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SUMMARY 

Th is  paper b r i e f l y  reviews the t rend  towards slender-wing a i r c r a f t  f o r  
supersonic c r u i s e  and the  e a r l y  chronology o f  research d i r e c t e d  towards t h e i r  vor tex-  
1 i f t  c h a r a c t e r i s t i c s .  An overview o f  the devel opment o f  vortex-1 i f t  t h e o r e t i c a l  
methods i s  presented, and some c u r r e n t  computational and experimental chal lenges 
r e l a t e d  t o  the viscous f l ow  aspects o f  t h i s  vor tex  f l ow  are  discussed. 

INTRODUCTION 

Beginning w i t h  the  f i r s t  successful c o n t r o l  1 ed f l  i ghts o f  powered a i r c r a f t ,  
there  has been a con t i nu ing  quest f o r  ever- increasing speed, w i t h  supersonic f l i g h t  
emerging as one o f  the  e a r l y  goal s. The advantage o f  j e t  p ropu ls ion  was recognized 
ea r l y ,  and by the l a t e  1930's j e t  engines were i n  operat ion i n  several countr ies.  
High-speed wing design lagged somewhat behind, b u t  by the  mid 1940's i t  was genera l l y  
accepted t h a t  supersonic f l i g h t  cou ld  bes t  be accomplished by the  now well-known 
h i g h l y  swept wing, o f t e n  r e f e r r e d  t o  as a "slender" wing. It was a1 so found t h a t  
these wings tended t o  e x h i b i t  a new type o f  f l ow  i n  which a h i g h l y  s tab le  vor tex  was 
formed along the  lead ing  edge, producing l a r g e  increases i n  l i f t  r e f e r r e d  t o  as 
vor tex  l i f t .  As t h i s  vor tex  f l ow  phenomenon became b e t t e r  understood, i t  was added 
t o  the  designers'  op t ions  and i s  t he  sub jec t  o f  t h i s  conference. 

The purpose o f  t h i s  overview paper i s  t o  b r i e f l y  summarize the ea r l y  chronology 
of the  development of s l  ender-wi ng aerodynamic techno1 ogy, w i  t h  emphasis on vor tex  
l i f t research a t  Langley, and t o  discuss some cu r ren t  computational and experimental 
challenges. 

TOWARDS SLENUER- W I  NG A1 RCRAFT 

I j o i n e d  the  Langley s t a f f  i n  J u l y  o f  1944, s h o r t l y  a f t e r  A l l i e d  p i l o t s  had 
f i r s t  encountered the  German swept wing Me 262 j e t  f i g h t e r  shown i n  f i g u r e  1. Since 
pro to type j e t  a i r c r a f t  had been b u i l t  and f lown prev ious ly  by the Germans, B r i t i s h ,  
and Americans, the most s u r p r i s i n g  fea ture  o f  the  Me 262 was i t s  sweptback wing which 
con t r i bu ted  t o  a speed advantage through a de1 ay o f  the  onset o f  compress ib i l i t y  drag 
- a b e n e f i t  o f  sweep n o t  understood i n  the A l l i e d  na t ions  a t  the time. Although the  
18' o f  sweepback was the  f o r t u i t o u s  r e s u l t  o f  a design change, i n  1940, t o  f i x  a 
eenter -o f -g rav i  ly problem, German researchers had,  that same year,  demonstrated i n  
the wind tunnel t h a t  Busemann's 1935 supersonic swept wing theory ( r e f *  I.) a1 so 
appl i ed t o  subsonic compressi b i  1 i t y  e f f e c t s  ( r e f .  2)  and immedi a t e l y  began the  design 
o f  more h i g h l y  swept wings f o r  the Me 262. Thus, the Me 262 program represents the  



genesi s o f  the t r e n d  t o ~ a r d s  s l  ender-wi ng supersonic a i  r c r a f t  as i 11 u s t r a t e d  i n  
f i g u r e  2. The Me 262 had f i r s t  f lown i n  1942, and advanced vers ions i nco rpo ra t i ng  
wings w i  t k  sweep angles as h igh  as 50' were s tud ied  ( r e f .  3 ) .  A 40' sweep version, 
shown i n  f i g u r e  2, had been tes ted  i n  a German wind tunnel i n  1941 and reached the  
pro to type stage i n  e a r l y  1945 b u t  was acc iden ta l l y  destroyed on the runway before i t s  
f i r s t  f l i g h t  ( r e f .  4 ) .  

H igh l y  swept del t a  wings were a1 so being s tud ied  i n  Germany b u t  none reached the 
powered pro to type stage, and the  conclus ion o f  t he  war brought an end t o  the  studies.  

The b e n e f i t  o f  sweep w i t h  regard t o  high-speed f l i g h t  remained a mystery ou ts ide  
o f  Germany u n t i l  January 1945 when R. T. Jones o f  the Langley Research Center 
completed a t h e o r e t i c a l  study i n  which he demonstrated, independent of Busemann' s 
work, t h a t  wing pressure d i s t r i b u t i o n s  are  determined s o l e l y  by the  "component of 
motion i n  a d i r e c t i o n  normal t o  t he  l ead ing  edge." He f u r t h e r  po in ted  o u t  t h a t  f o r  
e f f i c i e n t  supersonic f l i g h t ,  the  wing should be swept behind the  Mach cone w i t h  the  
sweep angle being such t h a t  t he  normal component o f  v e l o c i t y  i s  be1 ow the  a i  r f o i  1 ' s 
c r i  ti ca1 speed ( r e f .  5 1. 

Jones' t h e o r e t i c a l  work and the subsequent acqu is i  t i o n  o f  German swept wing data 
s t imu la ted  extensive swept wing research programs a t  Langley and Ames and a i r c r a f t  
development programs w i t h i n  the  A i r  Force and indus t ry .  Two o f  the e a r l y  U. S. 
a i r c r a f t  u t i l i z i n g  the  concept are shown on the r i g h t  o f  f i g u r e  2. I n  1947 the  ~ o r t h  
American XP-86, which u t i l i z e d  some of the  40' swept wing data from the Me 262 
program, made i t s  f i r s t  f l i g h t  and became the  f i r s t  o f  a 1 ong 1 i ne o f  swept wing j e t s  
opt imized f o r  h igh  subsonic c r u i s e  and capable o f  supersonic dash ( r e f .  6).  The 
Convair XF-92A, which f i r s t  f l ew  i n  1948, represents the  beginning o f  t he  evo lu t i on  
o f  the s lender wings des i rab le  f o r  e f f i c i e n t  supersonic c r u i s e  o f  i n t e r e s t  t o  t h i s  
paper ( r e f .  7 ) .  

While the  slender wing combined w i t h  the  j e t  engine made supersonic f l i g h t  
p r a c t i c a l ,  i t s  high-speed b e n e f i t s  d i d  n o t  come w i thou t  a s a c r i f i c e  i n  subsonic 
c a p a b i l i t i e s .  It was, o f  course, recognized e a r l y  t h a t  the slender, low-aspect r a t i o  
p l  anforms requ i  red  f o r  e f f i c i e n t  supersonic f l  i ght  p rov i  ded extremely poor subsonic 
performance due t o  t h e i r  h igh  l e v e l  o f  induced drag. The i r  1 i f t  g rad ien t  was low, 
and i t  was found t h a t  the e f fec t iveness  o f  convent ional h i  gh-1 i f t  f low c o n t r o l  
devices was poor. I t  was obvious t h a t  new design approaches were needed. 

For those a i r c r a f t  missions r e q u i r i n g  very h igh  l e v e l s  o f  both subsonic and 
supersonic performance, the most obvious s o l u t i o n  was the appl i c a t i o n  o f  ad jus tab le  
p l  anform geometry i n  the  form o f  va r i ab le  sweep. The f i r s t  wind tunnel study of 
symmetrical va r i ab le  sweep appears t o  be t h a t  c a r r i e d  ou t  i n  Langley 's  300-MPH, 7- by 
1 0 - f t  High-Speed Tunnel beginning i n  1946. Fur ther  a n a l y t i c a l  research and experiments 
i n  t he  7- by 1 0 - f t  High-Speed Tunnel i n  1958 prov ided t h e  v a r i a b l e  sweep concept t h a t  
l e d  t o  t he  F-111, F-14, and B - 1  a i r c r a f t  (see r e f s .  8 and 9 f o r  rev iews).  

THE DISCOVERY OF VORTEX LIFT 

Another important  event r e l a t e d  t o  the a p p l i c a t i o n  o f  slender-wing b e n e f i t s  t o  
supersonic a i r c r a f t  a1 so took glace i n  1946 when researchers a% lang ley  discovered a 
Plow phenomenon t h a t  was t o  p lay  an important  r o l e  i n  the design o f  f i x e d  planform 
s l  ender-wing a i r c r a f t  no t  r e q u i r i n g  the h igh  degree o f  mu1 t i m i  ss ion  capabi l  i t y  



o t f e r e d  by va r iab le  sweep. Th is  phenomenon was the  leading-edge vor tex f lo r r  which i s  
the sub jec t  o f  Lhi  s conference. 

