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SUMMARY 

A new leading  edge f l a p  design f o r  h ighly  swep t  wings, c a l l e d  a vo r t ex  
f l a p ,  has  been t e s t e d  on an arrow wing model i n  a low speed wind tunnel .  A 
vor tex  f l a p  d i f f e r s  from a convent ional  p l a i n  f l a p  i n  t h a t  it has a leading  
edge tab  which i s  coun te rde f l ec t ed  from t h e  main p o r t i o n  of t h e  f l a p .  This  
r e s u l t s  i n  i n t e n t i o n a l  s epa ra t ion  a t  the f l a p  leading  edge, causing a vo r t ex  to\ 
form and l i e  on t h e  f l a p .  By " t rapping" t h i s  vo r t ex ,  t he  vo r t ex  f l a p  can 
r e s u l t  i n  s i g n i f i c a n t l y  improved wing flow c h a r a c t e r i s t i c s  r e l a t i v e  t o  
convent ional  f l a p s  a t  moderate t o  high angles  of a t t a c k ,  as demonstrated by 
t h e  flow v i s u a l i z a t i o n  r e s u l t s  of t h i s  t e s t .  

INTRODUCTION 

A t  h igh  angles  of a t t a c k ,  h ighly  swept, low aspect r a t i o  wings develop a 
s t rong  l ead ing  edge sepa ra t ion  vor tex  ( r e f s .  1-3). 
a t t a c k ,  t h i s  vo r t ex  r e s u l t s  i n  an increase  i n  l i f t ,  but  an even l a r g e r  
i nc rease  i n  drag ,  thereby reducing L/D.  Pi tchup r e s u l t s  due t o  t h e  s h i f t  of 
l i f t  inboard and toward the  leading edge ( r e f . 4 ) .  

A t  a g iven  angle  of 

The usual  method of prevent ing o r  de lay ing  l ead ing  edge sepa ra t ion  i s  t o  
employ leading  edge f l a p s ,  hinged panels  d e f l e c t e d  downward ( r e f s .  5 and 6 ) .  
A proposed a l t e r n a t e  s o l u t i o n  ( s e e  f i g u r e  1) i s  t o  induce and c o n t r o l  
s epa ra t ion  on t h e  d e f l e c t e d  leading  edge f l a p  by use of a counterdef lec ted  
vor tex  f l a p  extending from the  leading  edge of t h e  main f l a p .  
"dog-leg" type f l a p  on which a vo r t ex  i s  t rapped.  The low p res su res  
a s soc ia t ed  wi th  t h i s  t rapped vo r t ex  a c t  on the  forward f ac ing  su r face  of the 
main f l a p ,  r e s u l t i n g  i n  a t h r u s t  and, thereby ,  reducing drag.  I n  add i t ion ,  
the  t rapped vo r t ex  g i v e s  the  appearance of a l a rge - rad ius  l ead ing  edge t o  t h e  
o u t e r  flow. This  makes i t  e a s i e r  f o r  t he  o u t e r  flow t o  a t t a c h  a t  t he  knee of 
t he  f l a p  and over t he  remainder of the  wing, he lp ing  t o  reduce drag  and 
c o n t r o l  pi tchup.  

The r e s u l t  is  a 

I n  t h i s  paper t h e  r e s u l t s  of a flow v i s u a l i z a t i o n  t e s t  of t h e  vo r t ex  f l a p  
on an arrow wing model a r e  presented.  
conf igu ra t ions  were t e s t e d  a t  angles  of a t t a c k  ranging from 0' t o  20'. 
The flow v i s u a l i z a t i o n  techniques included f luo rescen t  o i l ,  t u f t s ,  and a 
photographic wake p res su re  survey.  The vo r t ex  f l a p  resu l t s  are compared t o  
those of the  b a s i c  arrow wing without f l a p s  and t o  those  with p l a i n  f l a p s .  

