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SUMMARY 

The drag-reduct ion p o t e n t i a l  of a vor tex- f lap  concept ,  u t i l i z i n g  t h e  t h r u s t  
c o n t r i b u t i o n  of s e p a r a t i o n  v o r t i c e s  maintained over leading-edge f l a p  s u r f a c e s ,  
has  been explored i n  subsonic  wind tunne l  t es t s  on a h igh ly  swept arrow wing 
conf igu ra t ion .  
v ious  s tudy  on t h e  same model wi th  lead ing  edges drooped f o r  a t tached  flow. 
The most promising vo r t ex - f l ap  arrangements produced drag r educ t ions  comparable 
wi th  leading-edge droop over a range of l i f t  c o e f f i c i e n t s  from 0 .3  t o  0.6 
(untrimmed), and a l s o  ind ica t ed  b e n e f i c i a l  e f f e c t s  i n  t h e  l o n g i t u d i n a l  and 
la teral  s t a t i c  s t a b i l i t y  c h a r a c t e r i s t i c s .  

Seve ra l  f l a p  geometr ies  were t e s t e d  i n  comparison wi th  a pre- 

INTRODUCTION 

The low-speed aerodynamics of h ighly  swept, s l ende r  wings favored f o r  
supersonic  c r u i s e  a i r c r a f t  cont inues  t o  r e c e i v e  a t t e n t i o n  on account of its 
s e r i o u s  performance, s t a b i l i t y  and c o n t r o l  d e f i c i e n c i e s .  Leading-edge flow 
s e p a r a t i o n  and r e s u l t i n g  v o r t i c e s  are  known t o  be  t h e  primary cause of drag 
and l o n g i t u d i n a l  i n s t a b i l i t y  problems encountered on such conf igu ra t ions  a t  
ang le s  of a t t a c k .  Cont ro l  of s e p a r a t i o n  a t  h igh ly  swept lead ing  edges there-  
f o r e  has  a t t r a c t e d  much in te res t  and remains a r e s e a r c h  and engineer ing problem 
wi th  high pay-off p o t e n t i a l .  

An obvious approach t o  t h e  problem i s  t h e  u s e  of leading-edge droop, which 
p a s t  experience has  shown t o  be an  e f f e c t i v e  means to raise the  ang le  of a t t a c k  
l i m i t  f o r  a t t a c h e d  f low and thus  de lay  t h e  drag  i n c r e a s e  t o  a h igher  l i f t  coef- 
f i c i e n t .  
of 70' or  g r e a t e r )  where t h e  c i rcu la t ion- induced  upwash normal t o  t h e  lead ing  
edges grows r a p i d l y  no t  on ly  wi th  a n g l e  of a t t a c k  bu t  a l s o  i n  a spanwise d i r ec -  
t i o n .  A highly  warped l ead ing  edge wi th  pronounced droop ang le s  w i l l  t h e r e f o r e  
be needed f o r  f u l l y  a t t a c h e d  flow subsonica l ly .  S ince  t h e  drag  pena l ty  of such 
a leading  edge could not  be t o l e r a t e d  i n  supersonic  c r u i s e ,  an  a r t i c u l a t e d  and 

It has  l i m i t a t i o n s  however on h igh ly  swept wings (leading-edge sweep 
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mechanically complex leading-edge des ign  wi th  a s s o c i a t e d  weight p e n a l t i e s  ap- 
pea r s  i n e v i t a b l e .  Also,  t h e  p o s s i b i l i t y  of s e p a r a t i o n  inboard along the  h ighly  
curved knee-l ine ( f i g .  1, C) may l i m i t  t h e  advantage of a t t a c h e d  leading-edge 
flow. While t h e  aerodynamic p o t e n t i a l  of op t imal ly  t a i l o r e d  droop on h ighly  
swept wings has been demonstrated ( r e f .  11, t h e  ques t ion  remains as t o  t h e  
f e a s i b i l i t y  of i t s  r e a l i z a t i o n  i n  p r a c t i c e .  

