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SUMMARY 

Work i s  described  dealing  with two areas which a re  dominated 
by the  nonlinear  effects of vortex  flows. The f i r s t   a r e a  concerns 
the   s ta l l / sp in   charac te r i s t ics  of a general   aviation wing w i t h  
a modified  leading  edge. The second area  concerns  the  high- 
angle-of-attack  characterist ics  of a high-performance mi l i ta ry  
a i r c r a f t .  For each area,  the  governing phenomena are  described 
as   ident i f ied  with  the  a id  of existing  experimental  data. 
E x i s t i n g  analyt ical  methods a re  reviewed, and the most promising 
method for  each  area used  to   per fom some preliminary  calculations. 
Based  on these  resul ts ,   the   s t rengths  and weaknesses  of  the 
methods are  defined, and research programs recommended t o  improve 
the methods a s  a r e s u l t  of better  understanding of the flow 
mechanisms involved. 

For the  general  aviation wing ,  the most promising  approach 

involves  coupling  boundary-layer  theory w i t h  an inviscid 
representation of the  flow  field. The inviscid  representation 
accounts  for  attached  areas  of  the wing with a surface- 
s ingu la r i ty   d i s t r ibu t ion  and the  separated wake u s i n g  a f ree  
vortex  sheet. An i t e ra t ive   ca lcu la t ion  i s  required,  wherein  the 
wake shape i s  relaxed so that  the  vortex  sheet i s  a stream 
surface i n  the converged  three-dimensional f l o w  f i e l d  and a 
consistent  separation  l ine i s  predicted. Because only  the 
unseparated  version of the  inviscid model i s  currently 
avai lable ,  many important  aspects of the  coupling have not  yet 
been investigated.  The  recommended research program includes 
s t u d y  of these  aspects  as  well  as work t o  determine  the  best 
available  boundary-layer method t o  be included and the  appropriate 
separat ion  cr i ter ion t o  be used.  Additionally,  study i s  recommended 
of the  role  i n  a prediction of the  discrete   vortex which has been 
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observed i n  f l o w  visualization  experiments i n  the  region of the 

break i n  t h e  leading  edge. 

With respec t   to   the   f igh ter   a i rc raf t ,  it i s  shown t h a t  good 

resu l t s   for   overa l l   loads   resu l t  from the use  of a vortex- 

l a t t i c e  method incorporating  the Polhamus suction  analogy 

as extended for  side-edge and edge-vortex-lift-reduction 

e f f ec t s ,  and  by inclusion of the  augmented-vortex-lift  concept. 
The loads on the nose and the   e f fec ts   o f   the   vor t ica l   f ie ld  shed 
by the nose are  included.  Additional work i s  required  to  allow 

sa t i s fac tory   ca lcu la t ion  of t he   t r a j ec to r i e s  of the nose and 

separation  vortices  as  they  pass  over  the  configuration. The 
angle-of-attack  range of the method can  be  extended by inclusion 

of the   e f fec ts  of  vortex b u r s t i n g .  E x i s t i n g  methods t o  be 

incorporated  for  the  trajectory  calculations and for   the  effects  

of burst ing  are   ident i f ied.  

INTRODUCTION 

The NASA Langley  Research  Center i s  current ly  engaged i n  
s ta l l / sp in   research  programs on both  general  aviation and mi l i ta ry  
airplane  configurations. These  programs seek t o  advance the 

s t a t e  of t h e   a r t  i n  high-angle-of-attack,  stall/spin  technology 
for improved safe ty  of f l i g h t  and for  improved airplane 

f l i g h t  performance. The s t a l l / sp in   cha rac t e r i s t i c s  of  both  types 

o f   a i r c ra f t  i n  the  high-angle-of-attack  flight  regime have a 
la rge   e f fec t  on their  operational  usage. The primary i n t e r e s t  

i n  t h i s  f l i g h t  regime for  general   aviation  aircraft   concerns 
safety of f l i g h t ,  and emphasis has been placed on the  a l leviat ion 

of undes i rab le   s ta l l / sp in   charac te r i s t ics .  For m i l i t a r y   a i r c r a f t ,  

improved high-angle-of-attack  characteristics  have produced 

greater  maneuverability and tact ical   effect iveness ,  and recent 

emphasis  has  been  placed on s ta l l /spin  prevent ion by means of 
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a i r f r ame   des ign  and cont ro l   methods .   In   bo th  cases, it i s  
impor t an t   fo r  the des igne r  t o  have   access  t o  predic t ion   methods  
which are app l i cab le   i n   t he   non l inea r   ae rodynamic   f l i gh t   r eg imes .  
It  i s  d e s i r a b l e   t h a t  these methods  provide  rapid  and  accurate 
p r e d i c t i o n s   o f   t h e   a e r o d y n a m i c   c h a r a c t e r i s t i c s   o f   s p e c i f i c  
a i r c r a f t   d e s i g n s   u n d e r  a wide  range  of   f low  condi t ions.  

C u r r e n t   e f f o r t s   i n   t h e   d e v e l o p m e n t   o f   h i g h - a n g l e - o f - a t t a c k  
aerodynamic  predict ion  methods  involve  the  combinat ion  of   both 
expe r imen ta l   and   ana ly t i ca l   i n fo rma t ion  t o  produce a r a t i o n a l  
model t o  r e p r e s e n t   t h e  flow phenomena present.   These  methods 
h a v e   a p p l i c a t i o n  i n  the  high-angle-of-at tack  range  where non- 
l i n e a r  aerodynamc e f f e c t s  may d o m i n a t e   t h e   f l i g h t   c h a r a c t e r i s t i c s .  
I t  i s  impor tan t   tha t   the   chosen   f low  models   cor rec t ly   represent  
t he   phys i c s   o f   t he   f l ow,  n o t  on ly   to   enhance   the   accuracy   of  
the   p red ic t ion   method,  bclt a l so   fo r   i nc reased   unde r s t and ing   o f  
t h e   a c t u a l   f l o w   c h a r a c t e r i s t i c s .   R e c e n t  work  on flow  modeling 
has   p roduced   ana ly t i ca l  and empir ical   predict ion  methods  which 
have   app l i ca t ion  t o  t h e   p r e d i c t i o n  of l a t e r a l - d i r e c t i o n a l  
a e r o d y n a m i c   c h a r a c t e r i s t i c s   o f   a i r c r a f t   a t   h i g h   a n g l e s   o f   a t t a c k .  

Two sepa ra t e   p rob lem  a reas   i nvo lv ing   s imi l a r   f l ow phenomena 
a r e  of i n t e r e s t  i n  the   p resent   work .  The f i r s t   a r e a  of i n t e r e s t  
c o n c e r n s   t h e   s t a l l / s p i n   c h a r a c t e r i s t i c s   o f  a g e n e r a l   a v i a t i o n  
wing wi th  a modif ied  leading  edge.  An ex tens ive   da t a   base  
inc lud ing   fo rces  and  moments, p r e s s u r e   d i s t r i b u t i o n s ,  and  flow 
v i s u a l i z a t i o n s  i s  a v a i l a b l e   f o r   t h i s   c o n f i g u r a t i o n .   T h i s   d a t a  
base shows t h a t   a p p r o p r i a t e   m o d i f i c a t i o n s   c a n   c o n t r o l   l o c a l  
s t a l l   p r o g r e s s i o n  and min imize  loss of damping i n  ro l l  a t   t h e  
s t a l l .   S i g n i f i c a n t l y  improved l a t e r a l   s t a b i l i t y   c h a r a c t e r i s t i c s  
a t   t h e   s t a l l ,   s p i n   r e s i s t a n c e ,  and   deve loped   sp in   charac te r i s t ics  
r e s u l t .  

3 



Analytical models to,.  predict,  the,  separated aerodynamic 
cha rac t e r i s t i c s  ,of such a configurat ion  are   not   avai lable   a t  

this   t ime.  As a consequence, i t - i s  impossible  to  extrapolate  the 
e f f e c t  of the  droop-leading-edge  modification on t h i s  wing t o  
any other wing  and predict  the  modified. s t a b i l i t y   c h a r a c t e r i s t i c s . ,  

Such an analyt ic   capabi l i ty  would greatly  reduce  the  time and 
cost  associated  with  the development  of similar  modifications  for 

other wings.  Analysis of the  existing  data can  provide a means 

t o  understand  the  flow phenomena, develop flow models, and 
ident i fy   the  needed theoretical  approach. 

The second area  of  interest  concerns  the  high-angle-of-attack 

cha rac t e r i s t i c s  of high-performance mi l i t a ry   a i r c ra f t .   Tes t s  
ind ica te   tha t  some  modern f ighter   a i rcraf t   experience  ser ious 

s t a b i l i t y  and control problems during  high-angle-of-attack 

maneuvers.  These t e s t s  have shown tha t   d i r ec t iona l  and l a t e r a l  
s t a b i l i t y   c h a r a c t e r i s t i c s  change w i t h  geometric  modifications 

i n  the  configuration. For example, wing position  (.high, low, 

or m i d ) ,  s t rakes ,   s ingle   or  t w i n  v e r t i c a l   t a i l s ,  and fuselage 

nose  cross  section  can a l l  have an e f f e c t  on the   s t ab i l i t y  

cha rac t e r i s t i c s   e i t he r  s i n g l y  o r  i n  combination. A n  extensive 
data  base on a NASA generalized  research  f ighter  configuration 
i s  available  for use i n  understanding  the  flow phenomena  and 

direct ing  the  select ion of a theore t ica l  model. 

The predic t ion   capabi l i ty   for   the   to ta l   a i rc raf t  i n  the 

high-angle-of-attack regime  near s t a l l  i s  not  yet  available: 

however, various methods are   avai lable   for   predict ing 

charac te r i s t ics  of components of  the  configurations. These 
could be combined in to  a unified method for  the  complete 

a i r c r a f t .  Such a preliminary  design method w i l l  be very  useful 

i n  p red ic t ing   s tab i l i ty   charac te r i s t ics  of  various  configura- 
tions  for  purposes  of  reducing  the  total number of 
configurations  required  for  wind-tunnel  testing. 
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I n  this report ,   invest igat ions  are  documented which were 
designed t o  enhance physical  understanding  of and computational 
capabi l i ty   for   both of these problem areas.  I n  Par ts  1 and 2,  

respectively,  work i s  discussed on the  general  aviation wing w i t h  
a modified  leading  edge, and  on a generic  high-performance 
m i l i t a r y   a i r c r a f t .  These s tudies ,  though separate,  employed the 

same general  approach. I n  each,  relevant  experimental  data were 
analyzed to   a l low  ident i f icat ion of the governing phenomena, 
ex is t ing   ana ly t ica l  methods  were  reviewed to   ident i fy   the  most 
promising, some preliminary  calculations were carr ied  out   to   def ine 
the  strengths and weaknesses  of exis t ing methods, and a course of 
action w a s  recommended for  developing a  comprehensive prediction 
method. Each of the two par ts  of the  report  i s  organized to 
r e f l e c t  the  specif ic  implementation of this  general approach to  
the problem a t  hand. 
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PART 1. A GENERAL AVIATION W I N G  WITH A MODIFIED LEADING EDGE 

APPROACH 

The f low phenomena r e spons ib l e   fo r   t he   improved   s t a l l -  
d e p a r t u r e  and s p i n - r e s i s t a n c e   c h a r a c t e r i s t i c s   o f  a gene ra l  

av ia t ion   a i rp l ane   w i th   an   ou tboa rd -d roop  wing mod i f i ca t ion  
liave  been  the subjec t  o f   i n t e n s e   s c r u t i n y  i n  r e c e n t   y e a r s .  

Model- and f u l l - s c a l e   f l i g h t  tes ts ,  sub-   and   fu l l - sca le  wind- 

t u n n e l   t e s t s ,  and e x t e n s i v e   f l o w - v i s u a l i z a t i o n   s t u d i e s   h a v e  

r e s u l t e d  i n  the f o l l o w i n g   d e s c r i p t i o n   o f   t h e  mechanisms 

i n v o l v e d   ( r e f s .  1 - 4 ) .  

With t h e   b a s i c  wing ,  a s   a n g l e   o f   a t t a c k  i s  g r a d u a l l y  

i n c r e a s e d ,   t h e r e  i s  a conven t iona l   p rog res s ion   o f   t r a i l i ng -edge  

s t a l l  which s t a r t s   a t   t h e   w i n g - f u s e l a g e  j u n c t i o n  and p rogres ses  

forward and outboard .  Above an   ang le   o f   a t t ack   o f   abou t  12O,  

however ,   the   outboard  port ion of t h e  wing undergoes  apparent ly  

random s e p a r a t i o n  and r ea t t achmen t   wh ich   pe r s i s t s  u n t i l  a 2 30°, 

a t  which  point  the  wing i s  e s s e n t i a l l y   f u l l y   s t a l l e d .  The 

measured  time-average l i f t   c u r v e   f o r  the a i r p l a n e   w i t h   t h e  
b a s i c  wing ( t a i l s   o f f )  i s  shown i n  f i g u r e  1 ( t h e   p o i n t s  

r ep resen t ing  a c a l c u l a t i o n   a r e   d i s c u s s e d   l a t e r ) .  

I f  a g love  i s  i n s t a l l e d   o v e r   t h e   f o r w a r d   p a r t  of t h e   o u t e r  

wing r e s u l t i n g  i n  a d i s c o n t i n u i t y  i n  t h e  w i n g  lead ing   edge ,   as  

shown i n  f i g u r e  2 ,  t h e   l i f t - c u r v e   b e h a v i o r   c h a n g e s   s u b s t a n t i a l l y  
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f o r  a - > 20° ( f i g .  1 ) .  As shown i n   f i g u r e  2 ,  t he   g love   p rov ides  
a 3-percent   chord  extension  and a droop  which   increases   the  
leading-edge camber and r a d i u s   ( t h e  wing w i t h  t h i s   m o d i f i c a t i o n  
w i l l  h e r e a f t e r  be r e f e r r e d  t o  as having  ' 'outboard  droop") .  The 
l i f t   c u r v e   f o r   t h i s   m o d i f i e d  wing exhibi ts  t h e   " f l a t   t o p "  which 
has   been  correlated-with  improved  spin resistance a f t e r  s ta l l ,  
and which resul ts  from the f l o w  s t a y i n g   a t t a c h e d   t o  the o u t e r  
p o r t i o n s   o f  the  wing u n t i l   v e r y   h i g h   a n g l e s   o f   a t t a c k .   D e t a i l e d  
v i s u a l i z a t i o n   o f   t h e   f l o w   a s s o c i a t e d   w i t h  the outboard-droop 
c o n f i g u r a t i o n   i n d i c a t e s   t h a t  the e f f e c t i v e n e s s  of t h i s   m o d i f i c a t i o n  
i n  ma in ta in ing   a t t ached   f l ow  a t   t he   w ing   t i p s  i s  the r e s u l t  o f  
a v o r t e x   f l o w   g e n e r a t e d   a t   t h e   d i s c o n t i n u i t y  i n  the loading  edge. 
This  vo r t ex   f l ow  appa ren t ly   ac t s   a s   an   ae rodynamic   f ence   " to  
s top   t he   spanwise   p rog res s ion   o f   t he   s epa ra t ed  f l o w  region  toward 
t h e  wing t i p s   s u c h   t h a t  the t i p s   c o n t i n u e  t o  gene ra t e  lj E t  t o  
h i g h   a n g l e s   o f   a t t a c k "   ( r e f .  1 ) .  

F u r t h e r   i n v e s t i g a t i o n   h a s  shown t h a t  th i s  f avorab le  
behavior  i s  q u i t e   s e n s i t i v e  t o  g e o m e t r i c a l   d e t a i l .   F o r  
example,   e l iminat ion  of  the l ead ing -edge   d i scon t inu i ty   ( and  
presumably   the   vor tex   genera ted   there)  by a d d i t i o n   o f  a f a i r i n g  
r e i n t r o d u c e s   t h e   d e s t a b i l i z i n g   n e g a t i v e   s l o p e   o f  the l i f t   c u r v e  
a f t e r   s t a l l .  Measurements  using a wing-t ip   balance show t h a t  
w i t h  t h e   f a i r i n g ,   t h e   s t a l l   b e h a v i o r  of t h e   o u t e r  wing panel  
i s  s i m i l a r   t o   t h a t   o f   t h e   b a s i c   w i n g ,   a l t h o u g h   d e l a y e d  u n t i l  a 
somewhat h i g h e r   a n g l e   o f   a t t a c k .   A d d i t i o n a l l y ,   i f   t h e   p o s i t i o n  
o f   t h e   l e a d i n g - e d g e   d i s c o n t i n u i t y  i s  v a r i e d   o u t s i d e  a c e r t a i n  
b a n d ,   o r   i f  the e n t i r e  wing i s  modif ied w i t h  the   l ead ing-edge  
d r o o p ,   a l m o s t   a l l   o f   t h e   s p i n   r e s i s t a n c e   a f t e r   s t a l l   e x h i b i t e d  
by the   ou tboard-droop  conf igura t ion  i s  l o s t .  I n  each   of   these  
c a s e s ,  t h i s  i s  due t o  the t i p  r e g i o n s  no lcnger   main ta in ing  
a t t a c h e d   f l o w   a t  h igh  a. 
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I n   o r d e r .  t o  a l l o w   p r e d i c t i o n  of t h e   s t a t i c   l o n g i t u d i n a l  

a e r o d y n a m i c   c h a r a c t e r i s t i c s  of a p a r t i c u l a r  wing  geometry a t  

h i g h   a n g l e   o f   a t t a c k ,   t h e   s t r o n g   i n t e r a c t i o n  between t h e   v i s c o u s  
s e p a r a t e d   r e g i o n   a n d   t h e   i n v i s c i d   f l o w  m u s t  be accounted for .  
I n   t h i s   s i t u a t i o n ,   t h e   p r e s s u r e   d i s t r i b u t i o n  i s  not   de te rmined  

by the i n v i s c i d   f l o w   a s  i s  assumed in   t he   s t anda rd   ae rodynamic  

per turba t ion   procedure   where   boundary- layer   theory  i s  used  t o  
account  f o r   s m a l l   v i s c o u s   e f f e c t s .   I n s t e a d ,   t h e   v i s c o u s   r e g i o n  
of t h e   f l o w   c o n t r o l s   t h e   p r e s s u r e   d i s t r i b u t i o n .  B u t  s h o r t   o f  

abandoning a l l  h o p e   f o r   a n   i t e r a t i v e   i n v i s c i d - v i s c o u s  scheme and 

r e t r e a t i n g   d i r e c t l y  t o  a fu l l   Nav ie r -S tokes  s o l u t i o n ,  i n  t h i s  
work w e  suppose   t ha t  a m o d i f i c a t i o n   o f   t h e   c l a s s i c a l   p r o c e d u r e  

nay be   successfu l  and should be e x m i n e d ,   f o r   r e a s o n s  of 

computat ional  economy i f   n o t h i n g   e l s e .  This modif ied scheme 

s h o u l d  proceed   as   fo l lows:  

1. An i n v i s c i d   ( f u l l y   a t t a c h e d )   c a l c u l a t i o n  i s  made f o r  

t h e   w i n g ,   r e s u l t i n g   i n   a n   i n v i s c i d   p r e s s u r e   d i s t r i b u t i o n .  

2 .  A boundary - l aye r   ana lys i s  i s  a p p l i e d   t o   t h i s   p r e s s u r e  

d i s t r i b u t i o n   t o   p r o d u c e  a predicted  detachment  l i n e  and 
a d i s t r i b u t i o n  of d i sp lacement   th ickness  i n  t he   a t t ached  

r eg ion .  

3 .  The i n v i s c i d   a n a l y s i s  i s  r e p e a t e d ,   t h i s   t i m e   a l l o w i n g  

fo r   t he   boundary - l aye r   d i sp l acemen t   e f f ec t s  i n  t h e  
a t t ached   r eg ions  and t h e   e f f e c t s  of the   s epa ra t ed  wake 

downstream  of   the  detachment   l ine.  The e x i s t e n c e  of 

a v o r t e x   a t   a n y   d i s c o n t i n u i t y  i n  the leading  edge m u s t  

be p r e d i c t e d ,  and i t s  e f f e c t s   a l l o w e d   f o r  i n  t h e  

i n v i s c i d   c a l c u l a t i o n .  A new i n v i s c i d   p r e s s u r e  d i s t r i b u -  
t i o n   r e s u l t s .  
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4 .  Steps  2 and 3 are r e p e a t e d   u n t i l   t h e   s o l u t i o n   c o n v e r g e s :  
i .e . ,  u n t i l  s u b s e q u e n t   i t e r a t i o n s   y i e l d   c h a n g e s  i n  t h e  
l o c a t i o n  of the de tachmen t   l i ne  and t h e   c a l c u l a t e d  
p r e s s u r e   d i s t r i b u t i o n  which are l e s s   t h a n  some accept-  
able tolerance. A t  t h i s   p o i n t ,  a c o n s i s t e n t   r e p r e s e n t a -  
t i o n  of t h e   s e p a r a t e d  f l o w  has   been  determined,   and 
the l o a d s  on the wing may be c a l c u l a t e d .  

While it i s  p o s s i b l e  t o  b r o a d l y   s p e c i f y   i n  this way the 

elements  and t h e   i n t e r a c t i o n s   l i k e l y  t o  be   requi red  i n  a 

p r e d i c t i v e  scheme, it i s  n o t   p o s s i b l e  t o  s p e c i f y  w i t h  complete 
confidence a p r i o r i  wha t   phys i ca l   e f f ec t s  m u s t  be  included,  and a 
comprehens ive   in tegra ted  method s u i t a b l e   f o r   a p p l i c a t i o n   t o  t h i s  

problem  does n o t  c u r r e n t l y   e x i s t .   F u r t h e r m o r e ,  it i s  n o t   c l e a r  
i f  a d e q u a t e   m e t h o d s   e x i s t   f o r   e a c h   s t e p  i n  t h i s  scheme,  and if 

so, t h e   b e s t   a p p r o a c h   f o r  a g iven   s t ep .   In   cons t ruc t ing   an  
in tegra ted   method,   the   ever -present   need   to   ba lance   accuracy  and 
r e p r e s e n t a t i o n   o f   t h e   i m p o r t a n t   p h y s i c a l   e f f e c t s   a g a i n s t  
computa t iona l   cos t  m u s t  be   cons idered .  

With t h i s  a s   background ,   t he   e f fo r t   wh ich  i s  t h e   s u b j e c t  of 

t h i s  po r t ion   o f  th i s  r e p o r t   c a n   b e   d i s c u s s e d .  The t a sks   were   t o  
examine e x i s t i n g   d a t a  and methods  which a r e   r e l e v a n t   t o  this 

p r o b l e m ,   t o   s e l e c t   t h e  method  which  appears m o s t  s a t i s f a c t o r y  
f o r   a p p l i c a t i o n  t o  e a c h   s t e p   o f   t h e  scheme o u t l i n e d  above, t o  
eva lua te   poss ib l e   i nadequac ie s  i n  these  methods  through the 

performance  of some p r e l i m i n a r y   c a l c u l a t i o n s ,  and t o  i d e n t i f y  a 
ra t ional   approach  to   the  development   of   the   complete   method.  I n  
t h e   f o l l o w i n g   s e c t i o n s ,   t h e   e x i s t i n g  methods which a r e  
a p p l i c a b l e   t o  t h i s  problem  are  reviewe2 and  a p re l imina ry  
select ion  of   methods  to   be  pursued i s  made. R e s u l t s   a r e  
presented  of  some p r e l i m i n a r y   c a l c u l a t i o n s  made u s i n g  t h e s e  
m e t h o d s   ( t h e r e b y   i l l u s t r a t i n g  some of t h e i r   c a p a b i l i t i e s  and 
shor tcomings) ,  and necessary  improvements  and a process  which 

9 



w i l l  r e s u l t  i n  a c o m p l e t e   p r e d i c t i v e   c a p a b i l i t y   a r e  recommended. 

Because  of  the  need t o  l i m i t  t he   s cope   o f  th is  work, a t t e n t i o n  
i s  focused   on   t he   i nv i sc id   po r t ion   o f   t he   ana lys i s .   Whi l e   t he  

v i s c o u s   a n a l y s i s   r e q u i r e d  i s  i m p o r t a n t   ( i n d e e d   p i v o t a l )  t o  t h e  
success o f   t h e   o v e r a l l  scheme, t h e r e   h a v e   b e e n   s e v e r a l   r e c e n t  

s t a t e -o f - the -a r t   r ev iew  confe rences   on   t h i s  subject  (desc r ibed  
l a t e r )  which   provide   input   adequate   for   the   p resent   purposes .  

Inferences   a re   d rawn  f rom  these   rev iews   re levant  t o  t h e  c u r r e n t  
a p p l i c a t i o n .  

