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Th is  rev iew provides dn i l l u s t r a t e d  i n t r o d u c t i o n  l a y i n g  t h e  knowledge base f o r  v o r t i c a l  f l ows  about 
three-dimensional c o n f i g u r a t i o n s  t h a t  a r e  of t y p i c a l  i n t e r e s t  t o  aerodynamici s t s  and researchers i n  f l u i d  
mechanics . 

The paper then compiles a l i s t  o f  ten  issues,  again i n  i l l u s t r a t i v e  format ,  t h a t  t h e  authors deem 
impf l r tant  t o  t h e  understanding of complex v o r t i c a l  f lows.  These issues and our  responses t o  them provide,  
i t  i s  hoped. a s k e l e t a l  framework on which t o  hang t h e  ensuing conference proceedings. 



1-2 

1.0 INTRODUCTION 

About typical f l i g h t  vehicles,  three-dimensional (30) fiow separations emanating from separation l i nes  
oblique t o  the  general flaw di rec t ion  tend t o  ro l l  up i n t o  t i g h t l y  coi l ing  vortex motions. One readily 
fami l i a r  example i s  the  t r a i  ling-vortex system behind a high-aspect-ratio l i f t i n g  wing, where the  separation 
l i n e s  occur a t  the  wing t i p s  and extend around and along t h e  t r a i l i n g  edges. Even on t h i s  simple configura- 
t i on ,  when flaps a r e  deflected the  ensuing vor t ica l  wake i s  very complex because of a multitude of addit ional 
separations located a t  the  s ide  edges of t he  f l a p  components. 

Associated with the  use of a la rge  sweep angle on a wing, often coupled with a leading-edge extension, 
30 vortical  flows generated ahead of the t r a i l i n g  edge, a t  o r  near t he  leading edge i t s e l f ,  have become 
increasingly evident. Such lees ide  flows a r e  usually well-ordered s t ruc tu ra l ly .  As a r e su l t ,  designers of 
combat a i r c r a f t  and missiles have sought t o  exploi t  these axial  vortex motions t o  good e f f ec t  i n  meeting 
speed and maneuver requirements . 

A t  t h i s  time, our understanding of such flows remains e s sen t i a l l y  qual i ta t ive .  For par t icular  configura- 
t ions  l i k e  the slender wing, flow separations a r e  controlled in  t he  s,.::.se t h a t  separation l ines  a r e  fixed a t  
t he  sharp leading edges, aild from the  r e su l t s  of many experiments we now possess a f i n e  knowledge of the flow 
f i e ld .  In f a c t ,  the  study of t h i s  flow example over the l a s t  t h i r t y  years has allowed us t o  extrapolate our 
findings and appreciate the  physics of 3D separations materializing on many other bodies a t  high angles of 
a t tack .  Two phenomena s ign i f i can t ly  r e s t r i c t j n g  the use of vor t ica l  flows, however, a r e  the  readiness of 
leeward vortices t o  develop asymmetri ca I1 y (par t icular ly  those from slender forebodi es)  , o r  t o  develop sp i r a l  
o r  axisymmetric modes of breakdown. A d i r e c t  r e su l t  of vortex breakdown i s  aerodynamic buffet ,  where t he  
i n t ens i ty  builds up as the vortex breakdown point moves forward from the  t r a i l i n g  edge (as angle of at tack 
increases fur ther)  and af fec ts  a s ign i f i can t  stlrface area of t he  wing. 

Asymnetry and breakdown a re  frequently encountered together when a f i gh te r  airplane f l i e s  under conditions 
of high angle of a t tack  with s ides l ip .  When the  vortical  flow i s  antisymmetric, large s ide  forces and yawing 
moments may be generated. These moments may be unsteady, and they may be larger  than counteracting moments 
avai lable  from the  maximum deflections of t he  control surfaces.  Moreover, there  may be additional cons t ra in ts  
of low observable technology and V/STOL (or  STOVL) capabi l i ty  imposed, whereby propulsion-~ystem in l e t s  may 
be i n e r s e d  in the  leeside vor t ica l  wake causing a major impact on the  d i s to r t i on  levels i n  the  internal-flow 
ducting. The control of the  development of t he  leeward vortex wake i s  hence crucial t o  f ly ing capably a t  very 
high angles of a t tack  under contro l lable  and s t ab l e  conditions. 

Other specialized veh"icles, such as ro to rc ra f t ,  a r e  f ly ing with parts of the  airframe immersed i n  heavily 
in terac t ing  vortical  flow f i e l d s  from the  ro to r ,  throughout the  ent i  re  f l i g h t  envelope. One concept under 
development, the  ti l t - r o t o r  a i r c r a f t ,  u t i l i z e s  an innovative propulsion system tha t  combines the  benefits  of 
high-speed forward f l i g h t  (with t he  ro tor  axes pivoting t o  near horizontal ) with V/STOL capabi l i ty  ( the ro tor  
axes close t o  ve r t i ca l ) .  In t he  f l i g h t  t rans i t ional  phase of ro ta t ing  the  t h rus t  vector, the  vortical  wakes 
from the  rotors may have a la rge  impact on t a i l  surfaces,  i f  improperly positioned. 

