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For  the  pas t  3 years, a research program p e r t a i n i n g  t o  the  study o f  wing 
leading-edge v o r t i c e s  a t  supersonic speeds has been conducted i n  the Funda- 
mental Aerodynamics Branch o f  the High-Speed Aerodynamics D i v i s i o n  a t  the 
Langley Research Center. The purpose o f  the research i s  t o  p rov ide  an under- 
standing of the f a c t o r s  governing the format ion and the con t ro l  o f  wing 
leading-edge v o r t i c e s  and t o  evaluate the use o f  these v o r t i c e s  f o r  improving 
supersonic aerodynamic performance. The s tud ies  inc lude both experimental and 
t h e o r e t i c a l  i n v e s t i g a t i o n s  and focus p r i m a r i l y  on planform, th ickness and 
camber e f f e c t s  f o r  d e l t a  wings. This  paper w i l l  present  an overview o f  t h i s  
research a c t i v i t y  . 

INTRODUCTION 

Dur ing the l a s t  20 years, aerodynamicists have attempted t o  design a i r -  
c r a f t  wings f o r  e f f i c i e n t  supersonic f l  i g h t  us ing  at tached-f low concepts. For  
c r u i s e  1 eve1 s o f  1 i ft, 1 i nearized-theory w i  ng-desi gn methods ( r e f s .  1 and 2 )  
have successful l y  produced optimum t w i  s ted  and cambered wings. Because o f  t he  
e a r l y  success o f  these methods, the methods have been cont inuously  mod i f ied  
and r e f  i ned t o  i ncl  ude the  e f f e c t s  o f  component-on-wi ng i n te r fe rence  ( r e f .  3) ,  
r e a l  - f l ow  cons t ra i  n t s  ( r e f .  4 ) ,  and a t t a i n a b l e  1 eadi ng-edge t h r u s t  ( r e f .  5 1. 
Example appl i c a t i o n s  o f  t h i s  low l e v e l  -of -1 i f t  w i  ng-design techno1 ogy can be 
found i n  references 6 through 8. 

For  maneuver l e v e l s  o f  1 i ft a t  supersonic speeds, bas ica l  l y  two approaches 
are  a v a i l a b l e  f o r  the  design o f  wings. One approach i s  t o  p rov ide  an 
attached-f low, c o n t r o l l e d  expansion around the wing lead ing  edge and on the 
upper sur face ( r e f s .  9 and 10). This  at tached-f low approach f o r  producing 
e f f i c i e n t  h igh  1 i f t  depends on the abi 1 i t y  t o  accelerate the f l ow  around the  
lead ing  edge t o  s u p e r c r i t i c a l  cond i t ions  on the upper surface and then decel- 
e ra te  the  f l ow  w i thou t  causing separat ion o r  producing st rong shocks. This 
concept has been exper imenta l ly  v e r i f i e d ,  and a summary o f  the  i n v e s t i g a t i o n  
i s  given i n  reference 11. The second approach f o r  ob ta in ing  e f f i c i e n t  high- 
l i ft wings uses a c o n t r o l  l ed, separated, 1 eadi ng-edge vor tex f l ow which no t  
on ly  produces vor tex  l i f t ,  b u t  when the  vor tex  i s  p roper ly  loca ted  on a 
def 1 ected I eadi ng-edge, a1 so produces s i  gni f i cant  1 eve1 s o f  ef f e e t i  ve 1 eadi ng- 



edge thrust. I nves t i ga t i ons  ad su t ransonic speeds (refs, 12 t o  
16) o f  the  fundamental vortex behavior on the leeward surface of wings have 
led t o  the design o f  several unique and novel leading-edge devices (refs* 17 
t o  21) commonly referred t o  as "weex f l a p s * "  "so, t o  a l d  i n  the design o f  
vor tex  f laps,  several computer codes f r e f s o  22 t o  24) w i t h  vary ing degrees o f  
compl e x i  ty are be? ng devel oped t o  p red i  c t  vortex I s e a t i  on, strength, and 
e f f e c t  on the wing. As summarized i n  reference 25, the development o f  t h i s  
new wing-design techno1 ogy has been extensive bu t  has been conf ined mainly t o  
subsonic and t ransonic $1 ows. 

I n  1982, a research e f f o r t  was begun t o  explore the fundamental character- 
i s t i c s  o f  wing l eading-edge vor tex f lows a t  supersonic speeds. A review o f  
t he  l i t e r a t u r e  i nd i ca ted  t h a t  various aspects o f  the  problem had been pre- 
v ious l y  explored; however, there  d i d  n o t  e x i s t  a complete and systematic s e t  
of experimental data from which one could determine the most basic e f f e c t s  
such as Mach number, planform, thickness and camber. To provide t h i s  inform- 
a t ion ,  an experimental program was formulated f i r s t  and c l o s e l y  fo l lowed by a 
complementary t h e o r e t i c a l  e f f o r t .  Th is  paper w i  11 present  an overview o f  t he  
experimental and theo re t i ca l  programs. F o l l  owing the  overview, a discussion 
o f  aerodynamic performance i s  presented. I n  t h i s  discussion, a comparison i s  
made between w i  ngs designed f o r  optimum camber, w i  ngs w i t h  conventional 
l eadi ng-edge f l aps, and wings w i t h  conical  vor tex f l aps. 

NOMENCLATURE 

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

incremental change i n  drag c o e f f i c i e n t  from the minimum drag o f  a 
f l a t  wing 

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

vor tex induced normal - fo rce  c o e f f i c i e n t  

pressure c o e f f i c i e n t  

vacuum pressure c o e f f i c i e n t  

model l eng th  

Mach number 

component o f  Mach number normal Lo wing lead ing edge = 
M cos n (1 + s i n 2  a tan2 A ) ~ ' ~  

I ongi  t u d i  nal  d i  stance measured Prom mdel o r i g i n  



V spanwise distance masured from model centerllne 

Y,,, maximum spanwi se model dimension 

a angle of attack, deg 
... 

"N angle of attack normal to wing leading edge = tan (tan a/cos A )  

B J M2 - 1 and angle of yaw, deg 

f l eadi ng-edge-fl ap deflection angle measured streamwi se,  deg 

A wing leading-edge-sweep angle, deg 

ri fraction of 1 ocal w i  ng semi span 

DISCUSSIOW 

An experimental -theoretical research e f fo r t  i s  under way to investigate 
the fundamental character is t ics  of wing leading-edge vortex flows a t  
supersonic speeds. In order to present a complete overview of the program, 
both completed, ongoing and planned investigations will be included in the 
following discussion. 

Experimental Program 

The primary objective of the experimental program i s  to obtain a complete 
and consistent se t  of data necessary to determine the effects  of wing  plan- 
form, thickness and camber on the character is t ics  of wing leading-edge vortex 
flows. To obtain a consistent s e t  of data for the ent i re  program, an e f fo r t  
was made to  keep the wing planforms, flow conditions and types of data consis- 
ten t  throughout. The specific ingredients for consistency were established in 
the planform investigation which was the f i r s t  part  of the experimental 
research program. 

