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INTRODUCTION 

A s  p a r t  o f  NPSA's r e c e n t  program f o r  d e v e l o p i n g  new a i r -  
f o i l  s e c t i o n s  f o r  g e n e r a l  av ia t ion  app l i ca t ions  (Ref .  1) , W i c h i t a  
S t a t e  U n i v e r s i t y  i s  c o n d u c t i n g  f l a p  and  c o n t r o l  surface r e s e a r c h  
f o r  t h e  new a i r f o i l s .  T h i s  repor t  documents two-d imens iona l  wind 

t u n n e l  t e s t s  of t h e  G A ( W ) - 2  a i r f o i l  s e c t i o n  w i t h :  ( a )  20% c h o r d  
a i l e r o n ;  ( b )  25% c h o r d  s l o t t e d  f l a p ,  (c )  30% c h o r d  Fowler  f l a p ;  
and ( a )  1 0 %  c h o r d  s l o t - l i p  s p o i l e r .  

. .  

A 1 1  e x p e r i m e n t a l  t e s t s  r e p o r t e d  h e r e i n  were c o n d u c t e d  i n  
t h e  W a l t e r  Beech hlemorial  Wind Tunne l  a t  W i c h i t a  S t a t e  Univer -  
s i t y .  High Reynolds number t es t s  o f  t h e  G P ( W ) - 2  a i r f o i l  have  
been  r e p o r t e d  i n  r e f e r e n c e  2 .  

SYMBOLS 

T h e  f o r c e  and  moplent d a t a  have  b e e n  r e f e r r e d  t o  t h e  .25c  
l o c a t i o n  on t h e  f l a p - n e s t e d  a i r f o i l .  D imens icna l  q u a n t i t i e s  
a r e  g i v e n  i n  b o t h  I n t e r n a t i o n a l  ( S I )  U n i t s  and U . S .  Customary 
U n i t s .  Measurements were made i n  U . S .  Customary U n i t s .  Con- 
v e r s i o n  f a c t o r s  between t h e  v a r i o u s  u n i t s  may b e  found i n  r e f -  
e r e n c e  3.  The symbols used  i n  t h e  p r e s e n t  re?,ort are  d e f i n e d  
as  f o l l o w s :  

C A i r f o i l  r e f e r e n c e  c h o r d  ( f l a p - n e s t e d )  

C A i r f o i l  f o m a r d  s e c t i o n  chord  a 

'd A i r f o i l  s e c t i o n  d r a g  c o e f f i c i e n t ,  s e c t i o n  d r a g /  
(dynamic p r e s s u r e  x c h o r d )  

F l a p  c h o r d  C f  

2 C C o n t r o l  s u r f a c e  morent  c o e f f i c i e n t  a b o u t  h i n g e l i n e  
s e c t i o n  moment/(dynamic p r e s s u r e  x r e f e r e n c e  c h o r d  

C A i r f o i l  s e c t i o n  l i f t  c o e f f i c i e n t ,  s e c t i o n  l i f t /  
(dynamic p r e s s u r e  x c h o r d )  
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* L i f t  c o e f f i c i e n t  b a s e d  upon airfoil p l u s  f l a p  chcr2,  7, 

( C a  + C f ) / C )  

C A i r f o i l  s e c t i o n  p i t c h i n g  moren'l c o e f f i c i e n t  w i t h  re- m s p e c t  t o  t h e  . 2 5 c  l o c a t i c n ,  s e c t i o n  monen t / (dynan ic  
p r e s s u r e  x chord21 

C o e f f i c i e n t  of p r e s s u r e ,  (p-p,) /dynamic p r e s s u r e  
P C 

h S p o i l e r  p r o j e c t i o n  h e i u h t  normal  t o  l o c a l  c o n t o u r  

P P r e s  s u r e  

X C o o r d i n a t e  p a r a l l e l  t o  a i r f o i l  c h o r d  

Z C o o r d i n a t e  normal t o  a i r f o i l  c h o r d  

ry Angle o f  a t t a c k ,  d e g r e e s  

A Inc remen t  

6 R o t a t i o n  of s u r f a c e  from n e s t e d  p o s i t j . c n ,  d e q r e s s .  

S u b s c r i p t s :  

a A i  le  r o n  

€ F l a p  

max Maximum 

n Nose 

P P i v o t  

S S p o i l e r  

m Free stream c o n d i t i o n  

APPARATUS AND TEST PETHODS 

Model D e s c r i p t i o n  

The GA(W)-2 a i r f o i l  s e c t i o n  i s  a 139 maximum t h i c k n e s s  
s e c t i o n  d e r i v e d  from t h e  1 7 %  t h i c k  G A ( W ) - 1  s e c t i o n  ( R e f .  4 ) .  