The following photographs (Figs. 1-22) vividly i l l u s t r a t e  these i ntrodwctory remarks. 
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ISSUES 

Having presented a foundation for  where vortical flows are important in aerodynamic design, we now pre- 
sent some pertinent issues concerning our knowledge and understanding of 30, viscous vortical flaws. For 
instance: 

1. Do we have an unambiguous definition of separation in three dimensions? 

2. Do we understand the structure and mechanisms of separation and the ensuing coiled-up vortical 
motions? 

3.  Is  i t  possible to formulate a principle that  will distinguish between the scale of vital and 
unimportant organized vortical structures? 

4. Can we exploit the well-organized vortex motions for significant benefit when they are stable? 

5. Do we understand the i n s t a b i l i t ~  mechanisms leading t o  vortex breakdown and leeside wake a s m e t r i e s  
a t  high arrgles of attack? 

6. Do we understand the implications of vortices interacting with local flow fields about the wing and 
t a i  1 surfaces? 

7. Can we exercise control over these interacting vortical flow f ields? 

8. Can we use the Navier-Stokes equations, cssumed to govern fluid motion, to  compute vortical flows 
about complex aerodynamic configurations a t  high angles of attack? 

9. If  not, with appropriate simplifications of the Navler-Stokes equations, and with our current under- 
standing of modelling turbulence, are we able t o  compute vortical flows about chosen aerodynamic components 
a t  high Reynolds numbers? 

10. Can modelling the vorti cal flows by essentially inviscid dpproaches provide us with satisfactory 
insight into the flow physics? 

Let us now attempt to address each of these issues in turn. In so doing, we hope to provide some 
responses that will provoke thoughtful reflection and spark additional needed research, both experimental 
and computational, in using 3D vortical flows t o  maximum benefit in rational aerodynamic design. Strong 
consideration must be given t o  understanding the mean and fluctuating 30 flow structure and how the vortices 
can be controlled actively or passively. 
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DO WE HAVE Al(1 UNAMBIGUOUS 
DEFINITION Of SEPARATION 
THREE DIME 

SADDLE P O I ~ T .  - 

Complications a r i s e ,  however. because f l o w  con f igu ra t ions  e x i s t  where t h e  cond i t i ons  f o r  3D separa t ion  
appear t o  be  present: s k i n - f r i c t i o n  l i n e s  on t h e  body sur face converge on to  a p a r t i c u l a r  l i n e  and, i n  cross-  
f l ow planes. s t reaml ines corresponding t o  t r a j e c t o r i e s  o f  t h e  v e l o c i t y  components i n  these c ross f low planes 
r o l l  up around what appear t o  be vor tex  cores. But  w i t h i n  t h e  l i m i t s  o f  numerical o r  experimental r e s o l u t i o n ,  
the  p a r t i c u l a r  s k i n - f r i c t i o n  l i n e  on which o thers  converge, does n o t  appear t o  emanate from a saddle p o i n t .  
Frequently, i t  appears t o  emerge f r ~ m  the  r e g i o n  o f  the  attachment node ( i .e.,  s tagna t ion  p o i n t )  on t h e  nose 
o f  the body. An appropr ia te  example i s  o f f e r e d  f o r  cons idera t ion  i n  F ig.  24, where bo th  p r imary  and secondary 
separat ion l i n e s  on t h e  lees ide  o f  a m i s s i l e  body, obta ined on a su r face  o i l - f l o w  pa t te rn ,  can be considered 
c m t i n u o u s l y  t raceab le  t o  t h e  s tagna t ion  p o i n t .  Nevertheless, t h e  e r u p t i o n  o f  f l u i d  away f rom t h e  body i s  
conf ined t o  those areas downstream o f  which we f i r s t  p i c t b r e  t h e  ve ry  r a p i d  converqence o f  s k i n  f r i c t i o n  
l i n e s .  i .? .  . on t h e  c y l i n d r i c a l  a f terbody.  

Indeed, t h e  ques t ion  o f  an adequate, y e t  convinc ing,  d e s c r i p t i o n  o f  3D separated f l o w  a r i s e s  w i t h  
especia l  poignancy when one asks how 3D separated f l o w  pa t te rns  o r i g i n a t e  and how they succeed one another  as 
the  r e l e v a n t  parameters o f  t h e  problem (e.9.. ang le  o f  a t tack ,  Mach number, and Reynolds number) a r e  var ied.  
I n  a pas t  essay (Refs. 1 and 2)  we proposed t o  answer t h i s  ques t ion  by p l a c i n q  an extension o f  a hypothesis  
o f  Legendre (Ref. 3 )  t h a t  s k i n - f r i c t i o n  l i n e s  comprise a continuous vec to r  f i e l d ,  wherein t h e  s i n g u l a r  p o i n t s  
o f  the  f i e l d  can be categor ized mathemat ica l ly ,  w i t h i n  a framework broad enough t o  i n c l u d e  t h e  no t ions  o f  
t o p o l o g i c a l  s t r u c t u r e  and s t r u c t u r a l  s t a b i l i t y  coupled w i t h  arguments from b i f u r c a t i o n  theory.  From t h i s  
r a t i o n a l  framework emerged t h e  concepts o f  l o c a l  and g lobal  separa t ion  (again, see Refs. 1 and 2)  wherein a 
separa t ion  l i n e  was considered as s t a r t i n g  a t  a nodal s i n g u l a r  p o i n t  o r  a saddle s i n g u ' l r  p o i n t ,  r e s p e c t i v e l y .  
The l o c a l  concept, i n  f a c t .  i m p l i e s  t h a t  when t h e  separat ion l i n e  appears, no new s i n g u l a r  p o i n t s  f o m  on  t h e  
sur face o r  i n  t h c  f l o w  f i e l d  t o  a l t e r  the  topology. Conversely, t h e  development o f  a g loba l  separa t ion  l i n e  i s  
connected c a t e g o r i c a l l y  w i t h  t h e  appearance o f  a new sadd!e/node p a i r  on t h e  sur face and a new 3D s i n g u l a r  
( z e r o - v e l o c i t y )  p o i n t  i n  t h e  e x t e r n a l  f low.  

