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SUMMARY 

Th is  paper p rov ides  some background in fo rma t ion  f o r  the Vortex Flow 
Aerodynamics Conference and shows t h a t  c u r r e n t  slender wing a i rp lanes  do no t  use 
v a r i a b l e  l eadi ng-edge geometry t o  improve t ranson ic  drag po lar .  H igh l  i g h t s  o f  some 
o f  the i n i t i a l  s tud ies  combining wing camber, o r  f laps,  w i t h  vor tex  f low are 
presented. Cur ren t  vo r tex  f l a p  studies were reviewed t o  show t h a t  there i s  a l a r g e  
subsonic data base and t h a t  t ransonic and supersonic generic s tudies have begun. 
There i s  a need f o r  va l i da ted  f low f i e l d  so lvers  t o  c a l c u l a t e  vortex/shock 
i n t e r a c t i o n s  a t  t ranson ic  and supersonic speeds. Many important  research 
opportuni t i e s  e x i  s t  f o r  fundamental vor tex  f low i n v e s t i g a t i o n s  and f o r  designing 
advanced f i g h t e r  concepts. 

INTRODUCTION 

I n  recent  years, NASA and the AFWAL have become more concerned about the impact 
o f  separa t ion- i  nduced vor tex  f lows on the design and o f  f -desi  gn performance o f  
m i l i t a r y  a i r c r a f t  ( re fs .  1 and 2 ) .  The Advanced Tac t i ca l  F igh te r ,  as discussed 
recen t l y  by P i c c i r i l l o  ( r e f .  31, i s  being considered t o  p rov ide  a s i g n i f i d a n t  
increase i n  supersonic c r u i s e  e f f i c i e n c y  over c u r r e n t  f i gh te rs ,  wh i l e  main ta in ing  an 
equ iva len t  t ransonic maneuver capabi l  i ty .  Th i s  type o f  design i s  very cha l leng ing  
since optimum supersonic designs tend toward slender h i g h l y  swept wings w i t h  low 
aspect r a t i o ,  w h i l e  t ranson ic  designs have h igher  aspect r a t i o s  t o  help improve 
c r u i  se and maneuver performance. 

Much research has been conducted to  try t o  br idge the gap between t ransonic and 
supersonic miss ion requirements by u t i l i z i n g  v a r i a b l e  camber concepts such as 
1 eadi ng-edge fl aps and s l  a t s .  Designed w i t h  at tached flow, these l e a d i  ng-edge 
devices have been success fu l l y  employed on a v a r i e t y  o f  a i rp lanes  w i t h  low-to-  
moderate l e a d i  ng-edge sweep angl es. However, appl i c a t i  on to  slender, higher swept 
wings i s  l i m i t e d  by the onset o f  separated flows. An a l t e r n a t e  design approach i s  
"L l e t  the f l o w  separate froin the l ead ing  edge and use the vortex- induced suct ion 
pressures a c t i n g  on a drooped lead ing  edge t o  recover some o f  the leading-edge 
suc t ion  1os"edrre t o  lead.; ng-edge separatfon, The c u r r e n t  Vortex Flow Aerodynamics 
Conference b r i ngs  together special i sts t o  address wing l e a d i  ng-edge vor tex  f l  ows and 
vor tex  f l a p s  i n  p a r t i c u l a r .  



one o f  Wo background papers f o r  the conference, and 
compl ements the i n fo rma t ion  presented by Pol hamus ( r e f .  4 ) .  The present  paper 
rev iews some o f  the c u r r e n t  m i l  i t a r y  a i  r e r a f t  which use v a r i a b l e  l e a d i  ng-edge 
geometry t o  improve drag po lar ,  and h i g h l  i g h t s  some o f  the i n i t i a l  s tudies combining 
wing camber, o r  f laps,  w i t h  vor tex f low, The s ta tus  o f  c u r r e n t  vor tex  f l a p  research 
w i l l  be presented, along w i  t h  appropr iate vor tex theo r ies  which w i l l  be discussed 
dur ing  the conference. Some techn ica l  chal lenges w i l l  be d i  scussed t o  h igh l  i g h t  
a d d i t i o n a l  vor tex  f low research areas o f  i n t e r e s t .  An extensive reference l i s t  i s  
a1 so i n c l  uded. 

SYMBOLS 

A aspect r a t i o  o f  the wing 

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

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

P 1 ocal pressure c o e f f i c i e n t  
- 
c reference chord 

r r o o t  chord 

FVS Free Vortex Sheet 

L E l ead ing  edge 

LID 1 i ft- to-drag r a t i o  

M Mach number 

M~ Mach number normal t o  the lead ing  edge 

P nondimensional camber he igh t  f o r  c o n i c a l l y  cambered wings i n  terms o f  
1 ocal semi span 

R Reynolds number 

Rc Reynolds number based on mean aerodynamic chord 

1 ocal semi span 

S reference area 

VLM Vortex L a t t i c e  Method 

VLM-SA Vortex L a t t i c e  Method coupled w i t h  the suct ion analogy 

X/C f r a c t i o n a l  d i  stance a1 ong a l ocal chord 

2y/b fracts" onal d i  stance a1 sng the semi span 



l o c a l  I a t e r a l  d i  stance, nsndimensional i z e d  by semi span w i  t h  f l a p  
Y's6n 0 undef lec ted  

Z /  s6 1 ocal v e r t i c a l  d i  stance, nondimen s i  onal i ired by semi span w i  t h  fl ap 
fl = 0 undef lected 

a angle o f  a t tack  

a~ 
angle o f  a t tack  normal t o  wing lead ing  edge 

' n 1 eadi ng-edge fl ap d e f l e c t i o n  angle, posi  ti ve down, measured normal t o  the  
h i  ngel i ne 

'TE t r a i  1 i ng-edge fl ap d e f l  ec ti on angl e, posi  ti ve down, measured normal t o  the 
f ree  stream 

ACD drag due t o  l i f t  i n  f i gu res  3 and 6, vo r tex  f l a p  increment i n  
f i g u r e  18 

h~~ 
leading-edge sweep angle de f ined i n  f i g u r e  1 

AIRCRAFT GEOMETRY AND DRAG DUE TO LIFT 

A i r c r a f t  Geometry 

I n  order  t o  understand the importance o f  sweep and va r iab le  camber i n  the 
design o f  advanced a i r c r a f t ,  i t  i s  o f  i n t e r e s t  t o  examine c u r r e n t  a i rp lane  
con f i gu ra t i ons  f o r  geometric trends. 

There are many ways t o  represent  a i rp lane  geometric var iables.  We have shown 
aspect r a t i o  as a func t i on  o f  leading-edge sweep angle i n  f i g u r e  1, where &E i s  
def ined i n  the sketch. I n  order  t o  be ab le  t o  p l o t  an a i rp lane  whose wing has more 
than one sweep angle, such as a double-del t a  o r  ogee planform, an e f f e c t i v e  sweep 
angle i s  def ined by a 1 i n e  drawn from the apex o f  the reference planform t o  the  
l ead ing  edge o f  the t i p  chord. The data f o r  the con f i gu ra t i ons  were ex t rac ted  from 
in fo rma t ion  i n  references 5 t o  8, and are 1 i s t e d  i n  Table I along w i t h  the symbol 
d e f i n i t i o n .  