F o r  t e s t s  i n  t h e  WSU t w o - d i r e n s i o n a l  f a c i l i t y ,  t h e  models  are 
s i z e d  w i t h  9 1 . 4  c m  (36 i n c h )  s p a n  and 6 1 . 0  c m  ( 2 4  i n c h )  c h o r d .  
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The fo rward  7 0 %  o f  t h e  a i r f o i l  was f a b r i c a t e d  from l a m i n a t e d  
mahogany bonded t o  a 2 . 5  c m  x 34.8 c m  (1 i n c h  x 13 .7  i n c h )  
aluminum s p a r .  T r a i l i n g  edge  s e c t i o n s  were f a b r i c a t e d  from 
s o l i d  aluminum f o r  each  t r a i l i n g  edge  d e v i c e .  C o n f i g u r a t i o n  
g e o m e t r i c  d e t a i l s  a r e  g i v e n  i n  f i g u r e  1. 

The  2 0 %  chord  a i l e r o n  i s  d e s i g n e d  w i t h  a 0 .5% l e a d i n g -  
edge c l e a r a n c e  gap.  E a r l i e r  tests (Ref .  5 )  have  shown t h a t  
a gap t h i s  s i z e  h a s  l i t t l e  e f f e c t  on a i l e ron  pe r fo rmance .  
T h e  2 5 %  s l o t t e d  f l a p  d e s i g n  i s  used  w i t h  an a i r f o i l  fo rward  
s e c t i o n  t e r m i n a t i n g  a t  87.5% chord .  The 30% Fowler  f l a p  i s  
f i t t e d  w i t h  an a i r f o i l  fo rward  s e c t i o n  which e x t e n d s  t o  t h e  
f u l l  1 0 0 %  chord  l o c a t i o n .  The 1 0 %  s p o i l e r  i s  a r r a n g e d  i n  a 
s l o t - l i p  c o n f i g u r a t i o n  w i t h  t h e  2 5 %  s l o t t e d  f l a p .  

A l l  models a r e  equipped  w i t h  1 .07  mm (.(I42 i n c h )  d i a m e t e r  
p r e s s u r e  t a p s  f o r  p r e s s u r e  d i s t r i b u t i o n  s u r v e y s .  F l a p  and a i l e -  
ron  p o s i t i o n i n g  i s  p r o v i d e d  th rouqh  a se t  of g u i d e  r a i l s  mounted 
o n  t h e  o u t s i d e  of t h e  end p l a t e  d i s k s  ( e x t e r n a l  t o  t h e  t es t  sec- 
t i o n ) .  

T e s t  models a r e  a t t a c h e d  t o  t h e  t u n n e l  main b a l a n c e  s y s -  

t e m  t h rough  a s e t  of 1 . 0 7  m ( 4 2  i n c h )  d i a m e t e r  aluminum end 
p l a t e  d i s k s .  Yodel p i v o t  l o c a t i o n  i s  t h e  a i r f o i l  5 0 %  chord  
s t a t i o n .  The end  p l a t e s  a r e  f i t t e d  w i t h  foam s e a l s  a round 
t h e  c i r c u m f e r e n c e .  The sea ls  are  c a r e f u l l y  a d j u s t e d  d u r i n g  
s t a t i c  c a l i b r a t i o n  t o  a v o i d  i n t e r f e r e n c e  f r i c t i o n  f o r c e s .  

I n s t r u m e n t a t i o n  

The t u n n e l  i s  equ ipped  w i t h  an au tomated  d a t a  sys t em 
which c o n v e r t s  a n a l o g  f o r c e  and p r e s s u r e  t r a n s d u c e r  o u t p u t  
s i g n a l s  t o  d i g i t a l  fc rm,  and r e c o r d s  t h e  d a t a  on punched 
c a r d s .  Force  measurements a r e  made u s i n g  a p y r a n i d a l  b a l a n c e .  
Computat ion work i s  done through t h e  U n i v e r s i t y  D i g i t a l  COF- 

p u t i n g  C e n t e r .  
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T e s t  P rocedure  

L i f t ,  d r a g  and p i t c h i n q  mon’ent d a t a  are o b t a i n e d  from 
d i r e c t  f o r c e  measurements.  For e a c h  a i r f o i l  s e c t i o n  t o  be  
t e s t e d ,  a wake s u r v e y  i s  conducted  w i t h  a t r a v e r s i n q  5- tube  

p robe  (Ref .  6 )  t o  o b t a i n  s e c t i o n  t o t a l  d r a g  c o e f f i c i e n t  a s  a 
f u n c t i o n  o f  l i f t  c o e f f i c i e n t .  The d i f f e r e n c e  between t h e  wake 
s u r v e y  d r a g  and t h e  b a l a n c e  f o r c e  measured d r a g  i s  end  p l a t e  

t a r e  i n c l u d i n g  i n t e r f e r e n c e .  The d r a g  measurement i s  compli-  
c a t e d  by t h e  f a c t  t h a t  t h e  wake s u r v e y  method c a n n o t  b e  used  
w i t h  f l a p s  o r  a i l e r o n s  because  of  r o t a t i o n a l  losses i n  t h e  
wake. T h e r e f o r e  t h e  f l a p - n e s t e d  end  p l a t e  t a re  i s  s u b t r a c t e d  
from a l l  measured d r a g  f o r c e  d a t a  o b t a i n e d  w i t h  f l a p s  o r  a i l e -  
r o n s  deployed .  By e x t r a p o l a t i n g  t h e  end  p l a t e  t a r e  cu rve  i n  
a c o n s e r v a t i v e  f a s h i o n ,  i t  i s  p o s s i b l e  t o  o b t a i n  s a t i s f a c t o r y  

