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PRESSURE DISTRIBUTIONS ON A 1- BY 3-METER SEMISPAN W I N G  

AT SWEEP ANGLES FROM 0' TO 40' I N  S U B S O N I C  FLOW 

Long P. Yip and Gary L .  Shuber t*  
Langley Research  C e n t e r  

SUMMARY 

A 1- by 3-meter semispan wing o f  t a p e r  r a t i o  1 . 0  w i t h  NACA 0012 a i r f o i l  
s e c t i o n  c o n t o u r s  has been t e s t e d  i n  t h e  Langley V/STOL t u n n e l  t o  measure t h e  
p r e s s u r e  d i s t r i b u t i o n s  a t  f i v e  sweep a n g l e s ,  O o ,  I O o ,  20°, 30°, and 40°, t h r o u g h  
an a n g l e - o f - a t t a c k  r a n g e  from -6' t o  20'. The p r e s s u r e  d a t a  are . p r e s e n t e d  as 
p l o t s  o f  p r e s s u r e  c o e f f i c i e n t s  a t  e a c h  s t a t i c - p r e s s u r e  t a p  l o c a t i o n  on  t h e  wing. 
F l o w - v i s u a l i z a t i o n  wing- tuf t  photographs  are  a l s o  p r e s e n t e d  f o r  a wing o f  40' 
sweep. A comparison between t h e o r y  and exper iment  u s i n g  two i n v i s c i d  t h e o r i e s  
and a v i s c o u s  t h e o r y  shows good a.greement f o r  p r e s s u r e  d i s t r i b u t i o n s ,  normal 
f o r c e s ,  and p i t c h i n g  moments f o r  t h e  wing a t  0' sweep. 

I N T R O D U C T I O N  

I n  r e c e n t  y e a r s ,  t he re  h a s  been a n  i n c r e a s i n g  e f f o r t  t o  d e v e l o p  methods 
t o  compute t h e  f l o w - f i e l d  p r o p e r t i e s  o f  a i r c r a f t  wings i n  t h r e e - d i m e n s i o n a l ,  
s u b s o n i c ,  v i s c o u s  f low.  S e v e r a l  methods have been developed  t o  compute t h e  
p o t e n t i a l - f l o w  c h a r a c t e r i s t i c s  of a n  a r b i t r a r y  wing-body c o n f i g u r a t i o n  and are 
b e i n g  wide ly  u t i l i z e d  by b o t h  NASA and i n d u s t r y  t o  d e s i g n  and a n a l y z e  a i r c r a f t  
wing performance.  I n  a d d i t i o n ,  o t h e r  methods are c u r r e n t l y  under  development 
w i t h i n  N A S A  and i n d u s t r y  t o  compute t h e  p r o p e r t i e s  o f  boundary l a y e r s  i n  t h ree  
d imens ions .  (See  r e f s .  1 t o  3 . )  The n e x t  s t e p  i n  t h e  development o f  a comple te  
t h r e e - d i m e n s i o n a l  v i s c o u s - f l o w  method i n v o l v e s  t h e  c o u p l i n g  o f  t h e  p o t e n t i a l -  
f low and boundary-layer  methods.  Exper imenta l  p r e s s u r e  d i s t r i b u t i o n s  and 
boundary-layer  p r o p e r t i e s  are needed t o  v e r i f y  t h e  v i s c o u s - f l o w  method. How- 
e v e r ,  r e l a t i v e l y  l i t t l e  e x p e r i m e n t a l  work has  been done t o  measure t h e  boundary- 
l a y e r  p r o p e r t i e s  on t h r e e - d i m e n s i o n a l  wings.  One e x p e r i m e n t ,  d e s c r i b e d  i n  
r e f e r e n c e  4 ,  p r o v i d e s  a d a t a  b a s e  f o r  boundary-layer  f l o w s  under  i n f i n i t e  swept- 
wing c o n d i t i o n s .  I n  t h e  exper iment  o f  r e f e r e n c e  4 ,  a p r e s s u r e  g r a d i e n t  w a s  
induced on a f l a t  p l a t e  t o  s i m u l a t e  t h e  d e s i r e d  i n f i n i t e  swept-wing c o n d i t i o n s ,  
and boundary-layer  p r o p e r t i e s  and s t a t i c  p r e s s u r e s  were t h e n  measured on  t h e  
f l a t  p l a t e .  

The p r e s e n t  i n v e s t i g a t i o n  was u n d e r t a k e n  t o  p r o v i d e  d e t a i l e d  e x p e r i m e n t a l  
d a t a  on f i n i t e ,  t h r e e - d i m e n s i o n a l  wings f o r  v a l i d a t i o n  o f  new three-dimensLona1,  
v i s c o u s  c o m p u t a t i o n a l  methods.  P r e v i o u s  p r e s s u r e  d a t a  on wings ( see  re fs .  5 
and 6 )  g e n e r a l l y  d i d  n o t  p r o v i d e  s u f f i c i e n t  i n f o r m a t i o n  needed i n  boundary-layer  

* 
J o i n t  I n s t i t u t e  f o r  Advancement o f  F l i g h t  S c i e n c e s ,  George Washington 