The data fa1 1 i n t o  two groups, one f o r  f i x e d  sweep and one f o r  va r i ab le  sweep, 
and show the  obvious decrease i n  aspect - ra t io  w i t h  increase i n  sweep angle. The 
quest ion which concerns us i s  which a i  r p l  anes have v a r i a b l e  l e a d i  ng-edge geometry 
and use t h a t  c a p a b i l i t y  t o  improve drag po lar .  The s o l i d  symbol s represent  those 
a i r c r a f t .  A1 1 v a r i a b l e  leading-edge geometry i s  incorporated on wings w i t h  sweep 
angle l e s s  than 50°, w i t h  the except ion o f  the Mirage 2000 and 4000 a i r c r a f t  which 
have a sweep angle o f  60". A photograph o f  the Mirage 2000 w i t h  i t s  va r i ab le  
leading-edge f l a p s  deployed i s  presented i n  f i g u r e  2 ( taken from r e f .  91, 

A l l  o f  these v a r i a b l e  f l a p  con f i gu ra t i ons  were designed t o  u t i l i z e  at tached 
f low -For subsonl"~ or t ranson ic  maneuver requ i  rements. It i s n o t  known for what f l  ow 
Pie1 d the Mirage 2000 and 4000 flaps are designed. One o f  the problems wl" t h  
inc reas ing  the wing sweep angle i s  t h a t  i t  gets more d i f f i c u l t  t o  keep the f lew from 
separat ing. Simple sweep theory suggests t h a t  the CL where the wing f i r s t  



experiences n o w  separat ion -r"s lower P'sr "che higher  swept wing. Th i s  i s  due t o  the 
h igher  upwash a t  the 1 eadi ng-edge and '4 arger sect ion '99"  f t c o e f f i c i e n t s ,  Broopi ng 
"%he l ead ing  edge Lo keep the f l o w  attached i s  e f f e c t i v e  a t  low 19" f t s ,  b u t  t h i s  
sh i  Pts the pressure peak t o  the f a g  hinge1 ine and u l  t i m a t e l y  r e s u l t s  i n  hinge1 i n e  
separat ion, 

For  most o f  the f i g h t e r  a i rp lanes  which have no v a r i a b l e  leading-edge devices, 
wind tunnel s tud ies  o f  l eadi ng-edge f l  aps were conduc Led dur ing  the developmental 
stages o f  t h e i r  p ro jec ts .  These data were then used t o  decide whether the aero- 
dynamic benef i  t s  outweighed the penal t i e s  f o r  i nco rpo ra t i ng  them i n  the system. The 
b e n e f i t s  have n o t  been l a r g e  enough t o  pay f o r  themselves, and the data are subse- 
quent ly  f i l e d  away, unpublished, because they were n o t  "successfu l "  and because the  
program i s  a p r o p r i e t a r y  one. Th is  has been the  case f o r  t h e  Viggen and F-16XL 
a i rp lanes.  The reason why v a r i a b l e  f lap-systems d i d  n o t  work i s  because separated 
f lows dominate these s lender wing con f i gu ra t i ons .  I n  p a r t i c u l a r ,  t h e  reattachment 
l i n e  f o r  the laeding-edge separat ion-induced vor tex  progresses q u i c k l y  over t he  f l a p  
and onto the  wing upper surface. Once t h i s  occurs, t h e  vortex- induced suc t ion  
pressures increase l i f t ,  but  the  f l a p  becomes less  e f f e c t i v e  f o r  reducing drag. This  
has been a very d i f f i c u l t  f l o w  f i e l d  f o r  which t o  design d r a g - e f f i c i e n t  shapes. 

Subsonic Drag Due To L i f t  

The problem o f  achiev ing e f f i c i e n t  drag po la rs  i s  addressed i n  f i gu re  3, which 
presents subsonic drag-due-to-1 i ft data as a func t ion  o f  aspect r a t i o  f o r  a number 
o f  a i rp lane  models. The untrimmed data are p l o t t e d  a t  a constant  CL o f  0.5 and 
were obta ined from references 10 t o  20 f o r  M = .6 t o  .8. The s o l i d  symbols 
represent  composi t e  drag pol a r s  obta ined from l e a d i  ng-and t r a i  1 i ng-edge fl ap 
def lec t ions .  As would be expected, the r e s u l t s  show t h a t  the a i r c r a f t  w i t h  the 
h igher  aspect r a t i o s  have lower CD, and, since f low c o n t r o l  devices are used, these 
drag l e v e l s  approach the f u l l  suct ion values. Decreasing aspect r a t i o  r e s u l t s  i n  
h igher  drag f o r  several reasons. There i s  a p o t e n t i a l  f low increase due t o  lower 
aspect r a t i o ,  the h igher  swept slender wings are l ess  e f f i c i e n t  i n  achieving h igh  
suct ion l e v e l  s than the non-slender wing, and the low-aspect r a t i o  wings do n o t  use 
v a r i a b l e  leading-edge f l a p s  t o  achieve an optimum polar .  The h igher  swept 
con f i gu ra t i ons  have a f i x e d  camber. Note t h a t  there were no data a v a i l a b l e  f o r  the  
Mirage 2000 o r  4000. 

Drag values are presented f o r  a ser ies  o f  planar d e l t a  wings t o  give a 
reference cond i t ion .  The data ( r e f .  13 ) c o r r e l a t e  w i t h  the vor tex  1 i ft est imates 
w i t h  zero suc t ion  ( r e f .  16). The F-16XL drag value departed from the data t rend  
establ  i shed by the Viggen, Mig-21, and F-106 a i r c r a f t .  One reason f o r  the h igher  
maneuver drag f o r  these slender wings i s  t h a t  they have a f i x e d  camber shape t h a t  
must f unc t i on  over a wide range o f  subsonic t o  supersonic c r u i s e  and t ransonic 
maneuver requirements. The h igh  sweep angle a t  maneuver l i f t s  r e s u l t s  i n  a leading-  
edge vor tex  f low, and, hence, vor tex  1 i ft. The l o s s  o f  leading-edge suct ion leads 
t o  h igher  drag. These data suggest t h a t  there i s  a new design space ava i l ab le  where 
v a r i a b l e  leading-edge devices have seldom been used. As  noted by Polhamus ( r e f .  41, 
there are many advantages o f  vor tex f lows which are designed i n t o  cu r ren t  f i gh te rs ,  
such as the F-16, F-18, and the F-IGXL, Note too t h a t  LE suc t ion  i s  n o t  the  on ly  
measure o f  f i g h t e r  capabi l  i t y .  Other factors,  such a s  wjng 1oadi ng, Instantaneous 
turn capab i l i ty ,  a g i l  f l y ,  range, weapons carr iage, etc, ,  are some sf the important 
measures. Also recall t h a t  the data  are for a esns tan"9 ;~  and are untrimmed. Data 
trimmed a t  a cons tant  load f ac to r  would grov4de a more d e f i n i t i v e  analys is .  