d r a g  i n f o r m a t i o n  fo r  any f l a p  o r  a i l e r o n  s e t t i n a .  The mea- 
surement  accu racy  i s  a i d e 6  by t h e  f a c t  t h a t  end p l a t e  t a re  i s  

a small p r o p o r t i o n  o f  t o t a l  d r a g  when h i g h  l i f t  d e v i c e s  a r e  
employed. All f o r c e  measurements have been  c o r r e c t e d  f o r  w 1 r . d  

t u n n e l  w a l l  e f f e c t s  u s i n g  t h e  l i n e a r  c o r r e c t i o n  t e c h n i q u e s  
g i v e n  i n  r e f e r e n c e  7 .  A t  t h e  h i g h  l i f t  c o e f f i c i e n t  c o n d i t i o n s  
a s s o c i a t e d  w i t h  h igh  f l a p  d e f l e c t i o n s ,  t h e s e  c o r r e c t i c n s  are 
s i g n i f i c a n t .  A l l  t e s t s  were conducted  a t  a ReynoLds ncnbe r  
of  2 . 2  x l o 6  and Mach number o f  0 . 1 3 .  

Wind Tunne 1 

The WSU W a l t e r  Beech Tunnel  i s  a c l o s e d  r e t u r n  t u n n e l  w i t h  

a tmosphe r i c  t e s t  s e c t i o n  s t a t i c  p r e s s u r e .  
w i t h  two-dimensional  i n s e r t s  i s  0 . 9 1  m x 2 . 1 3  m ( 3  f t  x 7 f t ) .  

Complete d e s c r i p t i o n  o f  t h e  i n s e r t  and c a l i b r a t i o n  d e t a i l s  

are g i v e n  i n  r e f e r e n c e  8 .  

The t e s t  s e c t i o n  

4 



TEST -WSULTS 

F l a p  Nes ted  

For  t h e  WSU G A ( W ) - l  r e s e a r c h ,  t r a n s i t i o n  s t r i p s  were 
l o c a t e d  a t  5% chord  on uppe r  and lower s u r f a c e s .  However, 
p r e s s u r e  s t u d i e s  w i t h  t h e  G A ( W ) - 1  a i r f o i l  i n d i c a t e d  t h a t  
f o r  l a r g e  f l a p  d e f l e c t i o n s  t h e  lower  s u r f a c e  s t a g n a t i o n  
p o i n t  was l o c a t e d  as f a r  a f t  as 7% o r  8% c h o r d .  I n  o r d e r  
t o  p r o v i d e  more p o s i t i v e  lower  s u r f a c e  t r a n s i t i o n  f i x i n g  
f o r  t h e  p r e s e n t  t e s t s ,  t h e  s t r i p s  were l o c a t e d  a t  5% on 
t h e  uppe r  s u r f a c e  and 10% on t h e  lower  s u r f a c e .  

Comparisons o f  WSU d a t a  w i t h  NASA d a t a  f o r  t h e  f l a p -  
n e s t e d  c o n f i g u r a t i o n  are shown i n  f i g u r e  2 .  The l i f t  and 

p i t c h i n g  moment d a t a  a g r e e  e x t r e m e l y  w e l l ,  even  i n c l u d i n g  
s t a l l i n g  e f f e c t s .  I t  i s  n o t e d  t h a t  a t  low l i f t  c o e f f i c i e n t s  
t h e  WSU t e s t s  i n d i c a t e  s l i q h t l y  h i u h e r  d r a g  v a l u e s ,  and a t  
modera te  l i f t  c o e f f i c i e n t s  somewhat lower  d r a g  v a l u e s  t h a n  
t h e  WASA t e s t s .  O v e r a l l  agreer ren t  i s  c o n s i d e r e d  q u i t e  good,  
however.  

2 0 %  A i l e r o n  

E f f e c t s  of a 2 0 %  a i l e r o n  a p p l i e d  t o  t h e  GA(W)-2 a i r f o i l  
a r e  shown i n  f i g u r e  3 .  C o n t r o l  e f f e c t i v e n e s s  i s  v e r y  sirri lar 
t o  d a t a  o b t a i n e d  f o r  a s i m i l a r  a i l e r o n  a p p l i e d  t o  t h e  G A ( W ) - 1  

s e c t i o n  ( R e f .  5 ) .  