U n i v e r s i t y .  
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computa t ions .  T h i s  r e p o r t  p r e s e n t s  p r e s s u r e  d i s t r i b u t i o n s  on a 1- by 3-meter 
semispan wing w i t h  a t a p e r  r a t i o  of 1 .0  a t  va ’ r ious  sweep a n g l e s .  The semispan  
p r e s s u r e  wing was t e s t e d  i n  t h e  Langley V/STOL t u n n e l  a t  f i v e  d i f f e r e n t  sweep 
a n g l e s  (0’ t o  40°) ,  and th rough  a n  a n g l e - o f - a t t a c k  r a n g e  o f  -6’ t o  20’. P re s -  
s u r e  d a t a  were o b t a i n e d  a t  600 p r e s s u r e  t a p  l o c a t i o n s  w i t h  60 p r e s s u r e  t a p s  
d i s t r i b u t e d  on each  of  10 chordwise  rows. The win was t e s t e d  a t  free-stream 
dynamic p r e s s u r e s  r a n g i n g  from 0.48 kPa (10 l b f / f t  . )  t o  2.87 kPa (60 l b f / f t 2 ) .  
These p r e s s u r e s  co r re spond  t o  a Reynolds  number r a n g e  based on  a I-meter 
(3 .281-f t )  chord  of 1.92 x IO6 t o  4.71 x 10 . The p r e s s u r e  d a t a  are p r e s e n t e d  
as p l o t s  o f  p r e s s u r e  c o e f f i c i e n t s  a t  each  p r e s s u r e  t a p  l o c a t i o n  on t h e  wing. 
Flow v i s u a l i z a t i o n  u s i n g  t u f t s  a t  a wing sweep a n g l e  of 40° is  shown i n  
photographs .  

5 
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Comparisons between expe r imen ta l  and t h e o r e t i c a l  p r e s s u r e s ,  normal f o r c e s ,  
and p i t c h i n g  moments were made. Although t es t s  were conducted  a t  s e v e r a l  sweep 
c o n d i t i o n s ,  o n l y  t h e  z e r o  sweep t es t  d a t a  were compared wi th  t h e o r y  because  no 
i n t e r p o l a t i o n  was n e c e s s a r y  t o  o b t a i n  chordwise  p r e s s u r e s .  - A  v i scous - f low pro- 
gram as w e l l  as two i n v i s c i d - f l o w  programs was used .  The i n v i s c i d  programs 
i n c l u d e  t h e  approximate  method o f  r e f e r e n c e  7 and t h e  more e x a c t  method o f  ref-  
e r e n c e  8. The approximate  method uses a v o r t e x - l a t t i c e  and a s o u r c e - l a t t i c e  
scheme on t h e  wing chord  p l a n e  t o  r e p r e s e n t  t h e  p e r t u r b a t i o n  v e l o c i t i e s  due  t o  
lift and t h i c k n e s s .  The more e x a c t  method u s e s  f i n i t e - s t r e n g t h  surface s i n g u -  
l a r i t y  d i s t r i b u t i o n s  t o  compute t h e  p o t e n t i a l - f l o w  v e l o c i t i e s .  The v i s c o u s  pro- 
gram o f  r e f e r e n c e  9 was a l s o  used i n  t h e  comparison which i s  a method based on 
t h e  modi f ied  l i f t i n g - l i n e  t h e o r y  (see r e f .  10) u s i n g  v i s c o u s  two-dimensional  
s e c t i o n  d a t a  computed from a program as d e s c r i b e d  i n  r e f e r e n c e  1 1 .  T h i s  s i m p l i -  
f i e d  approach  a c c o u n t s  for  two-dimensional boundary- layer  e f fec ts  on s e c t i o n a l  
p r o p e r t i e s .  

SYMBOLS 

Values  are p r e s e n t e d  i n  both  S I  and U.S. Customary U n i t s .  Values  were 
o b t a i n e d  i n  U.S. Customary U n i t s .  Second symbol d e n o t e s  computer  p r i n t o u t  
symbol. The c o e f f i c i e n t s  and symbols are  d e f i n e d  a s  f o l l o w s :  

A a s p e c t  r a t i o ,  b2/S 

b s p a n ,  m ( f t )  

t o t a l  pitching-moment c o e f f i c i e n t  a b o u t  l e a d i n g  edge Cm 

t o t a l  normal - force  c o e f f i c i e n t ,  dn CN 

P - P, 
p r e s s u r e  c o e f f i c i e n t ,  - 

q m  
C p  ,CP 

c , c  chord normal t o  l e a d i n g  edge ,  m ( f t )  

s e c t i o n  pitching-moment c o e f f i c i e n t  abou t  l e a d i n g  edge ‘m 
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CY 