The quest ion i s  Row do you make v a r i a b l e  camber devices e f f e c t i v e  on higher 
swept con f i gu ra t i ons .  There are two bas ic  approaches t o  t h i s  problem, The 
e l  ass fca l  approach i s t o  keep the Eow attached a t  the l ead ing  edge by drooping the 
l ead ing  edge i n t o  the upwash t o  lessen the leading-edge pressure peak, The reader 
i s  r e f e r r e d  t o  references 21 and 22 f o r  some e a r l y  s tud ies  on d e l t a  wings. I n  the  
1 i m i t ,  the drooped lead ing  edge matches the upwash which g ives  attached flow, The 
f low grad ien ts  are so st rong a t  the hinge1 ine,  however, t h a t  the Wow separates and 
forms a vor tex  a f t  o f  the h inge l i ne  and over the wing; t h i s  vor tex  g ives a l i t t l e  
increase i n  l i f t  and a very l a r g e  increase i n  drag. An a1 te rna te  approach t o  t h i s  
i s t o  encourage the 1 eading-edge f low t o  separate and use the resu l  t i n g  vor tex f low 
t o  induce suct ion pressures on the forward-facing surface. Here a1 so, the wing 
leading-edge i s  drooped i n t o  the upwash f i e 1  d, b u t  you want the stagnat ion 1 i n e  t o  
remain on the lower surface t o  insure  upwash, and, hence, a vortex, a l l  down the 
lead ing  edge. For  the remainder o f  the  paper, we w i l l  be d iscussing some o f  the  
vor tex  f low research t h a t  began by l ook ing  a t  combining camber w i t h  the vor tex f low, 
discuss how i t  evolved t o  the vor tex  f l a p  concept, review the s ta tus  o f  c u r r e n t  
vor tex  f l a p  studies, discuss progress i n  vor tex f low theor ies,  and mention some 
c h a l l  enges f o r  a d d i t i o n a l  vor tex  research. 

COMBINING WING CAMBER OR FLAPS WITH VORTEX FLOW 

The purpose o f  t h i s  sec t ion  i s  t o  p rov ide  a h i s t o r i c a l  perspect ive o f  research 
t h a t  has been conducted t o  evaluate the  e f f e c t s  o f  combining wing camber or  f l a p s  
w i t h  leading-edge vo r tex  f low. I n  p a r t i c u l a r ,  we w i l l  h i g h l i g h t  some o f  the 
research t h a t  has been conducted dur ing  the pas t  10 years which helped g ive  r i s e  t o  
the c u r r e n t  NASA/AFWAL Vortex Flow Aerodynamics Conference. Combining the e f f e c t s  
o f  wing camber o r  leading-edge f l a p s  w i t h  the leading-edge vor tex  i s  a r e l a t i v e l y  
new research area. The reader i s  r e f e r r e d  t o  references 23 t o  27 f o r  some excel l e n t  
s ta te -o f - t he -a r t  review papers which have been pub1 ished over the pas t  8 years  and 
conta in  a considerable number o f  references. 

Some I n i t i a l  Studies 

Wentz's Experiment.- I n  1972, Wentz ( r e f .  28) i nves t i ga ted  the e f fec ts  o f  
1 eadi ng-edse camber on the 1 ow-speed aerod-ynamics o f  slender del t a  wings. Apex and 
coni c a i  cambers were tes ted  a1 ong w i t h  constant  chord 1 eading-edge f l aps, which 
approximated the apex camber lead ing  edge. An example o f  pressure data i s  shown i n  
f i g u r e  4 f o r  the con ica l  camber c o n f i g u r a t i o n  a t  a = 10.3'. The vor tex rea t tach-  
ment l i n e ,  i n d i c a t e d  by the arrow, was obta ined from t u f t  data. Recent ana lys i s  o f  
the drag p o l a r  data f o r  t h i  s conical  camber con f i gu ra t i on  showed a suct ion l e v e l  of  
about 40 percent  a t  a CL o f  0.31 ( a  = 10.3'1, and about 28 percent  a t  a CL = 0.5. 

Vortex Theories f o r  Nonplanar Wings.- Dur ing the 1970's th ree  theor ies  were 
devel oped t o  c a l c u l a t e  the vor tex  f low aerodynamics o f  cambered slender wings: 
con ica l  f low, the Vortex L a t t i c e  Method-Suction Analogy, and the Free Vortex Sheet. 
These are  shown i n  f i g u r e  5, taken from a 1978 paper by Lamar ( r e f .  29), and repre-  
sent d i f f e r e n t  l e v e l s  o f  capabi l  i t y .  The con ica l  f low technique o f  Barsby ( r e f .  30) 
lriodeied the  separated f low vo r tex  sheet, b u t  does n o t  s a t i s f y  the t ra i l i ng -edge  
K u t t a  cond i t ion ,  The Vortex L a t t i c e  Method - Suct ion Analogy (VLM-SA) was a 
mods" f fed vers ion  s f  the o r i g i n a l  suct ion analogy where Lamar accounted f o r  a vo r tex  
93" P t  vector  for cambered and bi sted wings, The Free Vortex Sheet (FVS) method, 
o r i g i n a l l y  developed by the Boeing Company i n  1944, does account f o r  the * a i l  ing-  



edge Ku t t a  condi ti on ( r e f ,  3% 1 ,  and g i  ves completely t h r e e - d i m e n s i o d  flow f i e 1  d 
ca l cu la t i ons ,  

An impor tan t  f a c t o r  i n  the evo lu t i on  o f  these theo r ies  from i n i t i a l  development 
was the c r i t i c a l  c o r r e l a t i o n  and v a l i d a t i o n  studies. One example i s  the study by 
Kuhlman ( r e f .  32) who c o r r e l a t e d  pressure d i s t r i b u t i o n s  obta ined w i t h  the FVS code 
w i t h  Wentz's experiments f o r  a c o n i c a l l y  cambered d e l t a  ( r e f .  28). Another example 
i s  Manro' s i n v e s t i g a t i o n  ( r e f .  33) t o  c o r r e l a t e  FVS pressure d i  s t r i b u t i o n s  w i t h  
experiment on an arrow wing having t w i s t  and camber. 

The c a p a b i l i t y  o f  these theo r ies  t o  est imate the e f f e c t s  o f  camber he igh t  on 
drag f a c t o r  i s  shown i n  f i g u r e  6, taken from Lamar and Luckr ing  ( r e f .  23). A l l  o f  
the theo r ies  p r e d i c t  a reduc t ion  i n  drag w i t h  an increase i n  camber height. 
However, because o f  i t s  r e s t r i c t e d  assumptions, the con ica l  f low method est imates 
lower drag than the FVS o r  VLM-SA techniques. For the range o f  camber he igh ts  shown 
here, the FVS and VLM-SA est imates are  e s s e n t i a l l y  the same, With t h i s  e a r l i e r  
vers ion  o f  the FVS, i t  was d i f f i c u l t  t o  ob ta in  converged so lu t i ons  where the vor tex  
was small and conf ined t o  a camber surface. Kuhlman ( r e f .  32) explored t h i s  
d i  f f i c u l  ty f o r  combinations o f  angle o f  a t tack  and leading-edge droop, wh i le  Tinoco 
( re f .  34) performed one o f  the f i r s t  s tud ies  us ing  the FVS t o  design slender wing 
camber shapes t o  reduce drag. 

