o n s e  o v e r  t h e  e n t i r e  c y c l e  o f  mot ion  may be t o  
r e d u c e  t h e  s t a b i l i t y  m a r g i n  o f  t h e  a i r f o i l .  F u r t h e r  d e t a i l s  a r e  p r e s e n t e d  i n  
t h e  nex t  s e c t i o n .  F i n a l l y ,  an i n c r e a s e  i n  t h e  p i t c h i n g  a m p l i t u d e  t e n d s  t o  
d e l a y  t h e  o n s e t  o f  dynamic s t a l l .  T h i s  o c c u r s  p a r t l y  b e c a u s e  o f  t h e  d e l a y  i n  
t h e  d e c e l e r a t i o n  maximum of  t h e  b l a d e  mot ion  n e a r  peak i n c i d e n c e .  

F i g u r e s  25 t h r o u g h  2 7  show t h e  same compar isons  a s  p r e s e n t e d  i n  F i g s .  22 

t h r o u g h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 bu t  a t  a c h o r d w i s e  Mach number e q u a l  t o  0 . 4 0 .  I t  i s  s e e n  t h a t  t h e  
same g e n e r a l  t r e n d s  o c c u r  w i t h  one e x c e p t i o n .  For  t h e  unswept c o n f i g u r a t i o n  
t h e  i n c r e a s e  i n  Mach number a p p e a r s  t o  promote a v i s c o u s  breakdown of  t h e  f low 

a t  a s m a l l e r  i n c i d e n c e  a n g l e .  However, when t h e  b l a d e  i s  swept a t  Mc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.40,  
t h e  u n s t e a d y  r e s p o n s e  f o r  bo th  CD and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACH t e n d s  t o  f o l l o w  t h e  s t e a d y - s t a t e  

c h a r a c t e r i s t i c s  more c l o s e l y  and t h e  maximum a c h i e v a b l e  l o a d s  n e a r  peak i n c i -  

d e n c e  a r e  s e e n  t o  e x c e e d  t h o s e  o f  t h e  unswept c o n f i g u r a t i o n ,  e s p e c i a l l y  when 
a = 8 d e g .  

F i g u r e s  28 t h r o u g h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 6  show how t h e  l i f t ,  p r e s s u r e  d r a g ,  and moment 
h y s t e r e s i s  l o o p s  v a r y  w i t h  i n c r e a s i n g  mean i n c i d e n c e  a n g l e  f o r  b o t h  t h e  swept 
and unswept o r i e n t a t i o n s  and a t  bo th  a m p l i t u d e s  o f  t h e  mot ion .  The e f f e c t  o f  
mean i n c i d e n c e  a n g l e  f o r  a r e d u c e d  f r e q u e n c y  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk = .099  ( f  = 8 c p s )  and a 
c h o r d w i s e  Mach number o f  Mc = 0 . 3 0  i s  shown i n  F i g s .  28 t h r o u g h  30 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs t h e  
mean i n c i d e n c e  a n g l e  i n c r e a s e s ,  t h e  dynamic s t a l l  e v e n t  becomes i n c r e a s i n g l y  
more i m p o r t a n t  f o r  b o t h  t h e  swept  and unswept c o n f i g u r a t i o n s .  For  example ,  
a t  z e r o  d e g r e e s  mean i n c i d e n c e ,  t h e  l i f t  f o r c e  l o o p  i s  n e a r l y  e l l i p t i c a l  
t h u s  s i g n i f y i n g  a p r e d o m i n a n t l y  p o t e n t i a l  f l o w  s i t u a t i o n .  However, when t h e  
mean i n c i d e n c e  a n g l e  i s  i n c r e a s e d  u n t i l  t h e  a i r f o i l  o s c i l l a t i o n  p e n e t r a t e s  
the dynamic s t a l l  r e g i o n ,  t h e  r e s u l t i n g  loss i n  l i f t  c a u s e s  a r e v e r s a l  i n  t h e  
d i r e c t i o n  o f  t h e  l o o p  t r a v e r s e  p a t h  o v e r  p a r t  o f  t h e  c y c l e .  I f  t h e  e v e n t  i s  
no t  t o o  s e v e r e  a s  shown i n  F i g .  28 f o r  t h e  swept a i r f o i l  a t  9 deg mean i n c i -  

d e n c e  and 8 d e g  ampl i i tude,  t h e  u n s t e a d y  aerodynamic load reassumes a p o t e n t i a l  
f l o w  b e h a v i o r  i n  t h e  lower  i n c i d e n c e  a n g l e  p o r t i o n  of  t h e  c y c l e .  A s  t h e  mean 
i n c i d e n c e  a n g l e  i s  i n c r e a s e d  s u f f i c i e n t l y ,  t h e  e n t i r e  r e s p o n s e  i s  i n f l u e n c e d  

by dynamic s t a l l .  

Another  i m p o r t a n t  outcome o f  t h e  compar ison  shown i n  F i g s .  28-30 i s  
t h a t  sweep i s  g e n e r a l l y  f a v o r a b l e  f o r  t h e  e n t i r e  mean i n c i d e n c e  a n g l e  r a n g e  

t e s t e d  a t  Mc = 0.30.  
n o s e  down i m p u l s e  i n  t h e  u n s t e a d y  moment ( F i g .  30) i s  reduced i n  a l l  c a s e s  
shown, and even f o r  t h e  ex t reme c a s e s  o f  aM = 1 5  deg a t  
unswept d a t a  a t  a = 10 d e g  was n o t  o b t a i n e d  f o r  t h i s  ex t reme c o n d i t i o n ) .  

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

= 8 d e g  ( n o t e  t h a t  - 
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The compar isons  shown i n  F i g s .  31 t h r o u g h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA33 a r e  t h e  same a s  shown i n  
F i g s .  28 t h r o u g h  30 e x c e p t  a t  a l ower  reduced f r e q u e n c y  ( k  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= .049 o r  f = 4 c p s ) .  
The t r e n d s  i n  l o o p  b e h a v i o r  w i t h  r e s p e c t  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaH and h a r e  b a s i c a l l y  t h e  
same a s  o b s e r v e d  i n  F i g s .  28 t h r o u g h  30 b u t  t h e  u n s t e a d y  r e s p o n s e s  a s s o c i a t e d  

w i t h  dynamic s t a l l  a r e  g e n e r a l l y  d i m i n i s h e d  i n  magn i tude r e l a t i v e  t o  t h e  
r e s u l t s  o b t a i n e d  a t  k = .099 ( f  = 8 c p s ) .  F i g u r e s  34 t h r o u g h  36 show t h e  

same compar isons  a s  i n  F i g s .  28 t h r o u g h  30 b u t  a t  an i n c r e a s e d  Mach number 
(Mc = 0 . 4 0 ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  n o t e d  ear l i e r  i n  t h e  d i s c u s s i o n  of F i g s .  25  t h r o u g h  27 ,  
t h e  maximum a c h i e v a b l e  r e s p o n s e s  of  CD and CM o f  t h e  swept c o n f i g u r a t i o n  
g e n e r a l l y  exceed t h o s e  of t h e  c o r r e s p o n d i n g  unswept c o n f i g u r a t i o n  f o r  t h e  
r a n g e  of mean i n c i d e n c e  a n g l e s  t e s t e d .  O t h e r w i s e ,  t h e  h y s t e r e s i s  l o o p s  o f  
F i g s .  34 t h r o u g h  36 c o n f i r m  t h e  t r e n d s  of  F i g s .  28 t h r o u g h  33 .  F i g u r e s  37 
t h r o u g h  39 show more d i r e c t l y  t h e  e f f e c t  o f  Mach number on t h e  l i f t ,  p r e s s u r e  
d r a g ,  and moment l o o p s .  A s  n o t e d  e a r l i e r ,  t h e  a i r f o i l  t e n d s  t o  s t a l l  a t  a 
lower  i n c i d e n c e  a n g l e  a s  PIc i n c r e a s e s  from 0 . 3 0  t o  0 . 4 0 .  
shown, t h i s  Mach number e f f e c t  a p p e a r s  t o  d i m i n i s h  a s  t h e  a i r f o i l  i s  s w e p t  

back .  

For  t h e  c a s e s  

A s p e c i a l  ser ies  of  r u n s  were made at  t h e  c h o r d w i s e  Mach number v a l u e  of 

Mc = 0.10.  
4 . 0 ,  and 5.0 c p s  o r  k = . 106 ,  
d e g ,  a = 10 d e g ,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA = 30 d e g .  These r e s u l t s  a r e  shown i n  F i g s .  40 
t h r o u g h  42 f o r  C L ,  C D ,  and CM, r e s p e c t i v e l y .  

u n s t e a d y  l o a d  r e s p o n s e  i s  q u a l i t a t i v e l y  d i f f e r e n t  from t h e  r e s p o n s e s  o b t a i n e d  
a t  t h e  h i g h e r  c h o r d w i s e  Mach number v a l u e s  of  0 .30  and 0 . 4 0 .  T h i s  d i f f e r e n c e  

i s  e s p e c i a l l y  d i s c e r n a b l e  i n  t h e  CL and CD p l o t s  a s  t h e  reduced f r e q u e n c y  
i s  i n c r e a s e d .  For example ,  i t  i s  n o t e d  t h a t  a s  t h e  reduced f r e q u e n c y  i s  
i n c r e a s e d  t h e  l o s s  o f  l i f t  and pressure d r a g  o c c u r s  p r o g r e s s i v e l y  l a t e r  i n  t h e  
c y c l e  u n t i l  i t  a c t u a l l y  o c c u r s  a f t e r  t h e  peak i n c i d e n c e  a n g l e  i s  r e a c h e d .  
S t a t e d  a n o t h e r  way, dynamic s t a l l  t e n d s  t o  l a g  t h e  d e c e l e r a t i o n  maximum of  t h e  
b l a d e  m o t i o n  when t h e  reduced f r e q u e n c y  i s  s u f f i c i e n t l y  l a r g e ;  t h a t  i s ,  t h e  

v i s c o u s  breakdown and accompanying l o s s  i n  l i f t  o c c u r s  d u r i n g  t h e  a c c e l e r a t i v e  
p h a s e  o f  t h e  d o w n s t r o k e  r a t h e r  t h a n  d u r i n g  t h e  d e c e l e r a t i v e  phase of t h e  

u p s t r o k e .  F i n a l l y ,  i t  s h o u l d  be n o t e d  t h a t  t h e  t r e n d s  shown i n  F i g s .  40 
t h r o u g h  42 a r e  i n  q u a l i t a t i v e  agreement  w i t h  t h e  r e s u l t s  o b t a i n e d  by t h e  
a u t h o r s  of Ref .  14 .  F i g u r e  30 o f  Ref .  14 p r e s e n t s  C L ,  C D ,  and CM l o o p s  
o b t a i n e d  f o r  t h e  same p a r a m e t e r s  a s  h e r e i n ,  bu t  f o r  t h e  unswept c o n f i g u r a t i o n .  

T h i s  t e s t  was per formed f o r  4 v a l u e s  of f r e q u e n c y  ( f  = 2 . 5 ,  3 . 8 ,  
. 2 1 2 ,  and . 261 ,  r e s p e c t i v e l y )  a t  aM = 1 5  .156,  

- 

Here, i t  i s  s e e n  t h a t  t h e  

D i s c u s s i o n  of S imp le  Sweep Theory  

I n  t h e  f i g u r e s  c i t e d  i n  t h e  p r e c e d i n g  s e c t i o n  i t  i s  s e e n  t h a t  t h e  unswept 
and swept  l i f t  r e s p o n s e s  a r e  u n i f o r m l y  d i s p l a c e d  f r o m  one a n o t h e r  d u r i n g  t h e  

u p s t r o k e  p o r t i o n  of t h e  c y c l e .  T h i s  d i s p l a c e m e n t  o c c u r s  a t  a l l  mean i n c i d e n c e  
a n g l e s  e x c e p t  z e r o  d e g r e e s  i n  which c a s e  t h e  l o o p s  a r e  o n l y  s l i g h t l y  m i s -  
a l i g n e d .  T h i s  outcome d i s a g r e e s  w i t h  t h e  s t e a d y - s t a t e  r e s u l t  i n  which t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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n o r m a l i z e d  unswept and swept  l i f t  r e s p o n s e s  a r e  a l i g n e d  w i t h i n  t h e  p o t e n t i a l  
f low r a n g e  o f  t h e  d a t a  ( c f .  F i g s .  1 4  t h r o u g h  1 7 ) .  T h e r e f o r e ,  i t  a p p e a r s  t h a t  
t h e  u s e  o f  s i m p l e  sweep t h e o r y  t o  n o r m a l i z e  t h e  u n s t e a d y  l i f t  f a i l s  t o  r e c o n -  
c i l e  t h e  e f f e c t  o f  sweep w i t h i n  t h e  p o t e n t i a l  f low r a n g e  o f  t h e  r e s p o n s e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA n  
e x a m i n a t i o n  o f  t h e  moment l o o p  c o m p a r i s o n s  l e a d s  t o  t h e  same c o n c l u s i o n  about  
t h i s  l i m i t a t i o n  o f  t h e  s i m p l e  sweep t h e o r y .  

D i s c u s s i o n  o f  Aerodynamic Damping and S t a b i l i t y  

The s t a b i l i t y  o f  t h e  a i r f o i l  m o t i o n  i n  terms of  i t s  dependence on 

p a r a m e t e r  v a r i a t i o n s  (sweep,  mean i n c i d e n c e  a n g l e ,  and f r e q u e n c y )  was d e t e r -  
mined by p e r f o r m i n g  a F o u r i e r  a n a l y s i s  of a l l  o f  t h e  moment r e s p o n s e s  o b t a i n e d  

i n  t h e  t e s t  program and s u b s t i t u t i n g  t h e  f i r s t  harmon ic  component v a l u e s  i n t o  
Eq. ( 1 9 )  t o  o b t a i n  t h e  t o r s i o n a l  aerodynamic  damping p a r a m e t e r ,  f ,  which i s  
p o s i t i v e  f o r  s t a b l e  m o t i o n s .  

F i g u r e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA43 and 44 c o n t a i n  t h e  r e s u l t s  o f  t h e  f i n a l  s t e p  i n  t h e  r e d u c -  
t i o n  o f  t h e  u n s t e a d y  p r e s s u r e  d a t a  f o r  a m p l i t u d e  v a l u e s  o f  8 and 10 d e g ,  
r e s p e c t i v e l y .  T h e s e  f i g u r e s  show t h e  v a r i a t i o n  o f  induced aerodynamic  

damping w i t h  r e d u c e d  f r e q u e n c y ,  k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= bw/V, f o r  f o u r  v a l u e s  o f  mean i n c i d e n c e  
a n g l e  and two v a l u e s  o f  c h o r d w i s e  Mach number. 

I n  F i g .  4 3  t h e  d a t a  o b t a i n e d  a t  z e r o  mean i n c i d e n c e  a n g l e  and Mc = . 3 0  
f o l l o w  t h e  t h e o r e t i c a l  l i n e a r  p r e d i c t i o n ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 = r k / 2  ( c f .  Ref .  1 6 ) ;  however ,  
when t h e  c h o r d w i s e  Mach number i s  r a i s e d  t o  .40,  t h e  q u a l i t a t i v e  t r e n d  d e v i a t e s  
f rom t h e  l i n e a r  t h e o r y  a s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk i s  i n c r e a s e d .  

When t h e  mean i n c i d e n c e  a n g l e  i s  i n c r e a s e d  beyond 9 d e g ,  b l a d e  sweep t e n d s  
t o  r e d u c e  t h e  s t a b i l i t y  m a r g i n  o f  t h e  a i r f o i l .  I n  t e r m s  of  t h e  moment l o o p  
r e s u l t s ,  t h i s  outcome i m p l i e s  a n e t  d e c r e a s e  i n  t h e  a r e a  b o r d e r e d  by  a coun- 

t e r c l o c k w i s e  t r a v e r s e  p a t h  due t o  t h e  c a n c e l l a t i o n  e f f e c t  o f  t h e  c l o c k w i s e  
s u b l o o p s  t h a t  a p p e a r  a s  a r e s u l t  of dynamic s t a l l .  The moment l oops  shown i n  

F i g .  30 a r e  a good i l l u s t r a t i o n  of  t h i s  e v e n t .  A t  12 d e g  mean i n c i d e n c e  t h e  
unswept  r e s u l t  shown i n  F i g .  30 r e p r e s e n t s  a mixed c o n d i t i o n  i n  which some o f  

t h e  a r e a  a t  each end i s  e n c l o s e d  c o u n t e r c l o c k w i s e .  The c e n t r a l  r e g i o n  r e p r e -  
s e n t s  t h a t  p a r t  of  t h e  c y c l e  d u r i n g  which t h e  a i r s t r e a m  f e e d s  e n e r g y  i n t o  t h e  

m o t i o n  t h u s  r e d u c i n g  t h e  s t a b i l i t y  m a r g i n .  A l though sweep ing  i s  b e n e f i c i a l  
f rom t h e  s t a n d p o i n t  o f  r e d u c i n g  t h e  n o s e  down i m p u l s i v e  moment due t o  dynamic 
s t a l l ,  i t  i s  s e e n  t h a t  sweep ing  a l s o  i n t e n s i f i e s  t h e  r e l a t i v e  i m p o r t a n c e  o f  
t h e  c e n t r a l  p o r t i o n  o f  t h e  c l o c k w i s e - t r a v e r s e d  s u b l o o p  f o r  t h e  b a s i c  p r o f i l e .  

F i g u r e  4 4  shows t h e  v a r i a t i o n  o f  induced aerodynamic damping as a func-  
t i o n  o f  r e d u c e d  f r e q u e n c y  f o r  t h e  c a s e  i n  which t h e  p i t c h i n g  a m p l i t u d e  
i s  set a t  10 deg .  I t  i s  s e e n  t h a t  t h e  g e n e r a l  b e h a v i o r  o f  t h e  d a t a  i s  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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same a s  p r e s e n t e d  i n  F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 3 .  For example,  a t  z e r o  mean i n c i d e n c e  a n g l e ,  t h e  
unswept r e s u l t s  v a r y  l i n e a r l y  w i t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk b u t  w i t h  s l o p e s  g r e a t e r  t h a n  t h e  t h e o r e t -  
i c a l  p r e d i c t i o n .  (Comparable swept d a t a  were n o t  o b t a i n e d  i n  t h i s  t es t  pro-  
g ram. )  I n  a d d i t i o n ,  a s  t h e  mean i n c i d e n c e  a n g l e  i n c r e a s e s  beyond 9 d e g ,  b l a d e  
sweep t e n d s  t o  r e d u c e  t h e  s t a b i l i t y  marg in  of t h e  mot ion a s  c i t e d  e a r l i e r  f o r  
a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 8 d e g .  
15 deg  when = 10 d e g .  Thus i t  a p p e a r s  t h a t  t h e  NACA 0012 p r o f i l e  i s  s t a b l e  
i n  p u r e  p i t c h  f o r  t h e  r a n g e  o f  p a r a m e t e r s  t es ted .  

