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SUMMARY 

The N a t i o n a l  Aeronau t i c s  and Space Admin i s t r a t ion  is c u r r e n t l y  i n v e s t i -  
g a t i n g  t h e  aerodynamic character is t ics  o f  advanced a i r c r a f t  concep t s  which are  
capab le  o f  c r u i s i n g  e f f i c i e n t l y  a t  supe r son ic  speeds.  These concep tua l  d e s i g n s  
a r e  r e p r e s e n t a t i v e  o f  f u t u r e  g e n e r a t i o n  commercial and m i l i t a r y  v e h i c l e s  and 
i n c o r p o r a t e  wing sweeps on t h e  o r d e r  of 70° t o  80°. U n f o r t u n a t e l y ,  owing t o  
t h e  h i g h  wing sweeps,  such c o n f i g u r a t i o n s  e x h i b i t  d e f i c i e n c i e s  i n  t h e  area o f  
subson ic  performance, s t a b i l i t y ,  and c o n t r o l .  

The p r e s e n t  paper  summarizes r e c e n t  advances ach ieved  by t h e  NASA Langley 
Research Center i n  t h e  subson ic  aerodynamics o f  h i g h l y  swept-wing des igns .  The  
most s i g n i f i c a n t  o f  these advances has  been t h e  development o f  leading-edge 
d e f l e c t i o n  concep t s  which e f f e c t i v e l y  reduce leading-edge flow s e p a r a t i o n .  The 
improved flow a t t achmen t  r e s u l t s  i n  s u b s t a n t i a l  improvements i n  low-speed per- 
formance, s i g n i f i c a n t  d e l a y  o f  l o n g i t u d i n a l  pi tch-up,  i n c r e a s e d  t r a i l i n g - e d g e  
f l a p  e f f e c t i v e n e s s ,  and i n c r e a s e d  l a t e r a l - c o n t r o l  c a p a b i l i t y .  

The paper a l s o  c o n s i d e r s  v a r i o u s  a d d i t i o n a l  t h e o r e t i c a l  and/or  experimen- 
t a l  s t u d i e s  which, i n  c o n j u n c t i o n  w i t h  con t inued  leading-edge d e f l e c t i o n  s t u -  
d i e s ,  forms t h e  basis  f o r  Lang ley ' s  f u t u r e  subson ic  research e f f o r t .  

INTRODUCTION 

The Na t iona l  Aeronau t i c s  and Space Admin i s t r a t ion  is c u r r e n t l y  i n v e s t i -  
g a t i n g  t h e  aerodynamic c h a r a c t e r i s t i c s  o f  advanced a i rc raf '  concep t s  which are  
capab le  o f  c r u i s i n g  e f f i c i e n t l y  a t  s u p e r s o n i c  speeds.  T. - y e  concep tua l  d e s i g n s  
are  r e p r e s e n t a t i v e  of f u t u r e  g e n e r a t i o n  commercial and m i l i t a r y  v e h i c l e s  and 
i n c o r p o r a t e  wing sweeps on t h e  o r d e r  o f  70° t o  80°. (See, f o r  example, refs.  1 
and 2.) U n f o r t u n a t e l y ,  owing t o  t h e  h igh  wing sweeps,  such c o n f i g u r a t i o n s  
e x h i b i t  d e f i c i e n c i e s  i n  t h e  area o f  subson ic  performance, s t a b i l i t y ,  and 
c o n t r o l .  The p r e s e n t  paper  is in t ended  t o  p rov ide  a b r i e f  overview of  the  NASA 
Langley subson ic  research e f f o r t  which is  in t ended  t o  e l i m i n a t e  o r  minimize 
these above-mentioned d e f i c i e n c i e s .  

SYMBOLS 

The l o n g i t u d i n a l  data are  r e f e r r e d  t o  t h e  s t a b i l i t y  system of  a x e s  wi th  
t h e  moment r e f e r e n c e  c e n t e r  be ing  l o c a t e d  a t  59.16 p e r c e n t  of t h e  r e f e r e n c e  
mean aerodynamic chord. The r e f e r e n c e  wing area and chord are based on t h e  
wing planform which r e s u l t s  from ex tend ing  t h e  inboa rd  ( 7 4 O )  leading-edge sweep 
a n g l e  and t h e  outboard (41.457O) t r a i l i n g - e d g e  sweep a n g l e  t o  t h e  model c e n t e r  
l i n e .  (See  f i g .  1.) 
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d r a g  c o e f f i c i e n t  of e q u i v a l e n t  symmetric c o n f i g u r a t i o n  (wi thou t  t w i s t  
o r  camber) a t  zero  l i f t  

l i f t  c o e f f i c i e n t ,  Lif t /qSref  
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l a t e r a l - s t a b i l i t y  d e r i v a t i v e ,  aC,/af3, p e r  deg 
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l o c a l  chord ,  m ( f t )  
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h e i g h t  of moment r e f e r e n c e  c e n t e r  above ground p l a n e ,  m ( f t )  

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

Reynolds number 

r e f e r e n c e  wing  area, m2 ( f t  ) 

leading-edge s u c t i o n  parameter  

streamwise d i s t a n c e  measured from wing l e a d i n g  edge 

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

a n g l e  of s i d e s l i p ,  deg 

geometr ic  a n h e d r a l ,  deg 

t r a i l i n g - e d g e  f l a p  d e f l e c t i o n  normal t o  h inge  l i n e ,  p o s i t i v e  when 

re fC 

2 

2 

t r a i l i n g  edge is down, deg 

leading-edge d e f l e c t i o n  normal t o  h inge  l i n e ,  p o s i t i v e  when l e a d i n g  
edge is down, deg  