U -  1 

2 l o c a l  s t a t i c  p r e s s u r e ,  kPa  ( l b f / f t  

free-stream s t a t i c  p r e s s u r e ,  kPa ( l b f / f t  ) 

free-stream dynamic p r e s s u r e ,  kPa ( l b f / f t 2 >  

wing area, m 2  ( f t 2 )  

free-stream v e l o c i t y ,  m/sec ( f t / s ec )  

d i s t a n c e  i n  chordwise  d i r e c t i o n ,  m ( f t )  

d i s t a n c e  i n  spanwise  d i r e c t i o n ,  m ( f t )  

normal d i s t a n c e  from x , y  p l a n e ,  m ( f t )  

geomet r i c  a n g l e  o f  a t t a c k ,  deg 

induced l o c a l  a n g l e  o f  a t t a c k ,  deg 

2 

Y semispan l o c a t i o n ,  - 
b/2 rl 

A sweep a n g l e ,  deg 

\ ~ , S Q R T  s q u a r e  r o o t  

S u b s c r i p t s  : 

a , L  lower  s u r f a c e  

u , u  upper s u r f a c e  

MODEL DESCRIPTION 

A semispan p r e s s u r e  wing of t a p e r  r a t i o  1.0 was c o n s t r u c t e d  w i t h  NACA 
0012 a i r f o i l  s e c t i o n  c o n t o u r s .  The NACA 0012 a i r f o i l  s e c t i o n  was selected 
because  of  i t s  good low- and high-speed performance charac te r i s t ics  and because  
o f  t h e  a v a i l a b i l i t y  o f  a d d i t i o n a l  t es t  da ta  o v e r  a wide  r ange  of t e s t  c o n d i t i o n s .  
(See re fs .  12 t o  14.) C o o r d i n a t e s  o f  t h e  NACA 0012 a i r f o i l  are g iven  i n  refer- 
ence  12 and are a l s o  p r e s e n t e d  i n  table  I as  p r e s s u r e  t a p  l o c a t i o n s .  A schematic 
drawing of t h e  model and s u p p o r t  sys tem is  shown i n  f i g u r e  1, The r ange  o f  sweep 
a n g l e s ,  0' t o  40°, was made p o s s i b l e  by t h e  movement i n  t h e  p i t c h  mechanisms of  
the  model s u p p o r t  sys tem w i t h  t h e  a d d i t i o n  o f  one o f  t h e  two wedge b l o c k s  ( i . e . ,  
12O or  33O) a t  t h e  wing r o o t .  The wing s l o t  i n s e r t s  p reven ted  f low th rough  t h e  
r e f l e c t i o n  p l a t e .  The wing t i p s  were kep t  p a r a l l e l  t o  t h e  free-stream f l o w  as 

3 



t h e  wing was swept  by  a t t a c h i n g  a n  a p p r o p r i a t e  w i n g - t i p  f a i r i n g .  These t i p  
f a i r i n g s  d i d  n o t  c o n t a i n  s t a t i c - p r e s s u r e  t a p s .  

To i n s u r e  s u f f i c i e n t  a v a i l a b l e  d a t a ,  60 p r e s s u r e  o r i f i c e s  were i n s t a l l e d  
i n  each  o f  10 chordwise  s t a t i o n s  making a t o t a l  o f  600. The spanwise d i s t r i b u -  
t i o n s  o f  t h e  p r e s s u r e  t a p s  are p r e s e n t e d  i n  t a b l e  I1 and were de termined  by t h e  
f o l l o w i n g  e q u a t i o n  f o r  A = 0': 

KO. TI 0.05  + 0.95 COS 

where k is  t h e  s t a t i o n  number s t a r t i n g  n e a r  t h e  wing r o o t .  T h i s  d i s t r i b u t i o n  
al lowed f o r  a c o n c e n t r a t i o n  o f  p r e s s u r e  t a p s  i n  t h e  outboard  s e c t i o n  of t h e  
wing where t h e  p r e s s u r e  g r a d i e n t s  are  t h e  l a r g e s t .  Values  o f  wing span  and 
a s p e c t  r a t i o  f o r  t h e  wing a t  d i f f e r e n t  sweep a n g l e s  are p r e s e n t e d  i n  t a b l e  111. 

A c i r c u l a r  r e f l e c t i o n  p l a t e  w i t h  a d i a m e t e r  o f  3.05 meters (IO f t )  was 
des igned  t o  s i m u l a t e  a f u l l - s p a n  wing and t o  move t h e  semispan model away from 
t h e  t u n n e l - w a l l  boundary l a y e r  and t h e  model s u p p o r t  s y s t e m .  

The model was f a b r i c a t e d  by c o v e r i n g  a s o l i d  aluminum s p a r  w i t h  a f i b e r  
glass s k i n .  The p r e s s u r e  t u b i n g s  were embedded i n  t h e  f i b e r  g lass  s k i n  and 
r o u t e d  t o  a s e t  o f  s c a n i v a l v e s  a t t a c h e d  t o  t h e  s t i n g  mount below t h e  r e f l e c t i o n  
p l a t e .  
sweep is shown i n  f i g u r e  2 .  