For  t h e  z e r o  a i l e r o n  d e f l e c t i o n  c a s e ,  l i f t  c o e f f i c i e n t  
d a t a  a r e  p r e s e n t e d  f o r  a i l e r o n  gap s e a l e d  a s  well a s  0 . 5 %  
a i l e r o n  gap .  These d a t a  show t h a t  t h e  gap  c a u s e s  a p r o g r e s -  
s i v e  l o s s  i n  l i f t  a s  a n g l e  of a t t a c k  is  i n c r e a s e d  from O D  t o  
1 2 O .  For  h i g h e r  a n g l e s  t h e  u n s e a l e d  gap p r o v i d e s  a n  increase 
i n  l i f t .  E v i d e n t l y  t h e  s l o t  flow p r o v i d e s  boundary l a y e r  con- 
t r o l  wh ich  d e l a y s  t h e  s e p a r a t i o n .  
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E f f e c t s  of t h e  0 . 5 %  ua*3 on d r a g  a r e  shovn i n  f i g u r e  3 ( b )  

These da ta  show t h a t  a t  low l i f t  c o e f f i c i e n t s  (c ,?  < 1 . 5 )  a 

gap l e a k  p e n a l t y  o f  Acd = . 0 0 2 0  ( a p p r o x i m a t e l y )  i s  p r e s e n t .  
A t  h i g h e r  l i f t  c o e f f i c i e n t s  a s l i g h t  d r a g  r e d u c t i o n  is o b s e r v e d ,  
s i n c e  t h e  gap d e l a y s  s t a l l i n g .  The da ta  also show t h a t  the  gap 
l e a k  d r a g  p e n a l t y  a t  c r u i s e  c o u l d  be  o f f s e t  by 5' u p - r i g g i n g  

would b e  t h e  p e n a l t y  f o r  t h i s  a r r angemen t .  

* 

of t h e  a i l e r o n .  A s u b s t a n t i a l  loss i n  c ~ ~ ~ ~ ( A ~ : ~ ~ ~  = - . 1 7 )  

25% S l o t t e d  F l a p  

T h i s  f l a p  i s  c a l l e d  a " s l o t t e d  f l a p "  b e c a u s e  i t  h a s  less 
t h a n  f u l l  f l a p  chord  o v e r l a p  i n  t h e  n e s t e d  p o s i t i o n .  I t  was 
d e s i g n e d  t o  p r o v i d e  a p o r t i o n  o f  t h e  h i g h - l i f t  c a n a b i l i t i e s  
o f  t h e  30% Fowler  f l a p  w i t h  c o n s i d e r a b l y  s h o r t e r  f l a p  t r a c k s  
and  c o n s e q u e n t l y  s i m p l e r  s t r u c t u r e ,  and as a ca r id ida t e  f o r  a 
s l o t - l i p  s p o i l e r  d e s i g n  of  r e a s o n a b l e  t h i c k n e s s .  F l a p  s e t t i n q s  
and l i f t ,  d r a g  and p i t c h i n g  movent pe r fo rmance  are shown i n  
f i g u r e  4 .  For b o t h  35' and 40° f l a p  d e f l e c t i o n s ,  a c ~ ~ . ~ ~  Of 

3.35 i s  o b t a i n e d .  For  30°, 3S0,  and 4 0 °  flap, t h e  r e s u l t s  
show a p e c u l i a r  n o n - l i n e a r i t y  i n  t h e  cR v s .  a l p h a  c u r v e  w i t h  

an i n c r e a s i n g  s l o p e  j u s t  p r i o r  t o  s t a l l .  T h i s  e f f e c t  h a s  
been o b s e r v e d  i n  o t h e r  r e s e a r c h  ( R e f .  9 )  , b u t  t h e  r e a s o n s  f o r  

t h e  b e h a v i o r  a r e  n o t  c l e a r .  Contour  p l o t s  of c : ~ ~ ~  f o r  yrari- 
ous gap and o v e r l a p  s e t t i n g s  ( f i g u r e  5 )  show t r e n d s  v e r y  s i m -  
i l a r  t o  GA(W)-1 f l a p  o p t i m i z a t i o n  c o n t o u r s  (Pef.  13) and t o  
e a r l i e r  NACA s l o t t e d  f l a p  r e s e a r c h  ( R e f s .  11 and 1 2 ) .  For  
h i g h e s t  cemax v a l u e s ,  o v e r l a p  i s  near z e r o  and gap open ing  
r a n g e s  from 1% t o  3% chord .  

For  p r a c t i c a l  f l a p  t r a c k  d e s i g n ,  some compromises t o  op- 

t i m u m  aerodynamic  per formance  are n e c e s s a r y .  Fo r  t h e  p r e s e n t  
case t h e  f o l l o w i n g  d e s i g n  g u i d e s  were  invoked:  

(1) For l o o  d e f l e c t i o n ,  n o  a t t e m p t  was made t o  o p t i r r i z e  

o v e r l a p .  An i n t e r m e d i a t e  o v e r l a p  p o s i t i o n  w a s  s e l e c t e d  and 

' tests w e r e  conduc ted  t o  d e t e r m i n e  optimum crap open ing .  These . .  
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t es t s  showed t h a t  cRmax w a s  v e r y  i n s e n s i t i v e  t o  gap  open ing .  
T h e r e f o r e  a n  i n t e r m e d i a t e  gap open ing  was s e l e c t e d .  

For  20 '  d e f l e c t i o n ,  t h e  h i g h e s t  cRmax measured  oc- 
c u r r e d  a t  a p o s i t i o n  more a f t  t h a n  optimum 30" and 35" set- 
t i n g s  ( f i g .  5 ) .  The g r a d i e n t s  are m i l d ,  however ,  and l o c a t i n g  

( 2 )  

t h e  f l a p  i n  a more p r a c t i c a l  p o s i t i o n  r e s u l t s  i n  only 0 . 0 2  
loss  i n  cllnax. T h e r e f o r e  t h e  more p r a c t i c a l  ( f o r w a r d )  p o s i -  
t i o n  was used .  