Severa l  d i f f e r e n t  vo r t ex  f l a p  
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SYMBOLS 

b wing span  

CP p r e s s u r e  c o e f f i c i e n t  

L l e n g t h  

MS model s t a t i o n  

P p r e s  s u r e  

q dynamic v e l o c i t y  

WBL wing b u t t o c k  l i n e  

V v e l o c i t y  

Y d i s t a n c e  a long  t h e  span 

01 a n g l e  of a t t a c k  

6 d e f l e c t i o n  a n g l e  

77 normalized d i s t a n c e  a l o n g  span ( y / b / 2 )  

S u b s c r i p t s :  

F f l a p  

LE l e a d i n g  edge 

T t a b  

0 t o t a l  

00 remote,  u n d i s t u r b e d  c o n d i t i o n s  

I normal t o  wing l e a d i n g  edge 

W I N D  TUNNEL DESCRIPTION AND MODEL GEOMETRY 

Wind Tunnel 

T h i s  t e s t  w a s  performed i n  a Boeing low speed c l o s e d - c i r c u i t  wind t u n n e l  
having  a t e s t  s e c t i o n  s i z e  of 36.6 c m  by 45 .7  cm. The Reynolds number f o r  
t h i s  test w a s  about  2 X lo5 based on t h e  average model chord of 1 5 . 2  cm.  
The low Reynolds number should  n o t  have a s i g n i f i c a n t  e f f e c t  on t h e  v o r t e x  
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f l a p  r e s u l t s ,  because i n  a l l  cases  the  l ead ing  edge of t h e  f l a p  i s  sharp ,  
causing f l o w  s e p a r a t i o n  a t  t h a t  po in t .  A l s o ,  based on r e s u l t s  f o r  s i m i l a r  
f l a p s  a t  h ighe r  Reynolds numbers ( r e f .  5 ) ,  the  p l a i n  f l a p  r e s u l t s  would no t  
be expected t o  change s i g n i f i c a n t l y  a t  h igher  Reynolds numbers. 

Model and F laps  

The arrow wing h a l f  model t e s t e d  i s  shown i n  f i g u r e  2 .  It has  a l ead ing  
edge sweep of 6 7 . 2 O  and c o n s i s t s  of a f l a t  p l a t e  wi th  sharpened leading  and 
t r a i l i n g  edges.  A fence on t h e  inboard po r t ion  of t he  model near  the  wal l  
prevented wind tunnel  boundary l aye r  a i r  from being drawn onto the  wing. 
Angle of a t t a c k  was va r i ed  from 00 t o  200.  

Figure  3 shows the  l ead ing  edge f l a p  c o n f i g u r a t i o n s  t e s t e d .  One p l a i n  
f l a p ,  two vor t ex  f l a p s ,  a hybrid f l a p  ( p l a i n  f l a p  inboard,  vo r t ex  f l a p  
outboard) ,  and a l ead ing  edge s p l i t  f l a p  were t e s t e d .  

Flow Visua l i za t ion  Techniques 

The v i s u a l  f low techniques used i n  t h i s  t e s t  were: f l u o r e s c e n t  o i l  and 
min i - tu f t s  t o  d e f i n e  t h e  s u r f a c e  flow c h a r a c t e r i s t i c s ,  streamers and smoke t o  
r evea l  the  flow f i e l d  around the  wing, and a wake survey technique  which 
photographica l ly  maps the  wake pressure  j u s t  downstream of t h e  wing. 

Surface flow c h a r a c t e r i s t i c s  were made ev ident  u s ing  f l u o r e s c e n t  o i l  and 
t u f t s  on s e p a r a t e  runs.  The t u f t s  were very f i n e  (0.0018 c m  monofilament 
nylon) ,  trimmed t o  a l e n g t h  of about 0.64 cm. Streamers 10 t o  25 cm i n  
l eng th ,  of t h e  same th read  used f o r  t u f t s ,  were a l s o  f ixed  i n  t h e  incoming 
flow nea r  t he  l ead ing  edge. Since the  aerodynamic fo rces  on these  s t reamers  
are very  low, s t r eaml ines  can be approximated where t h e  flow i s  s teady .  Smoke 
generated by h e a t i n g  kerosene was introduced i n  t h e  wind tunnel  i n l e t  and 
i l l umina ted  as it  passed over  t he  model us ing  a s l i t  of l i g h t .  With separa ted  
flow, t h e  s e p a r a t i o n  boundaries  can be deEined wi th  t h i s  technique.  Streamers 
caught i n  a v o r t e x  w i l l  a l s o  fol low the  s e p a r a t i o n  boundary i f  p roper ly  
pos i t ioned .  