Pre-Scamp Maneuver Design.- The f i r s t  vor tex design w i t h  the VLM-SA was 
produced by Lamar e t  a1 . ( r e f .  35) on the Pre-Scamp c o n f i g u r a t i o n  shown i n  f i g u r e  7. 
Th i s  was p a r t  o f  a cooperat ive e f f o r t  w i t h  General Dynamics t o  evaluate var ious  
t ransonic and supersonic ( r e f .  36) wing designs on a s t re tched F-16 fuselage. The 
t e s t s  were conducted i n  the NASA Langley Research Center 7- by 10-Foot High-Speed 
Tunnel (7x10 HST), i n  A p r i l  1978. The wing, which was designed f o r  a maneuver CL 
o f  0.5, achieved the design f low f i e l d  w i t h  the reattachment 1 i n e  occur r ing  a t  the 
camber c r e s t  down the l e n g t h  o f  the wing and w i t h  at tached f low downstream over most 
o f  the remainder o f  the wing. Th i s  r e s u l t e d  i n  a suc t ion  o f  77 percent  a t  the 
design po in t .  

I n  a d d i t i o n  t o  the f i x e d  camber design, a p lanar  wing was tes ted  w i t h  leading-  
and t r a i l  ing-edge f laps .  The r e s u l t s  a re  i l l u s t r a t e d  i n  f i g u r e  8, taken from 
reference 37, which shows L/D w i t h  Mach number f o r  a c r u i s e  and maneuver 
cond i t ion .  These data suggest t h a t  a combination o f  simple leading-edge and 
t r a i l  ing-edge f l a p s  cou ld  approximate the drag b e n e f i t  due t o  the vor tex f low a t  
t ransonic maneuver, and t h a t  the same f l a p s  a t  supersonic speeds (on l y  the l ead ing  
edge was de f l ec ted  i n  these data, and a t  lower d e f l e c t i o n  angles) approach the L/D 
l e v e l s  obta ined f o r  a f i xed  c r u i s e  camber. Pol hamus described the NASA/GD co-op 
program i n  reference 27, where he presented another vers ion  o f  these data. 

F-16 data ( r e f .  14) a re  shown t o  i l l u s t r a t e  the e f f e c t  o f  sweep, aspect r a t i o ,  
and de f l ec ted  f l a p s  i n  going from a moderately swept t ransonic f i g h t e r  t o  a slender 
supersonic-crui  se-type f i g h t e r .  The F-16 uses a combination o f  de f l ec ted  f l a p s  t o  
opt imize drag p o l a r  throughout i t s  f l i g h t  envelope. As noted i n  f i g u r e  8, the 
combination o f  increased sweepj or  lower aspect r a t i o ,  and f i x e d  camber f o r  the 
slender wing reduces subsonic c r u i s e  and maneuver L/D and increases supersonic 
c r u i  se e f f i c i e n c y .  Usl" ng leading-  and t r a i  l l'ng-edge f l a p s  on the slender wing 
lessens these subsonic reduct ions. 



The Vortex Flap Concept 

.- After the Pre-Scamp data 
were a v a i l a b l e  i n  A p r i l  1978, Rao began a ser ies  o f  experiments i n  the Langley 9x10 
HST t o  explore the vo r tex  f l a p  concept. Simple generic models, such as a  34" d e l t a  
( r e f .  381 and a h igh l y  swept arrow wing ! re f .  391, were used t o  b u i l d  the data base 
and evaluate oarametr ic s e n s i t i v i t i e s .  The sketches i n  f i q u r e  9 were taken from 
reference 40 and i l l u s t r a t e  the vor tex on the basic  wing w i t h  no con t ro l  and the 
f low due t o  the vor tex  f lap ,  where the vor tex  i s  on the f l a p  w i t h  reattachment o f  
the flow a t  the hinge1 i n e  and attached f low over the remainder o f  the wing. Two 
types o f  f l a p s  were suggested, one t h a t  has a  simple inboard hinge, and the other  a  
f o l d i n g  type t h a t  deploys ou t  from the lower surface. An a l t e r n a t e  approach f o r  
c o n t r o l l i n g  the leading-edge vor tex  f o r  h igh l y  swept wings was proposed by Runyan 
( r e f .  411, who inves t i ga ted  the e f f e c t  o f  a  leading-edge tab counterdef lected from 
the main p o r t i o n  o f  the f lap .  

The vor tex f l a p  f low f i e l d  was v e r i f i e d  exper imenta l ly  by Rao ( r e f .  39) us ing 
smoke flow, as observed i n  f i g u r e  10, f o r  a  segmented f l a p  arrangement on an arrow 
wing. Pressure measurements by Schoonover and Oh1 son ( r e f .  42 ) demonstrated the 
s h i f t  i n  the  suc t ion  pressures onto the f l a p  compared t o  the oressures on the bas ic  
supersonic camber c o n f i g u r a t i o n  ( f i g .  11). De f l ec t i ng  t h e  f laps  reduces 1 i f t  a t  a g iven 
angle o f  at tack;  there fore ,  a  f lapped con f i gu ra t i on  must increase angle o f  a t tack  t o  
ge t  back t o  the same l i f t .  Th is  i s  apparent i n  the sketch a t  CL = 0.5, where 
a = 10.6" f o r  the bas ic  conf igura t ion ,  and a = 12.9" w i t h  the f lap .  Vortex- 
induced pressures on the f l a p  resu l  ted i n  s i g n i  f i c a n t  reduc t ions  i n  drag. 

A considerable amount o f  data has been obtained f o r  vor tex  f l a p s  app l ied  t o  
many d i  f f e r e n t  research model s. The m a j o r i t y  o f  s tud ies  have been performed i n  low- 
speed and subsonic wind tunne ls  and have i nves t i ga ted  a  v a r i e t y  o f  f l a p  arrange- 
ments. Fo r  example, research has been conducted on leading-edge devices ( r e f s .  43, 
44, and 451, the tabbed vo r tex  f l a p  ( r e f s .  46 and 471, the upper surface f l a p  ( r e f .  
481, segmented f l a p s  ( re f .  491, apex f l a p s  ( r e f .  501, t ra i l i ng -edge  f l a p  e f f e c t s  
( r e f .  51), planform s tud ies  ( r e f s .  52, 53, and 54), and l a t e r a l - d i r e c t i o n a l  research 
( r e f s .  55 and 56). 