The sequence o f  events lead ing t o  t h i s  discovery began i n  1945 when American 
aerodynami s t s  surveyi ng German aeronautical developments deci ded t h a t  the  L i  ppi sch 
h i g h l y  swept d e l t a  wing D M - I  t e s t  g l i de r ,  shown on the  l e f t  i n  f i g u r e  3, should be 
shipped t o  lang! ey f o r  t e s t s  5 n the  F u l l  -Scale Tunnel . The Germans had planned t o  
use the DM-P f o r  f l i g h t  s tudies o f  the  low-speed c h a r a c t e r i s t i c s  o f  a proposed 
supersonic a i r c r a f t  ( r e f s .  10 and 11). While the  American team recognized t h a t  t he  
wing was too t h i c k  f o r  e f f i c i e n t  supersonic f l i g h t ,  they f e l t  t h a t  i t  o f f e r e d  an 
e a r l y  opportuni ty t o  study the  1 ow-speed c h a r a c t e r i s t i c s  o f  h i g h l y  swept del t a  wings 
under f u l l - s c a l e  cond i t ions  and arrangements were i n i t i a t e d  by a l e t t e r  dated 
November 17, 1945 (Uni ted States A i r  Force i n  Europe t o  Commanding General, Arny A i r  
Forces, Washington, D .C., 1945). 

The g l i d e r  a r r i v e d  a t  Langley ea r l y  i n  1946 and i s  shown i n  the  Fu l l -Sca le  
Tunnel on the  r i g h t  o f  f i g u r e  3. It w i l l  be noted t h a t  several changes had been 
made, and the  sharp lead ing edge shown i n  the  photograph was the  r e s u l t  o f  Langley 
research t o  improve the  h igh  l i f t  charac te r i s t i cs .  The Langley study, reported by 
Wilson and Love11 ( r e f .  12), discovered t h a t  the maximum l i f t  o f  the o r i g i n a l  round 
1 eadi ng-edge con f igu ra t i on  was considerably 1 ower than t h a t  ob ta i  ned on simi 1 ar  w i  ngs 
prev ious ly  tes ted a t  low Reynolds numbers i n  Germany and a t  Langl ey. A small model 
was qu ick l y  b u i l t  and i t s  f l ow  c h a r a c t e r i s t i c s  studied. It was found t h a t  a t  low 
Reynolds numbers, laminar  separat ion occurred a t  the  lead ing edge, and a strong 
vor tex developed which produced l a r g e  l i f t  increments. It was then reasoned t h a t  a 
sharp lead ing edge would produce a s i m i l a r  f low even a t  h igh  Reynolds numbers, and 
the DM-1 was modi f ied  as shown. The r e s u l t s  shown i n  f i g u r e  4 produced l a r g e  vor tex  
1 i f t  increments which o f f e r e d  a s o l u t i o n  t o  the  slender-wi ng h igh  angle-of-attack 
l i f t  c a p a b i l i t y  problem. The i r  research provided the  f i r s t  i n s i g h t  on the e f f e c t s  o f  
1 eadi ng-edge rad ius  and Reynol ds number on vor tex 1 i ft. A "cross- f  1 ow separat ion" 
model o f  t he  vor tex f l ow  was a1 so proposed i n  t h e i r  paper. A1 though t h i s  research 
remained under a secu r i t y  c l a s s i f i c a t i o n  f o r  f ou r  years, i t  d i d  provide a st imulus 
f o r  add i t i ona l  research a t  Langley and Ames and i n t e r e s t  w i t h i n  the  A i r  Force and the  
a i r c r a f t  industry.  Much o f  the  i n t e r n a t i o n a l  i n t e r e s t  i n  vor tex  f low was generated 
somewhat 1 a t e r  through i t s  i ndependent discovery by French researchers d u r i  ng s tud ies  
c a r r i e d  o u t  i n  1951 and 1952, c lose ly  fo l lowed by r e l a t e d  research i n  Great B r i t a i n  
( r e f s .  13 and 14). 

THE CONTROLLED SEPARATION CONCEPT 

Two of the primary c h a r a c t e r i s t i c s  o f  slender wings are i l l u s t r a t e d  i n  f i g u r e  
5. One o f  the  primary d r i v i n g  forces i n  the  designers se lec t i on  o f  a slender wing 
f o r  supersonic c r u i s e  i s  the reduct ion  i n  l i f t - dependen t  drag shown on the l e f t  f o r  a 
Mach number o f  2.5. As po in ted o u t  by both Busemann ( r e f .  1 )  and Jones ( r e f .  51, 
sweeping the  lead ing edge behind the  Mach cone provides a subsonic type f l ow  w i t h  
upwash mani fes t ing  i t s e l f  as a leading-edge t h r u s t  e f f e c t ,  as long as the  f l ow  
remains attached, which more than o f f s e t s  the adverse e f f e c t  o f  aspect r a t i o  
reduct ion.  However, as shown on the  r i g h t ,  attached f l o ~  theory pred ic ted the 
subsonic l i f t  c a p a b i l i t y  t o  be very low f o r  a slender wing, The wing shown has a 
sweep s f  75' selected f o r  a c r u i s e  p o i n t  o f  about M=2,5. I f ,  however, the f l ow  
separates at. the  3 eadi ng edge, vor tex f low devel ops, and la rge  vo r tex - l  i f  $ i ncrements 
are a t ta ined.  Th is  l i f t ,  associated w i t h  the l a rge  mass o f  a i r  accelerated d o ~ n g a r d  



by the nonglanar vor tex  sheets, g r e a t l y  re1 ieves "che l i f t  de f i c i ency  o f  slender wings 
w i t h  at tached f low,  With a sharp l e a d i  ng edge, t he  separat ion occurs simultaneously 
a3 ong t h e  edge and, thereby, e l  i m i  nates the spanwi se s t a l l  progression which produces 
var ious s t a b i l i w  and con t ro l  problems. I n  add i t ion ,  vortex-induced reattachment 
del ays t r a i l  i ny-edge separation. Competing w i t h  these advantages, o f  course, i s  the 
increased drag r e s u l t i n g  from the 1 oss o f  1 eadi ng-edge t h r u s t .  

The above slender-wing c h a r a c t e r i s t i c s  l e d  t o  a new a i r c r a f t  design concept 
which departed from the t ime honored "at tached f low"  wing design f o r  c e r t a i n  f l i g h t  
condi ti ons. B a s i c a l l y  , t h i  s concept consi s ted  o f  desi gni ng the  wing f o r  at tached 
flow a t  supersonic c r u i s e  cond i t ions  us ing  concepts such as con ica l  camber w i t h  
pressure components p rov id ing  the leading-edge t h r u s t  e f f e c t  b u t  a1 1 owing the  f l ow  t o  
separate a t  the l ead ing  edge and generate vor tex  l i f t  t o  prov ide  the  low-speed l i f t  
requi red.  This  simp1 i f i e d  the wing design by reducing the  need f o r  leading-  and 
t r a i  1 i ng-edge h i  gh-1 i f t  f l  ow-control devi ces-devi ces which are 
on h i g h l y  swe and increase omplexi ty and weight. 

The U. S. supersonic del ta-wing a i r c r a f t  designed i n  the  mid 1950's t o  the  e a r l y  
1960's u t i l i z e d  t h i s  approach t o  var ious degrees as i l l u s t r a t e d  i n  f i g u r e  6 w i t h  a 
photograph o f  the  B-70 i n  the  land ing  mode. The photograph, taken around 1965, 
i 11 u s t r a t e s  the s t rong 1 eadi ng-edge v o r t i c e s  generated by the  t h i n ,  65.5' del t a  wing 
and made v i  s ib1 e by na tura l  condensation. However, dur ing  t h i s  period, NASA's basic  
and appl i ed research on 1 eadi ng-edge vor tex f l  ows 1 agged consi derably behi nd t h a t  o f  
Great B r i t a i n  and France where researchers were en thus ias t i c  over what many o f  them 
described as the  "new aerodynamics." I n  1962, an agreement was signed between the  
B r i t i s h  and French t o  develop a supersonic commercial t ranspor t ,  and they soon agreed 
on the  now we1 l-known slender ogee-del t a  wing p l  anform w i t h  the design based on the  
" con t ro l  1 ed f l ow  separat ion"  concept. They improved the  appl i c a t i o n  o f  the design 
concept by d e t a i l e d  t a i l o r i n g  o f  the  wing warp and p l  anform t o  improve the 
performance o f  both the  a t  f l  ow and ow modes as we l l  as the  t r a n s i t i o n  
mode. 

The r e s u l t  o f  t h i s  extensive development program was the  remarkable "Concorde" 
supersonic commercial t r anspor t  which i s  s t i l l  the only  supersonic t ranspor t  i n  
regu la r  passenger service, although the  Soviets  are undoubtedly amassing considerable 
experience i n  t h e i r  TU-144 f l i g h t  programs. For  d e t a i l s  o f  the "Concorde" 
development, the reader i s  r e f e r r e d  t o  references 14 and 15. 

RENEWED LANGLEY INTEREST 

Langl ey research re1 a ted  t o  vor tex  1 i f t  began t o  accelerate i n  the  mid 1960's. 
Con t r i bu t i ng  t o  t h i s  acce le ra t i on  was the  i n t e r e s t  generated by the  extensive 
research i n  France and Great B r i t a i n  i n  support of the Concorde, growing i n t e r e s t  i n  
supersonic c r u i s e  a i r c r a f t  and l i g h t w e i g h t  h i g h l y  maneuverable f i g h t e r  a i r c r a f t ,  and 
the  development a t  Langl ey of a three-dimensional t h e o r e t i c a l  approach t h a t  prov ided 
an improved understanding o f  1 eadi ng-edge vor tex  f lows f o r  a r b i t r a r y  p l  anforms. 