- 
F i n a l l y ,  i t  i s  n o t e d  t h a t  unswept d a t a  were n o t  o b t a i n e d  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.1 = 
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FLUCTUATING PRESSURES ON STEADY AIRFOIL 

Background I n f o r m a t i o n  

Dur ing  t h e  c o u r s e  o f  t h e  t e s t  program,  t h e  r a p i d - r e s p o n s e  p r e s s u r e  
t r a n s d u c e r s  and ho t  f i l m  g a g e s  on t h e  F u r f a c e  o f  a n o n o s c i l l a t i n g  a i r f o i l  a t  
a n g l e s  o f  a t t a c k  beyond s t a l l  o n s e t  showed o c c a s i o n a l  l a r g e  f l u c t u a t i o n s  o f  
o u t p u t .  These  f l u c t u a t i o n s  resemb led  t h o s e  on a i r f o i l s  o s c i l l a t e d  i n t o  s t a l l  
o n s e t  d u r i n g  t h e  i n c r e a s i n g - a n g l e  p o r t i o n  o f  t h e i r  c y c l e .  Q u a l i t a t i v e  
s i m i l a r i t y  shou ld  b e  e x p e c t e d  b e c a u s e  t h e  b a s i c  f e a t u r e s  o f  t h e  aerodynamic  

f l o w  f i e l d  a r e  t h e  same. I n  b o t h  c a s e s ,  t h e  edge o f  t h e  boundarv  l a y e r  
e x t e n d s  r e l a t i v e l y  f a r  above t h e  a i r f o i l  u p p e r  s u r f a c e .  These f e a t u r e s  a r e  

s k e t c h e d  i n  F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 5 ,  t a k e n  f rom F i g s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 and 3 o f  Ref .  1 3 .  The o u t e r  Dar t  o f  
t h e  t h i c k  t u r b u l e n t  boundary  l a y e r  o v e r  t h e  upper  s u r f a c e  c o n t a i n s  l a r g e - s c a l e  

e d d i e s  which a r e  c o n v e c t e d  downstrearii a t  l e s s  t h a n  f r e e  s t r e a m  v e l o c i t y .  The 
i n n e r  p o r t i o n  o f  t h e  boundary  l a y e r  and n e a r  wake c o n t a i n s  a r e v e r s e d  f low 
r e g i o n  w i t h  maximum v e l o c i t y  magn i tude  much l e s s  t h a n  f r e e  stream v e l o c i t y .  
Because o f  t h e s e  s i m i l a r i t i e s ,  i t  was e x p e c t e d  t h a t  improved u n d e r s t a n d i n g  o f  
aerodynamic  phenomena o c c u r r i n g  on o s c i l l a t i n g  a i r f o i l s  c o u l d  b e  a c h i e v e d  
from examina t  i o n  o f  r a p i d - r e s p o n s e  d a t a  f rom n o m i n a l l y  s t e a d y  f l ow  p a s t  

s t a l l e d  a i  r f o i  I s .  

Few o t h e r  s t u d i e s  o f  r a p i d - r e s p o n s e  f l ow  f i e l d  d a t a  a r e  a v a i l a b l e  f o r  
n o n o s c i l l a t i n g  a i r f o i l s .  Flow v i s u a l i z a t i o n  d a t a  were g i v e n  i n  R e f .  13  f o r  a 
l a r g e  NACA 0012 a i r f o i l  model a t  a low a i r s p e e d  (Mach number less t h a n  0 . 1 ) .  
The t e s t  Reyno lds  number o f  2 . 5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx l o 6  was c l o s e  t o  t h a t  f o r  t h e  p r e s e n t  
t e s t s ,  b u t  s u b s o n i c  c o m p r e s s i b i l i t y  e f f e c t s  were n e g l i g i b l e .  I n  c o n t r a s t  t o  

t h a t  s t u d y  o f  i n c o m p r e s s i b l e  s t a l l e d  f l o w ,  t h e  i n v e s t i g a t i o n  r e p o r t e d  i n  R e f .  
17  was d i r e c t e d  toward  an  u n d e r s t a n d i n g  o f  t r a n s o n i c  f l o w  p a s t  a i r f o i l s  under -  
g o i n g  shock- induced s e p a r a t i o n  and t r a i l i n g  edge  s e p a r a t i o n .  F l u c t u a t i o n s  
of s u r f a c e  p r e s s u r e  and wake v e l o c i t y  w e r e  a n a l y z e d  s t a t i s t i c a l l y .  C r o s s c o r -  
r e l a t i o n  c o e f f i c i e n t s  and t i m e  d e l a y s  were u t i l i z e d  t o  e s t a b l i s h  c o n v e c t i o n  o f  
f l o w  d i s t u r b a n c e s  and p r o p a g a t i o n  o f  p r e s s u r e  waves.  T h i s  g e n e r a l  v iewpo in t  
was r i se fu l  i n  e s t a b l i s h i n g  c a u s e - a n d - e f f e c t  r e l a t i o n s h i p s  be tween measured 
f 1 ow changes  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

Time H i s t o r i e s  - Unswept A i r f o i l  

Mach Number 0 . 3 0  

A t  a Mach number o f  0 . 3 0  and s t e a d y  i n c i d e n c e  a n g l e  o f  15 d e g ,  t h e  
unswept NACA 0012 a i r f o i l  was j u s t  beyond s t a l l .  Time h i s t o r i e s  of  f l u c t u a t -  

i n g  p r e s s u r e s  on t h e  upper  s u r f a c e  a r e  shown i n  F i g .  4 6 .  The p r e s s u r e  t r a c e s  
f o r  1, 7 ,  and 15 p e r c e n t  cho rd  ( F i g .  4 6 ( a ) )  were almost i d e n t i c a l  i n  shape  and 
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a m p l i t u d e .  I n c r e a s e d  downstream d i s t a n c e  w i t h i n  t h a t  r e g i o n  c a u s e d  t h e  t r a c e s  
t o  become l ess  smooth b u t  d i d  no t  change t h e  g e n e r a l  s h a p e  of t h e  t races. The 
s i g n a l  measured a t  0 . 4  p e r c e n t  c h o r d  was about  twice a s  l a r g e  a s  t h o s e  f o r  1 
t o  15 p e r c e n t  c h o r d ,  bu t  a l l  o f  t h e s e  s i g n a l s  had t h e  same shape .  

In  c o n t r a s t ,  t h e  s i g n a l  measured a t  27 p e r c e n t  chord  ( F i g .  4 6 ( a ) )  was 
s i m i l a r  i n  g e n e r a l  t r e n d s  b u t  d i f f e r e n t  i n  d e t a i l e d  s h a p e .  The peak which 
deve loped between 110 and 125 m i l l i s e c o n d s  f o r  a l l  of t h e s e  t r a c e s  was 
r e p r o d u c e d ,  bu t  most o f  t h e  o t h e r  b road d e t a i l s  were marked ly  changed i r i  

s h a p e .  Some peaks had n e a r l y  d i s a p p e a r e d  and o t h e r s  had s t r e n g t h e n e d .  Hot 
f i l m  g a g e s  a t  15 and 25 p e r c e n t  c h o r d ,  a t  a s p a n w i s e  d i s t a n c e  10 p e r c e n t  
c h o r d  f rom t h e  streamwise row o f  p r e s s u r e  t r a n s d u c e r s ,  showed s i g n a l s  

i n  o p p o s i t e  p h a s e  t o  t h e s e  p r e s s u r e  t r a c e s .  That  i s ,  i n c r e a s e d  s t a t i c  p r e s -  
s u r e  c o r r e s p o n d e d  t o  d e c r e a s e d  l o c a l  h e a t  t r a n s f e r  a s  would be e x p e c t e d .  

F u r t h e r  downstream ( F i g .  4 6 ( b ) ) ,  t h e  s i g n a l  a t  66 p e r c e n t  chord  was about  
a s  l a r g e  a s  t h a t  f o r  0 . 4  p e r c e n t  c h o r d  and tw ice a s  l a r g e  a s  t h o s e  between 
them. Some m a j o r  f e a t u r e s  of t h e  u p s t r e a m  t r a c e s  p e r s i s t e d ,  b u t  many of  t h e  
dominant  p o r t i o n s  of t h i s  s i g n a l  were not  p r e s e n t  a t  t h e  u p s t r e a m  l o c a t i o n s .  

The t r a c e s  a t  85  and 97 p e r c e n t  c h o r d  c l o s e l y  resembled  each o t h e r ,  and had 
some f e a t u r e s  which a l s o  o c c u r r e d  a t  66 p e r c e n t  c h o r d .  They had l i t t l e  

r e s e m b l a n c e  t o  t h e  w e l l - c o r r e l a t e d  p r e s s u r e  t r a c e s  a l o n g  t h e  fo rward  27 
p e r c e n t  c h o r d .  

R e l a t i o n s h i p s  between p r e s s u r e  f l u c t u a t i o n s  measured a t  d i f f e r e n t  p o s i t i o n s  
c a n  be  d e t e r m i n e d  by examin ing  t i m e  d e l a y s  be tween t h e  s i g n a l s .  F e a t u r e s  
which d i d  o c c u r  i n  a l l  s e t s  of d a t a ,  s u c h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas t h e  p a i r s  of p o s i t i v e  peaks  a t  
67 and 74 m i l l i s e c o n d s ,  and a t  176 and 191 m i l l i s e c o n d s  a t  66  p e r c e n t  c h o r d ,  
a p p e a r e d  a t  t h e  downstream p o s i t i o n s  4 m i l l i s e c o n d s  l a t e r .  Any t i m e  d e l a y  i n  
s i g n a l s  a l o n g  t h e  fo rward  27 p e r c e n t  c h o r d ,  and between t h e r e  and 6 6  p e r c e n t  
c h o r d ,  was o n l y  a b o u t  one m i l l i s e c o n d .  These t i m e  d e l a y s  on t h e  f o r w a r d  2 / 3  
c h o r d  c o r r e s p o n d  t o  d i s t u r b a n c e s  b e i n g  c o n v e c t e d  downstream a t  c l o s e  t o  
f r e e s t r e a m  v e l o c i t y .  A 4 m i l l i s e c o n d  d e l a y  be tween 6 6  and 97 p e r c e n t  c h o r d  
m i g h t ,  a t  f i r s t  g l a n c e ,  be  r e g a r d e d  a s  c a u s e d  by a downstream c o n v e c t i o n  
v e l o c i t y  r o u g h l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 /3  t h a t  of t h e  f r e e  stream. However, t h i s  i n t e r p r e t a t i o n  

would n o t  e x p l a i n  why t h e  s i g n a l  a t  8 5  p e r c e n t  chord  h a s  about  t h e  same o r  
one m i l l i s e c o n d  l a r g e r  t i m e  d e l a y .  An a l t e r n a t e  i n t e r p r e t a t i o n  i s  t h a t  
t u r b u l e n t  e d d i e s  c o n v e c t e d  downstream n e a r  t h e  a i r f o i l  s u r f a c e  at  66 p e r c e n t  
c h o r d  move away from t h e  s u r f a c e  w i t h i n  t h e  s e p a r a t e d  wake, a r e  c o n v e c t e d  
f u r t h e r  downstream, and a r e  r e t u r n e d  toward t h e  s u r f a c e  w i t h i n  t h e  r e c i r c u l a -  
t i o n  r e g i o n .  T h i s  r e t u r n  migh t  o c c u r  between 85  and 97 p e r c e n t  c h o r d ,  a t  
p o s i t i o n s  which v a r y  f o r  e a c h  eddy.  Thus t h e  p r e s s u r e  s i g n a l  a t  e i t h e r  

t r a n s d u c e r  migh t  l e a d  t h e  o t h e r .  
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P r e s s u r e  t r a c e s  on t h e  lower  s u r f a c e  a r e  compared i n  F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA47 w i t h  each 
o t h e r  and w i t h  t h o s e  a t  v a r i o u s  p o s i t i o n s  o n  t h e  upper  s u r f a c e .  A b s o l u t e  
v a l u e s  of  p r e s s u r e  f l u c t u a t i o n  on t h e  lower  s u r f a c e  were l a r g e s t  n e a r  t h e  
l e a d i n g  and t r a i l i n g  e d g e s ,  and had v e r y  low a m p l i t u d e  e l s e w h e r e .  To e v a l u a t e  
t h e  f low b e h a v i o r ,  each t r a c e  was s c a l e d  r e l a t i v e  t o  i t s  own r m s  f l u c t u a t i o n .  
These s e l f - s c a l e d  t r a c e s  a r e  compared i n  F i g .  4 8 .  T h i s  t y p e  o f  p r e s e n t a t i o n  
shows c l e a r l y  t h a t  t h e  p r e s s u r e  s i g n a l  a t  97 p e r c e n t  c h o r d  on t h e  lower  

s u r f a c e  ( s e c o n d  t r a c e )  matches  t h e  s h a p e  o f  t h a t  f o r  t h e  same p o s i t i o n  on t h e  
upper  s u r f a c e  ( f i r s t  t r a c e ) ,  b u t  i s  d e l a y e d  by about  2 m i l l i s e c o n d s .  A b s o l u t e  

l e v e l  was less t h a n  h a l f  t h a t  on t h e  u p p e r  s u r f a c e .  The s i g n a l  r e t a i n s  i t s  
s h a p e  ( a l t h o u g h  i t  d e c r e a s e s  t o  l ess  t h a n  1 / 2 0  i t s  a m p l i t u d e )  be tween t h i s  

n e a r  t r a i l i n g  edge p o s i t i o n  and 19  p e r c e n t  c h o r d  on t h e  lower  s u r f a c e .  
Upst ream s i g n a l s  o c c u r r e d  r o u g h l y  2 m i l l i s e c o n d s  a f t e r  t h o s e  f o r  97 p e r c e n t  
c h o r d .  T h i s  t i m e  d e l a y  g e n e r a l l y  a g r e e s  w i t h  t h e  1 . 3  m i l l i s e c o n d s  e x p e c t e d  
f o r  an  a c o u s t i c  wave moving fo rward  a g a i n s t  t h e  l o c a l  a i r f l o w  on t h e  lower  

s u r f a c e  which was a t  n e a r l y  f r e e s t r e a m  v e l o c i t y .  I t  i s  w e l l  known t h a t  
c o n v e c t i o n  of t u r b u l e n c e  p a s t  a t r a i l i n g  edge which i s  s h a r p  r e l a t i v e  t o  t h e  
eddy s i z e  w i l l  g e n e r a t e  a c o u s t i c  p r e s s u r e  f l u c t u a t i o n s .  These p r e s s u r e  
f l u c t u a t i o n s  a r e  s t r o n g e s t  i n  t h e  u p s t r e a m  d i r e c t i o n ,  and a r e  much weaker  t h a n  
t h e  f l u i d  dynamic p r e s s u r e  f l u c t u a t i o n s  a s s o c i a t e d  w i t h  t h e  t u r b u l e n c e .  The 
d e l a y  t i m e  be tween s i g n a l s  on t h e  lower  s u r f a c e  and t h e  r a p i d  d e c r e a s e  o f  
a m p l i t u d e  w i t h  d i s t a n c e  from t h e  t r a i l i n g  e d g e  a r e  c o n s i s t e n t  w i t h  t h i s  
a e r o a c o u s t i c  p r o c e s s .  A c o u s t i c  waves would a l s o  be  e x p e c t e d  t o  p r o p a g a t e  
f o r w a r d  f rom t h e  t r a i l i n g  edge a l o n g  t h e  u p p e r  s u r f a c e .  However, t h e y  a r e  
t o o  s m a l l  i n  a m p l i t u d e  t o  be o b s e r v e d  i n  t h e  p r e s e n c e  o f  c o n v e c t e d  t u r b u l e n c e  
on t h a t  s u r f a c e .  

The s e l f - s c a l e d  t r a c e  f o r  0.5 p e r c e n t  c h o r d  on t h e  lower  s u r f a c e  ( F i g .  4 8  
( b ) )  c l o s e l y  m a t c h e s  t h a t  f o r  0.4  p e r c e n t  c h o r d  o n  t h e  u p p e r  s u r f a c e  ( b o t t o m  
t r a c e ) .  T h i s  r e s u l t  had been e x p e c t e d  b e c a u s e  t h e  s t a g n a t i o n  p o i n t  f o r  t h i s  
l i f t i n g  a i r f o i l  l i e s  on t h e  lower  s u r f a c e  downstream o f  0.5  p e r c e n t  c h o r d  s o  
t h e  u p p e r  s u r f a c e  s t r e a m l i n e  p a s s e s  o v e r  t h i s  p o i n t .  A b s o l u t e  a m p l i t u d e  a t  
t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlower s u r f a c e  p o s i t i o n  was about  1 /6  o f  t h a t  f o r  t h e  fo rward  u p p e r  

s u r f a c e .  The two p o s i t i o n s  a r e  less t h a n  2.5  p e r c e n t  c h o r d  a p a r t  i n  terms o f  
a r c  l e n g t h  a l o n g  t h e  a i r f o i l  s u r f a c e .  The c l o s e  match of  s h a p e  b u t  l a r g e  

d i f f e r e n c e  o f  a m p l i t u d e  p r o b a b l y  c o r r e s p o n d s  t o  s h e d d i n g  o f  t u r b u l e n c e  i n  a 
l o c a l l y  s e p a r a t e d  f low n e a r  t h e  u p p e r  s u r f a c e  t r a n s d u c e r .  The f l u c t u a t i n g  

p r e s s u r e  f i e l d  c a u s e d  by t h i s  t u r b u l e n c e  would decay  r a p i d l y  w i t h  d i s t a n c e .  
I t  would b e  super imposed on t h e  s t e a d y  f l o w  a t  t h e  lower  s u r f a c e  t r a n s d u c e r  

bu t  would n o t  s e p a r a t e  t h a t  f l ow .  

The s e l f - s c a l e d  p r e s s u r e  t r a c e  a t  1 .7  p e r c e n t  c h o r d  on t h e  lower  s u r f a c e  

seems t o  c o n t a i n  a m i x t u r e  o f  t h e  p r e s s u r e  s i g n a l s  which come around t h e  
l e a d i n g  edge from t h e  u p p e r  s u r f a c e  and t h o s e  which move u p s t r e a m  a l o n g  t h e  
lower  s u r f a c e .  T h e s e  s e l f - s c a l e d  t r a c e s  a r e  h i g h l y  i r r e g u l a r  b e c a u s e  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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a b s o l u t e  l e v e l  o f  p r e s s u r e  f l u c t u a t i o n  a t  t h i s  p o s i t i o n  i s  v e r y  l o w .  Note 
t h a t  many p o r t i o n s  o f  t h e  t r a c e s  a t  0.5 and 19 p e r c e n t  cho rd  on t h e  lower  

s u r f a c e  seem t o  be  o f  o p p o s i t e  p h a s e .  P r e s s u r e  maximums i n  one s i g n a l  
n e a r l y  match t h e  p r e s s u r e  minimums o f  t h e  o t h e r .  T h i s  i s  i l l u s t r a t e d  more 

c l e a r l y  i n  F i g .  49.  The n o r m a l i z e d  t r a c e s  a t  0 . 5  p e r c e n t  c h o r d ,  i n v e r t e d  i n  
s i g n ,  g e n e r a l l y  a g r e e  w i t h  t h o s e  measured a t  abou t  t h e  same t i m e  a t  19 
p e r c e n t  cho rd .  P r e s s u r e  d i s t u r b a n c e s  may be g e n e r a t e d  by s h e d d i n g  o f  t u r b u -  

l e n c e  v e r y  n e a r  t h e  l e a d i n g  edge  o f  t h e  u p p e r  s u r f a c e  and c o n v e c t e d  downst ream 
t o  t h e  t r a i l i n g  e d g e ,  p r o d u c i n g  sound waves t h a t  t r a v e l  u p s t r e a m  w i t h i n  t h e  
lower  s u r f a c e  f l ow .  These  a c o u s t i c  waves become r e v e r s e d  i n  s i g n  when t h e y  
p a s s  th rough  t h e  s t a g n a t i o n  p o i n t ,  which i s  known t o  behave as a c o n s t a n t -  
a c o u s t i c - p r e s s u r e  boundary .  The t r a n s m i t t e d  a c o u s t i c  waves g e n e r a t e  d i s t u r -  
b a n c e s  i n  t h e  f l ow  around t h e  l e a d i n g  edge which a f f e c t  t h e  u n s t e a d y  s e p a r a t i o n .  
Major d i s t u r b a n c e s  o c c u r r e d  i n  t h e  p r e s s u r e  s i g n a l s  a t  i n t e r v a l s  o f  a b o u t  20 
t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 m i l l i s e c o n d s .  However, t h e  time r e q u i r e d  f o r  a p r e s s u r e  s i g n a l  t o  be 
c o n v e c t e d  from l e a d i n g  t o  t r a i l i n g  edge  a l o n g  t h e  upper  s u r f a c e  and a c o u s t i -  
c a l l y  p r o p a g a t e d  back  t o  t h e  l e a d i n g  edge  a l o n g  t h e  lower  s u r f a c e  was a b o u t  10 
m i l l i s e c o n d s .  I f  t h i s  a c o u s t i c  wave induced a change i n  t u r b u l e n c e  at  t h e  
l e a d i n g  edge which t h e n  p r o p a g a t e d  around t h e  a i r f o i l ,  t h e  p h a s e  r e v e r s a l  o f  
pressu res  n e a r  t h e  s t a g n a t i o n  p o i n t  c o u l d  q u a l i t a t i v e l y  e x p l a i n  a 20 m i l l i -  
second  t i m e  i n t e r v a l .  O s c i l l a t i o n  o f  t h e  s e p a r a t i o n  p o i n t  and s h e d d i n g  of  
t u r b u l e n t  e d d i e s  depends  on t h e  f l u c t u a t i n g  f l ow  p r o p e r t i e s  e x i s t i n g  when t h e  
a c o u s t i c  p r e s s u r e  wave a r r i v e s .  The r e s u l t i n g  time d u r a t i o n  r e q u i r e d  f o r  each  
change  o f  t h e  s e p a r a t i o n  p o i n t  t h e r e f o r e  v a r i e s  randomly .  Thus t h e  feedback  

mechanism i n f e r r e d  f rom t h e s e  p r e s s u r e  d a t a  d o e s  n o t  p roduce  a h i g h l y  p e r i o d i c  
f l ow .  