Vor tex Analys is  and Design.- There has been a  steady evo lu t i on  i n  the 
capabi l  i t i e s  o f  vor tex  theo r ies  t o  model more compl i c a t e d  f low and geometry 
s i t ua t i ons .  Th i s  i s  t r u e  o f  the suc t ion  analogy as we1 1  as the FVS code. Both 
Car l  son ( r e f .  57) and Lan ( r e f .  58) have extended the c a p a b i l i t i e s  o f  the suc t ion  
analogy. Lan, for example, der ived an improved formulat ion f o r  the ro ta ted  suct ion 
vec tor  l o c a t i o n  for subsonic and supersonic f low. Ins tead o f  assuming the vector  t o  
be normal t o  the camber slope a t  the lead ing  edge, i t  i s  moved t o  a rearward loca-  
t i on ,  where i t  ac ts  perpendicular  t o  the camber l i n e  t o  account f o r  the s ize  and 
growth o f  the vortex. T h i s  ana lys i s  method, along w i t h  t h a t  o f  Carl  son, l e d  t o  the 
development o f  design techniques by Chang and t a n  ( r e f .  59) and by Car l  son ( r e f .  
,-A \ 

The FVS code cont inued t o  be developed and r e f i n e d  by Langley, Boeing, and 
Northrop researchers t o  p r e d i c t  the vor tex Plow aerodynamics f o r  a  v a r i e t y  o f  f l e w  
cond i t i ons  and conf igura"con geometrs'es. The reader i s  r e f e r r e d  t o  references 24 
and 66 for several s ta tus  repo r t s  on v e r i  fs 'cat ion and a p p l i c a t i o n  ef-f"orts w i t h  the 

I n  1982, buckr ing  f r e f .  62) demonstrated t h a t  convergence could be improved 
by ~d ss' ng a  coverged sol uts' on a t  a  h igher  angle o f  a t tack  as the s t a r t i n g  sol ud i  on 
f o r  the n e x u o w e r  angle o f  at tack.  Add i t i ona l l y ,  vor tex  f l a p  so lu t ions  were 



obtained by us ing a vor tex  sheet t r a n s k r  technique, where the converged sheet 
geometry from one f l a p  d e f l e c t i o n  was used as the s t a r t i n g  geometry f o r  the nex t  
fllap de f l ec t i on ,  Th i  s improved f i r m u l a t i o n  was used by F r i n k  ( r e f .  63) t o  ob ta in  
est imates o f  vor tex- f low f l a p  hl'nge moments, and by Er ickson ( re f .  64)  do ob ta in  
sol u t i o n s  f o r  vor tex-  f lapped wings having reduced sweep angl e. An example o f  
Er ickson 's  r e s u l t s  i s  presented i n  f i g u r e  12 f o r  a 65" d e l t a  wing w i t h  a con ica l  
f l ap .  The r e s u l t s  are f o r  M = 0.6 and a = 15". The converged sheet geometry i s  f o r  
a f l a p  d e f l e c t i o n  o f  30°, wh i l e  the upper surface pressure d i s t r i b u t i o n s  and vor tex  
core p o s i t i o n s  are  f o r  f l a p  d e f l e c t i o n s  from 0" t o  40". Manro ( r e f .  65) conducted a 
r e l a t e d  study which was t o  u t i l i z e  the FVS code t o  p r e d i c t  the ae roe las t i c  loads f o r  
an arrow wing. 

A c r i t i c a l  fea ture  o f  the vor tex f l a p  f low f i e l d  i s  the l o c a t i o n  o f  the 
reattachment l i n e  w i t h  respect  t o  the f l a p  h inge l ine .  F r i n k  ( r e f .  66) has developed 
a design procedure which achieves t h i s  type o f  flow, as i s  sketched i n  f i g u r e  13. 
The design technique came about as an attempt t o  add r a t i o n a l e  t o  shape the f l a p  t o  
accommodate the vo r tex  growth. 

STATUS FOR VORTEX FLOW AERODYNAMICS CONFERENCE 

The c u r r e n t  Vortex Flow Aerodynamics Conference prov ides s ta te -o f - t he -a r t  
papers on advances i n  vor tex f low theor ies,  as we1 1 as on vor tex  f l a p  research over 
the pas t  few years. Th i s  sec t ion  o f  the paper g ives a b r i e f  review o f  progress i n  
vor tex  f l a p  research, prov ides some needs f o r  add i t i ona l  work, and presents 
h i g h l i g h t s  o f  research a c t i v i t i e s  under way i n  vo r tex  theor ies .  

Vortex F lap  Studies 

Subsonic.- A l a r g e  subsonic data base has been es tab l ished f o r  the vor tex  f l a p  
concept. As noted i n  f i g u r e  14, t h i s  inc ludes  pressure and l o a d  d i s t r i b u t i o n s ,  
hinge moments, performance, 1 ongi t u d i  nal and 1 a t e r a l  s t a b i l  i ty and con t ro l ,  and 
f low f i e 1  d d iagnost ics.  F lap  geometric v a r i a t i o n s  inc lude f l a p  p l  anform, hinge-1 i n e  
sweep, f l a p  de f l ec t i ons ,  and f l a p  and wing aerodynamic sect ions. The types o f  
f laps,  shown i n  f i g u r e  15, have increased t o  inc lude upper surface, lower surface, 
and apex types. Most o f  the r e s u l t s  presented a t  the conference are f o r  the lower 
surface f o l d i n g  o r  hinged types o f  f laps.  H o f f l e r  presents r e s u l t s  o f  s tud ies  on 
apex fences ( r e f .  671, w h i l e  Rao discusses a new type o f  lower surface f l a p  c a l l e d  a 
c a v i t y  vor tex  f l a p  ( r e f .  68). 

As suggested i n  f i g u r e  16, the f l a p  concept i s  matur ing a t  subsonic speeds 
because o f  the number o f  appl i c a t i o n  s tud ies  which combine experiment w i t h  theo- 
r e t i c a l  ana lys i s  and design methods. The sketches i n  f i g u r e  17 are an updated 
vers ion o f  Schoonover's ( r e f .  69) and i l l u s t r a t e  the v a r i e t y  o f  con f i gu ra t i ons  f o r  
which f l a p s  have been appl ied. Papers are presented a t  the conference on subsonic 
s tudies o f  both generic ( r e f s .  70 t o  74) and a i r c r a f t  ( r e f s .  17 and 18, and 75 t o  
77 types o f  model s. 

An example o f  data f o r  a i r c r a f t  model s ( f rom r e f .  69) i s  shown i n  f i g u r e  18 t o  
i l l u s t r a t e  the e f f e c t  o f  vor tex  f l aps  on subsonl'e drag reduct ion  f o r  the F-166, F- 
16Xt,  and the AFTIlF-111 csn f i gu ra t i ons .  Design s tud ies  f o r  these three conf igu-  
r a t i o n s  are pub1 i shed a t  the conference and extend F r i n k  k vortex-  f l  ap design 
procedure f o r  simple del $a wings ( r e f .  7 8 ) ,  -to wl'ngs w i " r ;  ki st. and camber, such as 
the F-106 d e l t a  wing ( r e f .  171, the F-16XL cranked wing ( r e f .  181, and the AFTI l  



F-Ill. swept-wing panel ( r e f ,  79 1, The parameter ~ 6 g  -is defhned as the d i  f e r e n c e  
between the baseline drag w i t h  no f l a g  and the con f i gu ra t i on  drag a f t e r  the f l a p  i s  
added. f he drag re8ue"eion increases w i t h  increased 1-i f t  t o  a b b o t  208 to  250 drag 
counts near the design po in t ,  NASA l ang ley  i s  consider ing a subsonic f l i g h t  
experiment on an F-106 a i r p l a n e  t o  v e r i  f y  the vor tex-  f l  ap $I ow f ie1 d and design 
procedure. An i n i t i a l  study o f  the iioietex f low f i e l d  over the F-106 i s  described by 
Lamar i n  reference 79. 