Upon admi t t i ng ,  however, t h a t  no computational o r  wind-tunnel experiments o f  which we are aware g i v e  
i n c o n t r o v e r t i b l e  evidence i n  support  o f  t h e  absence ( o r  t h e  presence) o f  saddle s i n g u l a r  p o i n t s  o r i g i n a t i n g  
a t  l i n e s  o f  l o c a l  s e p a r ~ t i o n  ( i n  c o n t r a s t  t o  c l e a r  evidence o f  a saddlefnode pa l  r comnencing a t  a g l o b a l  
horseshoe shaped separ. t i o n  l i n e ) ,  we may perhaps o f f e r  an in fe rence  rrom a knowledge o f  t h e  s t r u c t u r e  of t h e  
ex te rna l  t l o w  i n  t h e  case o f  l o c a l  separat ion.  

M a t t e r s  a r e  c l a r i f i e d  i f  we accept t h e  ex is tence  o f  a c c i l i n g  v o r t i c a l  mot ion downstream (we use F ig .  24 
once more t o  a i d  t h e  d iscuss ion) .  where t h e  3D separat ion l i n e s  a r e  pronounced. There, a p a r t i c u l a r  stream- 
l i n e  i n  t h e  ex te rna l  f l o w  i s  a long  the  a x i s  o f  t h e  core o f  t h e  r o l l e d - u p  f l u i d .  Jus t  as i n  t h e  case o f  a 
g lobal  separat ion,  we can form a stream sur face  which inc ludes t h i s  p a r t i c u l a r  s t reaml ine  i n  t h e  e x t e r n a l  
f l ow and t h e  s k i n - f r i c t i o n  l i n e  on t h e  sur face  which has become t h e  l i n e  o f  separatlnn. We can then t r a c e  
the  paths o f  these two p a r t i c u l a r  l i n e s  upstream, and i t  i s  c l e a r  t h a t  t h e  co re  s t r  m l i n e  w i l l  be i n  c lose  
p r o x i m i t y  t o  t h e  su r face  as the  nose i s  approached. The ques t ion  o f  t h e  o r i g i n  o f  t h e  l o c a l  separa t ion  then 
reduces t o  t h e  behavior  o f  t h e  stream sur face  i n  t h e  immediate v i c i n i t y  o f  t h e  nodal p o i n t  o f  attachment a t  
the  nose. The problem o f  r e s o l v i n g  the  f l o w  d e t a i l  a t  the nose fo rces  us t o  consider  two a l t e r n a t i v e  poss i -  
b i l i t i e s :  e i t h e r  t h e  c s r e  s t reaml ine  passes upstream t o  i n f i n i t y ,  i n  which case t h e  cppara t ion  i s  indeed 
l o c a l ;  o r  i t  terminates i n  a f o c a l  s i n g u l a r  p o i n t  i n  the f l o w  o r  on t h e  sur face.  i n  which case t h e  l i n e  o f  
separa t ion  would o r i g i n a t e  a t  a saddle p o i n t  and t h e  separat ion i s  g loba l .  We argue t h a t  inasmuch as we have 
been a b l e  t o  s i n g l e  o u t  these l i n e s .  each must have a specia l  p roper ty ,  which we suggest man i fes ts  i t s e l f  hy 
o r i g i n a t i o n  a t  focal  and saddle s i n g u l a r  p o i n t s .  

We a r e  suggesting, then, t h a t  i f  a c o i l i n g  v o r t e x - t y ~ e  f l o w  i s  admi i ted  downstream, t h e  co re  s t reaml ine  
must emanate from an upstream s i n g u l a r  p o i n t ,  no mat te r  how obscured t h e  s i n g u l a r  p o i n t  may be by a l a c k  o f  
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reso lu t ion  i n  numerical and wind-tunnel experiments. Under these circumstances, we must al low a combination 
of saddle/node s ingu lar  po-ints (see Fig. 25) i n  the  sta nat ion region a t  the  nose not un l i ke  the  choice o f  
patterns propoc-d very much e a r l i e r  by Legendre (Ref. 3Q and L i g h h i l l  (Ref. 4) .  This argument, i f  acceptable, 
would lead us tl favor the second a l te rnat ive ,  which suggests t h a t  a l l  30 separations whwe c o i l i n g  vortex 
motions e x i s t  are global  events (see also Legendre, Ref. 16). 