The vor tex- f lap  concept i s  a n  a l t e r n a t i v e  approach t o  swept leading-edge 
flow management wi th  a view t o  r e t a i n  e f f e c t i v e  leading-edge s u c t i o n  beyond 
t h e  normal a t tached-f low a n g l e  of a t t a c k  regime. It  i s  based on c o n t r o l l e '  
s e p a r a t i o n  t o  produce c o i l e d  v o r t i c e s  whose s u c t i o n  e f f e c t  over  i n c l i n e d  lead- 
ing-edge s u r f a c e s  i s  u t i l i z e d  t o  gene ra t e  a t h r u s t  component. Although uncon- 
ven t iona l ,  t h i s  approach i s  based on flow mechanisms t h a t  are p h y s i c a l l y  w e l l  
understood v i z .  streamwise v o r t i c e s  a r i s i n g  from swept-edge s e p a r a t i o n s  and 
t h e i r  powerful i n t e r a c t i o n  w i t h  t h e  i n v i s c i d  flow f i e l d .  

The vo r t ex - f l ap  device  i s  conceived he re  as a s u r f a c e  hinged j u s t  under 
t h e  lead ing  edge and r e t r a c t e d  f l u s h  wi th  the  wing undersur face  when inope ra t ive  
( f i g .  1, D),. 
less than  t h e  l o c a l  upwash, f o r c i n g  s e p a r a t i o n  and a r e s u l t a n t  c o i l e d  vo r t ex  
c l o s e  t o  i t s  upper su r face .  
s t a b i l i t y  and p e r s i s t e n c e  of t h e  vo r t ex  down t h e  l e n g t h  of t h e  f l a p .  For most 
e f f i c i e n t  u t i l i z a t i o n  of t h e  f l a p  s u r f a c e  under the  v o r t e x  s u c t i o n  and a l s o  f o r  
smooth e n t r y  t o  t h e  wing, t h e  vortex-induced reat tachment  should occur  j u s t  a t  
t h e  wing l ead ing  edge as  ind ica t ed  i n  f i g u r e  1, D.  

To  deploy t h e  f l a p ,  i t  is  r o t a t e d  forward and set a t  a n  angle  

The h igh  degree of leading-edge sweep promotes 

Proof-of concept tests w e r e  conducted a t  NASA Langley on a 74' d e l t a  wing 
r e sea rch  model f o r  a n  i n i t i a l  assessment of t h e  vo r t ex - f l ap  p o t e n t i a l  and t o  
o b t a i n  a g e n e r a l  understanding of t h e  f l a p  geometry v a r i a b l e s  of importance 
( r e f .  2 ) .  
f u r t h e r  s t u d i e s  us ing  a supe r son ic  c r u i s e  conf igu ra t ion  on which a n  ex tens ive  
d a t a  base  a l r e a d y  e x i s t e d ,  p a r t i c u l a r l y  wi th  regard t o  leading-edge droop 
e f f e c t s .  Se lec ted  r e s u l t s  of t h e s e  explora tory  i n v e s t i g a t i o n s  are presented  
i n  t h i s  paper t o  provide  a n  i n d i c a t i o n  of t h e  drag-reduct ion p o t e n t i a l  of t h e  
vor tex- f lap  concept relative t o  drooped leading  edges and i t s  impact on o t h e r  
low-speed aerodynamic c h a r a c t e r i s t i c s  of a real is t ic  a i r p l a n e  conf igu ra t ion .  