REVIEW OF EXISTING I N V I S C I D  METHODS FOR W I N G S  W I T H  

MASSIVE SEPARATION 

A rev iew  of   ex is t ing   methods   which   dea l   wi th   the   re la ted ,  
bu t   cons ide rab ly   s imple r ,   p rob lem  o f   ca l cu la t ing  the loads  on a 

s t a l l e d   a i r f o i l  i s  g iven  i n  Appendix A .  Study  of   these 
two-d imens iona l   me thods   r evea l s   t ha t   t hey   f a l l   i n to  t w o  broad 

c a t e g o r i e s ,   d i f f e r i n g   p r i m a r i l y  i n  t h e   n a t u r e  of t h e   t r e a t m e n t  

of   the   separa ted   reg ion .  I n  one   o f   t hese   ca t egor i e s ,   t he   f l ow 

i s  ana lyzed   u s ing   t he   no t ion   t ha t   t he   s t r eaml ines   l eav ing   t he  
upper and lower   sur faces ,  when combined w i t h  the   forward 

unsepa ra t ed   po r t ion   o f   t he   body ,   de f ine   an   " equ iva len t   i nv i sc id  

b o d y "   ( s e e   s k e t c h ) .   E x t e r n a l   t o  th is  "body" ,   the   f low i s  

analyzed  using  convent ional   inviscid  methods.  Within the  body, 

t he   s epa ra t ed   r eg ion  i s  t r e a t e d   e i t h e r   a s   h a v i n g   c o n s t a n t  

p r e s s u r e   a t  a l eve l   de t e rmined  by some p r e s e t   c r i t e r i o n ,  or a more 
d e t a i l e d  model i s  cons t ruc t ed  t o  a t t e m p t   t o  describe t h e  

governing  phenomena. The l a t t e r   i n c l u d e   r e v e r s e   f l o w  and t h e  

m i x i n g  of   the   bounding   shear   l ayers  w i t h  the  accompanying 
recompress ion   to   the   f ree-s t ream  va lue  of p r e s s u r e .  I n  th is  

a p p r o a c h ,   t h e   t r a j e c t o r i e s  and p o i n t s   o f   o r i g i n  of t h e  

s e p a r a t i o n   s t r e a n l i n e s  which  form pa r t   o f   t he   boundary   o f  t h e  

e q u i v a l e n t   i n v i s c i d  body a r e   c a l c u l a t e d  i n  an i t e r a t i v e  
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p r o c e d u r e .   I n   t h e   s e c o n d   c a t e g o r y ,   t h e   s o l i d   a i r f o i l   s u r f a c e s  
are r e p r e s e n t e d   b y   s i n g u l a r i t y   d i s t r i b u t i o n s ,  and the free shear  
layers   bounding the separated-wake-f low  region  are   represented 
by vo r t ex  sheets. Each p o i n t   o f   t h e s e   s h e e t s  i s  convected  by 
the v e l o c i t y   i n d u c e d   b y   a l l   t h e  other s i n g u l a r i t i e s   i n   t h e  model 
i n  an i t e r a t i v e   c a l c u l a t i o n ,  and a t  convergence the p r e s s u r e  
d i s t r i b u t i o n  i s  known o v e r   t h e   e n t i r e   a i r f o i l ,   i n c l u d i n g   t h e  
sepa ra t ed   r eg ion .  

Methods  which,  conceptually a t   l e a s t ,   a r e   a p p l i c a b l e   t o  the 

problem  of a f i n i t e  wing w i t h  l a rge   r eg ions   o f   s epa ra t ed  f l o w ,  
u n s u r p r i s i n g l y ,   a r e   e x t e n s i o n s   o f   p r i o r   a n a l y s e s   o f  the 

two-d imens iona l   s t a l l ed -a i r fo i l   p rob lem.  I n  t h i s  s e c t i o n ,   f o u r  
such  methods  are   discussed,  two  f rom  each  of   the  categories  
discussed  above.  

The f i r s t  method ( r e f .  5 )  u s e s  t h e  not ion   of   an   equiva len t  
inv isc id   body.  The solid s u r f a c e  i s  paneled w i t h  a source 
d i s t r i b u t i o n ,  and   an   i n t e rna l   vo r t ex   l a t t i ce   a long   t he  mean 
c h o r d   o f   t h e   l i f t i n g   s u r f a c e   p r o v i d e s   c i r c u l a t i o n   t o  the f l o w .  
The s u r f a c e   o f   t h e   e q u i v a l e n t   i n v i s c i d  body i n  t he   s epa ra t ed  
reg ion  i s  the d iv id ing   s t r eam  su r face   be tween   t he   ex te rna l   f l ow 
and the  f low  emanating from the   sou rces  on t h e   a c t u a l  body 
s u r f a c e  i n  t he   s epa ra t ed   r eg ion .  I n  r e f e r e n c e  5 ,  t he   sou rce  
d i s t r i b u t i o n  i n  t h i s  r eg ion  was ad jus t ed  u n t i l  t h e   p r e s s u r e  
d i s t r i b u t i o n  on the unsepara ted   (uFs t ream)   por t ion   o f  the body 
matched  experimental   data.  The r e s u l t i n g   p r e s s u r e  d i s t r i b u t i o n  
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i n  the  separated  region was n o t  phys i ca l ly   r ea l i s t i c ,  and it had 

t o  be replaced  with a constant  value assumed equal  to  the 
pressure  a t   the   separat ion  point ,   again i n  approximate  accord 

with  exis t ing  data .  Because it is  not known  how to  specify  the 
source  dis t r ibut ion i n  the  separated  region i n  the  absence of 
experimental  data, and because it was s ta ted i n  reference 5 t h a t  
there  was considerable development necessary  before  the method 
could  be  coupled  with a boundary-layer  analysis  allowing  predic- 

t i on  of the  separat ion  l ine,   th is  method i s  not  considered 

further  here.  

I n  reference 6 ,  an attempt i s  made t o  model accurately  the 

f l o w  inside  the  separated  region, w i t h  emphasis on the 

"recompression  zone" where the  pressure  relaxes from the 
constant  value i n  the forward portion of the  separated  region t o  
the  free-stream  value.  Separate  zonal models a re  used for  the 

free-shear  layers,   the backflow, and the  rear  stagnation  region 

which interact   to   cause  the  pressure  r ise .  The separation 

streamline which forms a part   of  the boundary of the  equivalent 

inviscid body i s  used i n  the  recompression  model. I t s   pos i t i on  

i s  ca lcu la ted   a t  each i t e r a t ion   s t ep  by a mixed-boundary- 

condition  potential  flow  procedure,  as  discussed  for  the two- 

dimensional  case i n  Appendix A .  The solution  procedure 

of  reference 6 i s   as   fo l lows:  an in i t i a l   p re s su re  d i s t r i b u t i o n  
i n  the  separated  region i s  assumed, the mixed-boundary-condition 

poten t ia l  method i s  applied  result ing i n  an updated  pressure 

d i s t r ibu t ion  on the  unseparated  region and a new location  for 

the  separation  streamline, and the  separation  streamline  is  

input  into  the  separation model, resul t ing i n  a n  updated 

pressure  dis t r ibut ion i n  the  separated  region.  This  process i s  

repeated  (including  application of integral  boundary-layer 

methods t o  model the  displacement  effects i n  the  attached  region 

and t o  predict   the  separation  location) u n t i l  convergence i s  
achieved;  four  or  f ive  i terations  are  typically  required.  
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I 

R e s u l t s  c a l c u l a t e d   u s i n g   t h i s  method f o r   t h e   " c o n t r o l l e d  
p a r t i a l  span s t a l l "  wing ( f i g .  3 )  a r e  compared to d a t a  i n  
f i g u r e s  4 and 5 f o r   a n   a n g l e   o f   a t t a c k   o f  19O and a Reynolds 
number of 1.1 x 1 0  . Poor  agreement  with  the wing  span-load 
'da ta  i s  shown i n   f i g u r e  4 .  The p r e s s u r e   d i s t r i b u t i o n s   o f   f i g u r e  
5 i n d i c a t e   t h a t   a g r e e m e n t  w i t h  measurements   on  the  suct ion  s ide 
o f   t he  wing i s  g e n e r a l l y   l a c k i n g ,   p a r t i c u l a r l y  i n  t h e  
lead ing-edge   reg ion .  This i s  so i n  p o r t i o n s   o f   t h e  wing both  
wi th   and   w i thou t   s l a t s .  The author   o f   re fe rence  6 notes t h a t  i n  
t h e   l e a d i n g   e d g e   r e g i o n ,   t h e   r e s o l u t i o n   a v a i l a b l e  from t h e  
pane l ing  method may be   inadequate .  

6 

P r e s u m a b l y ,   t h e   s t r o n g   p o i n t   o f   t h i s  method i s  i t s  d e t a i l e d  
t reatment   of   the   f low i n  t he   s epa ra t ed   r eg ion .  When the   re -  
compress ion   process   occurs   over   the   wing ,   as  i s  sometimes 
p o s s i b l e ,  it would  seem to   be   impor t an t   t o  model t h i s  phenomenon. 
However, it i s  shown i n  Appendix A t h a t  i n  a case  where this  does 
occur   ( a  631-012 a i r f o i l   s e c t i o n   a t  1 5 O  a n g l e   o f   a t t a c k ) ,  the  

two-dimens iona l   p recursor   to   the  method  of r e f e r e n c e  6 f a i l s   t o  
- r e f l e c t   t h i s   b e h a v i o r  and the  recompression i s  p red ic t ed  
downstream  of t h e   a i r f o i l .   F u r t h e r m o r e ,   t h e  l i f t  c u r v e   a t  
h i g h   a n g l e   o f   a t t a c k   f o r  th is  a i r f o i l  i s  poor ly   p red ic t ed  u s i n g  

t h i s  method. 

Moving to   the   f ree-vor tex-shee t   ca tegory   o f   methods ,   the  
f i r s t  method we d i s c u s s  i s  t h a t   o f   r e f e r e n c e  7 .  Guided by t h e  
o b s e r v a t i o n   t h a t ,  beyond s t a l l ,   t i m e - p e r i o d i c   f l o w   p a t t e r n s   a r e  
obse rved ,   t he   ana lys i s  i s  unsteady w i t h  t h e  w i n g  cons ide red   t o  
be moving i n  a s t a t i o n a r y   r e f e r e n c e   f r a m e .  The model shown i n  
f i g u r e  6 ( f r o m   r e f .  7 )  i s  based on exper imenta l   observa t ions   a f  
ce l lu l a r   t ype   t h ree -d imens iona l  t u r b u l e n t  separa t ion   where   the  
cel l   shape  depends  on wing a s p e c t   r a t i o   o r  ( i n  t h e   c u r r e n t   a p p l i -  

ca t ion)   l ead ing-edge   t rea tment .  A s  shown i n  f i g u r e  6 ,  t h e  wing i s  
represented  by a v o r t e x   l a t t i c e  and the   s epa ra t ed  wake by vor tex  

13 



r ings   shed  a t  each time s t e p  at t h e   s e p a r a t i o n   l o c a t i o n s ,   w h i c h  

a r e  assumed known i n  this model. The bound  and f r e e   v o r t e x  

s t r e n g t h s   a r e   d e t e r m i n e d  by t he   impos i t i on   o f   t he   fo l lowing  
c o n d i t i o n s   a t   e a c h  t i m e  s t ep :  (1) t h e r e  i s  no f l o w  through  the  

wing s u r f a c e ;  ( 2 )  t h e   s t r e n g t h   o f   t h e   v o r t e x   r i n g   s h e d  a t  t h e  
c u r r e n t   t i m e   s t e p  is c a l c u l a t e d   a t   t h e   f o r w a r d   s e p a r a t i o n   p o i n t  

( f i g .   6 ( b ) )   u s i n g  the s h e a r   v e l o c i t y   r e l a t i o n  

dt 

where c i s  an   empi r i ca l   f ac to r   w i th  a va lue  of 0 . 6  and Vu and V L  

a r e   c a l c u l a t e d   a b o u t  0 . 2 - 0 . 4 ~  above the sepa ra t ed  wake and a t  

t h e   s e p a r a t e d - p a n e l   c o l l o c a t i o n   p o i n t ,   r e s p e c t i v e l y .  The vor tex  

r i n g   s h e d   a t   e a c h   t i m e   s t e p  i s  l o c a t e d  w i t h  i t s  upstream 

spanwise   l eg   a t   t he   midpo in t  of the   pa th   covered  by t h e   l e a d i n g  

edge of the   pane l  on  which s e p a r a t i o n  i s  s p e c i f i e d  d u r i n g  t h e  
l a t e s t   t i m e   s t e p ;   t h i s   f i l a m e n t  i s  connected  to  the  downstream 

spanwise   l eg  which i s  l o c a t e d   a t   t h e   m i d p o i n t  of t h e   p a t h  

covered by the wing t r a i l i n g   e d g e   ( t h e   s p e c i f i e d  downstream 

s e p a r a t i o n   p o i n t )   d u r i n g   t h e  same t i m e   i n t e r v a l .  Dur ing  each 

t i m e  s t e p ,   a l l   o f   t h e   v o r t e x   r i n g s   p r e v i o u s l y   s h e d   a r e   c o n v e c t e d  
by the   th ree-d imens iona l  wing-wake i n d u c e d   v e l o c i t y   f i e l d .  The 
l a r g e - s c a l e   v o r t e x   l a t t i c e  shown i n   f i g u r e  6 i s  n o t  s u i t e d  t o  

c a l c u l a t i n g  the d e t a i l s   o f  wake r o l l - u p ,  so o n l y   t h e  

t ime-asymptot ic   average wing l o a d s   a r e   o b t a i n e d .  The wing i s  

s t a r t e d  from rest ,  and t h e  time requ i r ed  u n t i l  t h e   s t e a d y - s t a t e  
cond i t ion  i s  reached i s  c l a imed   t o   va ry  w i t h  wing planform and 

a s p e c t   r a t i o .   T y p i c a l  r u n  t i m e s   a r e   l e s s   t h a n  a minute on a CDC 

7600 computer .   Loads  are   calculated  f rom  integrated  pressures  

obtained u s i n g  the uns t eady   Ee rnou l l i   equa t ion .  

1 
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An example of the  results  obtained  using  this  technique is  
shown i n  f igure 7 (from re f .  7 ) .  The planform  analyzed is  shown 

i n  the  inset   of  t h i s  f igure.  The droop  leading-edge 
modification  consisted of a glove which increased  the wing chord 
and camber. Up to   three  vortex  r ings were  shed a t  each  time 
step,  using  the  experimental  separation  locations shown i n  
f i gu re   7 (b ) .  I n  s p i t e  of the  use  of a rather  coarse  paneling 
d i s t r ibu t ion  ( 4  chordwise by 13  spanwise  panels were used with 3 
spanwise  panels i n  the  gap),   the use  of  the  observed  separation 
locations  gives  very good r e s u l t s   ( s e e   f i g .   7 ( a ) ) .  The method 
requires  extension  to  include  interaction  with a boundary-layer 
analysis  to  al low  prediction of the  separation  l ine.  However, 
it is  doubtful  that   the  pressure  distribution  generated by the 
vor tex   l a t t i ce  would be adequate  for an accurate  prediction of 
the  separation  l ine,  no matter what boundary-layer  analysis was 
used, so t h i s  ex tens ion   i s  viewed as a d i f f icu l t   one .  

The l a s t  method t o  be d iscussed   a l so   fa l l s  i n  the  category 
of free-vortex-sheet methods. This method, implemented i n  a 

computer  program known as VSAERO ( f o r  - Vortex - Separation 
AEROdynamics), i s  current ly  under  development ( r e f s .  8 and 9 ) .  

I t  i s  a low-order  surface-paneling  procedure  wherein  the wing 
surface i s  represented by a s e t  of f la t   quadr i la te ra l   pane ls ,  
each w i t h  a constant  doublet and source  strength. When the 
method i s  f u l l y  implemented, the  free-shear  layers bounding the 
separated  region w i l l  a lso be represented by doublet  panels,  the 
strengths of which a re  asssumed to   vary  l inear ly  i n  the 
downstream di rec t ion .  The doublet   distribution i s  the unknown 
i n  t h i s  procedure, w i t h  the   source  dis t r ibut ion  set  i n  each 
i t e r a t ion  by  the Neumann boundary condition on the w i n g  external 
surface. I n  the  unseparated  region,  the  velocity normal to   the 
wing surface i s  zero,   or i s  the  transpiration  velocity  given by 
a boundary-layer  procedure t o  account  for  the  displacement 
e f f e c t .  I n  the  separated  region,  the normal velocity i s  s e t  
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equal to   zero .  A unique solut ion  to   the  inviscid problem is  
generated by imposing the  internal   Dir ichlet  boundary  condition 

of zero  perturbation  potential   inside  the wing. 

When the  inviscid  procedure i s  coupled t o  a boundary- 
layer   analysis ,  a solution i s  obtained by the  convergence of 
a double-iteration  loop: 

1. 

2. 

3 .  

4 .  

5. 

An i n i t i a l  wake shape i s  specified and zero normal 

veloci ty  i s  assumed on the wing surface. 

A solution  for  the  doublet  d i s t r i b u t i o n  i s  obtained. 

The  wake i s  repositioned u s i n g  as many i t e r a t i o n s   a s  
desired so that  the  streamwise  edges of the wake panels 

are  al igned w i t h  the  local  calculated flow directions:  

for  each wake posi t ion,  a new double t   d i s t r ibu t ion   i s  

calculated.  

The boundary-layer  calculation i s  made,  and updated 

estimates  are made for  the  transpiration-velocity 

d i s t r ibu t ion  i n  the  unseparated  region and the  location 

of the  separation  l ine.  

A new solution  for  the  doublet   distribution i s  obtained 

u s i n g  t h e   l a s t  wake pos i t i on ,   i . e . ,   r e tu rn  t o  s tep 2 

and continue  the  loop. 

A s  stated  previously,   this method i s  being  developed and i s  not 

currently  available i n  a form which provides  the f u l l  capabi l i ty  

just   described. I n  par t icu lar ,   the   ab i l i ty   to   dea l  w i t h  

"massive  separation" i s  not  presently f u l l y  implemented. However, 

r e s u l t s  have  been obtained  for a wing w i t h  a large  separated 
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region u s i n g  a precursor of the VSAERO code ( r e f s .  10 and 11) 
which allow  for  preliminary  evaluation of t h i s  approach. 

As described i n  these  references,  the  precursor code had 
the main features  just   l isted,   but  the  wake-relaxation and 
viscous/potent ia l   i terat ion  cycles  had not  been  automated. The 
separation model used i s  schematical ly   i l lustrated i n  f igure 8 

(from r e f .  101, where it i s  seen  that  the  shear  layers from the 
forward and rearward  separation  lines  are assumed t o  meet and 
coalesce  into a zero-thickness  free wake. This  closure  of  the 
separation  region i s  a feature  of  the  precursor code and i s  not 
carried  over  into VSAERO. 

The  model  was applied  to a constant-chord wing of aspect 
r a t i o  6 w i t h  a NACA 0012 p r o f i l e  and a sweep angle  of l o o .  The 

separation  l ine w a s  prescribed from experimental  measurements, 
and the wake  was prescribed t o  leave  the wing a t  a / 2  i n  accord 
w i t h  earl ier  experience.  The  wake remained fixed i n  this 

position  throughout  the  computation.  Calculated  pressure 
d is t r ibu t ions  f r o m  t h i s  model  and for assumed f u l l y  attached 
flow are  shown a t  60% and 90% semispan locations  for a = 21.38O 

i n  f igures 9 ( a )  and (b) , respectively,  again  taken from 
reference 10 .  Excellent agreement  of the  separated  flow model 
w i t h  the  data i s  evident i n  these  f igures,   indicating  that   the 
inviscid  portion of VSAERO holds  promise  for  being  applicable  to 
f i n i t e  wings  w i t h  large  regions  of  separation. As an aside,  it 
i s  pointed  out i n  reference 10  tha t   the  d a t a  points   that  appear 
anomalous i n  f igure 9 are   actual ly   indicat ive of  unsteady 
separation. I t  appears  that  the  bulk of the measurements were 
made under separated  conditions, b u t  a few pressures were 
measured when the  flow was attached. 
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VSAERO was developed from the  two-dimensional method known 
a s  CLMAX ( r e f .  12). I n  Appendix A, it i s  shown t h a t  CLMAX 

i s  quite  successful i n  modeling the  flow  over a i r f o i l s   a t   a n g l e s  

of incidence beyond t h a t   f o r  maximum l i f t ,   a n g l e s  where an 

extensive  region  of  separated  flow  exerts  an  important  influence 
on the  load  distribution on t h e   a i r f o i l .  The example j u s t  

presented  indicates  that   the  inviscid modeling capabili ty  of 

CLMAX a s  extended to  the  three-dimensioml  case may be  successful 

as  well.  Furthermore,  because VSAERO i s  a surface-paneling 

technique, it holds  the  promise  of  being  able t o  predict   pressure 
distributions  with  sufficient  accuracy  to  al low  coupling  with 
boundary-layer  analysis and t h u s  al low  prediction of the 

separat ion  l ine.  For these  reasons, and because VSAERO i s  

being  provided  with a convenient and powerful  automated 

procedure fo r  geometrical  input, it i s  chosen from among the 

methods discussed i n  th i s  section  for  further  examination 

r e l a t ive  t o  the  general-aviation-wing  problem. Because the 

version of VSAERO currently  available  does n o t  allow  for  the 

treatment of large  separated  regions,  the  extent of t h i s  

examination i s  limited.  Nevertheless, some conclusions can 
be drawn  and these  are  presented  after a few remarks  about  the 

boundary-layer  analysis which m u s t  be  coupled t o  whichever 
inviscid  technique i s  ult imately  applied  to t h i s  problem. 

SOME REMARKS ON BOUNDARY-LAYER ANALYSIS 

The overa l l   ana ly t ica l  framework proposed for  application 

t o  t h i s  problem supposes t h a t   a t  each i te ra t ion   s tep   the  
inviscid  analysis i s  done accounting  for  the  separated  region 

(e .g  . , i n  VSAERO by a doublet  sheet) and t h u s  the  pressure 

d is t r ibu t ion   ava i lab le   for  use i n  the  boundary-layer-analysis 

s tep   re f lec ts   the  downstream separation. A s  s t a t ed   ea r l i e r ,  
it i s  postulated  that   the   i terat ive  process  w i l l  lead 
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eventually  to a consistent  representation i n  which boundary- 
layer  separation i s  predicted  along  the  line from which the 
doublet  sheet  emerges. I n  this   context ,  what has been loosely 
termed "boundary-layer  analysis'' mus t  be formulated i n  such 
a way tha t   the  upstream  influence of the  separated  region i s  
properly  accounted  for. This i s  discussed  further below. 

O n  each  streamline,  the boundary layer on the   f i n i t e  wing 
w i l l  s t a r t   a s  a laminar  layer  at   the  stagnation  point and 
proceed i n  one of several ways. I n  the   cur ren t   appl ica t ion ,   a l l  
of   these  possibi l i t ies   ul t imately  resul t  i n  a turbulent boundary 
layer which proceeds  back  over  the wing surface: it i s  the 
separation of th i s  turbulent  layer  that  i s  our main i n t e r e s t  i n  
the remainder of th i s   sec t ion .  The t r ans i t i on  from t h e   i n i t i a l  
laminar  flow to  the  turbulent one  can occur: ( a )  smoothly, w i t h  

no intervening  separation, ( b )  after  laminar  separation and 

reattachment,  resulting i n  a small  laminar  "bubble", o r  (c) 

a f t e r  laminar  separation, i n  the  free  shear  layer,  and the 
reattachment i s  turbulent,   again  result ing i n  a small  separation 
bubble on the  front  portion of the wing. For purposes of the 
present  discussion, it i s  assumed tha t   the  approximate methods 
( see ,   for  example, the  review i n  r e f .  6 )  which ex is t   for   the  
small  regions  of  laminar and t rans i t iona l  flow are  adequate, and 
a t t e n t i o n   i s  focused on the  turbulent boundary layer .  

F i r s t ,  t he   f ac t  m u s t  be dea l t  w i t h  tha t   the  flow f i e l d   a t  
h igh  angle of a t tack  over   the  f ini te  wing of   interest   here  i s  

undeniably  three-dimensional.  Flow-visualization  studies 
( e . g . ,   r e f s .  13-15) have  demonstrated  the  existence  of 
"mushroom-shaped" s t a l l   c e l l s  on f i n i t e  wings a t  high  alpha, a 
tentative  sketch  of which i s  shown i n  f igure 10 (from r e f .  14). 
A formal  topological  analysis  has been applied  to flows of th i s  

type, and a conjectured  pattern of sk in- f r ic t ion   l ines  drawn 
( f igu re  11, from r e f .  1 6 ) .  This pattern  features a number of 
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nodes (N) and saddle  points ( S )  which have  been found to  follow 

cer ta in   ru les  which hold  generally i n  three-dimensional 

separated  flows. With the  addition  of  outboard  droop,  the 
mushroom-shaped s t a l l   c e l l   d o e s n ' t .  extend  spanwise  over  the 
e n t i r e  wing but  instead is  terminated a t  i t s  outboard end  by a 
vor t i ca l  flow  emanating at  the  leading-edge  break  (refs. 13 

and 1 5 ) .  A sketch  of  the  surface  oil-flow  patterns on such a wing 
at tached  to  a fuselage i s  shown i n  f igure 1 2  (from r e f .  1 3 ) .  

Given this  evidence,  the  application  of  three-dimensional 

boundary-layer  theory i s  suggested  immediately. However, the 

prospects  for  predicting  separation i n  t h i s  flow f i e l d  i n  th is  

way do not seem par t icu lar ly   b r ight .  I n  the  so-called 
"Trondheim t r i a l s "   ( r e f .  17), a meeting  devoted to   val idat ing 
three-dimensional methods by comparison w i t h  experiment, a 

s e r i e s  of quasi-three-dimensional  flows were calculated.  

These a re  flows i n  which two spa t ia l   coord ina tes   a re   suf f ic ien t  

to   descr ibe  the  f low  local ly   (an example i s  the  flow  over an 
i n f i n i t e  swept w i n g ) ,  and most of the  test  cases  involved  only 

the  region  well  upstream of separation. I n  an included 

separating  case, however, a l l   ava i l ab le  boundary-layer methods 

showed remarkably  poor  agreement  with  data ( r e f .   1 8 ) .  A 

cen t r a l   d i f f i cu l ty  seems to  involve  the  treatment  of  the 

essential  non-isotropy  of  the eddy v iscos i ty ,   o r  i t s  equivalent, 

i n  these  methods. I n  a more recent  review,  reference 1 9 ,  the 

s i t ua t ion  seems no more encouraging. 

I t  i s  therefore  appropriate  to  see what can  be  done w i t h  

two-dimensional methods i n  the  current  application. Although 

such a s t u d y  i s  beyond the  scope of the  present work (except  for 

a brief  examination of perhaps  the  simplest  such  approach,  use 
of   the  Stratford  cr i ter ion,   descr ibed  la ter) ,  some  comments can 
be made  and a more detai led s t u d y  of t h i s  matter i s  recommended 

for  the  next phase  of work. 