DISCUSSION 

F i g u r e  1 p r e s e n t s  a three-view s k e t c h  o f  t h e  Langley SCR b a s e l i n e  concept  
( r e f .  3) which h a s  se rved  as t h e  focal p o i n t  for  t h e  r e s e a r c h  e f fo r t  summarized 
i n  f i g u r e  2 .  It  should be noted  t h a t  whi le  much of t h e  r e s e a r c h  has  been 
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conducted f o r  a p a r t i c u l a r  concep tua l  d e s i g n ,  t h e  r e s u l t s  a re  cons ide red  t o  be 
a p p l i c a b l e  t o  t h e  g e n e r i c  c lass  o f  h i g h l y  swept-wing c o n f i g u r a t i o n s .  Recent 
r e s u l t s  ob ta ined  f o r  t h e  areas of r e s e a r c h  i n d i c a t e d  i n  f i g u r e  2 a re  p resen ted  
i n  d e t a i l  i n  r e f e r e n c e s  4 through 7 and are  summarized h e r e i n .  

Effects  of Leading-Edge Devices  

A s  is well known, t h e  p r e v i o u s l y  mentioned d e f i c i e n c i e s  i n  low-speed 
performance, s t a b i l i t y ,  and c o n t r o l  aye l a r g e l y  a t t r i b u t a b l e  t o  t h e  problem o f  
leading-edge flow s e p a r a t i o n .  Consequently,  Langley h a s  c o n c e n t r a t e d  i ts  sub-  
s o n i c  research on d e v i s i n g  a s a t i s f a c t o r y  s o l u t i o n  t o  t h a t  problem. The means 
cons ide red  i n c l u d e :  d e f l e c t i o n  of t h e  l e a d i n g  edge i n  a n  a t t e m p t  t o  ach ieve  
a t t a c h e d  f low (which is d i s c u s s e d  i n  t h e  p r e s e n t  p a p e r )  and a t t e m p t s  t o  p rov ide  
a c o n t r o l l e d  flow s e p a r a t i o n  w i t h  v o r t e x  f l a p  concep t s  as w i l l  be d i s c u s s e d  i n  
subsequent  pape r s .  (See  re fs .  8 and 9 . )  

Effect o f  leading-edge d e f l e c t i o n  on performance.- F i g u r e  3 p r e s e n t s  t h e  
d r a g  p o l a r  f o r  t h e  c o n f i g u r a t i o n  wi th  u n d e f l e c t e d  l e a d i n g  edges. Also pre- 
s e n t e d ,  for purposes  o f  comparison, are drag p o l a r s  approximating t h e  c o n d i t i o n  
o f  f u l l y  a t t a c h e d  f low and t h e  c o n d i t i o n  o f  f u l l y  s e p a r a t e d  f low wi th  no sub- 
sequen t  
d i t i o n s  

cD 

and f o r  

cD 

r ea t t achmen t .  Expres s ions  f o r  t h e  d r a g  p o l a r s  r e p r e s e n t i n g  t h e s e  con- 
are g iven  f o r  f u l l y  attached flow a s  

%AR = ‘Dsym + ‘L 

f u l l y  s e p a r a t e d  f low a s  

(1) 

r e p r e s e n t s  t h e  drag c o e f f i c i e n t  o f  t h e  u n t w i s t e d ,  uncambered, ‘Dsym where 

wing-body combination a t  z e r o  l ift.  Cons ide ra t ion  o f  t h e  expe r imen ta l  d a t a  o f  
f i g u r e  3 i n d i c a t e s  t h a t  w i th  u n d e f l e c t e d  l e a d i n g  edges t h e  f low is on ly  par-  
t i a l l y  a t t a c h e d  for t h e  r ange  of l i f t  c o f f i c i e n t s  of i n t e r e s t ,  i .e . ,  CL > 0.3. 
Smoke and o i l  flow v i s u a l i z a t i o n  s t u d i e s  have i d e n t i f i e d  f low s e p a r a t i o n  on t h e  
outboard wing pane l  f o r  CY > 2 O  and flow s e p a r a t i o n  a t  t h e  wing apex and 
7 0 . 5 O  wing c rank  for a > 5 O .  

F i g u r e  4 p r e s e n t s  photographs o f  t h e  wind-tunnel models used t o  i n v e s t i -  
gate leading-edge d e f l e c t i o n  concep t s  i n t ended  t o  a l l e v i a t e  leading-edge f low 
s e p a r a t i o n .  The r a t i o n a l e  f o r  these leading-edge concep t s  is  d i s c u s s e d  i n  
d e t a i l  i n  r e f e r e n c e s  4 ,  6 ,  and 10. The u n d e r l y i n g  c o n s i d e r a t i o n ,  however, is 
simply one of a t t e m p t i n g  t o  a l i g n  t h e  l e a d i n g  edge w i t h  t h e  incoming f low 
f i e l d .  The f i g u r e  o f  merit c u s t o m a r i l y  selected f o r  such s t u d i e s  h a s  been t h e  
effect ive leading-edge s u c t i o n  pa rame te r ,  s ,  which is d e f i n e d  as i l l u s t r a t e d  
i n  f i g u r e  5. (See ref. 11 fo r  a d d i t i o n a l  d i s c u s s i o n  o f  s . )  Inasmuch as t h i s  
parameter  is in t ended  t o  s e r v e  as a n  i n d i c a t o r  o f  t o t a l  wing e f f i c i e n c y ,  i t  h a s  
become customary t o  i n c o r p o r a t e  t h e  i n f l u e n c e  o f  t r a i l i n g - e d g e  f l a p  d e f l e c t i o n  
i n  t h e  c a l c u l a t i o n  of s. T h i s  is accomplished by de te rmin ing  t h e  envelope of 
t h e  d r a g  p o l a r  f o r  t h e  c o n f i g u r a t i o n  w i t h  va ry ing  t r a i l i n g - e d g e  f l a p  d e f l e c t i o n  
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as  i l l u s t r a t e d  i n  f i g u r e  5 ( b ) .  It  is ,  o f  c o u r s e ,  acknowledged t h a t  by so  do ing  
t h e  v a l u e  o f  s ,  based on t h e  p o l a r  envelope,  is g r e a t l y  i n f l u e n c e d  by t h e  
e f f e c t i v e n e s s  o f  t h e  t r a i l i n g - e d g e  f l a p  system. 