.- Considerably fewer s tud ies  have been conducted a t  
speeds than a t  subsonic speeds (see f i g .  19).  Some 

t ranson ic  data are prov ided by K l e i n  ( r e f .  80) on a generic f i g h t e r  model which had 
th ree  h i g h l y  swept wing p l  anforms, f o r  which a number o f  vo r tex  f l a p s  were 
designed. H a l l i s s y  ( r e f .  17) and F i n l e y  ( r e f .  18) present  t ransonic r e s u l t s  
ob ta in  a i r c r a f t  models o f  the F-106 and F-16XL, respect ive ly .  

Research a t  supersonic speeds has begun using generic models t o  study leading- 
edge vo r tex  fl ows and t h e i r  impact on supersonic aerodynamic performance. For  
example, M i l l e r  and Wood ( r e f .  81) i nves t i ga ted  the l ees ide  f low f i e l d s  over p lanar  
d e l t a  wings, and c l a s s i  f i ed  the t e s t  data by the f low cond i t i ons  normal t o  the wing 
l ead ing  edge. Th i s  i s  presented i n  f i g u r e  20. Recent supersonic s tudies ( r e f s .  82 
and 83) have exami ned del t a  wing aerodynamics i n  terms o f  upper and lower surface 
c o n t r i b u t i o n s  and have assessed avai 1 ab le  p r e d i c t i o n  methods f o r  es t imat ing  leading- 
edge vor tex  aerodynamics f o r  p1 anar and cambered del  t a  wings. These eva lua t ions  
suggest t h a t  addi ti onal codes are needed t o  analyze the vortex/shock i n t e r a c t i o n  and 
the fl ap h i  ngel i ne separat ion phenomena. These supersonic e f f o r t s  are summarized by 
M i l l e r  i n  reference 84. 

Leading-Edge Vortex Theories 

Suct ion  Analogy f o r  Ana lys is  and Design.- Considerable use has been made o f  t he  
1 eadi ng-edge suct ion analogy f o r  p rov id ing  p r e l  i m i  nary ana lys i  s  and design. 1 n 
1983. Lamar and Cam~bel 1 ( r e f .  26) reviewed the extensions t o  the suct ion analogy 
t h a t a  had been made t o  est imate strake-wing conf igura t ions ,  cambered wings, round- 
1 eadi ng edges, and a vor tex  breakdown c r i t e r i a  f o r  es t imat ing  l o n g i t u d i n a l  and 
1 a t e r a l  - d i  r e c t i o n a l  aerodynamics. Cur ren t  extensions o f  the suc t ion  analogy 
p r i n c i p l e s  are presented by Lan ( r e f .  85) which i nc lude  the vor tex  ac t i on  po in t ,  
rounded lead ing  edges, body vor tex  l i f t ,  and non l inear  wave drag f o r  supersonic 
speeds (see f i g .  21). I n  add i t ion ,  the suct ion analogy has been incorporated i n t o  a 
number o f  design procedures. F r i n k  ( r e f .  78) discusses the  use o f  t he  analogy t o  
design area e f f i c i e n t  vor tex  f laps,  wh i l e  Lan ( r e f .  86) describes an op t im iza t i on  
technique t o  design vor tex  f l a p s  on wings f o r  maximum L/D, Car l  son ( r e f .  87) uses 
a t t a i n a b l e  t h r u s t  cons idera t ions  t o  analyze and design wing f l a p  systems, Huebner 
( r e f .  88) describes an a1 te rna te  procedure t o  Lan's  ( r e f .  86) where a new opt imizer  
i s  coupled w i t h  Lan 's  ana lys i s  t o  de f ine  vor tex  f l a p s  a t  supersonic speeds. 

Free Vortex Sheet Method.- The f ree-vor tex-sheet  method cont inues t o  p rov ide  
the  bu lk  o f  the subsonic R o w - f i e l d  c a l c u l a t i o n s  and i n teg ra ted  force and moment 
r e s u l t s  t o  c o r r e l a t e  w i t h  the var ious  suc t ion  analogy and Eu ler  codes. As noted i n  
f i g u r e  21, Luckr ing ( r e f .  89) presents atl updated vers ion  o f  the FYS formulat ior!  
which has g r e a t l y  improved convergence p rope r t i es  fir a broad range o f  geometries, 
f nc lud ing  vor tex  f laps.  One o f  the recent  1nnova"t;ons for the FVS was Luck r ing ' s  
work t o  develop a v i  scarrs core formuIat9"on t o  est imate vor tex breakdown ( r e f .  96) .  
F r i n k  ( r e f .  7 2 )  obta-r" ns c a l c u l a t i o n s  f o r  vor tex f l  ag pressure d i  s l r i b u t i o n s  and 
hinge moments for a 74" del %a wing and shows the necessi ty  f o r  accounting f o r  the 



secondary vor tex i n  t h e o r e t i c a l  model s, Addi t iona l  appl i c a t i o n  resu l  ds are 
presented by Grantz ( r e f .  33)  and Er ickson ( r e f ,  91 1, 

Eu ie r  Codes.- Eu ler  codes began appearing i n  the l i t e r a t u r e  i n  1982 and have 
been developing r a p i d l y .  The r e s u l t s  shown i n  f i g u r e  21 were obtained by Raj ( r e f .  
92! f o r  a 31" swept arrow w i ~ g  a t  M = 0.85 and a = 15.8". The crossf low v e l o c i t y  
f i e l d  i s  shown for one l o c a t i o n .  The advantage o f  the Eu ler  code i s  t h a t  i t  has the 
capabi l  i t y  t o  compute very compl i c a t e d  f lows such as the vortex/shock i n t e r a c t i o n s .  
I t  i s  des i rab le  t o  perform f u r t h e r  subsonic v a l i d a t i o n  s tud ies  between the Eu ler  
code vor tex  f lows and wing surface pressures and the FVS code i n  order t o  take 
advantage o f  the l a r g e  number o f  FVS so lu t i ons  ava i lab le .  Recently, Kandi l  ( r e f .  
93) used an i n t e g r a l  equat ion approach t o  c a l c u l a t e  a vortex/shock i n t e r a c t i o n  on a 
del t a  wing. 

Sirbaugh ( r e f .  94) presents a c o r r e l a t i o n  study o f  Eu ler  ana lys is  f o r  an 
e l l i p t i c  m i s s i l e  body, wh i l e  Raj ( r e f .  95) presents r e s u l t s  o f  c o r r e l a t i o n s  w i t h  two 
cropped d e l t a  wings and an arrow wing. Newsome ( r e f .  96) prov ides a c r i t i c a l  
comparison between Eu le r  and Navier-Stokes equat ions f o r  the s imu la t ion  o f  leading-  
edge vor tex  f lows a t  supersonic speeds. 

Three-Dimensional Boundary Layer Methods.- Three-dimensi onal boundary 1 ayer  
research i s  very impor tan t  i n  order  t o  ge t  some v iscous "smarts" i n t o  i n v i s c i d  
methods, such as the Free Vortex Sheet and Eu ler  codes. Cur ren t ly ,  separat ion l i n e s  
must be spec i f i ed  f o r  these codes. Recently, Wai ( r e f .  97) and DeJarnette ( r e f .  98) 
devel oped three-dimensional boundary 1 ayer techniques t o  est imate the boundary 1 ayer 
and secondary separat ion 1 i n e  on slender wings w i t h  vor tex  flows. The sketch i n  
f i g u r e  22 i s  from reference 98. Woodson ( r e f .  99) and Blom ( r e f .  100) r e p o r t  on 
t h e i r  respect ive  techniques. Boundary 1 ayer techniques should be developed t o  e s t i  - 
mate separat ion l i n e s  on slender wings w i t h  round lead ing  edges, a t  leading-edge 
f l a p  and t r a i l  ing-edge f l a p  hinge 1 ines, and the secondary vo r tex  separat ion 1 ine .  
Th i s  i s  a more c r i t i c a l  problem a t  subsonic and t ranson ic  speeds where the  fdavier-Stokes 
so lvers  are  n o t  appropr ia te  y e t .  