Vor tex-L i  f t  Theory Uevel opment 

The three-dimensional theory referred t o  above i s  the leading-edge suc t i on  
analogy developed ad Langley i n  1966 ( r e f .  161, P r i o r  t o  t h i s  development, the  



t h e o r e t i c a l  approaches were general l y  eon f i  ned t o  s l  ender-wi ng coni ca9 f 4 ow 
approximations i n  order  t o  simpl i fy the  nonl i near system o f  equat ions resu l  t i  ng from 
the  f a c t  t h a t  n e i t h e r  the  s t rength  o r  shape o f  the  f r e e  vor tex  sheet i s  known* 

A chronology o f  some o f  t he  advances t h a t  have been made i n  the  development o f  
t h e o r e t i  ca l  methods f o r  p red i  c t i  ng the  aerodynamics o f  sharp-edged slender w i  ngs 
having IoabS ng-edge vor tex  f l ow  i s  presented i n  f i g u r e  7. The t o t a l  l i f t  devel oped 
on a E6'del  t a  w i  ng as a f u n c t i o n  o f  angle o f  a t tack  i s  used t o  i 11 u s t r a t e  the 
advances t h a t  have been made, and both experimental measurements and attached f l o w  
c a l c u l a t i o n s  are inc luded f o r  comparison purposes. Shown a re  th ree  o f  the  con ica l  
f 1 ow t h e o r i e s  and two o f  t he  nonconical , o r  three-dimensional , theor ies  . 

The f i r s t  mathematical model o f  t he  vor tex f l ow  was proposed and i nves t i ga ted  by 
Legendre a t  ONERA i n  France i n  1952 ( r e f .  17).  Using a slender-body approach, he 
represented the leading-edge vo r tex  sheets by two i s o l a t e d  v o r t i c e s  and solved f o r  
t h e i r  p o s i t i o n  and s t rength  by apply ing a Ku t ta  cond i t i on  a t  the  lead ing  edge and 
r e q u i r i n g  t h a t  the  v o r t i c e s  sus ta in  no force. While t h i s  approach d i d  produce a 
nonl i near vor tex  1 i ft, the  simpl i fyi  ng assumptions resu l  t e d  i n  a g r e a t l y  
overpredi c t e d  1 i f t  force.  

Improvements i n  Legendre's approach fol lowed, and i n  1955 Brown and Michael o f  
the  Langley Research Center replaced the  no-force cond i t i on  on the  vor tex  by one on 
the  vor tex and a feeding sheet, taken together,  which prov ided some improvement i n  
the vor tex  1 i f t  p r e d i c t i o n  ( r e f .  18). 

By the  mid 19608s, many con ica l  f l ow  theo r ies  had been developed drawing on 
slender-wing concepts, t he  most notable o f  which was t h a t  of Smith o f  the  RAE i n  
England which, a1 though s t i l l  ove rp red i c t i ng  the  1 i ft,  prov ided an excel 1 en t  
representa t ion  o f  t he  sp i  ra1  -shaped vor tex  sheet ( r e f .  19 1. These theor ies  p rov i  ded 
much i n s i g h t  i n t o  the  vor tex  f l ow  phenomena and con t r i bu ted  t o  e a r l y  design 
concepts. However, t h e i r  appl i cabi 1 i t y  t o  w i  ngs o f  p r a c t i c a l  i n t e r e s t  was 1 im i  Led by 
t h e i r  exc lus ion  o f  e f f e c t s  such as, f o r  example, the  t ra i l i ng -edge  Ku t ta  c o n d i t i o n  a t  
subsonic speeds and the  p rox im i t y  of t he  Mach cone a t  supersonic speeds. 

The d i f f i c u l t i e s  i n  accounting f o r  these three-dimensional e f f e c t s  were g r e a t l y  
re1 i eved  by the development o f  the  "leading-edge suc t ion  analogy" i n  1966 a t  t h e  
Langley Research Center ( r e f .  16). Th i s  analogy equates the  normal fo rce  produced by 
the separa t i  on induced vor tex  f 1 ow t o  the  at tached f 1 ow 1 eadi ng-edge suc t ion  force.  
Th is  a l lows three-dimensional l i n e a r i z e d  f low theory t o  be used f o r  t h i s  non l inear  
f 1  ow phenomenon thereby g r e a t l y  reducing t h e o r e t i c a l  complexity as we1 1 as numerical 
run t ime and cos t .  An i n d i c a t i o n  o f  i t s  a b i l i t y  t o  overcome the  l i m i t a t i o n s  o f  
s l  ender-wing con ica l  f l ow  theo r ies  i s  i 11 us t ra ted  i n  f i g u r e  7 f o r  the  1 ow-speed 
case. Exce l l en t  agreement was a l so  obta ined f o r  both l i f t  and drag f o r  a wide range 
o f  d e l t a  wings up t o  angles o f  a t tack   here vor tex  breakdown o r  vor tex  asymmetry 
occur. 

I t  was soon found t h a t  the  suc t ion  analogy o f f e r e d  a broad range o f  p r e d i c t i o n  
capabi l i ty and the possi b i  1  i ty o f  desi gn-by-analysi s  capabi 1 i ty . The method, 
therefore,  was used t o  develop a coordinated theoret ica l -exper imenta l  vor tex f l ow  
research program by a small grolap o f  Langley researchers, which w i l l  be described i n  
the f o l l o w i n g  sect ion. However, be fore  l eav ing  the  theory chronology, i t  should be 
po in ted  ou t  t h a t  the  researchers recognized the  eventual need t o  p rov ide  a method 
t h a t  model s the complete f low f i  el d and establ  i shes surface pressure d e t a i l  s ,  
Therefore, they cont rac ted  w i t h  the Boeing Company i n  1973 t o  develop a h igher  o rder  



panel method t o  model the Seading-edge vor tex  f low. A schemauc o f  the r e s u l t i n g  
t h e o r e t i c a l  model, known as the ""Pre vor tex  sheet" "VS) method, -is shown on the 
r i g h t  o f  f i g u r e  7 and w i l l  be described l a t e r .  

AS so supported was the devel o p m e n h f  soine f r e e  vor tex  f i lament approaches i n 
the  u n i v e r s i t y  community t o  determine i f  they might  p rov ide  a s impler  method t h a t  
woul d s a t i  s f y  the  design and ana lys is  needs. However, the experience gai ned f rum 
these and o the r  s tud ies  i nd i ca ted  t h a t  the  f i l a m e n t  formulat ions have f a i l e d  t o  
p rov i  de consi s t e n t  and accurate 1 oad d i s t r i b u t i o n s ,  they  exh i  h i t  undesi rable numerical 
model i n g  s e n s i t i v i t y ,  and they  are  unduly compl i c a t e d  f o r  t h e  es t imat ion  o f  o v e r a l l  
force/moment p rope r t i es .  A s imi  1 a r  concl u s i  on has been drawn by Hoei jmakers i n  
reference 20, and no f u r t h e r  reference t o  these methods w i l l  be made i n  t h i s  paper. 

The Langley Research Program 

The suc t i on  analogy prov ided a vor tex  f l o w  ana lys is  t o o l  t h a t  inc luded three-  
dimensional e f f e c t s  and o f f e r e d  the  designer t he  p o s s i b i l i t y  o f  a t  l e a s t  some l i m i t e d  
design capabi 1 i ty . With t h i  s new t h e o r e t i c a l  t o o l  and t h e i  r renewed vor tex  f l ow  
i n t e r e s t ,  the  Langl ey researchers i n i t i a t e d  a coordinated t h e o r e t i c a l  and 
experimental vo r tex  f l ow  research program. A1 though the  bu l k  o f  t h e i r  experimental 
research was performed a t  subsonic speeds i n  t he  7- by 10- foo t  high-speed tunnel,  
they extended t h e i  r s tud ies  t o  t ransonic,  supersonic, and hypersonic speeds by 
schedul i n g  t ime i n  o ther  Langley f a c i l i t i e s .  

The purpose o f  t h i s  sec t ion  i s  t o  b r i e f l y  review the  e a r l y  years o f  t h i s  program 
which covered both performance-and s t a b i l i t y - r e l a t e d  vor tex  f l ow  c h a r a c t e r i s t i c s .  
For  a more complete review o f  the  program, the  reader i s  r e f e r r e d  t o  the summary 
papers by Lamar and Luckr ing  ( r e f .  21) and by Lamar and Campbell ( r e f .  22). 

Performance C h a r a c t e r i s t i c s  - The i n i  ti a1 appl i c a t i o n  o f  t he  suc t ion  analogy 
i l l u s t r a t e d  i n  f i g u r e  1 was f o r  incompressible f low, and i t  was found t o  p rov ide  
excel l e n t  p r e d i c t i o n s  o f  the  l i f t  and drag o f  sharp-edged d e l t a  wings over a l a r g e  
range o f  sweep angles and angles o f  a t tack  ( see re f s .  16 and 23). 

- - 

Since the  analogy cou ld  be app l i ed  us ing  the  attached f l ow  leading-edge suc t ion  
from any accurate, at tached f low theory, i t  was extended i n t o  the  h igh  subsonic and 
supersonic ranges e a r l y  i n  the  program ( r e f .  24). An example o f  t h i s  a p p l i c a t i o n  i s  
shown i n  f i g u r e  8 f o r  a 76O d e l t a  wing a t  an angle o f  a t tack  o f  18O. The analogy was 
app l i ed  i n  t h e  subsonic range us ing  the  Prandt l-Gl aue r t  t ransformat ion and i n  the  
supersonic range us ing  l i n e a r i z e d  supersonic theory. The r e s u l t i n g  vor tex l i f t  
increments CL a re  shown on the l e f t  compared w i t h  experiment, and agreement i s  v 
e x c e l l e n t  over the  e n t i r e  Mach range. The experimental va lu  obtained by 
sub t rac t i ng  at tached f l ow  theory values from the  t o t a l  measured 1 i f t .  The r e s u l t s  
i l l u s t r a t e  the  a b i l i t y  of the  analogy t o  p r e d i c t  the reduct ion  i n  vor tex 1 i f t  
encountered a t  supersonic speeds as the  Mach cone approaches the  lead ing  edge. The 
1 a t t e r  i s  associated w i t h  the  forward movement o f  the  stagnat ion 1 i n e  which reduces 
the  vor tex s t rength  u n t i l  the  sonic leading-edge case i s  reached and the leading-edge 
separat ion vor tex vanishes--a phenomenon n o t  accounted f o r  by slender-wing theory. 