An i n i t i a l  s t u d y  ( r e f .  4) i n  which an  a t t e m p t  was made t o  q u a l i t a t i v e l y  
e v a l u a t e  t h e  leading-edge upwash h a s  shown t h a t ,  f o r  h i g h l y  swept wings,  
t h e o r e t i c a l  e s t i m a t e s  o f  t h e  upwash are  s i g n i f i c a n t l y  greater t h a n  experimen- 
t a l l y  observed v a l u e s .  The r e s u l t s  o f  t h a t  s t u d y  l e d  N A S A  t o  e x p l o r e  a uniform 
300 leading-edge d e f l e c t i o n ,  where 300 was s e l e c t e d  as  it  was cons ide red  t o  
r e p r e s e n t  an  ave rage  v a l u e  o f  t h e  upwash a l o n g  t h e  span. The i n i t i a l  uniform 
300 d e f l e c t i o n  s t u d i e d  r e s u l t e d  from "on-si te"  m o d i f i c a t i o n s  t o  t h e  wind-tunnel 
model shown on t h e  l e f t  i n  f i g u r e  4. There was an  inadequa te  wedge f a i r i n g  
between t h e  deflected leading-edge segments and t h e  main wing s t r u c t u r e  which 
r e s u l t e d  i n  a s h o r t  bubble  s e p a r a t i o n  a t  t h e  shou lde r  o f  t h e  leading-edge f l a p .  
A more r e c e n t  s t u d y ,  i n  which a c i r c u l a r  arc  f a i r i n g  was i n t r o d u c e d ,  h a s  been 
found t o  e l i m i n a t e  t h i s  problem. F i g u r e  6 p r e s e n t s  t h e  v a l u e s  o f  s ca lcu -  
l a t e d  from t h e  p o l a r  enve lopes  as  a f u n c t i o n  o f  CL 
d e f l e c t e d  l e a d i n g  edges  wi th  bo th  f a i r i n g s .  Also shown, f o r  purposes  o f  com- 
p a r i s o n ,  a re  comparable r e s u l t s  f o r  t h e  c o n f i g u r a t i o n  w i t h  a n  u n d e f l e c t e d  
l e a d i n g  edge. A s  can be s e e n ,  bo th  o f  t h e  uniform 30° leading-edge configura-  
t i o n s  provided s i g n i f i c a n t  i n c r e a s e s  i n  s when compared w i t h  t h e  u n d e f l e c t e d  
l e a d i n g  edge. Furthermore,  t h e  c i rcular  a rc  leading-edge f a i r i n g  p rov ides  
abou t  5 t o  10 p e r c e n t  h i g h e r  v a l u e s  o f  s t h a n  t h e  wedge f a i r i n g .  It must be 
r e c a l l e d  t h a t  30° r e p r e s e n t s  an  ave rage  v a l u e  o f  t h e  leading-edge upwash, and 
a s  such ,  t h i s  30° l e a d i n g  edge is o v e r d e f l e c t e d  a t  inboa rd  span l o c a t i o n s  wh i l e  
be ing  u n d e r d e f l e c t e d  a t  outboard span l o c a t i o n s .  

f o r  t h e  uniform 30° 

A d d i t i o n a l  s t u d i e s  i n  which t h e  leading-edge d e f l e c t i o n  was contoured t o  
more n e a r l y  a l i g n  t h e  l e a d i n g  edge wi th  t h e  incoming f low a l o n g  t h e  e n t i r e  span 
have been conducted. The p a r t i c u l a r  concep t s  s t u d i e d  are r e f e r r e d  t o  a s  t h e  
NASA con t inuous ly  warped l e a d i n g  edge ( r e f .  6 )  and t h e  Boeing v a r i a b l e  camber 
l e a d i n g  edge ( r e f .  10). F i g u r e  7 p r e s e n t s  t h e  schedu le  f o r  t h e  leading-edge 
d e f l e c t i o n  a n g l e  as a f u n c t i o n  o f  t h e  nondimensional semispan f o r  t h e s e  con- 
c e p t s .  Experimental  v a l u e s  o f  leading-edge s u c t i o n  are p r e s e n t e d  as a f u n c t i o n  
o f  CL i n  f i g u r e  8 f o r  t h e  Boeing v a r i a b l e  camber concept  (based  on t h e  p o l a r  
enve lope ) .  Also p r e s e n t e d  f o r  purposes  o f  comparison are  t h e  co r re spond ing  
r e s u l t s  f o r  t h e  NASA uniform 30° d e f l e c t e d  l e a d i n g  edge. A s  can be s e e n ,  t h e  
Boeing v a r i a b l e  camber leading-edge concept  r e s u l t s  i n  a small i n c r e a s e  i n  s 
f o r  a g iven  CL. The N A S A  c o n t i n o u s l y  warped l e a d i n g  edge was u n f o r t u n a t e l y  
t e s t e d  on a model which d i d  no t  i n c o r p o r a t e  a t r a i l i n g - e d g e  f l a p  system, and 
hence,  a d i r e c t  comparison w i t h  t h e  v a l u e s  o f  s p r e s e n t e d  for t h e  o t h e r  con- 
c e p t s  (based on t h e  p o l a r  envelope)  is n o t  a p p r o p r i a t e .  Furthermore,  inasmuch 
as  t h e  Boeing v a r i a b l e  camber d e s i g n  p r o c e s s  was conducted f o r  c o n d i t i o n s  wi th  
6f 5 O ,  a comparison of r e s u l t s  f o r  c o n d i t i o n s  w i t h  6f Oo is n o t  a p p r o p r i a t e .  