The wake p res su res  downstream of t h e  model were mapped photographica l ly ,  
us ing  the  t e s t  appara tus  i l l u s t r a t e d  i n  f i g u r e  4 .  
mounted on t h e  end of an arm which al lows both v e r t i c a l  and r a d i a l  motion i n  a 
plane approximately 1 cm downstream of t h e  most a f t  po in t  of t he  wing t r a i l i n g  
edge. The p i t o t  tube i s  t r ave r sed  through the  wing flow f i e l d  i n  a s e r i e s  of 
r a d i a l  a r c s ,  each having a small  v e r t i c a l  displacement  from the  preceding 
one. P res su re  measured by t h e  p i t o t  tube ,  which i s  re ferenced  to  f rees t ream 
s t a t i c  p re s su re ,  i s  sensed by a t ransducer ,  and t h e  output  from t h e  t ransducer  
i s  fed through a vo l t age  a m p l i f i e r  and f i l t e r  i n t o  a s i g n a l  s p l i t t e r ,  which 
has  s e v e r a l  output  c i r c u i t s .  Only one output  c i r c u i t  i s  a c t i v a t e d  a t  any 
given i n s t a n t ,  corresponding t o  a s p e c i f i c  vo l t age  range on t h e  incoming 
s i g n a l .  The l i m i t s  of each range can be ad jus t ed ,  wi th  no over lap .  Two 
d iodes ,  r e d  and green ,  mounted on t h e  t r a v e r s i n g  a r m ,  each respond t o  one of 
these  c i r c u i t s .  I n  the  present  t e s t ,  t he  c i r c u i t  t o  which t h e  green diode was 

A t o t a l  p re s su re  tube i s  
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connected was set  t o  a c t i v a t e  over  t h e  p re s su re  range (Po - P,> from 50% t o  
90% of f rees t ream q. A camera placed i n  f r o n t  of t he  d iodes  wi th  the  l e n s  i n  
t h e  open p o s i t i o n  recorded an inve r t ed  p i c t u r e  of  t h e  wing wake, as shown i n  
t h e  l e f t  hand s i d e  of f i g u r e  5 .  A t y p i c a l  vo r t ex  has  a green o u t e r  band, a 
red  inne r  band, and a "black hole"  i n  t h e  c e n t e r  of t h e  r ed  band. Yellow 
bands occur i n  r eg ions  of h igh  turbulence  near  t h e  cross-over  p re s su re  l e v e l  
which r e s u l t  i n  r a p i d  f l i c k e r i n g  of t h e  red  and green  d iodes ,  which t h e  camera 
superimposes and sees  as yellow. The amount of yel low i n  t h e  p i c t u r e s  can be 
c o n t r o l l e d ,  t o  a l a r g e  e x t e n t ,  by f i l t e r i n g  out  t h e  h igh  frequency components 
of t he  s i g n a l .  

LEADING EDGE VORTEX CHARACTERISTICS 

To a s s i s t  i n  t h e  i n t e r p r e t a t i o n  of t h e  o i l  f low photographs,  t h e  fol lowing 
d e s c r i p t i o n  of l ead ing  edge vo r t ex  c h a r a c t e r i s t i c s  i s  given.  

A t  angle  of a t t a c k  t h e  flow sepa ra t e s  from t h e  l ead ing  edge of s l ende r  
wings, c r e a t i n g  v o r t e x  s h e e t s  which r o l l  up t o  form a primary vo r t ex  on t h e  
suc t ion  s i d e  of t h e  wing, as shown i n  f i g u r e  6a. The primary v o r t e x  r o l l s  up 
above t h e  wing and e n t r a i n s  a d d i t i o n a l  a i r f l o w  over t h e  l ead ing  edge ahead of 
t h e  a f t  at tachment l i n e .  Inboard of t h i s  a t tachment  l i n e  t h e  upper s u r f a c e  
flow i s  p r i n c i p a l l y  streamwise, a s  shown i n  f i g u r e  6b. 