I n  summary, a weak feedback  p r o c e s s  e x i s t s  w i t h i n  t h e  f l ow  f i e l d  a d j a c e n t  

t o  a s t a l l e d  a i r f o i l .  T u r b u l e n t  e d d i e s  are c o n v e c t e d  downstream i n  t h e  sepa-  
r a t e d  f low above t h e  u p p e r  s u r f a c e .  When each  eddy r e a c h e s  t h e  t r a i l i n g  e d g e ,  

i t  g e n e r a t e s  an  a c o u s t i c  wave wh ich  t r a v e l s  u p s t r e a m  i n  t h e  l o c a l  f l o w  a l o n g  

e a c h  s u r f a c e .  T h i s  a c o u s t i c  wave i s  much weaker  t h a n  t h e  f l u c t u a t i o n s  a s s o c i -  
a t e d  w i t h  c o n v e c t e d  t u r b u l e n c e ,  so t h e  a c o u s t i c  wave c o u l d  n o t  be t r a c e d  a l o n g  

t h e  u p p e r  s u r f a c e .  However, i t  c l e a r l y  moved u p s t r e a m  a g a i n s t  t h e  a t t a c h e d  
f l o w  on  t h e  lower  s u r f a c e .  A r r i v a l  o f  t h i s  wave a t  t h e  l o w e r - s u r f a c e  s t a g n a -  
t i o n  p o i n t  p roduced an  a c o u s t i c  wave of o p p o s i t e  s i g n ,  which moved fo rward  t o  
t h e  l e a d i n g  edge a l o n g  t h e  lower  s u r f a c e .  Fo r  some, b u t  n o t  a l l  f l ow  d i s t u r -  

b a n c e s ,  a r r i v a l  o f  t h i s  a c o u s t i c  wave a t  t h e  l e a d i n g  edge  s e p a r a t i o n  r e g i o n  
c a u s e s  a change i n  t h e  shed  t u r b u l e n c e .  T h i s  change  p roduces  a c o n v e c t e d  
p r e s s u r e  d i s t u r b a n c e  o f  o p p o s i t e  s i g n ,  r e s u l t i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin  q u a s i - p e r i o d i c  t i m e  h i s -  

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

Spanwise  v a r i a t i o n  o f  f l o w  f l u c t u a t i o n s  on t h e  upper  s u r f a c e  o f  t h i s  
unswept a i r f o i l  at  a Mach number o f  0.30 and i n c i d e n c e  a n g l e  o f  15 d e g  i s  
shown i n  F i g .  50 f o r  p o s i t i o n s  n e a r  t h e  l e a d i n g  edge .  Note  t h a t  d a t a  f o r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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chordwi  se and spanwi  se  v a r i a t  i o n s  were t a k e n  a t  d i f f e r e n t  t imes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, so d i  f f e r e n t  
n o n p e r i o d i c  u n s t e a d y  f l o w s  a r e  sampled  i n  F i g .  50 t h a n  i n  F i g s .  46-48. 
S e l f - s c a l e d  t r a c e s  a r e  p l o t t e d  f o r  s t a t i c  p r e s s u r e s  a t  t h r e e  s p a n w i s e  l o c a t i o n s  
a l o n g  a l i n e  p a r a l l e l  t o  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.4 p e r c e n t  cho rd  f rom t h e  l e a d i n g  edge :  a t  t h e  

c h o r d w i s e  r e f e r e n c e  l i n e  and a t  26 and 5 6  p e r c e n t  cho rd  f rom t h a t  l i n e  ( c f .  
F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 ) .  Also  shown are t r a c e s  f rom two h o t  f i l m  gages  a t  2 p e r c e n t  cho rd  

from t h e  l e a d i n g  edge  and a t  10  and 35  p e r c e n t  cho rd  i n  t h e  spanw ise  d i r e c t i o n  
frorri t h e  l i n e  o f  p r e s s u r e  t r a n s d u c e r s .  Dec reased  l o c a l  v e l o c i t y  c o r r e s p o n d s  

t o  i n c r e a s e d  l o c a l  s t a t i c  p r e s s u r e  b u t  d e c r e a s e d  l o c a l  h e a t  t r a n s f e r .  S i g n a l s  
from t h e  h o t  f i l m  gages  were t h e r e f o r e  p l o t t e d  r e v e r s e d  i n  s i g n  so  t h a t  eacb 

f l o w  d i s t u r b a n c e  would c a u s e  bo th  s e t s  o f  t r a c e s  t o  move i n  t h e  same d i r e c t i o n .  

A l l  o f  t h e s e  s e l f - s c a l e d  p l o t s  sliow a r e s p o n s e  t o  a f low d i s t u r b a n c e  

a t  YO t o  100 m i l l i s e c o n d s .  However, t h i s  d i s t u r b a n c e  peaked about  5 m i l l i -  
s e c o n d s  l a t e r  a t  0 and 26 p e r c e n t  s p a n  t h a n  a t  35 and 56 p e r c e n t  s p a n .  
A b s o l u t e  l e v e l s  o f  t h e  f l u c t u a t i o n  were  up  t o  6 t i m e s  l a r g e r  f o r  p o s i t i o n s  
be tween 0 and 26 p e r c e n t  s p a n .  O t h e r  d i s t u r b a n c e s  were s t r o n g e s t  i n  o t h e r  
s p a n w i s e  r e g i o n s ,  and most o f  t h e  f l ow  d i s t u r b a n c e s  e x t e n d e d  o v e r  j u s t  p a r t  o f  
t h e  i n s t r u m e n t e d  p o s i t i o n  o f  t h e  s p a n .  E s s e n t i a l l y  t h e  same r e s u l t s  were  
o b t a i n e d  by compar ing  p r e s s u r e  s i g n a l s  ( n o t  shown) a t  4 . 5  p e r c e n t  cho rd  from 
t h e  l e a d i n g  edge  and a t  spanw ise  d i s t a n c e s  o f  0 ,  24,  and 5 3  p e r c e n t  cho rd  from 
t h e  r e f e r e n c e  l i n e ,  and p r e s s u r e  s i g n a l s  a t  2 7  p e r c e n t  cho rd  f rom t h e  l e a d i n g  
edge and a t  spanw ise  d i s t a n c e s  o f  0 and 41 p e r c e n t  cho rd  f rom t h e  r e f e r e n c e  
l i n e .  

Spanwise measurements  a l o n g  t h e  fo rward  2 7  p e r c e n t  cho rd  o f  t h e  
unswept a i r f o i l  t h e r e f o r e  show t h a t  some bu t  no t  a l l  f l ow  d i s t u r b a n c e s  
e x t e n d e d  a c r o s s  t h e  i n s t r u m e n t e d  r e g i o n .  The u n s t e a d y  f low was more h i g h l y  
c o r r e l a t e d  i n  t h e  cho rdw ise  t h a n  t h e  spanw ise  d i r e c t i o n .  T h i s  r e s u l t  i s  
c o n s i s t e n t  w i t h  t h e  v iewpo in t  t h a t  t u r b u l e n c e  shed n e a r  t h e  l e a d i n g  edge  o f  a 

s t a l l e d  a i r f o i l  i s  nonun i fo rm i n  i t s  spanw ise  p r o p e r t i e s ,  and changes  s l o w l y  
a s  i t  p h y s i c a l l v  c o n v e c t s  downstream. 

P r e s s u r e  t r a c e s  a l o n g  t h e  cho rdw ise  r e f e r e n c e  l i n e  on t h e  a i r f o i l  upper  
s u r f a c e  a r e  p l o t t e d  i n  F i g .  51  f o r  an i n c i d e n c e  a n g l e  o f  19  deg  a t  a Mach 
number o f  0 . 3 0 .  T r a c e s  measured f rom 0.4 t o  15 p e r c e n t  c h o r d  ( F i g .  5 1 ( a ) )  had 

e s s e n t i a l l y  i d e n t i c a l  s h a p e s .  However, t h e  magn i tudes  o f  p r e s s u r e  f l u c t u a t i o n s  
a t  0 . 4  and 1 p e r c e n t  cho rd  were r o u g h l y  4 and 2 t imes,  r e s p e c t i v e l y ,  t h o s e  
measured f rom 2 t o  15  p e r c e n t  c h o r d .  Magn i tudes  a t  t h e  two most fo rward  
p o s i t i o n s  matched t h o s e  measured a t  15  d e g  i n c i d e n c e  a n g l e ,  bu t  t h o s e  f o r  t h e  
r e m a i n d e r  o f  t h i s  r e g i o n  were  o n l y  about  h a l f  as l a r g e .  T h i s  c o u l d  mean t h a t  
as i n c i d e n c e  a n g l e  was i n c r e a s e d ,  t u r b u l e n t  e d d i e s  shed  n e a r  t h e  l e a d i n g  edge 
moved downst ream a t  a l a r g e r  d i s t a n c e  above t h e  a i r f o i l  upper  s u r f a c e .  The 
t r a c e s  became more i r r e g u l a r  downst ream o f  4 . 5  p e r c e n t  c h o r d .  
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Agreement i n  shape of t h e  p r e s s u r e  t r a c e s  d e t e r i o r a t e d  c o n s i d e r a b l y  

between 15  and 27 p e r c e n t  c h o r d  ( F i g .  5 L ( b ) ) ,  bu t  many of  t h e  p r e s s u r e  
o s c i l l a t i o n s  p e r s i s t e d  o v e r  t h i s  d i s t a n c e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn  c o n t r a s t ,  few i f  any d e t a i l s  
o f  t h e  shape which e x i s t e d  a t  27 p e r c e n t  chord  were a p a r e n t  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA66 p e r c e n t  
c h o r d .  T r a c e s  f o r  85  and 97  p e r c e n t  chord  showed g e n e r a l  agreement ,  w i t h  t h e  
downstream s i g n a l  l e a d i n g  by one m i l l i s e c o n d .  Some f e a t u r e s  o f  t h e s e  t r a c e s  
a l s o  o c c u r r e d  a t  66 p e r c e n t  c h o r d ,  r o u g h l y  one m i l l i s e c o n d  l a t e r  t h a n  a t  85  
p e r c e n t  c h o r d .  T h e s e  t i m e  d e l a y s  c o r r e s p o n d  t o  an u p s t r e a m  c o n v e c t i v e  
v e l o c i t y  o f  about  0 .6  times f r e e  s t r e a m  v e l o c i t y .  Of c o u r s e ,  a c c u r a c y  o f  t h e  
t ime d e l a y  and t h e r e f o r e  o f  t h i s  v e l o c i t y  r a t i o  i s  v e r y  poo r .  Magn i tudes  
were about  t h e  same f o r  t h e s e  t h r e e  a f t  l o c a t i o n s ,  and were about  t w i c e  t h o s e  
from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 t o  27 p e r c e n t  c h o r d .  T h i s  r e s u l t  shows t h a t  t h e  t u r b u l e n t  e d d i e s  were 
c l o s e  t o  t h e  a i r f o i l  s u r f a c e  i n  t h i s  a f t  r e g i o n .  

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  a r e  shown i n  F i g .  52 .  Those 
at 97 p e r c e n t  chord  on t h e  lower  s u r f a c e  c l o s e l y  matched t h e  s h a p e  o f  t h o s e  
f o r  t h e  same l o c a t i o n  on t h e  u p p e r  s u r f a c e .  They were about  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 p e r c e n t  a s  

l a r g e ,  and g e n e r a l l y  o c c u r r e d  two m i l l i s e c o n d s  l a t e r  i n  t ime.  However, 

t h e  lower  s u r f a c e  p r e s s u r e  t r a n s d u c e r  a t  8 3  p e r c e n t  c h o r d  g e n e r a l l y  showed a 
z e r o  t o  one m i l l i s e c o n d  t i m e  d e l a y  r e l a t i v e  t o  p r e s s u r e  d i s t u r b a n c e s  a t  97  
p e r c e n t  c h o r d  on t h e  upper  s u r f a c e .  Ampl i tudes  a t  8 3  p e r c e n t  c h o r d  were 
about  h a l f  t h o s e  at  97 p e r c e n t  c h o r d  on t h e  lower  s u r f a c e .  T h i s  r a t i o  i s  
c o n s i s t e n t  w i t h  t h e  r a t i o  o f  3 /17 ,  o r  about  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 . 4 2 ,  p r e d i c t e d  f o r  a c o u s t i c  
waves g e n e r a t e d  a t  t h e  t r a i l i n g  edge by t u r b u l e n c e  t h a t  i s  c o h e r e n t  o v e r  a 
s p a n w i s e  d i s t a n c e  l a r g e r  t h a n  t h e  d i s t a n c e  from 8 3  p e r c e n t  chord  t o  t h e  

t r a i  l i n g  edge .  

P r e s s u r e  t r a c e s  f o r  t h i s  i n c i d e n c e  a n g l e  c l e a r l y  show p r e s s u r e  maximums 

on t h e  u p p e r  s u r f a c e  n e a r  t h e  l e a d i n g  edge ( F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 1 ( a ) )  a t  t imes o f  about  
1 3 0  t o  135 and 1 5 0  t o  155 m i l l i s e c o n d s ,  w i t h  p r e s s u r e  minimums n e a r  120,  140 ,  
and 160 m i l l i s e c o n d s .  These p a t t e r n s  g e n e r a l l y  c a n  be t r a c e d  downstream 
( F i g .  5 1 ( b ) )  t o  s h a r p  maximums n e a r  t h e  t r a i l i n g  edge of  t h e  u p p e r  s u r f a c e  a t  
about  140 and 160 m i l l i s e c o n d s .  S e l f - s c a l e d  t r a c e s ,  p r e s e n t e d  i n  F i g .  53 ,  
show t h a t  t h e  s h a r p  p e a k s  became b r o a d e r  a s  t h e y  moved u p s t r e a m  a l o n g  t h e  
lower  s u r f a c e  w i t h  l i t t l e  t i m e  d e l a y .  These b r o a d  p r e s s u r e  maxima a t  19 
p e r c e n t  c h o r d  on t h e  lower  s u r f a c e  a p p r o x i m a t e l y  c o i n c i d e d  i n  t ime w i t h  t h e  
p r e s s u r e  minima measured n e a r  t h e  l e a d i n g  edge on b o t h  s u r f a c e s .  T h i s  
p o r t i o n  o f  t h e  t i m e  h i s t o r i e s  r e s e m b l e s  t h a t  which would b e  e x p e c t e d  f o r  t h e  
p e r i o d i c  f e e d b a c k  l o o p  d e s c r i b e d  f o r  15 d e g  i n c i d e n c e  a n g l e .  

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

n e a r  t h e  l e a d i n g  edge f o r  an  i n c i d e n c e  a n g l e  o f  19 d e g  a r e  shown i n  F i g .  54 .  
A s  w i t h  15 d e g  i n c i d e n c e  a n g l e  ( F i g .  5 0 ) ,  t h e y  showed o c c a s i o n a l  s p a n w i s e  

c o h e r e n c e  i n  t ime a t  which l a r g e  f l o w  d i s t u r b a n c e s  o c c u r r e d .  These e v e n t s  
were no t  e q u a l  i n  s t r e n g t h  a l o n g  t h e  s p a n w i s e  i n s t r u m e n t e d  r e g i o n .  Many o f  
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t h e  f low d i s t u r b a n c e s  a f f e c t e d  t h r e e  o f  t h e  s i x  t r a n s d u c e r s  l o c a t e d  v e r y  n e a r  
t h e  l e a d i n g  edge ,  c o r r e s p o n d i n g  t o  a l a t e r a l  e x t e n t  o f  about  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA113 c h o r d .  

F u r t h e r  i n c r e a s e s  o f  i n c i d e n c e  a n g l e  d e c r e a s e d  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  a i r f o i l  u p p e r  s u r f a c e  t o  a b o u t  h a l f  t h o s e  f o r  a n g l e s  j u s t  beyond 

s t a l l .  The i r r e g u l a r i t i e s  i n  s h a p e  of t h o s e  t r a c e s  a l o n g  t h e  c h o r d  were s o  
s e v e r e  t h a t  i t  was no t  c l e a r  w h e t h e r  d i s t u r b a n c e s  moved u p s t r e a m  o r  downstream 
a l o n g  t h e  u p p e r  s u r f a c e .  P r e s s u r e  t r a c e s  on t h e  lower  s u r f a c e  c l e a r l y  
c o r r e s p o n d e d  t o  a c o u s t i c  waves moving u p s t r e a m  from t h e  t r a i l i n g  edge t o  19 
p e r c e n t  c h o r d .  I n t e r p r e t a t i o n  of  d a t a  f o r  t h e  fo rward  lower  s u r f a c e  and 
e n t i r e  u p p e r  s u r f a c e  a t  more t h a n  20 d e g  i n c i d e n c e  a n g l e  was u n c e r t a i n .  