Navi er-S tokes Sol vers.- Navi er-Stokes sol u t i o n s  are usual l y  obtained f o r  
supersonic cond i t i ons  so the  s o l u t i o n  domain i s  l i m i t e d  compared t o  the subsonic. 
An example o f  the f low d e t a i l  i s  shown i n  f i g u r e  22 f o r  a 75" d e l t a  wing a t  M = 1.95 
and a = 10". These r e s u l t s  were obta ined by R izze t ta  ( r e f .  101) and demonstrate 
the upper surface f low pat te rn ,  i n c l u d i n g  the pr imary vor tex  reattachment l i n e  and 
the secondary separat ion 1 ine. Supersonic s tudies repor ted  a t  the conference 
i nc lude  Newsome ( r e f .  96), Buter  ( r e f .  1021, and Blom ( r e f .  100). Studies need t o  
be extended down t o  subsonic and t ransonic speeds. One approach would be t o  use a 
converged FVS s o l u t i o n  f o r  M = 0.9 as the s t a r t i n g  s o l u t i o n  t o  focus the g r i d  and 
reduce run time. 

SOME CHALLENGES FOR ADDITIONAL VORTEX RESEARCH 

There are a number o f  o p p o r t u n i t i e s  t o  study f low f i e l d  problems f o r  slender 
wing eonf ig~ i i -a t io i i s .  These are ii sted here t o  p rov ide  some food f o r  thought. Some 
of the research chal lenges are  i l l u s t r a t e d  by Plow s i t u a t i o n s  on some c u r r e n t  
a i rp lanes ,  

1. Combine attached f low and vor tex Plow f i e l d s  i n  wing design, 



2, I n v e s t i g a b  vor tex f low and shock wave i n te rac t i ons .  An example i s  shown 
i n  f i g u r e  23 taken from reference 103 s f  an F-4 a i rp lane  a t  19 -- 0 -95  and 
an angle o f  at tack o f  8". Where the vor tex  has s h r t e d  on the outboard 
panel, there  i s  no evidence o f  the  shock i n  the surface o i l  f low, Inboard 
the at tached f low proceeds t o  the t r a i l  ing-edge shock. The separated 
vor tex  r e s u l t s  i n  an ob l ique f low which lowers the l o c a l  normal Mach 
number t o  subsonic. Theore t ica l  model s are needed t o  e x p l o i t  t h i  s 
favorabl  e f l  ow i n t e r a c t i o n .  

3. Continue t o  develop 3-D boundary l a y e r  techniques to  est imate separat ion 
1 i nes a t  round 1 eadi ng edges, 1 eadi ng-edge fl ap and t r a i  1 i ng-edge f l  ap 
hinge1 i nes, and secondary vor tex  f lows. 

4. Conduct c r i t i c a l  s tud ies  o f  M and Rn sca l ing  o f  vor tex development. 
An example o f  t h i s  i s  shown i n  f i gu re  24 f o r  the F-111 TACT a i rp lane  a t  
M = 0.6 and a = 6". These f l i g h t  data were obtained by Schoonover ( r e f .  
104) and i l l u s t r a t e  a vortex- induced pressure d i s t r i b u t i o n  a t  Rc = 20 x 
106; increase i n  RE t o  40 x 106 r e s u l t s  i n  an attached f low pressure 
d i s t r i b u t i o n .  

5. Va l i da te  vor tex  theo r ies  f o r  simple and mixed f low f i e l d s  (panel, Euler,  
and Navier-Stokes techniques) . 

6. Provide add i t i ona l  vor tex  f l a p  app l i ca t i ons  a t  t ransonic and supersonic 
speeds. 

7. I n v e s t i g a t e  m u l t i p l e  vor tex  i n te rac t i ons .  An example i s  shown i n  f i g u r e  
25 f o r  the B-1 a i rp lane  a t  M = 0.98 and a = 7". The f l i g h t  v e h i c l e  
experienced wing o s c i l l a t i o n s  w h i l e  i n  a windup t u r n  ( r e f .  105). A wind 
tunnel model conf irmed these o s c i l l a t i o n s  and t h a t  they were due t o  two 
c o r o t a t i n g  v o r t i c e s  on the wing panel. 

8. Study vor tex  i n t e r a c t i o n s  w i t h  i n l e t  and exhaust f low f i e l d s .  

9. Evaluate canard and st rake e f f e c t s  on vor tex  f l a p  design. 

10. Expand theory and experimental data base f o r  vor tex  breakdown. An example 
i s  shown i n  f i g u r e  25 for an F-18 water tunnel model ( re f .  106). The 
v e r t i c a l  t a i l s  operate i n  the very t u r b u l e n t  f low f i e l d  downstream o f  the 
vor tex burst ,  which has l e d  t o  t a i l  o s c i l l a t i o n s  and premature t a i l  
fa t igue.  

CONCLUDING REMARKS 

Th is  paper provides some background in fo rmat ion  f o r  the Vortex Flow 
Aerodynamics Conference and resu l  t ed  i n  the f o l  lowing observat ions: 

Cur ren t  s l  ender wing a i  r p l  anes do n o t  use va r iab le  1 eading-edge geometries t o  
improve drag pol a r  f o r  t ransonic maneuver condi t i ons .  

A l a r g e  subsonic data base for the vor tex  f l ap  concept has been generated; 
t ransonic and supersonic generic s tudies have star ted.  



There i s  a need f o r  v a l i d a t e d  f l ow  f i e l d  so lvers  f o r  c a l c u l a t i n g  vortex/sheck 
i n t e r a c t i  ons a t  t r anson i c  and supersonic speeds, 

Many impor tan t  research oppor tuni  t i e s  e x i  s t  t o  t h e o r e t i c a l  l y  and experimental l y  
i nves t i ga te  fundamental vo r tex  Flows and apply t h a t  knowledge t o  analyze and des i  gr! 
advanced f i gh ter  concepts. 
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TABLE I * -  SYMBOL D E F I N I T I O N  OF DATA PLOTTED IN FIGURE 1 
( OBTAI NEB FROM REFERENCES 5-81 

(a5 Fixed Sweep 

Var iab le  bE Geometry Used t o  
Symbol A i  r p l  ane hLE,deg A Improve Drag Po lar  