The - impact o f  t he  vor tex  f l o ~  on the  l i f t - dependen t  drag parameter, 

ncU/cLZ3 as a f unc t ion  o f  CL, i s  i l l u s t r a t e d  on the right o f  figure 8 for  a Mach 
number s f  2 .O. Tt i s  seen t h a t  the suc t ion  analogy and experimental r e s u l t s  are i n  



good agreement and i l l u s t r a t e  that the drag increase associated with the loss of 
1 eadi ng-edge thrust due t o  l eadi ng-edge separation dimi ni shes rather rapi dly wi t h  
increasins l i f t  coefficient.  This phenomenon i s ,  o f  course, a resul t  of the reduced 
angle of attack required for a l i f t  coefficient when vortex f l o w  i s  present. 

This in i t i a l  supersonic study made i t  clear,  as in the subsonic case, t ha t  the 
i ncremental drag reductions avai 1 able through camber and twi s t  for the subsoai c-edge 
case are considerably less  than predicte the vortex-1 i f t  
e f fec t  on the zero suction case (see ref 

The above research was extended soon a f t e r  by Fox and Lamar ( re f .  25) who 
performed a theoretical and experimental study on a very slender wing which was 
within the Mach cone we1 1 into the hypersonic speed range. 

Regarding 1 andi ng and takeoff performance character is t ics ,  Fox ( ref.  26) 
applied the analogy to  the prediction of ground effects  and validated his theory w i t h  
an experimental study. 

Basic research on the use of spanwise blowing to augment the vortex-1 i f t  
capability of moderately swept wings was performed by Campbell who reviewed th i s  and 
other jet-powered vortex augmentation schemes in reference 22. 

S tabi l i ty  Characteristics - Sl ender-wi ng a i r c ra f t  d i f fe r  from the i r  non-slender 
counterparts i n  such character is t ics  as the high angles of attack they encounter and 
the i r  1 ow iner t ia  i n  r o l l ,  for  example. These, when combined with the non-1 i near 
vortex flow character is t ics  made i t  important to  develop a knowledge of the s t ab i l i t y  
characteristics.  

ples of two of the stabili ty-related studies carried out early in the 
program are i l lus t ra ted  in figure 9. On the l e f t  i s  an example from the theoret 
and experimental study performed by Boyden ( r e f .  27) in which he investigated both 
the steady-state and oscil latory roll  damping of slender wings. He developed a 
method of extending the an e roll case and, as shown, his 
theory accurately predicte ed damping. 

The overall 1 ongi tudi nal 1 oad di s t r i  buti on, which i s  re1 ated to  the 1 ongi tudi nal 
s t ab i l i t y  and pitch damping, i s  shown on the right of figure 9.  Snyder and Lamar 
( r e f .  28) have shown tha t  a1 though the analogy does not provide detailed surface 
pressures i t  does provide an accurate prediction of the longitudinal distribution of 
1 i f t  which can be t ranslate  
i 11 ustrated the strong t r a i  
f 1 ow theori es . 

Other stabil  i ty-relate 
by Davenport and Huffman ( r  
supersonic speed regimes and the investigation of vortex asymmetry by Fox and Lamar 
( r e f .  25). 

- By the early 19701s, the suction analogy had been 
ctions of the vortex flow charaateri s t i c s  of sf  ender 

sharp-edge delta wings for  a wide variety of aerodynamic performance and s t ab i l i t y  
parameters and was be ing  routinely app4 i ed throughout much of the aeronautical 
communi ty  . The Langl ey research program was then extended t o  i ncl ude arbitrary 
planforms and round leading edges a s  i l lus t ra ted  i n  figure 10. In addition to  the 



t h e o r e t i c a l  developments, an extensive parametr ic  w i  nd tunnel study was performed do 
eval uate the  resu l  ti ng methods. 

The general approach f o r  t he  a r b i t r a r y  planform extensions i s  i l l u s t r a t e d  an the  
l e f t  o f  f i g u r e  10 f o r  the cropped de1 %a con f i gu ra t i on .  B r i e f l y ,  the  method developed 
accounts f o r  t he  add i t i ona l  vor tex l i f t  over t he  a f t  p o r t i o n  o f  the wing by the  two 
add i t i ona l  vor tex  1 i f t  terms. The f i r s t ,  nCL , accounts f o r  the  downstream 

pe rs i  stence o f  the  1 eadi ng-edge vor tex  ( b u t  n8 add i t i ona l  feed i  ng) , whi 1 e t h e  second, 
C , i s  a r e s u l t  o f  the add i t i ona l  feeding o f  v o r t i c i  ty p red i c ted  from the  attached L,,,, 
f l  ;iLedge s i n g u l a r i t y  d i s t r i b u t i o n  a1 ong the  s ide  edge. The i n i t i a l  research i n  t h i s  
area, performed by Lamar, and the  extensions by Luckr ing  cover t he  wide v a r i e t y  o f  
planforms l i s t e d  on the  f i g u r e  and the  d e t a i l s  o f  t h i s  research have been reviewed by 
Lamar and Luckr ing  i n  reference 21. 

L e t  us now t u r n  from the sharp-edge cases t o  those w i t h  round edges where the  
separat ion i s  no longer  f i x e d  a t  the  lead ing  edge and the  amount o f  leading-edge 
suc t i on  l o s t  i s  a f u n c t i o n  o f  the  l o c a t i o n  o f  the  separat ion l i n e .  I n  the  e a r l y  
studies, as i l l u s t r a t e d  on the  r i g h t  o f  f i g u r e  10, some v a r i a t i o n s  i n  the measured 
vor tex  normal force,  CN,, , and i n the  remai n i  ng ( o r  r e s i  dual ) l e a d i  ng-edge suct ion,  

CS,, were observed t h a t ' l e d  t o  the b e l i e f  t h a t  there may be a "conservat ion of 

sukt ion." Leading t o  t h a t  be1 i e f  was the  f a c t  t h a t  avai 1 able data on s lender d e l t a  
wings o f  var ious  leading-edge shapes i n d i c a t e d  t h a t  t he  sum o f  the vor tex induced 
normal fo rce  and the  remaining ( o r  res idua l  ) p o r t i o n  o f  the  1 eadi ng-edge suc t i on  was 
equal t o  t he  t h e o r e t i  ca l  at tached f l ow  1 eadi ng-edge suct ion,  CSth. The o r i g i n a l  

Langley study, performed i n  1974, was publ ished by Ku l fan  ( r e f .  31), w i t h  permission, 
who used i t  t o  develop a p r e d i c t i o n  method. The research was cont inued by Henderson 
( r e f .  3 2 ) ,  who found the concept t o  h o l d  f o r  a v a r i e t y  o f  conf igura t ions .  More 
recent ly ,  t h i s  concept has been used t o  develop a vor tex  f l ow  p r e d i c t i o n  method f o r  
bo th  subsonic and supersonic f low by Car l  son and Mack ( r e f .  33). 

AIRCRAFT CONFIGURATION RESEARCH 

Ouring the  l a t t e r  p a r t  o f  the  1960's as A i r  Force i n t e r e s t  i n  a new l i g h t w e i g h t  
h i g h l y  maneuverable f i g h t e r  was growing, Langley researchers expanded t h e i r  
aerodynamic research i n  several r e l a t e d  areas. One area was the  a p p l i c a t i o n  o f  
vor tex  1 i f t  t o  prov ide  a 1 igh twe igh t  approach t o  the h igh  1 i f t  c a p a b i l i t y  requ i red  
f o r  t ranson ic  maneuvering as we l l  as t a k e o f f  and l and ing  performance. Some o f  the  
conceptual c o n f i g u r a t i o n  types s tud ied  i n  the vor tex 1 i f t  program are i 11 u s t r a t e d  i n  
f i g u r e  11. The two general wing types are  charac ter ized as " c lass i ca l  s lender wings" 
and "hyb r id  wings." 

The con f i gu ra t i ons  u t i  l i z i  ng c l a s s i c a l  s lender wings are represented here by the  
convent ional s1 ender de1 t a  t a i  11 ess type and the  c l  ose-coup1 ed canard del La. The 
"hybr id"  wings combine attached f lows and vor tex  f lows i n  var ious combinations t o  
p rov i  de addi ti onal degrees o f  mu1 ti -besi gn-poi n t  z-ayabii i t y  . Two subcl asses o f  
h y b r i d  wing concepts are i l l u s t r a t e d ,  one which used v o r t e x - l i f t  s t rakes and is. 
b iased towards t ranson ic  maneuvering and the  o ther  a slender cranked wing b iased 
towards supersonic c ru i se .  For  t h i s  gaper, the  review s f  the research program will 



be l i m i t e d  p r i m a r i l y  Lo the vor tex s t rake  concept. A more complete review o f  the  
o v e r a l l  prograln can be found i n  reference 9. 