( 3 )  For  30", 35" and 40" f l a p  d e f l e c t i o n s  t h e  g r a d i e n t s  

a r e  s u b s t a n t i a l ,  and t h e  f l a p  i s  l o c a t e d  a t  t h e  optimum p o s i -  
t i o n  f o r  e a c h  d e f l e c t i o n .  

I n  o r d e r  t o  f a c i l i t a t e  s e a l i n g  t h e  f l a p  s l o t  a t  z e r o  de-  
f l e c t i o n  t o  m i n i n i z e  c r u i s e  d r a g ,  t h e  s l o t  f o r  t h i s  f l a p  w a s  
d e s i g n e d  w i t h  a s h a r p  e n t r y  l i p .  E a r l i e r  r e s e a r c h  ( r e f .  1 2 )  
i n d i c a t e s  t h a t  e n t r y  l i p  s h a p e  h a s  l i t t l e  e f f e c t  on cRmax, b u t  
does  i n f l u e n c e  optimum gap  and o v e r l a p  s e t t i n g s .  A m o d e r a t e l y  

rounded l i p  was t e s t e d  on t h e  p r e s e n t  model ,  a f t e r  o p t i m i z a -  
t i o n  had been  conduc ted  w i t h  t h e  s h a r p  l i p .  R e s u l t s  show a . 

loss i n  cgmax of  0 . 2 1  f o r  t h e  rounded l i p  w i t h o u t  r e - o p t i n i z -  
ir ,g gap and o v e r l a p  ( f i g .  6 ) .  

3 0 %  Fowler  F l a p  

A 30% Fowler  f l a p  was d e s i g n e d  f o r  t h e  GA(W)-2 a i r f o i l ,  
s i m i l a r  t o  a f l a p  deve loped  f o r  t h e  G A ( W ) - l  a i r f o i l .  R e s u l t s  
of optimum f l a p - e x t e n d e d  t es t s  a r e  shown i n  f i g u r e  7 .  These  
d a t a  show t h a t  a cEmax of 3.82 is  o b t a i n e d  w i t h  40 '  f l a p  de-  

f l e c t i o n .  
was o b t a i n e d  w i t h  t h e  GP.(W)-l a i r f o i l  w i t h  t h e  Fowler  f l a p .  
S i n c e  t h e  u n f l a p p e d  s e c t i o n  cRmax f o r  t h e  GA(Y)-2 a i r f o i l  i s  

g r e a t e r  t h a n  for t h e  GA(W)-1, t h e  i n c r e m e n t  i n  cRmax due t o  
f l a p  d e f l e c t i o n  i s  r educed .  

T h i s  i s  a l m o s t  e x a c t l y  t h e  same v a l u e  o f  cRmax t h a t  

E x p e r i m e n t a l  s t u d i e s  were conduc ted  t o  d e t e r m i n e  optimurr! 
gap and o v e r l a p  f o r  40 '  and 50' f l a n  d e f l e c t i o n s .  R e s u l t s  of 
these t e s t s  a r e  shown i n  t h e  c o n t o u r  p l o t s . o f  f i g u r e  8 .  These  
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d a t a  are  u s e f u l  i n  d e t e r m i n i n q  p e n a l t i e s  a s s o c i a t e d  w i t h  non- 
optimum f l a p  s e t t i n g s .  For  any f l a p  d e f l e c t i o n ,  t h e  h i g h e s t  

w i l l  o c c u r  w i t h  n e a r l y  z e r o  o v e r l a p  s i n c e  t h i s  c o n f i q u r a -  '7,max 
t i o n  maximizes e f f e c t i v e  chord .  Optircrum-gaps are  2 t o  3 % .  F o r  
p r a c t i c a l  f l a p  t r a c k  d e s i g n ,  however ,  it i s  of i n t e r e s t  t o  know 
an optimum gap  f o r  i n t e r r r e d i a t e  f l a p  p o s i t i c n s .  For  t h i s  r e a s o n  
a ser ies  of r u n s  were made w i t h  l o o  and 2 0 °  d e f l e c t i o n s  w i t h  i n -  
t e r m e d i a t e  o v e r l a p  s e t t i n a s  and v a r i o u s  gaps .  The recommended 
s e t t i n g s  f o r  10' and 20' f l a p  d e f l e c t i o n s  ( f i q .  7 )  are b a s e d  
upon t h e  r e s u l t s  o f  t h e s e  r u n s .  

Comparat ive F l a p  F f  f e c t i v e n e s s  

F l a p  e f f e c t i v e n e s s  f o r  t h e  2 0 %  a i l e r o n ,  25% s l o t t e d  f l a p  
and 3 0 %  Fowler  f l a p  are compared i n  f i g u r e  9 .  T h i s  Yraph i l lus -  

t ra tes  t h e  i n c r e a s i n q  l i f t  e f f e c t i v e n e s s  a v a i l a b l e  as f l a p  s y s -  

tem complex i ty  i n c r e a s e s  from p l a i n  f l a p  t o  s l o t t e d  f l a p  t o  
Fowler  f l a p .  