I n  a cer ta in   c lass  of s t r i c t l y  two-dimensional  flows,  the 
ab i l i ty   to   p red ic t   separa t ion  i s  reasonably  well  established. 
This   abi l i ty   requires  a properly  formulated  boundary-layer method 
and the  use  of  an  appropriate  separation  criterion. Each of 
these  topics w i l l  now be br ief ly   discussed.  

I t  i s  well known that  the  usual two-dimensional  houndary- 
layer  equations  exhibit   singular  behavior  at   the  point of 
zero  skin  f r ic t ion when the  pressure is prescribed.  This i s  a 
manifestation  of  the  physics  of  the  situation. An a rb i t r a ry  
specif icat ion of the  pressure  distribution  near and downstream 
of  separation i s  not  compatible  with  the  elliptic  nature  of  the 
problem: the  pressure  distribution i n  f ac t   ad jus t s   i t s e l f   t o   t he  
separated  region.  Furthermore,  use  of  the  experimentally measured 
pressure  dis t r ibut ion  for  a separated  flow i n  a solution of the 
boundary-layer  equations  often  leads  to  calculated  behavior  that 
erroneously  suggests  that  the  flow i s  at tached  ( refs .  20  and 2 1 ) .  

Fortunately, however, there  are  several  well-known techniques 
that   a l low  for   the removal of the  "separation  singularity" 
through a proper  choice of the  dependent  variables (e.g., 
r e f s .  22 and 2 3 ) .  With the  proper  formulation,  the  calculation 
u s i n g  one of these methods  can successfully  proceed downstream 
through  the  separation  point. 

Using one of the  techniques from reference 22 o r  23 t o  
predict   the   locat ion of  separation  requires some care ,  however. 
Turbulent  separation i s  an inherently  unsteady  process, and 
correlat ion of detachment locations  inferred from surface  flow 
visual izat ion w i t h  the  time-average  quantities  available from a 
boundary-layer  calculation  has  been accompanied by some 
confusion. This has  led  to  the  use  of  several  separation 
c r i t e r i a  i n  the   pas t   (e .g . ,  s k i n  f r i c t i o n  = 0 ,  or  shape factor  
more t h a n  some limiting  value).  Recently, an analysis was 
published  (ref.  2 4 )  that   el iminates much of this confusion and 
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proposes a detachment correlat ion  val id   for  two-dimensional 

flows a s  long as   the  wal l   curvature   or  body forces such a s   a r e  
found i n  rotat ing systems are  not  too  strong, and a s  long  as 
there  i s  no boundary-layer  suction  or  blowing. The correlat ion 

i s  i n  terms  of  the  modified  shape  factor h = 6* - 0 / 6 * ;  it i s  
shown t h a t  a value  of h = 0.63 - + 0.06 i s  associated  with 
"incipient  detachment," a condition  with from 5 %  t o  20% of 
time-averaged  backflow a t  a location where the  displacement 

thickness  begins  to  increase  rapidly. I t  i s  a l so  shown i n  
reference 24 that  the  incipient-detachment  location i s  the 

location  indicated by conventional  visualization  methods. 

SeP 

Thus i n  many two-dimensional  flows,  the  prediction of 

separation u s i n g  a properly  formulated  boundary-layer method  and 

the detachment correlat ion of reference 24 can  be accomplished 
with some confidence.  Application of these  techniques  to  the 
f i n i t e  wing of in te res t   here  w i l l  probably  require some fur ther  

development*. While these  techniques  could be applied  chordwise 

on the wing i n  t h e   s p i r i t  of s t r ip   theory,   less   violence i s  done 

to   t he  two-dimensional basis of these methods i f  they were t o  be 
applied  along  streamlines of the  external  flow.  Furthermore, 

because  the  fundamental  natures  of  flow  detachment i n  two- 

dimensional and three-dimensional  flows a r e   d i f f e r e n t ,  a 
"cal ibrat ion" of the  detachment c r i t e r i o n  w i l l  probably be 

required. The resul t ing method, although  approximate and  ad hoc 

i n  some respects,  w i l l  nevertheless  allow some progress  to be 

made  on t h i s  problem without  resorting  to  the much larger   task 

of developing an adequate  three-dimensional  boundary-layer 

method. 

* 
Note t h a t  an integral  boundary-layer  analysis and a separation 
c r i te r ion   (no t   tha t  of r e f .  2 4 )  are  included i n  VSAERO ( r e f .  8 ) .  
Because the  focus of the  current work on the  general  aviation 
wing  i s  on the  inviscid  portion of the  overal l   analysis ,   these 
specific  techniques have not been evaluated. 
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i. 

PRELIMINARY CALCULATIONS  WITH VSAERO 

Because the  version of VSAERO avai lable   for  use  does  not 
have the   capabi l i ty   to  model separated wakes, the  calculations 
performed were r e s t r i c t ed   t o   s t ep  1 i n  the  overall  procedure 
outlined i n  the Approach section. This i s  obviously a serious 
l imi ta t ion ,  b u t  by examining the   fu l ly   a t tached   so lu t ions   a t  
various  angles of a t tack  for   the  basic  wing and comparing them 
with  the  corresponding  solutions  for  the wing with  outboard 
droop, some understanding  of  the phenomena involved  can  be 
gained. For  example, while  the  flow  visualization  studies 
previously  mentioned  have  provided  considerable  information on 
whether or  not  the  flow i s  at tached  a t  a par t icular   locat ion on 
these  wings, comparing detai ls   of   the   pressure  dis t r ibut ions 
from the  calculat ions w i t h  the measurements provides  further 
i n s i g h t  i n to  th i s  matter.  Furthermore, a t   s ec t ions  where the 
flow i s  known t o  be attached,  the  extent of the  disagreement  of 
the  present  calculations w i t h  the measurements i s  a n  indication 
of the  importance  of  the phenomena not  included i n  the 
calculations:  boundary-layer  displacement  effects i n  attached 
regions,   the  effects of  the  separated wake,  and the  effects  
revealed i n  the  f low-visualization  studies  of  the  vortical  flow 
emanating from the  break i n  the  planform of the drooped wing .  

To begin,  the geometry  of the two w i n g s  investigated and 
the  paneling  layouts used for  the  calculations  are  described. 
The wings modeled are  described i n  d e t a i l  i n  reference 1 and are  
shown i n  f igure 2. The wing w i t h  outboard  droop i s  designated 
"Modification B" i n  reference 1. The bas ic   a i r fo i l   sec t ion  i s  a 
modified 6 4 2  - 415; the  drooped section  provides a 3-percent 
chord  extension  to t h i s  section. which r e s u l t s  i n  increased 
leading-edge camber and radius. The coordinates  presented i n  
reference 1 for   the  basic  and drooped sections were used here. 

23 

I 



The fuselage shown i n  f igure 2 was not modeled; instead,  the 
wing  was extended to   the  configurat ion  center l ine.  The basic 

wing has an  aspect   ra t io   of  6.10, constant  chord, 5 degrees  of 
dihedral ,  no t w i s t ,  and is  s e t   a t  3.5O incidence  with  respect  to 
the  reference  l ine  for.   angle of a t tack  used i n  reference 1 and 

i n  t h i s   r epor t .  

Each  wing  was analyzed  using 40 chordwise  surface  panels 
( 2 0  top,  20 bottom) and 10  spanwise  panels on the  semispan. The 

spanwise d i s t r ibu t ion  of  panels i s  the same for  each wing: 
panels  are  concentrated i n  the  location of the  break i n  planform 
of the wing with  outboard  droop and near  the wing t i p  using 
half-cosine and cosine  dis t r ibut ions,   respect ively.  The 
chordwise d is t r ibu t ions  of  panel  control p o i n t s  used for  most of 

the  calculat ions  are  shown i n  f igure 13. A modification of the 

distribution  investigated  for  the drooped section i s  discussed 

l a t e r .  I n  f igure 13 ,  the   t r iangles   are   the  control   points  of 

the  surface  panels  generated by VSAERO a t   t h e  spanwise  location 

shown,  and the  c i rc les   are   the  sect ion  data  from reference 1 

(plus some manually interpolated  points  near  the  leading  edge) 
which were input   a t   o ther  spanwise locat ions  to   def ine  the wing. 
P lo ts   l ike   f igure  13  (with  their  expanded ve r t i ca l   s ca l e )  were 

used to   ensure  that   the  wings'  geometries were correct ly  
described. 

I n  the  fol lowing,   resul ts   are  shown for   the  basic  wing and 

the wing with  outboard  droop a t   t h ree   ang le s  of a t tack ,  

a = 1 1 . 2 O ,  21.6O, and  31.9O. These angles were selected 

because  detailed  data  are  available  at   these  conditions i n  
reference 1, and because  they  allow  illumination of some of the 
s i m i l a r i t i e s  and differences i n  the  performance of the two 

wings.  Referring to   f igure  1, f o r   t h e   f i r s t  two of these 

angles,   the  overall  performance  of the two wings i s  essent ia l ly  

ident ica l .  A t  a = 31.9O, however, t h e   l i f t  of  the  basic wing 
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has  deteriorated  significantly  while  that   for  the drooped wing 
remains on the   " f la t   top"   por t ion  of the  curve. 

Some r e s u l t s  from VSAERO for   the  basic  wing a re  shown i n  
f igures  14-18. I n  f igure 14, t h e   c a l c u l a t e d   l i f t  on the  outer 
wing panel i s  ,compared t o  measurements from reference 1; the  two 
symbols shown represent ing  the  calculat ion  a t  each a a re   fo r  
d i f f e ren t   t r a i l i ng  wake shapes. The  symbol f o r   i t e r a t i o n  2 a t  
each a represents   the  solut ion  af ter   the  wake has  been  relaxed 
once by VSAERO from i ts  input  location. I t  i s  seen  that   the 
solut ion  for  a = 21.6O may not  yet  be  converged i n  t h i s  sense. 
Agreement with  the  data i s  reasonably good,  even a t  a = 21.6O 

(here  the  pertinent measurements are   the "maximum readings'' 
which presumably  represent  the  fully  attached  state i n  a 
f luctuating  separation  condition).  The ca lcu la t ion   a t  

= 31.9O, discussed  further below, i s  not shown  on th i s   f i gu re  
since  the flow i s  obviously  separated  at   this  angle and  no 
correspondence  with  the  fully  attached  calculation  can  be 
expected,.  Referring back to   f i gu re  1, the   l i f t   ca lcu la ted   for  
t he   en t i r e  wing is  shown a t  a = 1 1 . 2 O  and 21.6O ( o n l y  the  value 
fo r   t he   l a s t   i t e r a t ion  i s  shown). A t  1 1 . 2 O ,  t h e   o v e r a l l   l i f t  
agrees  fairly  well  with  data,  as  does  the l i f t  on the  outer 
panel. A t  CL = 21.6O, the   d i spar i ty  i s  large,   ref lect ing  the 
fu l ly   s t a l l ed   i nne r  wing region and the   i n t e rmi t t en t   s t a l l  on 
the  outer  panel  which,  according  to  figure 14, dominates  the 
averaged  readings. 

Comparisons with  data   a t  a more detai led  level   are  shown i n  
f igure 15. Here the  span-loading  distribution i s  shown for  
three  angles  of  at tack: a = 11.2O ( f i g .   1 5 ( a ) )  where the  data 
of reference 1 indica te   tha t   the  flow is steady and attached to 
the  wing except  possibly i n  a small  region  near  the  trailing 
edge i n  the  inboard  sections; a = 2 1 . 6 O  ( f i g .  15 ( b )  ) where the 
inboard  portion of the wing i s  s t a l l ed  and the  outboard  portion 
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i s  undergoing the random separation and reattachment  indicated 

i n  figure  14; and c1 = 31.9O ( f i g .   1 5 ( c ) )  where the  data   indicate  

tha t   t he  wing i s  f u l l y   s t a l l e d .  Although there  i s  generally 

room fo r  improvement,  presumably  through inclusion of 
boundary-layer  displacement e f f ec t s ,  agreement  of the 

calculat ions  with  data   a t  c1 = 1 1 . 2 O  i s  reasonably good, except a t  
ye, /s  0.38. The chordwise dis t r ibut ions  discussed below 

indicate   that   the   discrepancy  a t  this section i s  due to  small 
e r ro r s  i n  the  calculated  loading  over  the  entire  section;  the 

difference i s  not  apparently due to   separa ted   f low  a t   th i s  

spanwise locat ion.  A t  the  higher-alpha  conditions, where the 

time-averaged  measurements are  heavily weighted  towards  the 
s t a l l ed   s t a t e ,   co r re l a t ion  with  the  fully  attached  calculation 

i s  poor,  except  perhaps  near  the wing t i p   a t  CY = 21.6O. 

The most detai led  data  which e x i s t ,  and for  the  present 
purposes  the most useful ,   are  chordwise  pressure  distributions 

a t  various  spanwise  stations. Comparisons of t he   r e su l t s  from 

VSAERO with  the  data   are  made a t  those  spanwise  locations where 

the  panel  control  points  ( the  locations where the  calculated 

values  are known) a re  w i t h i n  about 2% semispan of the 

measurement locat ions.  I t  was not   fe l t   necessary ,   a t   th i s  

s tage,   to   ref ine  these comparisons by interpolat ing on spanwise 

location i n  the   ca lcu la ted   resu l t s   (or   the   da ta ) .  Under these 

ground ru l e s ,  comparisons are   possible  w i t h  the   data   taken  a t  
3 8 ,  78 and 92% semispan. These comparisons a r e  shown for  the 

basic wing i n  f igures  16 (a: = 1 1 . 2 O ) ,  1 7  (0: = 2 1 . 6 O ) ,  and 18 

(CY = 31.9O). 

I n  f igure 16 (a: = 1 1 . 2 O ) ,  it i s  seen tha t   the   overa l l  

favorable  agreement between calculation and data  previously 

indicated  for   the  overal l  l i f t  coef f ic ien t  and the span  load 
d i s t r ibu t ion  i s  a lso  present   a t   the   detai led  pressure-  

d i s t r ibu t ion   leve l   for  t h i s  attached-flow  case. The basic 
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behavior of the measured pressure  dis t r ibut ions seems t o  be 
captured by the  calculat ion,  and it i s  supposed that   inclusion 
of  attached-flow  boundary-layer  effects would fur ther  improve 
the  agreement. A t  a = 21.6O, it is  seen   t ha t   a t  y /s = 0.38 
( f i g .  1 7 ( a ) )  the  data  have  the  characteristic  constant-pressure 
region  associated  with  separation,  while  the  fully  attached 
calculation,  of  course,  does  not. Note tha t   the   sca le  of  the 
ordinate  has  been changed i n  going from figure 16 to   f i gu re  17 .  
The  same apparent  discrepancy  represents a bigger  difference i n  
C i n  f igure 1 7  than i n  figure 16. The data  taken  further 
outboard ( f i g s .  17(b) and ( c ) )   a r e  i n  the  region  undergoing 
intermit tent   separat ion,   as  was discussed i n  re la t ion   to  
figure 14 .  Because the measurements were made using a rapid- 
scanning  system  with  an  approximate  0.4-second  stepping  time 
from port   to   port ,  i n  this  region  the  pressure  distributions 
may be a mixture  of  attached and s ta l led  data   points ,  and any 
conclusions'drawn from the comparison  with  the  predictions 
would be of questionable  value. A t  a = 31.9O ( f igure  la), the 
data  indicate  separated  flow a t   a l l   t h r e e  spanwise  locations: 
'from figure 14 ,  it i s  seen   tha t   the   s ta l l  i n  this   region i s  

le 
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steady, n o t  in te rmi t ten t .  

Corresponding detailed  results  are  presented  for  the wing 
w i t h  outboard  droop i n  f igures 19-22. The predicted  integrated 
l i f t   f o r   t h i s  wing i s  shown i n  f igure 1, and span  load d i s -  

t r ibu t ions   a re  shown i n  f igure 19. A t  a = 11.2O ( f i g .  1 9 ( a ) ) ,  
good agreement is shown (again  except a t  y / s  = 0.38)  for 
this  at tached-flow  case,   similar  to  the  results  for  the 
basic wing.  A t  a = 21 .6O ( f ig .   19(b) ) ,   aga in   l ike   the   bas ic  
w i n g ,  agreement  with  the  data i s  poor  inboard b u t  somewhat 
better  outboard,   indicating  that   the wing t ip   has   a t tached flow; 
this  i s  confirmed by the chordwise d is t r ibu t ions  shown below. 
A t  the  highest  angle of a t tack,  a = 31.9O ( f i g .   1 9 ( c )  1, the 
measured span load is  i n  accord w i t h  the  observation from the 

Le 
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flow v isua l iza t ion   s tud ies   tha t   the  flow  remains  attached on the 

outer   sect ions.  The lack  of agreement w i t h  the  attached 
calculation  inboard  directly  reflects  the  omission from the 
calculation  of the viscous  effects;  the  discrepancies  outboard 

a re   l i ke ly  an indirect  manifestation  of  the  lack of a separated 

wake i n  the  inboard  portion. 

The chordwise  pressure  distributions  for the wing w i t h  out- 

board  droop  are shown i n  f igures 20 ( a  = 1 1 . 2 O ) ,  2 1  ( a  = 2 1 . 6 O ) ,  

and 22  ( a  = 31.9O). Note again  that  a d i f fe ren t   sca le  i s  used 
for  the  ordinate  for  the  low-angle-of-attack  case  than  for  the 

other two. Also, remember that   the   basic   sect ion i s  used i n  
t h i s  wing for  y / s  5 7 % ,  so the  calculated  pressure  distribution 

changes  shape dramatically a t  t h i s  l oca t ion ,   i . e . ,  between par ts  

( a )  and ( b )  of  each of these  f igures.  A t  a = 1 1 . 2 O  ( f i g .  20),  

corresponding to   the   s i tua t ion   for   the   bas ic  wing ,  essent ia l ly  

good agreement w i t h  the  data i s  shown. The behavior a t  a = 21.6O 

( f i g .  2 1 )  i s  a l so   l ike   tha t   for   the   bas ic  wing w i t h  separated 

flow  inboard,  attached  flow  outboard. Where the flow i s  
attached,  the  differences between the  calculated and measured 
distributions  are  reasonably  small. A t  a = 31.90 ( f i g .  22'), the 

drooped wing retains  attached flow on the  outer  panel,  and i n  
t h i s  region  ( f igs .  2 2 ( b )  and (c)) the  present  calculations  again 

exhibi t   the  major features  of the measured chordwise 

d is t r ibu t ions .  However, the  differences which do ex is t  i n  these 

d is t r ibu t ions  (which appear somewhat subt le )  when integrated 
over the chord r e s u l t  i n  the  quite-obvious  discrepancies i n  cn 

shown i n  f i gu re   19 (c ) .  For example, a t  ye,/s = 0.78 ( f i g .  
2 2 ( b ) ) ,  discounting  the  absence of the  very  localized high 

suction peak i n  the  data,   the measured upper-surface 
distribution  near x,/c = 0.05 is  qui te   d i f fe ren t  from the 

prediction, and the  difference may represent  the  effects of the 

discrete  vortex  observed by flow  visualization. A l s o ,  over  the 

l a s t  45% of the wing there  i s  a considerably  larger AC = Cpa - cpu P 
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than is predicted. This 1at ter .observat ion  a lso  per ta ins  to 
y /s- 0.92 ( f i g .   2 2 ( c ) ) .  I n  th i s   case ,   the  agreement  with 
measurements i n  the forward half  of  the wing i s  f a i r l y  good. If 
the  discrepancy between the-predicted and measured integrated 
load a t   t h i s   s e c t i o n  from figure 19(  c )  i s  represented by a 
constant AC over   the   l as t  45% of the  section,  the  cross-hatched 
band i n  f igure   22(c)   resu l t s .  Comparison of t h i s  band with  the 
measured and predicted AC i n  this   region shows tha t   the  
underprediction of AC here i s  s u f f i c i e n t   t o  account  for  the 
discrepancy i n  integrated  load. It remains t o  be seen, of 
course,  whether  modeling  the  inboard  separated  flow and allowing 
for  local  displacement  effects  can  account  for  these 
differences.  

Le 

P 
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I t  should  be  mentioned that   the   calculat ions  for   the wing 
w i t h  outboard  droop a t  a = 31.9O were made w i t h  a s l i g h t l y  

modified  chordwise  paneling  distribution  than was presented i n  
f igure   13(b) .  The or iginal   d is t r ibut ion  resul ted i n  i r regular  
behavior  near  the wing  leading  edge. When the same  number of 
panels were redis t r ibuted i n  th is  region,  the  smoothly  varying 
calculated  resul ts  shown i n  f igure 2 2  were obtained. 

A PRELIMINARY ATTEMPT AT PREDICTING SEPARATION 

While the  focus of the  present work  was  on inviscid 
calculation schemes, it was desirable  to  determine  if  anything 
could be learned from perhaps  the  simplest  procedure  currently 
used to   predict   separat ion,   that  due to   S t r a t fo rd   ( r e f .  2 5 ) .  

This procedure  predicts  separation when a quantity  involving  the 
product of the  level  and streamwise  derivative of the  potent ia l  
pressure  coeff ic ient  exceeds a certain  value;  for  turbulent 
separation, th i s  value depends on the Reynolds number. This 
procedure was applied  to  several  of the  pressure  distributions 
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,alculated  using VSAERO. It was found that  the  extremely high 
suction  peaks  calculated  near  the  leading edge  of the  basic wing 

p ro f i l e   ( s ee   f i g s .  16-18) r e su l t  i n  Stratford-predicted 

turbulent   separat ion  essent ia l ly   a t   the   leading edge even a t  

a = 11.2O, i n  constrast  to  experimental  observations. For the 
drooped s e c t i o n ,   a t  ye,/s = 0.78  the  predicted  separation i s  
near 60% chord a t  cx = 11.2O and near 4 5 %  chord a t  a = 21.6O. 

These locations  are pekhaps  compatible  with  the  physical 
s i tuat ion,   a l though  precise   separat ion  l ines  have  not  been 

defined i n  the  experiment. However, the   inabi l i ty   o f   the  

Stratford  analysis  to  deal  properly  with  the  predicted  pressure 

dis t r ibut ions  for   the  basic  wing p ro f i l e  seemingly requires use 

of a more sophisticated  separation  analysis. 

RECOMMENDED APPROACH TO D E V E L O P I N G  A P R E D I C T I O N  METHOD 

The fundamental  assumption  has  been made tha t   the  problem  of 

i n t e r e s t ,  which features  strong  coupling between the  inviscid 

and viscous  flow  regimes,  can  be  approximately  treated u s i n g  

t he   i t e r a t ive  scheme presented i n  the Approach section. For the 
reader's  convenience,  the  description of th i s  scheme i s  

repeated  here: 

1. An inviscid ( f u l l y  at tached)  calculation i s  made' for  
the wing ,  resul t ing i n  an inviscid  pressure  distribution. 

2 .  A boundary-layer  analysis i s  applied  to t h i s  pressure 

d i s t r ibu t ion  t o  r e s u l t  i n  a predicted  detachment  line and 

a d i s t r ibu t ion  of displacement  thickness i n  the  attached 
region. The boundary-layer  analysis m u s t  be properly 

formulated t o  allow calculation  through  separation. 
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3. 

4. 

The inviscid  analysis  i s  repeated,  allowing  for boundary- 
layer  displacement  effects i n  the  attached  region and 
the  effects   of   the   separated wake. The effects   of  a 
discrete   vortex  or iginat ing  a t   the   break i n  the  leading 
edge may have t o  be  accounted for .  

Steps 2 and 3 are  repeated u n t i l  convergence. 

Based  on the work t o  th i s   po in t ,  it appears  that  VSAERO is 
the   exis t ing  inviscid method most l i k e l y   t o  be successfully 
appl ied   to   th i s  problem. I n  the  following,  the  reasons  for  this 
choice  are  briefly  reviewed, drawing on the  study of the 
l i t e r a t u r e  and the  calculat ions which have  been made.  Then the 
s teps  of an investigation  are  outl ined which w i l l  lead to  the 
desired method. 

While the  existing  version of VSAERO does  not  possess a l l  

of the  features  necessary  for  application t o  this problem, the 
l i t e r a t u r e  review  suggests it i s  the  best   avai lable  method. It  

has   three  important   a t t r ibutes:   (a)  it i s  a surface- 
s ingular i ty  method  and t h u s  has  the  potential  of generating 
surface  pressures  with  the  accuracy  necessary  to  predict  the 
location of separation: (b) the   ab i l i ty   to   represent   the  
separated wake with a s ingu la r i ty   d i s t r ibu t ion  i s  being  incor- 
porated  into  the program i n  a current government-sponsored 
s t u d y ;  and ( c )  i t s  solution  procedure  allows  for  iteration w i t h  
a boundary-layer  analysis. An integral  boundary-layer  analysis 
i s  included i n  the  version of VSAERO avai lab le   to  NEAR, Inc. for 
t h i s  s t u d y ,  b u t  i t s  su i tab i l i ty   for   appl ica t ion   to   th i s  problem 
has  not been evaluated. This topic  i s  discussed  further below. 
A fea ture   tha t  VSAERO does  not  possess, and which may emerge as  
important, i s  the  ab i l i t y   t o   i nc lude   t he   e f f ec t s  of a 
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concentrated  vortex  springing from the  break i n  the leading edge 

of the wing w i t h  outboard droop. This i s  also  discussed  further 

below. 

In  a calculat ion i n  the l i t e r a t u r e ,  u s ing  a specified 
separat ion  l ine,  a frozen  separated wake  and  no boundary-layer 

displacement  effects i n  the attached  region, good agreement was 
shown w i t h  pressure  dis t r ibut ions measured a t  high  angle of 
a t tack on a simple swept rectangular wing. The present  calcula- 

t ions  for   the  basic  wing and the wing w i t h  outboard  droop, done 

without the e f f ec t s  of a separated wake or  boundary-layer 
displacement  effects, show  good agreement w i t h  data   for  wholly 

attached  flow. A t  higher  angles of attack,  the  discrepancies 
between the  calculat ions and the  data  i l luminate the importance 

of the unmodeled  phenomena to   the  pressure  dis t r ibut ion on the 

en t i r e  wing. I n  the inboard  region, which i s  f u l l y  separated, 

the  effects  are,   of  course,  major: i n  the  outboard  region,  the 

e f f ec t s  of the  separated wake are  somewhat  more subt le ,  b u t  
crucial  t o  the  accurate  prediction of separation. Near the 

planform  break i n  the wing  w i t h  outboard  droop,  the  effects 

of a discrete  vortex may a l so  be important. 