- Shown i n  figure 1 are planform sketches of 
the 4 wind tunnel models selected for testing. The models had leading-edge- 
sweep values ranging from 52.5' to 75'. In th i s  i n i t i a l  t e s t ,  i t  was- 
desirable to minimize the effect  of a i r fo i l  shape and thickness; therefore, 
the leading edge was made sharp (10" angle normal to leading edge located on 
lower surface) and the upper surface was made f l a t .  Each model had a span of 
12 i n .  and a spanwi se row of 19 evenly spaced pressure or i f ices  located 
approximately 1 in. forward of the t r a i l i ng  edge* 

D W ~ , ,  , , ,,sous + experimental t e s t s  employed only a single type s f  flow- 
v i s u a l i z a t i o n  data with or without pressure data Lo explain the vortex pheno- 
mena. However, as shown -in f i g u e  2, these experimental pressure data were 
obtained along w i  t k  three types of f l ow -v i sua l  i z a t i o n  data .  As shown a t  the 



t op  of the f igure ,  both t u f t  and a i l - f l o w  photographs were used t o  examine the 
f l ow  eka rac te r i  s t i c s  on the model surface, These two techniques g ive s l i g h t l y  
d i f f e r e n t  types o f  in format ion,  Both methods are used t o  determine surface 
f l ow  d i  r e c t i o n  by the a l  ignment o f  the t u f t s  o r  the s t reak ing  o f  the o i l  ; 
however, the t u f t s  tend t o  r e f l e c t  the v e l o c i t y  d i r e c t i o n  a t  the edge o f  the 
boundary layer ,  and the  d i r e c t i o n  o f  o i l  s t reak ing  i s  i n f l uenced  n o t  only by 
the  sur face v e l o c i t y  b u t  a lso  by the pressure d i s t r i b u t i o n .  

Only the vapor-screen f l o w - v i  sual i z a t i o n  technique prov ides f l o w - f i e l d  
in fo rmat ion  on the  size, shape, and l o c a t i o n  o f  the  vor tex as shown i n  the  
lower r i g h t  s ide o f  f i g u r e  2. The dark areas i n  the  photographs are regions 
having l e s s  vapor than the l i g h t  areas and thus, the  dark areas correspond t o  
the h i g h l y  r o t a t i o n a l  vor tex- f low regions i n  which the  vapor p a r t i c l e s  have 
been displaced. Examples and d iscussion o f  these var ious types o f  data and 
t h e i r  re1  a t i  onship w i t h  1 eadi ng-edge vor tex  behavior are given i n  reference 
26. Each model was tes ted  a t  Mach numbers o f  1.7, 2.0, 2.4 and 2.8 f o r  angles 
o f  a t tack  ranging from 0" t o  20". 

I n  a previous study, Stanbrook and Squire ( r e f .  27) suggested t h a t  the 
f l o w  cond i t ions  normal t o  the  lead ing  edge, s p e c i f i c a l l y  normal angle o f  
a t tack  ( ) and normal Mach number (MN), govern the  type o f  f l ow  which 
ex i s t s .  ?tanbrook and Squire i n i t i a l l y  repor ted t h a t  near MN = 1 a boundary 
ex i s ted  d i v i d i n g  the flow i n t o  two d i s t i n c t  regions: f o r  MN < 1 the f l ow  was 
charac ter ized by a lead ing  edge, separated, r o l  led-up vor tex- type f l ow  and f o r  
MN > 1 the  f l ow  was charac ter ized by an attached f l ow  w i t h  poss ib le  shock- 
induced separat ion. The c l a s s i f i c a t i o n  i n t o  j u s t  two types o f  f l ow  provided 
by the Stanbrook-Squire boundary was rev i sed  by Ganzer, Hoder and Szodruch 
( re f .  28); however, t h i s  l a t t e r  e f f o r t  was based on a s i n g l e  leading-edge- 
sweep angle o f  73" and f l ow  cond i t ions  o f  MN > 1. A complete review o f  t h i s  
work was presented by Szodruch and Peake ( r e f .  29). I n  the present planform 
study, four leading-edge-sweep values were used t o  examine the type o f  f l ow  
f o r  cond i t ions  which l i e  above and below the MN = 1 Stanbrook-Squire boundary. 

Using p r i m a r i l y  vapor-screen in format ion,  the types o f  f l ow  observed i n  
t h i s  t e s t  were d i v ided  i n t o  the  seven categor ies as shown i n  f i g u r e  3. A 
d e t a i l e d  d iscussion o f  each o f  these f l ow  types can be found i n  reference 
26. I n  f i g u r e  4, a l l  o f  the  t e s t  data are summarized according t o  one o f  the 
seven f l ow  types. The aN - MN space i s  c l e a r l y  d i v ided  i n t o  regions where the 
f low type i s  i nd i ca ted  by the vapor-screen sketch placed i n  each region. As 
an added fea ture  t o  p rov ide  add i t i ona l  i nformation, the open symbols i d e n t i f y  
f lows w i t h  shocks; t he  c losed symbol s  i dent i  fy shock1 ess f lows; the  c i  r c u l  a r  
symbols i d e n t i f y  f lows w i t h  pr imary and secondary vo r t i ces ;  the  square symbols 
i d e n t i f y  f lows con ta in ing  separat ion bubbles; the  diamond symbols i d e n t i f y  
f lows w i t h  shock induced separat ion; and the t r i a n g l e  symbols i d e n t i @  f lows 
w i t h  no separat ion. As shown by the s o l i d  t r i a n g l e s  i n  the f i gu re ,  the only  
f l o w  cond i t i ons  which produced shockless attached f lows were angles o f  a t tack  
of zero ( %  = 0 ) ;  however, t h i s  occurs only because the next smallest angle of 



a t tack  i n  the t e s t  m a t r i x  was 4", Because the two most e f f e c t i v e  types s f  
separated' Flow be1 ng consi  dered f o r  aerodynamic performance enhancements are 
the shockless bubble and shockless vortex, i t  i s  i n t e r e s t i n g  Lo note t h a t  
these two types o f  f low occupy the m a j o r i t y  o f  the reg ion  f o r  MN l e s s  than 
u n i t y ,  AS so above 20" normal angle o f  at tack,  the upper boundary o f  the 
reg ion  decreases towards MN = O w i t h  increas ing  uN. 