Mach Number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 .40  

P r e s s u r e  t r a c e s  f o r  a Mach number o f  0.40 and 12 deg i n c i d e n c e  a n g l e  

a r e  p l o t t e d  i n  F i g .  5 5 .  A b s o l u t e  l e v e l s  of  p r e s s u r e  f l u c  u a t i o n  o v e r  t h e  
u p p e r  f o r w a r d  27 p e r c e n t  chord  ( F i g .  5 5 ( a ) )  were zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 t o  4 t mes t h o s e  measured 
a t  a lower  Mach number o f  0.30.  Dynamic p r e s s u r e  had i n c r e a s e d  by a f a c t o r  
o f  about  1 . 7 ,  so  t h e s e  l a r g e  a m p l i t u d e s  c o r r e s p o n d  t o  a d o u b l i n g  o f  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  between t h e  two Mach numbers.  A b s o l u t e  l e v e l s  o f  
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  a t  a Mach number o f  0 .4  were about  0.014 a t  

0 . 4  p e r c e n t  c h o r d  and 0 .01  e l s e w h e r e  i n  t h i s  fo rward  r e g i o n .  These l e v e l s  

a r e  much s m a l l e r  t h a n  t h e  v a l u e s  o f  0.06 t o  0 . 0 8  c i t e d  i n  Re f .  1 7  f o r  p o s i t i o n s  
u n d e r  an o s c i l l a t i n g  shock wave or  0.03 downstream o f  t h a t  s h o c k .  I n  a t t a c h e d  

f l o w  a t  t h i s  Mach number and 10  d e g  i n c i d e n c e  a n g l e  ( n o t  shown),  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  were o n l y  about  0 . 0 0 1 .  The l o c a l  f low f i e l d  n e a r  t h e  

l e a d i n g  edge of  t h i s  a i r f o i l  a t  a Mach number o f  0.4  and t h e s e  i n c i d e n c e  
a n g l e s  i s  t r a n s o n i c .  Flow s e p a r a t i o n  p r o b a b l y  i s  i n i t i a t e d  by a shock  wave 

r a t h e r  t h a n  by a d i s t r i b u t e d  a d v e r s e  p r e s s u r e  g r a d i e n t .  

I n v i s c i d  a t t a c h e d  f low around t h i s  NACA 0012 a i r f o i l  a t  a Mach number 
o f  0 .40  and 12 deg i n c i d e n c e  a n g l e  was c a l c u l a t e d  w i t h  t h e  t r a n s o n i c  f l o w  
computer  p rogram of  Re f .  18. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA r e g i o n  of l o c a l l y  s u p e r s o n i c  f l o w  w a s  p r e d i c t e d  
t o  d e v e l o p  i n  t h e  e x p a n s i o n  around t h e  l e a d i n g  e d g e .  T h i s  r e g i o n  was p r e d i c t e d  
t o  h a v e  a maximum h e i g h t  o f  about  0 . 1  c h o r d  and maximum l o c a l  Mach number o f  
about  1 . 5 ,  and t o  b e  ended by a shock  wave a t  about  7 p e r c e n t  c h o r d .  The 
a c t u a l  s t a l l e d  f l o w  o v e r  t h i s  a i r f o i l  a t  t h i s  t e s t  c o n d i t i o n  u n d o u b t e d l y  had a 
much s m a l l e r  e x t e n t  o f  l o c a l l y  s u p e r s o n i c  f low and s m a l l e r  maximum l o c a l  Mach 
number.  The s m a l l  m a g n i t u d e  o f  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  r e l a t i v e  t o  
t h a t  f o r  t r a n s o n i c  f r e e  s t r e a m  Mach number i s  l i k e l y  t o  r e f l e c t  t h e  much 
s m a l l e r  s i z e  o f  t h i s  l o c a l l v  s u p e r s o n i c  r e g i o n .  

The s h a p e s  o f  t h e  p r e s s u r e  t r a c e s  a l o n g  t h e  fo rward  u p p e r  2 7  p e r c e n t  

c h o r d  c l e a r l y  were c o n v e c t e d  downstream f rom t h e  l e a d i n g  edge .  Shapes 
measured a t  66,  8 5 ,  and 97 p e r c e n t  c h o r d  on t h e  upper  s u r f a c e  ( F i g .  5 5 ( b ) )  
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a l s o  a p p e a r  t o  be  c o n v e c t e d  downstream. However, t h e r e  was a major  J i f E e r e n c e  
between t h e  s h a p e s  measured a t  2 7  and 66 p e r c e n t  c h o r d .  S e l f - s c a l e d  p l o t s  of  

a l l  t r a c e s  a r e  compared i n  F i g .  56. Except  f o r  a n  a d j u s t m e n t  i n  t i m e ,  t h e  
two s i g n a l s  f o r  27 and 66 p e r c e n t  chord  a p p e a r  t o  be 180 d e g  o u t  o f  p h a s e .  
T h i s  i s  shown i n  F i g .  5 7  by compar ing  t h e  i n v e r s e  of  t h e  p r e s s u r e  a t  27 
p e r c e n t  c h o r d ,  d e l a y e d  an  a r b i t r a r y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 m i l l i s e c o n d s ,  w i t h  t h a t  f o r  66 p e r c e n t  
c h o r d .  With t h i s  r e v e r s a l  o f  p h a s e ,  t h e y  match c l o s e l y .  

Phase r e v e r s a l  between s i g n a l s  from a d j a c e n t  p r e s s u r e  t r a n s d u c e r s  was 

r e p o r t e d  i n  Kef .  1 7  f o r  two c o n d i t i o n s .  F l u c t u a t i o n s  a t  10 p e r c e n t  chord  
( t h e  c l o s e s t  p o s i t i o n  t o  t h e  l e a d i n g  e d g e )  on t h e  upper  and lower  s u r f a c e s  of  
t h a t  a i r f o i l  were o f  o p p o s i t e  p h a s e ,  and p r e s s u r e  waves were s t a t e d  t o  
p r o p a g a t e  u p s t r e a m  a l o n g  t h e  upper  s u r f a c e .  T h i s  same b e h a v i o r  was n o t e d  
h e r e  f o r  p r e s s u r e  waves moving u p s t r e a m  on t h e  lower  s u r f a c e  t o  19 p e r c e n t  
chord  and t h e  p r e s s u r e  t r a c e s  measured between 0 . 5  p e r c e n t  chord  on t h e  lower  
s u r f a c e  t o  27 p e r c e n t  chord  on t h e  u p p e r  s u r f a c e .  The f l u i d - f l o w  mechanism 
which c a u s e s  t h i s  s h i f t  i s  l i k e l y  t o  be a c h o r d w i s e  f l u c t u a t i o n  of  t h e  
s t a g n a t i o n  p o i n t ,  d r i v e n  by t h e  weak a c o u s t i c  p r e s s u r e  waves.  Phase r e v e r s a l  

a l s o  was n o t e d  i n  Kef .  1 7  t o  o c c u r  between p r e s s u r e  t r a c e s  measured u p s t r e a m  
and downstream of a shock  wave. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn t h e  example s t u d i e d  i n  Kef .  17, t h e  c a u s e  
o f  t h i s  b e h a v i o r  was t h e  t r a n s m i s s i o n  o f  upstream-moving p r e s s u r e  waves 
t h r o u g h  a shock  wave. In t h e  example of  t h e s e  d a t a  f o r  s e p a r a t e d  f l o w  on an  

NACA 0012 a i r f o i l  a t  a Mach number of  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 . 4 ,  t h e  c a u s e  may be t r a n s m i s s i o n  of 
downstream-moving t u r b u l e n c e  t h r o u g h  a shock  wave. 

It s h o u l d  b e  r e c o g n i z e d  t h a t  u n s t e a d y  f l o w  p a s t  an a i r f o i l  u n d e r g o i n g  
shock- induced s e p a r a t i o n  o f  a t u r b u l e n t  boundary l a y e r  c a n  o c c u r  i n  t h e  
a b s e n c e  of u p s t r e a m  f l o w  d i s t u r b a n c e s .  C a l c u l a t e d  t ime-dependent  s o l u t i o n s  
o f  t h e  Reyno lds-averaged c o m p r e s s i b l e  Nav ie r -S tokes  e q u a t i o n s  a r e  g i v e n  i n  
R e f .  1 9  f o r  t r a n s o n i c  f l o w  p a s t  a t h i c k  n o n l i f t i n g  a i r f o i l  a t  a Reyno lds  
number o f  11 x 1 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. I t  had been e x p e c t e d  t h a t  n u m e r i c a l  s o l u t i o n s  of  t h e  
t ime-dependent e q u a t i o n s  would a p p r o a c h  s t e a d y  s o l u t i o n s  which i n c l u d e  s t r o n g  
i n t e r a c t i o n s  between t h e  a i r f o i l  . shock  wave and t u r b u l e n t  boundary  l a y e r .  
S t e a d y  f l o w  w i t h o u t  s e p a r a t i o n  a t  t h e  shock  wave b u t  w i t h  t r a i l i n g  edge 
s e p a r a t i o n  was c a l c u l a t e d  f o r  t h e  l o w e s t  t r a n s o n i c  Mach number,  and s t e a d y  
f l o w  w i t h  shock- induced s e p a r a t i o n  was c a l c u l a t e d  f o r  a h i g h e r  Mach number. 
For  a n  i n t e r m e d i a t e  t r a n s o n i c  c a s e ,  an  u n s t e a d y  p e r i o d i c  f l o w  w i t h  shock-  
i n d u c e d  s e p a r a t i o n  w a s  computed.  
on one s u r f a c e  o f  t h e  a i r f o i l  produced o s c i l l a t i o n s  of  s t a t i c  p r e s s u r e  n e a r  
t h e  t r a i l i n g  e d g e .  These changes of  p r e s s u r e  a f f e c t e d  t h e  boundary  l a y e r  
t h i c k n e s s  n e a r  t h e  t r a i l i n g  edge o f  t h e  a i r f o i l ' s  o p p o s i t e  s u r f a c e ,  i n d u c i n g  

a change i n  i t s  shock  wave p o s i t i o n  and s t r e n g t h .  T h i s  change t h e n  f e d  back  

t h r o u g h  t h e  boundary  l a y e r  t o  t h e  t r a i l i n g  e d g e ,  r e v e r s i n g  t h e  s h o c k  wave 
d isp lac-ement  on t h e  i n i t i a l  s u r f a c e .  The c a l c u l a t i o n s  had b e e n  c o n d u c t e d  

b e c a u s e  wind t u n n e l  t es ts  e x h i b i t e d  t h i s  f l o w  h y s t e r e s i s  o v e r  a r a n g e  o f  Mach 
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number. Thus an u n s t e a d y  f l o w  f i e l d  c a n  o c c u r  as a r e s u l t  o f  c o u p l i n g  
between shock- induced s e p a r a t i o n  and t h e  a d j u s t m e n t  o f  t h e  s e p a r a t e d  f l ow  
n e a r  t h e  a i r f o i l  t r a i l i n g  e d g e ,  even  i f  t h e  ups t ream f l o w  i s  s t e a d y .  

A b s o l u t e - l e v e l  p r e s s u r e  t r a c e s  f o r  a Mach number o f  0 . 4  and 1 4  d e g  
i n c i d e n c e  a n g l e  a r e  p l o t t e d  i n  F i g .  58 .  T r a c e s  o v e r  t h e  fo rward  27 p e r c e n t  
cho rd  of t h e  upper  s u r f a c e  ( F i g .  5 8 ( a ) )  were i n  good agreement  and c o r r e s -  
ponded t o  a d i s t u r b a n c e  c o n v e c t e d  downst ream.  A b s o l u t e  l e v e l s  measured a t  
0 . 4  p e r c e n t  chord  c o r r e s p o n d e d  t o  a 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  o f  o n l y  
a b o u t  0.005,  and t h o s e  from 10 t o  27 p e r c e n t  cho rd  were o n l y  abou t  1 / 4  as 
l a r g e .  However, a b s o l u t e  l e v e l s  a t  6 6 ,  8 5 ,  and 97 p e r c e n t  cho rd  ( F i g .  5 8 ( b ) )  
were as l a r g e  as t h o s e  a t  0 . 4  p e r c e n t  c h o r d .  P r e s s u r e  t r a c e s  a t  t h e s e  a f t  
p o s i t i o n s  had c o n s i d e r a b l y  more h i g h - f r e q u e n c y  c o n t e n t  t h e n  d i d  t h o s e  measured 

f u r t h e r  u p s t r e a m .  S e l f - s c a l e d  v e r s i o n s  of t h e s e  d a t a  are shown i n  F i g .  59 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A r e v e r s a l  o f  phase  s i m i l a r  t o  t h a t  f o r  12  d e g  i n c i d e n c e  a n g l e  seemed t o  

o c c u r  be tween 66 and 8 5  p e r c e n t  cho rd  ( F i g .  5 9 ( a ) )  and t o  b e  c o n v e c t e d  t o  97 
p e r c e n t  cho rd  on t h e  upper  and t h e n  t r a n s m i t t e d  t o  t h e  lower  s u r f a c e .  Pres- 
s u r e  t r a c e s  moved u p s t r e a m  a l o n g  t h e  lower  s u r f a c e  ( F i g .  5 9 ( b ) )  t o  19 p e r c e n t  

c h o r d  i n  a b o u t  3 m i l l i s e c o n d s ,  as i s  r e a s o n a b l e  f o r  a c o u s t i c  p r e s s u r e  waves 
moving a g a i n s t  t h e  l o c a l  f l ow .  Normal ized  t r a c e s  a t  1 9  and 0 . 5  p e r c e n t  cho rd  

on t h e  lower  s u r f a c e  ( F i g .  5 9 ( b ) )  a l s o  were  180 d e g  o u t  o f  p h a s e .  

These  two examp les  o f  phase  r e v e r s a l  i n  no rma l i zed  p r e s s u r e  t races 
on t h e  a f t  upper  s u r f a c e  and fo rward  lower  s u r f a c e  are  p l o t t e d  i n  F i g .  60 
w i t h  one t r a c e  of each  p a i r  r e v e r s e d  i n  s i g n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOn t h e  upper  s u r f a c e ,  some 
b u t  c e r t a i n l y  n o t  a l l  o f  t h e  p r e s s u r e  d i s t u r b a n c e s  o c c u r r e d  f i r s t  a t  8 5  
p e r c e n t  cho rd  and appeared  s e v e r a l  m i l l i s e c o n d s  l a t e r  a t  66 p e r c e n t  c h o r d .  
A s  w i t h  t h e  d a t a  d i s c u s s e d  i n  Re f .  1 7 ,  t h e s e  a c o u s t i c  d i s t u r b a n c e s  were 
r e v e r s e d  i n  s i g n  as t h e y  t r a v e l e d  u p s t r e a m  th rough  t h e  shock  wave i n t o  a 
r e g i o n  o f  l o c a l l y  s u p e r s o n i c  f l o w .  These  h i g h  f r e q u e n c y  d i s t u r b a n c e s  ( p e r i o d s  
l ess  t h a n  10 m i l l i s e c o n d s )  a l s o  p a s s e d  a round  t h e  t r a i l i n g  edge  and t r a v e l e d  
u p s t r e a m  a l o n g  t h e  lower  s u r f a c e .  However, t h e y  were super imposed  upon 
lower - f requency  d i s t u r b a n c e s  w i t h  p e r i o d s  of 30 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 m i l l i s e c o n d s .  These 

l a t t e r  d i s t u r b a n c e s ,  r e v e r s e d  i n  s i g n ,  o c c u r r e d  a t  19  p e r c e n t  cho rd  on t h e  
l ower  s u r f a c e  s e v e r a l  m i l l i s e c o n d s  l a t e r  t h a n  a t  0.5  p e r c e n t  cho rd  on t h e  

u p p e r  or l ower  s u r f a c e s .  Data a t  a Mach number of 0.40  t h e r e f o r e  e x h i b i t  two 
t y p e s  o f  p r e s s u r e  f l u c t u a t i o n .  Each undergoes  a phase  r e v e r s a l  as i t  p a s s e s  

t h r o u g h  a shock  wave or  s t a g n a t i o n  p o i n t  on t h e  a i r f o i l  s u r f a c e .  

P r e s s u r e  t r a c e s  at  19  d e g  i n c i d e n c e  a n g l e  ( n o t  shown) had more h i g h -  
f r e q u e n c y  c o n t e n t  t h a n  t h o s e  f o r  smal le r  a n g l e s  o r  t h e  smal le r  Mach number. 

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  l a r g e  on t h e  a f t  upper  s u r f a c e  n e a r  and 

downst ream o f  t h e  shock  wave. F u r t h e r  i n c r e a s e  o f  i n c i d e n c e  a n g l e  t o  25 d e g  
h a l v e d  t h e  a m p l i t u d e s  o f  p r e s s u r e  f l u c t u a t i o n  f rom t h o s e  at  14 and 1 9  d e g .  
Chordwise  u n i f o r m i t y  o f  t h e  p r e s s u r e  t r a c e s  was i n c r e a s e d ,  w i t h  d i s t u r b a n c e s  
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b e i n g  c o n v e c t e d  downstream p a s t  t h e  upper  s u r f a c e  a t  a b o u t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 1 3  f r e e  stream 
v e l o c i t y .  Spanwise u n i f o r m i t y  was d e c r e a s e d ,  w i t h  f e w  d i s t u r b a n c e s  e x t e n d i n g  
a s  f a r  a s  0 . 3  c h o r d s .  

T i m e  H i s t o r i e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Swept A i r f o i l  

Sweepback of  a l i f t i n g  a i r f o i l  p roduces  l a t e r a l  d i s p l a c e m e n t  between 
s t r e a m l i n e  l o c a t i o n s  on t h e  u p p e r  and lower  s u r f a c e .  C a l c u l a t e d  s t r e a m l i n e s  

on  t h e  s u r f a c e  of an NACA 0012 a i r f o i l  w i t h  30 d e g  sweepback,  f o r  i ncompress-  

i b l e  f l o w  a t  a l i f t  c o e f f i c i e n t  o f  one ,  a r e  p l o t t e d  i n  F i g .  6 1 .  The s t r e a m -  
l i n e  which moves o v e r  t h e  u p p e r  s u r f a c e  i s  d i s p l a c e d  toward t h e  s w e p t f o r w a r d  
s i d e .  Because i t s  l o c a l  v e l o c i t y  on t h e  upper  s u r f a c e  i s  l a r g e r  t h a n  f r ee  
s t r e a m  v e l o c i t y ,  i t s  l o c a l  d i r e c t i o n  i s  r o t a t e d  from t h e  Eree s t r e a m  d i r e c t i o n  
toward a normal  t o  t h e  l e a d i n g  edge.  The lower  s u r f a c e  s t r e a m l i n e  t h a t  

o r i g i n a t e s  a t  t h e  same s t a g n a t i o n  p o i n t  h a s  l ess  t h a n  f ree s t r e a m  v e l o c i t y ,  s o  

i t  i s  d i s p l a c e d  i n  t h e  sweptback  d i r e c t i o n  and r o t a t e d  away from a normal  t o  
t h e  l e a d i n g  e d g e .  S t r e a m l i n e s  t h a t  were a d j a c e n t  a t  t h e  s t a g n a t i o n  p o i n t  
would have s p a n w i s e  p o s i t i o n s  r o u g h l y  20 p e r c e n t  chord  a p a r t  a t  s t r e a m w i s e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
d i s t a n c e s  greater  t h a n  midchord .  Now c o n s i d e r  a f l o w  d i s t u r b a n c e  of l i m i t e d  
s p a n w i s e  e x t e n t ,  c o n v e c t e d  a l o n g  t h e  upper  s u r f a c e  t o  t h e  t r a i l i n g  edge .  The 
r e s u l t i n g  a c o u s t i c  d i s t u r b a n c e  produced a t  t h e  t r a i l i n g  edge must t r a v e l  
u p s t r e a m  a l o n g  t h e  lower  s u r f a c e  f o r  a l o n g e r  d i s t a n c e  b e f o r e  i t  r e a c h e s  t h e  
s t a g n a t i o n  l i n e .  Thus i t  w i l l  be weaker  t h a n  f o r  t h e  unswept c a s e ,  and i t s  
s p a n w i s e  l o c a t i o n  o f  maximum s t r e n g t h  w i l l  b e  d i s p l a c e d  r e l a t i v e  t o  t h e  i n i -  
t i a l  p a t h  o f  t h e  f l o w  d i s t u r b a n c e .  The a p p a r e n t  f e e d b a c k  p r o c e s s  t h e r e f o r e  
s h o u l d  b e  weaker  f o r  swept  t h a n  f o r  unswept a i r f o i l s .  