The following  suggested program  of work addresses  the 
outstanding  technical  questions i n  a sequential  manner, b u i l d i n g  
i n  capabi l i ty   as  it is  shown to’  be  needed: 

1. Available  integral  turbulent  boundary-layer methods 

should  be  studied and the  best  one selected  for 

appl icat ion  to  th i s  problem. The need to  include  the 

a b i l i t y   t o   t r e a t  small  regions of laminar  separation 

and transition  should be examined and exis t ing 

approximate  methods  coupled w i t h  the  turbulent method, 
i f  appropriate.  The f irst  applications of the method 

selected  should be  along  stream-lines i n  the wholly 
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actached  calculations made for  the  basic wing  and the 
wing with  outboard  droop.  That is, s t e p  2 i n  the 
scheme above  should  be  implemented. The detachment 
c r i t e r i o n  of reference 24 should  be  applied i n  
conjunct ion  with  this   analysis .   The ' resul t  of t h i s  is 
the   f i r s t   e s t ima t ion  o f  the  location of the  separation 
1 ine . 

2 .  When VSAERO has  the  massive-separation  option 
avai lable ,  it should  be  applied  using  the  separation 
l ine  predicted  as   just   descr ibed,  and the remainder of 
t h e   i t e r a t i v e  procedure  pursued t o  convergence. I t  may 
be found d u r i n g  this   process   that   the  detachment 
c r i t e r i o n  recommended for  use requires  adjustment  to 
allow  the  converged  solution for  the  separat ion  l ine  to  
agree  with  data. 

3. A t  th i s  p o i n t ,   a l l  b u t  one of  the  physical phenomena 
currently  thought  to be important w i l l  have been a t  
least  approximately modeled.  "he  missing  element i s  a 
d i scre te   vor tex   a t   the  planform  break i n  the wing w i t h  
outboard  droop.  If  the  pressure  distributions and 
separation  behavior i n  t h i s  v i c in i ty   a r e  still inade- 
quately  t reated,  this phenomena should be included. 

4 .  The resulting  optimal method should be applied  to some 
of the  other  drooped-wing geometries  described i n  
reference 1. These geometries  include  variations i n  
the  location of the  inboard end of the  outboard  droop, 
a wing where the droop exis ts   over   the  ent i re   span,  
segmented-droop configurations, and  an outboard-  droop 
configuration  with a f i l l e t   a t   t h e   b r e a k  i n  the  leading 
edge. These perturbations  are known to   exer t  a strong 
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e f fec t  on the performance of the wing, and w i l l  allow 

s t r ingent   t es t ing  and fur ther  development of the 

predict ion method. 

Successful  pursuit   of  this  research program  should r e su l t  

i n  the  best  method attainable  within  the  underlying  assumptions 

t h a t   t h e   i t e r a t i v e  approach and the use of two-dimensional 

boundary-layer methods are  adequate. Improvement of predictive 
capabi l i ty  beyond th i s   po in t  w i l l  l i ke ly  be  expensive and w i l l  
probably  require  that  these fundamental  assumptions  be  relaxed. 
That i s ,  fur ther  improvement may require  that   adequate  three- 

dimensional  boundary-layer methods  be developed and used, or 
tha t ,   u l t imate ly ,   the  problem  be t reated a s  a n  en t i t y  w i t h  an 

application of the  Navier-Stokes  equations. The incremental 
benefits  derived from e i the r  of these  developments w i l l  come a t  

high cost .  
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APPROACH 

One of  the  dist inguishing  features of modern high- 
performance  supersonic  fighter  aircraft i s  a high  degree of 
maneuverability a t  subsonic  speeds. I n  t h i s  mode, the 
longitudinal and l a t e r a l  aerodynamics  of t he   a i r c ra f t   a r e  
dominated by the  nonlinear  effects of vortical  flows, and there 
has been a large amount of work i n  recent  years  devoted  to  the 
understanding  of  these  flows. I n  perfectly  logical  fashion, 
most of t h i s  work has   dea l t  w i t h  only a portion of the   en t i re  
configuration,  e.g. ,   treating  the  high-angle-of-attack 
aerodynamics of an isolated wing or of an a i r c r a f t  forebody. I n  
th i s   por t ion  of the  report ,   resul ts   are   descr ibed of work 
which aims a t  b u i l d i n g  on this foundation i n  order   to   es tabl ish 
the   ab i l i ty   to   p red ic t   the   longi tudina l  and l a t e r a l  performance 
of  the  complete  configuration. 

The configurations of interest   are  confined  to  those which 
consis t  of a nose (or  forebody), a highly swept low-aspect-ratio 
wing with  strakes  or  leading-edge  extensions  (all w i t h  sharp 
edges), and a t a i l  assembly. As the  angle of a t tack  of  such a 
configuration i s  increased, it i s  well known tha t   the  flow on 
the nose  eventually  separates and r o l l s  up i n t o  one or  more 
pa i r s  of symmetric d i scre te   vor t ices  which then  proceed a f t  over 
the  remainder  of  the  configuration.  Additionally, a pair  of 
vortices  appears  over  the  strakes,  fed by the  shear  layers  that  
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l eave   the   s t rake   l ead ing   edges ,   and   poss ib ly   (depending   on  the 
g e o m e t r i c a l   d e t a i l s )  still ano the r  set over  the wings, fed by 

the wing  leading  and  s ide  edges.  The n o s e   v o r t i c e s   i n t e r a c t  
w i t h  the s t r a k e s   a n d   w i n g ,   t h e   v a r i o u s   v o r t i c a l   s y s t e m s   i n t e r a c t  
wi th   one   another ,   and  the c o m b i n a t i o n   i n t e r a c t s   w i t h   t h e  t a i l  t o  
produce b e h a v i o r   c o n s i d e r a b l y   d i f f e r e n t   t h a n  tha t  p r e d i c t e d  by 
t r a d i t i o n a l   l i n e a r   a n a l y s i s .  AS a n g l e  of a t t a c k  i s  inc reased  

still f u r t h e r ,  it i s  known t h a t   t h e   n o s e   v o r t i c e s   s p o n t a n e o u s l y  
develop  asymmetry,   producing  s ide  forces   and  yawing moments even 
though   t he   conf igu ra t ion  i s  a t   z e r o   s i d e s l i p ,  and t h e   v a r i o u s  

v o r t i c a l   s y s t e m s  may b reak  down (or  " b u r s t " ) ,  u s u a l l y   a s  a 

r e s u l t  o f   t h e   i n f l u e n c e   o f   t h e   a d v e r s e   p r e s s u r e   g r a d i e n t s  
encountered as they   pas s   ove r   t he   w ing .  

J u s t  a s  i s  t h e   c a s e   f o r   t h e   g e n e r a l   a v i a t i o n  wing descr ibed  

i n  t h e   f i r s t   h a l f   o f   t h i s   r e p o r t ,   p r e d i c t i o n   o f   t h i s   b e h a v i o r  

r e q u i r e s   s a t i s f a c t o r y   t r e a t m e n t   o f   t h e   s e p a r a t e d   f l o w s   i n v o l v e d .  

However, f o r   t h e   s t r a k e  and  wing t h e r e  i s  a f e a t u r e   o f   t h e  

present   p roblem  which   provides   for  a p o w e r f u l   s i m p l i f i c a t i o n  of 
t h e   n e c e s s a r y   a n a l y t i c a l   t r e a t m e n t :   t h e   l o c a t i o n   o f   s e p a r a t i o n  

i s  known t o   b e   a t   t h e   s h a r p   l e a d i n g  or side edge, so no 
i n t e r a c t i o n   w i t h  a v i s c o u s   a n a l y s i s  t o  p r e d i c t  the l o c a t i o n  of 
t h e   s e p a r a t i o n  l i n e  i s  necessary .*  The focus   can   t he re fo re  be on 

inv i sc id   mode l ing ,   where in   t he   e f f ec t s   o f   t he   s epa ra t ed  flows 
are r e p r e s e n t e d   v i a   s i n g u l a r i t i e s  i n  t h e  u s u a l  v a r i e t y  of ways. 

* 
The f o r e g o i n g   b r i e f   d e s c r i p t i o n   o f  t h e  governing phenomena omi ts  
mention  of t h e  secondary   separa t ion   vor t ices   which  form on t h e  
wing (see, f o r   e x a m p l e ,   r e f .  2 6 ) .  The loca t ion   o f   t he   s econda ry  
s e p a r a t i o n  i s  no t  known a p r i o r i ;   d e t a i l e d   c a l c u l a t i o n   o f  
these v o r t i c e s  would t h e r e f o r e   r e q u i r e   i n t e r a c t i o n   w i t h  a 
boundary- layer   ana lys i s .  However, these v o r t i c e s   a r e   r e l a t i v e l y  
weak,  and it w i l l  be shown t h a t   s a t i s f a c t o r y   p r e d i c t i o n s   c a n   b e  
made wi thou t   cons ide r ing   t hen .  
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In  the  n e x t  section,  the  prediction methods a r e   b r i e f l y  
reviewed which e x i s t  for   the  port ion of the  configuration which 
dominates i t s  overall  behavior,  the wing. N o  attempt i s  made t o  
duplicate  the  recent comprehensive  reviews  of references 26-28, 

but  rather  the  important  points made i n  those  surveys  are  noted 
and a few methods introduced  .after  their   publication  are 
included. Based  on this  information,  an  approach is  selected 
for   incorporat ion  into  the  overal l   analysis   of   the   ent i re  
configuration, and the  complete  analytical scheme i s  described. 
A t  the  present  t ime,  this scheme is  applicable to low subsonic 
Mach numbers  and to  angles of a t tack  below those a t  which the 
e f f ec t s  of vortex b u r s t i n g  are  important. The relaxation of the 
l a t t e r   r e s t r i c t i o n  i s  discussed  later.  Furthermore,  the  only 
vortex  asymmetries  considered  are  those due t o   s i d e s l i p ;   t h a t  
i s ,  the formation of  an asymmetrical  nose f i e l d  a t  very high 

angle of a t tack ( b u t  6 = 0 )  i s  not  considered. 

The extensive  data  base which ex is t s   for  a generic  f ighter 
configuration  called  the  Generalized Research Fighter ( G R F )  i s  
then  reviewed. This data  base  (together w i t h  se lected  resul ts  
for  simple wing planforms)  allows  the  evaluation of the  accuracy 
of some preliminary  calculations made w i t h  the  integrated 
ana ly t ica l  scheme, as  well  as  an  evaluation of the   sens i t iv i ty  
of the  predict ions  to  some of the  assumptions  incorporated i n  
this scheme.  These results  are  presented  next.  F i n a l l y ,  
recommendations are  presented  for  the improvements  needed i n  
t h i s  scheme, and an approach is  ident i f ied which w i l l  ul t imately 
yield a method capable  of  accurately and economically  predicting 
the  longitudinal and l a t e r a l  aerodynamics  of  a  complete 
configuration. 
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REVIEW OF EXISTING METHODS FOR HIGHLY SWEPT  WINGS 

In  references 26-28,, comprehensive  reviews are  presented 

of prediction methods  which deal  with  this  topic,  and a large 
number of  methods are  discussed  involving  varying  levels of 
complexity and computational  cost. Varying leve ls  of accuracy 
are,  of  course,  achieved by the  different  implementations of 
the  different   types of  methods, b u t  a t  each level  of d e t a i l  

there  i s  generally some success  achieved. It  i s  shown, therefore ,  

tha t   the   se lec t ion  of  a computational method for  a par t icu lar  
application  should depend on the  degree of de t a i l   des i r ed   t o  

be accurately  represented by the model ( i . e . ,   p ressure  

d is t r ibu t ions  vs. overa l l   f o rces ) ,  and t h a t  an increasing 

level  of de t a i l   c a r r i e s  w i t h  it increased  cost. 

I n  the  following, no attempt i s  made t o  reproduce  these 

surveys, nor are  al l   the  individual  implementations of the 

methods ci ted  therein  l is ted.   Rather ,   the  major categories of 

methods are  given  together  with a br ief   descr ipt ion of the 
essent ia l   features  common to  the methods i n  that  category: 

1. Methods based on slender-body  theory  (including  conical- 

flow methods). The fundamental feature  here i s  the  

s implif icat ion of the  governing  equations  accomplished 

by neglecting any dependence on the  longitudinal  flow. 
This  simplification i s  also  responsible  for  the 

fundamental  weakness of t h i s  category of  methods: 

because no s i g n a l s  are  allowed to  propagate  upstream, 
loadings do not   fa l l   o f f   cor rec t ly   as   the   t ra i l ing  

edge i s  approached, and overall   forces and  moments a re  

incorrect ly   predicted.  However, far  from this   region,  
reasonable agreement w i t h  measured pressure  distributions 

have  been obtained. 
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2. Methods based on the  suction  analogy of Polhamus 
( r e f .  29). I n  i ts  simplest form, f o r  a d e l t a  wing, 
the method proceeds as  follows. A potent ia l   solut ion is  
calculated  for  the  attached flow on the wing. The 
result ing  in-plane  force (which  manifests i t s e l f   a s  a 
suction  force normal t o  the  leading  edge) i s  assumed equal 
i n  magnitude t o   t h e   v o r t e x   l i f t  which occurs  near  the 
leading  edge. This model has  been  extended i n  a number 
of ways, a s  i s  discussed  further below, and is remarkably 
successful i n  estimating  overall  forces and moments a t  
small computer cost .  However, it does  not  provide 
d e t a i l s  of the  surface  pressure  dis t r ibut ion.  

3 .  Methods wherein  the  vorticity  leaving  the  leading edge 
i s  modeled u s i n g  discrete  vortex  f i laments.  This approach 
i s  a natural  extension  of  the  vortex-lattice method t o  
the  case  of  leading-edge  separation. A s e t  of l i n e  
vor t ices  emanates from the  leading edge:  each  of these 
vor t ices  i s  forced, i n  an i terative  solution  procedure,  
t o  follow a streamline  of  the converged  three-dimensional 
flow  over  the wing. I t  i s  observed that  this  technique 
yields   fa i r ly   accurate   resul ts   for   overal l   loads,  b u t  
that   pressure  distributions  are  not  well   predicted 
unless  very  large numbers of  vortex  elements  are  used. 
Furthermore,  the  strong  algebraic  singularity  associated 
w i t h  the  Biot-Savart law leads   to  convergence 
d i f f i c u l t i e s  i n  some cases. 

4 .  Methods wherein  the  vorticity  leaving  the  leading edge 
i s  modeled u s i n g  a free  vortex  sheet.  This i s  the most 
elegant  (and  the most costly)  category  of methods 
reported on: just  as  the  previous  category i s  a logical  
extension of the  vortex-lat t ice  method, this category 
i s  a logical  extension of a surface-paneling method. 
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In   this   representat ion,   the   f ree   sheet  i s  represented 

by doublet  panels whose s t rength and posi t ions  are  
determined by i te ra t ion   us ing   the   c r i te r ion   tha t   the  

sheet  be  locally  force  free.  There  have  been a number 
of implementations  of t h i s  approach,  using  both  high- 

order   (e .g .   refs .  30 and 31) and low-order (e .g . ,   re f .  8 )  

s ingular i ty   d i s t r ibu t ions ,  and  good success  has  been 

achieved i n  predict ing  pressure  dis t r ibut ions  as   wel l  

as   overa l l   loads .  

Based  on th i s   descr ip t ion ,  methods i n  categories 1 and 3 

can be immediately  eliminated from further  consideration  for 

incorporation  into a preliminary-design method sui table   for  

analyzing a complete  configuation. The methods of  category 1 

are  too  simplified; even overall   loads  are  not  predicted 

accurately.  As for  the methods of category 3 ,  they  offer  no 

more accuracy  than  those  of  category 2 unless  the number of 

vortex  elements becomes large,  and i n  th i s   case ,   the  computing 

cost   increases  dramatically.  Under these  conditions,  the 

methods of category 4 should  be  considered. 

The real   choice,   then, i s  between  pethods  based on the 
Polhamus analogy  (which  predict  overall  loads b u t  not  pressure 

d i s t r ibu t ions  and are  economical t o  use ) ,  and free-vortex-sheet 

methods (which i f  used with  sufficient  ,care can also  predict  

pressure  distributions  accurately  but  are complex and  more 
expensive t o   u s e ) .  Because a method i s  sought which is useful 

d u r i n g  preliminary  design  (at  which stage  detailed  pressure 
distributions  are  not  usually  required),  and because  unnecessary 

complexity i s  t o  be avoided as the method i s  applied  to a 
complete  configuration, a procedure  based on the Polhamus 

analogy seems the  obvious  choice. More d e t a i l  about  the 

s t ruc ture  of t h i s  category of  methods is presented  next. 
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As described i n  reference 2 7 ,  the   basis  of the approach i s  
as follows. Wings which have  attached  flows  develop  suction 
forces  along  their  leading  edges if   the  stagnation  surface  does 
not l i e  along t h a t  edge.  This  suction  force  can  be  calculated 

', by either  integrating  the  pressure  near  the  leading edge over 
the  edge thickness  or  taking,the  product  of  the  square of the  
induced tangential   velocity and the  dis tance  to   the edge. For a 
wing of infinitesimal  thickness  the induced tangential   velocity 
approaches an infinite  value: however, the  product of i t s  square 

and the  dis tance to  the edge is  still f i n i t e .  

If the  flow  separates from the wing i n  going  around the 
leading edge  due t o  i t s  sharpness  or  thinness,  or due t o  a 
combination of thickness and angle of attack,  the  suction  force 
i n  the  chord  plane i s  l o s t .  However, i f  t h i s  separated  flow 
forms in to  a shed vortex which causes  the  f low  to  reattach  to 
the leeward  surface  of  the wing, then  the  f luid energy  re- 
d i s t r ibu te s  on the wing upper surface  near  the  leading edge 
resul t ing i n  the development  of vortex l i f t .  The suction 
analogy s ta tes   that   for   the  separated flow s i tua t ions ,   the  
potential-flow  leading-edge  suction  force becomes reoriented 
from acting i n  the  chord  plane  to  acting normal to   the chord 
plane  (a   rotat ion of 9 0 ° )  by the  local  vortex  action  result ing 
i n  an additional normal force. The reasoning i s  that   the  
force  required  to  maintain  the  reattached  flow i n  a s i tua t ion  
associated  with  the  separation-induced  vortex  flow i s  the 
same as   tha t  which had been required  to  maintain  the  potential 
flow  around the  leading  edge.  Therefore,  the  suction-analogy 
concept  provides a l i n k  between attached-flow  solutions and 
the   e f fec ts  of t h i s  particular  type of  separated  flow. 

According to   t he  analogy,  the  reattachment  line  or  details 
of the  pressure  f ield need not  be known i n  advance i n  order   to  
determine  the  reattached-flow  force. However, i f   p i tch ing-  
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moment estimates  are needed, the  dis t r ibut ion  of   the  reat tached 

force must be determined. The centroid  of  the  leading-edge 

suction  has been used as the  longitudinal  location of t h i s  
force.  This  assumption  does  not  have  provision  for  angle- 

of-at tack  effects  on the  location of the  reattachment  l ine 

or vortex  core;  hence  the  core i s  assumed t o  remain s ta t ionary 
near  the wing leading  edge. 

Extension  of  the  suction  analogy to   the   ca lcu la t ion  of 
vortex l i f t   a t   s i d e  edges  has  been  done i n  reference 32 and 
several  implementations  using  vortex-lattice methods ex i s t   ( s ee ,  

fo r  example, r e f .  3 3 ) .  I n  applications  of  the method including 

side-edge  vortex l i f t ,  need for  a further  modification  has 

emerged. This  modification i s  termed augmented vortex l i f t  

( r e f .  34), and it a r i s e s  from the  well-established  fact   that   for 

many de l t a  wings ,  the  leading-edge  vortex  generated on the wing 
pe r s i s t s   fo r  a considerable  distance downstream and therefore 
can ac t  on other  surfaces,   such  as  the  aft   part   of more 

generalized  planforms.  This  persistence i s  not  accounted  for i n  
the  suction  analogy  because  the  analogy  deals  only w i t h  the edge 

forces  generated  along a particular  edge,  such  as  leading-edge 

vortex l i f t   r e s u l t i n g  from the  leading-edge  suction  force. The 

f u l l y  extended  method, t h e r e f o r e ,   c a l c u l a t e s   t h e   t o t a l   l i f t  (C,) 
on a configuration  such  as a cropped de l t a  wing according to   the  

re la t ion  

CL = CL + c  + c  
P Lvle LVSE? + cL va 

where CL i s  the  potential   contribution, and CL are   the 

Polhamus leading- and side-edge  contributions, and CL,, is the 
augmented-vortex-lift  term.  Procedures  for  calculating CL 

have been developed which depend on the  planform, and i n  some 
cases,  on the  angle  of  attack. This has been  done for  simple 

P cLvle  vse 

va 
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planforms i n  reference 34, for  double-delta wings i n  reference 
35, and for  strake-wing  configurations i n  reference 36. It has 
been  determined t h a t   C ~ ~ ~ , r n a y  be negative  for  particular 
planforms,  such a s  arrow wings, because  the  full  value of the 
avai lable   vortex  l i f t   cannot  be achieved due t o  "lack of 
complete  flow  reattachment due to t r a i l i n g  edge notching"  (ref.  
37). 

I n  an  implementation  of  the Polhamus approach which does 
not  include  the  augmented-lift  term  (ref. 3 3 ) ,  the need t o  
modulate the amount of the  leading-edge  suction  force  converted 
to   vo r t ex   l i f t   f o r   de l t a  wings of varying aspec t   ra t io  w a s  
demonstrated. I n  t h i s  implementation, 

CL = CL + I<; c 
P LVle 

where K, i s  a parameter ( 0  < Kv 1) depending on aspec t   ra t io  
(or  equivalently,  leading-edge sweep angle) .  A correlat ion 
for  Kv was developed i n  t h a t  reference which made use  of a l l  known 
available  experimental  data. A s  sha l l  be shown l a t e r ,  i n  
applying  the Polhamus analogy t o  complex planforms, it has 
been  found necessary t o  use a combination of the ideas  

embodied i n  equations (2) and (3), t ha t  i s ,  t o  modulate 
downward the amount of leading-edge  suction  converted  to 
vortex l i f t  while still allowing  for augmented vortex l i f t .  

* * - 
* 

A PREDICTION METHOD FOR THE COMPLETE CONFIGURATION 

I n  t h i s   s ec t ion ,  a summary of the approach used to   ca lcu la te  
t h e  forces and  moments  on a  complete configuration i s  given. 
The major features  of the method are  schematically  i l lustrated 
i n  f igure 23. Further   detai l  i s  contained i n  Appendix B. 



' The loads on the nose  (defined as ending a t  the  intersect ion 
of the  strake  leading edge and the body) and the  vortex  f ie ld  

shed by the  nose are  calculated  using program VTXCLD ( r e f .  38). 
This program i s  applicable to  circular and noncircular  bodies 
a t  angles of a t tack  and r o l l ,  and i s  val id  up in to   the  

asymmetric  shedding  regime.  Noncircular  cross  sections  are 
handled by  means of analytical  or  numerical  conformal  trans- 

formation to   c i rcu lar   c ross   sec t ions .  The actual  three- 

dimensional  steady-flow problem is reduced t o  a two-dimensional 
unsteady,  separated  flow problem for   solut ion.  The  two- 

dimensional  solution i s  carried  out i n  the  crossflow  plane 

where the  flow  about a body i n  the  presence  of  discrete 
vort ices  i s  obtained. A t  each  time  step,  corresponding  to 

an in te rva l  of length on the body, the body cross  section i s  
changing, and a new vortex  pair i s  shed into  the flow f i e l d  

from the  separation  points. The d iscre te   vor t ices  forming 
the  wake are  allowed t o  move i n  the  flow  field  under  the 

influences of the  free-stream  flow,  the body, and the  other 

vor t ices .  

The calculation  procedure  for  the nose i s  carried  out i n  
the  following manner. S t a r t i n g   a t  a crossflow  plane  near  the 
beginning  of  the  nose,  the  potential  pressure  distribution on 

t he  body i s  computed using  the  full  Bernoulli  equation, 

including  unsteady  terms. The boundary layer i n  the  crossflow 

plane i s  examined for  separation  using  modified  versions  of 

S t ra t ford ' s   l aminar   o r   tu rbulen t   separa t ion   c r i te r ia .  A t  the 

predicted  separation  points,   vortices  are shed into  the flow 

f i e l d .  The strength of these  vortices i s  determined from the 

vor t ic i ty   t ranspor t  i n  the boundary layer .  The paths  taken by 
these  free  vortices  are  calculated by integrat ion of the 

equations of  motion  of  each  vortex i n  a stepwise  fashion u s i n g  a 

variable-step-size  differential   equation  solver.  I n  the  next 

downstream crossflow  plane,  the  free  vortices  are  allowed  to 
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influence  the body pressure  dis t r ibut ion and the motion of other 
vort ices  i n  t he   f i e ld .  Thus the shed wake has an influence on  
the  predicted  separation  points i n  subsequent  crossflow  planes 
and it also  influences  the  local  force on the body. This 
procedure i s  carried  out  over  the  entire  length  of  the  nose, and 
the   f ina l   vor tex   f ie ld  and the  integrated  loads  are  writ ten  out 
t o  a f i l e   f o r   l a t e r  use i n  program ASYMVL, described  next. 