I n  o r d e r  t o  p rov ide  a b a s i s  f o r  comparison and some i n s i g h t  i n t o  t h e  
e f fec t  o f  t r a i l i n g - e d g e  f l a p s ,  f i g u r e  9 p r e s e n t s  s versus  a f o r  t h e  con- 
f i g u r a t i o n  wi th  t h e  Boeing v a r i a b l e  camber leading-edge w i t h  s e v e r a l  v a l u e s  o f  
t r a i l i n g - e d g e  f l a p  d e f l e c t i o n .  Also p r e s e n t e d  i n  f i g u r e  9 i s  t h e  v a r i a t i o n  o f  
s w i t h  r e s p e c t  t o  a f o r  t h e  c o n f i g u r a t i o n  w i t h  t h e  c o n t i n o u s l y  warped 
l e a d i n g  edge and 6f = O o .  
r e s u l t s  i n  v a l u e s  o f  s which are e q u i v a l e n t  t o  t h o s e  ache ived  wi th  t h e  

A s  can be s e e n ,  t h e  c o n t i n u o u s l y  warped l e a d i n g  edge 
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v a r i a b l e  camber l e a d i n g  edge f o r  a g iven  a n g l e  of a t tack;  however, w i thou t  t h e  
t r a i l i n g - e d g e  f l a p  system, a higher  a is r e q u i r e d  t o  o b t a i n  a g iven  CL. 
A d d i t i o n a l  tests are planned for t h e  NASA c o n t i n u o u s l y  warped l e a d i n g  edge i n  
c o n j u n c t i o n  w i t h  a t r a i l i n g - e d g e  f l a p  system. Based on t h e  t r e n d s  observed 
from f i g u r e  9 ,  i t  is a n t i c i p a t e d  t h a t  l e v e l s  o f  l e a d i n g  edge s u c t i o n  h i g h e r  
t h a n  t h o s e  p r e s e n t l y  ach ieved  are o b t a i n a b l e .  

It should be no ted  t h a t  t h e  marked r e d u c t i o n  i n  leading-edge s u c t i o n ,  
which occur s  w i t h  i n c r e a s i n g  a n g l e  o f  a t tack,  i n d i c a t e s  t h a t  even w i t h  t h e  
deflected l e a d i n g  edges, flow s e p a r a t i o n  p e r s i s t s  a t  h i g h e r  a n g l e s  o f  a t tack .  
T h i s  r e s u l t  h a s  been confirmed by smoke flow v i s u a l i z a t i o n  s t u d i e s  which showed 
t h a t ,  f o r  a n g l e s  o f  a t tack on t h e  o r d e r  o f  80 t o  l o o ,  leading-edge s e p a r a t i o n  
o r i g i n a t e s  a t  t h e  70 .5O wing c rank  and on t h e  600 swept  outboard pane l .  
Inasmuch as  t h e  leading-edge d e f l e c t i o n  outboard o f  t h e  70 .5O wing crank is  
l a r g e l y  c o n s t r a i n e d  by a r e l a t i v e l y  s h o r t  chord,  a r e v i s e d  leading-edge hinge 
l i n e ,  p rov id ing  a n  i n c r e a s e d  chord f o r  t he  leading-edge segment ( a s  suggested 
i n  ref.  41, may a i d  i n  producing attached flow. It is fur ther  a n t i c i p a t e d  
t h a t  t h e  improvement provided by t h e  r e v i s e d  h inge  l i n e  would be enhanced upon 
t h e  e l i m i n a t i o n  o f  t h e  7 0 . 5 O  wing crank.  

Although s t u d i e s  have shown t h a t  a large chord Krueger f l a p  is  e f f e c t i v e  
i n  p rov id ing  attached f low on t h e  outboard p a n e l ,  such a d e v i c e  may be imprac- 
t i c a l .  Langley Research Center  is, t h e r e f o r e ,  s t u d y i n g  outboard pane l  t w i s t  
and sweep i n  c o n j u n c t i o n  w i t h  r e v i s e d  outboard pane l  l e a d i n g  edges i n  a n  
a t t e m p t  t o  d e f i n e  a l t e r n a t e  s o l u t i o n s  t o  t h e  problem o f  ou tboa rd  p a n e l  f low 
s e p a r a t i o n .  