- The experimental wing planform i n v e s t i -  
ga t i on  was conducted w i t h  wind tunnel wing models designed t o  minimize the  
e f f e c t s  o f  a i r f o i l  shape and thickness; i .e., the  leeward wing sur face under 
i n v e s t i g a t i o n  was made f l a t .  However, ca l cu la ted  Eu ler  code resu l t s ,  obta ined 
by the method described i n  reference 30, a re  shown i n  f i g u r e  5 and i n d i c a t e  
t h a t  the est imated e f f e c t s  o f  thickness can be s i g n i f i c a n t .  Mach number 
contours a re  shown f o r  two d e l t a  wings each having 70' leading-edge-sweep 
angle b u t  w i t h  d i f f e r e n t  a i r f o i l  sect ions. One wing has a zero- th ick  a i r f o i l  
sec t i on  t o  represent  a f l a t  wing and the o the r  wing has a 7-percent-thick 
c i r c u l  ar-arc a i  r f o i  1 sect ion.  A1 though the c a l c u l a t i o n s  f o r  both wings were 
made a t  exac t l y  the  same f l ow  cond i t ions  o f  M = 2.5 and a = 180, the Mach 
number contours i n d i c a t e  t h a t  the types o f  f l o w  were completely d i f f e r e n t .  
The f l ow  over the l ees ide  o f  the zero- th ick  wing i s  charac ter ized by a we l l -  
developed leading-edge vo r tex  w i t h  a shock l oca ted  on top  o f  the vortex; the  
zero- th ick  wing f l ow  cond i t i ons  correspond t o  MN = 1.13 and aN = 44O and, as 
shown i n  the  aN - MN graphic, agree w i t h  the type o f  f l o w  exper imenta l ly  
observed i n  the  f l  at -wi  ng p l  anform study p rev ious l y  d i  scussed. I n  cont ras t ,  
f l ow  over the  l ees ide  o f  the 7-percent c i r c u l a r - a r c  t h i c k  wing i s  char- 
a c t e r i z e d  by a cross- f low shock w i t h  no signs o f  separat ion o f  any type. As 
i n d i c a t e d  i n  f i g u r e  4, t h i s  type o f  f l ow  would be expected t o  occur a t  a value 
o f  MN g rea te r  than u n i t y  and a value o f  aN l e s s  than 12'. Because the  wing 
leading-edge l o c a l  angle o f  a t tack  i s  cont inuously  vary ing  along the span due 
t o  the  nonconical geometry, i t  i s  no t  c l e a r  how t o  c a l c u l a t e  the  aN and MN 
values i n  o rder  t o  apply the  f l ow  c l a s s i f i c a t i o n  c h a r t  o f  f i g u r e  4. For  t h i s  
p a r t i c u l a r  th ick -w ing  example, reducing the wing angle o f  a t tack  o f  18" by 8' 
(which corresponds t o  one-half  the value o f  t he  t o t a l  th ickness angle o f  t he  
7-percent pa rabo l i c  arc a t  the lead ing  edge) r e s u l t e d  i n  a a,,, = 27O and a MN = 
0.95 as shown f o r  the t h i c k  wing l o c a t i o n  on the  a,,, - MN c h a r t  i n  f i g u r e  5. 
This  l o c a t i o n  corresponds t o  the boundary o f  several regions which a l l  should 
have some type o f  separated f low. Obviously a d d i t i o n a l  in fo rmat ion  i s  needed 
t o  understand the e f f e c t s  o f  thickness on the  lees ide- f low c h a r a c t e r i s t i c s .  

To prov ide  a s e t  o f  th ick-wing data t o  compare w i t h  the  f l a t - w i n g  data, a 
s e t  o f  e i g h t  wind tunnel  wing models has been constructed. The models have 
d e l t a  planforms i d e n t i c a l  t o  the f l a t  wings w i t h  leading-edge sweep angles o f  
52.5", 60°, 67.5" and 75". One se t  o f  models has 7-percent- th ick c i r c u l a r - a r c  
a i r f o i l  sec t ion  and the  o ther  se t  o f  models has 7-percent- th ick diamond 
a i r f o i l  sec t ions  (see f i g .  6). A1 though both wing se ts  have the same t h i c k -  
ness-to-chord r a t i o  s f  7 percent, t h e i r  Seading-edge th ickness angles are 
consi derably  d i f f e r e n t .  The circul ar-arc al" r f o i l  has a leading-edge th ickness 



ha1 f angle s f  approximately 8" and the diamond airfoil has a leading-edge 
thickness h a l f  angle o f  4", The t e s t  plans i nc lude oil flow, t u f t  and vapor 
screen f% ow-vi sual i f a t i o n  data which w i  P 1 be correlated w i t h  the $1 at-wing 
f l o w - v i s u a l  i z a t i o n  data $0 i d e n t i f y  "ythickness effects- 

- The purpose o f  the wing-camber study was t o  
exper imenta l ly  determine the e f f e c t s  o f  wing leading-edge camber on both the 
aerodynamic forces and tnoments as we l l  as the  wing's l ees ide  f l ow  character-  
i s t i c s .  The camber was represented by a de f l ec ted  leading-edge f l a p  on an 
otherwise uncambered wing having a f l a t  upper surface. Two se ts  o f  del  ta-wing 
models were constructed. One s e t  had a leading-edge-sweep angle o f  67.5", and 
the o the r  se t  had a leading-edge-sweep angle o f  75". Each s e t  had a leading-  
edge f l a p  w i t h  i t s  hinge l i n e  loca ted a t  70 percent  o f  the l o c a l  span; the  
leading-edge f l a p  cou ld  be de f l ec ted  down 0°, 5", 10" o r  15". The f l a p  
d e f l e c t i o n  angle i s  measured streamwise. As shown i n  the photograph o f  f i g u r e  
7, the models have a minimum-body balance housing which i s  con ica l  back t o  
approximately two- th i rds  o f  the model l eng th  a t  which p o i n t  t he  body balance 
housing becomes c y l  i n d r i c a l  . As a r e s u l t  o f  t h i s  design, a1 l model con f i g -  
u r a t i o n s  tes ted  had con ica l  lees ide  sur face geometries forward o f  t he  c y l i n -  
d r i c a l  p o r t i o n  o f  the  body balance housing. For  each o f  the  two sets o f  
wings, a removable fuselage forebody was constructed so t h a t  data cou ld  be 
obta ined w i t h  and w i t h o u t  fuselage forebody e f f e c t s .  The fuselage forebodies 
extended approximately 5 i n ,  beyond the wing apex and had a f i neness - ra t i o  2.5 
c i  r c u l  ar-arc nose and a 2.0-in .-diameter c y l  i n d r i c a l  c i r c u l a r  a f t  sect ion.  

Tes t ing  of the n = 75O wing w i t h  the fuselage forebody removed has been 
completed. Data were obta ined f o r  the same f l ow  cond i t ions  as those o f  the 
planform study, i .e. Mach numbers from 1.5 t o  2.8 and angles o f  a t tack  from 0" 
t o  20". Figure  8 i l l u s t r a t e s  the behavior o f  the l ees ide  f l o w  c h a r a c t e r i s t i c s  
a t  M = 1.7. S i m i l a r  behavior was observed a t  the  o the r  Mach numbers. For  the 
range o f  f l a p - d e f l e c t i o n  angles (6 f )  and angles o f  a t tack  (a) tested, th ree  
d i s t i n c t l y  d i f f e r e n t  f l ow  types were observed. The f l ow  type i s  charac ter ized 
by the existence, o r i g i n  and l o c a t i o n  o f  the  vor tex  and i s  denoted by the 
sketches on the  f i g u r e .  The sketch i nd i ca tes  the character  o f  both the vor tex 
and the associated surface pressure d i s t r i b u t i o n .  The shaded reg ion  corre-  
sponds t o  the  s i t u a t i o n  i n  which the  vor tex  o r i g i n a t e s  a t  t he  wing l ead ing  
edge and i t s  pr imary i n f l uence  i s  conf ined t o  the  leading-edge f l ap ;  t h i s  i s  
the  i d e a l  s i t u a t i o n  f o r  the operat ion o f  a vor tex f l a p .  For  angles o f  a t tack  
between 0" and l o a ,  the  shaded reg ion  has both upper and lower boundaries, 
For  a g iven angle o f  at tack,  t he  upper boundary denotes the f l a p - d e f l e c t i o n  
angle above which the  f o w  i s  attached on the  f l a p  bu t  separates a t  the  hinge 
l ine. Fo r  a given f l a p - d e f l e c t i o n  angle, the lower boundary denotes the  angle 
of a t tack  above which the vor tex  i s  no longer  conf ined t o  the l e a d i  ng-edge 
$1 ap but  extends beyond the hinge 1 ine, There a1 so e x i s t s  a p o i n t  where the  
upper and lower boundaries o f  the shaded region i n t e r s e c t .  Th is  p o i n t  def ines 
the maximum f lap-deflection angle a% w h i c h  the leading-edge f l a p  could be made 
$0 a c t  as a vertex f l a p *  It remains t o  be seen how the f o rce  and moment data 