Mach Number 0.30 Normal t o  L e a d i n g  Edge 

A b s o l u t e - l e v e l  p r e s s u r e  f l u c t u a t i o n  on a l i n e  normal t o  t h e  l e a d i n g  edge 
of t h e  30 d e g  sweptback  NACA 0012 a i r f o i l  a t  a f r e e s t r e a m  Mach number o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.346 
and 15 d e g  i n c i d e n c e  a n g l e  a r e  p l .o t ted  i n  F i g .  6 2 .  ( I n c i d e n c e  a n g l e  was 

measured i n  a r e f e r e n c e  p l a n e  p e r p e n d i c u l a r  t o  t h e  l e a d i n g  e d g e . )  A t  t h i s  
sweepback and Mach number,  t h e  component o f  f r e e s t r e a m  v e l o c i t y  normal  t o  t h e  

l e a d i n g  e d g e  had a Mach number Mc of 0.30 a s  w i t h  t h e  t e s t s  of  t h e  unswept  
a i r f o i l .  T h i s  c o m b i n a t i o n  of  Mach number and i n c i d e n c e  a n g l e  i n  t h e  p l a n e  
p e r p e n d i c u l a r  t o  t h e  l e a d i n g  edge had produced a h i g h l y  u n s t e a d y  s t a l l e d  f l o w  

p a s t  t h e  unswept a i r f o i l .  However, a s  c a n  be s e e n  from F i g .  6 2 ,  s t a t i c  p r e s -  

s u r e  f l u c t u a t i o n s  on t h e  s w e p t  a i r f o i l  were s m a l l  e x c e p t  on t h e  u p p e r  s u r f a c e  
v e r y  n e a r  t h e  l e a d i n g  e d g e .  Flow p a s t  sweptback  wings a t  h i g h  a n g l e s  o f  
a t t a c k  i s  t y p i f i e d  by l o c a l  boundary  l a y e r  s e p a r a t i o n  on t h e  f o r w a r d  u p p e r  
su r face - ,  f l o w  of t h i s  s e p a r a t e d  a i r  i n  a d i r e c t i o n  n e a r l y  p a r a l l e l  t o  t h e  
l e a d i n g  e d g e ,  and r e a t t a c h m e n t  a t  a s l i g h t l y  l a r g e r  c h o r d w i s e  p o s i t i o n .  The 
s e p a r a t i n g  f l o w  t h u s  e n c l o s e s  a l e a d i n g  edge v o r t e x  which p r o d u c e s  a t t a c h e d  
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downstream f l ow  a t  a n g l e s  o f  a t t a c k ,  i n  t h e  p l a n e  normal t o  t h e  l e a d i n g  e d g e ,  
t h a t  would s t a l l  a two-d imens iona l  f l ow .  

S e l f - s c a l e d  p l o t s  o f  t h e s e  t r a c e s  a r e  shown i n  F i g .  63 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  c a n  be 
r e c o g n i z e d  from F i g .  6 1 ,  t h e  l i n e  o f  t r a n s d u c e r  l o c a t i o n s  normal t o  t h e  l e a d -  
i n g  edge c u t s  a c r o s s  t h e  s t r e a r l i l i n e s .  P r e s s u r e  t r a c e s  o v e r  t h e  fo rward  11 
p e r c e n t  cho rd  o f  t h e  u p p e r  s u r f a c e  ( F i g .  6 3 ( a ) )  were h i g h l y  c o r r e l a t e d ,  w i t h  
t ime  d e l a y s  t h a t  c o r r e s p o n d e d  t o  d i s t u r b a n c e s  b e i n g  c o n v e c t e d  downstream. By 
2 7  p e r c e n t  cho rd  t h e r e  was l i t t l e  s i m i l a r i t y  w i t h  t h e  u p s t r e a m  t r a c e s .  T r a c e s  
measured f u r t h e r  downstream were p o o r l y  c o r r e l a t e d  w i t h  one  a n o t h e r .  The re  
was l i t t l e  r e l a t i o n s h i p  be tween p r e s s u r e  t r a c e s  a t  97 p e r c e n t  cho rd  on t h e  
upper  and lower  s u r f a c e s  ( F i g .  6 3 ( b ) ) ,  o r  be tween t h o s e  a t  a f t  and fo rward  
l o c a t i o n s  on t h e  lower  s u r f a c e .  

T h i s  compar i son  shows t h a t  t h e  sweptback  a i r f o i l  had r e l a t i v e l y  s t e a d y  
u n s t a l l e d  f l ow  a t  a t e s t  c o n d i t i o n  f o r  which t h e  two-d imens iona l  f l ow  i n  
a p l a n e  normal  t o  t h e  l e a d i n g  edge  had  been h i g h l y  u n s t e a d y  and s t a l l e d .  
Sweepback t h e r e f o r e  d e l a y e d  o n s e t  o f  u n s t e a d y  s t a l l e d  f l ow  a t  c o n s t a n t  Mach 

number and i n c i d e n c e  a n g l e  i n  a r e f e r e n c e  p l a n e  normal t o  t h e  l e a d i n g  edge .  
I n v i s c i d - f l o w  s i m p l e  sweepback t h e o r y  would i n d i c a t e  no e f f e c t  o f  sweep i f  

t h o s e  two p a r a m e t e r s  are  h e l d  c o n s t a n t .  

A b s o l u t e - s c a l e d  p r e s s u r e  t r a c e s  on t h e  u p p e r  s u r f a c e  a l o n g  two l i n e s  
p a r a l l e l  t o  t h e  f r e e  s t r e a m  a t  20 deg i n c i d e n c e  a n g l e  are  p l o t t e d  i n  F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 4 .  The measurement a t  0.4  p e r c e n t  cho rd  and one spanw ise  l o c a t i o n  ( F i g .  
6 4 ( a ) ) ,  and a l s o  ( n o t  shown) a t  t h e  n e a r e s t  h o t  f i l m  gage a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 p e r c e n t  

c h o r d ,  had a s h i f t  i n  measured l e v e l  be tween 130 and 150 m i l l i s e c o n d s .  
At t h e  o t h e r  spanw ise  l o c a t i o n ,  t h i s  f l ow  change appeared  ( F i g .  6 4 ( b ) )  as 
a r e g i o n  o f  v e r y  l i t t l e  p r e s s u r e  f l u c t u a t i o n  a t  0 . 4  p e r c e n t  cho rd  and ( n o t  
shown) v e r y  s m a l l  f l u c t u a t i o n s  o f  h e a t  t r a n s f e r  a t  2 p e r c e n t  cho rd  be tween 130 
and 170 m i l l i s e c o n d s .  However, t h e  p r e s s u r e  t r a n s d u c e r s  a l o n g  b o t h  l i n e s  a t  
4 . 5  p e r c e n t  cho rd  had no d i s t i n c t i v e  b e h a v i o r  d u r i n g  t h a t  t i m e  i n t e r v a l .  

R e l a t i v e l y  q u i e s c e n t  f l ow  f o r  d u r a t i o n s  o f  50 t o  100 m i l l i s e c o n d s  had a l s o  
been o b s e r v e d  on t h e  unswept a i r f o i l  ( F i g .  5 0 ) .  P e r h a p s  t h e  f l ow  p a s t  a s m a l l  

s p a n w i s e  r e g i o n  becomes r e a t t a c h e d  n e a r  t h e  u p p e r  s u r f a c e  l e a d i n g  edge  f o r  
o c c a s i o n a l  s h o r t  i n t e r v a l s  o f  t ime.  

I n  c o n t r a s t  t o  t h e  h i g h l y  i r r e g u l a r  p r e s s u r e  t r a c e s  o v e r  t h e  fo rward  
27 p e r c e n t  c h o r d ,  t h e  s i g n a l  a t  97 p e r c e n t  c h o r d  ( F i g .  6 4 ( a ) )  c o n s i s t e d  
o f  s t r o n g  d i s c r e t e  s p i k e s  a t  i n t e r v a l s  of about  10 m i l l i s e c o n d s ,  s e p a r a t e d  by 
l ow-amp l i t ude  f l u c t u a t i o n s .  T h i s  t y p e  o f  s i g n a l  a l s o  was o b s e r v e d  ( n o t  shown) 
f o r  a h o t  f i l m  gage a t  45  p e r c e n t  c h o r d .  Ampl i tude o f  t h e s e  p u l s e - l i k e  

s i g n a l s  was l a r g e r  t h a n  had been  measured f o r  a l l  b u t  t h e  most u p s t r e a m  
p r e s s u r e  and h o t - f i l m  l o c a t i o n s .  T h i s  waveform had no t  been o b s e r v e d  i n  t e s t s  

of  t h e  unswept a i r f o i l  a t  t h e  same Mach number and a t  an  i n c i d e n c e  a n g l e  o f  19 

d e g  i n  t h e  p l a n e  normal t o  t h e  l e a d i n g  edge .  
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Some u n d e r s t a n d i n g  o f  t h i s  f l o w  p r o c e s s  c a n  be  o b t a i n e d  f rom s e l f - s c a l e d  
p l o t s  o f  p r e s s u r e s  on a l i n e  normal t o  t h e  l e a d i n g  edge .  Data  f o r  t h e  
a i r f o i l  u p p e r  s u r f a c e  are  p r e s e n t e d  i n  F i g .  6 5 ( a ) .  S t r o n g  p o s i t i v e  p u l s e s  
o c c u r r e d  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.4 p e r c e n t  chord  a t  a b o u t  90 ,  120,  and 160 m i l l i s e c o n d s .  

These p e r s i s t e d  t o  2 p e r c e n t  cho rd  ( n o t  shown) b u t  by 4 . 5  p e r c e n t  cho rd  
t h e y  were r e v e r s e d  i n  s i g n .  These  p u l s e s  remained n e g a t i v e  t o  66 p e r c e n t  

cho rd  b u t  were p o s i t i v e  a t  8 5  and 97 p e r c e n t  c h o r d .  I n  g e n e r a l ,  p u l s e s  

o c c u r r e d  s l i g h t l y  e a r l i e r  a t  downstream t h a n  a t  ups t ream l o c a t i o n s .  The 
t o t a l  d i f f e r e n c e  a l o n g  t h e  upper  s u r f a c e  was o n l y  abou t  2 m i l l i s e c o n d s ,  

which c o r r e s p o n d s  t o  t h e  t i m e  r e q u i r e d  f o r  a n  a c o u s t i c  d i s t u r b a n c e  t o  t r a v e l  
ups t ream one c h o r d  l e n g t h  a g a i n s t  t h e  free-stream v e l o c i t y .  

S e l f - s c a l e d  p r e s s u r e s  on t h e  l ower  s u r f a c e ,  and n e a r  t h e  l e a d i n g  and 
t r a i l i n g  e d g e s  o f  t h e  upper  s u r f a c e ,  are shown i n  F i g .  6 5 ( b ) .  P r e s s u r e  
p u l s e s  a t  a b o u t  0 . 5  p e r c e n t  c h o r d  on t h e  upper  and lower  s u r f a c e s  had  o p p p o s i t e  
s i g n s .  Phase  r e v e r s a l  be tween t h e s e  two p o s i t i o n s  had n e v e r  o c c u r r e d  i n  t e s t s  
o f  t h e  unswept a i r f o i l .  Another  r e v e r s a l  o f  s i g n  t o o k  p l a c e  be tween 1 . 7  and 
5 . 5  p e r c e n t  cho rd  on t h e  lower  s u r f a c e .  P r e s s u r e  p u l s e s  o c c u r r e d  a t  v e r y  
n e a r l y  t h e  same t i m e  f o r  a l l  p o s i t i o n s  on t h e  lower s u r f a c e .  There  w a s  some 
i n d i c a t i o n  t h a t  a c o u s t i c  p r e s s u r e  p u l s e s  were t r a v e l i n g  u p s t r e a m  a t  t h e  s p e e d  
o f  sound w i t h i n  t h e  l o c a l  f l o w  b e n e a t h  t h e  a i r f o i l .  Tha t  f l o w  had a v e l o c i t y  
c o n s i d e r a b l y  l ess  t h a n  t h e  f r e e s t r e a m ,  and t h e  time r e q u i r e d  would be o n l y  
a b o u t  one m i l l i s e c o n d .  These weak p r e s s u r e  p u l s e s  might be c a u s e d  by smal l  
d i s c r e t e  t u r b u l e n t  e d d i e s  c o n v e c t e d  o v e r  t h e  t r a i l i n g  edge t o  g e n e r a t e  t r a i l i n g  
edge  n o i s e ,  or by shock  wave o s c i l l a t i o n .  They moved u p s t r e a m  a t  t h e  s p e e d  o f  

sound w i t h i n  t h e  l o c a l  f l o w ,  and r e v e r s e d  t h e i r  s i g n  on t h e  lower  s u r f a c e  n e a r  
t h e  s t a g n a t i o n  p o i n t  and on t h e  upper  s u r f a c e  a t  a b o u t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 1 3  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA314 chord  and 
a g a i n  n e a r  t h e  l e a d i n g  e d g e .  D i s t u r b a n c e s  a r r i v i n g  a t  t h e  l e a d i n g  e d g e  
from t h e  upper  and lower  s u r f a c e s  had  o p p o s i t e  phase ,  b u t  t h o s e  on t h e  
upper  s u r f a c e  h a d  much l a r g e r  magn i tude .  

S t r o n g  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  a t  l a r g e r  i n c i d e n c e  
a n g l e s  c o u l d  be  f o l l o w e d  from 0 . 4  t o  97 p e r c e n t  cho rd  w i t h  abou t  5 m i l l i s e c o n d s  
t ime l a g .  This t i m e  i s  c o n s i s t e n t  w i t h  c o n v e c t i o n  o f  t u r b u l e n c e  a l o n g  
t h e  swept-wing s t r e a m l i n e s  a t  c l o s e  t o  f r e e  stream v e l o c i t y .  Some o f  t h e s e  
d i s t u r b a n c e s  o c c u r r e d  o v e r  t h e  e n t i r e  i n s t r u m e n t e d  s p a n w i s e  d i s t a n c e  o f  4 3 . 3  
p e r c e n t  cho rd  normal  t o  t h e  f r e e  stream. A few p r e s s u r e  s p i k e s  s u c h  as were 
o b s e r v e d  a t  20 d e g  i n c i d e n c e  a n g l e  a l s o  o c c u r r e d  a t  l a r g e r  a n g l e s .  For  
s u f f i c i e n t l y  l a r g e  i n c i d e n c e ,  u n s t e a d y  f l ow  o v e r  t h i s  swep tback  a i r f o i l  
q u a l i t a t i v e l y  resemb led  t h a t  f o r  t h e  unswept a i r f o i l  a t  t h e  same Mach number 
normal t o  t h e  l e a d i n g  edge  and a t  l a r g e  i n c i d e n c e .  Amp l i t udes  of t h e  f l u c t u a -  
t i o n s ,  however ,  were c o n s i d e r a b l y  l a r g e r  t h a n  f o r  t h e  unswept a i r f o i l .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Mach Number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 .40  Normal t o  Lead ing  Edge 

Da ta  were a l s o  o b t a i n e d  f o r  t h e  30 d e g  swept  a i r f o i l  a t  a f r e e  s t r e a m  
Mach number o f  0 . 4 6 2 ,  which p r o v i d e s  a Mach number o f  0.40 normal  t o  t h e  

l e a d i n g  edge .  A b s o l u t e - l e v e l  p r e s s u r e  f l u c t u a t i o n s  on a s t r e a m w i s e  l i n e  
a t  t h a t  Mach number and 16  deg  i n c i d e n c e  a n g l e  a r e  p l o t t e d  i n  F i g .  6 6 .  
P r e s s u r e  f l u c t u a t i o n s  a t  0 . 4  p e r c e n t  cho rd  on  t h i s  sweptback  a i r f o i l  had 
much lower  a m p l i t u d e  t h a n  t h o s e  f o r  t h e  unswept a i r f o i l  a t  s m a l l e r  i n c i d e n c e  
( F i g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA58). They c o n t a i n e d  s h a r p  s p i k e s  o f  p r e s s u r e  f l u c t u a t i o n  s e p a r a t e d  by 
r e l a t i v e l y  q u i e s c e n t  f l ow .  T h i s  t y p e  o f  wave form had been o b s e r v e d  f u r t h e r  

a f t  on t h e  sweptback  a i r f o i l  a t  t h e  lower Mach number and 20 d e g  i n c i d e n c e  
a n g l e .  T r a c e s  measured a t  t h e  o t h e r  t h r e e  p o s i t i o n s  ( 4 . 5 ,  2 7 ,  and 97 p e r c e n t  

c h o r d )  were of  d i f f e r e n t  shape  and lower  a m p l i t u d e .  They had l a r g e  h i g h - f r e -  
quency  c o n t e n t ,  a s  had been found f o r  t h e  unswept a i r f o i l  a t  0 . 4 0  Mach number. 

Because of t h e  s h o r t  t ime i n t e r v a l  be tween s u c c e s s i v e  f l u c t u a t i o n s ,  t h e r e  i s  
no a s s u r a n c e  t h a t  any one p r e s s u r e  p u l s e  c a n  b e  t r a c e d  a l o n g  t h e  measurement 

l i n e .  Some o f  t h e  n e g a t i v e  p r e s s u r e  s p i k e s  a t  0 . 4  p e r c e n t  c h o r d ,  such a s  t h e  
t h r e e  be tween 2 1 3  and 2 2 5  m i l l i s e c o n d s ,  c o i n c i d e  w i t h  weak p o s i t i v e  s p i k e s  a t  
4 . 5  p e r c e n t  c h o r d .  

A b s o l u t e - l e v e l  p l o t s  o f  p r e s s u r e  f l u c t u a t i o n  a l o n g  l i n e s  normal  t o  
t h e  l e a d i n g  edge  are  shown i n  F i g .  6 7 .  The fo rward  upper  s u r f a c e  ( F i g .  
6 7 ( a ) )  f rom 0 . 4  t o  4 . 5  p e r c e n t  cho rd  had a g e n e r a l l y  s i m i l a r  s h a p e ,  w i t h  
i n c r e a s e d  p r e s s u r e  be tween 100 and 190 m i l l i s e c o n d s .  The p r e s s u r e  s p i k e s  
which o c c u r r e d  a t  0 . 4  and ( n o t  shown) 1 p e r c e n t  cho rd  had e s s e n t i a l l y  d i s -  
a p p e a r e d  by 2 p e r c e n t  c h o r d .  A l so ,  t h e y  d i d  no t  o c c u r  a t  0 . 5  p e r c e n t  cho rd  on 
t h e  lower  s u r f a c e  ( n o t  shown).  By 10  p e r c e n t  cho rd  t h e  t ime i n t e r v a l  o f  
g e n e r a l  p r e s s u r e  i n c r e a s e  had  changed t o  one  o f  p r e s s u r e  d e c r e a s e  which 
p e r s i s t e d  t o  15 p e r c e n t  c h o r d .  T r a c e s  measured f u r t h e r  a f t  on t h e  upper  
s u r f a c e  a r e  shown i n  F i g .  6 7 ( b ) .  The h i g h l y  c h a o t i c  s t r o n g  h i g h - f r e q u e n c y  
f l u c t u a t i o n s  measured a t  27 p e r c e n t  cho rd  do no t  resemb le  t h o s e  measured 
e i t h e r  u p s t r e a m  o r  downst ream o f  t h a t  p o s i t i o n .  They resemb le  t h e  p r e s -  
s u r e  f i e l d  downst ream o f  a shock  wave (Re f .  1 7 ) .  S m a l l e r - a m p l i t u d e  f l u c -  
t u a t i o n s  were measured f u r t h e r  a f t .  Those a t  85 and 97 p e r c e n t  cho rd  g e n e r a l l y  

match i n  s h a p e  and a m p l i t u d e ,  w i t h  e v e n t s  o c c u r r i n g  f i r s t  a t  97  p e r c e n t  
c h o r d .  Measurements  f o r  t h e  lower s u r f a c e  ( n o t  shown) are c o n s i s t e n t  w i t h  

p r e s s u r e  waves moving ups t ream a t  t h e  s p e e d  o f  sound r e l a t i v e  t o  t h e  f l ow .  
Thus t h e  p r e s s u r e  t r a c e s  i l l u s t r a t e  t h e  o c c u r r e n c e  o f  d i f f e r e n t  f l ow  p r o c e s s e s  

on t h e  u p p e r  s u r f a c e  w i t h i n  t h e  f i r s t  1 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 p e r c e n t  c h o r d ,  be tween t h e s e  and 
10 t o  15 p e r c e n t  c h o r d ,  and n e a r  t h e  q u a r t e r - c h o r d .  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  and a f t  upper  s u r f a c e  c o n s i s t  o f  d i s t u r b a n c e s  moving ups t ream 

f rom t h e  t r a i l i n g  edge  o r  wake. The changes  i n  f l ow  b e h a v i o r  o v e r  t h e  f i r s t  few 

p e r c e n t  c h o r d ,  and c h o r d w i s e  l o c a t  i o n  o f  l a r g e  h i g h - f r e q u e n c y  p r e s s u r e  f l u c t u -  
a t i o n s  c o r r e s p o n d i n g  t o  t h e  p r e s e n c e  o f  a shock  wave,  d o  no t  match t h e  d a t a  
measured a t  t h e  c o r r e s p o n d i n g  Mach number and a n g l e  of a t t a c k  of t h e  unswept 
a i  r f o i  1.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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CONCLUSIONS AND OBSERVATIONS 

The f o l l o w i n g  i s  a l i s t  of  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmore s i g n i f i c a n t  f i n d i n g s  o f  t h i s  t es t  
program. Items 1 t h r o u g h  7 are a s s o c i a t e d  w i t h  t h e  o s c i l l a t o r y  wing s t u d y ,  
and Items 8 and 9 were o b s e r v e d  f rom p r e s s u r e  f l u c t u a t i o n  measurements  t a k e n  
d u r i n g  s t e a d y - s t a t e  t e s t i n g .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1. 