Vor tex-L i  f t Strakes 

Two events con t r i bu ted  t o  the development o f  Langl ey s sorrtex-1 i f t  s t rake  
research. As a r e s u l t  o f  t h e i r  canard-wing research and t h e i r  bas ic  research re1 ated 
t o  the  vor tex  l i f t  o f  slender wings, i t  began t o  appear t o  the  Langley researchers 
t h a t  the  favorab le  e f f e c t  o f  the canard t r a i l i n g  vor tex ( r e s u l t i n g  from the 
energ iz ing  e f f e c t  i t s  sidewash produced on the  wing upper sur face boundary l a y e r  near 
s t a l l )  m igh t  be extended t o  h igher  angles o f  a t tack  by the  h i g h l y  s tab le  leading-edge 
vor tex  f l ow  o f  a slender l i f t i n g  sur face (see r e f .  34). Dur ing the  same general t ime 
per iod,  the Northrop Company noted a favorab le  impact on the  maximum l i f t  o f  the  F-5A 
due t o  a small f l a p  ac tua tor  f a i r i n g  t h a t  extended the wing-root lead ing  edge. T h i s  
spurred i n t e r e s t  i n  t he  i n f l uence  o f  inboard vor tex  f l ow  and even tua l l y  l e d  t o  the  
development o f  t he  YF-17. 

As a r e s u l t  o f  t he  Langley and Northrop vor tex  i n t e r a c t i o n  studies,  plans began 
t o  be formulated by mid 1971 f o r  an expansion o f  t he  Langley program t o  i n v e s t i g a t e  
the  hybrid-wing approach w i t h  the s lender l i f t i n g  surfaces which became known a t  
Langl ey as "vortex-1 i f t  maneuver strakes. " The i n i  ti a1 phase o f  the  program repor ted  
by E. J . Ray e t  a1. ( r e f .  35), which was performed i n  the  Langley 7- by 10-Foot High- 
Speed Tunnel du r ing  the  e a r l y  f a l l  o f  1971, u t i l  i z e d  the  double bal~ance technique t o  
i s o l a t e  the  s t rake  and wing loads and appears t o  be the  f i r s t  t e s t s  t o  c l e a r l y  
i l l u s t r a t e  the  magnitude o f  the favorab le  e f f e c t  the s t rake  vo r tex  f l ow  induces on 
the  main wing panel f l ow  a t  maneuvering cond i t ions .  F igu re  12 i l l u s t r a t e s  the  l a r g e  
o v e r a l l  l i f t  increase produced by the  s t rake  a t  maneuvering cond i t ions .  A lso  shown 
i s  the  d i r e c t  l i f t  c a r r i e d  by the strake-forebody and the  incremental l i f t  changes on 
the main wing panel. The t o t a l  1  i f t  resu l  t s  i 11 u s t r a t e d  the  nonl i near character  o f  
the  l i f t  produced by the  st rakes which produces h igh  l e v e l s  o f  maneuver l i f t  w i t h  
essent i  a1 l y  no increase i n  high-speed 1 ow-a1 ti tude gus t  response. The d i v i s i o n  o f  
t he  1 i f t  produced by the add i t i on  o f  the  s t rake i l l u s t r a t e d  the l a r g e  1 i f t  increment 
produced on the  main wing as the h i g h l y  s t a b l e  vor tex  frorn the  s t rake  reorganizes the  
f l ow  and delays the  s t a l l  on the ou te r  panel. 

This  study a1 so demonstrated the  l a r g e  drag reduct ions i n  the  h igh  l i f t  range. 
Recognizing t h a t  the  degree o f  f l ow  con t ro l  on the  main wing would be a f u n c t i o n  o f  
the wing design, t e s t s  were a lso  made w i t h  segmented leading-edge f l a p s  de f l ec ted  t o  
s imu la te  a h i g h - l i f t  design cond i t ion .  As was expected, the  t e s t s  i n d i c a t e d  Lhat  as 
the wing design i s  improved t o  del ay separat ion on the main wing panel, the  
bene f i c i a l  e f f e c t s  o f  the  s t rake a re  delayed t o  i nc reas ing l y  h igher  angles o f  a t tack .  

From these studies,  i t  appeared t h a t  the  v o r t e x - l i f t  s t rakes combined w i t h  
v a r i a b l e  wing camber i n  the  form o f  programmed leading-edge f l a p s  cou ld  prov ide  a low 
s t r u c t u r a l  weight  approach f o r  the h igh  maneuverabi 1 i ty 1 eve1 s desi red  by the  A i  r 
Force. 

The L igh twe igh t  F igh te rs  

In the fa49 o f  1971, representa t ives  of the  F o r t  Worth Division o f  General 
Dynamics v i  s i t e d  Langl ey t o  d i  scuss a pro$? em re1 ated t o  Ghei r 1 i ghtviei g h t  C i  gh ter  
design study ( r e f .  3 6 ) .  The design incorpora ted  a l i f t i n g  fuselage i n  the form o f  a 



wide, f la t tened,  and expanding fuselage forebody t h a t  blended i n t o  the wing. The 
uncontrs l  1 ed separat ion from the  fuse1 age Forebody f o r  t h i s  design was c r e a t i  ng 
s tab i  l i ty and performance problems a t  maneuvering condi t ions.  The Langl ~ ? y  
researchers suggested t h a t  the  edge o f  the  wide "1 i f t i n g "  forebody be sharpened t o  
f i x  the  separat ion l i n e .  I n  a d d i t i o n  t o  c o n t r o l l  i n g  the  forebody separation, t h i s  
would increase the  s t rength  and s t a b i l i t y  o f  the  vor tex  shed from the forebody, 
thereby increas ing the  vor tex l i f t  as we l l  as s t a b i l i z i n g  the  h igh  angle o f  a t tack  
f l ow  f i e l d  over the  a i r c r a f t .  A f te r  t h e i r  own s tud ies  o f  the  suggestion, General 
Dynamics i n c l  uded the  vortex-1 i ft st rake i n  t h e i  r desi gn which became the  we1 1 -known 
and h i g h l y  maneuverable F-16. 

By the  mid 1970is, considerable i n t e r e s t  i n  a supersonic c ru i se  f i g h t e r  a i r c r a f t  
had developed w i t h i n  the  A i r  Force. Referred t o  as a "supercruiser," t h i s  f i g h t e r  
concept p l  aced major emphasi s on e f f i c i e n t  supersoni c c r u i  se performance whi 1 e 
main ta in ing  respectable subsonic performance and maneuverabi l i ty.  As mentioned 
e a r l  i e r ,  t h e  st rong emphasis on supersonic c r u i s e  tends t o  d i c t a t e  a wing a t  t he  
opposite end o f  the h y b r i d  wing scale re1 a t i v e  t o  the  h i g h l y  maneuverable t ranson ic  
f i g h t e r s  j u s t  described. I n  t h i s  case i t  i s  now t h e  main wing panel t h a t  i s  made 
slender t o  improve supersonic c r u i s e  performance as w e l l  as u t i l i z e  the vor tex  
1 i ft. The cranked outer  panel provides improved subsonic and t ransonic 
performance. An extensive research program was c a r r i e d  out, and the  reader i s  
re fe r red  t o  reference 9 and i t s  c i t e d  references f o r  d e t a i l s  o f  t he  program. The 
concept eventual l y  was appl i ed i n  the  F-16XL "de r i va t i ve "  a i r c r a f t ,  resu l  ti ng i n  an 
excel 1 e n t  combination o f  reduced supersonic wave drag, cont ro l  1 ed separat ion i n  the  
form o f  vor tex  1 i f t, and low s t r u c t u r a l  weight wh i l e  main ta in ing  the  wing span 
des i red  f o r  subsonic performance. 

Photographs o f  these two hybrid-wing a i r c r a f t  i n  f l i g h t  are shown i n  f i g u r e  13. 

FREE-VORTEX-SHEET THEORY 

The vor tex  l i ft design a p p l i c a t i o n  j u s t  discussed was aided considerably by the  
s u c t i  on anal ogy . However, a consi derabl e amount o f  wind tunnel t e s t i  ng was requ i  r e d  
and, as i n  the  case of attached flows, there  i s  a cont inu ing need f o r  ref inements i n  
the  theo re t i ca l  modeling of the  rea l  f low t o  keep pace w i t h  a i r c r a f t  design 
requirements. 

The need fo r  a theo re t i ca l  model o f  the  complete, three-dimensional f l ow  f i e l d  
was recognized e a r l y  i n  the  Langley research program and, as i n t e r e s t  i n  vor tex  f lows 
accelerated, the  Boeing/LRC free-vortex-sheet method was developed. The Langley 
researchers worked c l o s e l y  w i t h  Boei ng t o  def i ne the  appl i c a t i  onal needs and eval uate 
the  method dur ing  development. The i n i t i a l  development work and some e a r l y  
app l i ca t i ons  were described i n  a j o i n t  paper by Gloss and Johnson ( r e f .  37). 