A photograph o f  t h e  model mounted i n  t h e  Langley V/STOL t u n n e l  a t  30' 

TESTS A N D  C O R R E C T I O N S  

The i n v e s t i g a t i o n  was conducted i n  t h e  Langley V/STOL t u n n e l  o v e r  a r a n g e  o f  
free-stream dynamic p r e s s u r e s  of 0 . 4 8  kPa (10  l b f / f t 2 )  t o  2.87 k P a  (60  l b f / f t 2 ) .  
Th i s  p r e s s u r e  r a n g e  c o r r e s p o n d s  t o  a Reynolds numb r r a n g e  based on a wing chord 
o f  1 meter (3.281 f t )  from 1.92 x I O 6  t o  4.71 x 10 
r e s p e c t i v e l y .  P r e s s u r e  measurements were o b t a i n e d  t h r o u g h  a n  a n g l e - o f - a t t a c k  
range  from a p p r o x i m a t e l y  -6' t o  20' f o r  e a c h  o f  t h e  f i v e  sweep c o n d i t i o n s ,  O o ,  
I O o ,  20°,  30°,  and 40'. 
g r i t  was i n s t a l l e d  on t h e  upper  and lower  surfaces a t  O.O5x/c. The g r i t  s i z e  
was s e l e c t e d  a c c o r d i n g  t o  r e f e r e n c e  15. 

E a t  Mach numbers 0.08 t o  0 . 2 0 ,  

A t r a n s i t i o n  s t r i p  c o n s i s t i n g  o f  No. 80 carborundum 

A c o r r e c t i o n  due t o  t h e  blockage e f f ec t s  o f  t h e  model and s u p p o r t  s y s t e m s  
was a p p l i e d  t o  t h e  free-stream dynamic p r e s s u r e  by u s i n g  t h e  method d e s c r i b e d  
i n  r e f e r e n c e  16. A c o r r e c t i o n  due t o  t h e  j e t - b o u n d a r y  e f f ec t s  was a p p l i e d  t o  
t h e  a n g l e  o f  a t t ack  by u s i n g  t h e  method d e s c r i b e d  i n  r e f e r e n c e  17. I n  a d d i t i o n ,  
a c o r r e c t i o n  due t o  f l o w  a n g u l a r i t y  o f  t h e  wind t u n n e l  and t h e  misa l inement  o f  
t h e  model i n  t h e  t u n n e l  was a p p l i e d  t o  t h e  a n g l e  of a t t a c k .  The f l o w - a n g u l a r i t y  
c o r r e c t i o n  was o b t a i n e d  by p l o t t i n g  and matching  t h e  upper  and lower s u r f a c e  en 
o b t a i n e d  from a p r e s s u r e  i n t e g r a t i o n  a t  t h e  i n d i c a t e d  a n g l e  o f  a t t a c k  f o r  0' 
sweep. The a n g l e  c o r r e c t i o n  i s  t h e  o f f s e t  a n g l e  from 0' t o  t h e  i n t e r s e c t i o n  
o f  t h e  upper  and lower s u r f a c e  
symmetric s e c t i o n .  

en c u r v e s  because  t h e  NACA 0012 a i r f o i l  i s  a 
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The normal f o r c e s  were o b t a i n e d  by i n t e g r a t i n g  t h e  s u r f a c e  p r e s s u r e s .  The 
s e c t i o n  p i t c h i n g  moments were computed by u s i n g  t h e  f o l l o w i n g  summation e q u a t i o n :  

where n is  t h e  number o f  p r e s s u r e  t a p s  pe r  s t a t i o n  and i i s  t h e  i t h  pressure  
t a p .  Th i s  moment e q u a t i o n  a c c o u n t s  f o r  t h e  moment c o n t r i b u t i o n  a long  t h e  Z - a x i s  
i n  a d d i t i o n  t o  t h e  moments computed a l o n g  the  X-axis.  

PRESENTATION OF RESULTS 

The p r e s s u r e  d a t a  are p r e s e n t e d  as  p l o t s  o f  p r e s s u r e  c o e f f i c i e n t  a g a i n s t  
t h e  square r o o t  o f  x / c  l o c a t i o n s .  P l o t t i n g  t h e  p r e s s u r e s  a g a i n s t  t h e  s q u a r e  
r o o t  o f  x / c  i n s t e a d  o f  a g a i n s t  x / c  has t h e  e f f e c t  o f  s p r e a d i n g  t h e  nose 
p r e s s u r e  d i s t r i b u t i o n .  The d a t a  are p r e s e n t e d  as  i n d i c a t e d  i n  t h e  f o l l o w i n g  
t a b l e  : 

Type o f  d a t a  

Pressure d i s t r i b u t i o n  

i 

v i s u a l i z a t i o n  
I 

Sweep a n g l e ,  
de!? 

0 
10 
20 
30 
40 

40 

a ,  
deg 

-5.71 t o  19.55 
-5.69 t o  21.38 
-5.67 t o  17.42 
-5.88 t o  21.07 
-7.92 t o  19.08 

0.39 t o  19.08 

qaJ 9 

k P a  (lbf/ft2 

1.47 ( 3 0 . 8 )  
2 . 4 6  ( 5 1 . 3 )  
2 .46 ( 5 1 . 3 )  
1 .47 ( 3 0 . 8 )  
1.47 ( 3 0 . 8 )  