I t  i s  i n t e r e s t i n g  t o  compare t h e  r e l a t i v e  n-erits of t h e  p re -  

s e n t  f l a p  d e s i g n s  t o  e a r l i e r  d e s i q n s .  P c o w o n  b a s e l i n e  f o r  
compar ison  i s  p r o v i d e d  by r e f e r r i n ?  l i f t  c o e f f i c i e n t s  t o  f l a p -  

e x t e n d e d  chord .  Fo r  s i m p l i c i t y  ~ i n  t h i s  a n a l y s i s ,  e x t e n d e d  re f -  
e r e n c e  c h o r d  is t a k e n  as t h e  sum of  ca and cf  ( i . e . ,  ~ : i t h o u t  ac- 

c o u n t i n g  f o r  f l a p  d e f l e c t i c n ) .  Calhoun (ref. 1 3 )  has s u a q e s t e d  
comparing f l a p p e d  a i r f o i l  d a t a  from e a r l i e r  ' T P C A  r e s e a r c h  ( r e f .  

12) w i t h  r e s u l t s  o f  r e c e n t  GI(!$) a i r f o i l  r e s e a r c h  as s h ~ ~ r !  i n  f i q -  

u r e  10. These  d a t a  show t h a t  t h e  r e c e n t  d e s i u n s  p r o v i d e  s u b s t a n -  
t i a l l y  h i g h e r  maximum l i f t  c o e f f i c i e n t s  t h a n  t h e  e a r l i e r  de-  
s i g n s .  I t  i s  an i n t e r e s t i n q  c o i n c i d e n c e  t h a t  t h e  cf/ca r a t i c  
for t h e  p r e s e n t  2 5 %  chord  f l a p  and 30% chord  f l a p s  a re  n e a r l y  
i d e n t i c a l .  I t  i s  an e x p e r i m e n t a l  f a c t  t h a t  t h e  rraximuIn l i f t  
c e f f i c i e n t s  based  upon e x t e n d e d  c h o r d  are n e a r l y  i d e n t i c a l .  

I 1 would be i n t e r e s t i n g  t o  e v a l u a t e  f l a p  d e s i g n s  o f  d i f f e r e n t  

cf/ca r a t i o  a p p l i e d  t o  t h e  GA(W) a i r f o i l  f a m i l y  t o  d e t e r r i n e  
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w h e t h e r  t5e e x p e c t e d  t r e n d  a p p l i e s  f o r  o the r  f l a p  c h o r d  r a -  
t i o s .  The new f l a p s  are g e n e r a l l y  more cambered t h a n  ear l ie r  
d e s i g n s .  From t h e  s t a n d p o i n t  o f  r e t r o f i t t i n g  e x i s t i n g  a i r -  
p l a n e s  o r  making low c o s t  changes  t o  a i r p l a n e s  i n  c u r r e n t  
p r o d u c t i o n ,  it would b e  i n t e r e s t i n g  t o  know what  pe r fo rmance  
c o u l d  be  o b t a i n e d  from a h i g h l y  cambered t r a i l i n g  edge  and 
f l a p  a p p l i e d  t o  an ' 'o ld"  g e n e r a t i o n  a i r f o i l ,  and c o n v e r s e l y  
what  per formance  c o u l d  be  o b t a i n e d  from a "new" (GA-) a i r -  
f o i l  l e a d i n g  edge a p p l i e d  t o  a n  o l d  a i r f o i l  w i t h  m o d e r a t e l y  
cambered t r a i l i n g  edge  and f l a p .  

T u f t  P a t t e r n s  

T u f t  s t u d i e s  showing f low s e p a r a t i o n  p a t t e r n s  f o r  t h e  
b a s i c  C , A ( W ) - 2  s e c t i o n  are shown i n  f i q u r e  11. These  d a t a  
show t h a t  t h e  a i r f o i l  s e p a r a t e s  from t h e  t r a i l i n g  edge  f o r -  
ward.  

For  f laps-down c o n f i g u r a t i o n s  w i t h  o p t i m m  f l a p  s e t t i n g s  
( f i g s .  1 2  and 131, f i r s t  s e p a r a t i o n  o c c u r s  a t  t h e  t r a i l i n g  
edge of t h e  rain a i r f o i l  s e c t i o n ,  and moves p r o g r e s s i v e l y  

fo rward  a s  a n g l e  of a t t a c k  i s  i n c r e a s e d .  The f l a p  f low aF- 
p e a r s  t o  have n e a r l y  i n c i p i e n t  s e p a r a t i o n  a t  lOt.7 a n g l e s  of  

a t t a c k ,  b u t  shows i m p r o v e r e n t  a s  a n g l e  o f  a t t a c k  is i n c r e a s e d .  
F l a p  f low rer ra ins  a t t a c h e d  t h r o u g h  s t a l l .  