I n  ASYMVL, the  remainder  of  the body with i t s  l i f t i n g  
surfaces i s  broken in to  a s e r i e s  of  regions, i n  each  of which 
the  calculat ion i s  carried  out  allowing  for  full  mutual 
interference among the  l i f t ing  surfaces  i n  that   region and the 
resu l tan t  image systems i n  the  fuselage (assumed c i r c u l a r ) .  
Each quadr i la te ra l  l i f t i n g  surface  (henceforth  called a f i n )  i s  
represented by a chordal-plane  vortex  lattice. The t a i l  region 
may include a s ingle   ver t ica l   t a i l   and/or  two hor izonta l   t a i l s .  
The solution i n  each  region i s  done by calculating  the  strengths 
of t he   l a t t i ce   s ingu la r i t i e s  so t h a t   a t  each  control  point i n  
the   l a t t i ce ,   the   resu l tan t   ve loc i ty  normal to   the  actual  mean 
surface  ( i .e . ,   a l lowing  for  camber) i s   zero .  Although the  slope 
of the mean surface i s  t h u s  accounted fo r ,  t h i s  tangency 
condition i s  applied i n  the  plane of t h e   l a t t i c e .  Nonlinear 
vortex-l i f t   effects   are   included through an application of the 

Polhamus suction  analogy,  described  earlier. I n  the  current 
version of ASYMVL, the approach  associated w i t h  equation ( 3 )  is 

used.  That i s ,  there  i s  current ly  no allowance  for an 
augmented-vortex-lift term: i n  our application, however, the 
generalization of equation ( 3 )  to  allow  for  vortex l i f t   a t  a 
planform side edge i s  used: 

CL = CL + KG C + K: C 
P Le Lvae se Lvse 

45 



* 
Values of K and K are specified by the  user.   This  topic 
w i l l  be discussed  further i n  the  section  describing  applications 

of t h i s  method. 

* 
VLe  V s e  

The solut ion i n  each  region  of ASYMVL allows  for  the  existence 

of external   vort ices   as   calculated by VTXCLD; furthermore, i n  
a f t   r eg ions ,   vo r t i c i ty  shed by l i f t ing   sur faces  i n  forward 
regions is included i n  the  calculat ion.  That i s ,  i n  any region, 

vortices  generated i n  a forward  region  (called  "impressed" 
vortices)  affect  the  loads  through  being  included i n  the 

l i f t ing-sur face  boundary  condition.  Vortices  generated  within 

the  region  affect  the  loads  only  through  the Polhamus analogy. 

The t ra jec tor ies   o f   the   vor t ices  from VTXCLD through  each 

region  are assumed paral le l   to   the  fuselage  center   l ine 

(constant y and z ,  f i g .  23). This i s  known t o  be a major 
over-simplification. Improvement i n  t h i s  area can be  achieved 

by applying  the methods of  reference 33 to   the  t racking of  these 

vort ices  i n  and between the  l if t ing-surface  regions,  a s  

discussed  later.  

The loads on each l i f t ing  surface  are   calculated from 
application of the Kutta-Joukowski law t o  each  element of the 

vortex  la t t ice .  Spanwise d is t r ibu t ions   o f   the   po ten t ia l  and 

leading-edge  suction  loads  are  calculated and are  used t o  

determine  the  positions  of  the Polhamus vort ices  which then 

become impressed vort ices  i n  a f t   reg ions .  The leading-edge 

vortex  inboard of a break i n  sweep i s  assumed t o  stream back 
over  the  remainder of the  configuration a t  the   la teral   posi t ion 

of the  centroid of the  leading-edge  suction. Within i t s  region 

of generation, i t s  ver t ical   t rack i s  assumed t o  follow an angle 

equal  to  one-half  the  local  flow  angle  starting  at  the  axial 

posit ion of the  intersect ion of  the  strake  leading edge w i t h  the 
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body. This  assumption is  based on experimental  obsemation, as 
discussed i n  reference 33. 

Downstream of the   t r a i l i ng  edge  of the  region i n  which it 
i s  generated,  the  leading-edge  vortex  remains a t   cons t an t  z .  If 

a su f f i c i en t ly  long  fuselage  section  existed between the wing 
and tail   regions,   the  vortex  could  be  tracked  using VTXCLD. For 
the  current   s tudy,   this  i s  unnecessary. The vortex  outboard of 
a break i n  sweep,  which i s  obtained by combining the 
leading-edge and side-edge  vortices, i s  a l so  assumed ( i n  i t s  
region of genera t ion)   to   t rack   a t   ha l f   the   loca l  flow  angle 
( s t a r t i ng   a t   t he   ax i a l   pos i t i on  of the  break) .  I ts  l a t e r a l  
posit ion i s  a t   the   cen t ro id  of the combined leading- and 
side-edge  suction  distributions. I n  a f t   reg ions ,  it also  t racks 
a t   cons tan t  y and z .  

The trail ing-vortex system from t h e   p o t e n t i a l   l i f t   f o r  each 
l i f t i n g  surface i s  also  avai lable  from the  loading  calculations. 
The vortex-lat t ice  method r e s u l t s  i n  a trailing-vortex  filament 
from each column of t h e   l a t t i c e  network, which goes t o  down- 
stream i n f i n i t y  i n  the  fin  chordal  plane. The system of 
t ra i l ing   vor t ices   for  each l i f t ing   sur face  i s  t h u s  d i s t r ibu ted  
across  the  span, w i t h  the  vortices  originating i n  the  plane 
of the  l i f t ing  surface  a t   the   l i f t ing-surface-region  t ra i l ing 
edge. 

The carryover  loads on the  fuselage due to   the  loads on 
each l i f t ing  surface  are   calculated i n  t h e   s p i r i t  of 
slender-body  theory, and then  the  entire  procedure i s  repeated 
for   the   t a i l   reg ion .  From the  loadings on the  various 
components of the  configuration,  the  complete  configuration 
normal and s ide  forces   are   calculated.  From calculation of the 
centers of pressure  of  the  various  loadings,  the  pitching, 
yawing  and ro l l ing  moments of the  configuration  are  also 
computed. 
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DATA BASE  FOR THE GENERALIZED RESEARCH FIGHTER 

I n  a ser ies   o f  reports predominantly from the NASA/Langley 
Research.  Center ( r e f s .  39-44), t he  aer0dynami.c  performance of a 
generic  f ighter  configuration  has been documented i n  some 
d e t a i l .  This configuration,  called  the  Generalized  Research 

Fighter ( G R F ) ,  consis ts  of a nose, a v e r t i c a l   t a i l ,  and a number 

of  strake and  wing var ia t ions.  A l l  of the   t es t s   repor ted  have 

been a t  a single  scale  except  for  references 40 and 44. I n  
reference 40, the model used was 2 .4  t imes  larger and i n  
reference 44 it was 50% smaller  than i n  the  other  studies.  I n  
related  investigations,   the  effects  of  canards,   horizontal  

t a i l s ,  and mul t ip l e   ve r t i ca l   t a i l s  have  been investigated,   but 

these  studies  are  not  considered  here. One pa r t i cu la r  

implementation  of  the GRF i s  shown i n  f igure 24 (from r e f .  4 3 ) ,  

i n  which the  dual-balance  system used i n  some of  the  testing i s  
indicated. Use of two balances  has  allowed  the  determination  of 

the performance  of  the  nose/strake  portion of the  configuration 

as  well   as  of  the  entire  vehicle.  

The cross  section of the nose  of the G R F  i s  i n i t i a l l y  

c i rcular   but   t ransi t ions  to   the  s lab-s ided geometry shown i n  the 

end view of figure 24. I n  s ide view, the nose i s  defined  as if 

it were a tangent-ogive of f ineness   ra t io  2.18 .  The GRF s t rakes  
i n  references 41-44 a re   f l a t   p l a t e s   w i th  a reflexed  planform and 

beveled  leading and side  edges. Those shown i n  f igure 24 a r e  

the   l a rges t   t es ted   ( "s t rake  3" i n  r e f .  43)  and are  one member of 

a family  of  three. The other two  members feature  the same 
general  planform b u t  progressively  smaller  span. N o  s t rakes   (or  
v e r t i c a l   t a i l )  were included i n  reference 39, and i n  reference 

40 a simple del ta   s t rake was used. The wings i n  t h e   t e s t   s e r i e s  

have  varying  leading-edge sweep, w i t h  values  of 30°, 40°, 44O, 
50° and 60° used i n  various  of  these  studies. The reference 

area (1032 cmz),  section  (double  circular  arc),  and d is t r ibu t ion  
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of maximum thickness (6% of chord at   the   root   varying  l inear ly  
t o  4% a t   t h e   t i p )  remain constant  for  these wings, a s  do the 
span, and the  root and t i p  chords  (fig.  24) . *  The v e r t i c a l   t a i l  
has  the  dimensions shown i n  tha t   f igure ,  and the same section 
and thickness   dis t r ibut ion as the  wing. 

The range  of  data  available  for  the  various  configurations 
of the GRF i s  shown i n  Table 1. I n  tha t   t ab le ,   the  numbered 
s t rakes   are   ident i f ied  as  i n  reference 43; t h a t  i s ,  the exposed 
semispans are  10% (s t rake 11, 20% (s t rake 2 )  and 30% (s t rake 3') 
of the wing semispan. The information i n  t h i s  table  was used t o  
guide  the  selection of the  configuration  to be used for some 
preliminary  calculations u s i n g  the scheme described i n  the 
preceding  section. I t  i s  seen t h a t  the most complete data 
exists  for  the wing w i t h  a leading-edge sweep angle of 4 4 O ,  and 
t h a t  the  experimental  coverage i s  the same for  a l l  of the 
numbered strakes,  except  that  vortex  bursting  information  exists 
for  strake 3 .  Because  of this  additional  information and 
because the  effects   of   the   s t rake  increase i n  magnitude w i t h  
s t rake   s ize ,  we selected  strake 3 ;  the  configuration  to be 
modeled i s  t h u s  t ha t  shown i n  f igure 24.  

* 
Except for   references 4 0  and 4 4 ,  i n  which scale   factors  of 2 . 4  
and 0 . 5 ,  respectively,  were used. A wing sweep of 4 4 O  was 
used i n  these s t u d i e s .  
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PRELIMINARY CALCULATIONS WITH  THE OVERALL METHOD 

I n  th i s   sec t ion , .   the .   ca lcu la t ion  method consisting  of 
programs VTXCLD and ASYMVL i s  appl ied  to   the GRF configuration 

of figure 24, treating  body-strake, body-wing, body-strake-wing, 
and body-strake-wing-tail  variations. First, however, it i s  
usefu l   to  examine some results  obtained from ASYMVL as  applied 

t o  some simple  wings ( a l l  f l a t   p l a t e s  w i t h  sharp  edges). 

Calculations  are made for  two rectangular  wings, a cropped 

arrow, a cropped d e l t a ,  and a double d e l t a   t o  examine various 

features  of  the method without  the  complications  introduced 
by a body,  nose v o r t i c e s   o r   t a i l .  

The rectangular-wing  cases  serve  to  demonstrate  that  the 

Polhamus vortex-lift  analogy  has  been  properly  applied  for  the 

s ide  edge as  well  as  for  the  leading  edge.  Predictions made 

using ASYMVL a r e  compared t o  measurements and to   calculat ions 
made w i t h  another  implementation of the Polhamus analogy w i t h  a 

vortex-lat t ice  method, t h a t  of Lamar ( r e f .  4 5 ) ,  i n  f igures  2 5  

and 2 6 .  Figure 2 5  i s  for  an aspec t   ra t io  (AS) of 0 . 2 ,  while 
f igure 2 6  i s  for  AS = 1.0. The differences between the 

calculations of Lamar and ASYMVL i n  these  figures  are  very  small 

and are  presumably due to  the  different  paneling  layouts used 

(Lamar used 6 chordwise x 2 5  spanwise  panels, ASYMVL used 5 x lo), 
a subject  discussed below. The separate  contributions of  the 
potential,  leading-edge, and side-edge l i f t   a r e  shown. The sum 
of  these  terms  agrees  quite  well  with  the  measurements. The 

center of pressure  of  the  side-edge  contribution, however, i s  
seen t o  be predicted somewhat too   fa r   a f t   as  compared to   the  

data.  
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I n  f igure 2 7 ,  the  calculations  of Lamar  and ASYMVL for  the 
potential,  leading-edge, and side-edge  terms  for a cropped  arrow 
are   again  essent ia l ly   ident ical .  Here,  however, the  calculation 
of Lamar  shows the   e f f ec t  of the  augmented-vortex-lift  term 
(eq. 2 ) .  For t h i s  planform,  the  "augmentation"  term is negative, 

and it is  seen  that  the inclusion of t h i s   e x t r a  term  leads  to 
improved agreement  with  the  measurements. 

Figure 28 shows a cropped-delta wing where the  augmentation 
term is posi t ive.  I n  t h i s   f i gu re ,  it is shown that   the  ASYMVL 

calculation i s  i n  good agreement with  Lamar's  for  the  potential 
term and the  combination  of  the  leading- and side-edge  terms, 
b u t  that  the  individual  leading- and side-edge  vortex-lift  terms 
are  somewhat d i f f e ren t  i n  the two methods. This may re f lec t   the  
w a y  the  contribution from the swept  bound-leg vo r t i c i ty  i s  
handled i n  these schemes. I t  i s  fur ther  noted that   inclusion of 
the  augmented-vortex-lift term i s  again  required  to  achieve good 
agreement w i t h  data .  

Returning br ief ly   to   the  quest ion of paneling  layout,  the 
ASYMVL calculations i n  f igure 2 8  were accomplished u s i n g  5 

chordwise  panels by 14 panels  over  the wing semispan, and those 
of Lamar were done u s i n g  a 6 x 2 5  layout .   Sensi t ivi ty  of the 
ca lcu la t ion   to  th i s  difference is  examined i n  f igure 29, where 
the ASYMVL-calculated potent ia l  normal force i s  shown for 
various  paneling  layouts. I t  i s  seen  that  the dependence on the 
number of chordwise  panels i s  weak ( 5  seems to  be s u f f i c i e n t ) ,  
b u t  t h a t  more than 1 4  spanwise  panels  (the  current maximum value 
allowed i n  ASYMVL, see Appendix B) are  required  to  reach  the 
asymptotic  value. 

The f i n a l  wing-alone tes t   ca lcu la t ions  were for  the 
double de l t a  w i t h  8 O o / 6 O 0  leading-edge sweep angles  reported 
on  i n  reference 4 6 .  ASYMVL r e s u l t s  were obtained u s i n g  7 panels 
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i n   t h e  chordwise d i rec t ion  and 14 panels on the wing semispan, 

7 inboard and 7 outboard of the  leading edge break. I n  each 

of  the  inboard and outboard  regions,  the  panels were spaced us ing  
a "1/2-cosine"  distribution so that   the   panels  were narrower 
a t   t h e   o u t e r  edge of  the  region. Our  previous  experience  with 
the  correlat ion developed i n  reference 33 f o r  KvLe (eq. 4 )  for  
simple  delta wings suggests  that,  as  long  as  the  planform i s  
not cropped and has no trail ing-edge  cutouts,   the  correlation 

can be used for  each segment of the  double  delta.  Accordingly, 

th i s   cor re la t ion  was applied  for  the  region  inboard ( A L e  = 80°, 

KVLel = 0.95)  and outboard ( A  = 60°, KvLeZ = 0 . 5 5 )  of the 
break. The resul t ing  calculat ions  are  compared with  the 
measurements from reference 46 i n  f igure 30. Excellent agreement 

i s  shown  up through  the  angle of a t tack  a t  which vortex breakdown 

was observed i n  the  experiment. 

* 

* * 
Le 

While the   ove ra l l   l i f t   coe f f i c i en t   i s   ca l cu la t ed   qu i t e  
accurately, some features  of  leading-edge  vortices  are  not. A s  

descr ibed  ear l ier  and i n  more d e t a i l  i n  Appendix B ,  the  leading- 

edge vortex  for  the  region  inboard of the  break i s  assumed t o  
l i e   l a t e r a l l y   a t   t h e   l o c a t i o n  of the  centroid of the 

leading-edge  suction  distribution for this  portion of the wing,  
and to   t r ack   a t   a /2  from the wing  apex. The outboard  vortex i s  
assumed t o   l i e   l a t e r a l l y   a t   t h e   c e n t r o i d  of the  leading-edge 

suction  for  the  portion of the wing outboard of the  break, and 
to  follow an a / 2  t ra jec tory   s ta r t ing   a t   the   b reak   loca t ion .  

While these assumed vortex  paths  have no e f f e c t  on the wing 

loads i n  the   current  implementation  of ASYMVL, they can exert  
important  influences on the  loads on a f t  components, as  i s  shown 

l a t e r  i n  calculations  for  the GRF. The vortex  positions which 
r e s u l t  from these  assumptions  are compared to   total-pressure con- 

tours and velocity-field measurements from reference 46 for  

a = loo i n  f igures   31(a)  and ( b ) ,  respectively.  These figures 

show re su l t s  i n  a plane normal to  the  free-stream  direction 
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Located  about 10% of the  w i n g ’ s  root chord downstream of the 
t r a i l i n g  edge. I t  i s  seen i n  these  f igures   that   the   actual  vor- 
tex  t ra jector ies   are   considerably  different  from the  assumptions 
and r e f l e c t  a mutual i n t e rac t ion   t ha t  i s  not  represented i n  the 
current  version of ASYMVL. Furthermore,  the  calculated  vortex 
strengths shown i n  f igure  31(a)  indicate  that   the  inboard  vortex 
is  more than  twice  as  strong  as  the  outer  one,  whereas  the 
experimental  evidence  suggests  that  the  outboard  vortex i s  
stronger.  These discrepancies  (and some resu l t s   for   the  GRF 

discussed  later)   suggests some improvements  needed i n  ASYMVL: 

calculating  the  vortex  paths  ( instead of  assuming  them) allowing 
fo r   t he i r  mutual interaction  should improve the  former 
si tuation;  al lowing  the  vortices  to  enter i n  the  calculation of 
the  loads  should  help  the  lat ter.  These possible improvements 
are   discussed  fur ther   la ter .  

GRF Configuration, B = OO 

Next are  examined the  longitudinal aerodynamic coeff ic ients  
of  various components of the GRF a t  zero  sideslip.   Calculations 
a re  compared w i t h  measurements for  the  body-strake, body-wing, 
and body-strake-wing  configurations. 

For the  body-strake  configuration, a layout  of 5 chordwise 
panels by 14 panels on the semispan was used.  Predictions  are 
compared t o  measurements for normal force and pitching moment 
i n  f igures  32(a) and ( b ) ,  respectively.  I n  these  f igures,  two 
s e t s  of measurements a r e  shown: measurements  of t he   t o t a l  
configuration  loads ( C N  and C m ) ,  and measurements made with  the 
strake  balance  indicated i n  f igure 24 (cN2 and C m 2 ) .  For t h i s  
configuration,  the  differences between these two sets   of  
measurements ( s ign i f icant   on ly   for  normal force)  represent  the 
small  loads  generated on the  portion of the body a f t  of the 
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s t r a k e   t r a i l i n g  edge.  Three se t s   o f   p red ic t ions   a re  shown: 
(1) calculat ions made using ASYMVL alone  with no allowance made 

for the  nose  vortex  field,  calculated by VTXCLD o r  'for the  loads 

on the  nose  ahead  of  the  strake  leading  edge; (2) calculat ions 
made using ASYMVL including  the  effects of the  nose f ie ld   bu t  

excluding  the nose loads; and ( 3 )  complete predictions  including 

t h e   e f f e c t s  of t he   f i e ld  and the nose  loads. Because of the 
d e t a i l s  of the  calculational  procedure,   these complete predictions 

should f a l l  between the two se ts   o f  measurements. It  i s  seen, 
however, that   both normal force and pitching moment a re  somewhat 

over  predicted. J u s t  as for  the  simple wings discussed  ear l ier ,  

inclusion  of  an  augmented-vortex-lift  term  (negative  for  the 

strake  planform) would improve the  agreement  with  the  measurements. 

I n  f igure 3 3 ,  similar   calculat ions  are  shown for  the body- 

wing configuration. A 5 x 14 panel  layout was again used i n  
ASYMVL. For t h i s  case,  the  "strake  balance''  records  the  loads 

on the nose  only, and the  predictions of VTXCLD can  be compared 

directly  with  these measurements; good agreement i s  seen t o   e x i s t  

'for normal force and pitching moment a t   the   s ing le   angle  

calculated.   Calculations  at   additional  angles of a t tack  would 
be required,   of  course,   to  verify  fully  the  accuracy of the 

prediction  for  the  nose. The data  i n  f igures 33  (a) and ( b )  show 
that  without  the  influence  of  the  strake  vortex,   the wing s t a l l s  

a t  a = 1 6 O .  Beyond tha t   po in t ,   the  ASYMVL predictions  obviously 
w i l l  show poor  agreement since no attempt i s  made to   represent  

t h i s  phenomenon i n  the model. For CL 16O, however, it i s  c lear  

that   the  use of f u l l  leading- and side-edge  vortex l i f t  (Kvee = 

KVse = 1) i s  somewhat optimistic.   This i s  i n  s p i t e  of the   fac t  

that   surface  oi l - f low  pat terns   c lear ly  show the  existence  of a 

leading-edge  vortex  system ( r e f .  43). Note t h a t   i f   t h e  

correlat ion  for  K developed  for  simple d e l t a  wings  i s  applied 

t o  t h i s  wing ,  we obtain KGLe = 0. Use of t h i s  value w i t h  Kvse = 1 
i n  ASYMVL (no  nose vo r t i ce s )   r e su l t s  i n  the improved agreement 

* 
* 

* 
VLe * 

54 



shown i n  f igures   34(a)  and (b) .   Inclusion of the nose loads 
from VTXCLD would fur ther  improve the  prediction of C, and leave 
CN essen t i a l ly  unchanged.. However, use  of  the  delta-wing 
correlation  for  other  planforms  does  not  always work so well. 
Referring back t o   t h e  cropped del ta   of   f igure 2 8 ,  we see   tha t  
even with K = 1 (the  delta-wing  correlation  gives K 

for  this wing),  inclusion of augmented vortex l i f t  i s  required 
t o  achieve  agreement  with  data.  Obviously,  further work i s  
required  to  develop  the  guidelines  necessary  for  appropriate 
specif icat ion of K and  augmented vortex l i f t ,   a s   t h e s e  
quantities  vary  with  the wing planform and leading-edge sweep. 

* * 
VLe VLe = 0.73 

* 
VLe 

The current  geometry  package for ASYMVL requires modeling 
the  strake-wing  combination  as a complex wing planform w i t h  

multiple  breaks i n  leading-edge sweep. Calculations  for  the 
body-strake-wing  configuration were therefore done using 7 
chordwise  panels and 14 panels  distributed  over  the  semispan, 
7 over  the  strake  portion and 7 over  the wing portion. On the 
basis  of paneling  convergence tes ts   previously conducted on 
simple  planforms ( e .g . ,   s ee   f i g .  291, it i s  expected tha t  this i s  

adequate  chordwise  resolution b u t  that   the  number spanwise i s  
probably  too  small:  nonetheless, this i s  the  current 
maximum allowable. This program cons t r a in t   can   be   r e l axed ,  al1d 

this  modification i s  among the recommendations made l a t e r   f o r  
improving the  prediction method. 

I n  f igures   35(a)  and (b), various  predictions  for this 

configuration made using VTXCLD and ASYMVL a re  compared t o  
measurements for  the normal force and pitching moment coef f ic ien ts ,  
respectively,  assuming full vortex l i f t  on the  strake and wing. 
The data  for normal force  coefficient show a break i n  s lope   a t  
a = 20° and an abrupt loss of l i f t  a t  a = 28O. These e f f ec t s  
a re  due to   vortex  burst ing.  I n  reference 44, it i s  shown t h a t  
strake-vortex  bursting  occurs  for  this  configuration  at   the 

55 



axial   locat ion of the  wing-trailing-edge/body  junction a t  
o! z 23O, -and a t  a = 30°, the  bursting  location  has  progressed 

forward to  the   ax ia l   pos i t ion  of the  wing-leading-edge/body 
in te rsec t ion .  While  no modeling of the  vortex-bursting  process 

i s  included i n  our calculat ions,   predict ions  are  made  up through 

the   angle   a t  which the  abrupt  loss of l i f t  occurs.  Contributions 

to   the  predicted  quant i t ies   resul t ing from including  the nose 
f i e l d  i n  ASYMVL and including  the  loads  calculated on the  nose 

by VTXCLD a re  shown. As would be  expected from the body-wing 
calculat ions shown previously, a t  high  angle of a t tack   the  

assumption t h a t   a l l   t h e  leading-edge  suction  calculated  for  the 

wing i s  converted t o   v o r t e x   l i f t  i s  opt imis t ic .  The predictions 

for   pi tching moment ( f i g .  3 5 ( b ) )  a re   par t icu lar ly   a f fec ted .  