LIGHTHILL 1963 

LEGENDRE 1972 

ORIGINS OF GLOBAL SEPARATION 
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We have a  good understanding i n  mean-flow terms i n  t h a t  we know how t o  draw t o p o l o g i c a l  s t r u c t u r e s  o f  
separated f lows  and we can e n v i s i o n  how t h e  s t r u c t u r e s  manage t o  undergo t o p o l o g i c a l  changes w i t h  v a r i d t i o n s  
o f  t h e  governing parameters (e.g.. angle o f  a t t a c k ) .  We do n o t  y e t  have a  f i r m  grasp o f  t h e  r e l a t i o n  between 
s t r u c t u r a l  features and phys ica l  q u a n t i t i e s  such as, e.g., su r face  pressures, turbulence q u a n t i t i e s ,  e t c .  
We do n o t  y e t  know how t o  p r e d i c t  cond i t i ons  f o r  t h e  emergence o f  s i n g u l a r  p o i n t s  o r  f o r  t h e i r  subsequent 
char~ges i n  number and form. 
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ISSUES 

IS IT POSSIBLE TO FORMULATE 
A PRINCIPLE THAT WILL 
DISTINGUISH BETWEEN THE 
SCALE OF VITAL AND 
UNIMPORTANT ORGANIZED 
VORTICAL STRUCTURES? 
UNKNOWN AT THIS TIME 

FLOW BEHIND CAMBERED DELTA WINO 
AT Ma - 1.88 

One o f  the several precesses o f  t r a n s i t i o n  i s  f requent ly characterized by the appearance o f  arrays o f  
vor t ices  w i t h  axes s l i g h t l y  skewed from the l oca l  external  f low d i rec t i on  when the body i s  a t  low angle o f  
attack. I n  Fig. 27, where a cambered slender wing i s  shown a t  lo angle o f  attack, we see a row o f  near- 
c i r cu la r ,  small black patches behind the inner pa r t  o f  the wing; r r i t h  increasing angle o f  attack, the row o f  
patches disappears. Maltby, i n  Ref. 6, considers t ha t  these patches represent a row o f  s t reamise  vor t ices  
i n  the boundary layer  t ha t  are caused by an i n s t a b i l i t y  o f  the 3D shear f low i n  the region o f  the cambered. 
swept leading edge. I t has aiso been in fer red by McDevitt and Mel lenthin i n  Ref. 7 t h a t  these vort ices e x i s t  
on cones a t  high Mach number; some o f  t h e i r  representative resu l ts  are shown i n  Fig. 28. This f i gu re  i l l u s -  
t r a tes  an o i l - f i l m  study on a 10" hal f -angle cone a t  5" angle o f  at tack w i t h  a t r ans i t i ona l  attached boundary 
layer imnersed i n  a Mach 7.4 airstream. I n  the laminar region o f  the f low near the cone apex and on the 
windward side, the de l ica te  pat tern  o f  the s k i n - f r i c t i o n  l i nes  has a d i s t i n c t i v e l y  d i f f e r e n t  appearance and 
d i rec t i on  from tha t  f a r t he r  back on the leeside. This regular pat te rn  o f  leeward streak l i nes  (separation 
l i nes? )  i s  thought t o  be i nd i ca t i ve  o f  the existence o f  streamwise vor t ices  entrained w i t h i n  the boundary 
layer. Clear ly,  the presence o f  the  vort ices substant ia l l y  a l t e r s  the appearanr: and the d i rec t i on  ?f the 
loca l  s k i n - f r i c t i o n  l i n e  pat tern  r e f l e c t i n g  the i n te rac t i cn  between the vor t ices  and the mean c r o s s f l w .  

Another example i s  depicted i n  Fig. 29. where s im i l a r  evidence o f  small-scale streamwise vor t ices  imnersed 
w i th in  the  boundary layer  on a hemisphere cy l inder  i n  transonic f low i s  shown. I t i s  uw lea r .  however, 
whether small-scale vort ices o f  t h i s  type are the precursors t o  30 separation, whether they are modifiers. 
whether t h e i r  e f f e c t  i s  r e l a t i v e l y  minor, o r  whether a l l  o r  some o f  these condit ions apply. I n  hypersonic 
flow. we might expect t ha t  these arrays o f  vort ices could influence the heat t rans fer  t o  the body - a t  high and 
low Mach numbers, the answer i s  t h a t  we do not understand the physical processes tha t  are underway. This 
scenario i s  s im i l a r  t o  the modell ing question i n  tu rbu lent  flows, resembling also the phase t r a n s i t i o n  phenom- 
ena i n  chemistry and physics. Advanced concepts are d e f i n i t e l y  required so tha t  modelled equations average 
out the  small-scale structures and, a t  the same time, give the cor rec t  b i fu rca t ion  behavior a t  the appropriate 
c r i t i c a l  Reynolds number(s). 
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When 1 30 boundary l a y e r  detaches from t h e  sur face  i t  w i l l .  almost w i t h o u t  except ion,  leave a long  a swept 
separa t ion  l i n e .  r o l l i n g  up i n  the  process i n t o  a wei l -organized nomina l l y  steady v o r t i c a l  motion. The 
under l y ing  mechanism appears t o  be independent of  b o t h  Reynolds numher and Mach number, a l though under laminar' 
cond i t i ons  the  f l o w  features a r e  normal ly  m r e  exaggerated. Hence. t h e  o v e r a l l  d e t a i l s  c f  many f lows  o f  
p r a c t i c a l  i n t e r e s t  can be determined i n  a water- tunnel  f a c i l i t y .  i n  which a i r c r a f t  and m i s s i l e  decigners can 
make changes t o  con f igu ra t ions  q u i c k l y  and cheaply. 

I t  f s  c l e a r  t h a t  when the  l e e s i d e  3D separated f low f i e l d s  a r e  symnetr ic  and stable.  whether f rom t h e  
forebody o r  from o t h e r  sharp ly  swept edges f a r t h e r  downstream. t h e  s u c t i o n  pressures induced by t h e  c o i l i n g  
vo r tex  motions can add s u b s t a n t i a l  non l inear  corponents t o  the  normal f o r c e  as angle o f  a t t a c k  i s  increased. 