1 0 %  S l o t - L i p  S p o i l e r  

P r i o r  r e s e a r c h  w i t h  a s p o i l e r  a p p l i e d  t o  t h e  GA(W)-1 
a i r f o i l  ( r e f s .  14 and 1 5 )  r e v e a l e d  t h a t  l o c a t i n g  a s p o i l e r  
a t  some d i s t a n c e  ahead  of  a l a r g e  Fowler  f l a p  t e n d e d  t o  re- 
s u l t  i n  r e g i o n s  o f  n e a r - z e r o  o r  reversed c o n t r o l  e f f e c t i v e -  

n e s s  f o r  s m a l l  d e f l e c t i o n s ,  and h i g h  d r a g  p e n a l t i e s  a t  c r u i s e  
due t o  c l e a r a n c e  gap l e a k s .  L imi t ed  tes ts  o f  a s l o t - l i p  
s p o i l e r  a p p l i e d  t o  t h e  GA(W)-1 ( r e f .  1 4 )  i n d i c a t e d  t h a t  a 
s l o t - l i p  a r rangement  would p r o v i d e  more s a t i s f a c t o r y  c o n t r o l  

9 



r e s p o n s e .  T h e r e f o r e  a s l o t - l i p  s p o i l e r  was d e s i g n e d  f o r  e v a l -  
u a t i o n  w i t h  t h e  GA(W)-2 a i r f o i l ,  i n  c o n j u n c t i o n  w i t h  t h e  2 5 %  
s l o t t e d  f l a p .  The c o n f i g u r a t i o n  selected f o r  t e s t i n g  i s  shown 
i n  f i g u r e  1 ( e ) .  

The s p o i l e r  w a s  d e s i g n e d  w i t h  a h i n g e l i n e  on t h e  a i r f o i l  
upper  s u r f a c e  t o  f a c i l i t a t e  s e a l i n a ,  and w i t h  a lower  s u r f a c e  
c o n t o u r  d e s i g n e d  t o  promote f low a t t a c h m e n t  t o  t he  lower  s u r -  
f a c e  when t h e  s p o i l e r  i s  dep loyed .  The b r a c k e t s  f o r  s p o i l e r  
a t t a c h m e n t  and s e t t i n g  w e r e  a t t a c h e d  t o  t h e  t u n n e l  s i d e w a l l  
e n d p l a t e s  t o  m i n i m i z e  i n t e r f e r e n c e .  The s p o i l e r  was f i t t e d  

w i t h  p r e s s u r e  t a p s  f o r  e v a l u a t i o n  of hinge-rcoments. 
E f f e c t s  of  s p o i l e r  d e f l e c t i o n  on l i f t  are shown i n  f i g u r e  

1 4  f o r  v a r i o u s  f l a p  d e f l e c t i o n s .  I n c r e m e n t a l  e f f e c t s  of spoi 1- 
er  d e f l e c t i o n  are  shown i n  f i g u r e  15 .  These  d a t a  show p o s i t i v e  
c o n t r o l  r e s p o n s e  (loss of  l i f t )  f o r  even  t h e  s m a l l e s t  c o n t r o l  
d e f l e c t i o n  ( 2 . 5 O )  a t  a l l  f l a p  s e t t i n g s .  The r e s u l t s  a r e  es- 
p e c i a l l y  e n c o u r a g i n g  i n  l i g h t  of  t h e  e a r l i e r  r e s e a r c h ,  and 
c l e a r l y  i n d i c a t e  t h e  advan tages  of t h e  s l o t - l i p  a r r a r g s m e n t  
as opposed t o  a more fo rward  s p o i l e r  l o c a t i o n .  

The c o n t r o l  r e s p o n s e  f o r  small s p o i l e r  d e f l e c t i o n s  w i t h  

3 0 ° ,  3 5 O ,  and 4 0 °  f l a p  d e f l e c t i o n s  i s  so l a r g e  t h a t  one ques -  
t i o n s  whe the r  o v e r - c o n t r o l l i n g  might  a r i s e  w i t h  t h i s  c o n f i g u -  
r a t i o n .  

F l i g h t  r e s e a r c h  using a v a r i a b l e  s t a b i l i t y  a i r c r a f t  h a s  
been  conduc ted  by E l l i s  and T i l a k  ( r e f .  1 6 )  t o  e x p l o r e  t h e  e f -  
f e c t s  of v a r i o u s  n o n - l i n e a r  c o n t r o l  c h a r a c t e r i s t i c  c u r v e s ,  i n -  
c l u d i n g  cases w i t h  s t e e p  i n i t i a l  g r a d i e n t s .  T h i s  r e s e a r c h  i n d i -  
c a t e s  t h a t  a s t e e p  i n i t i a l  g r a d i e n t  i s  less s a t i s f a c t o r y  t h a n  a 
l i n e a r  c h a r a c t e r i s t i c ,  b u t  more s a t i s f a c t o r y  t h a n  an i n i t i a l l y  

s h a l l o w  g r a d i e n t  or  dead  band.  
I n  any case, p o t e n t i a l  problems r e l a t e d  t o  t o o  much c o n t r o l  

are p r o b a b l y  e a s i e r  t o  s o l v e  t h a n  t o o  l i t t l e  c o n t r o l .  For  ex-  
ample,  w i t h  t h e  p r e s e n t  c o n f i g u r a t i o n  t h e  problem might  be  m i n i -  
mized by l i m i t i n g  f l a p  d e f l e c t i o n  t o  a b o u t  30° and u t i l i z i n g  a 
somewhat s h o r t e r  s p o i l e r  chord .  The p e n a l t y  i n  c ~ . ~ ~ ~  f o r  l i m i t i n g  
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f l a p  d e f l e c t i o n  t o  3 0 "  i s  q u i t e  modes t ,  amounting t o  o n l y  
0 . 0 7  i n c r e m e n t .  