Rather  than u s i n g  the  values  of K and K, t h a t  were 
* * 
VLe se 

shown to   g ive   s a t i s f ac to ry   r e su l t s   fo r   t he  body-wing 

configuration i n  f igure 34, these   fac tors   a re   se t   to   zero   for  

the wing portion of the body-strake-wing  configuration making 

use  of some additional  available  information. Based  on the 
'surface  oil-flow  patterns  of  reference 43,  a n  a-dependent 

vortex-flow  pattern  has been  deduced i n  reference 36 for   the 
body-strake-wing  configuration  as  follows: a t  l o w  angle of 

a t tack,   the   s t rake and wing vort ices   are   individual ly  

distinguishable on the  configuration  surface and the  strake 

vortex  persists  over  the wing a t  a spanwise station  near  the t i p  
of  the  strake;  at  high  angle  of  attack ( a  - < 20°), the wing  

surface  flow  pattern  evidences  only  one  large  region of  spanwise 

vortex  flow which extends  spanwise from the  wing-fuselage 
juncture  to  roughly 86% of the  reference wing span,  outboard  of 

which the wing appears  to be stalled.  Additional  evidence  at 

high c1 suggests  further  that   the wing vortex i s  displaced away 

from the wing upper surface by the  strake  vortex.  
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These o b s e r v a t i o n s  led t o  an  a-dependent  augmented-vortex- 
l i f t  model i n   r e f e r e n c e  36: a t  l o w  u ,  l i f t  augmentat ion  occurs  
on the wing  due to  both the wing  and the strake leading-edge 
v o r t i c e s ;  a t  high a, there is  a negat ive  "augmentat ion" effect  
for the s t r a k e  i tsel f  because of i t s  t r a i l i n g - e d g e   n o t c h i n g ,  
b u t  a posi t ive augmentation of the wing l i f t  due t o  the presence  
of t h e   s t r a k e   v o r t e x   o v e r   t h e   w i n g .  A l s o  a t  h i g h  a, d u e  t o  t h e  
vo r t ex -d i sp lacemen t   e f f ec t ,  the wing  leading-  and  side-edge 
v o r t e x - l i f t  terms are assumed to  be zero.   Thus,  for the  wing,  * * 
KV& - Kvse = 0. - 

As noted e a r l i e r ,  ASYMVL does n o t   c u r r e n t l y   i n c l u d e   a n  
augmented-vortex-l i f t   model ,  b u t  u s e  can  be made o f  the observa- 
t i o n s  about the v a n i s h i n g   o f   t h e  wing leading-  and  side-edge 
vo r t ex  l i f t  a t  h i g h   a n g l e  of a t t ack .  Ca lcu la t ions   u s ing  this  

in fo rma t ion  are  shown i n   f i g u r e s   3 6 ( a )  and ( b ) .  As expec ted ,  
t h e   p r e d i c t i o n s  for  f u l l   v o r t e x   l i f t   o n  the wing  and  no v o r t e x  
l i f t  on the wing   bracke t  the measurements for normal   force 
( f i g .   3 6 ( a ) )  and p i t c h i n g  moment ( f i g .   3 6 ( b ) ) ,  and i n c l u s i o n  of 
the augmentation terms would y i e l d  closer agreement w i t h  t h e  
da ta .  Further   enhancement   could  conceivably r e s u l t  i f  the 

augmented-vor tex- l i f t  model  were made t o  i n c l u d e   e f f e c t s   o f  the 
forward   progress ion   of  the s t r a k e - v o r t e x   b u r s t i n g   l o c a t i o n  shown 
i n   r e f e r e n c e  44. The p r e d i c t i o n s   o f  reference 3 6 ,  i n c l u d i n g   t h e  
augmentation terms bu t   w i thou t   any   a l lowance   fo r   bu r s t ing ,  are  
shown for p i t c h i n g  moment i n   f i g u r e   3 6 ( b ) ,  and for l i f t  

c o e f f i c i e n t   i n   f i g u r e   3 7 .  For comparison, the ASYMVL 

c a l c u l a t i o n s  shown as i n   f i g u r e   3 6 ( a )   h a v e   b e e n   c o n v e r t e d  t o  
l i f t  c o e f f i c i e n t   a n d  are  also i n c l u d e d   i n   f i g u r e   3 7 .  
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GRF Configuration, B = so 

At = 5 O ,  a series of calculations has been made using the 
baseline version of ASYMVL  to  identify areas needing  improvement. 
The baseline version incorporates  a  number of simplifying  assump- 
tions, particularly with regard to vortex  trajectories  (Appendix B), 
that are expected to need  upgrading  under conditions of sideslip. 
For example, the nose vortex  cloud as calculated  by  VTXCLD  up to 
the position of the  strake  leading edge is assumed  thereafter  in 
ASYMVL to follow a  trajectory  parallel to  the body  centerline. In 
a  similar fashion, the strake  leading-edge suction vortex is assumed 
to move vertically  at  an.  angle  of a/2 from  the strake-leading  edge, 
and  its  horizontal  position  is set at  the  centroid of the strake 
leading-edge suction distribution. Calculations made using  these 
assumptions are shown  for  the  body-strake-wing  configuration in 
figure 38  and the body-strake-wing-tail  configuration  in  figure 39. 
When the tail is included, it  is  modeled  with 5 chordwise  and 14 
spanwise  panels. 

Predictions of the longitudinal characteristics of the body- 
strake-wing  configuration at f3 = 5" (C,, fig.  38(a)  and Cm, 
fig.  38(b)) follow the same  general  pattern as the previous 
results  for f3 = O o :  the two predictions  including the effects 
of  the nose  field in ASYMVL and the nose  loads  from VTXCLD, which 
vary  by the amount of vortex lift on the wing, bracket  the data. 
These  predictions  are  shown by the filled  symbols in figure 38. 
Inclusion of an augmented-vortex-lift model for the strake in 
conjunction  with no wingleading-  or  side-edge  suction  lift  would 
result  in  good agreement, as at f3 = 0 " .  

With respect to  the lateral characteristics, the data 
indicate  a  dramatic  change in  behavior at a = 20°, the  angle 
near which (for f3 = O o )  symmetric  strake-vortex  bursting 
occurred at the axial  location of the  wing-trailing-edge/ 
fuselage  junction.  The  large  effects on the  lateral 
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aerodynamics a t  = 5O are m o s t  l i k e l y   i n d i c a t i v e  of asymmetric 
b u r s t i n g  of the l e f t  and r i g h t   s t r a k e   v o r t i c e s .  Under p o s i t i v e  
s idesl ip ,  p r e v i o u s   s t u d i e s  (see, f o r   e x a m p l e ,   r e f .  4 7 )  sugges t  
t h a t  the s t r a k e   v o r t e x   o v e r   t h e   r i g h t  wing would b u r s t  a t  a 
somewhat lower a n g l e  of a t t a c k   t h a n  a t  f3 = Oo, w h i l e   t h e   v o r t e x  
ove r  the l e f t  wing  would r e t a i n  i t s  i d e n t i t y  t o  a h ighe r   ang le .  
This would r e s u l t  i n  a loss .of l i f t  on   the   r igh t   wing ,   and  a 
tendency for a right-wing-down ( p o s i t i v e )   r o l l i n g  moment, j u s t  , 

as i n  f i g u r e   3 8 ( c ) .  Under t h e s e   c o n d i t i o n s ,   a t t e n t i o n   s h o u l d  be 
confined t o  predictions made f o r  a - < 20° ( a l t h o u g h   p r e d i c t i o n s  
are shown a t  a = 2 8 O ) ,  because   o f   t he   p rev ious ly  c i ted  lack  of 
model ing   of   vor tex-burs t ing  phenomena i n  ASYMVL. 

I n   f i g u r e s   3 8 ( c ) - ( e ) ,   c o n s i d e r i n g  the p r e d i c t i o n s   a t  a = 20° 
w h i c h   i n c l u d e   t h e   e f f e c t s   o f   t h e   n o s e   f i e l d  i n  ASYMVL and the 

nose  loads  from VTXCLD, it i s  s e e n   t h a t   t h e  amount of   vor tex  
l i f t  which  occurs   on  the wing (as opposed t o  on t h e   s t r a k e )  has 
very  little e f f e c t   o n   t h e   l a t e r a l   c h a r a c t e r i s t i c s .   T h a t  i s ,  t h e  
p r e d i c t i o n s  shown w i t h  t h e   f i l l e d  symbols d i f f e r   v e r y  little 

from  each  other .  The p red ic t ions   o f   t he   ve ry   sma l l  yawing 
moment ( C  ) and side f o r c e  (C ) shown by t h e   d a t a   a r e   v e r y  good 
a t  l o w  a n g l e s   o f   a t t a c k ,  b u t  CL improvement a t   h i g h e r   a n g l e s  i s  
needed. The r o l l i n g  moment, o f  course, comes about  as the 

d i f f e rence   be tween  t w o  quan t i t i e s   o f   nea r ly   equa l   magn i tude  b u t  

o p p o s i t e   s i g n ,  so it i s  a d i f f i c u l t  t es t  of  a pred ic t ion   method.  
I t  is  f e l t   t h a t   t h e   d i s c r e p a n c i e s  shown i n  the l a t e r a l  
c h a r a c t e r i s t i c s  are  probably due t o  the s i m p l i f i e d   t r e a t m e n t   o f  
v o r t e x   t r a j e c t o r i e s  d i scussed  above. 

n Y 

When t h e   t a i l  i s  added ( f i g .  391,  comparison of the 
measurements i n   t h e   c o r r e s p o n d i n g   p a r t s  of f i g u r e s  38 and  39 
r e v e a l s   t h a t   t h e  t a i l  loads  dominate  C and C b u t  have  very 
little e f f e c t  on Cl. The a b r u p t   c h a n g e   i n   b e h a v i o r   a t  a E 200 i s  

amplified i n  Cn and C and  presumably stems from  changes i n   t h e  

n Y 

Y' 
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t racks of the  var ious  vort ices  as they  interact  w i t h  each  other 

and wi th   t he   t a i l .  Again focusing on the predictions  repre- 
sented by t h e   f i l l e d  symbols a t  a = 20°, it i s  seen  that  CLO 

C, and C are  sl ightly  over-predicted;  here  again,  it i s  f e l t  

t h a t  m o s t  of the discrepancies stem from the  current  over- 
simplified  treatment  of the vortex  t ra jector ies .  This view 
i s  supported by the  exce l l en t  p red ic t ions   a t  a = 4O, where 

vortex  effects  are  unimportant. 

Y 

To invest igate  the sens i t iv i ty   o f   the   p red ic ted   l a te ra l  

characteristics  of  the  body-strake-wing-tail  configuration  to 

changes i n  the  vortex  paths, a number of calculat ions have  been 

performed.  These calculat ions were a l l  done a t  o! = 20° us ing  
f u l l   v o r t e x   l i f t  on the  s t rake and  no vortex l i f t  on the wing. 
Attention i s  focused on those   l a te ra l   coef f ic ien ts  which a re  
dominated by the   t a i l   l oads ,  Cn and C and the   e f fec ts  on 

the  ta i l   contr ibut ions  to   these  quant i t ies   s tudied  as   the  vortex 

t ra jec tor ies   a re   var ied  from the  ' 'baseline"  paths  currently 

assumed i n  ASYMVL. N o  attempt i s  made t o  match the  observed 
values of these  coefficients  through  arbitrary maneuvering  of 

the  vortex  paths, b u t  ra ther  it i s  attempted t o  determine  the 

e f f ec t  on these  coefficients  of changing the  posi t ions i n  ways 

t h a t  improve on the  current  simple  assumptions. 

Y 0  

The following  cases were considered: 

Case  Vortex Trajector ies  

0 

1 

The "baseline.  I' Normal ASYMVL assumptions, 

a = Z O O .  . 

N o  vortex  f ields from wing region  or 
nose  included i n  t a i l   l oads .  
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4 

5 

6 

Only vort ices  from potential   loads on 
wing included i n  tail- load  calculation. 

Path of nose and s t rake   vor t ices  
calculated to  t a i l   l o c a t i o n  by slender- 
body tracking  over  fuselage (no wing). 

Strake  vortices  follow  baseline  path 
(case 0 ) ,  nose  vortices  follow  path of 
case 3 .  

Nose vortices  follow  baseline  path 
(case 0 ) ,  streke-vortex  vertical  path 
a s  i n  baseline  (case 0 )  and horizontal  path 
from case 3 .  

Nose vortices  follow  path of case 3 ,  

strake-vortex  vertical  path  as i n  baseline 
(case 0 )  and horizontal  path from case 3 .  

The result ing  vortex  posit ions i n  the  tai l   region  for  cases 0 

and 2-6 a re  shown i n  f igures   40(a)-(f) ,   respect ively*.  Case 1 

has no vort ices  and i s  not shown. Remember tha t  for  the  purposes 
of calculat ing  the  contr ibut ion  to   the  loads i n  a given  region 
of an impressed  vortex from  an upstream  region, ASYMVL assumes 
the  vortex i s  para l le l   to   the   fuse lage   cen ter l ine  i n  the  region 
i n  which the  loads  are  being  calculated.   Therefore,   to be 
consis tant   with  this  modeling, the  vortex  paths i n  t h e   t a i l  
region  are shown para l le l   to   the   cen ter l ine  i n  f igure 40. I n  
f igures   40(a)   (case 0 )  and 40(c) - ( f )   (cases  3-6) ,  the   vort ices  

* 
The nose f ie ld   cons is t s  of two clouds of vort ices ,  one 
emanating from the r igh t   s ide  of the  nose,  the  other from 
t h e   l e f t .  I n  f igure 4 0 ,  the  centroids and overall   strengths 
of these clouds  are shown. 



associated  with  the wing potential   loads  (case 2, f igure 40(b)) 
are   not  shown fo r   c l a r i t y   bu t  were included i n  the  associated 
load  calculations.  The tracking  for  case 3 w a s  performed  using 
VTXCLD. The t ra jec tor ies   o f   the  nose f i e l d  and the  strake 

vort ices  were calculated  separately,   both  calculations done 

modeling the  fuselage i n  the wing region  as a c i r cu la r  body 
( t h e  same circular  fuselage  as assumed i n  ASYMVL) with no e f f ec t s  

of the wing represented. A tracking  calculation  involving  the 

nose f i e l d  and the  strake  vortices  simultaneously  could  have been 
done, b u t  i n  a case   l ike   th i s  where the re   a r e   l a rge   d i spa r i t i e s  
i n  the  vortex  strengths,  special  care i s  required.  Techniques 
necessary  for  such a calculation have  been  demonstrated,  such  as 

incorporating  viscous  cores i n  the  s t rake  vort ices  which dominate 

the  calculat ion  or   t reat ing  the  s t rake  vort ices   as   c louds of 

v o r t i c i t y .  However, it i s  f e l t   t h a t   t h e  added complexity 

involved i s  not  warranted f o r  the  presentpurpose, which i s  t o  
determine  the  sensit ivity of t he   l a t e ra l   cha rac t e r i s t i c s   t o  

changes i n  the  vortex  t ra jector ies .   After  it i s  demonstrated 
tha t   these   t ra jec tor ies   exer tas t rong   in f luence ,  a su i tab le  

tracking  calculation  involving  all  of t he   vo r t i c i ty  and 

the  effects  of  the  fuselage and l i f t i ng   su r f aces  can  be 

incorporated i n  ASYMVL ( i n  future  work). 

The c o n t r i b u t i o n s   o f   t h e  t a i l  t o  Cy and C, f o r   t h e s e  case;, 
a t  i3 =5O, are shown i n  f i g u r e s  41 ( a )  and  (b) .  The  c o n t r i b u t i o n s  
of t h e  t a i l  as i n f e r r e d  from the  measurements   of   reference 41 are 
a l s o   i n c l u d e d  in these   f i gu res .   These  l a t t e r  c o n t r i b u t i o n s  were 
c a l c u l a t e d ,  f o r  example f o r  Cy,  as 

where the  subscripts ESWT 
t a i l  and body-strake-wing 

= c  - c  
YBSWT YESW 

and BSW indicate  the body-strake-wing- 

configurations,  respectively. 
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Cases 1 (no  vortices) and 2 (potential-load  vortices  only) 
are  included  as " l i m i t i n g "  cases, i n  some sense. . Consideration 
Of the  remaining  cases i n  f igures  40 and 41 reveals   that   the  
posi t ions of the powerful s t rake   vor t ices   exer t  a controll ing 
influence on t h e   t a i l   l a t e r a l  loads.  The positions  of  the nose 
vortices  are  not  unimportant, b u t  because  these  vortices  are so 
much weaker than  the  s t rake  vort ices ,   their   effects   are  much 
smaller. For  example, i f   t h e  nose f i e l d   t r a j e c t o r i e s  and the 
ver t ica l   pos i t ions  of the   s t rake   vor t ices   a re   l e f t  unchanged 
from their   basel ine  values ,  b u t  the  horizontal   posit ion of the 
s t r a k e   v o r t i c e s  i s  changed in   accord   wi th   s lender -body  t racking ,  
la rge   favorable   in f luences   ( improving-agreement   wi th   exper iment )  
on t h e   l a t e r a l   c o e f f i c i e n t s   r e s u l t   ( c o m 2 a r e  case 5 wi th  case 0 ) .  

If t h e   n o s e   f i e l d  is  then  moved, t h e r e  is e s e n t i a l l y  no f u r t h e r  
change  (con2are case 6 wi th  case 5 ) .  Add i t iona l ly ,  i f  t h e   s t r a k e  
v o r t i c e s  are  r e t a i n e d  i n   t h e i r  base l ine  a o s i t i o n s   b u t   t h e   n o s e  
f i e i d  is a l l o w e d   t o  move, much smaller (bu t  s t i l l  favorab le )  
changes  resul t   (compare case 4 w i t h  case Oj , .  

I t  i s  interesting  to  observe t h a t  the induced la teral   loads 
cannot be used to  infer  the  correct  paths.  This i s  so because 
there  i s  not a  unique relat ionship between the two. Notice 
t h a t  C, and C for  cases 0 and 3 are  nearly  the same, b u t  these 
cases   are   for   radical ly   different   vortex  t ra jector ies .  We can, 
however, a s se r t   t ha t :  (1) the  simple  assumptions  for  vortex  paths 
currently  included i n  ASYMVL are   not   physical ly   correct   ( recal l  
the comparison of the  calculated and measured vortex  positions 
of f igure 31  for   the 8 O o / 6 O 0  double d e l t a ) ,  and ( 2 )  the   resul ts  

of f igure 41 show la rge   sens i t iv i ty  of the   l a te ra l   coef f ic ien ts  
t o  moderate  changes i n  vortex  positions. I t  seems tha t  
improved modeling of the  vortex  paths and interactions  holds 
promise of considerably improving the  predictions shown for 
the  body-strake-wing-tail  configuration i n  f igure 39. 

Y 
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RECOMMENDED APPROACH TO  IMPROVING THE PREDICTION METHOD 

I n  the  preceding  sections,  the  importance  of  vortical  flows 
to  the  longitudinal and l a t e r a l  aerodynamic character is t ics   of  

complete  configurations  like  the GRF has  been  demonstrated. 

A t  zero  s idesl ip ,  it has been shown t h a t ,  so long  as  detailed 
pressure  distributions  are  not  required,   the  important phenomena 

associated  with  these  vortex  flows  can  be  represented by 
approximate  engineering  models,  allowing  for  the 

rapid and inexpensive  calculations  required i n  preliminary 
or  conceptual  design  studies. With s ides l ip ,  it has been shown 

that  these  approximate  calculations  are  sensit ive  to  the 
t ra jec tor ies   the   var ious   vor t ica l  flows  take, and cer ta in  

selected  t ra jector ies   provide  solut ions which a re  i n  reasonable 
agreement  with  experimental r e su l t s .  U n t i l  additional  veri-  

f ica t ion  i s  completed, it i s  assumed tha t   vor tex   t ra jec tor ies  

which model the  actual  physical  flow phenomena w i l l  probably 

r e s u l t  i n  predictions  of  satisfactory  accuracy. I t  has been 
shown t h a t  programs VTXCLD and ASYMVL provide  the  basis  for a 

method tha t  can deal  with a l l   the   aspec ts   o f   th i s  problem,  but 

cer ta in  improvements are  required.  I n  this   sect ion,   the   areas  
i n  which improvement i s  needed a re   i den t i f i ed .  

1. Vortex-lattice  representation. I t  has been shown tha t  

the  current maximum limit for   the nunber of spanwise  panels i s  
sometimes too  res t r ic t ive.   This  limit should  be  increased i n  a 

minor modification  to ASYMVL. It  i s  a lso  desirable   to   a l low  for  

separate  paneling of the  s t rake and wing for  configurations 

where both  are  present. F u l l  mutual interference of these  sets  

of panels  should be retained, b u t  the  current  requirement  of 
t reat ing  the  s t rake/  wing combination a s  a complex wing planform 

for  the  purpose of laying  out  the  panels  should be relaxed. 

Final ly ,   cer ta in   features  of the  printout  should be improved t o  
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allow  for  easier  checking of the  panel  layout  generated by 
ASWML. 

2 .  Carryover  loads. The scheme described i n  Appendix B 
for  calculating  the  portion  of  the  loads  generated on a l i f t i n g  
surface which are  carried  over  onto  the body i s  known t o  be 
sa t i s fac tory   for  = Oo. The extension  to  the  condition'of 
s idesl ip ,   a lso  descr ibed i n  t h a t  appendix,  should  be 
investigated i n  more d e t a i l .  

3 .  Augmented vor tex   l i f t .   Ca lcu la t ions  made for  the  simple 
wings  and for  the GRF have shown the need to  include  both  the 
notions of augmented vortex l i f t  and the  edge-vortex-lift  reduction 
factor  Kv. The augmented-vortex-lift model accounts  for  the 
e f f ec t s  of  edge-generated v o r t i c i t y  away from the  edge,  while 
the K, factor  accounts  for  the  observed  fact   that  unde r  some 
condi t ions,   not   a l l  of the  leading-  or  side-edge  suction i s  

converted t o   v o r t e x   l i f t   a t   t h e  edge. While ASYMVL currently 
allows  for a K, e f f e c t  on the  leading and side  edges,  correla- 
t ions   for  Kv need t o  be established  for  planforms  other  than 
simple de l t a  w i n g s ,  and an augmented-vortex-lift model should 
be added. I t  may furthermore  be  required  to  allow  the  strake 
vor t ices   to   en te r  i n  the  calculation of wing loads, i n  order  to 
es tabl ish  the  correct   re la t ionship among the  vortex  strengths. 
This   possibi l i ty  was suggested by the  calculat ions done for 
the  8 O o / 6 O 0  double-delta wing ,  and should be studied  further.  

* 

* 

* 
* 

4 .  Vortex t r a j e c t o r i e s .  I n  ASYMVL, the  vortex  paths  are 
currently assumed. The calculations  described  for  the GRF and 
for   the 8 O o / 6 O 0  double del ta   c lear ly   indicate   the need t o  
calculate   these  t ra jector ies ,   a l lowing  for  mutual interact ion of 
the  various  vortex  systems and for   interact ion of these  systems 
w i t h  the l i f t i n g  surfaces and the  fuselage. This i s  an area 
where fur ther   data  would be advantageous:  flow-field  surveys 
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over  the GRF configuration  of  figure 24 would be  most helpful.  

Those flow-field  data  that  do exis t   (Table  1) are   for  a GRF 

configuration  with a delta  strake;  the  information  for  the 
configuration  with  the  delta  strake is  f a r   l e s s  complete  than 
for   the  GRF studied  here. However, i n  the  absence of flow-field 

data  for  the  configuration of f igure 24, the   da ta   for   the  GRF 

with  the  delta  strake can  be used to  develop  the  required method 
for   calculat ing  vortex  t ra jector ies .  

5. Vortex burstinq. For simple d e l t a  wings, a considerable 

amount of experimental  data  has  been  obtained  concerning 

vortex-bursting  location  as a function  of  leading-edge sweep 
angle,  angle of a t tack  and angle  of  sideslip, and some information 

i s  available  for  other  simple planforms and a few double-delta 
wings  ( see ,   for  example, r e f s .  47 and 4 8 ) .  Furthermore, 
reference 44 has  information on the  strake-vortex b u r s t i n g  

behavior of the GRF of  f igure 24. Use should  be made of t h i s  

information,  as a m i n i m u m  to provide  an  upper l i m i t  on a €or 
calculations which contain no modeling  of the b u r s t i n g  process. 
A b e t t e r  approach,  however, i s  to  include  the  effects  of  vortex 

b u r s t i n g  on the   charac te r i s t ics  
analogy  as  extended  with  the K, 
concepts. I n  recent work ( r e f .  

the   basis  of such  an  approach. 

of  experimental  data to   p red ic t  

breakdown a t   t h e   t r a i l i n g  edge, 

* calculated  using  the Polhamus 

and augmented-vortex-lift 

4 9 ) ,  Lan  and Hsu have  provided 

Their method uses  correlations 

the  angle  of  attack  for  vortex 

the forward  progression of the 

breakdown point  for  higher  angles  of  attack, and the amount 
of vortex l i f t  remaining i n  the  region  aft   of breakdown. Results 

i n  reference 49 suggest   that   their  approach i s  valid  for B # Oo 
as  well  as for B = O o ,  and tha t  it can be applied t o  planforms 
other  than  simple  deltas. The concepts  contained i n  th is  

approach can be  included i n  ASYMVL, considerably expanding i t s  

range of appl icabi l i ty .  
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Improvement of ASYMVL i n  these  f ive  areas  w i l l  r e s u l t  i n  
an  engineering method capable  of  providing  accurate  predictions 
of low-speed longitudinal.  and la teral   configurat ion aerodynamics. 
Undue complexity is avoided  through  .the  incorporation of the 
governing  physical mechanisms i n  the form of rational  engineering 
models, and the  associated  computational  cost i s  commensurate with 
the  preliminary  design  process. For example, t he   t o t a l  CDC 
Cyber 760  central-processor  execution  time  required by VTXCLD 
and ASYMVL f o r  each  angle of a t t a c k   a t  B # 0' i s  approximately 50 
seconds.  For B = Oo, where symmetry options  can  be invoked and 
the   ver t ica l  t a i l  does  not  contribute  to  the  loads,   less  than 
ha l f  of this   t ime i s  required. 

CONCLUDING REMARKS 

I n  t h i s  repor t ,  work has been described  dealing w i t h  two 
areas which a r e  dominated by the  nonlinear  effects of vortex 
flows. For each area,   the governing phenomena have  been described 
as   ident i f ied  w i t h  the  aid of existing  experimental  data. 
Exis t ing  analyt ical  methods have been reviewed, and the most 
promising method for  each  area  has been used t o  perform some 
preliminary  calculations.  Based on these  resul ts ,   the   s t rengths  
and weaknesses  of  the methods have  been defined, and a course 
of  action recommended for  improving the  understanding of the 
mechanisms involved and the  predict ive  capabi l i ty .  