The r e s u l t s  of t h e s e  t r i a l s  were s u f f i c i e n t l y  encouraging t o  prompt 

SYMBOLS 

l i f t  c o e f f i c i e n t  

drag c o e f f i c i e n t  

p i t c h i n g  moment c o e f f i c i e n t  

l i f t - t o -d rag  r a t i o  

ang le  of a t  t a c k  (deg . ) 
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SYMBOLS (concluded) 

B ang le  of s i d e s l i p  (deg . ) 
body-axis d i r e c t i o n a l  s t a t i c  s t a b i l i t y  d e  i v a t i v e  (per  deg:)  

B 
'n 

body-axis la teral  s t a t i c  s t a b i l i t y  d e r i v a t i v e  (per deg.)  
clB 

PRELIMINARY VORTEX-FLAP EXPERIMENTS ON A DELTA W I N G  

The i n i t i a l  t r ia ls  of t he  lead ing  edge vo r t ex - f l ap  (LEVF) concept w e r e  
conducted on a f l a t - p l a t e  t y p e  74O d e l t a  wing model 
t o  a cons t an t  r a d i u s  semi-c i rcu lar  s e c t i o n ,  i n  t h e  NASA Langley 7x10 f t .  h igh  
speed tunne l  a t  a nominal Mach number of 0 .2  (Reynolds number = 2.7 x l o 6  based 
on mean aerodynamic chord) .  The d e t a i l s  of t h i s  test program and the  r e s u l t s  
are repor t ed  i n  r e f e r e n c e  2.  A series of sys temat ica l ly-var ied  LEYF geometr ies  
w e r e  i n v e s t i g a t e d ,  inc luding  cons tan t  chord f u l l - l e n g t h  and par t - length  f l a p s  
and inverse- taper  f l a p s ,  a t  two d e f l e c t i o n  ang le s  (30' and 45' normal t o  the  
l ead ing  edge) .  
15% of t h e  b a s i c  wing area through success ive  geometr ic  re f inements  f o r  improv- 
ing  t h e  drag-reduct ion e f f e c t i v e n e s s .  

wi th  l ead ing  edges modified 

The f l a p  area w a s  p rog res s ive ly  reduced from over  25% t o  about 

A t y p i c a l  set of d a t a  p e r t a i n i n g  t o  t h e  f i n a l  LEVF conf igu ra t ion  of t h i s  
test  series i s  presented  i n  f i g u r e  2.  
l ead ing  edge d a t a  p rev ious ly  obtained on t h e  same w i n g  ( s ee  NASA TN D-6344) 
which correspond t o  ze ro  leading-edge suc t ion ,  as w e l l  as a c a l c u l a t e d  100% 
s u c t i o n  curve f o r  t h e  b lun t  lead ing  edge. These comparisons serve t o  i n d i c a t e  
t h e  l i f t / d r a g  r a t i o  b e n e f i t s  obtained l a r g e l y  as a r e s u l t  of l i f t -dependent  
drag  r educ t ions  r e l a t i v e  t o  t h e  b a s i c  wing. 
improvement i s  due t o  t h e  e x t r a  l i f t  from t h e  planform area a d d i t i o n  of t h e  
f l a p s ,  which of cour se  i s  i n t e g r a l  t o  t h e  p re sen t  LEVF concept.  
t h a t  t h e  b e n e f i c i a l  e f f e c t  of LEVF i s  sus t a ined  t o  t h e  h ighes t  l i f t  c o e f f i c i e n t  
(1.0) of t h e  test  range. The p i t c h i n g  moment c h a r a c t e r i s t i c s  w i t h  LEVF a l s o  
shown i n  f i g u r e  2 remain l i n e a r  i n  t h e  
r educ t ion  i n  p i t c h  s t a b i l i t y .  