S p o i l e r  h i n g e  moment d a t a  r e f l e c t  t r e n d s  v e r y  s i m i l a r  t o  
t h o s e  e x h i b i t e d  by  s p o i l e r s  a p p l i e d  t o  t h e  G A ( W ) - l  a i r f o i l .  
For  z e r o  s p o i l e r  d e f l e c t i o n ,  r e l a t i v e l y  l a r g e  o p e n i n g  moments 
a r e  p r e s e n t ,  due t o  t h e  a f t  camber o f  t h e  G A ( W )  a i r f o i l s .  Fo r  
1 0 "  f l a p  a p e c u l i a r  n o n - l i n e a r  h i n g e  moment c h a r a c t e r i s t i c  i s  
obse rved  a t  2 0 "  s p o i l e r .  Reasons f o r  t h i s  b e h a v i o r  are n o t  
c l e a r ,  b u t  i t  i s  s p e c u l a t e d  t h a t  t h e  l a r g e  o v e r l a p  a s s o c i a t e d  
w i t h  t h e  10" f l a p  s e t t i n g  R i g h t  l e a d  t o  an u n s t a b l e  s l o t  f l o w ,  
w i t h  t h e  f low a t t a c h i n g  a l t e r n a t e l y  t o  t h e  f l a p  and t o  t h e  
s p o i l e r .  The n o n - l i n e a r i t y  was n o t  o b s e r v e d  i n  t h e  s p o i l e r  

c o n t r o l  e f f e c t i v e n e s s  tes ts .  

CONCLUSIONS 

1. The p r e s e n t  wind t u n n e l  t e s t s  p r o v i d e  a d a t a  b a s e  f o r  
d e s i g n e r s  f o r  a 2 0 %  a i l e r o n ,  2 5 %  and 30% f l a p s  and a 1 0 %  s p o i l -  
e r  a p p l i e d  t o  t h e  G A ( W ) - 2  a i r f o i l .  

c o n s i s t e n t  w i t h  a i l e r o n s  a p p l i e d  t o  o t h e r  a i r f o i l s .  
2 .  A i l e r o n  pe r fo rmance  w i t h  t h e  G A ( W ) - 2  s e c t i o n  i s  q u i t e  

3 .  The G F . ( W ) - 2  a i r f o i l  p r o v i d e s  s i g n i f i c a n t l y  h i g h e r  
pe r fo rmance  t h a n  NACA a i r f o i l s ,  b o t h  w i t h  and w i t h o u t  Rmax C 

f l a p s .  Per formance  w i t h  f l a p s  i s  n e a r l y  i d e n t i c a l  t o  t h e  
GA (W) -1 s e c t i o n .  

s e c t i o n  i n  combina t ion  w i t h  a s l o t t e d  f l a p  p r o v i d e s  p o w e r f u l ,  
p o s i t i v e  c o n t r o l  a t  a l l  f l a p  s e t t i n g s .  

4. A s l o t - l i p  s p o i l e r  a p p l i e d  t o  t h e  G A ( W ) - 2  a i r f o i l  

A e r o n a u t i c a l  E n g i n e e r i n g  Department  
W i c h i t a  S t a t e  U n i v e r s i t y  
W i c h i t a ,  Kansas 6 7 2 0 8  
Augus t ,  1 9 7 6  
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S k i r t  #2  I 
.7625c 

F l a p  Upper S u r f a c e  

X / C  z / c  

0.7500 
, 7 5 3 1  
,7562 
.7593 
.7625 
.7750 
,7875  
-8000 
.8125 
.8250 
.8375 
.8500 
.8625 
,8742 
.8875 
.a992 

- 0 . 0 0 1 0  
0.0072 
.0109 
.(I138 
. a164  
.0234 
.0276 
.0298 
.0307 
.0308 
. 0 3 0 6  
.0302 
.0288 
.0271  
.0250 
.0229 

Nose Radius = 0 . 0 1 2 ~  
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( x / c , z / c )  ( 0 . 7 6 2 ~ , - 0 . 0 0 0 8 7 ~ )  

Note: Remainder of f l a p  
c o n t o u r  matches basic a i r f o i l .  

S k i r t  #1 

Radius = 0 . 0 1 2 ~  

L o c a t i o n  ( x / c , z / c )  = (0.733c,-O.O0087c) 

( c )  25% S l o t t e d  F l a p .  
F i g u r e  1 - Cont inued .  
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Note: Remainder  of F l a p  con tour  m a t c h e s  basic  a i r f o i l .  

( d )  30% Fowler  F l a p .  
F i g u r e  1 - Cont inued .  
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(b) 30° Flap Deflection. 

Figure 5 - Optimization of 25% Flap. 
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