1 .68  ( 3 5 . 0 )  
___  

Data p o i n t s  t h a t  were i n  obv ious  e r r o r  due t o  i n s t r u m e n t a t i o n  m a l f u n c t i o n  
o r  t ube  b lockage  were c o r r e c t e d  by l i n e a r  i n t e r p o l a t i o n  between t h e  a d j a c e n t  
v a l u e s .  These modi f ied  data p o i n t s  are i n d i c a t e d  by a f l a g  on t h e  p l o t t e d  d a t a  
symbol.  Comprehensive t a b l e s  o f  t h e  p r e s s u r e  d a t a  are a v a i l a b l e  i n  a "Supplement 
t o  NASA TN D-8307," which i s  a v a i l a b l e  on r e q u e s t .  * 

* 
Supplement t o  NASA TN D-8307 may be o b t a i n e d  on r e q u e s t  from 

Long P .  Yip 
Low-Speed Aerodynamics Branch 
Subsonic-Transonic  Aerodynamics D i v i s i o n  
Langley Research Center  
Hampton, VA 23665 
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RESULTS AND DISCUSSION 

I n  each f i g u r e  of t h e  p r e s s u r e  p l o t s  ( f i g s .  3 t o  7 1 ,  a s k e t c h  i s  provided  
n e a r  t h e  upper l e f t - h a n d  c o r n e r  t o  i l l u s t r a t e  the  sweep o f  t h e  wing and t h e  
r e l a t i v e  l o c a t i o n  o f  t h e  rows o f  p r e s s u r e  s t a t i o n s .  I n  g e n e r a l ,  a l l  c o n f i g u r a -  
t i o n s  show t h a t  s u f f i c i e n t  data were t a k e n  t o  i n s u r e  f u l l  d e f i n i 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 .  
p r e s s u r e  t a p s  are l o s t  i n t o  t h e  r e f l e c t i o n  p l a t e ,  which a c c o u n t s  f o r  t h e  b l a n k  
data n e a r  t h e  t r a i l i n g  edge 0-f p r e s s u r e  s t a t i o n  0 f o r  sweeps o f  20°, 30°, 
and 40°. 
as a p r e s s u r e  b u b b l e  n e a r  t h e  t r a i l i n g  edge which starts t o  deve lop  a t  a n  a n g l e  
of  a t tack o f  4.65'. 
there is  no ev idence  o f  t i p  v o r t e x  f low because  there  were no p r e s s u r e  o r i f i c e s  
i n  t h e  t i p  f a i r i n g s .  

However, a s  t h e  wing i s  swept beyond l o o ,  a number o f  

I n  f i g u r e  3 ,  a t i p  v o r t e x  f l o w  i s  i n  ev idence  a t  p r e s s u r e  s t a t i o n  9 

However, a t  t he  o t h e r  sweep c o n d i t i o n s  ( f i g s .  4 t o  71, 

Flow v i s u a l i z a t i o n  u s i n g  t u f t s  on a wing a t  40' sweep i s  shown i n  f i g u r e  8 .  
These photographs  show t h e  movement o f  t h e  s u r f a c e  s t r e a m l i n e s  as a f u n c t i o n  
o f  a n g l e  o f  a t t ack  a t  40' sweep. A t  low a n g l e s  o f  a t t a c k ,  t h e  t u f t s  a r e  a l i n e d  
w i t h  t h e  free stream. A s  a n g l e  o f  a t tack  i s  i n c r e a s e d ,  spanwise f low and t i p  
v o r t e x  f low become more n o t i c e a b l e ,  p a r t i c u l a r l y  n e a r  t h e  t r a i l i n g  edge. A t  an  
a n g l e  o f  a t t ack  o f  I T 0 ,  t h e  spanwise f low i s  predominant ,  and some o f  t h e  t u f t s  
nea r  t h e  outboard  r e g i o n  beg in  t o  f l u c t u a t e  and i n d i c a t e  n e a r - s t a l l  c o n d i t i o n s .  
A t  an  a n g l e  o f  a t t a c k  o f  1g0, t h e  f l o w  h a s  separated i n  t h e  outboard  r e g i o n  o f  
t h e  wing and t h e  wing h a s  s t a l l e d .  

P r e s s u r e  da ta  were o b t a i n e d  over  a r ange  o f  free-stream dynamic pressures  
from approx ima te ly  0.48 kPa (10  l b f / f t 2 )  t o  2.87 kPa  (60  l b f / f t 2 )  which c o r r e -  
sponds t o  a . eyno lds  number based on a chord  o f  1 meter (3.281 f t )  o f  1.92 x 10 
t o  4.71 x 10 . The e f f ec t s  o f  Reynolds number are shown i n  f i g u r e  9 i n  t h e  
form of  a p l o t  o f  CN a g a i n s t  a. A t  t h e  lower q, c o n d i t i o n ,  v a l u e s  o f  CN 
are c o n s i s t e n t l y  lower a t  each  a, and t h e  s t a l l  b e g i n s  a t  a lower a t h a n  f o r  
t h e  h i g h e r  q, v a l u e s .  The pressure data p r e s e n t e d  i n  t h i s  r e p o r t  were 
o b t a i n e d  a t  

6 i? 

q, s e t t i n g s  e q u a l  t o  o r  h i g h e r  than  1 . 4 4  k P a  (30.1 l b f / f t 2 ) .  