c o r r e l  a t e  w i t h  the  l e e s i  de P I  ow charac te r i s t i cs .  

Because a d e f i n i t e  i n t e r a c t i o n  was observed beween the h inge- l ine  vor tex 
and the leadi ng-edge vortex, an experimental study o f  h i  nge-1 i n e  separat ion i s  
planned, As i l l u s t r a t e d  i n  f i g u r e  9, the h inge- l i ne  study w i l l  i nvo l ve  the 
t e s t i n g  o f  three hinge-l  i n e  models mounted on a spl f t t e r  p1 ate. The m d e l  s 
w i  11 have d i  f f erent  1 eadi ng-edge-sweep angl es o f  0" , 50°, and 70' and 1 eadi ng- 
edge f l a p  d e f l e c t i o n  angles ranging from 0' t o  40'. Each model w i l l  be 
instrumented so t h a t  pressure d i s t r i b u t i o n s  can be measured both streamwise 
and normal t o  the hinge l i n e .  As i nd i ca ted  i n  the  f igure ,  f low f i e l d  
pressures w i l l  be measured using a f l ow  survey pressure probe. 

Theoretical Program 

The o b j e c t i v e  o f  the theo re t i ca l  program was t o  explore the use o f  compu- 
t a t i o n a l  methods f o r  p r e d i c t i n g  the  l e a d i  ng-edge vor tex  c h a r a c t e r i s t i c s  o f  
wings a t  supersonic speeds. Two methods were examined. A modi f ied  
l inear ized- theory  method was found t o  adequately p r e d i c t  the  f l ow  character- 
i s t i c s  o f  f l a t  wings b u t  was no t  adequate f o r  p r e d i c t i n g  the  f l ow  over 
cambered wings. An Eu ler  s o l u t i o n  technique was found t o  adequately p r e d i c t  
the general c h a r a c t e r i s t i c s  o f  both f l a t  and cambered wings. The fo l l ow ing  
d iscussion w i  11 b r i e f l y  describe each method and high1 i g h t  resul  t s  obtained 
w i t h  each method. 

- A supersonic 1 i nearized-theory aero- 
dynamic p r e d i c t i o n  method has been modi f ied t o  account f o r  both nonl inear 
attached-f low e f f e c t s  ( p r i m a r i l y  a windward sur face phenomena) and nonl i nea r  
separated-flow e f f e c t e d  ( p r i m a r i l y  a leeward surface phenomena) ( r e f .  31). 
The leading-edge separated f l ow  i s  represented by a technique which uses the 
Polhamus suc t ion  analogy ( r e f .  32) t o  determine the  leading-edge vortex- 
induced fo rce  and then modi f ies  the  upper sur face attached-f low pressures t o  
d i s t r i b u t e  t h i s  add i t i ona l  f o rce  over the wing upper surface. The vortex- 
induced fo rce  i s  d i  s t r i  buted about a "vor tex a c t i o n  p o i n t "  1 ocated downstream 
of the wing leading edge. The l o c a t i o n  o f  the vor tex ac t i on  p o i n t  i s  
determined from an empi r ica l  r e l a t i o n s h i p  t h a t  i s  a func t i on  o f  angle o f  
a t tack  only. The method a1 so l i m i t s  the leeward surface pressures t o  values 
greater  than those correspondi ng t o  vacuum condi t ions.  

The a b i l i t y  o f  t h i s  modi f ied  l inear ized- theory  method t o  p r e d i c t  wing 
vor tex c h a r a c t e r i s t i c s  was evaluated f o r  the se r ies  o f  f l a t  d e l t a  wings used 
i n  the  prev ious ly  d i  scussed experimental p l  anform inves t iga t i on .  A d e t a i l e d  
discussion of t h i s  eva luat ion  i s  given i n  reference 26, and t y p i c a l  r e s u l t s  
are presented i n  f i g u r e  10. The resul t s  shown i n  the  f i g u r e  are f o r  an 
uncambered d e l t a  wing w i t h  75' o f  l e  d i n  -ed e sweep; the  Mach numbers and = f g g  angle o f  a t tack  correspond t o  cond i t ions  which l i e  w i t h i n  the  c lass i ca l  vor tex 
region depicted i n  the upper p o r t i o n  of the f i gu re ,  The vortex-induced 
normal-force c o e f f i c i e n t ,  CN , represents the vor tex s t rength  and the spanwise 
surface pressure d i s t r i  k u t i o b  i nd i ca tes  bath vor tex s t rength  and locat ion ,  As 



shown across the bottom s f  the figure, t he  agreement between t heo re t i ca l  and 
expertmental resu l  %s i s  suff3"cl"eu3t for prel $minary design appl teat tons s f  the 
modi f ied  1 i nearized-theory method, 