The Basic Formulat ion 

A schematic o f  t he  free-vortex-sheet model (FVS) i s  shown i n  the l e f t  o f  f i g u r e  
14 - The vor tex sheets are model ed w i t h  b i  quadradi caf 1 y va ry i  ng doublet panel s 
representing: (1) the  f r e e  sheet shed from the separat ion l i n e ,  ( 2 )  the fed  sheet 
which is  a simp1 i f  f e d  model of the vor tex core region, (3 )  a h igher order near wake, 
and ( 4 )  a f a r  ( o r  t r a i l i n g )  wake. Ne i ther  the  shape o f  these three-dimensional 



sheets nor strength of the doublet distribution i s  known a priori resulting i n  a 
nonl i near prsbl em requi r i  ng i t e r a t i  on schemes. What I s  essenti a7 ly the current s t a t e  
of the free-vortex-sheet theory is  described by Johnson e t  a l .  ( r e f ,  38), 

f n addi t i  on to  working closely wi t h  Bsei ng duri ng the devel opmenl, Langl ey 
researchers have made comprehensive val i dati on and appl i cat i  on studies, some of which 
have been reviewed by Luckring, Schoonover, and Frink, i n  reference 39. They 
describe the i r  investigation of convergence techniques for  both the wing flow and the 
near-wake flow as a means of reducing computational cost and present several examples 
of practical applications. Based on these and other studies, i t  appears tha t  the 
basic version of the theory has provided the most accurate and versat i le  inviscid 
approach avai 1 abl e for establ i shi ng the compl e t e  three-dimensional f l  ow f i  el d and 
surface pressure distributions for  arbitrary configurations throughout the subsonic 
flow regime. A review of the convergence capabi l i t ies  of the free-vortex-sheet 
theory and a survey of i t s  applications are covered i n  t h i s  conference by Luckring 
e t  a l .  ( r e f .  40). 

In addi t i  on, the free-vortex-sheet theory appears to  offer  an excel 1 ent  i n v i  sci d 
flow model t o  which various viscous effects  can be added, and two of these type 
extensions are  i l lus t ra ted  by the cross-sectional cuts presented on the r ight  of 
figure 14 ,  

The f i r s t  deals w i t h  the s t ab i l i t y  of the primary vortex and i t s  influence on 
vortex breakdown, a phenomenon tha t  is often the primary factor i n  limiting the 
maximum 1 i f t  a t t a i  nab1 e. To include the vortex breakdown i n  the basic theory 
Luckring ( r e f s .  41 and 42) has coupled Navier-Stokes inner and outer core regions 
w i t h  the invi sci d free sheet and investigated various vortex instabi 1 i ty c r i t e r i a .  
His resulting theoretical model appears to  accurately include the important e f fec t  of 
the pressur ien t  associated w i t h  the trailing-edge Kutta condition on the vortex 
breakdown. 

The second viscous flow addition to  the free-vortex-sheet theory, shown i n  
figure 14, i s  the inclusion of the secondary separation which occurs when the 
boundary layer on the upper surface, which is swept towards the leading edge by the 
primary vortex f l  ow, separates under the i nfl uence of the adverse spanwi se pressure 
gradient outboard of the primary vortex. The resulting flow can include secondary 
and t e r t i a ry  vortices and produces important redistributions of the surface 
pressures. Two approaches to  the inclusion of the secondary separation in the theory 
are described i n  detail i n  other papers presented during this conference ( re fs .  43 
and 44) and, therefore, will not be discussed i n  t h i s  paper. 

E u l  e r  and Navi er-Stokes solutions o f  the 1 eadi ng-edge vortex flow phenomenon, 
while not as ye t  being as generally applied to  design and analysis projects as are 
the suction analogy and free-vortex-sheet theory, appear to of fer  extended 
capabi l i t ies  for  the future. Research on these methods i s  included in t h i s  
conference ( r e f s .  45 and 46) and will not be reviewed here. 



SOME CURRENT CHALLENGES 

Since reviews o f  the  progress i n  the development and appl i c a t i o n  f ree-vor tex-  
sheet theory w i l l  be presented i n  o ther  papers i n  t h i s  conference, Z have e lec ted  t o  
use the theory t o  h i g h l i g h t  a few computational and experimental chal lenges and t o  
encourage a coordinated development o f  the var ious  vor tex  f l ow  theor ies  and a c lose  
cooperat ion between theo re t i c i ans  and experimental i s t s .  The chal lenges discussed 
here w i l l  be conf ined t o  a few incompressible f l ow  examples. However, some 
compressible f l ow  chal  1 enges w i  11 be discussed i n  t h e  overview paper by Campbell 
and Osborn ( r e f .  47)  and many o the r  undoubtedly surfaced dur ing  t h i s  conference. 

Pred ic ted  F l  ow Regimes 

F igu re  15 i l l u s t r a t e s  the  f ree-vor tex  sheet theory p r e d i c t i o n  o f  th ree  vor tex  
f l ow  regimes encountered on sharp-edged del t a  wings. The boundaries o f  the  regimes 
are presented as a func t i on  o f  leading-edge sweep angle and angle o f  a t tack .  One 
boundary i s  associated w i t h  the  vor tex s t a b i l i t y  as p red i c ted  by Luck r ing ' s  a d d i t i o n  
o f  t he  viscous core regions t o  the  f ree-vor tex-sheet  theory and i s  def ined by the  
c r i t i c a l  swi r l  c o n d i t i o n  ( see sketch) o f  tangent i  a1 vel  o c i  ty equal t o  a x i a l  v e l o c i t y  
a t  the  t r a i l i n g  edge. Above t h i s  boundary, the  vo r tex  would be expected t o  be 
unstable. It i s  i n t e r e s t i n g  t h a t  the data o f  Wentz and Kohlman ( r e f .  48), d e f i n i n g  
vor tex  breakdown a t  the  t r a i l i n g  edge, appears t o  subs tan t i a te the  theory. Also shown 
i s  t he  experimental b u f f e t  onset cond i t i on  es tab l ished by Boyden and Johnson 
( r e f .  49). A computational c h a l l  enge i n  t h i  s f l ow  regime might  be the  appl i c a t i  on of 
the  theory t o  develop wing design c r i t e r i a  r e l a t e d  t o  the  delay o f  vor tex  breakdown 
t o  prov ide  extended 1 i f t  capabi 1 i ty . 

The o the r  boundary shown i n  f i g u r e  15 i s  der ived from the  completely i n v i s c i d  
vers ion  o f  the  f ree-vor tex-sheet  theory and es tab l ishes  the  angle o f  a t tack  above 
which the  vor tex  i n te rac t i ons ,  o r  crowding, cause the  core paths t o  begin t o  d iverge 
from each o the r  l a t e r a l l y  as i l l u s t r a t e d  i n  the  sketch. Resul ts  are shown ( f o r  two 
wing th ickness r a t i o s )  a t  the  40% l o n g i t u d i n a l  s t a t i o n  and are  t y p i c a l  o f  o the r  
s ta t i ons .  I t  w i l l  be noted t h a t  the experimental angle o f  a t tack  corresponding t o  
the  onset o f  vor tex  asymmetry repor ted  by Fox and Lamar ( r e f .  25) f o r  a sharp-edge 
d e l t a  wing o f  aspect r a t i o  0.25 1 i e s  i n  the  d i ve rg ing  core regime. Secondary 
separat ion e f f e c t s  would be expected t o  i n f l uence  the  boundary and represent  a 
chal lenge re1  a ted  t o  the  use o f  t he  f ree-vor tex-sheet  theory i n  s tudy ing  c e r t a i n  
aspects o f  t he  development o f  vor tex  asymmetry. It must be recognized, however, t h a t  
there  are, i n  a l l  p r o b a b i l i t y ,  o ther  v iscous-rz lated e f f e c t s  t h a t  l i m i t  the  core 
divergence and i n f l  uence the  c r i t e r i a  f o r  stab1 e asymmetric vor tex f low. 

x L i f t  E f f e c t s  

The i n f l uence  o f  the  above f l ow  regimes on the  o v e r a l l  l i f t  c h a r a c t e r i s t i c s  as 
p red i c ted  by the  f ree-vor tex-sheet  theory i s  i l l u s t r a t e d  i n  f i g u r e  16 f o r  two 
s1 ender sharp-edged del t a  w i  ngs having l eadi ng-edge sweep angl es o f  70' and 8 0 ~ .  
The f ree-vor tex-sheet  so lu t i ons  are shown by the s o l i d  l i n e s ,  and the dashed Sines 
represent  so l  t r t ions by the  suc"cl'o anal ow. Experimental data  ( r e f .  48) are shown by 
the symbolsa The I i f t  calcut ated by t he  suction ana"lw i s  be1 feved t o  prov ide  the 
"upper bound" o f  l i f t  f o r  cond i t ions  where no Sasses associated w i t h  vor tex  crowding 



o r  vo r tex  breakdown are  encountered* The shaded reg ion  between the two theo r ies  
represents the angle-of-attack range where the two theo r ies  depart. I t  i s  be l i eved  
t h a t  t h i s  comparison i l l u s t r a t e s  the  vor tex  crowding e f f e c t ,  discussed above, which 
h inders Flow reattachment and resu l  %s i n  incomplete recovery s f  suct ion as vo r tex  
normal force.  The angle o f  a t tack  corresponding t o  the  d i ve rg ing  core boundary 
ca l cu la ted  by the  f ree-vor tex-sheet  theory i s  shown by the  s o l i d  arrow f o r  both wings 
and appears t o  reasonably def i ne the  onset o f  i ncompl e t e  suc t ion  recovery. 

For  t he  70°-delta wing, the suc t i on  analogy and the  f ree-vor tex-sheet  theory are 
i n  e x c e l l e n t  agreement up t o  about an angle o f  a t tack  o f  40' and both agree w i t h  
experiment u n t i l  vor tex  breakdown i s  encountered. However, f o r  the 80'-delta wing, 
the  f ree-vor tex-sheet  so lu t i ons  begin t o  show l i f t  losses i n  t he  v i c i n i t y  o f  20°. 

Al so shown (by the  ha1 f - so l  i d  arrows) are the  ca l cu la ted  values o f  the  angle o f  
a t tack  a t  which the  c r i t i c a l  s w i r l  c o n d i t i o n  i s  predic ted,  and i t  i s  seen t o  be i n  
reasonable agreement w i t h  the  maximum l i f t c o e f f i c i e n t  which has been shown 
experimental l y  ( r e f .  48) t o  correspond c l o s e l y  t o  the  vor tex  breakdown cond i t ion .  