ORIGINAL PACE IS 
OF POOR QUALITY 

The enhancement t o  t h e  l i f t  on a body p rov ided  by l e e s i d e  st reaming v o r t i c a l  motions i s  e v e n t u a l l y  
l i m i t e d  when breakdown o f  t h e  v o r t i c e s  occurs over  t h e  body. Cur ren t l y ,  t h e r e  i s  no theory  a v a i l a b l e  t o  
p r e d i c t  t h e  e f f e c t  o f  vo r tex  breakdown on t h e  l i f t  o f  an aerodynamic c o n f i g u r a t i o n .  According t c  ledemeyer 
(Ref. 8 ) .  explanat ions f o r  vor tex breakdowr can e s s e n t i a l l y  be d i v i d e d  i n t o  two categor ies:  those t h a t  r e l a t e  
breakdokn t o  an i n s t a b i l i t y  mechanism and those t h a t  do no t .  The two forms o f  vo r tex  breakdown, c a l l e d  t h e  
bubble (ax isymnet r i c )  form and t h e  s p i r a l  form, a r e  f r e q u e n t l y  assumed t o  be d i f f e r e n t  phenomena. a l though t h e  
bubble form i s  r a r e l y  found about a moving a i r c r a f t .  Based on experimental observat ions,  t h e  bubble form 
appears t o  be the  r e s u i t  o f  a change i n  topology o n l y  r a t h e r  than r , l a ted  t o  a f l o w  i n s t a b i l i t y ;  t c  t h e  
con t ra ry ,  the  s p i r a l  form o f  breakdown i s  considered t o  be i n i t i a t e d  by an i n s t a b i l i t y  r e s u l t i n g  from an 
a m p l i f i c a t i o n  o f  s p i r a l  pe r tu rba t ions .  

A l l  theor ies  p r e d i c t  vo r tex  breakdown t o  occur  w i t h i n  t h e  exper imenta l l y  observed range o f  s w i r l  angles 
and t h e  s e n s i t i v i t y  o f  breakdown t o  t h e  s e v e r i t y  o f  a x i a l  pressure g rad ien ts .  No theory, however, y i e l d s  t h e  
f l o w  d e t a i l  i n  the  breakdown zone. nor  an accurate l o c a t i o n  o f  breakdown t o  compare w i t h  experimental r e s u l t s .  



ORfGINAL PASE IS 
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Hypotheses have been advaticed t o  e x p l a i n  t h e  phenomenon based on t h e  use o f  t h e  impu ls ive  f l o w  a ~ a l o g y  
and the  s t a b i l i t y  o f  t h e  f l o w  past  a 2D c i r c u l a r  c y l i n d e r .  D e t a i l s  o f  t h e  assumptions i n  these hypotheses a r e  
expla ined i n  Ref. 9. A t y p i c 3 1  f l o w  topology i n  c ross -sec t ion  i s  dep ic ted  on F ig .  53, i l l u s t r a t i n g  t h e  
conceptual s i d e - t o - s i d e  s t r u c t u r a l  development o f  the  subsonic f l ow about a s lender  forebody o f  nose semi-apex 
anqle, tic. 

Le t  us assuve an asynmetr ic  d is turbance t o  o r i g i n a t e  a t  t h e  nose. o f  t h e  same r o t a t i o n ,  say, as t h e  p o r t  
s ide  p r imary  vor tex.  I f  t h i s  d is turbance a m p l i f i r s  i n  t h e  v i c i n i t y  o f  t h e  enc los ing  saddle p o i n t  as a ccqse- 
quence o f  i n s t a b i l i t y  o f  t h e  i n f l e x i o n a l  v e l o c i t y  p r o f i l e s .  the re  w i l l  he an e f f e c t i v e  increase i n  t h e  v o r t i c -  
i t y  o f  t h e  p o r t - s i d e  p r imary  vo r tex .  This vo r tex  w i l l  en la rge  s l i g h t l y  and move zway f rom t h e  sur face  as 
shown i n  F i g .  33(a j .  As t h e  r e l a t i v e  inc idence increases up t o  3.2. t h e  feed ing  shear l a y e r  cont inues t o  
s t re tch ,  as shown i n  F ig .  33 (b j .  A t  a r e l a t i v e  inc idence  o f  3.3. i n  c o n j u n c t i o n  w i t h  t n e  appearance o f  gross 
unsteadiness o f  t h r  secondary v o r t i c e s .  t i l e  e longated shear l a y e r  i t s e l f  passes through a shedding stage. as 
shown i n  F ig .  33 (c ) ,  u n t i l  a t  a  r e l a t i v e  inc idence  o f  3.4 t h e r e  i s  d e f i n i t i v e  evidence of  a t h i r d  s p i r a l  
vor tex mot ion.  as shown i n  F ig.  33(d) .  I n  o rder  t h a t  t h e  two v o r t i c e s  o f  the  same r o t a t i o n a l  d i r e c t i o n  be 
able t o  c o e x i s t  i n  tandem on t h e  l e f t - h a n d  s ide ,  t h e  r u l e s  o f  topology (Ref. 10) i n s t r u c t  us t h a t  8 new saddle 
p o i n t  must be i n s e r t e d  between them. as shown i n  F ig.  33(c) .  As t h e  r e l a t i v e  inc idence  increases s t i l l  
f u r the r ,  t h e  starboard-s ide pr imary vo r tex  begins t o  grow. as shown i n  F ig .  33(d)  and (e) .  r e s u l t i n g  even- 
t u a l l y  i n  t h e  r e p e t i t i o n  o f  the  shedding process f o r  t h e  oppos i te  s ide;  these inc idences a t  which shedding 
occurc :;;-r-cpond w i t h  t h e  maximum induced s i d e  loads. Note t h a t  t h e  one c ross f low s t reaml ine  emanating from 
t k e  enc los ing  saddle p o i n t  t o  t h e  body a t  A1 as shown, f o r  example. i n  F ig .  33(e!, always p a r t i t i o n s  the  l e f t -  
and r igh t -hand  sides 04 t h e  wake. Except d u r i n g  the  shedding process. each f l o w  f i e l d  i s  composed of w e l l -  
organized s p i r a l  vor tex mot ions.  
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The leading-edge extension,  o r  LEX as i t  i s  c o m n l y  ca l led ,  o f f e r s  t h e  advantage t h a t  induced l i f t .  
provided by the  v o r t i c e s  from t h e  sharp ly  swept edges, can be used b e n e f i c i a l l y  t o  extend combat-man ewer in^ 
c a p a b i l i t i e s .  These b e n e f i t s  can inc lude  an e l e v a t i o n  i n  maxin~um l i f t  t h a t  i s  now a v a i l a b l e  a t  a h igher  
angle o f  a t tack ,  an improved steadiness i n  ro l l ing-mcment  performance, and lower root-mean-square wing-root  
bending moments, as represen ta t i ve  examples. It a l s o  appears t h a t  i n  t ranson ic  flow, the  vo r tex  from t h e  LEX 
avoids t h e  necess i t y  f o r  t h e  format ion o f  t h e  usual  forward branch o f  t h e  wing shock p a t t e r n  by p r o v i d i n g  a 
" s o f t "  boundary f o r  t h e  f l o w  t u r n i n g  inboard over  t h e  lead ing  edge, ins tead  o f  t h e  " s t i f f "  boundary g iven by 
t h e  fuselage :ide. A s u b s t a n t i a l  d iscussion by Skok and Er ickson on mod-rn f i g h t e r - a i r c r a f t  design f o r  h igh-  
angle-of -at tack maneuvering i s  a v a i l a b l e  i n  Ref. 11. 