Also shown f o r  comparison are t h e  sharp 

A small p a r t  of t h e  ind ica t ed  

It is  noteworthy 

CL range of i n t e r e s t  w i t h  only  a s m a l l  

VORTEX-FLAP STUDIES ON SWAT CONFIGURATION 

A s  p a r t  of a r e s e a r c h  program aimed a t  advancing t h e  subsonic  l i m i t a t i o n s  
i n  swept wing aerodynamic technology (SWAT), t h e  p o t e n t i a l  of leading-edge droop 
has  been t h e  s u b j e c t  of r e c e n t  wind tunne l  i n v e s t i g a t i o n s  a t  Langley on an  arrow 
wing supersonic  c r u i s e  a i r c r a f t  con f igu ra t ion .  The SWAT model d e t a i l s  and an- 
a l y s i s  of d a t a  are presented  i n  r e f e r e n c e  1. 
r e f e r e n c e  f o r  a s s e s s i n g  LEVF arrangements s tud ied  i n  follow-on tests wi th  t h e  

These d a t a  were used t o  provide a 
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same model i n  t h e  Langley 7x10 f t .  h igh speed t u n n e l .  S e l e c t e d  r e s u l t s  from 
t h e s e  tests are p r e s e n t e d  and d i s c u s s e d  below ( t e s t  c o n d i t i o n s :  Mach no. = 
0.14, Reynolds no. = 2 . 8 ~ 1 0 ~  based on mean aerodynamic c h o r d ) .  

Vor t ex-Flap D e  t a i l s  

The two f i n a l  LEVF g e o m e t r i e s  of t h e  p r e s e n t  tes t  ser ies  are  shown i n  
f i g u r e  3.  The segmented arrangement  of t h e s e  LEVF d e s i g n s  d i s t i n g u i s h e s  them 
from t h e  one-piece f l a p s  earlier t e s t e d  on t h e  74' d e l t a  wing r e s e a r c h  model. 
A t  least  two f lap-segments  (LEVF # 9 )  w e r e  n e c e s s i t a t e d  because  of a break  
i n  t h e  leading-edge sweep a n g l e  a t  about  50% semi-span l o c a t i o n  on t h e  p r e s e n t  
c o n f i g u r a t i o n .  A four-segment v a r i a t i o n  (LEVF #8) w a s  a l s o  t e s t e d  f o r  a f i r s t  
look  a t  multi-segment LEVF ar rangements  which permi t  spanwise t a i l o r i n g  of 
d e f l e c t i o n  a n g l e  t o  maximize d r a g - r e d u c t i o n  and possib1.y f o r  some p i t c h i n g -  
moment c o n t r o l  f o r  t r i m ;  t h e y  may a l s o  b e  c o n s i d e r e d  more p r a c t i c a l  t h a n  one- 
p i e c e  f l a p s  on l a r g e  v e h i c l e s .  The l i m i t e d  scope  of  t h i s  s t u d y  however covered 
o n l y  one d e f l e c t i o n  s c h e d u l e  f o r  each LEVF arrangement  as i n d i c a t e d  i n  f i g u r e  
3 ( n o t e  t h a t  t h e  t i p  p a n e l  leading-edge f l a p  w a s  a lways d e f l e c t e d  down 50' 
u n l e s s  o t h e r w i s e  s t a t e d ,  as t h i s  w a s  found b e n e f i c i a l  f o r  d r a g  a t  t h e  h i g h e r  
a n g l e s  of a t t a c k ) .  

The t o t a l  area of t h e  four-segment f l a p  arrangement  w a s  a b o u t  two- th i rds  
t h e  two-segment LEVF and amounted t o  10.5% of t h e  wing r e f e r e n c e  area. The 
m a x i m u m  f l a p  chord (normal t o  h i n g e  l i n e )  w a s  7.5% of t h e  mean aerodynamic 
chord i n  b o t h  t h e  LEVF c o n f i g u r a t i o n s .  The f l a p  e lements  were c u t  from 1 . 6  rnm 
t h i c k  aluminum s h e e t ,  b e n t  as  r e q u i r e d  and secured  w i t h  screws under  t h e  lead-: 
i n g  edges which were i n  t h e  undrooped p o s i t i o n .  
t h e  s t e p s  and o t h e r  p r o t r u s i o n s  r e s u l t i n g  from t h i s  somewhat c r u d e  a t t a c h m e n t  
method, and i t  is  probably  f a i r  t o  assume t h a t  t h e  LEVF i n s t a l l a t i o n  d r a g  w a s  
r e l a t i v e l y  much more on the wind t u n n e l  model t h a n  w i l l  b e  i n c u r r e d  on  a f l i g h t  
v e h i c l e .  