The m t h o d  was next  evaluated f o r  wings w i t h  def lec ted leading-edge 
f laps .  A t  the  t ime o f  t h i s  eval uat ion, the  experimental data had no t  been 
obtained on the  conical  w i n g - f h p  modek described i n  the "'Wing Camber 
Inves t iga t i on "  sec t ion  o f  t h i s  paper; however, data from references 33 and 34 
were s u f f i c i e n t  t o  evaluate the method. A comparison o f  t h e o r e t i c a l  and 
experimental forces and surface pressures can be made from the  r e s u l t s  shown 
i n  f i gu re  11. A1 though the  pressure resul  t s  were obtained a t  s l  i g h t l y  
d i f f e r e n t  cond i t ions  than the fo rce  data, the  f low c h a r a c t e r i s t i c s  which 
produced the  fo rce  data a t  CL 0.3 c lose ly  correspond t o  the  f l ow  character- 
i s t i c s  o f  the pressure d i s t r i b u t i o n  shown i n  the f igure .  Discrepancies 
between the  experimental data and the computed r e s u l t s  are found i n  both the 
drag pol a r  and pressure d i  s t r i  buttons. The theo re t i ca l  drag pol a r s  i n d i c a t e  
t h a t  f o r  values o f  l i f t - c o e f f i c i e n t  above 0.2 the wing w i t h  the 16" f l a p  
d e f l e c t i o n  produces less  drag than the wing w i t h  zero f l a p  de f lec t i on ;  
however, the experimental data show t h a t  d e f l e c t i n g  the l eadi ng-edge f l  ap 16' 
resu l  Led i n  a drag increase w i t h  respect t o  the  wing w i t h  z e r o - f l  ap 
de f lec t i on .  An explanat ion f o r  t h i s  discrepancy i s  c l e a r l y  shown i n  the 
spanwise pressure d i s t r i b u t i o n s .  The t h e o r e t i c a l  spanwise pressure d i s t r i -  
bu t i on  shows the presence o f  a small vor tex i t s  induced pressure a c t i n g  on the 
leading-edge flap; t h e o r e t i c a l l y  t h i s  i s  the i dea l  s i t u a t i o n  f o r  achiev ing 
performance b e n e f i t s  employing a vor tex f l a p .  However, the experimental 
pressures i n d i c a t e  both a small leading-edge vor tex and a much l a r g e r  hinge- 
l i n e  vortex. Because the  h inge- l ine  vor tex induced pressures dominate and l i e  
on the  undef lected f l a t  surface inboard o f  the  hinge l i n e ,  no drag reduct ion  
would be r e a l i z e d  as a r e s u l t  o f  d e f l e c t i n g  the  leading-edge f l a p  16'. 

From t h i s  discussion i t  i s  c l e a r  t h a t  the modi f ied- l inear ized theory 
method i s  no t  capable o f  analyz ing the f l ow  over sharp leading-edge wings 
havi ng d e f l  ected l e a d i  ng-edge f l  aps. 

Euler code mlhod. - Because the  modi f ied- l inear ized method f a i l e d  t o  
p r e d i c t  the  l ees ide  f low over del t a  wings w i t h  def lec ted l e a d i  ng-edge f laps,  
i t  was decided t o  explore the use o f  more complex codes such as Navier-Stokes 
and Eu ler  codes. A number o f  researchers have appl ied Navier-Stokes codes and 
Eul e r  codes t o  the  ca l  c u l  a t i  on o f  w i  ng 1 eadi ng-edge-vortex f l ows a t  supersonic 
speeds; and both methods have produced encouraging r e s u l t s  f o r  t he  f l ow  over 
f l  at,  uncambered wings ( r e f .  35). The Navier-Stokes equations model both the 
viscous and i n v i s c i d  mechanisms and would be expected t o  provide the  most 
accurate resu l t s .  However, because Navier-Stokes methods have very h igh  
computational costs and because Euler  ntethods have been shown t o  produce the  
general c h a r a c t e r i s t i c s  c f  vor tex f lows, i t  was decided t o  look ff r s t  a t  t he  
c a p a b i l i t i e s  o f  Euler codes, In  selecting a partieul ar Eul er code the choice 
ranged f rsm large,  csmpl ex 3-0, we1 4 -developed codes t o  a sma7 9 , simple 2-D 



c o n i c a l  code under development for the s p e c i f i c  purpose o f  c a l c u l a t i n g  wing 
k e d i  ng-edge vor tex fhews. A code o f  the 'I atter  type, s p e c i f f c a l ~  the  
conical E u l  er code by Perez and Powell e t  a.9,  I refs. 36 and 371, was selected 
because o f  the code developers h e p r e s s e d  i nte res t  i n  t h i s  p a r t i c u l a r  problem, 

A complete descr ip t ion  o f  the code has been reported prev ious ly  i n  
reference 38 and only a b r i e f  desc r ip t i on  i s  presented herein. The basic 
s o l u t i o n  technique employs a f i n i t e  volume s p a t i a l  d i s c r e t i z a t i o n  o f  the 
unsteady Eu ler  equations i n  conservat ion form which i s  solved using a Runge- 
Ku t ta  type method as discussed i n  reference 39. The bow shock i s  f i t t e d ,  and 
both second and f o r t h  order damping are employed t o  capture i n t e r n a l  shocks 
and y i e l d  smooth solut ions.  The g r i d  i s  generated us ing  a Joukowski trans- 
format ion i n  which the  zero- th ick wing surface becomes a c i r c l e .  For a l l  
c a l c u l a t i o n s  shown, the  g r i d  densi ty  consisted o f  128 r a d i a l  l i n e s  i n  the  h a l f  
plane and 128 po in ts  on each r a d i a l  l i n e .  The wing i s  represented by zero- 
t h i c k  impermeable surface. 

To compare w i t h  the Eu ler  code solut ions,  e i g h t  cases were selected from 
the data obtained i n  the experimental program. The cases were selected t o  
provide a l a rge  v a r i e t y  o f  wing lees ide f low charac te r i s t i cs .  I n  a l l  e i g h t  
cases, the geometry was a d e l t a  wing w i t h  75' o f  leading-edge sweep. Four o f  
the  cases compare r e s u l t s  f o r  a f l a t  wing, and f o u r  o f  t he  cases compare 
r e s u l t s  f o r  a wing w i t h  a de f lec ted  leading-edge f l ap .  

The compari sons between experiment and theory inc lude both f l  ow-f i e l  d and 
surface data. The ca lcu la ted  f l o w - f i e l d  data cons is t  o f  p l o t s  o f  the cross- 
f l ow  v e l o c i t y  vectors and the  measured f l o w - f i e l d  data cons is t  o f  vapor screen 
photographs. The f l o w - f i e l d  data are presented i n  a plane perpendicular t o  
the  free-stream v e l o c i t y  vector.  The ca l  cu l  ated and measured surface data 
cons is t  o f  spanwise pressure d i s t r i b u t i o n s .  

Experimental and theo re t i ca l  r e s u l t s  f o r  a f l a t  wing a t  12' angle o f  
a t tack  are shown i n  f i gu res  12 and 13 f o r  Mach numbers o f  1.7 and 2.8, respec- 
t i v e l y .  A t  both Mach numbers, the  experimental and t h e o r e t i c a l  f l  ow-fie1 d 
data show leading-edge separat ion which r e s u l t s  i n  a well-developed primary 
vor tex  located above the lees ide surface o f  the wing. The most notable 
d i f f e rence  between the  theo re t i ca l  and experimental r e s u l t s  i s  the  absence o f  
the  secondary vor tex i n  the  Eu ler  resu l t s .  This i s  found f o r  a l l  cases 
because the  secondary vor tex i s  a viscous phenomena which cannot be pred ic ted 
by an i n v i s c i d  Euler  code. Otherwise, the agreement between the  experimental 
and t h e o r e t i c a l  resu l  t s  i s  very good. Both resu l  t s  i n d i c a t e  the  f l a t t e n i  ng 
and inboard movement o f  the primary vor tex as Mach number i s  increased from 
1 - 7  t o  2,8. A t  Mach numbers o f  1,7, the experimental and theo re t i ca l  spanwise 
pressure d i s t r i b u t i o n s  are i n  good agreement except f o r  the  in f luence o f  the  
.=.A,= a ~ ~ o n d a r y  vor tex,  The experimental pressures shoirr. "co pi*essui*e peaks, one 
near GO-percent span and another near 85-percent span; the t h e o r e t i c a l  
pressure d i s t r i b u t i o n s  show a single s l i g h t l y  higher pressure peak located a t  
approximately the 30-percent span s ta t ion*  Al though the higher Mack number 



2,8 resu l  t s  sf  f i g u r e  12 s t i  9 3 conta i  n a secondary vortex, there i s  l i ttl e or  
no i n f l uence  o f  t h i s  secondary vor tex on t h e  sur face pressure d i s t r i b u t i o n .  
This  observat ion seems t o  be t y p i c a l ,  and i t  can be general ly  s ta ted tha t  
e f f e c t  o f  the secondary vor tex on the wing upper surface pressures diminishes 
w i t h  increas ing Mach number. 