A t  low angles o f  a t tack ,  t h e  vor tex emanating from a LEX w i l l  pass over  t h e  wing c lose  t o  t h e  surface, 
and f a r t h e r  downstream i t  w i l l  be adjacent  t o  b o t h  h o r i z o n t a l  and v e r t i c a l  t a i l  surfaces. Wing- f lap d e f l e c -  
t i o n  w i l l ,  o f  course, cause a s i q n i f i c a n C  downwash t o  be exer ted on t h e  v o r t e x  and r e a d j u s t  the  p o s i t i o n  o f  
t h e  v o r t e x  r e l a t i v e  t o  t h e  t a i l .  Moreover, the  pressure f i e l d  imposed by t h e  t a i l  may promote vo r tex  break- 
down; t h i s  may be a s i g n i f i c a n t  problem under s i d e s l i p  cond i t i ons .  The o v e r a l l  outcome i s  t h a t  bo th  l i f t  
c h a r a c t e r i s t i c s  and l o n g i t u d i n a l  s t a b i l i t y  can be a f f e c t e d  by v o r t e x  i n t e r a c t i o n  w i t h  t h e  t a i  1  surfaces. 

A t  h igh  angles o f  a t tack ,  t h e  h o r i z o n t a l  t a i l s  have less  e f f e c t  on v o r t e x  behavior  due t o  t h e  dominance 
o f  t h e  wing pressure f i e l d .  Several o f  ou r  c u r r e n t  f i g h t e r  a i r c r a f t  f e a t u r e  t w i n  v e r t i c a l - t a i l  arrangements 
t o  ma in ta in  d i r e c t i o n a l  s t a b i l i t y  i n  t h e  extended ang le -o f -a t tack  range a t t a i n a b l e  w i t h  wings t h a t  inc lude  
leading-edge extensions. Iniproper placement oc t h e  v e r t i c a l  t a i l s  can promote premature vo r tex  breakdown and 
thereby l i m i t  t h e  maximum l i f t  obta inable,  i n f l u e n c i n g  both t h e  l o n g i t u d i n a l -  and l a t e r a l - d i r e c t i o n a l  
s t a b i l i t y  l eve ls .  