2 .  

3 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 .  

5 .  

6 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7. 

I n  g e n e r a l ,  sweep t e n d s  t o  d e l a y  t h e  o n s e t  of dynamic s t a l l .  I n  a d d i -  
t i o n ,  sweep r e d u c e s  t h e  magn i tude  of t h e  u n s t e a d y  components o f  l i f t ,  
p r e s s u r e  d r a g ,  and moment r e l a t i v e  t o  t h e i r  c o r r e s p o n d i n g  mean r e s p o n s e  
( i . e . ,  t h e  swept  wing l o o p s  are  g e n e r a l l y  na r rower  t h a n  t h o s e  f o r  t h e  
unswept w ing ) .  

For  b o t h  t h e  unswept and swept  c o n f i g u r a t i o n s ,  a n  i n c r e a s e  i n  f r e q u e n c y  
t e n d s  t o  i n c r e a s e  t h e  magn i tude  o f  t h e  u n s t e a d y  component o f  l i f t  abou t  

i t s  mean v a l u e ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC,(a>. 

s u r e  d r a g ,  and moment i n c r e a s e  i n  magn i tude and s h i f t  t o  h i g h e r  i n c i d e n c e  
a n g l e s  as t h e  f r e q u e n c y  i n c r e a s e s  w i t h i n  t h e  r a n g e  o f  f r e q u e n c i e s  t e s t e d .  

F u r t h e r m o r e ,  t h e  peak r e s p o n s e s  i n  l i f t ,  p r e s -  

A t  low f r e q u e n c i e s ,  t h e  s e v e r i t y  o f  t h e  sudden  change i n  l i f t ,  p r e s s u r e  
d r a g ,  and moment n e a r  peak i n c i d e n c e  i s  s i g n i f i c a n t l y  reduced  when t h e  
wing i s  s w e p t .  However, a s  t h e  f r e q u e n c y  i s  i n c r e a s e d ,  t h i s  e f f e c t  o f  

sweep i s  marked ly  d i m i n i s h e d .  

The s i m p l e  sweep t h e o r y  method o f  n o r m a l i z a t i o n  a l i g n s  t h e  swept  and 
unswept s t e a d y - s t a t e  l i f t  r e s p o n s e  w i t h i n  t h e  p o t e n t i a l  f l ow  r a n g e  o f  
t h e  d a t a .  C o n v e r s e l y ,  i t  a p p e a r s  t h a t  t h e  a p p l i c a t i o n  o f  t h i s  n o r m a l i z a -  
t i o n  p r o c e d u r e  t o  t r e a t  u n s t e a d y  d a t a  f a i l s  t o  r e c o n c i l e  t h e  e f f e c t  o f  
sweep on t h e  l i f t  r e s p o n s e  i n  t h i s  f l ow  r a n g e .  

An i n c r e a s e  i n  p i t c h i n g  a m p l i t u d e  a t  c o n s t a n t  f r e q u e n c y  t e n d s  t o  d e l a y  
t h e  o n s e t  o f  dynamic s t a l l , . t h u s  s u g g e s t i n g  a r e l a t i o n s h i p  be tween t h e  
o n s e t  o f  dynamic s t a l l  and t h e  m a g n i t u d e s  of 0. and G. 

When t h e  w ing  i s  unswep t ,  a n  i n c r e a s e  i n  Mach number ( f r o m  0.30 t o  0 . 4 0 )  
c a u s e s  dynamic s t a l l  t o  o c c u r  a t  a smaller i n c i d e n c e  a n g l e .  T h i s  e f f e c t  
i s  l ess  d i s c e r n a b l e  when t h e  w ing  i s  unswept .  

Both t h e  unswept and swept  c o n f i g u r a t i o n s  were found t o  be s t a b l e  i n  

p u r e  p i t c h  o v e r  t h e  r a n g e  o f  p a r a m e t e r s  t e s t e d .  However, a t  mean i n c i -  

d e n c e  a n g l e s  g r e a t e r  t h a n  9 d e g ,  sweep t e n d s  t o  r e d u c e  t h e  s t a b i l i t y  

m a r g i n  o f  t h e  mo t ion .  
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CONCLUSIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAND OBSERVATIONS ( C o n t ' d )  

8. P r e s s u r e  f l u c t u a t i o n s  on a s t e a d y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANACA 0012 a i r f o i l  a t  i n c i d e n c e  a n g l e s  

beyond s t a l l  i n c l u d e  downstream c o n v e c t i o n  o f  t u r b u l e n c e  from t h e  suc-  
t i o n  s u r f a c e  l e a d i n g  e d g e ,  f o r w a r d  p r o p a g a t i o n  o f  a c o u s t i c  waves i n  t h e  
a t t a c h e d  f low a d j a c e n t  t o  t h e  p r e s s u r e  s u r f a c e ,  and u n s t e a d y  shock  waves 
on t h e  s u c t i o n  s u r f a c e .  Ampl i tude o f  p r e s s u r e  f l u c t u a t i o n s  a s s o c i a t e d  
w i t h  c o n v e c t e d  t u r b u l e n c e  was much l a r g e r  t h a n  t h a t  o f  t h e  a c o u s t i c  
waves.  

9 .  P r e s s u r e  f l u c t u a t i o n s  on a s t e a d y  a i r f o i l  a t  i n c i d e n c e  a n g l e s  beyond 
s t a l l  a r e  r e v e r s e d  i n  p h a s e  when t h e y  p a s s  t h r o u g h  a s t a g n a t i o n  p o i n t  o r  
a shock  wave. The r e s u l t i n g  p r e s s u r e  f l u c t u a t i o n  which i s  f e d  b a c k  t o  
t h e  s u c t i o n  s u r f a c e  l e a d i n g  e d g e  r e g i o n  t e n d s  t o  r e s t o r e  t h e  f l o w  toward 
i t s  a v e r a g e  l e v e l s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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RE C0MI-E ND AT I ONS 

1 .  An a t t e m p t  s h o u l d  b e  made t o  mod i fy  t h e  s i m p l e  sweep t h e o r y  f o r  
a p p l i c a t i o n  under  dynamic c o n d i t i o n s .  I t  i s  recommended t h a t  swept 
d a t a  be e s t i m a t e d  from unswept measurements and t h a t  t h e  d i s c r e p a n c i e s  
between e s t i m a t e d  and measured v a l u e s  be i d e n t i f i e d .  I t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis a l s o  recom- 

mended t h a t  f u t u r e  e x p e r i m e n t a l  p r o g r a m  i n c l u d e  s e v e r a l  r u n s  a t  v e r y  
low f r e q u e n c i e s ,  b e g i n n i n g  i n  e a c h  c a s e  w i t h  a s t e a d y - s t a t e  p o i n t .  T h i s  

d a t a  would b e  used t o  e m p i r i c a l l y  modi fy  t h e  s i m p l e  sweep t h e o r y  t o  
a c c o u n t  f o r  t h e  e f f e c t s  o f  f r e q u e n c y  i n  t h e  n o r m a l i z a t i o n  of  measured 

r e s p o n s e s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 .  Unsteady  p r e s s u r e  d a t a  on p i t c h i n g  a i r f o i l s  s h o u l d  be examined f o r  t h e  

t y p e s  o f  s t a t i c  p r e s s u r e  f l u c t u a t i o n s  which were o b s e r v e d  on s t e a d y  a i r -  

f o i l s  beyond s t a l l .  P o s s i b l e  r e l e v a n c e  of t h e  u n s t e a d y  f e e d b a c k  p r o c e s s  
t o  o n s e t  and r e c o v e r y  f rom u n s t e a d y  f low s e p a r a t i o n  s h o u l d  be  e s t a b l i s h e d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

3 .  Unsteady p r e s s u r e  d a t a  t a k e n  i n  f u t u r e  t e s t s  s h o u l d  be d i g i t i z e d  a t  a 

t i m e  s c a l e  small enough t o  p e r m i t  f o l l o w i n g  t h e  p r o p a g a t i o n  o f  a c o u s t i c  
waves a l o n g  t h e  c h o r d .  
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APPENDIX I 

NUMERICAL INTEGRATION ESTIMATE 
OF UNSTEADY LOAD 

The pu rpose  of t h e  s t r a i n  gage b a l a n c e  sys tem was t o  o b t a i n  a d i r e c t  
measure  o f  t h e  i nduced  u n s t e a d y  aerodynamic  l o a d ,  i n c l u d i n g  t h e  normal  and 

cho rd  f o r c e  components ,  and t h e  moment. The normal  and cho rd  f o r c e  components 
would t h e n  be  used t o  compute t h e  i nduced  l i f t  and d r a g  f o r c e s .  However, 

b e c a u s e  t h e  b a l a n c e  e lemen t  r e s p o n s e s  were con tamina ted  w i t h  a h i g h  f requency  
s i g n a l ,  t h i s  p a r t  o f  t h e  t e s t  p rogram was no t  s u c c e s s f u l l y  c o m p l e t e d .  There-  

f o r e ,  an a t t e m p t  was made t o  e s t i m a t e  t h e  u n s t e a d y  cho rd  f o r c e  component v i a  
an i n t e g r a t i o n  o f  t h e  i nduced  c h o r d w i s e  p r e s s u r e  t r a n s d u c e r  r e s p o n s e  d i s t r i -  
b u t  i o n .  

Fo r  t h e  r e a s o n s  c i t e d  i n  Appendix 11, t h e  i n t e g r a t i o n  was per fo rmed v i a  
t h e  t r a p e z o i d a l  r u l e  r a t h e r  t h a n  t h e  more power fu l  segmented G a u s s i a n  quadra -  
t u r e  app roach .  The a c c u r a c y  of  t h e  t r a p e z o i d a l  r u l e  app roach  was examined by 
u s i n g  i t  t o  compute t h e  i nduced  l o a d i n g  f rom a known i n t e g r a b l e  p r e s s u r e  
d i s t r i b u t i o n  f u n c t i o n  and t h e n  compar ing  t h e  r e s u l t  w i t h  an a c c u r a t e  a p p r o x i -  
ma t ion  o f  t h e  e x a c t  v a l u e  o f  t h e  i nduced  l o a d .  For  t h e  s a k e  o f  s i m p l i c i t y  
t h i s  e v a l u a t i o n  was r e s t r i c t e d  t o  t h e  s u c t i o n  s u r f a c e  l oad  r e s p o n s e  and t o  a 
s i m p l e  a i r f o i l  s h a p e .  I t  i s  f u r t h e r  n o t e d  t h a t  t h e  t es t  f o r  a c c u r a c y  was 
pe r fo rmed  u s i n g  o n l y  one s p e c i f i c  s u c t i o n  s u r f a c e  d i s t r i b u t i o n  f u n c t i o n  and no 
a t t e m p t  w a s  made t o  f o r m a l l y  e v a l u a t e  t h e  a c c u r a c y  o f  t h e  p r e s e n t  t r a p e z o i d a l  
r u l e  i n t e g r a t i o n  scheme i n  t h e  g e n e r a l i z e d  s e n s e .  

The s u c t i o n  s u r f a c e  p r e s s u r e  d i s t r i b u t i o n  f u n c t i o n  t h a t  w a s  used  ( c f  Re f .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7 )  i s  g i v e n  by 

and i s  shown p l o t t e d  i n  F i g .  68 .  The f u n c t i o n  g(X) r e p r e s e n t s  t h e  e x t r e m e s  of 
a t y p i c a l  s u c t i o n  s u r f a c e  p r e s s u r e  d i s t r i b u t i o n  w i t h  l i t t l e  o r  no  s e p a r a t i o n ;  
that :  i s ,  a s h a r p  l e a d i n g  edge  r e g i o n  peak r e s p o n s e  fo l l owed  by a n o n - n e g l i g i b l e  

r e s p o n s e  toward  t h e  t r a i l i n g  edge .  The s i m p l e  a i r f o i l  s h a p e  t h a t  was used  i s  
g i v e n  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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I n  t h i s  e q u a t i o n  t h e  fo rward  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA60 p e r c e n t  chord  i s  r e p r e s e n t e d  by an  e l l i p s e  

and t h e  a f t  40 p e r c e n t  c h o r d  i s  assumed t o  be  a l i n e a r  t a p e r  toward t h e  
t r a i l i n g  e d g e .  The a i r f o i l  s h a p e  h a s  a t h i c k n e s s  t o  chord  r a t i o  o f  0 . 1 2 ,  and 

h a s  c o n t i n u o u s  d e r i v a t i v e s  a t  t h e  60 p e r c e n t  c h o r d  match ing  p o i n t .  I t  
s h o u l d  be  n o t e d  t h a t  t h e  o n l y  c r i t e r i a  used i n  c h o o s i n g  t h e  f u n c t i o n a l  forms 
g i v e n  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE q s .  (20) and (21 )  i s  t h a t  t h e y  a r e  r e a s o n a b l e ,  s i m p l e  r e p r e s e n t a t i o n s  

of  t h e  induced l o a d  d i s t r i b u t i o n  and t h e  a i r f o i l  shape .  

The e x a c t  v a l u e s  of  t h e  normal f o r c e ,  c h o r d  f o r c e ,  and moment were com- 
p u t e d  from Eqs.  (20)  and ( 2 1 )  and a r e  g i v e n  below t o  f o u r  p l a c e  a c c u r a c y :  

1 
Normal F o r c e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= g ( x )  dX = 0.4150 

0 

g ( x )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 dx = 0.0588 

a x  s Chord F o r c e  = 

0 

1 

Moment = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf g ( x >  (x -1 /4 )  dx = 0.0120 
0 

( 2 2 )  

( 2 3 )  

By u s i n g  t h e  s u c t i o n  s u r f a c e  c o o r d i n a t e s  g i v e n  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx = 0, .004 ,  .010, .019, 

.045 ,  .073,  .098,  . 114 ,  .149,  .268, .454,  .658,  .851,  .971,  and 1 . 0 0 0 ,  t h e  
t r a p e z o i d a l  r u l e  y i e l d s  t h e  f o l l o w i n g  computed r e s u l t s :  

Normal F o r c e  = .4130;  e r r o r  = 0 . 5 %  

Chord F o r c e  = .0574;  e r r o r  = 2.4% 
Moment = . 0094 ;  e r r o r  = 21.7% 

The m a j o r  s o u r c e  o f  e r r o r  i n  t h e  c o m p u t a t i o n  of t h e  moment o c c u r s  i n  t h e  

r e g i o n  ,454 < x < .851, and i s  m a i n l v  a consequence of t h e  c o a r s e n e s s  of t h e  
g r i d .  However, t h e  a b s o l u t e  v a l u e  of t h e  moment zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis s m a l l  ( c o m p a r a b l e  t o  a 
s t e a d y - s t a t e  c o n d i t i o n  below s t a l l )  and t h e  e r r o r  i s  w i t h i n  t h e  r a n g e  o f  
normal  e x p e r i m e n t a l  a c c u r a c y .  Compared w i t h  a t y p i c a l  maximum moment v a l u e  o f  

o r d e r  0.1 t h e  computed e r r o r  i s  more l i k e  2 p e r c e n t  of f u l l  s c a l e .  F u r t h e r -  
more,  i t  i s  i m p o r t a n t  t o  n o t e  t h a t  t h e  e s t i m a t e  of  bo th  normal  f o r c e  and c h o r d  
f o r c e  i n  t h i s  c a s e  i s  e x c e l l e n t .  

A l though t h i s  p r e d i c t i o n  was made f o r  o n l y  one s p e c i a l  s i t u a t i o n ,  i t  
i n d i c a t e s  t h a t  a s a t i s f a c t o r y  measure  of  t h e  i n d u c e d  u n s t e a d y  c h o r d  f o r c e  c a n  
g e n e r a l l y  be o b t a i n e d  by t h i s  method.  

F i n a l l y ,  i f  t h e  segmented Gauss  q u a d r a t u r e  approach i s  used ( c f  R e f .  7 )  
w i t h  t h e  f o l l o w i n g  t r a n s d u c e r  l o c a t i o n s :  ,004 ,  .020,  .045, .073,  .098,  .114,  
. 148 ,  .268,  .454,  . 664 ,  .851,  and .970 ,  t h e  computed v a l u e s  become 
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Normal F o r c e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 4150 ;  E r r o r  = 0% 
Chord F o r c e  = .0594;  E r r o r  = 1 .0% 
Moment = .0120;  E r r o r  = 0% 

These r e s u l t s  a r e  a p r o m i s i n g  i n d i c a t i o n  t h a t  p r e s e n t  t e c h n i q u e s  a r e  
c a p a b l e  of y i e l d i n g  a c c u r a t e  c a l c u l a t i o n s  o f  a l l  f o r c e s  and moments on b o t h  
s t e a d y  and o s c i l l a t i n g  a i r f o i l s ,  p r o v i d e d  t h a t  an a p p r o p r i a t e  i n t e g r a t i o n  
scheme i s  used w i t h  an  a d e q u a t e  number o f  m e a s u r i n g  s t a t i o n s .  However, 
a d d i t i o n a l  c a l c u l a t i o n s  w i t h  a c o a r s e r  t r a p e z o i d a l  g r i d  h a v e  shown a s i g n i f i -  
c a n t  d e t e r i o r a t i o n  i n  a c c u r a c y  f o r  t h e  s p e c i f i c  f u n c t i o n a l  d i s t r i b u t i o n  of E q .  
( 2 0 ) .  I t  i s  e x p e c t e d  t h a t  t h i s  work w i l l  b e  p u r s u e d  f u r t h e r  t o  p e r f o r m  t h e  

f o l l o w i n g  t a s k s :  

1)  Modify t h e  a n a l y t i c a l  form o f  Eq. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 2 0 )  t o  s i m u l a t e  changes i n  l oad  d i s t r i -  

b u t i o n  s o  t h e  p r e s e n t  t r a n s d u c e r  a r rangement  c a n  be e v a l u a t e d  i n  g r e a t e r  
d e p t h .  