A s  mentioned p r e v i o u s l y ,  o n l y  da ta  a t  0' sweep a n g l e  were compared w i t h  
t h e o r e t i c a l  p r e d i c t i o n s .  Viscous  p r e d i c t i o n s  a s  wel l  as i n v i s c i d  p r e d i c t i o n s  
o f  normal f o r c e ,  p i t c h i n g  moments, and p r e s s u r e s  are used i n  comparisons w i t h  
expe r imen ta l  da ta .  

An i n v i s c i d  t h e o r y  d e s c r i b e d  i n  r e f e r e n c e  7 was used t o  compute t h e  
p o t e n t i a l - f l o w  p r e s s u r e  c o e f f i c i e n t s  on t h e  wing s u r f a c e s .  T h i s  t h e o r y  u s e s  
a v o r t e x - l a t t i c e - t y p e  s i n g u l a r i t y  t o  r e p r e s e n t  t h e  p e r t u r b a t i o n  v e l o c i t i e s  due 
t o  l i f t  and a source  s i n g u l a r i t y  t o  r e p r e s e n t  t h e  p e r t u r b a t i o n  v e l o c i t i e s  due 
t o  t h i c k n e s s .  T h i s  t h e o r e t i c a l  method i s  one o f  many such l i n e a r i z e d  methods 
t h a t  use s i n g u l a r i t i e s  on t h e  wing chord p l a n e  t o  o b t a i n  t h e  i n v i s c i d  three-  
d imens iona l  f low p r o p e r t i e s .  Another p r e d i c t i o n  method f o r  computing p o t e n t i a l  
f low ( r e f .  8 )  was u s e d  f o r  comparison w i t h  expe r imen ta l  r e s u l t s .  T h i s  method 
u s e s  f i n i t e - s t r e n g t h  surface s i n g u l a r i t y  d i s t r i b u t i o n s  t o  compute the  p o t e n t i a l -  
f low v e l o c i t i e s .  

A s i m p l i f i e d  v i s c o u s  method ( r e f .  9 )  was used t o  ana lyze  t h e  r e s u l t s  on 
t h e  unswept wing. T h i s  method a c c o u n t s  f o r  t h e  two-dimensional  boundary-layer  
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I 

effects  on s e c t i o n  p r o p e r t i e s .  Viscous a i r f o i l  p r o p e r t i e s  a r e  used i n  a modi- 
f i e d  l i f t i n g - l i n e  t h e o r y  ( r e f .  I O )  t o  o b t a i n  t h e  span  l o a d i n g  and induced a n g l e s  
o f  a t t a c k  a t  v a r i o u s  spanwise l o c a t i o n s .  Pressure c o e f f i c i e n t s  were o b t a i n e d  
from t h e  v i s c o u s ,  two-dimensional  a i r f o i l  computer  program ( r e f .  11 )  by u s i n g  
t h e  e f f e c t i v e  a n g l e  o f  a t t a c k .  T h i s  s i m p l i f i e d  method i s  a p p l i c a b l e  t o  unswept 
wings wi th  v a r y i n g  t a p e r  r a t i o .  

I n  f i g u r e  I O ,  a comparison o f  t o t a l  normal f o r c e  a g a i n s t  a n g l e  o f  a t t a c k  
i s  made between t h e o r y  and expe r imen t .  P r e d i c t i o n s  f o r  i n v i s c i d  t h e o r i e s  as 
w e l l  as t h e  v i s c o u s  t h e o r y  were i n  good agreement  wi th  t h e  expe r imen ta l  r e s u l t s .  
I n  t h e  v i s c o u s  t h e o r y ,  t h e  a d d i t i o n  o f  boundary- layer  d i sp l acemen t  c a u s e s  an  
o v e r p r e d i c t i o n  o f  normal f o r c e  due t o  i n c r e a s e d  t h i c k n e s s ,  b u t  t h i s  o v e r p r e d i c -  
t i o n  is  o f f s e t  because  t h e  d i sp lacemen t  t h i c k n e s s  r e d u c e s  t h e  e f f e c t i v e  wing 
camber n e a r  t h e  t r a i l i n g  edge .  (See  r e f .  1 8 . )  The p r e d i c t i o n s  o f  t h e  surface 
s i n g u l a r i t y  method o f  r e f e r e n c e  8 a l s o  show good agreement  w i t h  exper iment  a t  
a n g l e s  o f  a t t a c k  up t o  15'. 
n o t i c e a b l e .  The v a l u e s  o f  normal f o r c e s  p r e d i c t e d  by t h e  two i n v i s c i d  t h e o r i e s  
are s imilar ,  even though t h e  method o f  r e f e r e n c e  7 does n o t  use t h e  c o n t r i b u -  
t i o n s  from s o u r c e  s i n g u l a r i t i e s  i n  t h i s  computa t ion ,  