Effect o f  leading-edge d e f l e c t i o n  on l o n g i t u d i n a l  s t a b i l i t y . -  I n  a d d i t i o n  
t o  improved low-speed performance, leading-edge d e f l e c t i o n  would be expected t o  
improve l o n g i t u d i n a l  s t a b i l i t y .  Experimental  r e s u l t s  are p r e s e n t e d  i n  f i g u r e  
10 i n  t h e  form o f  C, v e r s u s  CL and Cm v e r s u s  a. The symbols p re sen ted  
i n  f i g u r e  10 r e p r e s e n t  t h e  o n s e t  o f  pi tch-up f o r  t h e  r e s p e c t i v e  c o n d i t i o n s .  A s  
can  be seen ,  w i t h  u n d e f l e c t e d  l e a d i n g  edges, t h e  c o n f i g u r a t i o n  e x h i b i t s  a 
marked pitch-up character is t ic  f o r  CL > 0.3 o r  ty > 5O. The o n s e t  o f  t h i s  
pi tch-up character is t ic  is c o i n c i d e n t  w i t h  t h e  fo rma t ion  o f  wing apex v o r t i c e s  
and s e p a r a t i o n  of the  outboard wing panel .  A s  expected, d e f l e c t i n g  the  wing 
l e a d i n g  edge, the reby  postponing t h e  a n g l e  o f  a t t a c k  a t  which leading-edge 
s e p a r a t i o n  o c c u r s ,  r e s u l t s  i n  a postponement o f  t h e  pi tch-up c h a r a c t e r i s t i c .  
The m i l d  bu t  p e r s i s t e n t  pi tch-up character is t ic  e x h i b i t e d  by the  c o n f i g u r a t i o n  
w i t h  deflected l e a d i n g  edges is cons ide red  t o  be  a r e s u l t  o f  f low s e p a r a t i o n  on 
t h e  outboard wing panel .  While a d d i t i o n a l  research is planned t o  d e f i n e  t h e  
outboard pane l  geometry r e q u i r e d  t o  f u r t h e r  postpone t h i s  characterist ic,  
r e c e n t  s t u d i e s  i n d i c a t e  t h a t  t h e  l i n e a r i t y  o f  Cm v e r s u s  CL,  a s  provided by 
t h e  p r e s e n t  leading-edge d e v i c e s ,  may be s a t i s f a c t o r y  w i t h  t h e  i n t r o d u c t i o n  of 
a - l i m i t i n g  concep t s .  

Effect of leading-edge d e f l e c t i o n  on h i g h  l i f t . -  The i n f l u e n c e  o f  leading-  
edge d e f l e c t i o n  on t r a i l i n g - e d g e  f l a p  e f f e c t i v e n e s s  is summarized i n  f i g u r e  11. 
A s  would be expec ted ,  t h e  inc remen ta l  l i f t  provided by d e f l e c t i n g  t h e  p l a i n  
t r a i l i n g - e d g e  f l a p  system is markedly i n c r e a s e d  by t h e  improved flow at tachment  
o b t a i n e d  through leading-edge d e f l e c t i o n .  
i n d i c a t e  a l e v e l  o f  t r a i l i n g - e d g e  e f f e c t i v e n e s s  which is e q u i v a l e n t  t o  t h a t  

For v a l u e s  of 6f < 20°, t h e  r e s u l t s  
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p r e d i c t e d  by s i m p l e  v o r t e x - l a t t i c e  p o t e n t i a l - f l o w  t h e o r y  ( r e f .  1 2 ) .  Although a 
s l o t t e d  t r a i l i n g - e d g e  system may p rov ide  i n c r e a s e d  f l a p  e f f e c t i v e n e s s  for 6f > 
20°, a t  lower f l a p  d e f l e c t i o n s  i t  would no t  i n c r e a s e  t h e  l i f t i n g  c a p a b i l i t y  
above t h a t  which is a v a i l a b l e  through u s e  o f  a p p r o p r i a t e  leading-edge deflec- 
t i o n .  

Effect o f  leading-edge d e f l e c t i o n  on l a t e r a l  c o n t r o l . -  C o n s i s t e n t  w i t h  the 
i n c r e a s e d  t r a i l i n g - e d g e  f l a p  e f f e c t i v e n e s s ,  f i g u r e  12 shows t h a t  leading-edge 
d e f l e c t i o n  a l s o  p r o v i d e s  a marked i n c r e a s e  i n  t h e  r o l l  c o n t r o l  provided by t h e  
outboard a i l e r o n s .  Owing t o  t h e  e x c e s s i v e l y  h i g h  l e v e l  o f  e f f e c t i v e  d i h e d r a l ,  
which accompanies h i g h l y  swept wings,  improved r o l l  c o n t r o l  is p a r t i c u l a r l y  
c r i t i c a l  for t h i s  class o f  v e h i c l e .  When c o n s i d e r i n g  t h e  c u r r e n t  30 knot  cross- 
wind l a n d i n g  c r i t e r i a ,  t h e  p r e s e n t  l e v e l  o f  e f f e c t i v e  d i h e d r a l  r e q u i r e s  t h a t  
t h e  c o n f i g u r a t i o n  a c h i e v e  a l a t e r a l - c o n t r o l  c a p a b i l i t y  on t h e  o r d e r  o f  Cz = 
0.04. It is a n t i c i p a t e d  t h a t  i n c r e a s e d  l a t e ra l  c o n t r o l  w i l l  r e s u l t  from a d d i -  
t i o n a l  s t u d i e s  in t ended  t o  f u r t h e r  improve t h e  flow ove r  t h e  outboard wing 
panel .  

Effect o f  Reynolds Number 

It should be no ted  t h a t  t h e  data p resen ted  i n  t h e  p reced ing  s e c t i o n  were 
ob ta ined  from tes ts  conducted f o r  v a l u e s  o f  
hence,  t h e  r e s u l t s  may n o t  be d i r e c t l y  a p p l i c a b l e  t o  a i rcraf t  concep t s  which 
o p e r a t e  a t  v a l u e s  of RN on t h e  o r d e r  o f  100 x l o 6 .  An i l l u s t r a t i o n  of 
R N  effects is provided by c o n s i d e 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  over  t h e  
l e a d i n g  edge of t h e  70° swept g l o v e  o f  a n  F-111 a i r p l a n e .  
o b t a i n e d  d u r i n g  j o i n t  N A S A - A i r  Force f l i g h t  tests. F i g u r e  13 shows t h e  
a i r c ra f t  i n  f l i g h t  and i l l u s t r a t e s  t h e  c o n f i g u r a t i o n  c r o s s  s e c t i o n  a t  t h e  par- 
t i c u l a r  span s t a t i o n  o r  which t h e  data were measured. F i g u r e  1 4  p r e s e n t s  t h e  
expe r imen ta l  v a r i a t i o n  o f  Cp w i t h  t h e  nondimensional d i s t a n c e  from t h e  
l e a d i n g  edge S/c ,  a t  v a l u e s  o f  RN = 20 x l o6  and 40 x lo6 .  

a f t  o f  t he  l e a d i n g  edge. 
x lo6 are  i n d i c a t i v e  of a t t a c h e d  flow c o n d i t i o n s .  
t o  i l l u s t r a t e  t h e  need f o r  wind-tunnel tests conducted a t  r e p r e s e n t a t i v e  v a l u e s  
of f l i g h t  RN.  