M i  t h  regard  t o  the  maximum 1 i ft, the  f ree-vor tex sheet theory resu l  t s  show f o r  
the 80' d e l t a  i n d i c a t e  t h a t  l i t t l e  increase would be expected by e l  i m i n a t i n g  vor tex 
breakdown. However f o r  the 70' de l ta ,  which i s  c u r r e n t l y  o f  more p r a c t i c a l  i n t e r e s t  
f o r  a i  r c r a f t ,  the  f ree-vor tex  sheet so lu t i ons  i n d i c a t e  t h a t  1 arge increases i n  
maximum l i f t  might  be a t t a i n a b l e  by de lay ing  vor tex  breakdown. As mentioned i n  the  
prev ious sect ion,  t h i s  o f f e r s  a chal lenge t o  use the theory t o  e s t a b l i s h  wing warp 
and p lanform shaping t h a t  a re  more conducive t o  vor tex  s t a b i l i t y .  However, 
a d d i t i o n a l  e f f e c t s  such as poss ib le  shocks o r  vacuum l i m i t s  a t  the h igher  l i f t s  must, 
o f  course, be considered. 

With the  comparisons o f  the suc t ion  analogy and the  f ree-vor tex  sheet so lu t i ons  
o f f e r i n g  a means o f  demonstrating the  magnitude o f  var ious " rea l  f low"  e f f e c t s ,  i t  i s  
h i g h l y  recommended t h a t  Eul e r  and Navier-Stokes' s tud ies  o f  vor tex 1 i f t  be 
coordi  nated w i t h  t h e  f ree-vortex-sheet s tud ies  as we1 1 as w i t h  those experimental 
s tud ies  which are  designed t o  p rov ide  d e t a i l e d  knowledge o f  the " rea l  f low." 

Secondary Separat ion 

I t  has been reasonably we l l  es tab l ished t h a t  the o v e r a l l  1 i f t  o f  %hi n, sharp- 
edge, s lender  d e l t a  wings, o f  i n t e r e s t  here, i s  r e l a t i v e l y  i n s e n s i t i v e  t o  Reynolds 
number. For  t h i s  c lass  o f  wings, where the  pr imary separat ion i s  f i x e d  a t  t he  sharp 
l ead ing  edge f o r  any non-zero angle o f  a t tack  regardless o f  the  s t a t e  o f  the  boundary 
l a y e r  approaching the  sharp edge, t h i s  i s  n o t  t o t a l l y  unexpected. However, f l ow  
d e t a i l s  associated w i t h  the s t a t e  o f  the  boundary l a y e r  on the  wing upper sur face can 
cause r a t h e r  l a r g e  v a r i a t i o n s  i n  t he  l o c a l  pressure d i  s t r i  bu t ions  through t h e i r  
e f f e c t s  on t h e  l o c a t i o n  o f  secondary separat ion l i n e s .  These well-known secondary 
separat ions occur when the f low under the  pr imary vor tex  i s  swept toward the  wing 
lead ing  edge, by the  a c t i o n  of t he  vortex, and encounters the  adverse spanwise 
pressure g rad ien t  near the  lead ing  edge. Th is  r e s u l t s  i n  a secondary vo r tex  having 
v o r t i c i  ty o f  the  opposi te sign. I n  general, the  e f f e c t s  induced by the  secondary 
separat ion have keen envisioned us ing  the  v o r t i c a l  e f f e c t s  o f  the  secondary vor tex.  
Hwever,  an a1 te rna te  modeling approach has been used, w i t h  reasonable success, by 
81 om e t  a9 . , and Wai e t  a1 . f r e f  s. 44 and 50) who assumed t h a t  "the- secondary 
v o r t i c e s  are  so embedded i n  the  boundary l a y e r  t h a t  t h e i r  displacement e f f e c t s  
dominate over t h e i r  vortica"leffeets." k~egat.d'less o f  the  various model i n g  detas" l s, 



the  experimental secondary-separation e f f e c t s  described below w i l l  be r e f e r r e d  t o  as 
a "secondary vor tex  + '' 

The secondary-separation character is ts 'es are, s f  course, h igh l y  dependent upon 
the  l o c a l  s t a t e  o f  t he  boundary l a y e r  and, therefore,  on the Reynolds number and 
l o n g i t u d i n a l  s ta t i on .  Th is  i s  ill us t ra ted  i n  f i  ure  17 using experimental, a t r a n s i t i o n  f r e e  data from reference 51 f o r  a 7 6 -  sharp-edge del t a  wing a t  an angle 
o f  a t tack  of 25&. On the  l e f t  i s  presented the  spanwise v a r i a t i o n  o f  the upper 
surface pressure d i s t r i b u t i o n  a t6 the mid 1 ongiQudi nal s t a t i  on f o r  Reynol ds numbers, 
based on r o o t  chord, o f  1.6 x 10 and 6.4 x 10 . Also shown i s  the i n v i s c i d  pressure 
d i s t r i b u t i o n  p red ic ted  by the  free-vortex-sheet theory (FVS) i nc lud ing  the  e f f e c t s  o f  
wing th ickness b u t  assuming no secondary vortex. The low Reynolds number data 
represent  a 1 ami nar secondary separat ion cond i t i on  and the  we1 1 -known 1 arge reduct ion  
i n  suc t ion  pressures i n  the  reg ion o f  t he  pr imary vortex, accompanied by 1 arge 
increases i n  suc t ion  pressures i n  the  reg ion o f  t he  secondary vortex, i s  c l e a r l y  
ev ident .  The h igher Reynol ds number data ill u s t r a t e  the  tu rbu len t  separat ion case i n  
which the  secondary vor tex i s  reduced i n  s t rength  and i t s  formation delayed t o  a more 
outboard pos i t i on .  The pressure d i s t r i b u t i o n  now approaches the  theory more c l o s e l y  
i n  the  reg ion of the pr imary vor tex  b u t  s t i l l  shows important  e f f e c t s  near the  
lead ing edge which i s  p a r t i c u l a r l y  important  f o r  cambered wings o 

The r ight-hand p o r t i o n  o f  f i g u r e  17 i l l u s t r a t e s  the  st rong non-conical e f f e c t s  
on the  pressure d i s t r i b u t i o n s  along mid semispan ray, y / s  = 0.5, f o r  both the  
i n v i s c i d  theory and the  experime t a l  resu l t s .  The most complete data were obtained t: a t  a Reynolds number o f  3.2 x 10 and c l e a r l y  i l l u s t r a t e  the  t r a n s i t i o n  from a 
laminar secondary separat ion t o  a tu rbu len t  separat ion i n  the region o f  x/co = 
0.35. A1 though the data f o r  the  other  Reynol ds numbers are i ncompl ete, they appear 
cons is ten t  w i t h  the expectat ion t h a t  t r a n s i t i o n  would occur downstream f o r  the  1 ower 
Reynol ds number and upstream f o r  the  h igher Reynol ds number. Regardi ng the  i n v i  s c i d  
theory r e s u l t s  from the  free-vortex-sheet method, i t  appears t h a t  t he  theory may 
prov ide a reasonably accurate p r e d i c t i o n  o f  the  pressures i n  t h i s  region o f  t he  wing 
as 1 ong as the t u r b u l e n t  secondary separat ion has i t s  o r i g i n  near the  wing apex. It 
i s  of i n t e r e s t ,  however, t h a t  wh i l e  the experimental r e s u l t s  approach the  theory a t  
t he  h igh  Reynolds number they do n o t  do so i n  a monotonical fashion as w i l l  be 
d i  scussed be1 ow. 

To more c l e a r l y  i n d i c a t e  the  v a r i a t i o n  of t he  peak suc t ion  pressure c o e f f i c i e n t s  
under the  pr imary vor tex  w i t h  Reynolds number, data taken from reference 51 have been 
analyzed i n  a some~hat d i f f e r e n t  fashion and presented i n  f i g u r e  18 as a func t i on  o f  
Reynolds number f o r  both the  x/co = .25 and x/co = .50 l o n g i t u d i n a l  s ta t ions .  A1 so 
shown are the  peak suc t ion  values measured under t h  ndary vortex. 

Looking f i r s t  a t  the  x/c 5 s ta t ion ,  t he  experimental data i n d i c a t e  a r a p i d  
increase i n  peak suc t ion  l eve  r the pr imary vor tex  w i t h  increas ing Reynolds 
number as the  cross f l ow  under the  vor tex becomes t u r b u l e n t  and reduces the  impact o f  
the  secondary separation. To provide a poss ib le  h igh  Reynolds number asymptote f o r  
t h i s  suc t ion  peak, the  val  ue ob ta i  ned from the  i n v i  s c i  d free-vortex-sheet theory i s 
a1 so shown. A1 though i t  appears t h a t  the  data may be approaching the  i n v i s c i d  theory 
monotonical ly,  evidence t o  be discussed subsequently, r e l a t i v e  t o  the  x/co = .50 
s ta t i on ,  i nd i ca tes  a more complicated s i t u a t i o n .  

Who s h o ~ n  i n  the  l e f t  s f  f i g u r e  18 i s  the v a r i  a t j o n  o f  the  experimental peak 
suc t ion  pressure under the secondary vortex. I n  th is  case when tu rbu len t  secondaw 
separat ion occurs, there i s  a r a p i d  decrease i n  the  peak suct ion pressure magnitude. 