No a t t e m p t  w a s  made t o  f a i r - i n  

L i f t  and Drag C h a r a c t e r i s t i c s  

The l i f t  and d r a g  measurements w i t h  LEVF (symbols) are  compared w i t h  t h e  
d a t a  of r e f e r e n c e  1 ( c u r v e s )  i n  f i g u r e  4. I n  a d d i t i o n  t o  undrooped l e a d i n g  
edge, d a t a  f o r  two leading-edge droop c o n f i g u r a t i o n s  are a v a i l a b l e ,  one  w i t h  
c o n s t a n t  30' droop and t h e  o t h e r  w i t h  droop a n g l e  i n c r e a s i n g  c o n t i n u o u s l y  from 
16' a t  t h e  f u s e l a g e  j u n c t i o n  t o  50' a t  t h e  t i p .  The e f f e c t i v e n e s s  of droop may 
b e  judged by t h e  e l i m i n a t i o n  of a d i s t i n c t i v e  upward b r e a k  i n  t h e  l i f t - c u r v e  
s l o p e  found on t h e  undrooped wing. However, e l i m i n a t i o n  of v o r t i c e s  r e s u l t s  i n  
a l i f t  l o s s  of as much as 1 7 %  a t  8" a n g l e  of a t t a c k .  
a r rangements  a re  p r a c t i c a l l y ' l i n e a r  i n  t h e  a n g l e  of a t t a c k  r a n g e  and i n d i c a t e  a 
much smaller l i f t  l o s s .  

The l i f t  d a t a  w i t h  LEVF 

1 2 0  



The drag d a t a  (p lo t t ed  ve r sus  C 2, i n  f i g u r e  4 show t h a t  LEVF 119 equals  
t he  drag-reduct ion c a p a b i l i t y  of t h e  96O-50' droop conf igu ra t ion  which probably 
r e p r e s e n t s  t h e  b e s t  a t tached-f low performance. The four-segment f l a p  (LEVF #8) 
with  30% less f l a p  area comes q u i t e  c l o s e  t o  t h e  performance of LEVF #9.  These 
t r ends  are f u r t h e r  i l l u s t r a t e d  i n  terms of l i f t - t o -d rag  r a t i o  i n  f i g u r e  5. 

0 
The above LEVF d a t a  correspond t o  t h e  + i p  panel lead:ng--edgc f l a p  a t  50 . 

Comparison with d a t a  f o r  u n d e f l e c t e d  I+c?tl i i , ~  t j r ' t  1' 6 TI10  t - ' ,a t  R 

s i g n i f i c a n t  L/D ga in  r e s u l t s  from t h i s  r e l a t i v e l y  s imple t i p -pane l  lr h g  
edge device.  Although they  have only 7 .5% of t h e  t o t a l  wing area, t h e  t i p  
pane ls  comprise 30% of t h e  exposed span and t h e r e f o r e  t h e  e f f e c t  of l o s s  of 
leading-edge s u c t i o n  a t  t h e  t i p  pane ls  i s  s u b s t a n t i a l .  
ope ra t e  i n  a r eg ion  of high induced upwash even a t  moderate l i f t  c o e f f i c i e n t s  
and so are prone t o  e a r l y  s ta l l .  The d a t a  of f i g u r e  6 are i n d i c a t i v e  of t h e  
importance of f low management i n  t h i s  area not  only f o r  drag  minimizat ion,  bu t  
a l s o  wi th  regard t o  l o n g i t u d i n a l  s t a b i l i t y  as w i l l  be  found i n  the  fol lowing 
sec t ion .  