The sharp edge o f  t h e  LEX f i x e s  t b e  3D separa t ion  l i n e  t h e r e  so t h a t  t h e r e  i s  c o n t r o l l e d  f l o w  separa t ion  
about t h i s  component. T a i l o r i n g  t h e  camber and t h e  sweepback o f  t h e  LEX w i l l  c l e a r l y  i n f l u e n c e  t h e  p o s i t i o n  
o f  t h e  ensuing voSatex. Small s t rakes  on t h e  forebody can be b e n e f i c i a l  t o  f o r c i n g  symnetr ic  v o r t i c e s  t o  e x i s t  
a t  h i g h e r  angles o f  a t tack ,  bu t  may cause s t r o n g  t f f e c t s  on t h e  l a t e r a l  s t a b i l i t y .  Usual ly ,  i t  i s  p r e f e r a b l e  
t o  reshape the  cross-sect ion o f  t h e  forebody i n t o  a s h a r k - l i k e  snout (see Ret. 11). Contro l  of t h e  o r i e n t a t i o n  
o f  forebody vort ice; caq be implemented by t i n y  amounts of r, .-nal o r  t x g e n t i a l  blowing, emerging i n t o  t h e  
f l o w  f rom ope o r i f i c e  asymnet r i ca l l y  disposed w i t h  respect  t o  t h e  leeward mer id ian  and i n i t i a l l y  beneath t h e  
vo r tex  t h a t  grows r a p i d l y  away from t h e  sur face.  Thi: ~echn ique  has the  a b i l i t y  not  o n l y  t o  r e t u r n  t h e  
asymmetric f l ow t o  a near-symnetr ic  one as t h e  b low ing  momentum increases b u t  i s  powerful enough t o  produce 
a f u r t h e r  movement o f  t h e  forebody v o r t i c e s  t o  p rov ide  s ide fo rce  i n  t h e  oppos i te  sense t o  t h a t  g lven by t h e  
i n i t i a l  asymnetry. Asymnetric b low ing  can hence be used as a means o f  d i r e c t  s i d e f o r c e  c o n t r o l  t o  prevent  
depar tu re  o f  a f i g h t e r  i n t o  a s p i n  cond i t i on .  
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A t  least  one additional order of magnitude in effective computing speed i s  required for us to  be able 
to  come near t o  analyzing numerically the entire flow about a real aerodynamic vehicle. Nevertheless, some 
intriguing and impressive results are being and have been obtained from computations of laminar flow fields 
about simple 30 aerodynamic components using approximate fomi  of the Navier-Stokes equations (see the review 
in Ref. 10). Moreover, the potential exists for  obtaining satisfactory answers i n  turbulent flow once appro- 
priate turbulence models can be found. Unfortunately, ever, these simple shapes must be surrounded with 
relatively coarse computational meshes; otherwise, the avdilable computer storage on our largest machines 
becomes saturated. With our present capabilities,  we crrive a t  an impasse. O n  the one hand, the singular 
points in the flow and on the body surface usually have simple, fundamental forms and their types, number, and 
placement, practically characterize a real separated flow. On the other hand, lt i s  just in the vicinity of 
these singular points that  a finite-difference scheme requires inordinately fine mesh spacing to capture 
their  behavior. ;ten supposing that sufficient computer storage wrire available for  the mesh to be tightened, 
computation costs would be increased, perhaps to  an unacceptable degree. As a way out, we suggest that i t  may 
be possible to  make a useful advance in the computation of 3D separated flows i f  finite-difference methods 
could be combined with a separate treatment (perhaps involving analytic or fini te-element methods) of the 
singular points, thereby obtaining an adequate resolution in the vicinity of the singular points and avoiding 
very fine meshes. 
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On wings with sharply swept leading edges, 30 separation occurs a t  the  s a l i en t  edges, being v i r tua l ly  
independent of the oncoming boundary-layer properties a t  the  high Reynolds numbers of i n t e r e s t  t o  us. In the 
l imi t  of i n f i n i t e  Reynolds number - o r ,  f o r  prac?.ical purposes, a t  high enough Reynolds numbers - the  coiled 
viscous shear layer may be modeled approximately by an inviscid-flow vortex sheet.  In other words, we adopt 
a viewpoint s imi lar  t o  t h a t  underlying the  use of t he  Kutta-Joukowsky condition f o r  determining flow a t  the 
t r a i l i n g  edge in inviscid wing theory. We say tha t  v iscos i ty  causes the  separation; t h e  location i s  determined 
by the edge geometry, a f t e r  which the  flow may be modelled as an inviscid flow. The local behavior of a vortex 
sheet as  i t  leaves the v i c in i ty  of a s a l i en t  edge i s  tangential t o  e i t he r  the  top o r  underside of the  edge, 
depending on the sign of the  shed vo r t i c i t y  ar.d on whether the  external mean flow i s  directed inboard o r  
outboard. In the region of the  vortex external t o  the  core, the  axial  velocity does not change subs tant ia l ly ,  
and we may describe i t  t o  a s a t i s f ac to ry  degree of approximation by ignoring diffusion ( i  .e . ,  viscous) ef fec ts  
there. Diffusion i s  only imr~ortant i n  the inner par t  of the vortex core where there  a r e  substantial  velocity 
gradients. For a 3D core wowing in space, the  swirl ing f lu id  i s  drawn in to  the core, acquiring a high axial  
velocity as  i t  escapes along the  axis .  Reynolds number does not appear t o  have a s igni f icant  e f f ec t  on the  
development of the large-scale s t ruc tu re  of the flow, whereas t he  core center diminishes as Reynolds number 
increases. In numerical calculations of incompressible flows about swept edges there  seems t o  be a qual i f ied  
but +rce choice available as t o  whether the vortex sheet  should be represented as collections of i so la ted  vor- 
tice:;, as l i ne  vortices,  o r  as a continuous sheet .  Par t icular  mathematical o r  numer.ica1 d i f f i c u l t i e s  in the  
stab,i 1 i t y  of the ro l l  -up process have been overcome. 