The most promising  approach  for  predicting  the  high-angle-of 
a t tack aerodynamics  of the  general  aviation wing w i t h  a modified 
leading edge involves  coupling  boundary-layer  theory w i t h  an 
inviscid  representation of the flow f i e l d .  The inviscid 
representation  accounts  for  attached  areas w i t h  a surface- 
s ingu la r i ty   d i s t r ibu t ion  and the  separated wake u s i n g  a f ree  
vortex  sheet. An i t e ra t ive   ca lcu la t ion  i s  required,  wherein 
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the  wake shape is relaxed so that   the  vortex  sheet is a stream 
surface i n  the converged  three-dimensional  flow f i e l d  and a 

consistent  separation l i n e  i s  predicted. Because the  inviscid 
technique i s  current ly  under  development, the  preliminary 

calculat ions done could  not  explore a l l   aspec ts .of   the   requi red  

coupling, and there  are  several  important  questions  remaining 
for   the recommended research program. 

Predominant among the  areas needing  exploration  are the type 

of boundary-layer  analysis  necessary and the  nature of the 

c r i t e r ion  which w i l l  allow  for  accurate  prediction  of  the 

separat ion  l ine when used i n  conjunction w i t h  the  boundary-layer 

analysis and the  inviscid  separated-flow model. Additionally, 

the  s t ructure  of the flow i n  the immediate v i c in i ty  of the 

break i n  the  leading edge i s  not  completely  understood, and the 
ro le  i n  a predict ive  calculat ion of the  discrete  vortex which 
has been observed i n  this   region i n  flow-visualization  experiments 

i s  not  clear.  Experiments  have  demonstrated a high level  of 

s ens i t i v i ty  of the   s ta l l   charac te r i s t ics   o f   the  wing to  geometrical 
perturbations i n  th i s  region.  This  sensit ivity makes the 

development  of  a  comprehensive prediction method a  most demanding 

task,  possibly  requiring  technology beyond tha t   cur ren t ly  

avai lable .  

With respect  to  the  high-angle-of-attack  characterist ics of 
f i gh te r   a i r c ra f t ,   t he  development  of  an engineering method 

for  the  overall   loads i s  simplified by the  fact   that   the   locat ions 

of the  primary  separations  are known t o  be a t  the edges  of the 

l i f t i n g  surfaces.  Coupling w i t h  boundary-layer  analysis i s  

therefore  not  required  for  the  analysis of the l i f t i n g  surfaces 
and u s e  of the well-known Polhamus suction  analogy ( s u i t a b l y  
extended)  has  been shown to   lead  to  good r e su l t s .  For the 

a n a l y s i s  of the  forebody,  consideration of boundary-layer 
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behavior is required, b u t  the use of  simple methods i n  this 
regard  has been shown to   g ive  good r e su l t s .  

A s  a r e s u l t  of these  factors,  the recommended program for  
future  work i n  this area i s  more developmental and less  exploratory 
i n  nature  than i n  the  previous  case. The work  recommended for  
improving the   f igh ter  method includes  generalizing  the  correlations 
which currently  exist   for  the  edge-vortex-lif t   reduction  factor 
and for  the  augmented-vortex-lift  term, and including  the  effects 
of  vortex  bursting using known techniques.  Additionally,  existing 
procedures  for  calculating  vortex  trajectories  should be 
implemented,  a feature  which is  particularly  important under 
conditions of s ides l ip .  Accomplishment of  these  tasks w i l l  lead 
t o  an  engineering method which i s  inexpensive  to use b u t  which 
i s  of g r e a t   u t i l i t y  i n  preliminary  design  studies. 

Q 
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TABLE 1 .- G R F  AERODYNAMIC  DATA 

Reference 

39 

Strakes 

4 4  Winq  Leading-Edge Sweep 

None 

Angle  (deg) 

M 0 . 2 6  

(deg) 0 to 24 

8 (deg) 

Wing Section  Lift and  Drag 

J Wing  Pressure  Distributions 

Strake  Balance  Used 

Lateral  Aerodynamics 

J Longitudinal  Aerodynamics 

0 

Coefficients J 

Wing Span  Loading 

Flow  Field  Traverse  Data 

J 

Vortex  Bursting  Characteristics 

J Surface Flow Visualization 

4 4  3 0 , 4 4 , 6 0   3 0 , 4 0 , 4 4   3 0 , 4 4 , 6 0  4 4  
5 0 r 6 0  

0.2 0 . 3 0   0 . 3  to 0 . 8  0 . 3 , O .  5 O(water test) 

2 0 , 3 5  - 4  to 4 8  - 4  to 4 8  5 to 30 0 to 40 

J J 

J 



'1.8 

1.6 

1.4 

1.2 

1.0 

. 8  

cL 
- 6  

- 4  

. 2  

0 

-. 2 

-. 4 

A 

. .  I I 

I 0 Basic  wing 
OOutboard droop - 
Filled symbols are 
values  calculated - 
using re f .  8. 

-10 0 10 20 30 40 50 

deg 

Figure 1.- Lift  coefficient of airplane  with  basic 2nd 
modified  wing  (tails  off).  From  reference 1. 
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Figure 2.-  Outboard-droop configuration. From reference 1. 
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Figure 3.- Controlled  partial span  stall wing. 
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partial span stall  wing. a = 1 9 O ,  
Re = 1. 1x106.  From  reference 6. 
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Figure 5.- (continued) 
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Figure 6.- Vortex-panel  and wake geometry of r e f e r e n c e  7. 
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From  reference 7. 
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Figure  8 . -  Schemat i c   r ep resen ta t ion  of t h e  separation model 
of t h e   p r e c u r s o r   c o d e  t o  VSAERO. F romre fesence10 .  
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Figure  10.- "Mushroom-shaped" s t a l l  cell. .Fromrcference14.  
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S I N  S 

Section AA 

Figure 11.- Conjectured  pattern n f   s k i n - f r i c t i o n  
l i n e s  . From reference 16. 
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Horseshoe  vortex  system 

"Nodal   point"  n 

Figure  1 2 . -  S u r f a c e   f l o w   p a t t e r n s   o n  a wing  with  outboard 
d roop   a t t ached  t o  a f u s e l a g e ,  a = 25". F r o m r e f e r e n c e 1 3 .  



(a) Basic s e c t i o n ,  y L e / s =  0 . 4 0 3 1  

Figure 13.- Chordwise   d i s t r ibu t ion  of p a n e l   c o n t r o l   p o i n t s .  
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(b) Drooped section, yg, / s  = O .  7 8 8 7  

Figure 1 3 . -  Concluded. 
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bas ic   wing ,  a = 31 .9" .  
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Figure 20.- (Concluded). 
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Figure 21.- Chordwise  pressure  distribution,  wing  with 
outboard  droop, a = 21.6O. 
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- 

- 4 -  possib le ;   D i f f e ren t  - r e g i o n s   f u l l  
mutua l   in te r fe rence  , 
with in  a reg ion  

Figure 23.- Major  features of the  prediction  method 
for  a  complete  fighter  configuration. 
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Figure 32.- Longitudinal  aerodynamics,  body-strake 
configuration, B = 0. Full  vortex  lift 

in  calculations. 
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APPENDIX A 

A  REXIEW OF PREDICTION  METHODS FOR THE  LOADS ON 
A  STALLED  AIRFOIL 

SYMBOLS 

Cd section drag  coefficient 

'm 

u6 

section pitching moment coefficient 

free-stream  velocity at edge of boundary layer, 
eq . (A-2) 

U streamwise  component of velocity in boundary  layer 

V velocity 

V transverse  component of velocity  in  boundary  layer 

XIY streamwise and normal  coordinates,  respectively 

6 boundary-layer thickness 

Subscripts 

i  value  integrated over boundary layer, eq. (A-2) 

INTRODUCTION 

In this appendix, methods are reviewed  which allow calcula- 
tion  of the loads on  an airfoil  experiencing  a  large  region 
of  detached flow. This detached flow may  be due to trailing- 
edge  stall or "bursting" of a  leading-edge  laminar  separation 
bubble.  Methods  dealing  solely with closed  laminar  separation 
bubbles  are not reviewed. Similarly, methods which require 
empirical knowledge of  section  characteristics as a function of 

151 



angle of a t tack  (such as the   l i f t i ng - l ine   ana lys i s   o f   r e f .  5 0 )  

are  not  included. F i n a l l y ,  although some unsteady methods su i tab le  

for   appl icat ion to  the dynamic s t a l l  problem are  discussed, our 
main i n t e r e s t  i s  i n  the  calculat ion of the  average  loads on an 
a i r f o i l   a t  ( c o n s t a n t )  high  angle of a t tack .  

The existing  procedures  are,  i n  general,  zonal models which 
combine a l ine-s ingular i ty  method with a boundary-layer method for  

the  attached  flow and a separated-flow model for  the detached 

region. Although they   na tura l ly   d i f fe r  i n  many ( i f   n o t  most) 
de t a i l s ,   t he  most important  dist inction among the methods involves 

the  nature  of  the  treatment  of  the  separated  region. For purposes 
of  the  present  discussion,  therefore,  i t  i s  convenient t o  group 

the methods in to  two broad categories i n  this   respect :  (1) the 

separated  flow i s  modeled by what i s  equivalent   to   f ree   vort ices  

shed from t h e   a i r f o i l  boundary layers   a t   the   separat ion  locat ions,  
o r  ( 2 )  the  separated  flow i s  treated  through some application  of 

the  "equivalent  inviscid body" concept  (defined  below). 

FREE VORTEX METHODS 

In  these  methods,  the  free  shear  layers bounding the 

separated-wake-flow  region  are  represented by vortex  sheets,  each 

point of which i s  convected by the  velocity induced by a l l   t h e  
o ther   s ingular i t ies  i n  the  f low,  i .e. ,   the  other wake vort ices  
and the   s ingular i t ies  used to   represent   the wing surface.  The 

shapes of these  shear  layers m u s t  be  determined by i t e r a t ion   o r  

i n  a n  unsteady manner. The strength of the wake vo r t i c i ty  i s  
calculated from some c r i t e r i o n  based on condi t ions  a t   the  

separation  locations on the upper and lower a i r fo i l   sur faces .  

I n  these  methods,  the  pressure i n  the  separated  region i s  
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calculated (as opposed to   spec i f ied ,  as i n  some of the methods 
discussed  la ter)  and is used with  the  pressure calculated on 
the  attached  regions to  determine  the  loads on the wing. 

The f i r s t  method of this  type  to  be  discussed is  the CLMAX 

method of  reference 12. The  model used i n  CLMAX is shown i n  f igure A- 

(from r e f .  12). I n  t h i s  model, t he  flow i s  everywhere i r ro t a t iona l  
except  along  the  vortex  sheets  representing  the  airfoil  surface 
and the  free-shear  layers,  the  shapes  of which are  not known a 
p r i o r i .  The vortex  sheet  representing  the  airfoil   surface i s  
broken in to   d i scre te   pane ls ,  i n  each  of which the   vor t ic i ty  
var ies   l inear ly .  The free-shear  layers  are  specified  to be  of 
constant and equal  vorticity  (of  opposite s i g n ) ,  the magnitude 
of which i s  equal t o  the   vor t ic i ty  a t  the t r a i l i n g  edge of the 
lower surface  ( the  specified  lower-surface  separation  point) .  
The  unknown vortex  strengths  are  determined by solving a s e t  of 
linear  equations  obtained by imposing  boundary and auxi l iary 
conditions a s  follows: (1) The flow  through  the  airfoil  surface 
i n  the  attached  region i s  the  t ranspirat ion flow (represented 

by a piecewise-constant  source  distribution)  calculated from 
the  boundary-layer  solution  to  represent  the  boundary-layer 

displacement  effect: i n  the  detached  region,  there i s  no flow 
through  the  surface. ( 2 )  The vor t ic i ty   a t   the   separa t ion  p o i n t  
on the upper surface i s  the same as   for   the  upper free-vortex 
sheet.  ( 3 )  The vor t i c i ty   d i s t r ibu t ion  on the  a i r foi l   surface 
i n  the  separated  region m u s t  s t a r t  and  end a t  zero  vort ic i ty .  
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The solution  procedure  involves two i t e r a t i o n  loops. I n  the 

outer loop, the   pressure  dis t r ibut ion from the  potent ia l  s o l u t i o n  
i s  used t o  d e r i v e  a boundary-layer  solution from which the 

displacement  effe.cts and separation p o i n t  on the upper surface 

are  determined. I n  the  inner  loop,  the  shapes  of  the  free- 

vortex  sheets  are  relaxed u n t i l  they l i e  along  streamlines. 
The boundary-layer  development i s  calculated  using  separate 
integral  techniques  for  laminar and turbulent  regions  as 

applicable,  with  transition  automatically  accounted  for; 

separation i s  taken  to  occur where the  local   skin-fr ic t ion 

coef f ic ien t  becomes zero. When both  i terat ive  cycles   are  

judged t o  be converged,  the  pressures on t h e   a i r f o i l   a r e  
calculated from the  Bernoulli  equation,  accounting  for  the 

to ta l   p ressure  loss i n  the wake. 

Numerous examples  of  the  application  of CLMAX t o   ca l cu la t e  
the   charac te r i s t ics   o f   a i r fo i l s   a t   angles  of a t tack beyond 

that   for   the maximum l i f t   c o e f f i c i e n t   a r e  i n  t he   l i t e r a tu re  

( see ,   for  example, r e f s .  1 2  and 5 1 ) .  I n  these  applications,  

it i s  shown that  the  constant-strength  free-vortex-sheet 
representation  of  the  separated  shear  layers i s  generally 

quite  adequate i n  terms of the  calculated  pressure on the 

a i r f o i l .  Downstream however, the  lack  of  accounting  for  the 

recompression zone of  the  separated  region makes the model l e s s  

representative  of  the  actual  flow. I t  i s  s ta ted   tha t  improve- 

ment of   this   par t icular   feature  would be required where the 

wake interacts   c losely  with a downstream component. Also, 

a weak dependence  of the  calculated  resul ts  on the assumed wake 
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l ength   ex is t s ,  b u t  a possible   correlat ion  for   the wake fineness 
ra t io   ( length /he ight )  i n  terms  of a i r fo i l   th ickness /chord   ra t io  
i s  given. 

A representative example of the  application of the CLMAX 

method to   t he  G A ( W ) - 1  a i r f o i l   a t   h i g h  Reynolds number (Re=6.3~106) 
i s  shown i n  f igures  A-2 and A-3 (from re f .  1 2 ) .  The agreement 
with  data shown i s  qui te  good except a t  t h e  highest   post-s ta l l  
incidence, where the  separation  location i s  seen t o  be erron- 
eously  predicted. The predicted  post-stall   decrease i n  l i f t  
c o e f f i c i e n t   a t  lower Reynolds number i s  generally  not i n  a s  
good agreement w i t h  da ta   as   tha t  shown here,  probably  also due 
to  inadequacies i n  the  predicted  separation  location. 

A second free-vortex method f o r   a i r f o i l s  i s  t h a t  of 
reference 5 2 .  Because the  essent ia l   features  of t h i s  method are  
s i m i l a r  to  those  discussed i n  relation  to  the  three-dimensional 
method described i n  the main t e x t   ( r e f .  7 ) ,  they w i l l  not  be 
repeated  here. 

The final  free-vortex method t o  be  discussed i s  the two- 
dimensional  unsteady method of reference 53. This method i s  
intended  for  analysis  of dynamic s t a l l  and combines a d i scre te  
doublet-panel  representation  of  the  airfoil  surface ( n o  flow 
through  the  airfoil   surface) w i t h  unsteady momentum integral  
boundary-layer methods for  the  laminar and turbulent  regions 
and a free-vortex  representation  of  the wake ( f i g .  A - 4 ) .  The 
boundary-layer methods a re  used to  predict   the  separation-point 
location and the  strength  of  the  vortex shed a t  each  time  step 
a t  each  separation  location u s i n g  
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which can he in t ea ra t e?   t o   r e su l t  j.n tfie expression 

Ti = At U6 / 2  2 (A-2)  

i f  the  assumption i s  made tha t  a v / a x  = 0.  Boundary-layer 
displacement  effects  are  apparently  not  included. The 

velocity  of  each  discrete  vortex d u r i n g  t h e   f i r s t  time  step 

a f t e r  it leaves  the  a i r foi l   surface i s  based upon average 
ve loc i t i e s  i n  the boundary layer   just   pr ior   to   separat ion.  

Thereafter,  the wake vor t ices   a re  convected by t he   a i r fo i l /  

wake induced ve loc i t i e s .  The analysis  i s  s ta r ted  w i t h  t h e   a i r f o i l  

a t   r e s t  and is  stepped i n  time u n t i l  s teady-state   resul ts   are  

obtained. This method is  a t  an ea r ly   s t a t e  of development, and 

no resu l t s   a re   ava i lab le   a t   th i s   t ime.  

Equivalent  Inviscid Body Methods 

Loosely  grouped together i n  t h i s  sect ion  are  a number of 

methods which use, i n  one way or  another,   the  idea  that   the 

separation  streamlines  leaving  the upper and lower surfaces when 

combined w i t h  the  forward  unseparated  portion  of  the body define 

an "equivalent  inviscid body." Several of the methods assume 
the  pressure i n  the  separation  region w i t h i n  t h i s  "body" i s  
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constant and calculates  i t s  value u s i n g  var ious   c r i te r ia ,  brllile 
o the r s   u t i l i ze  models of  the  internal  separated flow. and 
calculate   the  pressure  dis t r ibut ion i n  the  separated  region. 

Included i n  the  former  category  are  several  formulations 
( see ,   fo r  example, r e f s .  54-56) of a method which uses  sources 
distributed  over  the  separated  region  of  the  actual body. The 
outflow from these  sources combines w i t h  the  free-stream  flow 
and the  singularit ies  representing  the  unseparated body surface 
t o  form the  equivalent  inviscid body.  Reasonably sa t i s fac tory  
resu l t s   a re   ob ta ined  from these methods once a su i tab le  
d i s t r ibu t ion  of  blowing is  established, b u t  the  pressure i n  the 
separation  region i s  generally  not  well  predicted i n  t h i s  way. 

Another method which does  not  attempt  to  calculate  the 
d e t a i l s  of  the  flow w i t h i n  the  separation  region i s  the model of 
reference 5 7 .  I n  th i s  approach,  the  surface  of  the  equivalent 
inviscid body i s  paneled, and the  s ingular i ty   s t rengths  and the 
shape  of t h i s  body are   i t e ra t ive ly   so lved   for  u s i n g  the 
following  boundary  conditions: (1) there  i s  no flow  through  the 
unseparated a i r fo i l   sur face  ( a s  modified by the  boundary-layer 
displacement  thickness): ( 2 )  the  velocity i s  constant  along 
the  surface  representing  the upper  edge  of the  portion of the 
separated wake over   the  a i r foi l  and there i s  no flow  through 
this surface ( i t  i's a streamline): and ( 3 )  the  surfaces 
represent ing  the  t ra i l ing wake meet, are  streamlines,  and a t  
each s t a t ion  downstream of the   t ra i l ing  edge  have equal  velocity. 
The pressure i n  the  separated wake over   the  a i r foi l  i s  set   equal 
t o   t he   p re s su re   a t   t he   t r a i l i ng  edge of  the bottom surface  of 
the   a i r fo i l .   Separa te  momentum-integral boundary-layer methods 
a r e  used for  the  regions  of  laminar and turbulent  flow,  with 
laminar  leading-edge  separation  bubbles and t rans i t ion  accounted 
fo r .  The turbulent   separat ion  cr i ter ion is tha t   the  shape factor  
(def ined  as   the  ra t io  of displacement  thickness t o  momentum thickness) 
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be  greater  than 3 .  Calculations made using t h i s  method b u t  with 
the  separation  point known from experiment a r e  compared t o  
measurements for  the GA(W)-1  a i r f o i l  i n  f igure A-5. These 

r e s u l t s  compare favorably  with  those  for  the CLMAX method for  

the  same a i r f o i l  shown i n  f igures  A-2 and A - 3 ( b ) ;  remember, 
however, t h a t  i n  the CLMAX method, the  pressure i n  the  separation 

region i s  free  to   vary and i s  calculated,   as  i s  the  separation 

location.  Calculations  including  the  prediction  of  separation 

using  the method of reference 57 for  the GA(W)-l a i r f o i l   a r e  

not  available,  b u t  excellent  results  including  separation  prediction 
are   presented  for   other   a i r foi ls  i n  combination  with  leading 

and t r a i l i ng   f l aps   ( s ee ,   fo r  example, f igure A - 6 ) .  

Another  example of a method which assumes constant  pressure 

i n  the  separation  region i s  t h a t  of  reference 58. This method 
involves  the  numerical  solution  of a Cauchy principal-value 

integral   equation wherein  flow propert ies   are  computed only 

along  the  streamlines which define  the  equivalent  inviscid 

body, leading  to  computational economy. A simple wake model i s  
used on these  boundaries downstream of the assumed constant- 
pressure  region  to  provide  for  the  relaxation of the  pressure 

to  the  free-stream  value. I n  the  constant-pressure  region, 

the  velocity on the upper  bounding streamline i s  se t   equa l   to  

the  value  at  the  upper-surface  separation  location; on the  lower 

bounding streamline,  the  velocity i s  se t   equa l   to   tha t   a t   the  
t r a i l i n g  edge of t h e  a i r f o i l .  The position  of  these  streamlines 

i s  i terat ively  adjusted,   a long w i t h  the  location  of  the  stagnation 

point,  u n t i l  a converged solution i s  obtained. The location of 
the  separation  point must  be input i n  the  current  version of 

t h i s  model. I n  the  application of t h i s  model to   severa l   a i r fo i l s ,  
the  (constant)   pressures i n  the  separation  region were not 

accurately  calculated,  perhaps  because  of  the  omission of any 

consideration of boundary-layer  displacement e f f ec t s   j u s t   p r io r  
t o  detachment. 
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A f i n a l  method w i t h  the pressure s p e c i f i e d  to  be c o n s t a n t  
i n  t h e  separation r e g i o n   w i t h i n  the equ iva len t   i nv i sc id   body  
i s  t h a t  of r e f e r e n c e  59.  T h i s  too is  a n   i t e r a t i v e   v i s c o u s -  
i n v i s c i d   i n t e r a c t i o n   m e t h o d ,  b u t  u n l i k e  the other  methods 
d i s c u s s e d  here, the c a l c u l a t i o n  i s  n o t   d i v i d e d   i n t o   d i s t i n c t  
s e q u e n t i a l   i n v i s c i d   a n d   v i s c o u s   s t e p s .   I n s t e a d ,   i n   e a c h  
i t e r a t i o n  c y c l e ,  t he  i n t e r a c t i o n  be tween a n   i n v i s c i d   c a l c u l a t i o n  
and a boundary- layer   ana lys i s  i s  e x p l i c i t l y  modeled  by a 
ma themat i ca l   expans ion   r e t a in ing   l i nea r  terms " to  a c c o u n t   f o r  
t h e  complete f i r s t -order   coupl ing   be tween  the   v i scous   and  
i n v i s c i d   e q u a t i o n s . "  The geometry of t h e   d i s p l a c e d  streamline,  
which forms the boundary  of  the  equ iva len t   i nv i sc id   body ,  i s  
pe r tu rbed   u s ing  the r e s u l t s  o f  this expansion,  and the procedure 
c o n t i n u e d  u n t i l  convergence i s  o b t a i n e d .  The i n v i s c i d  c a l c u l a t i o n  
i s  done  using a mixed-boundary-condition p o t e n t i a l  method. This 
fo rmula t ion   a l lows  e i ther  convent iona l  no - th rough- f low boundary 
c o n d i t i o n s  t o  be a p p l i e d  a t  a r e g i o n   o f  known geometry, o r  
a l t e r n a t i v e l y ,  t h e  s u r f a c e   v e l o c i t y   c a n  be s p e c i f i e d   o v e r  some 
r e g i o n ,  i n  which c a s e  the bounding  s t reamline i s  c a l c u l a t e d .  
The boundary- layer   ana lys i s  i s  done u s i n g   i n t e g r a l  methods. The 

p h y s i c a l  m o d e l  of the sepa ra t ed  wake assumes c o n s t a n t  p r e s s u r e  
f r o m  the s e p a r a t i o n   p o i n t   ( c a l c u l a t e d  i n  the boundary-layer 
a n a l y s i s   u s i n g  a s h a p e - f a c t o r   c r i t e r i o n )  to  the  a i r f o i l   t r a i l i n g  
edge  and a l i nea r  dec rease  i n  v e l o c i t y   t h e r e a f t e r  t o  the end 
o f  t h e  recompression  zone. 

Examples o f   t h e  resul ts  o b t a i n e d   u s i n g   t h i s  method a r e  shown 
f o r  the  G A ( W ) - l  a i r f o i l  i n  f i g u r e s  A-7 and A - 8 .  I n  f i g u r e  A-7 

t h e  i n t e g r a t e d   l o a d s   a g r e e  w e l l  w i t h  d a t a ,  j u s t  a s  was the  c a s e  
f o r  t h i s  a i r f o i l   f o r   t h e  CLMAX method ( f i g .  A - 2 )  and the method 
o f  reference 57 ( f i g .  A-5). The d e t a i l e d   p r e s s u r e   d i s t r i b u t i o n  
a t  o n e  o f  t h e  i n c i d e n c e  a n g l e s  i n  f i g u r e  A-7 i s  shown t o  a g r e e  
v e r y   c l o s e l y  w i t h  d a t a  i n  f i g u r e  A-8 .  
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The  method of reference 60 relaxes the  assumption of constant 

pressure i n  the  separat ion  region  but ,   l ike   the  las t  method, 
attempts  to  deal  explicit ly  with  the  coupling of the  inviscid 

and separated  flow  regions. I n  reference 60, t h i s  coupling is 
accomplished by simultaneously  solving a f ini te-difference 
equation for  t h e  stream  function i n  the i n v i s c i d  region and  an 

integral  boundary-layer  equation  for  the  viscous  layers, which 
include  the  separated  flow, i n  a s e r i e s  of downstream sweeps 

through  the  flow  field. I n  each sweep, the  solut ions  are  matched 

a t   t he   su r f ace   o f   t he   a i r fo i l ,  and convergence i s  a t ta ined when the 

change  between sweeps i s  w i t h i n  an acceptable  tolerance. N o  

e x p l i c i t  modeling i s  included  for  the  reverse  flow i n  the 
separated  region, and the  entire  viscous  region i s  assumed th in .  