The wing t i p s  ev iden t ly  

Longi tudinal  S t a b i l i t y  

The p i t ch ing  moment c h a r a c t e r i s t i c s  with LEVF are compared wi th  the  r e s u l t s  
from re fe rence  1 i n  f i g u r e  7 (note  t h a t  t hese  d a t a  p e r t a i n  t o  ' t a i l  o f f '  condi- 
t i o n  since t h e  a f t  fu se l age  and t h e  empennage were not  represented  on the  SWAT 
model). The undrooped l ead ing  edge d a t a  i n d i c a t e  a pitch-up a t  about 
which could be caused by wing leading-edge s e p a r a t i o n  o r  t ip -panel  s t a l l ,  o r  
both.  With droop, t h i s  adverse  f e a t u r e  i s  moderated. The p i t c h i n g  moment 
measurements wi th  LEVF ( taken about t h e  same center -of -gravi ty  p o s i t i o n  and 
t h e r e f o r e  showing a p o s i t i v e  s lope )  are  l i n e a r  up t o  
up appears;  however t h e  re la t ive  change of t h e  moment-curve s lope  a t  pitch-up 
i s  only 20% of t h a t  on t h e  undrooped wing, r ep resen t ing  a cons ide rab le  allevia- 
t i o n  of t h e  pitch-up i n t e n s i t y .  

CL = 0.35, 

CL = 0.45 befo re  a p i tch-  

Addi t iona l  tests wi th  t h e  t i p  pane ls  removed were c a r r i e d  out  i n  an  a t t e m p t  
t o  s e p a r a t e  out  t h e  t ip -panel  s t a l l  and leading-edge s e p a r a t i o n  e f f e c t s  on t h e  
pitch-up behavior .  With undrooped leading  edge the  d a t a  show t h a t  removing 
the  t i p  pane ls  does no t  e s s e n t i a l l y  a l te r  the  pitch-up a n g l e  of a t t a c k ,  bu t  t h e  
pitch-up i n t e n s i t y  is  much reduced ( f i g .  8 ) .  This  r e s u l t  would i n d i c a t e  t h a t  
leading-edge s e p a r a t i o n  and t i p  s t a l l  both t ake  p l a c e  a t  t h e  same t%e produc- 
ing t h e  s t rong  pitch-up found wi th  undrooped l ead ing  edges. 
t i p  pane ls  of f  t h e  pitch-up i s  e l imina ted .  

With 30 droop and 

The LEVF e f f e c t  on p i t ch ing  moment without  t he  ti8 pane l s  i s  shown i n  
f i g u r e  9. Not on ly  i s  t h e  pitch-up d e l a y e d - t o  about 8 a n g l e  of a t t a c k  but 
a l s o  t h e  pitch-up i n t e n s i t y  i s  much sof tened .  
f l a p s  act  p a r t l y  as droop i n  a l l e v i a t i n g  the  vo r t ex  s t r e n g t h  over t he  wing. 

It would appear t h a t  t h e  vortex-  
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L a t e r a l / D i r e c t i o n a l  S t a b i l i t y  

The t a i l - o f f  d i r e c t i o n a l  and la teral  s t a t i c  s t a b i l i t y  d e r i v a t i v e s  f o r  
LEVF #8 obta ined  from tests a t  
undrooped and 30' droop d a t a  i n  T igure  10. A r a p i d  rise i n  d i r e c t i o n a l  sta- 
b i l i t y  of t h e  undrooped wing s t a r t i n g  a t  a l i f t  c o e f f i c i e n t  corresponding t o  
v o r t e x  onse t  sugges ts  t h a t  i t  i s  r e l a t e d  t o  t h e  f avorab le  asymmetry i n  t h e  
vo r t ex  p a i r  found on s l e n d e r  l i f t i n g  bodies  of o b l a t e  c ros s - sec t ions  a t  s ide-  
s l i p ,  which gene ra t e  upwind s u c t i o n  and corresponding r e s t o r i n g  yawing moments 
( r e f .  3 ) .  
where the v o r t i c e s  have been suppressed,  and a l s o  w i t h  LEVF. Th i s  l o s s  of 
vo r t ex - re l a t ed  d i r e c t i o n a l  s t a b i l i t y  i s  no t  n e c e s s a r i l y  a bad f e a t u r e  s i n c e  
r e s t o r i n g  s ide - fo rces  t h a t  o r i g i n a t e  forward of t h e  center -of -gravi ty  a l s o  
reduce yaw damping; i t  i s  t h e r e f o r e  p r e f e r a b l e  t o  seek  d i r e c t i o n a l  s t a b i l i t y  
by t h e  use  of convent iona l  a f t  v e r t i c a l  su r f aces .  