A t  t h i s  a n g l e  o f  a t t a c k ,  v i s c o u s  e f f ec t s  become 

I n  f i g u r e  1 1 ,  a comparison o f  t h e  span-load d i s t r i b u t i o n s  a t  an  a n g l e  of  
a t t a c k  of 6 . 7 5 O  i s  made between t h e o r y  and expe r imen t .  
of s e c t i o n  normal f o r c e  c normal ized  by t o t a l  normal f o r c e  CN, are p l o t t e d  D' a g a i n s t  t h e  semispan l o c a t i o n .  Both i n v i s c i d  and v i s c o u s  t h e o r i e s  a g r e e  w e l l  
w i t h  exper iment  excep t  n e a r  t h e  r o o t  and t i p  l o c a t i o n s  o f  t h e  wing. Near t h e  
r o o t ,  t h e  expe r imen ta l  s e c t i o n  normal f o r c e  i s  dec reased  by t h e  p a r t i a l  effec- 
t i v e n e s s  o f  t h e  r e f l e c t i o n  p l a t e .  T h i s  r e s u l t  i n d i c a t e s  t h a t  t h e  r e f l e c t i o n  
p l a t e  was n o t  large enough t o  f u l l y  r e f l e c t  t h e  p r o p e r t i e s  o f  a f u l l - s p a n  wing. 
A t  t h e  wing t i p ,  t h e  expe r imen ta l  s e c t i o n  normal f o r c e  is  i n c r e a s e d  by t h e  
i n f l u e n c e  o f  t h e  t i p  v o r t e x  f low.  

The e x p e r i m e n t a l  v a l u e s  

I n  f i g u r e  12 ,  a comparison of  s e c t i o n  normal f o r c e  a t  t h e  e f f e c t i v e  a n g l e  
o f  a t t a c k  ( a  - a.) i s  made between t h e o r y  and exper iment  f o r  s e v e r a l  v a l u e s  
of  q. The s e c t i o n  normal f o r c e s  d e r i v e d  from t h e  expe r imen ta l  p r e s s u r e s  are 
p l o t t e d  a g a i n s t  t h e  e f f e c t i v e  a n g l e  o f  a t t a c k  p r e d i c t e d  by t h e  method o f  refer- 
ence  9 .  A two-dimensional  t h e o r e t i c a l  cu rve  p r e d i c t e d  by the  two-dimensional  
a i r f o i l  program o f  r e f e r e n c e  11  i s  p l o t t e d  f o r  compar ison .  The expe r imen ta l  
d a t a  begin  t o  d e v i a t e  from t h e o r y  i n  t h e  ou tboa rd  wing- t ip  r e g i o n  o f  t h e  wing. 
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  r e s u l t s  i n  t h e  span-load comparison between 
t h e o r y  and expe r imen t .  

3- 

I n  f i g u r e  13 ,  a comparison o f  t h e  t o t a l  p i t c h i n g  moment abou t  t h e  l e a d i n g  
edge a g a i n s t  a n g l e  o f  a t t a c k  i s  made between t h e o r y  and expe r imen t .  Better 
agreement  is  o b t a i n e d  f o r  t h e  i n v i s c i d  p r e d i c t i o n s  t h a n  f o r  t h e  v i s c o u s  p.redic- 
t i o n s  which are s l i g h t l y  more n e g a t i v e  t h a n  the  e x p e r i m e n t a l  r e s u l t s .  A s t u d y  
of t h e  s e c t i o n  p i t c h i n g  moments 
s t r o n g l y  d e v i a t e s  from t h e o r y  o n l y  n e a r  t h e  wing t i p .  

cm ( f i g .  1 4 )  shows t h a t  t h e  e x p e r i m e n t a l  v a l u e  

I n  f i g u r e  15,  a comparison o f  p r e s s u r e  c o e f f i c i e n t s  a g a i n s t  t h e  \Jx/c at  
several rl s t a t i o n s  i s  made between t h e o r y  and expe r imen t .  P l o t t i n g  t h e  p re s -  
s u r e  a g a i n s t  t h e  s q u a r e  r o o t  o f  x / c  expands  t h e  r e g i o n  n e a r  t h e  l e a d i n g  edge 
f o r  a more d e t a i l e d  look  a t  t h e  nose r e g i o n .  The compar isons  i n d i c a t e  g e n e r a l l y  
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good agreement  between t h e o r y  and e x p e r i m e n t .  However, n e a r  t h e  nose  r e g i o n ,  
t h e  i n v i s c i d  chord-p lane  s i n g u l a r i t y  method o v e r p r e d i c t e d  t h e  lead ing-edge  p r e s -  
s u r e  peak. The i n v i s c i d  s u r f a c e  s i n g u l a r i t y  method and v i s c o u s  method p r e d i c t e d  
t h e  lead ing-edge  p r e s s u r e s  w i t h  more a c c u r a c y .  Two sets o f  e x p e r i m e n t a l  v a l u e s  
a t  d i f f e r e n t  free-stream dynamic p r e s s u r e s  were p l o t t e d  on t h e  same f i g u r e .  The 
e x p e r i m e n t a l  v a l u e s  o f  C were i n  good agreement  w i t h  e a c h  o t h e r  a t  t h e  two 
v a l u e s  o f  free-stream dyngmic p r e s s u r e .  
c o e f f i c i e n t s  show d i s a g r e e m e n t  w i t h  t h e o r y  n e a r  t h e  r e f l e c t i o n  p l a t e  and n e a r  
t h e  t i p  s t a t i o n s .  However, good agreement  between t h e o r y  and exper iment  was 
o b t a i n e d  a t  t h e  midpanel  s t a t i o n s .  