2 )  Expand t h e  t e c h n i q u e  t o  a s s i s t  t h e  e x p e r i m e n t a l i s t  i n  s e l e c t i n g  b o t h  t h e  
number and p lacement  o f  m e a s u r i n g  s t a t i o n s  t o  min imize  e r r o r .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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A P P E N D I X  11 

NUMEKICAL INTEGRATION METHODS 

Dur ing  t h e  p l a n n i n g  s t a g e s  o f  t e s t  program, t h e  i n t e n t i o n  was t o  l a y  

o u t  t h e  p r e s s u r e  t r a n s d u c e r  a r r a y  i n  such a way a s  t o  pe rm i t  i n t e g r a t i n g  
t h e  induced p r e s s u r e  d i s t r i b u t i o n  v i a  t h e  segmented G a u s s i a n  q u a d r a t u r e  

approach  d e s c r i b e d  i n  R e f .  7 .  By d e s i g n ,  w i t h  t h e  a i d  of  G a u s s i a n  q u a d r a t u r e  
t h e o r y ,  t h e  upper  and lower s u r f a c e  d i s t r i b u t i o n s  were t o  b e  mon i to red  w i t h  12 
and 8 p r e s s u r e  t r a n s d u c e r s ,  r e s p e c t i v e l y .  However, t h e  p r e c i s e  l o c a t i o n  o f  
t h e  t r a n s d u c e r s  i s  c r u c i a l  t o  t h e  s u c c e s s  o f  t h e  approach and t h e  mach in ing  
e r r o r s  made d u r i n g  t h e  p r e s s u r e  t a p  d r i l l i n g  p r o c e s s  were l a r g e  enough t o  
c a u s e  t h e  c o n c e p t  t o  be abandoned f o r  t h e  t ime b e i n g .  T h e r e f o r e ,  a n  e x t r a  t a p  
was i n t r o d u c e d  a t  t h e  one p e r c e n t  cho rd  l o c a t i o n  ( r e l a t i v e  t o  t h e  l e a d i n g  
e d g e )  t h u s  i n c r e a s i n g  t h e  number o f  t a p s  on t h e  upper  s u r f a c e  t o  13 and t h e  
i n t e g r a t i o n  o f  t h e  p r e s s u r e  d i s t r i b u t i o n  was c a r r i e d  o u t  u s i n g  t h e  s t a n d a r d  
t r a p e z o i d a l  r u l e .  However, fo r  c o m p l e t e n e s s  (and f o r  f u t u r e  r e f e r e n c e )  a b r i e f  
summary o f  t h e  two-segment G a u s s i a n  q u a d r a t u r e  approach f o l l o w s .  

The two-segment G a u s s i a n  q u a d r a t u r e  r e p r e s e n t a t  i o n  of t h e  i n t e g r a t e d  

d i s t r i b u t i o n  f u n c t i o n  F ( x )  i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n m I 

where  A i  a r e  w e i g h t i n g  c o n s t a n t s ,  x i  a r e  t r a n s d u c e r  l o c a t i o n s ,  and y i s  some 
p a r t i t i o n  p o i n t  w i t h i n  t h e  nond imens iona l  a i r f o i l  cho rd  r a n g e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 0 , 1 ] .  The 

f i r s t  and second  G a u s s i a n  q u a d r a t u r e s  o f  Eq. ( 2 5 )  o p e r a t e  i n  t h e  cho rd  r a n g e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
[O,y ]  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ y , l ] ,  r e s p e c t i v e l y .  The t r a n s d u c e r  l o c a t i o n s ,  x i ,  are d i r e c t l y  
r e l a t e d  t o  t h e  Gauss  p o i n t s ,  y i ,  o f  each q u a d r a t u r e  where  x i  = yyi and x i  = y + 

( l - y ) y i  a r e  t h e  r e l a t i o n s  c o r r e s p o n d i n g  t o  t h e  f i r s t  and second q u a d r a t u r e s ,  

r e s p e c t i v e l y .  The main a d v a n t a g e  o f  t h e  segmented G a u s s i a n  q u a d r a t u r e  o v e r  t h e  
u s e  o f  one q u a d r a t u r e  a p p l i e d  o v e r  t h e  e n t i r e  cho rd  i s  t h e  f reedom t o  choose  
t h e  p r e c i s e  l o c a t i o n  o f  any one t r a n s d u c e r  s t a t i o n  a l o n g  t h e  c h o r d .  The 
s p e c i f i c a t i o n  o f  t h i s  t r a n s d u c e r  s t a t i o n  d e t e r m i n e s  t h e  v a l u e  of  t h e  c o n s t a n t  

y .  
and y i  are e x c l u s i v e l y  d e t e r m i n e d  by t h e  chosen  o r d e r  o f  t h e  q u a d r a t u r e .  
f o l l o w s ,  t h a t  once  y i s  known, t h e  l o c a t i o n s  o f  a l l  o t h e r  t r a n s d u c e r s  a r e  
au toma t i c  a1 l y  s p e  c i f i ed . 

This f e a t u r e  l e a d s  t o  t h e  main  l i m i t a t i o n  o f  t h e  t h e o r y  which i s  t h a t  A i  

I t  

The a c c u r a c y  o f  t h e  G a u s s i a n  q u a d r a t u r e  aoproach i s  d i r e c t l y  r e l a t e d  t o  
t h e  a c c u r a c y  o f  t h e  s t a t i o n  p o i n t  l o c a t i o n s .  F i n a l l y ,  i t  i s  p o i n t e d  o u t  t h a t  
t h e  s u p e r i o r i t y  of t h i s  approach o v e r  c o n v e n t i o n a l  methods such  a s  t h e  t r a p e -  
z o i d a l  r u l e  i s  d e t e r m i n e d  by  t h e  f a c t  t h a t  a much smal ler  number o f  t r a n s -  

d u c e r s  i s  needed t o  a c h i e v e  t h e  same a c c u r a c y  i n  t h e  i n t e g r a t e d  r e s u l t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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APPENDIX I11 

T e s t  S e c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
\ 

\ 

W I N D  TUNNEL WALL CORRECTIONS DUE TO A LIFTING SURFACE 
I N  OBLIQUE FLOW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The w a l l  c o r r e c t i o n s  p r e s e n t e d  below a r i s e  b e c a u s e  t h e  l i f t i n g  s u r f a c e  
i s  immersed i n  a bounded f l o w  and t h e  normal - to -span chord  l i n e s  a r e  skewed a t  
an a n g l e ,  A ,  r e l a t i v e  t o  t h e  f r e e  s t r e a m .  T h e s e  c o r r e c t i o n s  do n o t  i n c l u d e  
t h e  e f f e c t s  o f  s o l i d  and wake b l o c k i n g ,  and buoyancy which a r i s e s  i f  t h e  t u n n e l  
h a s  a l o n g i t u d i n a l  s t a t i c  p r e s s u r e  g r a d i e n t .  Tl~ese e f f e c t s  a r e  c o n s i d e r e d  i n  

R e f .  11 and must be added t o  t h e  f o l l o w i n g  c o r r e c t i o n s .  Ttle p r e s e n t  a n a l y s i s  
w i l l  f o l l o w  t h e  approach d e v e l o p e d  i n  Re f .  12 w i t h  some m o d i f i c a t i o n s  a s  n o t e d  

be low. 

I n  o r d e r  t o  compare t h e  s t e a d y - s t a t e  t e s t  r e s u l t s  f o r  t h e  swept  wing w i t h  
t h o s e  f o r  t h e  unswept w ing ,  i t  i s  n e c e s s a r y  t o  c o n s i d e r  t u n n e l - w a l l  i n t e r f e r e n c e  

e f f e c t s  on b o t h  w i n g s .  A n a l y s i s  o f  t h e  problem f o r  t h e  swept wing i n d i c a t e s  
t h a t  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  e x t e n t  t o  which t h e  t u n n e l  w a l l s  a l t e r  
t h e  i n c i d e n c e  a n g l e  from what i t  would be  i f  t h e  w a l l s  were not  p r e s e n t .  T h i s  
d i s c u s s i o n  i s  l i m i t e d  t o  swept w ings  p l a c e d  midway between t h e  upper  and lower  
t u n n e l  w a l l s .  Hence, t h e  c o r r e c t i o n  t o  t h e  i n c i d e n c e  a n g l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  c o n s i d e r e d  t o  be  
d e p e n d e n t  upon t h e  magn i tude o f  t u n n e l - w a l l - i n d u c e d  v e l o c i t y  a t  t h e  h o r i z o n t a l  
c e n t e r  p l a n e  o f  t h e  wind t u n n e l .  

For an i n f i n i t e  yawed wing i n  p o t e n t i a l  f l ow ,  l i n e s  of  c o n s t a n t  p r e s s u r e  
a r e  p a r a l l e l  t o  t h e  l e a d i n g  edge o f  t h e  wing.  I d e a l l y ,  t h e  f l o w  o v e r  t h e  
swept  wing o f  t h i s  t es t  program s h o u l d  c o r r e s p o n d  t o  t h e  f low o v e r  t h e  i n f i n i t e  
yawed w i n g .  However, b e c a u s e  t h e  v e r t i c a l  t u n n e l  w a l l s  f u n c t i o n  a s  r e f l e c t i o n  
p l a n e s ,  t h e  a c t u a l  w ing  c o r r e s p o n d s  more n e a r l y  t o  a p a n e l  o f  a "k inked"  w ing ,  
a s  i l l u s t r a t e d  i n  t h e  s k e t c h  below.  I n  t h e  c o m p u t a t i o n  o f  t h e  t u n n e l - w a l l  
c o r r e c t i o n s ,  t h e  l i n e s  of c o n s t a n t  p r e s s u r e  a r e  c o n s i d e r e d  p a r a l l e l  t o  t h e  
l e a d i n g  e d g e s  of  t h e  r e s p e c t i v e  wing p a n e l s .  I t  i s  r e a l i z e d  t h a t  a d j a c e n t  t o  

t h e  v e r t i c a l  w a l l s ,  t h e  l i n e s  o f  c o n s t a n t  p r e s s u r e  are no l o n g e r  p a r a l l e l  t o  
t h e  l e a d i n g  edge bu t  a r e  c u r v e d  and become normal  t o  t h e  w a l l s  a t  t h e  w a l l s .  

With t h i s  d i s c r e p a n c y  i n  f low a l i g n m e n t ,  t h e  computed c o r r e c t i o n s  a r e  no t  
e x p e c t e d  t o  be a d e q u a t e  a d j a c e n t  t o  t h e  v e r t i c a l  w a l l s .  The c a l c u l a t e d  c o r r e c t -  

i o n s  s h o u l d  be  s a t i s f a c t o r y  f o r  c o r r e c t i n g  t o  a p p r o x i m a t e l y  f r e e - a i r  c o n d i t i o n s  
f o r  s e c t i o n s  of t h e  wing more t h a n  o n e  c h o r d  l e n g t h  f rom e i t h e r  w a l l .  

I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The a n a l y s i s  p r o c e e d s  by assuming t h a t  t h e  bounded wing and a l l  image 
wings a r e  s m a l l  compared t o  t h e  t e s t  s e c t i o n  and e a c h  may be approx imated by a 
s i n g l e  v o r t e x  a t  i t s  q u a r t e r  chord  l i n e .  The a n a l y s i s  f o r  c a l c u l a t i n g  t h e  

change i n  i n c i d e n c e  a n g l e  due t o  t h i s  a r r a y  of  v o r t i c e s  i s  t h e  method of  

images.  Because t h e  wing i s  skewed, t h e  c l a s s i c a l  image s y s t e m  which e x t e n d s  

above and below t h e  t e s t  s e c t i o n  t o  i n f i n i t y  and which r e p r e s e n t s  t h e  t u n n e l  
f l o o r  and c e i l i n g  f o r  an a i r f o i l  i n  bounded f l ow ,  must be e x t e n d e d  t o  i n c l u d e  

an  i n f i n i t e  s p a n w i s e  image s y s t e m  t o  t h e  r i g h t  and t h e  l e f t  of t h e  t e s t  s e c t i o n .  
T h i s  s y s t e m  i s  shown i n  F i g .  69 t o g e t h e r  w i t h  t h e  ar rangement  f o r  a s s i g n i n g  

d i r e c t  and i n v e r t e d  v o r t e x  s y s t e m s  and a l s o  t h e  ar rangement  f o r  a s s i g n i n g  
p o s i t i v e  and n e g a t i v e  sweep a n g l e s  t o  r e p r e s e n t  t h e  k i n k e d  wing sys tem.  T h e r e  
a r e  t h r e e  e f f e c t s  t h a t  a r e  r e p r e s e n t e d  by t h i s  image sys tem:  f i r s t ,  t h e  
m i s s i n g  downward c u r v a t u r e  ( i n d u c e d  v e r t i c a l  v e l o c i t y )  o f  t h e  a i r s t r e a m  t h a t  i s  
r e a l i z e d  i n  f r e e - a i r  and reduced due t o  t h e  c e i l i n g  and f l o o r  b o u n d a r i e s ;  
second and t h i r d l y ,  t h e  induced l o n g i t u d i n a l  and l a t e r a l  v e l o c i t i e s  which a r e  
i n d u c e d  by t h e  t u n n e l  w a l l s .  The v e r t i c a l  v e l o c i t y  e f f e c t  i s  t h e  most s i g n i f i -  
c a n t ;  i t  i n d u c e s  an upwash and,  h e n c e ,  a l o c a l  i n c i d e n c e  a n g l e  change,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAa. The 
l o n g i t u d i n a l  and l a t e r a l  v e l o c i t y  e f f e c t s  a r e  much s m a l l e r  and a r e  i g n o r e d  f o r  
p r e s e n t a t i o n .  T h i s  i s  a m o d i f i c a t i o n  t o  R e f .  1 2 ,  where t h e  l o n g i t u d i n a l  
v e l o c i t y  i s  p r e s e n t e d  a s  more s i g n i f i c a n t .  

A p p l i c a t i o n  o f  t h e  B i o t - S a v a r t  law t o  d e t e r m i n e  t h e  t o t a l  v e l o c i t y  o f  

one bound image v o r t e x  a t  t h e  50 p e r c e n t  c h o r d  s t a t i o n  o f  t h e  t e s t  wing g i v e s  
r i s e  t o  t h e  f o l l o w i n g  e q u a t i o n :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC O S ~ A -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy/a - 112 - 
+ 1/21 t a n h +  ~ / 4 a ] ~ + [ y / a + I / 2 -  n t ( ~ / 4 a ) s i n A ] ~ + m ~ ( h / a ~ ] ” ~  



E q u a t i o n  ( 2 6 )  f o r  t h e  e f f e c t  of a bound v o r t e x  i n  skewed f l o w  c a n  be 

deve loped from t h e  unskewed c a s e  p r e s e n t e d  i n  s t a n d a r d  aerodynamic t e x t s  
such a s  R e f .  20 (Eq .  ( 1 1 . 1 0 )  p . 2 1 9 ) .  I t  i s  e v a l u a t e d  a t  t h e  semi-chord i n  

a c c o r d a n c e  w i t h  s t a n d a r d  p r a c t i c e ,  r e p r e s e n t i n g  t h e  a v e r a g e  e f f e c t  o f  t h e  

i n d u c e d  f low f i e l d  o v e r  t h e  a i r f o i l  c h o r d .  T h i s  i s  a m o d i f i c a t i o n  t o  t h e  
method of  R e f .  1 2  where t h e  i n d u c e d  f l o w  i s  e v a l u a t e d  a t  t h e  w ing  q u a r t e r  
c h o r d .  I f  t h e  q u a r t e r  c h o r d  i s  u s e d ,  t h e  summation of t h e  i n d u c e d  f l o w  e f f e c t s  
f rom a l l  t h e  image v o r t i c e s  i s  z e r o .  C l a s s i c a l ,  unswept t h e o r y  a l s o  p r e d i c t s  
no e f f e c t  when e v a l u a t e d  a t  t h e  q u a r t e r  c h o r d .  The semi-chord s h o u l d  be  
u s e d  a s  i n  c l a s s i c a l  t h e o r y  fo r  t h e  r e a s o n  n o t e d  above.  

R e s o l u t i o n  of  t h e  t o t a l  v e l o c i t y ,  q ,  i n t o  i t s  v e r t i c a l  component i s  
a c h i e v e d  by m u l t i p l y i n g  by t h e  d i r e c t i o n  c o s i n e :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

n sin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ c/4a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr z  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 1/2 '> 

[ (n sin A -  ~ / 4 a ) ~ +  rn2(h/a) ] (27 )  

A c c o r d i n g l y ,  

The c i r c u l a t i o n ,  r , i n  Eq. ( 2 6 )  i s  r e l a  

C L ,  by:  

ed t t h e  wing l i f t  c o e f f i  i e n t ,  

T h e r e f o r e ,  combin ing  Eqs .  ( 2 6 )  t h r o u g h  ( 2 9 )  and m u l t i p l y i n g  by t h e  a p p r o p r i a t e  
s i g n  f o r  t h e  a s s i g n e d  c i r c u l a t i o n  d i r e c t i o n ,  t h e  e q u a t i o n  f o r  t h e  i n d u c e d  f low 
i n  t h e  t u n n e l ,  w ,  r a t i o e d  t o  t h e  f r e e  s t r e a m  v e l o c i t y  becomes: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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CL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI n C O S ~ A -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAy/a - 3 
+ [y/a + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 - n +(c/4a)slnA] + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArn2 (h/a)2]h 1 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 2 

[[(y/a + $) tan zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA + 

w/V  = K I C L =  aQ ( 3 1 )  

But w / V  i s  t h e  change i n  i n c i d e n c e  a n g l e ,  Aa, due  t o  t h e  t u n n e l  b o u n d a r i e s ,  and 

Aa ( d e g r e e s )  = 57 .3  2 
v 

When summed o v e r  t h e  e n t i r e  l a t t i c e ,  t h e  r e s u l t i n g  w i s  n e g a t i v e ,  which is  a n  

upwash. T h e r e f o r e ,  t h e  c o r r e c t e d  or f r e e  stream i n c i d e n c e  a n g l e  becomes, i n  t h e  
p l a n e  of t h e  f r e e  stream: 

Qoir = Q tunnel + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA a  

"air = atunnel + K,C,  

1 or i n  t h e  p l a n e  normal  t o  span :  

( 3 2 )  
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TABLE I 

NACA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0012 A I R F O I L  COORDINATES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
x I C  y l c  Upper 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.005 

.010 

.020 

.040 

.080 

.120 

.180 

.250 

.350 

.500 

.600 

.700 

.800 

.9 00 

.950 
1.000 

0 
.0121 
.0170 

.0235 
-0321 
.0429 
.049 7 
.0559 

.0592 

.0593 

.0528 

.0455 

.0365 

.0261 

.0144 

.0080 

.0013 

y / c  lower = -y /c  u p p e r  
T h i c k n e s s  distr ibution = 2 ( y / c  u p p e r )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

& 1 

Succ ion Sur face  
_____________________----_------_-----_-------- - -  

PRESSURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAiiD HOT FILM MEASUREMENT STATIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1- ~ I 

( )*  - Locat ion a l s o  i n  
chordwise a r r a y  

( A l l  c o o r d i n a t e s  i n  p e r c e n t  c h o r d .  For non- tne t r i c  s e c t  i o n ,  f i r s t  c o o r d i n a t e  a f t  
of l e a d i n g  edge ,  second  c o o r d i n a t e  spanw ise  from r e f e r e n c e  l i n e .  For m e t r i c  

s e c t  i o n ,  cho rdw ise  c o o r d i n a t e  only). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 . 5 ,  0 . 0  
7 . 3 ,  0 . 0  
9 . 8 ,  0 . 0  