t5' s ides l ip  angle  are compared wi th  t h e  

Th i s  f e a t u r e  is  notab ly  absent  i n  t h e  d i r e c t i o n a l  d a t a  f o r  30' droop 

The combined e f f e c t  of h igh  sweep allgle and low aspec t  r a t i o  i s  t o  produce 
a h igh  l e v e l  of l a te ra l  s t a t i c  s t a b i l i t y  on t h e  p re sen t  arrow-wing conf igu ra t ion ,  
as ind ica t ed  by t h e  d a t a  f o r  undrooped leading  edges i n  f i g u r e  10. 
edge droop does l i t t l e  t o  change t h i s  f e a t u r e  i n  t h e  
Because of l i m i t e d  r o l l  c o n t r o l  c a p a b i l i t y  t y p i c a l  of such conf igu ra t ions ,  t h e  
h igh  lateral  s t a b i l i t y  compromises cross-wind approach and landing  ope ra t ions .  
I n  t h i s  con tex t ,  t h e  l a t e ra l  d e r i v a t i v e  d a t a  wi th  LEVF shown i n  f i g u r e  10  are 
of p a r t i c u l a r  i n t e r e s t .  They i n d i c a t e  a 20% lower dCla /dCL compared t o  t h e  
undrooped wing, r e s u l t i n g  i n  a 25% reduc t ion  i n  CIB a t  a l i f t  c o e f f i c i e n t  
of 0.4.  I f  t h i s  were a s t ra ight - forward  anhedra l  e f I e c t ,  a change i n  t h e  
g r a d i e n t  dC1 /dCL would no t  be expected.  The A C l  due t o  vo r t ex - f l ap  i n  
t h i s  i n s t a n c e  i s  of t h e  same orde r  as  demonstrated ifi r e f e r e n c e  1 by the  u s e  of 
geometr ic  anhedra l  on t h e  same model; however t h e  degree  of anhedra l  needed 
may exceed t h e  t i p  c l ea rance  c o n s t r a i n t s  wi th  a normal landing  gear length .  
Th i s  f avorab le  LEVF e f f e c t  on l a t e ra l  s t a b i l i t y  ind ica t ed  by .-- presen t  l i m i t e d  
d a t a  appears  s u f f i c i e n t l y  promising t o  merit f u r t h e r  i n v e s t i g a t i o n .  

Leading- 
CL range  of i n t e r e s t .  

B 

Flow V i s u a l i z a t i o n  

Smoke v i s u a l i z a t i o n  experiments w e r e  conducted a t  a v e r y  low speed (about 
3 m/sec.> i n  an a t tempt  t o  observe t h e  q u a l i t a t i v e  n a t u r e  of t h e  f low over lead-  
i n g  edge vo r t ex - f l aps .  A t h i n  p lane  of l i g h t  i l l umina ted  a chosen cross-f low 
s e c t i o n  of t h e  model. A smoke-generating wand w a s  he ld  upstream of t h e  model 
whi le  photographs of t h e  smoke p a t t e r n  were taken  from a downstream p o s i t i o n  a t  
v a r i o u s  a n g l e s  of a t t a c k .  The l i g h t  p lane  w a s  moved t o  d i f f e r e n t  areas of t h e  
f l a p s  t o  observe t h e  o r i g i n  and development of t h e  v o r t i c e s .  A t  ang le s  of 
a t t a c k  of about  10' and g r e a t e r ,  well-defined vo r t ex  c o r e s  could be seen  over  
t h e  f l a p  segments. A t y p i c a l  v i s u a l i z a t i o n  photograph i s  presented  i n  f i g u r e  11. 
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CONCLUSIONS 