Both s e t s  o f  e x p e r i m e n t a l  p r e s s u r e  

CONCLUDING REMARKS 

P r e s s u r e  d a t a  were o b t a i n e d  on a 1- by 3-meter semispan wing t h r o u g h  an 
a n g l e - o f - a t t a c k  r a n g e  o f  a b o u t  -6' t o  20' f o r  each  o f  t h e  sweep a n g l e s ,  O o ,  I O o ,  
20°,  30°, and 40'. Values  o f  p r e s s u r e  c o e f f i c i e n t s ,  normal  f o r c e s ,  and p i t c h i n g  
moments o b t a i n e d  from two i n v i s c i d  t h e o r i e s  and one v i s c o u s  t h e o r y  compared w e l l  
w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  Disagreement  between t h e o r y  and exper iment  
o c c u r r e d  g e n e r a l l y  a t  s e c t i o n s  o f  t h e  wing n e a r  t h e  r o o t  and n e a r  t h e  t i p .  A 
r e d u c t i o n  i n  wing l o a d i n g  n e a r  t h e  r e f l e c t i o n  p l a t e  i n d i c a t e s  t h a t  t h e  s i z i n g  
of t h e  r e f l e c t i o n  p l a t e  was i n a d e q u a t e  t o  s i m u l a t e  t h e  f u l l - s p a n  wing proper -  
t i e s .  A t  t h e  wing t i p ,  t h e  t i p  v o r t e x  was n o t  accounted  f o r  i n  t h e o r y  which 
caused d isagreement  between t h e o r y  and e x p e r i m e n t .  I n  t h e  midpanel  s t a t i o n s ,  
however,  v e r y  good agreement  was o b t a i n e d  between t h e o r y  and e x p e r i m e n t .  

A l l  t h e o r i e s  p r e d i c t e d  v e r y  good r e s u l t s  f o r  t h e  normal f o r c e .  However, 
i n  t h e  p r e s s u r e  c o e f f i c i e n t  compar ison ,  t h e  s u r f a c e  s i n g u l a r i t y  method and t h e  
v i s c o u s  t h e o r y  gave a b e t t e r  d e f i n i t i o n  o f  t h e  p r e s s u r e s  n e a r  t h e  lead ing-edge  
nose t h a n  d i d  t h e  chord-p lane  s i n g u l a r i t y  method. 

Langley Research Center  
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
Hampton, VA 23665 
October  13, 1976 
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TABLE I.- CHORDWISE LOCATION OF STATIC-PRESSURE TAPS 

x/ c 

0 
.001938 
.005 10 1 
,008412 
.012003 
,015533 
.020164 
.026691 
.043449 
.068029 
.0964 15 
.I27694 
.I61629 
,197963 
.236335 
,276981 
.319422 
.36375 1 
.410335 
.458507 
,508984 
.561119 
.6 1549 1 
.67 1552 

.785998 

.84388 1 
,900483 
,956240 
.99619 

.728 190 

1 .oooo 

Z/C 

Upper surface 

0 
,007786 
,012371 
,015751 
.018643 
.02 108 1 
.023692 
.026927 
.033474 
.040393 
.046215 
.050912 
.054573 
,057260 
,059018 
.059893 
.059933 
.059 168 
.057631 
,055365 
.052366 
.048693 
.044342 
.039352 
.(I33838 
.027770 
.02 1246 . 0 14420 
.007242 
.001793 

0 

f o r  - 
L o w e r  surface 

0 
- .007786 
-.012371 
- .O 15751 
- ,018643 
- .021081 
- .023692 
- .026927 
-. 033474 
- .040393 - .046215 
-. 050912 
- .054573 
- .057260 
- .0590 18 
- .059893 
- -059933 
- .059168 
- .05763 1 
- .055365 
- ,052366 
- .048693 
- .044342 
- .039352 
- .033838 
- .027"770 
- .021246 
- . 0 14420 
- .007242 -. 001793 
0 

I Y 
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TABLE 11.- SPANWISE LOCATION OF PRESSURE ROWS 

............. ~ 

............. - 

............. r-ti ............... 

I n ( A  = 0') 

1 ~~ 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

0.05 
.1986 
- 3436 
-4813 
.6084 
.7218 
.8186 
.8965 
.9539 
.9883 
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TABLE 111.- W I N G  SPAN AND ASPECT RATIO FOR W I N G  

2 .95 
2 .98  
2.91 
2 . 8 3  
2.53 

PLANFORM AT DIFFERENT SWEEP ANGLES 

5.90 
5.87 
5.47 
4.90 
3.88 

Sweep, 
deg 

0 
10 
20 
30 
40 
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Detachable  
Wing t ip  f a i r ing  t r a i l i ng  edge 

P r e s s u r e  wing NACA 0012 

P r e s s u r e  tube s ta t ion 

Reflection plate  

Wing s lot  i n s e r t  

.-. 
i- i 

Turn tab le  
I I  Wing wedge 12' 

I I  
- /  I 

I 
I 
I 

L Sting mount 

Figure 1.- Schematic drawing of semispan pressure wing model. 
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L-75-3706 

Figure 2.- Photograph of 1- by 3-meter semispan model at 30' sweep 
in the Langley V/STOL tunnel. 
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