Under t h e  primary vo r t ex ,  t he  flow i s  a c c e l e r a t e d  s t r o n g l y  toward t h e  
lead ing  edge u n t i l  i t  passes  under t h e  vo r t ex  co re ,  a f t e r  which i t  
recompresses and s e p a r a t e s  ( a long  t h e  secondary s e p a r a t i o n  l i n e ) .  I n  t h e  o i l  
flow photographs,  t h i s  a r e a  i s  seen a s  a s e r i e s  of scrubbed l i n e s  on tke wing 
su r face ,  which t u r n  spanwise a long  t h e  secondary s e p a r a t i o n  l i n e .  

Forward of t h e  secondary s e p a r a t i o n  l i n e ,  i n  t h e  case  of f u l l y  developed 
vo r t ex  flow, a secondary vo r t ex  i s  formed, r o t a t i n g  counter  t o  t h e  primary 
vor tex .  The secondary vo r t ex ,  which i s  approximately 20 pe rcen t  a s  s t rong  as 
the  primary vor tex ,  looks l i k e  a zone of t h i c k  boundary l a y e r  i n  the  
photographs because it  accumulates o i l .  Flow pass ing  over  t h e  secondary 
vo r t ex  r e a t t a c h e s  forward of t he  secondary vo r t ex  and con t inues  t o  t h e  l ead ing  
edge where i t  s e p a r a t e s  aga in  t o  j o i n  t h e  primary vor tex .  

When t h e  primary vo r t ex  moves o f f  t h e  wing t r a i l i n g  edge, t h e  secondary 
vo r t ex  c o l l a p s e s  t o  t h e  t r a i l i n g  edge a t  t h e  l i n e  of secondary sepa ra t ion .  
The wing t i p  flow outboard then c o n s i s t s  of inboard r e a t t a c h e d  flow expanding 
t o  f i l l  i n  under a "roof" formed by t h e  lower l a y e r  of outboard wing leading  
edge sepa ra t ion .  
r e s u l t a n t  recompression, t h e  wing t i p  flow may remain a t t ached  or  i t  may 
separa te .  

Depending upon the  degree of expansion r e q u i r e d  and 

Figure  6c shows t y p i c a l  t o t a l  p re s su re  i soba r  p a t t e r n s  i n  t h e  wake 
downstream of a h i g h l y  swept wing wi th  l ead ing  edge v o r t i c e s .  
r e s u l t  i n  roughly c i r c u l a r  low p res su re  i soba r  p a t t e r n s  above t h e  outboard 
reg ions  of t h e  wing. 

The v o r t i c e s  
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RESULTS AND DISCUSSION 

Basic Arrow Wing 

The flow c h a r a c t e r i s t i c s  of the  b a s i c  arrow wing with no f l a p s  are shown 
i n  f i g u r e  7. 
So, loo,  and 1 5 O  are shown, A t  a =  5O, t h e r e  i s  a small vo r t ex  t h a t  
can be seen i n  t h e  o i l  f low t o  o r i g i n a t e  a t  about 70 percent  span. 
wake pressure  survey t h i s  shows up as a s m a l l  red area a t  the  t i p .  

O i l  flow and wake survey photographs a t  angles  of a t t a c k  of 

I n  the  

The o i l  flow photograph a t  a = lo0 shows t h a t  t he  primary vo r t ex  has 
increased  i n  s i z e  and moved inboard. 
outboard of t h e  primary vor tex .  
the primary vo r t ex  as t h e  l a r g e  red  area near  t h e  t i p  surrounded by the  green 
and yellow band. The secondary vor tex  is t he  smaller red c i r c u l a r  reg ion  j u s t  
outboard of t he  primary vor tex .  The t h i r d  (and s m a l l e s t )  red  area nea res t  the  
wing t i p  i s  t h e  t i p  vor tex .  

A secondary vo r t ex  can a l s o  be seen j u s t  
The wake pressure  survey a t  C y =  100 shows 

At ( Y =  15O t h e  o i l  flow photo shows t h a t  t he  primary and secondary 
v o r t i c e s  now dominate the  outboard h a l f  of t he  wing. 
shows t h a t ,  downstream of t h e  wing t r a i l i n g  edge, t h e  primary and secondary 
v o r t i c e s  have begun t o  merge. 