The p o t e n t i a l  of leading. edge vor tex- f laps  (LEVF) i n  reducing t h e  subsonic 
l i f t -dependent  drag of a r e p r e s e n t a t i v e  supersonic  c r u i s e  a i r c r a f t  conf igura t ion  
w a s  explored through wind tunne l  t e s t s .  Two d i f f e r e n t  LEVF ar r ranganents  (a 
two-segment and a four-segment) were assessed  by comparison wi th  r e s u l t s  from 
a previous  test on the  same model wi th  t h e  lead ing  edges drooped f o r  a t tached  
flow. The main r e s u l t s  of t h i s  s tudy may be summarized as fo l lows:  

1. The two-segment vo r t ex - f l aps  (14.8% of t h e  wing a r e a )  produced drag reduc- 
t i o n s  equal  t o  t h a t  obtained by opt imal ly  drooped l ead ing  edges a t  l i f t  
c o e f f i c i e n t s  g r e a t e r  t han  0 . 4 .  

2. The four-segment vor tex- f laps  (10.5% of wing a r e a )  performed as w e l l  as t h e  
cons tan t  30' droop conf igura t ion .  

3. The vor t ex - f l aps  r a i s e d  t h e  pitch-up ang le  of a t t a c k  from 5' t o  8' and a l s o  
a l l ayed  i t s  s e v e r i t y .  

4. The vor tex- f laps  had the  same e f f e c t  as leading-edge droop i n  e l imina t ing  
t h e  vor tex- re la ted  d i r e c t i o n a l  s t a b i l i t y  a t  h igher  ang le s  of a t t a c k .  

5. A 20% reduc t ion  i n  la teral  s t a b i l i t y  w a s  achieved a t  l i f t  c o e f f i c i e n t s  up 
t o  0.5, i n d i c a t i n g  t h a t  vo r t ex - f l aps  can c o n t r i b u t e  s i g n i f i c a n t l y  towards 
improving cross-wind landing performance i n  a d d i t i o n  t o  reducing drag.  
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ATTACHEU FLOW 
(FULL SUCTION) 

/ 

L. E. DROOP FOR 
ATTACHED FLOW 

Figure 1.- Leading-edge flows over h igh ly  swept wing (viewed i n  
cross-flow p lane) .  
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Figure 2.- Vortex-flap tes t  r e s u l t s  on 74' d e l t a  wing. 
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LEVF # 8 

AREA 10.5% 

Figure 3.- Vortex-flap configurations on SWAT model. 
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Figure 4.- Lift and drag comparison of vortex-flaps with leading-edge droop. 
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Figure 5.- Liftldrag ratio comparison of vortex-flaps with leading-edge droop. 

- 

- 

I I '  I I 

LEVF # 9 

T I P  PANEL 

a- 0" 
0 - 500 

LEVF OFF 
DATA 

\ 

Figure 6.- Effect of tip-panel leading-edge flap deflection on liftldrag ratio. 

126 



Figure 7.- Pitching moment comparison of vortex-flaps with leading edge droop. 
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Figure 8.- Effects of leading-edge droop and tip panel on pitch-up. 
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Figure 9.- Vortex-flap effect on longitudinal stability (tip-panels off). 
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Figure 10.- Vortex-flap effects on directional and lateral stability. 
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LEVF CONFIG.# 8, 
ANGLE OF ATTACK 12'. 

3 

Figure 11.- Smoke f l o w  visualization on vortex-flap. 
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