F-15A 46 3 .O NO 
F-16A 40 3.2 Yes 

0 F-4E 51 2.8 Yes 
0 Viggen 55" 2.5 N o 
L1 F-106 60 2.1 NO 
L] F-16XL 66.5" 1.62 NO 
A MIG 21 57 2.2 No 
0 KFIR 61 1.86 No 
CJ Mirage 2000 60 2 .O Yes 

and 4000 
Mirage I11 61 1.94 N o 

r7 Mirage F-1 47.5 2.8 Yes 
\;7 Sepecat 44 3.1 Yes 

Jaguar GR-1 
i> F-5E 3 2 3.82 Yes 
(1 F-20' 32 3.82 Yes 
y F-18A 2 6 3.52 Yes 
0 A-4F 41 2.91 Yes 
+a A-6E 29 5.31 Yes 
0 A-7D 40" 4 .O Yes 
a MIG 25 39" 3.5 N o 
B SR-71 60 1.72 N o 

super 48 3.2 Yes 
Etendard 

D SU-15 49" 3.1 NO 
0 B-70 65.6 1.74 Undeflected t i p  No 

70.8" 1.14 Def lected t i p  No 
C) Concord 67.5" 1.93 N o 

( b )  Var iable Sweep 

0 F-111F 16 a 72 7.6 + 1.6 Yes ( low ALE) 
0 B-1B 15 a 67.5 9.6 + 3.1 Yes ( low ALE) 
0 M I G  23/27 16+72 7.3+2.4 Yes ( ? )  
0 F-14A 20a68 7.3a2.6 Yes (20' < &E < 50') 

"Effect ive LE sweep angle (de f ined i n  f i g u r e  11 

' ~ r e ~ r o d u e t i  on a i  rgl ane 





A C ~  
solid symbols indicate 
ariable flap data 

(full suction) 

Airplane Ref. 
(S F-20 n a, 
o F-$7 $8 
OF-lbA 14 
A F-P5A 12 
h F-4E 15 
o Viggen 19 
o Mig-21 20 
o F-106 17 
o F-16XL 18 
0 Concorde 

Figure 3 . -  Subsonic drag due t o  l i f t  as a function of airplane model aspect 
r a t i o .  

Figure 4.- Experimental investigation combining Ieadi  ng-edge camber on 74" 
del "c ai ng v i i  t h  vortex f f  O\J. (Fron ref. 28.) 



Section A-A Section B-B 

F i  u r e  5.- S t a t u s  of vor tex  t h e o r i e s  f o r  nonplanar wings i n  1978. %ram ref .  29. ) 

Conical flow theory Nonconical flow theories 

flow 

Fl'gure 6.- Theor t i c a l  e f f ec t  of canljer h e i g h t  on dra2  f a c t a r .  
( F r o m  ref.  23.7 



April 1978 (Langley 7x1 0 HST) 

e Vortex design w'M vortex on dropped LE, reattachment at camber crest; 
attached flow downstream 

Fi ure 7 . -  Transonic maneuver vortex design for the Pre-Scamp configuration. 
krom ref.  35. ) 

lo 1 
Pre- Scamp 

supersonic design camber 

unca mbered wing (deflected flaps) 

Simple LE and TE flaps 
approxi mated transonic and 

Vortex camber supersonic design benifits 

(deflected flaps) 

Figure 8 , -  E f f e c t  sf sweep and a r t i cu la ted  f l aps  on cruise and maneuver 
performance. (From ref. 3 7 , )  



flow in plane normal to LE: , A , 
? 

k 
(A) inboard hinged (B) folding flap 

Figure 9.- The vortex f l ap  concept. (Frorn ref .  40.) 

F igu re  10,- StudSgs e x p l o r e  v o r t e x  f l a p  hypo thes is .  (From ref ,  39.) 



rtex flap on 

-44O 

section A-A 

0 .2 4 .  6 .  8 ( R E F .  42) 

c~ 

Ficu re  11 Drag l a  f r vor tex  f l a p  appl ied  t o  an NASAIBoeing f i g h t e r  
niodel . * I F ~ o ~  rOP. SZ .P 

I I 

ieure 12.- Free V o r t e x  She 
J i s t r i b u t i o n s .  (Fror3 r e f .  64.) 



-- L 
Concerns about: P, u 

1) flap size 
2 )  vortex growth 

lead to  design log 

Figure 13.- Vortex flap design procedure. (From ref.  66.) 

@ Large Subsonic Data base Basic Flap 
-pressures -flap planform, hinge l ine sweep 
- hingemoments -flap deflection 
- perfor ma nce -flap and wing aero section 
- stability and control @ Alternate Flaps 
-f low field diagnostics 

Figure 14.- Status of current vortex flap studies a t  subsonic speeds. (From 
ref .  69. )  



\ 

lower surface 

hinged 7 

Figure  15.- Types of vor tex f laps .  (Adapted from r e f .  37.) 

Concept i s  matur ing subsonic 
-Experiments in concert wi th  analysis and 

design theories 
-Applications to generic and aircraft models 
-Flight experiment being considered on  F-106 

F igure  16.- Summary o f  subsonic vortex f l a p  studies. 



Generic Aircraft 

Figure 17.- Current conf igurat ions t o  which vortex f l aps  have been applied. 
(Updated from re f .  69. ) 

o o 5  [ ACD=(CD) baseline - (CD) vortex flap / 

-flap design point 

F igu re  18,- E f f e c t  o f  vor tex  f l a p s  on subsonic drag reduct ion; M = 0.6. (From 
r e f *  6 9 a )  



@Gener ic studies have started 
@Pre l im ina ry  analysis tools are being validated 
@Need additional codes to analyze vortex /shock interactions 

Figure 19.- Status of current vortex flap studies at transonic and supersonic 
speeds. 

Separation bubble wi th  shock 

Figure 20.: Leeside flow over planar delta wings at supersonic speeds. (From 
ref. 8 1 . )  



Free Vortex Sheet Ecrler 

R a j  (Ref. 92) 

Extensions of sucti 
analogy principles @ Expanded Capability 

Lan (Ref. 85) . Luckring (Ref. 89) 
Use for design 

Lan (Ref. 85) 
@ Applications 

@ Frink, (Ref. 72) @ Code development 
Frink (Ref. 78) Grantz, ( ~ e f .  73) @ Sirbaugh ( ~ e f .  94) 
Carlson (Ref. 87) Erickson(Ref.91) m R a j ( ~ e f . 9 5 )  
Huebner (Ref. 88) 

@ Newsome ( Ref. 96) 

F igu re  21 .- Progress i n  i n v i  s c i  d l e a d i  ng-edge vor tex  theor ies .  

3-D Boundary Layer Navier Stokes 

@ Subsonic secondary separation 
-Woodson (Ref. 99) 
- Blom (Ref. 100) 

pr imary vortex reattachment I 

Rizzetta (Ref. 

line . Supersonic studies 
1 - Newsome (Ref. 96) 

-Buter (Ref. lo?)  
-Blom (Ref. 100) 

Figure 22 + -  Progress i n  v i  seous lead i  ng-edge vortex Lheori es. 



Figure 23.- An opportunity f o r  research o f  vortex/shock i n t e r a c t i o n .  (From 
r e f .  103.) 

16 
s, in. 

24 

F-11% TACT 
Figure 24.- An opportunity for research o f  the vortex development on a round 

lead ing  edge, (From ref ,  104. ) 



VQP-~~X Burst Multiple vorlex 
Interactions 

Figure 25.- Opportunit ies f o r  research o f  vortex burst  (from r e f .  106) and 
mu1 t i p l e  vortex in teract ions  (from r e f .  105). 