The wake pressure  survey 

P l a i n  500 Flap  

O i l  flow r e s u l t s  on t h e  upper su r face  of t h e  arrow wing with a 50' 
l ead ing  edge p l a i n  f l a p  are shown i n  f i g u r e  8. A v o r t e x  begins  t o  develop a t  
Q =  5O, becoming l a r g e r  and moving inboard as angle  of a t t a c k  is increased.  
The sepa ra t ion  ev ident  a t  t he  f l a p  shoulder a t  t h i s  low Reynolds number would 
probably no t  change by a s i g n i f i c a n t  amount a t  h ighe r  Reynolds numbers. 

Smoke flow was used to i l l umina te  the d iv id ing  s t r eaml ine  c h a r a c t e r i s t i c s  

A s l i t  of l i g h t  from a source mounted o u t s i d e  a window i n  the  s i d e  of t he  
of t h e  p l a i n  f l a p ,  us ing  t h e  wind tunnel  ins t rumenta t ion  i l l u s t r a t e d  i n  f igu re  
9. 
t e s t  s e c t i o n  impinges on smoke flowing over the  wing leading  edge, which i s  
then photographed t o  produce a c ross -sec t iona l  view of the  flow. 

The d iv id ing  s t r eaml ine  c h a r a c t e r i s t i c s  of t he  p l a i n  f l a p  a t  a [ =  loo, as  

I f  t h e  smoke plume i s  moved 
shown by smoke flow photographs, are shown i n  f i g u r e  10. 
ahead of t he  wing r evea l s  t he  e x t e r i o r  flow. 
inboard,  the  smoke i s  e n t r a i n e d  i n s i d e  the  sepa ra t ion  vor tex .  I n  both cases ,  
t h e  boundary between e x t e r i o r  flow and the  i n t e r i o r  ( s epa ra t ed  vor tex)  flow i s  
def ined.  A t  V = .80 the  flow can be seen t o  sepa ra t e  a t  t he  knee of t he  f l a p  
and r e a t t a c h  a s h o r t  d i s t a n c e  downsteam. A t  V =  .98 the  chordwise e x t e n t  of 
s epa ra t ion  i s  l a r g e r  than a t  V = . 8 0 .  

Smoke introduced 
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50° Vortex Flap 

o i l  flow photograph shows t h e  flow t o  be a t t ached  over most of t h e  wing upper 
su r face ,  a l though t h e  flow i n  t h e  boundary l a y e r  i s  l a r g e l y  spanwise. A weak 
primary vo r t ex  subtends the  f l a p  from l ead ing  edge t o  t h e  f lap/wing corner ,  
becoming s t ronge r  near  t h e  wing t i p .  The wake survey photos  show both t h i s  
p r i m a r y  vo r t ex  and a sma l l e r  vo r t ex  outboard r e s u l t i n g  from t h e  merging of 
t h e  secondary and t i p  v o r t i c e s .  The improved f low over  the  s u r f a c e  and t h e  
reduced vo r t ex  s i z e  i n d i c a t e  a lower drag f o r  t h i s  c o n f i g u r a t i o n  than f o r  t he  
b a s i c  arrow wing with no f l a p s .  Thus, i t  appears  t h a t  t h e  50° vor t ex  f l a p  
i s  performing w e l l  a t  CY = 100. 

Figure  11 shows the  r e s u l t s  f o r  t he  500 vor t ex  f l a p .  A t  (Y = 100 t he  

A t  01 = 150, t h e  500 vor t ex  f l a p  r e s u l t s  i n  a s m a l l  r educ t ion  i n  t h e  
The secondary s i z e  of t he  primary vo r t ex  (compared t o  the  b a s i c  wing). 

s epa ra t ion  l i n e  inboard l i e s  near  t he  lead ing  edge wing l f l ap  break,  t r a i l i n g  
back behind t h e  f l a p  a t  about 40 percent  span. Outboard, t h e  secondary vo r t ex  
(which i s  s e p a r a t e  from t h e  primary i n  t h e  wake photograph) moves from the  
f l a p  onto the  wing su r face  and t h e  flow separates from t h e  f l a p  a t  about 90% 
span. The vo r t ex  f l a p  may s t i l l  be somewhat e f f e c t i v e  a t  reducing drag a t  
t h i s  cond i t ion .  