Results f o r  a f l a t  wing a t  12' angle o f  a t tack  and a t  8' angle o f  yaw are 
shown i n  f igures 14 and 15 fo r  Mach numbers o f  1.7 and 2.8, respect ive ly .  As 
seen i n  the  f igures ,  f l o w - f i e l d  and surface-pressure data are shown f o r  both 
the l e f t  s ide (y/ymax negative) and the  r i g h t  s ide (y/yma? p o s i t i v e )  o f  the  
wing. For t h i s  yawed o r ien ta t i on ,  the  l e f t  s ide o f  the wing has a windward 
lead ing edge and the  r i g h t  s ide has a 1 eeward 1 eading edge. Because vapor- 
screen photographs were not  taken f o r  the yawed wings, the  only f l o w - f i e l d  
data shown are p l o t s  o f  the  t h e o r e t i c a l l y  computed c r o s s f l  ow v e l o c i t y  
vectors. I n  both f i gu res  14 and 15, the asymmetry o f  the f low due t o  yaw i s  
c l e a r l y  shown i n  both the  flow f i e l d  and sur face pressure data. For the low 
Mach number o f  1.7, t he  cross-f low v e l o c i t y  contours show t h a t  leading-edge 
separat ion occurs on both the  windward and leeward edges. The windward-edge 
separat ion develops i n t o  a separat ion bubble which l i e s  c lose t o  the  wing 
surface and the  1 eeward-edge separat ion develops i n t o  a c l a s s i c a l  vortex. 
These two considerably d i f f e r e n t  f l ow  types resul  t i n  d i f f e r e n t  surface 
pressure d i s t r i b u t i o n s  shown a t  t he  bottom o f  f i g u r e  14. The separat ion 
bubble r e s u l t s  i n  a more negative pressure extending over a l a r g e r  p o r t i o n  o f  
the wing span as compared t o  the pressures r e s u l t i n g  from the c l a s s i c a l  
vortex. I n  f i g u r e  15, the  h igher Mach number 2.8 r e s u l t s  i n d i c a t e  t h a t  t he  
f l ow  i s  attached on the  windward edge and separated on the  leeward edge. The 
at tached f low produces a plateau-type pressure d i s t r i b u t i o n  over the outboard 
75 percent o f  the  l e f t  wing span; the  pressure d i s t r i b u t i o n  on the r igh t -w ing 
span i s  t y p i c a l  o f  t h a t  produced by a c l a s s i c a l  vortex. For both Mach 
numbers, the Eul er-code pred ic ted pressures are i n  excel 1 en t  agreement w i t h  
the  measured pressures. 

Resul ts  from the experimental conical -wing- f lap study i nd i ca ted  t h a t  f o u r  
types o f  f l ow  were observed t o  occur. The type o f  f low depends on the  angle 
o f  a t tack  and the  wing leading-edge f l a p  angle. To evaluate the  a b i l i t y  o f  
Eu ler  code t o  p r e d i c t  the  f l ow  over the  wings w i t h  def lec ted leading-edge 
f laps, four combinations o f  a and tif were selected t o  correspond t o  each o f  
t he  four observed types o f  f low. These f o u r  a-tif combinations are shown i n  
f i g u r e  16 and are labe led as p o i n t s  A, B, C, and D. The f l o w - f i e l d  r e s u l t s  
and surface pressure d i s t r i b u t i o n s  corresponding t o  po in ts  A, B, C, and D are 
shown i n  f i gu res  17 t o  20 respect ive ly .  

I n  f i gu re  17, r e s u l t s  are shown f o r  a = 
40 and 

= so. According t o  the  
l o c a t i o n  of t h i s  cond i t i on  on f i g u r e  16 ( p o i n t  A ) ,  t e f l ow  should be charac- 
t e r i z e d  by a c l  ass ica l  leading-edge vortex. The experimental pressure d i s t r i -  
bu t i on  does indeed show a lower pressure reg ion on the upper surface o f  t h e  
leading-edge f l ap ,  whfck could r e s u l t  from the presence o f  a weak vortex. 



However, the experimental f l ow- f i e1  d data do no t  show a vortex; t h i s  i nd i ca tes  
t h a t  the vapor screen techniques may not  be sens i t i ve  enough t o  de tec t  weak 
vortex cond i t i ons  or tha t  condensation e f f e c t s  may have a l t e r e d  the f l ow  
condi ti ons t o  del ay vortex formation Mote a9 so t h a t  ne i  %her the  t h e e r e t i  ca l  
pressure dl" s t r i b u t i o n  nor  t h e  " e m r e t i c a l  f l ow- f i e1  d da"e exkibl' t signs o f  a 
leading-edge vortex. These c o n f l i c t i n g  abservat iens i n d i c a t e  t h a t  the  char- 
a c t e r i s t i c s  o f  a weak vortex are very sens i t i ve  t o  the  f l ow  condi t ions.  

I n  f i g u r e  18, r e s u l t s  are shown f o r  u = 120 and sf = 50. These r e s u l t s  
correspond t o  p o i n t  B i n  f i g u r e  16. The experimental and theo re t i ca l  r e s u l t s  
c l e a r l y  show a primary vortex which o r ig ina tes  a t  the  wing lead ing edge and 
extends we l l  inboard of the f l a p  hinge 1 i nee The experimental and t h e o r e t i c a l  
pressures are  i n  good agreement and both r e f l e c t  t he  presence o f  the  pr imary 
vortex. The theo re t i ca l  f l  ow-fie1 d data unexpectedly i n d i c a t e  the  presence o f  
a secondary separat ion region l y i n g  on the leading-edge f l  ap; t h i s  secondary 
separat ion i s  produced as the outboard f low passing under the  primary vor tex  
encounters the  hinge l i n e  and separates. A1 though no t  c l e a r l y  shown i n  the  
experimental f l o w - f i e l d  data, both the  experimental and theo re t i ca l  pressure 
d i s t r i b u t i o n s  e x h i b i t  the signs o f  t h i s  secondary separation. 