R N  on t h e  o r d e r  o f  2.5 x l o 6 ;  

These data were 

Data ob ta ined  a t  
R N  = 20 x 10 6 i n d i c a t e  t h e  p re sence  o f  a v o r t e x  core p a s s i n g  abou t  3 p e r c e n t  

I n  c o n t r a s t  t o  t h i s  r e s u l t ,  data o b t a i n e d  a t  RN = 40 
The p reced ing  r e s u l t  s e r v e s  

A d d i t i o n a l  S t u d i e s  and F u t u r e  P l a n s  

Although t h e  development o f  leading-edge d e f l e c t i o n  concep t s  has been t h e  
r e c e n t  emphasis o f  t h e  subson ic  SCR e f f o r t ,  o t h e r  a s p e c t s  o f  t h e  concep tua l  
d e s i g n  are being a c t i v e l y  s t u d i e d  (see f ig .  2 ) .  These t h e o r e t i c a l  and/or  
expe r imen ta l  s t u d i e s ,  i n  c o n j u n c t i o n  w i t h  t h e  p r e v i o u s l y  d i s c u s s e d  leading-edge 
d e f l e c t i o n  s t u d i e s ,  form t h e  basis f o r  Langley 's  f u t u r e  subson ic  research 
e f f o r t .  T h i s  f u t u r e  research e f f o r t  is summarized i n  f i g u r e s  15 and 16. 
Highl ights  o f  v a r i o u s  isolated research e f f o r t s  are summarized i n  t h e  fol lowing 
d i s c u s s i o n .  

Leading-edge upwash.- A s  mentioned i n  a p rev ious  s e c t i o n ,  i n i t i a l  a t t e m p t s  
t o  q u a l i t a t i v e l y  e v a l u a t e  t h e  leading-edge upwash ( re f .  4 )  have shown t h a t  for 
h i g h l y  swept wings,  t h e o r e t i c a l  estimates o f  t h e  upwash are s i g n i f i c a n t l y  
greater than  e x p e r i m e n t a l l y  observed v a l u e s .  I n  o r d e r  t o  q u a n t a t i v e l y  d e f i n e  
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t he  leading-edge upwash, laser ve loc ime te r  t echn iques  w i l l  be  used t o  measure 
t h e  f low f i e l d .  It is a n t i c i p a t e d  t h a t  these s t u d i e s  w i l l  p rov ide  t h e  i n f o r -  
mat ion necessa ry  t o  develop optimum leading-edge d e f l e c t i o n  concepts .  

Inboard wing leading-edge sweep and h inge  l i n e . -  Low-speed exper imenta l  
s t u d i e s  (see,  f o r  example, refs. 4 and 6 )  have shown t h a t  f low s e p a r a t i o n  
o r i g i n a t e s  a t  t h e  mid-span wing crank.  These s t u d i e s  have shown t h a t ,  whi le  
postponed,  t h i s  s e p a r a t i o n  pheneomena p e r s i s t s  even w i t h  t h e  deflected leading-  
edge concepts  cons ide red  t o  date. I n  an  a t t e m p t  t o  q u a n t a t i v e l y  d e f i n e  t h e  
p o t e n t i a l  b e n e f i t s  o f  e l i m i n a t i n g  t h i s  inboard  sweep break,  exper imenta l  s t u d i e s  
w i l l  be  conducted w i t h  a c o n s t a n t  sweep inboard  l e a d i n g  edge, as sketched i n  
f i g u r e  16.  These s t u d i e s  w i l l  f u r t h e r  c o n s i d e r  a r e v i s e d  leading-edge h inge  
l i n e ,  a l s o  sketched i n  f i g u r e  16.  
i n  r e f e r e n c e  4, is in tended  t o  p rov ide  an  inc reased  leading-edge f l a p  chord 
outboard  (where i t  is most needed) w h i l e  r educ ing  t h e  chord inboa rd ,  where 
leading-edge d e f l e c t i o n  is less  c r i t i c a l .  

The r e v i s e d  h inge  l i n e ,  which i s  d i scussed  

Outboard p a n e l  t w i s t  and sweep.- As noted  i n  a p rev ious  s e c t i o n ,  p rov id ing  
attached f low on t h e  60° outboard  wing pane l  a t  moderate t o  h i g h  a n g l e s  of 
a t tack  remains a cha l l enge .  Consequent ly ,  tes ts  are planned t o  de te rmine  t h e  
e f fec t  of outboard  pane l  t w i s t  and sweep on low-speed performance, l o n g i t u d i n a l  
s t a b i l i t y ,  and la teral  c o n t r o l .  Inc reased  t w i s t  (washout)  o f  t h e  outboard  p a n e l  
would, o f  cour se ,  degrade t h e  span-load d i s t r i b u t i o n  and hence would have a 
d e t r i m e n t a l  e f fec t  on supe r son ic  performance. However, if a l l  movable wing t i p s  
a r e  cons ide red ,  i n c r e a s e d  washout may be a means for promoting a t t a c h e d  flow. 
Reduced sweep o f  t h e  outboard  pane l  ( i n  c o n t r a s t  t o  i n c r e a s e d  washout) may 
r e p r e s e n t  a more v i a b l e  s o l u t i o n  t o  t h e  problem. Recent in-house s t u d i e s  have 
i n d i c a t e d  t h a t  reduced outboard  pane l  sweep would n o t  s i g n i f i c a n t l y  degrade 
supe r son ic  performance. 