Turning t o  the  x/c = *5Q case on the  r i g h t  o f  f i g u r e  18, i t i s  seen tha t ,  as 
discussed e a r l  i er, the  t rans1  t i o n  t o  a t u r b u l e n t  seconda~y separat ion and t h e  
accompanying r a p i d  increase i n  t he  suc t ion  pressure under the  pr imary vor tex  occur 
ad a 1 ower va l  ue o f  Reynol Qs number than f o r  the  upstream s ta t i on .  However, i t  i s  
important  t o  note t h a t  as Reynolds number increases fu r the r ,  ins tead o f  approaching 
the i n v i s c i d  theory monotonical ly,  there  i s  a decrease i n  the magnitude o f  t he  peak 
suc t i on  pressure c o e f f i c i e n t  under the  pr imary vor tex.  Accompanying t h i s  v a r i a t i o n  
i s  an increase i n  the  magnitude o f  the  peak suc t ion  pressure c o e f f i c i e n t  under t h e  
secondary vor tex.  The reason f o r  t h i s  somewhat unexpected v a r i a t i o n  w i t h  Reynolds 
number i s  n o t  completely apparent and more complete data extended t o  h igher  Reynolds 
numbers would be o f  g rea t  value. The f a c t  t h a t  the decrease i n  the  peak suc t ion  
pressure c o e f f i c i e n t  under the  pr imary vor tex  a t  the X/co = .50 s t a t i o n  occurs i n  the  
same Reynolds number range as the  increase a t  t he  x/c = .25 s t a t i o n  may be an 
i ndi  c a t i  on t h a t  as the  t r a n s i t i o n  t o  t u r b u l e n t  secondary separat i  on moves forward, 
the  r e s u l t i n g  e f f e c t s  induced downstream may cause changes i n  the  pr imary vor tex  
s t rength  such t h a t  no s t a t i o n  asymptotes the  i n v i s c i d  theory value u n t i l  t r a n s i t i o n  
occurs very near the  wing apex. Th i s  would appear t o  be somewhat cons i s ten t  w i t h  the  
observed i n s e n s i t i v i t y  o f  the  t o t a l  1  i f t  t o  Reynol ds number and poss ib ly  cons i s ten t  
w i t h  the apparent "conservat ion o f  suct ion"  r e l a t e d  t o  the  suc t ion  analogy. 

The above observat ions imply an important  chal lenge i n  the development and 
eva lua t i on  o f  advanced t h e o r e t i c a l  methods as we l l  as a chal lenge t o  extend the  
pressure data t o  h igher  Reynol ds numbers. 

A New Aerodynamic Faci  1 i ty 

Dur ing 1984, the  Langley Research Center placed i n  operat ion a new, h igh  
Reynol ds number, t ranson ic  wind tunnel . Th is  tunnel , the Nat ional  Transonic Faci  1 i ty 
(NTF) , appl i es the  cryogenic, pressurized, wind tunnel p r i n c i p l e  t o  prov ide the very 
h igh  Reynolds numbers requ i red  t o  match the f u l l  -scale v i  scous e f f e c t s  encountered 
w i t h  modern a i r  vehic les.  The cryogenic techno1 ogy development and the  cons t ruc t i on  
and opera t ion  o f  the  p i l o t  f a c i l i t i e s  were performed by Langley researchers and 
technic ians (see r e f s .  52 and 531, and the bas ic  design o f  t he  NTF was c a r r i e d  o u t  i n  
a P r o j e c t  O f f i c e  s t a f f e d  by Langley personnel (see r e f .  54). The performance 
envelope o f  t he  NTF ( r e f .  55) i s  shown i n  f i g u r e  19, and the  degree t o  which the  NTF 
extends the  Reynolds number c a p a b i l i t y  beyond the composite envelope o f  a1 1 o ther  
operat ional  tunne ls  i n  t he  f r e e  wor ld  i s  r e a d i l y  apparent. This  c a p a b i l i t y  i s  o f  
considerable importance t o  vor tex  l i f t  research s ince st rong viscous e f f e c t s  can 
occur a t  desi gn cond i t i ons  as we1 1 as o f f -des i  gn cond i t ions .  

As seen by the sketches i n  f i g u r e  19, t he  vor tex  1 i f t  research c u r r e n t l y  planned 
fo r  the  NTF inc ludes  the  c l a s s i c a l  s lender d e l t a  wing and the  two classes o f  h y b r i d  
wings d i  scussed e a r l  i er. 

The 65' d e l t a  model incorpora te  changeabl e 1 ea t o  a l l ow  
the study o f  leading-edge rad ius  which, o f  course, has a st rong e f f e c t  on lead ing-  
edge separat ion c h a r a c t e r i s t i c s ,  i nc l  ud i  ng the  Reynol ds number dependency. The model 
conta ins a l a r q e  number o f  surface pressure o r i f i c e s  and i s  e x ~ e c t e d  t o  Provide 
considerable i n s i g h t  regarding the  secondary separat ion c h a r a c t e r i s t i c s  i n  t he  f u l l -  
scale Ryeno3 ds nugber range as we13 as evidence re1 ated t o  the  quest ion o f  t h e  
% x i  stence s f  a " csn re rva t i  on s f  suct ion"  phenomenon. The unique cagabi 3 i t i e s  o f  the 
NPF w i  19 a1 so be u t i  1 i zed  t o  study possi hie e f f e c t s  o f  condensation* i n  the core on 
vo r tex  bu rs t i ng .  



The vortex l i f d s t rake conf i guration uti  l i zes the doubl e-bal ance system t o  
i so l a t e  overall loads and component in teract ions  as  well as wing and fuselage 
pressures. Although not as h i g h l y  instrumented fo r  deta i led vortex flow research, 
the sl ender, cranked, w i n g  confi gurati  on shoul d o f fe r  val uabl e overall force and 
moment information w i t h  regard t o  vortex flow. 

Addiuonal de t a i l s  of the  NTF models and research program can be found in  
references 56 and 57, and i t  i s  highly recommended t ha t  researchers involved in the 
devel o~ment  and eval uation of advanced vortex f l  ow theoret ical  methods consider t h i s  
program i n  the sel e c t i  on of conf i gurations to  be model ed theoretical  l y  . 

CONCLUOI NG REMARKS 

By way of conclusion, I would l i k e  t o  emphasize t ha t ,  by design or not, vortex 
flow can be encountered on slender-wing a i r c r a f t  a t  many points w i t h i n  t h e i r  
operational envelope. Since t h i s  flow in f l  uences both the aerodynamic and s t ructural  
design, i t  i s  important t h a t  continued improvements i n  design and analysis  theor ies  
be developed to  meet the i ncreasi ngly s t r i  ngent desi gn requi rements. Towards th i  s 
end, i t  appears highly desirable t ha t  a strong interact ion be developed between those 
developing theoretical  methods such as,  f o r  example, the free-vortex-sheet, Eul e r ,  
and Navier-Stokes. Since viscous e f f ec t s  such as secondary separation can strongly 
influence the design of cambered leading edges and vortex f l aps ,  for  example, i t  i s  
essenti  a1 t ha t  both 1 ami nar and high Reynol ds number turbul en t  secondary separation 
capab i l i t i e s  be included in the theories.  In re la t ion t o  the influence of viscous 
e f f ec t s ,  i t  i s  important t ha t  the experimental c apab i l i t i e s  of the National Transonic 
Fac i l i t y  be u t i l i zed  and t ha t  a close coordination between the  basic and applied 
theoret ic ians  and the experimentalists be developed. 
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F igu re  1. The Messerchmidt ME 262 - t h e  f i r s t  swept-wing j e t  a i r c r a f t .  

Figure 2 .  The trend towards s9 ender-wi ng a i  rcraf t .  



Figure 3 .  T h e  Lippisch DM-1 test  glider. 

Modified DM-1 
glider 

Figure  4. The f i r s t  study of the leading-edge vortex occurred a t  bang9 ey i n  
1946. 
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Figure 5. Some slender wing aerodynamic charac te r i s t i c s .  

Figure 6 ,  Illustration s f  the leading-edge vortices on the B-76- 
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Figure 7.  Chronol ogy of vortex-1 i f t  theory development. 
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F i  grrre 8 ,  Prediction of some compressi b i  I i  ty  effects by the sticti s n  anal ogy , 
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Rol l  damping I l ong i t ud ina l  load d i s k i  but ion 

Figure 9. Prediction of some s t a b i l i t y  re la ted  parameters by the suction 
analogy . 
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F i g u r e  18, Some ex tens ions  o f  the  s u c t i o n  analogy made i n  1974. 
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@ Vortex strakes 

F i g u r e  11. Some des ign a p p l i c a t i o n s  o f  vo r t ex  l i f t .  

Total l i f t  
w l ncremental strake l i f t  

F i g u r e  12, E f f e c t s  o f  vortex-strakes on l i f t ,  



Figure 13. Exampl es o f  hybri d-wi ng a i  rcraft. 

@Secondary separat ion 

Figure 14. Some extens ions o f  the  free-vortex-sheet theory. 
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Figure 16 ,  Influence o f  f l o w  regimes on vo r t ex  l i f t  o f  sharp-edge d e l h  
wings, 



Figure 17. Effects of secogdary separation on upper surface pressures. 76' 
delta a t  a = 25 . 
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gure 18. Effects of Reynold~~number on upper surface minimum pressures. 
76' d e l t a  a t  a = 25 . 



Research configurations 

F igu re  19. Reynolds number s tud ies  of vo r tex  f low i n  t h e  Nat ional  Transonic 
Faci  1  i ty. 