On bodies, the separation location i s  unknown a p r io r i .  We must attempt t o  ca lcula te  i t s  posit ion by 
30 boundary-layer theory, which requires all appropriate external flow, o r  map i t s  posit ion from experimental 
surface oil-flow visualization.  In t he  former, an i t e r a t i on  between the boundary layer  and inviscid flow i s  
required, wlth a guessed sepal kion-line posit ion,  followed by subsequent correction of the inviscid pressure 
d is t r ibut ion .  Once the separa<:;sn l i n e  i s  supplied, an inviscid vortex sheet  model of the  separated flow can 
be invoked ( in  incompressible flow a t  l ea s t )  on which the  following boundary conditions will be adequate t o  
determine i t  completely. The sheet  must leave the  surface tangentially along the  separation l ine .  I t  i s  an 
open vortex sheet i n  the  sense t h a t  f l u id  a t  the  same to t a l  pressure wets t he  vortex sheet on e i t h e r  s ide .  
Both pressure and velocity a r e  continuous across the  sheet ,  which i s  a stream surface.  The velocity on the  
upstream s ide  of the  sheet provides t he  convective component t o  remove the  vo r t i c i t y  from the  surface.  

O n  the downstream s ide  of the  sheet ,  replacing the  Kutta condition f o r  separation a t  a sharp edge i s  t he  
requirement t h a t  the  veloci ty  be directed downstream tangent ia l ly  t o  the  separation l ine .  On the  upstream s ide  
of the separ*ation l i n e ,  the  surface streaml.ines of t h e  invisc id  model a r e  inclined t o  the  separation l i n e  but 
are ,  of course, s t i l l  tangential  t o  t he  wall. The vortex sheet model may be used on simple shapes, such as 
pointed r ight -c i rcular  and e l l i p t i c  cones, f o r  which the  separation l ines  a r e  along generators and the  coordi- 
nate geometry presents few d i f f i c u l t i e s .  On more complex configurations the solution eludes us, f o r  



boundary-layer c a l c u l a t i o n s  have n o t  u s u a l l y  been successfu l  i n  p r o v i d i n g  separa t ion - l i ne  p o s i t i o n s ,  p a r t i c u -  
l a r l y  when separat ior l  s t a r t s  some d is tance  back f rom t h e  nose. Moreover, we s t i l l  do n o t  have a s u i t a b l e  
f l ow model f o r  t h e  breai:away d i v i d i n g  sur face,  under cond i t i ons  where n e i t h e r  con ica l  n o r  s lender  body f lows  
e x i s t .  

There has been some recen t  success i n  n u m e r i c a l l y  s o l v i n g  t h e  E u l e r  equations i n  which v o r t e x  f l ows  
around wings o f  h i g h  sweepback angle have been s imulated.  It appears t h a t  i f  t h e  cornouted r e s u l t s  a r e  t o  be 
r e a l i s t i c ,  t h e  edge must be r e l a t i v e l y  sharp t o  ensure t h a t  t h e  development o f  t h e  "s::zar l a y e r "  i s  v i r t u a l l y  
i n s e n s i t i v e  t o  Reynolds number. Th is  i s  t h e  o n l y  poss ib le  way t o  represent  a separated f l o w  f i e l d  by t h e  
Euler  equations i n  which t h e r e  i s  a r t i f i c i a l  v i s c o s i t y  i n  t h e  numerical scheme. 

CONCLUDING REMARKS 

A s tudy  o f  t h e  issues i n v o l v e d  i n  t h e  understanding o f  complex v o r t i c a l  f l ows  leads us t o  t h e  f o l l o w i n g  
remarks : 

We have an unambiguous d e f i n i t i c n  o f  separa t ion  i n  t h r e e  dimensions i f  a separa t ion  l i n e  i s  construed 
t o  emanate always f rom a saddle p o i n t  even i n  cases where t h e  o r i g i n  i s  obscured b y  l a c k  o f  r e s o l u t i o n .  

The s t r u c t u r e  and mechanism o f  separa t ion  and t h e  ensuing co i led -up  v o r t i c a l  motions a r e  understood 
i n  mean-flow terms. 

We are unable a t  t h i s  t i m e  t o  fo rmu la te  a p r i n c i p l e  t h a t  w i l l  d i s t i n g u i s h  between t h e  s c a l e  o f  v i t a l  
and unimportant  organized v o r t i c a l  s t r u c t u r e s .  

We a re  ab le  t o  e x p l o i t  t h e  wel l -organized vor tex  motions f o r  s i g n i f i c a n t  b e n e f i t  when they  a r e  s t a b l e .  

o We have o n l y  concepeual no t ions  to 'understand t h e  i n s t a b i l i t y  mechanisms lead ing  t o  v o r t e x  breakdown 
and lees ide  wake asymmetries a t  h i g h  angles o f  at tack.  

We are unable t o  p r e d i c t  t h e  i m p l i c a t i o n s  o f  vo r t i ces  i n t e r a c t i n g  w i t h  l o c a l  f l o w  f i e l d s  about t h e  wing 
and t a i l  sur faces,  a l though we can exerc ise  con t ro l  over  these i n t e r a c t i n g  f l o w  f i e l d s  t o  some e x t e n t  
w i t h  a c t i v e  o r  pass ive  c o n t r o l .  

Wi th appropr ia te  s i m p l i f i c a t i o n s  o f  t h e  Navier-Stokes equations, and w i t h  our  c u r r e n t  understanding o f  
turbulence model l ing,  we a r e  a b l e  t o  compute v o r t i c a l  f l ows  about chosen aerodynamic components a t  h i g h  
Reynolds numbers, b u t  o n l y  f o r  ve ry  s imp le  shapes. 

Model l ing o f  v o r t i c a l  f l ows  by e s s e n t i a l l y  i n v i s c i d  approaches can p rov ide  us w i t h  i n s i g h t  i n t o  t h e  
f l o w  physics, b u t  ou r  understanding extends o n l y  t o  s imple shapes. 
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