The i n t e n t  o f  t h e  above low-speed s tudy  is t o  de te rmine  t h e  t w i s t  and sweep 
o f  t h e  outboard  pane l  ( i n  con junc t ion  wi th  r e v i s e d  outboard  pane l  leading-edge 
t r ea tmen t )  r e q u i r e d  t o  p rov ide  attached flow and t o  de te rmine  t h e  magnitude o f  
t h e  r e s u l t i n g  improvements i n  t h e  low-speed aerodynamic charactersit ics so t h a t  
a detai led trade s t u d y  can  be  conducted. 

Outboard v e r t i c a l - f i n  p o s i t i o n  and o r i e n t a t i o n . -  A theoretical  s t u d y  pre-  
s e n t e d  i n  r e f e r e n c e  7 has  shown t h a t  i n c r e a s i n g  t h e  inwardly  directed load  on 
t h e  outboard  v e r t i c a l  f i n  r e s u l t s  i n  a n  improved span-load d i s t r i b u t i o n ,  and 
t h e r e f o r e ,  improved low-speed performance. The s t u d y  has  shown t h a t  such a n  
i n c r e a s e  i n  load  may be  accomplished by moving t h e  outboard  v e r t i c a l  f i n  fo r -  
ward o r  by t o e i n g  t h e  v e r t i c a l  f i n  inwardly.  Inasmuch as t h e  p r e s e n t  p o s i t i o n  
and o r i e n t a t i o n  of the  outboard  v e r t i c a l  f i n  is based on s u p e r s o n i c  performance 
c o n s i d e r a t i o n s ,  such  changes may be  i n a p p r o p r i a t e .  However, a n  a l t e r n a t e  means 
o f  i n c r e a s i n g  t h e  v e r t i c a l  f i n  load  would be  t o  produce a n  e f f e c t i v e  camber 
s u r f a c e  by i n t r o d u c i n g  a v e r t i c a l  f i n  rudder .  Such a system may a l s o  r e q u i r e  
some form o f  v e r t i c a l  f i n  leading-edge t r ea tmen t  t o  p reven t  f low s e p a r a t i o n .  
Wind-tunnel tes ts  are planned t o  de te rmine  i f  t h e  improvement i n  low-speed per-  
formance p r e d i c t e d  by t h e o r y  can be achieved .  

Geometric anhedra1.- As noted  i n  a p rev ious  s e c t i o n ,  t h e  e x c e s s i v e l y  h igh  
l e v e l  o f  e f f e c t i v e  d i h e d r a l ,  which is a s s o c i a t e d  w i t h  h i g h  wing sweep, is found 



t o  r e q u i r e  r e l a t i v e l y  h igh  l e v e l s  of l a te ra l  c o n t r o l  t o  meet t h e  c u r r e n t  30 
kno t  crosswind l a n d i n g  c r i t e r i a .  These v a l u e s  o f  C2 however, are based on 

tes t  data f o r  t h e  c r u i s e  shape  wing. Recent s t r u c t u r a l  a n a l y s i s  has  shown t h a t  
i n  t h e  l and ing  c o n d i t i o n  t h e  wing assumes a shape which is somewhat d i f f e r e n t  
from t h e  c r u i s e  shape.  
f i g u r a t i o n  having an  i n c r e a s e d  geometr ic  anhedra l  f o r  t h e  l a n d i n g  c o n d i t i o n .  

P '  

The d i f f e r e n c e  %- 'wing  shape  r e s u l t s  i n  t h e  con- 

Recent wind-tunnel tests (se*e ref.  6 )  have determined t h e  v a r i a t i o n  of  
C w i t h  r e s p e c t  t o  geometric a n h e d r a l  and have f u r t h e r  shown t h a t  t h e  inc re -  

ment i n  C due t o  a n h e d r a l  can  be approximated w i t h  t h e  u s e  o f  s i m p l e  

v o r t e x - l a t t i c e  theo ry  (see f ig .  17). Based on t h e  a n t i c i p a t e d  shape o f  t h e  
wing i n  t h e  l and ing  c o n d i t i o n ,  and t h e  r e s u l t s  ob ta ined  from r e f e r e n c e  5 ,  i t  is 
cons ide red  t h a t  t h e  v a l u e s  o f  

c r u i s e  shape wing) are about  10 p e r c e n t  high. T h i s  v a l u e  w i l l  be  r e f i n e d  w i t h  
subsequent  wind-tunnel tests of t h e  c o n f i g u r a t i o n  employing t h e  assumed l and ing  
geometry. 

Ct (as p r e d i c t e d  by wind-tunnel tes ts  o f  t h e  
P 

Leading-edge o p t i m i z a t i o n  for h i g h - l i f t  condi t ion . -  As noted  p r e v i o u s l y ,  
t h e  NASA con t inuous ly  warped l e a d i n g  edge has provided  h i g h e r  l e v e l s  o f  
leading-edge s u c t i o n  than  t h e  o t h e r  concep t s  cons idered .  However, t h i s  concept  
was tested on a model which d i d  n o t  i n c o r p o r a t e  t r a i l i n g - e d g e  f l a p s ,  and hence,  
its h i g h - l i f t  characterist ics are n o t  well de f ined .  Experimental  s t u d i e s  w i l l  
be conducted f o r  t h e  con t inuous ly  warped l e a d i n g  edge i n  con junc t ion  w i t h  a 
t r a i l i n g - e d g e  f l a p  system. P re l imina ry  ev idence  i n d i c a t e s  t h a t  t h e  inc reased  
c i r c u l a t i o n  provided by t h e  t r a i l i n g - e d g e  f l a p  system may r e q u i r e  t h e  leading-  
edge d e f l e c t i o n  schedu le  t o  be opt imized  as a f u n c t i o n  o f  t r a i l i n g - e d g e  f l a p  
d e f l e c t i o n .  