The upper su r face  flow c h a r a c t e r i s t i c s  a t  100 ang le  of a t t a c k  of t h e  
b a s i c  wing, t h e  500 p l a i n  f l a p ,  and t h e  50° vor t ex  f l a p  are compared i n  
f i g u r e  1 2 .  It  can be seen  t h a t  only t h e  500 vor t ex  f l a p  shows no s ign  of a 
vor tex  on t h e  wing. 

Smoke p a t t e r n s  f o r  t h e  50° vor t ex  f l a p ,  shown i n  f i g u r e  13, show t h a t  
t h e  t rapped vo r t ex  on t h e  vo r t ex  f l a p  g i v e s  t h e  wing t h e  appearance of having 
a l a r g e  leading-edge r a d i u s  wi th  a t t ached  upper s u r f a c e  flow, except  f o r  t he  
t i p  reg ion .  A t  77 = .80, i t  can be seen t h a t  t he  vo r t ex  f l a p  i s  success fu l  i n  
prevent ing s e p a r a t i o n  a t  t h e  wing-flap junc t ion .  A r e l a t i v e l y  t h i c k  boundary 
l a y e r  appears  t o  remain, however. 
shown i n  two views i n  f i g u r e  14. The s t reamer was loca ted  as c l o s e  t o  the  
wing su r face  as p o s s i b l e  f o r  s t a b i l i t y .  Note the  s t r o n g  shear  i nd ica t ed  by 
d i r e c t i o n  of t h e  t u f t s  compared t o  t h e  s t reamer .  The s t reamer could no t  be 
loca t ed  t h i s  c l o s e  t o  t h e  wing with p l a i n  f l a p s .  

Th i s  i s  f u r t h e r  i l l u s t r a t e d  by the  streamer 

Var i ab le  Def l ec t ion  Vortex F lap  

A v a r i a b l e  d e f l e c t i o n  vo r t ex  f l a p  was designed so  t h a t  t h e  l o c a l  
d e f l e c t i o n  ang le  of t h e  main f l a p  would nominally match t h e  l o c a l  ang le  of 
a t t a c k  f o r  a wing angle  of a t t a c k  of 8'. 
v a r i e d  from 16' a t  t h e  r o o t  t o  76' a t  t h e  t i p ,  wi th  t h e  tab  bent  back 
para l le l  t o  t h e  wing p lane .  

The r e s u l t i n g  d e f l e c t i o n  ang le  

R e s u l t s  f o r  t he  v a r i a b l e  d e f l e c t i o n  vor tex  f l a p  are shown i n  f i g u r e  15. 
A t  01 = 5O, a primary vo r t ex  appears  t o  subtend t h e  f l a p  out  t o  approximately 
60 percent  span, wi th  t h e  a f t  a t tachment  l i n e  nea r  t h e  f lap/wing corner .  
f l a p  appears  i n e f f e c t i v e  a t  a = 10' and g r e a t e r .  
looks  much l i k e  t h e  50' vor t ex  f l a p  a t  (lr = 15'. 

The 
The flow a t  (Y = 10' 

A t  01 = 15O, t h e  flow 



outboard of approximately 40 percent  span i s  sepa ra t ed  and eddying with a 
secondary vo r t ex  nea r  t h e  secondary sepa ra t ion  l i n e  on t h e  main wing sur face .  
The vo r t ex  s i z e  i n  t h e  wake photographs i s  approximately t h e  same as f o r  t h e  
b a s i c  wing. (The ex tens ive  reg ions  of yellow c o l o r a t i o n  i n  f i g u r e  15 r e s u l t e d  
from t h e  use of a d i f f e r e n t  t ransducer  s i g n a l  f i l t e r  s e t t i n g  than was used f o r  
f i g u r e s  7 and 11. The o v e r a l l  s i z e  of t h e  vo r t ex  as seen by the  camera i s  no t  
apprec iab ly  a f f e c t e d  by the  f i l t e r  s e t t i n g ,  however. ) 