Results f o r  a = 4O and = 15O are shown i n  f i g u r e  19; these r e s u l t s  
correspond t o  p o i n t  C on f i g u r e  16. The theo re t i ca l  f l o w - f i e l d  data show t h a t  
a l a rge  f l a p  d e f l e c t i o n  and small angle o f  at tack produce two primary 
vor t ices .  One o f  these vo r t i ces  o r ig ina tes  from the lead ing edge and l i e s  on 
the lower surface of the leading-edge f lap; t h i s  lower surface vor tex cannot 
be seen i n  t h e  experimental f l o w - f i e l d  data because the  l i g h t  source i s  
blocked by the  leading-edge f l a p .  The o ther  primary vor tex  i s  produced when 
the  attached f low on the f l a p  upper surface separates a t  the  f l a p  hinge-l ine; 
t h i s  vor tex  l i e s  inboard o f  the  f l a p  hinge l i n e  and i s  c l e a r l y  v i s i b l e  i n  both 
the  experimental and theo re t i ca l  f l  ow-f i e l  d data. A1 though the vor tex- i  nduced 
pressures on the  1 eeward wing sur face are t h e o r e t i c a l l y  p red ic ted  s l i g h t l y  
lower than those experimental ly measured, the  general agreement between theory 
and experiment i s  very good. The t h e o r e t i c a l l y  p red ic ted pressure d i  s t r i  - 
bu t ion  shows the  st rong in f luence o f  the windward primary vor tex  as a reduced 
pressure reg ion on the windward ( lower)  w ing- f l  ap surface; un for tunate ly ,  
lower sur face pressures were no t  measured and a comparison between experi-  
mental and t h e o r e t i c a l  pressures could no t  be made. 

The f o u r t h  and f i n a l  set  o f  cambered del ta-wing r e s u l t s  are shown i n  
f i g u r e  20. These r e s u l t s  correspond t o  a = 12O and s f  = 15O which i s  p o i n t  D 
on f i g u r e  16. Both the  experimental and the t h e o r e t i c a l  r e s u l t s  i n d i c a t e  
s imi  1 a r  l ees ide  fl ow charac ter i  s t i c s .  Both show lead i  ng-edge separat ion and 
h inge- l ine  separat ion which r e s u l t  i n  two regions o f  vor tex- type f low. The 
l eadi ng-edge vor tex resul  t s  i n  the  most outboard suc t ion  pressure peak and the  
h i  nge-1 i ne vor tex  resu i  t s  i t j  the l argest  suct f  on pressure peak l ocated 
s l i g h t l y  inboard of the hinge line. The major d i f f e rence  between the exper i -  
mental and thecareti cal r-esul t s  i s  the ex ten t  of the  1 eadi ng-edge vortex. The 



experimental  r e s u l t s  show a separation-bubble type vor tex  f low wkich extends 
over the  e n t i r e  l eng th  o f  t he  f l a p  and produces the p la teau type pressure 
d i s t r i b u t i o n s  shown i n  the fl 'gure, The t h e o r e t i c a l  resul  t s  a lso  show a 
separation-bubble type vor tex  f l ow  which begins a t  the  wing lead ing  edge and 
reat taches on the f l a p  a t  approximately h a l f  way between the lead ing  edge and 
the  hinge 1 ine; i n  the t h e o r e t i c a l  d i s t r i b u t i o n  t h i s  f l ow  reattachment 
produces the compression reg ion  between the two suc t ion  pressure peaks. 

Aerodynarni c Perfomance 

I n  t h i s  sect ion, the measured aerodynamic performance f o r  a con ica l  
v o r t e x - f l  ap wing and the performance o f  a convent ional a t tached- f l  ow leading-  
edge f l a p  wing are  presented. These performance r e s u l t s  are compared w i t h  
each o the r  and w i t h  a " p r a c t i c a l  performance goal ' estab l ished from data 
measured on a se r ies  o f  optimum t w i s t e d  and cambered wings. 

Aerodynamic performance r e s u l t s  f o r  a vo r tex - f l ap  wing are presented i n  
f i  yure 21. These r e s u l t s  were obta ined a t  M = 1.7 on the  A = 750 d e l t a  wing 
w i t h  leading-edge f l a p s  def lected 0°, 5", 10' and 15'. Experimental values o f  
d rag -due - to - l i f t  parameter are presented as 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 .  
For  reference purposes, t he  l inear ized- theory  0-percent t h r u s t  and 100-percent 
t h r u s t  boundaries are a l so  shown; these boundaries do n o t  vary w i t h  l i f t  
c o e f f i c i e n t .  The data show t h a t  s i g n i f i c a n t  drag reduct ions can be achieved 
a t  supersonic speeds by the  management o f  wing leading-edge vor t i ces .  
Compared t o  the 5" f l a p - d e f l e c t i o n  data, which d i d  n o t  experience hinge-1 i n e  
separat ion, the  data f o r  the  10' and 15' leading-edge f l a p  d e f l e c t i o n  show a 
l o s s  i n  performance due t o  h inge - l i ne  separat ion. However, a l l  f l a p  
de f l ec t i ons  r e s u l t e d  i n  a drag reduct ion  compared t o  the  f l a t  wing. 

Aerodynamic performance r e s u l t s  f o r  a wing us ing  a convent ional attached- 
f low leading-edge f l a p  were ex t rac ted  from data obta ined i n  the experimental 
study ( r e f .  40) depicted i n  f i g u r e  22. As i n d i c a t e d  i n  the  f igure ,  the study 
i nvo l ved  t e s t i n g  f o u r  sets o f  f l a p  planforms on a t rapezo ida l  wing and two 
sets o f  f l a p  planforms on a cranked wing. Both wings had aspect r a t i o s  o f  
1.75 and were mounted on a generic fuselage as shown i n  the  photograph o f  
f i g u r e  22. A l l  leading-edge f l a p  geometries were e f f e c t i v e  i n  reducing the  
f l a t -w ing  drag; however, the  l a r g e s t  drag reduct ions were produced by the  
combination o f  f l a p  A on the  cranked wing. For  t h i s  wing- f lap combinations, 
experimental  values o f  the  drag-due-to-l i f t  f a c t o r  versus 1 i f t  c o e f f i c i e n t  are 
shown i n  the lower l e f t  p o r t i o n  o f  the  f i g u r e  f o r  f l a p  d e f l e c t i o n  angles o f  
0°, 5" and 10". The l i nea r i zed - theo ry  0-percent t h r u s t  and 100-percent t h r u s t  
boundaries are a1 so shown. These data i n d i c a t e  t h a t  the lowest  drag-due-to- 
1 i f t  i s  produced by schedul i n g  the f l a p  d e f l e c t i o n  angle w i t h  l i f t  
c o e f f i c i e n t .  As shown i n  the f i gu re ,  the proper schedule would be s f  = O0 f o r  
l i f t  c o e f f i c i e n t s  below Oel; 6 = 50 f o r  l i f t  c o e f f i c i e n t s  between 0.1 and 
0.4; and s f  - 10° f o r  l i f t  coe f f i c i e n t s  above 0.4. Th is  f l a p  schedule and the  
d rag -due - to - l i f t  data shown i n  f i g u r e  22 were used t o  develop the curve f o r  



t h e  performance summary represent ing convent ional a t tached- f l  ow l e a d i  ng-edge 
$1 apse  

A comparison o f  the aerodynamic performance o f  the vo r tex - f l ap  wing and 
t h e  attached-f low f l a p  wing can be made from the data which are summarized i n  
f i gu re  23. In  t h i s  Figure, the aerodynamic performance i s  expressed as a 
percent  o f  f u l l ,  t h e o r e t i c a l ,  leading-edge t h r u s t  and i s  presented as 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 .  