Ground effects.- Recent s t u d i e s  o f  ground effects  ( re f .  51, conducted 
u s i n g  a v o r t e x - l a t t i c e  t h e o r e t i c a l  model ( w i t h  ground-plane image) and expe r i -  
men ta l ly  w i t h  a moving ground b e l t ,  have shown t h a t  t h e  c o n f i g u r a t i o n ,  as 
expec ted ,  expe r i ences  a n  i n c r e a s e  i n  l ift,  a r e d u c t i o n  i n  induced drag, and a n  
i n c r e a s e  i n  l o n g i t u d i n a l  s t a b i l i t y  when i n  ground effect  (see f ig .  18). The 
s t u d y  has shown t h a t  t h e  effects are g e n e r a l l y  more pronounced than  p rev ious  
estimates had i n d i c a t e d  and r e s u l t  i n  a greater r e d u c t i o n  i n  v e r t i c a l  descen t  
ra te  than  i n i t i a l l y  a n t i c i p a t e d .  The s t u d y ,  however, d i d  n o t  address t h e  
p o s s i b l e  power-induced effects and ,  as such ,  remains  incomplete .  Curren t  p l a n s  
i n c l u d e  a d d i t i o n a l  tes ts  t o  d e f i n e  t h e  i n f l u e n c e  of t h r u s t  on ground effects  
wh i l e  s imul taneous ly  e x p l o r i n g  t h e  magnitude and e x t e n t  of t h e  t r a i l i n g  v o r t e x  
phenomena as i t  e x i s t s  for t h e  p r e s e n t  SCR concept .  

Reynolds number effects.- Limited a v a i l a b l e  data i n d i c a t e  t h a t  s i g n i f i c a n t  
Reynolds number effects may ex is t  for h i g h l y  swept wing concep t s .  
Research Center  is, t h e r e f o r e ,  i n  t h e  p rocess  of d e f i n i n g  a h i g h l y  swept wing, 
g e n e r a l  research model c a p a b l e  o f  be ing  tested a t  v a l u e s  of RN on t h e  order 
o f  100 x lo6  and a co r re spond ing  Mach number of 0.3. 
p o s s i b l e  i n  t h e  Na t iona l  Transonic  F a c i l i t y  and are t e n t a t i v e l y  scheduled f o r  
1982. 

Langley 

These  tests w i l l  be  
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CONCLUDING REMARKS 

The present paper has been intended to briefly summarize recent advances 
achieved by the NASA Langley Research Center in the subsonic aerodynamics of 
low-aspect-ratio, highly swept-wing designs. The most significant of these 
advances has been the development of leading-edge deflection concepts which 
effectively reduce leading-edge flow separtion. The improved flow attachment 
results in substantial improvements in low-speed performance, significant delay 
of longitudinal pitch-up, increased trailing-edge flap effectiveness, and 
increased lateral-control capability. 

The paper also considers various additional theoretical and/or experimen- 
tal studies which, in conjunction with the continued leading-edge deflection 
studies, forms the basis for Langley's future subsonic research effort. 
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Figure 1.- Three-view sketch of Langley SCR baseline concept. 
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Figure 2.- Summary of the NASA-LRC subsonic SCR program. 
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Figure 3.- Drag polar for baseline configuration. 

Figure 4 . -  Photographs of models used in leading-edge deflection studies., 
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Figure 5,- Illustration of leading-edge suction determination. 
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Figure 6.- s versus for baseline configuration with uniformly 
deflected ng edge. (Polar envelope method. ) 
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Figure 7.- Leading-edge deflection schedule for concepts studied. 
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Figure 8.- s versus CL for configuration with uniformly deflected 
leading edge and Boeing variable camber leading edge. 
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Figure 9.- Comparison of leading-edge suction for Boeing variable 
camber and NASA continuously warped leading edges. 
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Figure 10.- Effect of leading-edge deflection on longitudinal stability. 
(Symbols represent the onset of pitch-up.) 
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Figure 11.- Effect of leading-edge deflection on trailing-edge 
flap effectiveness. 
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Figure  12.- E f f e c t  of leading-edge d e f l e c t i o n  on a i l e r o n  e f f e c t i v e n e s s .  
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Figure  13.-  F-111 dur ing  j o i n t  NASA-Air Force f l i g h t  tests, 
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Figure 14 . -  Influence of RN on leading-edge pressure distribution.  
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Figure 15.-  Summary of NASA-LRC future subsonic research e f f o r t .  

30 



CONCEPT STUDIES 

INBOARD W I N G  
A 

0 LEADING EDGE SWEEP 

0 LEADING EDGE HINGE LINE 

Figure  17.-  V a l u  

39'- 65' 

OUTBOARD W I N G  PANEL 

0 TWIST 

0 SWEEP 

0 CAMBERED LEADING EDGE 

OUTBOARD VERTICAL F I N  

0 TOEANGLE 
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Figure 18.- Influence of ground effects on longitudinal aerodynamic 
characteristics. 6f = 20°; 6,, = 30°. 
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(c) I n f l u e n c e  of  ground e f f e c t s  on l o n g i t u d i n a l  s t a b i l i t y .  

F i g u r e  18.- Concluded. 
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