Hybrid F lap  

Another a l t e r n a t i v e  t o  the  50° vor t ex  f l a p  was a hybr id  arrangment, 
c o n s i s t i n g  of a 30° p l a i n  f l a p  on the  inboard 25% of t h e  wing span, a vo r t ex  
f l a p  having a d e f l e c t i o n  angle  varying from 30° inboard t o  50° outboard 
extending from 25% span t o  50% span, and a 50° vor t ex  f l a p  on t h e  outboard 
50% of the  wing. The philosophy of t he  p l a i n  f l a p  inboard w a s  t o  postpone 
i n t e n t i o n a l  t r i p p i n g  of t he  vor tex  t o  a more outboard l o c a t i o n ,  thereby 
r e s u l t i n g  i n  a weaker primary vor tex  a t  t he  t i p .  The o i l  f low photo a t  
C Y =  loo i n  f i g u r e  16 shows a small s e p a r a t i o n  bubble  a t  t h e  hinge of t he  
300 p l a i n  f l a p ,  with subsequent flow reat tachment .  
near t h e  wing t i p  a t  Cy = l o o  i s  about t h e  same as t h a t  of t h e  50° vor t ex  
f l ap .  
t r a i l  back from t h e  junc t ions  of t he  f l a p  segments. 
c h a r a c t e r i s t i c s  f o r  t he  hybrid f l a p  a r e  very s imilar  t o  t h e  50° vor t ex  f l a p ,  

The s i z e  of t he  vor tex  

There a r e  a l s o  two s m a l l  v o r t i c e s  near  t h e  mid-span l o c a t i o n  which 
A t  C Y =  1 5 O ,  t h e  flow 

Leading Edge S p l i t  F l ap  

The leading  edge s p l i t  f l a p  had a cons tan t  d e f l e c t i o n  of 45' along t h e  
e n t i r e  span and an increased  f l a p  chord (1.8 cm). 
and f l a p  was 0.5 cm behind t h e  rounded leading  edge. The flow c h a r a c t e r i s t i c s  
r e s u l t i n g  from t h i s  f l a p  conf igu ra t ion ,  as shown i n  f i g u r e  17, e x h i b i t  s t r o n g  
secondary vo r t ex  flow. 
vor tex  than a l l  o t h e r s  t e s t e d .  
design which works w e l l  on the  arrow wing a t  CY = 15O, f u r t h e r  i n v e s t i g a t i o n  
of the  l ead ing  edge s p l i t  f l a p  concept i s  planned. 

The j u n c t i o n  of t he  wing 

A t  a = 1 5 O ,  it has  a s i g n i f i c a n t l y  smaller primary 
Since i t  i s  a des ign  goa l  t o  have a f l a p  

CONCLUDING REMARKS 

Flow v i s u a l i z a t i o n  tes ts  of an arrow wing model i n  a Boeing low speed wind 
tunnel  have shown promising r e s u l t s  f o r  vo r t ex  f l a p s .  These r e s u l t s  i n d i c a t e  
t h a t  ,the vo r t ex  f l a p  i s  ab le  t o  " t rap" the  l ead ing  edge s e p a r a t i o n  vo r t ex  on 
i t s  su r face  a t  angles  of a t t a c k  up t o  10'. 
appearance of a l a r g e  r a d i u s  lead ing  edge t o  the  ou te r  flow. A s  a r e s u l t ,  no 
flow s e p a r a t i o n  a t  t he  wing-flap junc t ion  w a s  observed f o r  angles  of a t t a c k  up 
t o  10'. 
a vo r t ex  f l a p  outboard was a l s o  success fu l  i n  improving the upper su r face  flow 
c h a r a c t e r i s t i c s  a t  a =loo. 
parameters should r e s u l t  i n  a d d i t i o n a l  improvements i n  the  performance of t h e  
vo r t ex  f l a p .  