1 1 . 4 ,  0 . 0  

1 4 . 8 ,  0 . 0  
2 6 . 8 ,  0 . 0  
4 5 . 4 ,  0 . 0  
6 6 . 4 ,  0 . 0  
8 5 . 1 ,  0 . 0  
5 7 . 0 ,  0 . 0  

4 . 5 ,  23 .6  
1 4 . 8 ,  1 7 . 7  

( 4 5 . 4 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO.O)* 
Second 

Swept 
Array 

0 . 4 ,  5 5 . 8  
4 . 5 ,  5 3 . 4  
2 6 . 8 ,  4 0 . 5  
( 9 7 . 0 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.0)* 

Pres s u r  e s Hot F i l m s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I r 

Kef e r e n c e  
Line or  
Chordwise 

Array 
0 . 4 ,  0 . 0  
2 . 0 ,  0 . 0  

Chordwise 
L . E .  Region 2 . 1 ,  10.0 

7 . 4 ,  10.0 
1 4 . 8 ,  1 0 . 0  

Array 2 5 . 0 ,  10.0  
0 . 4 ,  2 6 . 0  4 5 . 4 ,  10.0 

8 5 . 1 ,  10.0 

F i r s t  Swept Array 
2 . 1 ,  3 5 . 0  - 

2 5 . 0 ,  2 1 . 8  

Second Swept 

Array 

4 1 . 8 ,  35 .0  
( 8 5 . 1 ,  10.0) *  

( 4 5 . 4 ,  1 0 . 0 ) *  

2 . 1 ,  5 7 . 9  

P r e s s u r e  S u r f a c e ,  P r e s s u r e s  

0 . 5 ,  0 . 0  
1 . 5 ,  0 . 0  
5 . 2 ,  0 . 0  

1 8 . 5 ,  0 . 0  
3 9 . 2 ,  0 . 0  
6 2 . 7 ,  0 . 0  

9 6 . 7 ,  0 . 0  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - -  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 3 . 4 ,  0 . 0  
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 1 1  

UNSTEADY TEST MATRIX FOR NACA0012 AIRFOIL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

lACAOO zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 30 10 15 . l o 4  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.09 
I 

2.5 3.75 5 6.25 

- 
a 

( d e g )  

8 

I 
10 

I 
Addi t ional  Tes t  Points :  

0 

9 

12 

1 5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9 

12 

1 5  

11 

t u  

I 1  

11 

,I 

II 

,I 

M, 

. 3  

. 4  

. 3  

.4 

. 3  

. 4  

. 3  

.4 

. 3  

.4 

. 3  

.4 

. 3  

.4  

. 346  

. 4 6 2  

. 3 4 6  

. 4 6 2  

.346  

.462  

.346  

.46 2 

. 3 4 6  

. 4 6 2  

.346  

. 4 6 2  

.346  

.462  

- 

M C  

- 

. 3  

.4 

. 3  

.4 

. 3  

. 4  

. 3  

.4 

. 3  

.4 

. 3  

.4 

. 3  

. 4  

. 3  

.4 

. 3  

. 4  

. 3  

.4 

. 3  

.4 

. 3  

.4 

. 3  

.4 

. 3  

.4 

- 

- 

4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

5 . 3 3  

f ( c p s )  

8 

- 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
- 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

- 

10 

- 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
- 

X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

- 

1 0 . 6 7  

X 

X 

X 

X 

X 

X 

X 

I f ( c p s )  
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI V  

NOMINAL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVALUES OF kC FOR BASIC TEST PROGRAM 

I I  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ 

N o t e s :  

1. A l l  v a l u e s  d i s p l a y e d  were r u n  a t  least  o n c e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.  H o r i z o n t a l  a r r o w s  on r i g h t  column d e n o t e  nomina l  v a l u e s  

u s e d  f o r  unswept  r u n s .  

3 .  Boxed numbers d e n o t e  nomina l  v a l u e s  used f o r  swept  r u n s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 .  Diagona l  a r r o w s  i n d i c a t e  matched v a l u e s  of kC. 
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0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.4 0.6 0.8 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.o 
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Figure 15 Steady-State Lift, Drag, and Pitching Moment Coefficients for the NACA 0012 

Airfoil at Mc = 0.4 and A = 0 Deg. 
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Figure 17 Steady-State Lift, Drag, and Pitching Moment Coefficients for the NACA 0012 Airfoil 

at Mc = 0.4 and A= 30 Deg. 
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f o r a ~ = 1 2 D e g a n d f = 8  cps, -A=ODeg;  - - - - -  A = 30 Deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 38 Effect of Sweep, Amplitude and Mach Number on the Induced Pressure Drag Response 

f o r a ~  = 12 Deg and f = 8 cps ,-A = 0 Deg; - - -A  = 30 Deg 

94  



H zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I-. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
w 
z zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
U 
L L  
w 
0 
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I- 
2 
w 
2 
0 
H 

0 

-0.1 

-0.2 

-0.3 

- 
a =  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 DEG 

0.1 I I 

' 

' 

' 

- 
a -  1 0 D E G  

0.1 I 

0 

--0.1 ' 

-0.2 ' 

k =  0.099 

M = 0.3 

4 8 12 16 20 

-0.3 t k= 0.075 
M = 0.4 

- 

k= 0.099 
k= v 0.099 

1 1  1 I 1  I l l  I I I 1  

M = 0.3 

4 8 12 16 20 

-0.1 - 

-0.2 - 

-0.3 1 k= 0.075 
M = 0.4 

-0.4 4 
0 4 8 12 16 20 24 

ANGLE OF ATTACK, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa. DEG 

Figure 39 Effect of Sweep, Amplitude and Mach Number Induced Moment Response for 

U M  = 12 Deg and f = 8 cps, - A = 0 Deg;---A = 30 Deg 
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Figure 40 Effect of Frequency on the Induced Lift Response for 

M c  = 0.1, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU M  = 15 Deg,E= 10 Deg, A = 30 Deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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figure 41 Effect of Frequency on the induced Pressure Drag Response for Mc = 0.1, Q M  = 15 Deg, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
h = 10 Deg, A = 30 Deg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 42 Effect of Frequency on the Induced Moment Pesponse for M c  = 0.1, a M  = 15 Deg, - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 43 Variation of aerodynamic damping parameter with reduced frequency 
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Figure 44 Variation of aerodynamic damping parameter with reduced frequency 
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( a )  UNSTEADY FLOW, INCREASING ANGLE OF ATTACK 

BOUNDARY LAYER EDGE 

Yp=c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(b) STEADY MEAN FLOW, SAME ANGLE OF ATTACK 

Figure 45 Flow Fields Near an Airfoil a t  Steady and Unsteady Angle of Attack zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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CHORDWISE POSITION, 

x/c, % zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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TIME FROM ARBITRARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZERO, MtLLESECONDS 

Figure 46 Absolute-Level Pressure Fluctuations on a Chordwise Line Along a 
Steady Unswept NACA 0012 Airfoil at 0.30 Mach Number and 150 
Angle of Attack. (a)  Forward Upper Surface 

102 



CH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADW I S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE PO SIT I 0 N, 

XIC. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA96 

0.4 UPPER 

27 UPPER 

66 UPPER 

85 UPPER 

97 UPPER 

v 

0 50 100 150 200 250 

TIME FROM ARBITRARY ZERO, MILLISECONDS 

Figure 46 (Concluded) - (b) Forward and Aft Upper Surface 
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CHORDWISE POSITION, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
XIC. % zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

97 LOWER 
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19 LOWER 

1 .7  LOWER 
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TIME FROM ARBITRARY ZERO, MILLISECONDS 

Figure 47 Absolute-Level Pressure Fluctuations on a Chordwise Line Along the 

Lower Surface of a Steady Unswept NACA 0012 Airfoil at 0.30 Mach 

Number and 150 Angle of Attack. 
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CHORDWISE POSITION, 

XIC. % zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure48 Self-Scaled Pressure Fluctuation on a Chordwise Line Along a Steady Unswept NACA 0012 

Airfoil a t  0.30 Mach Number and 150 Angle of Attack. (a) Aft Upper and Lower Surfaces 
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CHORDWISE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPOSITION, 

x/c. "/o zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 48 (Concluded)-(b) Forward Lower and Upper Surfaces 
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19% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACHORD, LOWER SURFACE 
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TIME FROM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAARBITRARY ZERO, MILLISECONDS 

Figure 49 Phase Reversal of Self-Scaled Pressure Fluctuations on Forward Lower 

Surface of a Steady Unswept NACA 0012 Airfoil at 0.30 Mach Number 

and 15O Angle of Attack 
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SPANWISE POSITION. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
XIC. % 
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(PRESSURE) 

10 

(HOT FILM, 

SIGN REVERSED) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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TIME FROM ARBITRARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZERO, MILLISECONDS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure ,50 Self-Scaled Pressure and Heat Transfer Fluctuations on Spanwise Lines Along 

a Steady Unswept NACA 0012 Airfoil at 0.30 Mach Number and 150 Angle of 
Attack. Pressures at 0.4 % Chord, Hot Films at 2.1 % Chord, Upper Surface. 
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Figure 51 Absolute-Level Pressure Fluctuations on a Chordwise Line Along a 
Steady Unswept NACA 0012 Airfoil at  0.30 Mach Number and 190 

Angle of Attack. (a) Forward Upper Surface 
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CHORDWISE POSITION, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
XIC. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA46 

15 UPPER 

27 UPPER 

66 UPPER 

85 UPPER 

97 UPPER 

100 150 200 2 50 0 50 

TI ME F ROM ARBITRARY ZE RO, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM I LLISECON DS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 51 (Concluded) - (b) Aft Upper Surface zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

110 



CHORDWISE POSITION, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X I C .  % zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 52 Absolute-Level Pressure Fluctuations on a Chordwise Line Along the Lower 

Surface of a Steady Unswept NACA 0012 Airfoil at 0.30 Mach Number and 

190 Angle of Attack. 
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CHORDWISE POSITION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X I C .  % 

97 LOWER 
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TIME FROM ARBITRARY ZERO, MILLISECONDS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 53 Self-scaled Pressure Fluctuations on a Chordwise Line Along the Lower Surface of a 

Steady Unswept NACA 0012 Airfoil a t  0.30 Mach Number and 190 Angle of Attack 
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SPANWISE POSITION, 

X!C. % 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(PR ESSUR E) 

10 

(HOT FILM, 

SIGN REVERSED) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
26 

(PRESSURE) 

35 

(HOT FILM, 

SIGN REVERSED) 

56 (PRESSURE) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I I I 

TIME FROM ARBITRARY ZERO, MILLISECONDS 

Figure 54 Self-Scaled Pressure and Heat Transfer Fluctuations on Spanwise I.ines Along 
a Steady Unswept NACA 001 2 Airfoil a t  0.30 Mach Number and 1 9  Angle of 
Attack. Pressures at 0.4 % Chord, Hot Films at 2.1 % Chord, Upper Surface. 
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CHORDWISE POSITION, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
xic. %a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 55 Absolute-Level Pressure Fluctuations on a Chordwise Line Along a Steady Unswept 
NACA 0012 Airfoil at 0.40 Mach Number and 120 Angle of Attack. (a) Forward 
Upper Surface zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

114 



CHORDWISE POSITION, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 55 (Concluded) - (b) Aft Upper and Lower Surfaces 
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CHORDWISE POSITION. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
XIC. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA% 
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TIME FROM ARBITRARY ZERO, MILLISECONDS 

Figure 56 Self-Scaled Pressure Fluctuations on a Chordwise Line Along the Upper Surface a Steady 

Unswept NACA 0012 Airfoil at 0.40 Mach Number and 120 Angle of Attack. 
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Figure 57 Phase Reversal of Self-scaled Pressure Fluctuations on Mid-Chord Upper 

Surface of a Steady Unswept NACA 0012 Airfoil at 0.40 Mach Number and 

120 Angle of Attack 
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CHORDWISE POSITION, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X I C .  % zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 58 Absolute-Level Pressure Fluctuations on a Chordwise Line Along a 
Steady Unswept NACA 0012 Airfoil a t  0.40 Mach Number and 140 
Angle of Attack. (a) Forward Upper Surface zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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CHORDWISE POSITION, 
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Figure 58 (Concluded)- (b) Aft Upper and Lower Surfaces 
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CHORDWISE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPOSITION, 
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200 250 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 50 

Figure 59 Self-scaled Pressure Fluctuations on a Chordwise Line Along a Steady Unswept 

NACA 0012 Airfoil a t  0.40 Mach Number and 140 Angle of Attack. 

(a) Upper Surface 
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CHORDWISE POSITION, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X I C .  % 
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50 100 150 200 250 

TIME FROM ARBITRARY ZERO, MILLISECONDS 

Figure 59 (Concluded)-(b) Lower and Aft Upper Surfaces 

1 2  1 
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-19% CHORD, LOWER SURFACE 

v- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.5% CHORD, LOWER SURFACE, REVERSED SIGN 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I I I 
0 50 100 150 200 250 

Tll l lE FROM ARBITRARY ZERO, MILLISECONDS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 60 Phase Reversal of Self-scaled Pressure Fluctuations on Aft Upper Surface and 

Forward Lower Surface of a Steady Unswept NACA 0012 Airfoil at 0.40 Mach 

Number and 140 Angle of Attack. 
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Figure 61 Calculated Streamline Shapes at Edge of Boundary Layer 

for NACA 0012 Airfoil with 30° Sweepback. Incompressible 

Flow, Lift Coefficient = 1.0 Referenced to Streamwise Flow. 
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CHORDWISE POSITION, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
XIC. "0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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2.0 UPPER 
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I I I I 
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TIME FROM ARBITRARY ZERO, MILLISECONDS 

Figure 62 Absolute-Level Pressure Fluctuations on a Line Normal to the Leading Edge zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 
a Steady zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA300 Swept NACA 0012 Airfoil at 0.30 Mach Number and 150 Angle 
of Attack Normal to the Leading Edge, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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CHORDW ISE POSITION, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
XIC.  % zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

0.4 UPPER 
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27 UPPER 

66 UPPER 

97 UPPER i 

I 

TIME FROM ARBITRARY ZERO, MILLISECONDS 

Figure 63 Self-Scaled Pressure Fluctuations on a Line Normal to the Leading Edge of a 
Steady zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA300 Swept NACA 0012 Airfoil at 0.30 Mach Number and 150 Angle 
of Attack Normal to Leading Edge. (a) Upper Surface 
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CHORDWISE POSITION, 

XIC. % zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
97 UPPER 

97 LOWER 

19  LOWER 

1.7 LOWER 

0.5 LOWER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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TIME FROM ARBITRARY ZERO, MILLISECONDS 

Figure 63 (Concluded) - (b) Lower and Aft Upper Surfaces 
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0.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUPPFR 
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9 7  UPPER 

I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
50 100 1 50 200 

TIME FROM ARBITRARY ZERO, MILLISECONDS 

Figure 64 Absolute-Level Pressure Fluctuations on Lines Parallel to the Free Stream Along 

the Upper Surface of a 300 Swept NACA 0012 Airfoil at 0.30 Mach Number and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
200 Angle of Attack Normal to the Leading Edge. (a) Full Chord Length 

I 

I 
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CHORDWI zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASE 
POSITION 

x/c, % 

0.4  

UPPER 

4.5 
UPPER 

15 
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27 
UPPER 
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I I I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
100 150 200 2 50 0 50 

TIME FROM ARBITRARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZERO, MILLISECONDS 

Figure 64 (Concluded) (b) Line Normal to  Leading Edge zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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7.3 UPPEP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 1  UPPER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I I 
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0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 100 150 200 250 

TIME FROM ARBITRARY ZERO, MILLISECONDS 

I Figure 65 Self-Scaled Pressure Fluctuations on a Line Normal to the Leading Edge of a 

Steady 300 Swept NACA 0012 Airfoil a t  0.30 Mach Number and 200 Angle of 
Attack Normal to the Leading Edge. (a) Upper Surface 
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CHORDWISE POSITION, 

XIC, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo/b zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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0.5 LOWER 

19 LOWER 
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97 UPPER zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 50 100 150 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA200 250 

TIME FROM ARBITRARY ZERO, MILLISECOND 

Figure 65 (Concluded) - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(b)  Lower Surface and Extremes of Upper Surface zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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CHORDWISE POSITION, 

X/C.% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.4 UPPER 
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I I 1 I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
50 100 150 200 2! 

TIME FROM ARBITRARY ZERO, MILLISECONDS 

Figure 66 Absolute-Level Pressure Fluctuations on a Line Parallel to the Free Stream Along 

the Upper Surface of a 300 Swept NACA 0012 Airfoil at 0.30 Mach Number and 

160 Angle of Attack Normal to Leading Edge, 
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CHORDWISE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPOSITION, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
XIC,% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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TIME FROM ARBITRARY ZERO, MILLISECONDS 

Figure 67 Absolute-Level Pressure Fluctuations on a Line Normal to the Leading Edge of a 
Steady 300 Swept NACA 0012 Airfoil a t  0.40 Mach Number and 160 Angle 
of Attack Normal to the Leading Edge. (a)  Forward Upper Surface 
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CHORDWISE POSITION, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
X/C% 
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I 50 100 150 200 2 
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Figure 67 (Concluded)- (b) 
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X 

Figure 68 Analytical Simulation of Leading Edge Suction Peak. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
134 



w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

135 



3. Recipient's zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACatalog No. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 2. Government Accession No I 1 .  Report No. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
NASA CR-3092 

W. D. Jepson ,  S ikorsky  A i r c r a f t  D i v i s i o n ,  1J.T.C. 

Un i ted  Techno lqg ies  Research Center 

9 Perforrning Organization Name and Address 

5 Report Date 

May zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 9 7 9  
O s c i l l a t i n g  NACA 001 2 A i r f o i l .  Volume I - Techn ica l  Report 6 Performing Olganization Code 

4 Title and Subtitle 

The I n f l u e n c e  of Sweep on t h e  Aerodynamic Loading of an 

Work No, 

1 1  Contract or Grant No 

8 Performing Orynization Report No. t ' Author(s) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA .  0. S t .  H i la i re ,  F. 0. Carta, and M. R .  F ink ,  
Un i ted  Techno log ies  Research Cen te r ,  and 

12 Sponsoring Agency Name and Address 

N a t i o n a l  Aeronaut ics  and Space Admin i s t ra t i on  

Washington, D.C.  20546 

Con t rac to r  Report  - 
14 Sponsoring Agency Code 

S i l v e r  Lane 
East H a r t f o r d ,  Conn. 06108 NASI- 148 7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 

13 Type of Report and Period Covered 

7. Key Words (Suggested by Authorlsll 18. Distribution Statement 

9 Security Classif. (of this report1 

U nc 1 ass i f  i ed 

Aerodynanic Testing Swept W irig Aerodli iar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi c s 

Dynamic S t a l l  T r a i l i n g  Edge Noise 
Osci l la t inp,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIIACA 0012 A i r f o i l  Turbulence Comect ion 

20. Security Classif. (of this page) 21.  NO. of Pages 22. Rice' 

U n c l a s s i f i e d  137 $7.25 

U n c l a s s i f i e d  - Unl imi ted  

Pi tch ing Osc i l l a t i ons  Unsteady Aerodynamics 
Subject Category  02 

* For sa le  by the Nat lonal  Techn ica l  Informal lon Service,  Sorinpf ie ld Virmnta 22161 - 
NASA-Langley, 1979 