For  reference purposes, a p r a c t i c a l  -goal curve was establ  i shed from 
experimental data measured on several t w i s t e d  and cambered wings where each 
wing camber was opt imized f o r  a s p e c i f i c  l i f t  c o e f f i c i e n t .  For example, t he  
data used t o  generate the  p o r t i o n  o f  the  p rac t i ca l -goa l  curve f o r  l i ft 
c o e f f i c i e n t s  from 0.0 t o  0.2 were taken from the  c r u i s e  cambered-wing designs 
repor ted  i n  reference 41, and the data used t o  e s t a b l i s h  the  performance l e v e l  
f o r  the 0.4 value o f  l i f t  c o e f f i c i e n t  were'taken from the  h i g h - l i f t  wing 
designs repo r ted  i n  references 42 and 43. 

The i n fo rma t ion  contained i n  f i g u r e  23 represents the  s t a t e  o f  the  a r t  i n  
exper imenta l l y  measured supersonic aerodynamic performance. A t  low l e v e l s  o f  
1 i f t  (CL  = 0 1 ,  t he  r e s u l t s  i n d i c a t e  t h a t  the p r a c t i c a l  goal o f  near 100- 
percent  t h r u s t  has been obtained w i t h  both t r a d i t i o n a l  leading-edge f l a p s  and 
vor tex leading-edge f l aps .  However, a t  h i g h - l i f t  cond i t i ons  (CL = 0.4), t he  
p r a c t i c a l  goal, which i s  reduced t o  approximately 60 percent  t h rus t ,  has n o t  
been obta ined by e i t h e r  o f  the f l a p  concepts. A t  t h i s  h i g h - l i f t  condi t ion,  
the t r a d i t i o n a l  1 eadi ng-edge f l a p  produces l e s s  than 25-percent t h r u s t  and the  
data of reference 40 i n d i c a t e  t h a t  t h i s  i s  probably the  bes t  t h a t  can be 
o b t a i  ned us ing  the  attached-f low f l  ap concept. However, the conical  vor tex  
f l a p  produces approximately 40-percent t h r u s t  and i t  i s  an t i c i pa ted  t h a t  the  
use o f  o ther  nonconical f l a p  geometries a1 ong w i t h  e l  i m i  n a t i  ng the h i  nge-1 i ne 
separat ion would increase the performance considerably. 

CONCLUDING REMARKS 

This  paper presents an overview o f  a research program d i rec ted  a t  t he  
study o f  wing leading-edge vo r t i ces  a t  supersonic speeds. The s tud ies  inc lude 
both experimental  and theo re t i ca l  i n v e s t i g a t i o n s  and focus p r i m a r i l y  on deter-  
min ing planform, thickness and camber e f f e c t s  f o r  d e l t a  wings. The e f f e c t s  o f  
p l  anform and 1 eadi ng-edge camber have been experimental 1y determined, and an 
experimental study t o  i d e n t i f y  thickness e f f e c t s  has been i n i t i a t e d .  Theoret- 
i c a l  s tud ies  have shown t h a t  a mod i f ied  l i nea r i zed - theo ry  method, which was 
capable o f  p r e d i c t i n g  the  p l  anform e f f e c t s  f o r  f l a t  wings, was no t  adequate 
f o r  p red i  c t i  ng 1 eadi ng-edge camber e f f e c t s  . P r e l  im i  nary resu l  t s  ob ta i  ned w i t h  
an Euler  code have been shown t o  conta in  the c o r r e c t  pr imary-vor tex character-  
i s t i c s  f o r  d e l t a  wings o f  var ious planforms and w i t h  var ious amounts o f  
1 eadi ng-edge camber. 



In a summary of masured aerodynamt c performance for h igh- l  i f t  csndi tions, 
wings w l  t h  I eading-edge vor tex  f l  aps were shown t o  have a considerably h igher 
1 eve1 o f  performance (40-percent t h rus t )  than wings emp9 eying conventional 
attached-PI ow l eading-edge f l  aps ( 25-percent thrust). However, t he  
performance l e v e l  s achieved w i t h  vortex $1 aps were considerably less  than the  
performance 1 eve1 s exper i  menta l ly  e s t a b f i  shed as a p r a c t i c a l  goal i 60 percent 
t h r u s t ) .  
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PRESSURE ORIFICE 

Figure 1. Planforms of f l a t  delta-wing models. 

Figure 2 ,  Types s f  exgerimen"$l d a t a .  



F igu re  3. Flow c l a s s i f i c a t i o n s .  

F i g u r e  4 ,  C l a s s i f i c a t i o n  o f  tes t  d a t a .  



F igu re  5. Est imated th ickness e f f e c t s .  

Experimental flow visualization 
A = 52.5' - 75' 
M = 1.5 - 2.8 
a = O0 - 20° 

Section A-A 7% diamclna 

Figure 6. Elements o f  thickness effects s tudy ,  



Figure 7. Photograph of A = 75" conical  wing-flap model. 

Figure  8, Typical w i  ng-f f  ap Seeside flow charac te r i s t i c s .  



Figure 9. Elements o f  hinge-line study. 
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F i g u r e  18. Modi flied I .i near - theory  p r e d i c t i o n s  f o r  uncambered del ti\ wing. 



Figure 11. Modifed 1 i near-theory predictions for delta wing with 1 eading-edge 
flap. 

Figllre r2, Experimental and Euler code results for Plat delta wing a t  M = 
1.7, u = f2°, B = 0". 



Figure 13. Experimental and Euler code results for f l a t  delta wing a t  M = 
2.8, a = lZO, $ = 0'. 

Figure 14. Experimental and Euler code results for f l a t  delta wing a t  M = 
1,7, a = %2Q,  6 = 8'- 



Figure 15. Experimental and Eul er code resul ts for f l a t  delta wing at  M = 
2.8, a = 12O, $ = 8'. 

F igu re  16, I1 l u s t r a t i o n  o f  $he f o u r  wing f l a p  cond i t ions  subjected t o  Euler 
code anal y s i  s .  



Fi gure 17. Experimental and Eul er code resul t s  for wing  f l  ap a t  M = 1.7, 
a = 4 O ,  Sf  = 5'. 

Figure 18. Experimental and Eul  e r  code resul t s  for wing fl  ap a t  M - 1.7, 
a = 12'. 6 f  = 5'. 



Figure 19. Experimental and Euler code results for wing flap at  M = 1 . 7 ,  
a = 4', bf  = 15'. 

Ff  gure I t s  fo r  wing f l a p  a t  M =: 1.9,  



Figure 21. Experimental drag-due-to-1 i f t  f ac to r  for  conical w l  ng flap.  

Figure 22. Elements o f  conventional l eadi ng-edge P I  ap s t u d y  
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F igure  23. Supersonic performance summary. 