The "trapped" vo r t ex  gives  t h e  

A hybr id  f l a p  conf igu ra t ion  c o n s i s t i n g  of a p l a i n  f l a p  inboard and 

Optimizat ion of t h e  vo r t ex  f l a p  geometry 
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LEADING-EDGE SEGMENTS 

ATTACH ED KNEE 7 
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Figure  1.-  Vortex c o n t r o l  f l a p s .  
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Figure  2.- Arrow wing model geometry. 

139 



0 ANGLES MEASURED NORMAL TO LEADING EDGE 

50 deg 

50 deg 

SEE PLOT 
ON LEFT 

PLAIN FLAP 

1 1  

0.008901~1 
(0.35 in) 
0.004451~1 
10.175 in) 

0.004451~1 
(0.175 in) 

100 VARIABLE DEFLECTION 

6 F1"/ 40 / VORTEX FLAP 

20 

-50 deg 

-& FI 

u 
0 0.5 1 .o 

yIbl2 

0.004451~1 
(0.175 in) 

0.00445m 
(0.175 in) 

VORTEX FLAP 

W b F 1  

45 deg 

~~ 

FLAP DESIGNATION 

- - 0.01781~1 
(0.7 in) 

PLAIN FLAP 

50-deg VORTEX FLAP 

VARIABLE DEFLEC. 
TlON VORTEX FLAP 
HYBRID FLAP 

LEADING EDGESPLIl 
FLAP 

SPLIT FLAP 

- I -  

Figure 3 . -  Flap geometry. 

UPSTREAM VIEW AT 
TUNNEL TEST SECTION 

SIDE VIEW AT 
TUNNEL TEST SECTION 

-PULLEY FOR 
VERTICAL MOTION 

GREEN DIODE 

Figure 4.- Wake pressure survey apparatus. 
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. '  
DIODE 
PATHS 

PRESSURE SEEN BY CAMERA 

DISTANCE OF DIODES 
FROM PIVOT CHANGES 
AT SAME RATE AS 
THAT OF PITOT TUBE 
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WAKE PRESSURE IMAGE 

Figure 5.- Wake pressure survey technique. 

TYPICAL DELTA WING 

F PRIMARY 

SECONDARY 
SEPARATION 
LINE 

LEADING-EDGE VORTEX FORMATION 
ON AN 80-deg DELTA WING 

Figure 6 . -  Vortex f l o w  character is t ics .  
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a = 5deg (Y = 10deg a = 15deg 

Figure 7.- O i l  flow and wake survey of b a s i c  arrow wing. 

a =Odeg a = 5 des 

a = 10deg a = 15deg 

Figure 8,- O i l  f low f o r  50° p l a i n  f l a p .  
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Figure 9.- Wind tunnel instrumentation €or dividing streamline photographs, 

6 F = 50 deg 

EXTERIOR FLOW 

77 = 0.98 
FLOW 

77 = 0.80 __IIc 

Figure 10 .- Dividing streakline characteristics for 50° plain flap 
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oi =5deg a! =lOdeg 

Figure 11.- O i l  flow and wake survey f o r  50° 

BASIC WING 

a! = 10deg 

PLAIN FLAP 

a! = 15deg 

v o r t e x  f l a p .  

50-deg VORTEX FLAP 

Figure  12.- Comparison of b a s i c  wing, p l a i n  f l a p ,  and 50° v o r t e x  f l a p .  
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q = 0.80 

q = 0.80 q = 0.9% 

Figure  13.- Dividing streamline c h a r a c t e r i s t i c s  f o r  50° v o r t e x  f l a p .  

01 = 10deg q = 0.80 

Figure  14,-  Streamer above arrow wing wi th  50° v o r t e x  f l a p .  



a =5deg 

Figure 15.- O i l  f low 

oi = 10deg 01 = 15deg 

and wake survey f o r  va ry ing  d e f l e c t i o n  v o r t e x  f l a p .  

(Y =5deg 

Figure  16 .- O i l  

01 =lOdeg 

flow and wake survey 

a = 15deg 

f o r  hybr id  f l a p .  
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01 = 5deg 01 = 10deg 01 = 15deg 

Figure  17 . -  Oil flow and wake survey f o r  450 leading-edge s p l i t  f l a p .  
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