The method i s  presumably  limited by i t s  formulation t o  a i r f o i l s  

w i t h  only modest separation, b u t  i n  one  such  example where 

separation  occurred a t  8 5  percent  chord, good agreement for 

the  pressure  dis t r ibut ion and integrated l i f t  coef f ic ien t  

w a s  obtained. 

I n  contrast   to   the methods just   discussed where the 

ideal izat ion  inside  the  inviscid body i s  not  intended  to 

represent  the  actual flow i n  that   region,  several  methods 

e x i s t  which contain  physical ly   real is t ic  models of  the 
flow  region  inside  the  separation  streamline, w i t h  emphasis 

on the  recompression zone of  the  separated  flow. Two- 
dimensional methods i n  t h i s  c lass   includes  those  of   refs .  61 

and 6 2 .  The methods of  these  authors  differ i n  d e t a i l  b u t  
are  conceptually  similar,  and they  both  emphasize  the  importance 

of including  simulation of the  recompression  zone. A s  previously 

s t a t ed ,   t h i s   f ea tu re  of the  separated  flow i s  not modeled i n  

the methods which assume constant-vort ic i ty   f ree  wakes or 
constant-pressure  recirculation  bubbles,  although  references 57  

and 59 include  the  recompression ( b u t  do not  calculate flow 

d e t a i l s  i n  the  recompression  region).  Favorable  results  have 

160 



been shown for  the methods which ignore  the  recompression,  but 
these were a l l   c a s e s  where the  data showed tha t  recompression 
was either  very  small  or occurred downstream of the wing. There 
a re  measurements (shown l a t e r )  which indicate   that  recompression 
sometimes occurs  over  the  airfoil ,  and i n  these  cases it  . ,muld seem 
t o  be important  to model this   process .  

I n  the methods where the  recompression  process i s  t reated 
i n  d e t a i l ,  it i s  done u s i n g  a combination  of  separate  zonal models 
for  the  free-shear  layers and the  backflow and rear  stagnation 
regions which in t e rac t  t o  cause  the  pressure  rise. The separation 
streamline which forms a par t  of  the boundary  of the  equivalent 
inviscid body i s  used i n  these  recompression  models. I t  i s  

calculated  a t  each i t e r a t ion   s t ep  by a mixed-boundary-condition 
potent ia l  flow  procedure, a s  discussed  previously. I n  the 
methods of  references 61 and 62, an in i t ia l   p ressure   d i s t r ibu-  
t ion i n  the  separated  region i s  assumed, the mixed-boundary- 
condition  potential  method i s  applied  resulting i n  a n  updated 
pressure  dis t r ibut ion on the  unseparated  region and a new 
location  for  the  separation  streamline, and the  separation 
streamline i s  input  into  the  separation model, result ing i n  an 
updated  pressure  distribution i n  the  separated  region. T h i s  

process i s  repeated  (including  application of integral  boundary- 
layer methods. t o  model the  displacement  effects i n  the  attached 
region and to  predict   the  separation  location) u n t i l  convergence 
i s  achieved. 

Pressure d i s t r i b u t i o n s  calculated u s i n g  the methods of 
references 61 and 62 a r e  compared to  d a t a  for  the G A ( W ) - l  

a i r f o i l   a t  a Reynolds number of 2 . 9 ~ 1 0 '  i n  figure A-9.  The 
predictions from the two methods are  quite  similar and  good 
agreement w i t h  the  data i s  i l l u s t r a t e d .  Notice tha t  a g a i n  i n  
t h i s  case  the  recompression  process  occurs downstream of the 
t r a i l i n g  edge of   the   a i r fo i l .  I n  figure  A-lO(a), however, the 
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data   indicate   that  a subs tan t ia l   f rac t ion   of , the  recompression 

occurs  over  the  airfoil   (a63 -012 s e c t i o n   a t  15' angle  of 1 
a t tack) :   i ron ica l ly ,   the  method of  reference 62  does  not  pick 
this up i n  th i s   case  - it predic t s   tha t  t h e  recompression  occurs 
downstream. The l i f t  curve  predicted by the method of  reference 
6 2  f o r   t h i s  631- 0 1 2  a i r f o i l  i s  compared to   da t a  i n  f igure 

A - l O ( b ) ,  where it i s  shown that   the   predict ions  are   qui te  
i r r e g u l a r   a t  h igh  c1 and do not  have  the  correct  trend  as c1 i s  

increased. A portion  of  the  discrepancy between the 

measurements and the  predictions i s  a t t r ibu ted  i n  reference 6 2  

to   the  fact   that   the   potent ia l  method used i s  a chord-line 

s ingular i ty   representat ion,   instead of a surface-singularity 
model. I t  i s  unlikely  that  t h i s  i s  the m a i n  d i f f i cu l ty   he re ,  
however. 
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Region 1 - P o t e n t i a l  flow reg ion  
Region 2 - Boundary l a y e r  
Region 3 - Free s h e a r   l a y e r  
Region 4 - Wake 

Vor t ex   shee t s  
r e p r e s e n t i n g  - R e a i  .I 

f r e e - s h e a r   l a v e r s  

Vor tex   shee t  
r e p r e s e n t i n g  
boundary   l ayer  

F i g u r e  A-1 . -  CLMAX Flow Model. From r e f e r e n c e  1 2 .  
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From  reference 12. 
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T i s u r c  L A  "-4.- Flow model of reference 5 3 .  
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APPENDIX B 

CALCULAT.ION  PROCEDURE FOR PROGRAM ASYMVL 

SYMBOLS 

total  inplane forces in x and y directions, 
respectively 

carryover. factor, eq. (B-1 )  

carryover factor, eq. (B-2) 

number of panels on the semispan 

normal  force on the  body in the  presence  of a wing 

normal  force on the wing  alone 

normal  force on  the wing in the  presence of the  body 

total  normal force, eq.. (B-3) 

normal  force  from the suction  analogy 

number of chordwise  panels 

axial  component  of  free-stream  velocity 

wing-fixed  coordinates,  fig. B-1 

INTRODUCTION 

Program ASYMVL is  a  modified version of program RATFLO 

(ref. 63), which is a  rational  flow  model to predict  the 
nonlinear  hydrodynamic  characteristics of submersible 
vehicles  undergoing  steady  motion.  In  constructing ASYMVL, 

the  subroutines  from RATFLO which deal  with  vortex  shedding 
from  and  pressure  integration on the  body were removed, so 
that  only  lifting  surface and carryover  forces and moments 
are calculated  in ASYMVL. 
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CALCULATION  PROCEDURF: 

The body  with i t s  l i f t i n g  surfaces i s  broken i n t o  
a series of r e g i o n s ,   i n  each.of which the c a l c u l a t i o n  is done 

a l lowing  for f u l l   m u t u a l   i n t e r f e r e n c e  among t h e   l i f t i n g   s u r f a c e s  

i n  t h a t  reg ion   and  the r e s u l t a n t  image s y s t e m s   i n  the fuse l age .  
Each q u a d r i l a t e r a l   l i f t i n g   s u r f a c e   ( h e n c e f o r t h  called a f i n )  i s  
r ep resen ted   by  a chorda l -p l ane   vo r t ex  l a t t i ce .  The s o l u t i o n  i s  
o b t a i n e d   b y   c a l c u l a t i n g   t h e   s t r e n g t h s  of the l a t t i c e  

s i n g u l a r i t i e s  so t h a t  a t  each c o n t r o l   p o i n t   i n  the l a t t i c e ,  the 
r e s u l t a n t   v e l o c i t y   n o r m a l  t o  t h e   a c t u a l  mean s u r f a c e  ( i . e . ,  
a l l o w i n g   f o r  camber) i s  zero .   Al though  the  slope of the mean 

s u r f a c e  i s  thus   accoun ted   fo r ,  t h i s  t angency   cond i t ion  i s  
a p p l i e d   i n   t h e   p l a n e  of t h e   l a t t i c e .   N o n l i n e a r   v o r t e x - l i f t  

e f f e c t s  a r e  inc luded  through a n   a p p l i c a t i o n  of t h e  Polhamus 

suc t ion   ana logy .  ASYMVL i s  meant t o  be used i n   c o n j u n c t i o n   w i t h  
another  program, a mod i f i ed   ve r s ion   o f  VTXCLD ( r e f .  3 8 ) ,  i n  

which the loads   on  the nose and the associated s h e d   v o r t i c i t y  i s  
c a l c u l a t e d .  The s o l u t i o n   i n   e a c h   r e g i o n  of ASYMVL allows for 
t h e  e x i s t e n c e  o f   e x t e r n a l   v o r t i c e s  as calculated b y   t h i s  

a u x i l i a r y  program:  furthermore,  i n  a f t  r e g i o n s ,   v o r t i c i t y   s h e d  
b y   l i f t i n g   s u r f a c e s   i n   f o r w a r d   r e g i o n s  i s  accounted for  i n  the 

c a l c u l a t i o n .  These procedures  are  d i s c u s s e d   f u r t h e r   i n   t h e  

fo l lowing .  

The oncoming  f low  condi t ions   and   fuse lage   geometry   a re  f i rs t  
i n p u t   b y   t h e  u s e r .  The program r e q u i r e s  t h a t  i n   e a c h   f i n  
r e g i o n   ( w i n g   r e g i o n   o r   t a i l   r e g i o n )  the  f u s e l a g e  be r ep resen ted  

by a c i r c u l a r  c y l i n d e r   o f   c o n s t a n t  r a d i u s .  A v o r t e x   f i e l d  a t  
t h e  reg ion   lead ing   edge  may be input   by  cards  or  through 

a l o c a l   f i l e .  (The modi f ied   vers ion  of VTXCLD writes vo r t ex  
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f i e l d   i n f o r m a t i o n  to  the local f i l e  r e q u i r e d  by program ASYMVL.) 

The trajectories t h r o u g h   t h e   r e g i o n  of these   impressed   vo r t i ce s  
are p a r a l l e l  to  the f u s e l a g e   c e n t e r   l i n e ,  i . e . ,  these v o r t i c e s  
a r e  n o t  t r a c k e d   i n  a f i n   r e g i o n  i n  t h e   c u r r e n t   v e r s i o n   o f   t h e   c o d e .  

The l i f t i ng - su r face   geomet ry  for t h e  wing  region i s  i n p u t .  
For a f i n   w i t h  a mirror image  on  the opposite s i d e  of the 
v e r t i c a l   p l a n e  of symmetry,  such as i n   t h e  case of a wing ,   the  
p rogram  r equ i r e s   t ha t   geomet ry   i n fo rma t ion   fo r   on ly   t he   r i gh t -  

hand side f i n  be i n p u t .  Note t h a t  ta i ls  whose l ead ing   edges  l i e  
ahead   o f   t he   w ing   t r a i l i ng   edge   shou ld  be inc luded   i n   t he   w ing  
r eg ion .  The f i n  may be a t  any   pos i t i on  o r  inc idence   angle   on  
t h e  body, b u t  an approximate  image  system i n  t h e   f u s e l a g e   f o r  

t h a t   f i n  i s  c o n s t r u c t e d  as  i f   t h e   f i n   p l a n e  were p a r a l l e l   t o   t h e  
f u s e l a g e   c e n t e r   l i n e .  

The n e x t  ma jo r   p rocedure   i n  ASYMVL i s  l a y i n g  o u t  the 

h o r s e s h o e   v o r t e x   p a n e l s   o n   t h e   l i f t i n g   s u r f a c e s  i n  t he  wing 
region.  Using the horseshoe v o r t e x - l a t t i c e  method, a l i f t i n g  
s u r f a c e  i s  d i v i d e d  i n t o  pane l s ,   e ach   o f  which c o n t a i n s  a 
ho r seshoe   vo r t ex   w i th  i t s  bound l e g  on t h e  q u a r t e r  chord of 

the   pane l   and  i t s  t r a i l i n g   l e g s   a l o n g   t h e   p a n e l   e d g e s .  The 

horseshoe v o r t i c e s  o n  t h e  l i f t i n g   s u r f a c e s   a r e  imaged i n s i d e  

t h e  body  and are  used  t o  c a l c u l a t e  the l i f t   c a r r y o v e r  effects .  

V o r t e x  p a n e l s   a r e   l a i d  o u t  i n  t h e  loca l   coo rd ina te   sys t em of 

e a c h   f i n   ( f i g u r e  B-1). P a n e l   s i d e   e d g e s   a r e   r e q u i r e d  t o  be 

a long  or emanate  from  the  following locations:  (1) the root 
chord: ( 2 )  the  t i p  chord ( i n c l u d i n g  those of z e r o   l e n g t h )  : and 
( 3 )  p o i n t s  where there a r e   b r e a k s   i n   l e a d i n g -  or t r a i l i n g - e d g e  
sweep.  Panels are  formed by d i v i d i n g  t h e  l o c a l  chord a t   e a c h  
of M S W  a r b i t r a r i l y   s p a c e d   s p a n w i s e   s t a t i o n s  i n t o  XCW (number of 
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chordwise   pane l s )   equa l  par t s .  Corresponding   chordwise   d iv is ions  

of adjacent s p a n w i s e   s t a t i o n s  are  connected t o  f o r m  the pane l s .  
As an   example ,   t he   pane l   l ayou t   on  a cropped d o u b l e - d e l t a   f i n  

w i t h  NCW = 4 and M S W  = 5 is shown i n   f i g u r e  B - 1 .  

L i m i t a t i o n s   r e g a r d i n g   t h e   p a n e l   l a y o u t  for  a g i v e n   f i n  and 
for a f i n   r e g i o n  are  a s  follows: 

. t h e  maximum number of pane l s   on  a f i n  is 100 

. t h e  maximum number of spanwise and  chordwise   pane ls  

( M S W  and NCW, r e s p e c t i v e l y )  on a f i n  i s  f o u r t e e n  (14) 
f o r  each 

. t h e  maximum combined  number of pane ls  on a l l  f i n s  

i n  a g iven   reg ion   (wing   reg ion  or t a i l  r e g i o n )  i s  300. 

A f t e r   h o r s e s h o e   v o r t e x   p a n e l s   a r e  l a i d  ou t   on  a l l  f i n s ,   t h e  

i n f l u e n c e   f u n c t i o n s   a r e   c a l c u l a t e d .   M u t u a l   i n t e r f e r e n c e  e x i s t s  
f o r  a l l  l i f t i n g   s u r f a c e s   i n  a g iven   r eg ion .  The horseshoe 

v o r t i c e s  used are  cons idered  t o  c o n s i s t   o f  three par ts :  a bound 

leg  and t w o  t r a i l i n g  legs .   For   purpose  of   computing the  i n f l u e n c e  

f u n c t i o n ,   t h e   t r a i l i n g   l e g s   e x t e n d  t o  i n f i n i t y   i n  the f i n -  
chorda l   p l ane .  The i n f l u e n c e   c o e f f i c i e n t s  are  the p e r t u r b a t i o n  

veloci ty   components  per u n i t   v o r t e x   s t r e n g t h   i n d u c e d  a t  a p o i n t  

( i n  t h i s   c a s e ,   e a c h   c o n t r o l   p o i n t )   b y  each horseshoe vortex 
component. A t  each c o n t r o l   p o i n t ,  the  sum of a l l  i n f l u e n c e  

coef f ic ien ts  due t o  a l l   h o r s e s h o e   v o r t i c e s   a n d  their  images i s  

c a l c u l a t e d .  The component  normal t o  t h e  a c t u a l  mean s u r f a c e  

represented   by   each   pane l  i s  u s e d  i n  t h e  l i f t i n g - s u r f a c e   b o u n d a r y  

condi t ion ,   which  i s  d i s c u s s e d  nex t .  
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The tangency  boundary  condition  (zero  net  velocity normal 
t o   t h e  mean f in   sur face)  i s  s a t i s f i e d   a t   t h e  midspan  of the 
three-quarter  chord of each  panel. This boundary condition i s  
implemented as   the  sum of the normal components of  the 
per turbat ion  veloci t ies  due t o   t h e   l a t t i c e  and i t s  image system, 
and the normal  components  due to  the  free-stream  velocity,  the 
external ly  imposed vor t ices ,  and the  cross flow  around  the 
fuselage  as  calculated by a two-dimensional  doublet  representation. 
The resul t ing system  of  equations i s  solved by matrix  inversion 
to   g ive  the  strength of each  horseshoe  vortex. 

The loadings  acting on the   l i f t ing   sur faces   a re  now calculated.  
The force  acting on a vortex  filament i s  given by the K u t t a -  

Joukowski  law. Forces  are  calculated a t  each bound leg  midpoint 
and at   the   three-quarter  chord posit ion on the  side edges  of  each 
horseshoe-vortex  panel. Note t h a t  i n  program ASYMVL, the 
contributions t o  the  loads from the  free-stream,  the  impressed 
vort ices  and the  cross flow  around  the  fuselage  are  calculated 
u s i n g  the  velocit ies  calculated  at   the  panel  control  point:  
however, the   ve loc i t ies  due to  the  horseshoe  vortices  are 
calculated a t  the  actual  posit ions a t  which forces  are  determined. 

After  the  individual  forces on each  panel of a given f i n  
have been calculated,   the  span  load d is t r ibu t ion  i s  calculated.  
Additionally,  the  inplane  forces  are used i n  conjunction w i t h  a 
method to  determine an additional  nonlinear l i f t  associated w i t h  

flow  separation  along  leading and side  edges. The basis   for   the 
vortex l i f t  method is  the Polhamus leading-edge  suction  analogy, 
which i n  simple  terms s ta tes   tha t   the   vor tex  l i f t  on a de l t a  
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wing i s  equal i n  magnitude to  the  leading-edge  suction on the 

wing. This analogy has been  extended t o  streamwise  edges  of 

wings.  Furthermore, f o r   d e l t a  wings, a procedure t o  determine 
the   f rac t ion  of leading-edge  suction  converted  to normal force 
has  been  developed from a correlat ion of  experimental  data 

(ref. 3 3 ) .  T h i s  cor re la t ion   ind ica tes   tha t   the   f rac t ion  of 
leading-edge  suction ( K v e e )  converted t o  normal force  can  vary 

from 0 t o  1 depending on geometric  parameters. The correlat ion 
i s  based on equivalent  leading-edge sweep angle and i s  shown as 

the  solid  curve i n  f igure B - 2 .  

* 

The leading-edge  suction  force i s  obtained by summing the 
inplane  forces on the bound legs  over  the  chord a t  each  spanwise 

divis ion  of   the  l i f t ing  surface.  The value  of  the  available 

leading-edge  suction  force i s  given by (C  X 2, ’’*, where Cx 2 
+ cv 

L 

and C are   the  total   inplane  forces   for  a given  portion  of  the 

span i n  the x and y direct ions,   respect ively.  The leading-edge 

suction  force i s  assumed t o   a c t   a t   t h e  bound-leg  midpoint  of 

the  panel  nearest  the  leading  edge. The to ta l   ava i lab le  

leading-edge  suction  force on the   l i f t ing   sur face  i s  the sum 

of  the  suction  distribution  over  the  span. The vortex normal 
force due t o  leading-edge  suction i s  the  available  suction 

force  reduced by Kvle ( f o r  planforms  other  than  deltas, KVle = 1) .  

The side-edge  suction  force i s  obtained by summing spanwise  the 

inplane  forces on the  t ra i l ing  legs  of each row of  panels, 
i .e . ,   the   inplane  t ra i l ing-edge  forces  on a l l   t h e  i - t h  chordwise 

panels  are summed to  give  the  side-edge  suction  at   the i - th  

panel a t   t h e  f i n ’ s  t i p .  Note t h a t   a l l   f o r c e s   a t  a body/wing 

in te rsec t ion   a re   se t   to   zero .  Allowance i s  made t o  reduce  the 

suction  forces by Kvse to obtain  the  total   side-edge  vortex l i f t ,  

b u t  Kv i s  usually  taken a s  u n i t y .  This l i f t  i s  assumed t o  

a c t  a t  the   f in   s ide edge a t   the   cen ter  of pressure of the 
side-edge  inplane  forces. For l i f t i n g  surfaces which have 

Kvee 
vortex normal force remain as  inplane  forces.  

Y 

* * 

* 
* 
se  

* 
< 1, the remainder  of the  inplane  forces  not  converted  to 
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The s p a n   l o a d   d i s t r i b u t i o n   c a l c u l a t i o n  i s  a l s o   u s e d  t o  
o b t a i n   k h e   s t r e n t h s   a n d   l a t e r a l   p o s i t i o n s  of v o r t i c e s   d u e   t o  
l ead ing -   and   s ide -edge   suc t ion .   These   vo r t i ce s . a re   i nc luded  i n  
t h e   l o a d   c a l c u l a t i o n s  i n  a f t  r e g i o n s .  C a l c u l a t i o n   o f   t h e  
s e p a r a t i o n   v o r t i c e s  and t h e i r   l a t e r a l   p o s i t i o n  i s  d e s c r i b e d   i n  
r e f e r e n c e  3 3 .  To a r r i v e   a t   t h e   v e r t i c a l  posit ions of t h e s e  
v o r t i c e s   a t   t h e  end   o f   t he   cu r ren t   r eg ion ,   t hey   a r e  assumed to  
" t r a c k "   a t   o n e - h a l f   o f   t h e   l o c a l   f l o w   a n g l e   o b t a i n e d  from t h e  
f ree-s t ream  f low  condi t ions .  This assumed pa th  i s  based  on 
empi r i ca l   obse rva t ions .  The sepa ra t ion   vo r t ex   i nboa rd   o f  a 
break  i n  leading-  edge  sweep  angle i s  " t racked"   f rom  the   ax ia l  
l o c a t i o n  of  t h e   b o d y - f i n   i n t e r s e c t i o n   t o  t h e  t r a i l i n g  edge of 
t h e   r e g i o n .  The vo r t ex   ou tboa rd   o f   t he   b reak  i n  sweep,  which i s  

ob ta ined  by combining  the  leading-edge and s i d e - e d g e   v o r t i c e s ,  
i s  " t r acked"  from t h e  a x i a l   p o s i t i o n  of the   b reak  t o  t h e  
t r a i l i n g   e d g e .  

The t r a i l i n g - v o r t e x  sys tem from t h e   p o t e n t i a l  l i f t  for each 
l i f t i n g   s u r f a c e  i s  a l s o   a v a i l a b l e  from t h e   l o a d i n g   c a l c u l a t i o n s .  
The  v o r t e x - l a t t i c e  method r e s u l t s  i n  a t r a i l i ng -vor t ex   f i l a rnen t  
from  each  column  of  the la t t ice   ne twork ,   which   goes   to   downst ream 
i n f i n i t y  i n  t h e  f i n  chorda l   p lane .  The s y s t e m   o f   t r a i l i n g  
v o r t i c e s   f o r   e a c h  l i f t i n g  s u r f a c e  i s  t h u s   d i s t r i b u t e d   a c r o s s  
t h e   s p a n ,   w i t h   t h e   v o r t i c e s   o r i g i n a t i n g  i n  t h e   p l a n e   o f  the 

l i f t i n g   s u r f a c e   a t   t h e   l i f t i n g - s u r f a c e - r e g i o n   t r a i l i n g   e d g e .  

I n  a p p l i c a t i o n   o f  ASYMVL t o  t h e  G R F ,  t h e   v a r i o u s   v o r t i c e s  were 
assumed t o  remain a t   c o n s t a n t  y and z between  the wing  and t a i l  
reg ions   because  of t h e   s h o r t   d i s t a n c e   i n v o l v e d .   I f   t h e r e  were 

a l o n g e r   f u s e l a g e   s e c t i o n ,  t h e  vor t ices   could   have   been   t racked  
us ing  vTXCLD. Fu r the rmore ,   t he   t echno logy   ex i s t s  ( r e f .  3 3 )  t o  
t r a c k   v o r t i c e s  w i t h i n  a w i n g  o r   t a i l   r e g i o n ,  and t h i s  c a p a b i l i t y  
should  be  added  to  ASYIVlVL a s   d i s c u s s e d  i n  t h e  main t e x t .  
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The carryover loads ac t ing  on the f u s e l a g e   i n  the v i c i n i t y  

of e a c h   l i f t i n g   s u r f a c e  are c a l c u l a t e d .   C o n s i d e r  the fo l lowing  

d e f i n i t i o n s :  

where N i s  t h e  normal force on the body   i n  the presence  

of a wing, N i s  t h e  normal force o n  the wing i n  the presence  

of the  body,   and Nw is the   normal   force   on   the   wing   a lone .  
These  normal   forces  a re  to  be i n t e r p r e t e d  as  c a l c u l a t e d  us ing  

the  Kutta-Joukowski l a w  i n c l u d i n g   p e r t u r b a t i o n   v e l o c i t i e s .  

I t  f o l l o w s   t h a t  ( i n  t he   absence  of any  normal force from t h e  

Polhamus  analogy) 

B (W) 
W ( B )  

and 

I n  r e f e r e n c e  6 4 ,  it has  been shown t h a t  f o r  a d e l t a  wing  mounted 

on a c y l i n d e r  a t  f3 = Oo, KB/KW can  be computed accord ing  t o  
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- normal   force on images  due t o  U - ~ 

B = O  NW ( B )  

(B-51) 

where U i s  t h e  a x i a l  component of the   f ree-s t ream  ve loc i ty   and  
N i s  c a l c u l a t e d   u s i n g   t h e  wing v o r t e x   l a t t i c e .   E x t e n d i n g  
t h i s  t o  a l l o w   f o r   s i d e s l i p  i n  t h e   s p i r i t  of s lender   body 
t h e o r y ,  w e  o b t a i n  

W ( B )  

normal  force  on  images due t o  U only  - 
I, (8-6) n W I B Z  0 

where N~ ( B )  l e f t  
l e f t  wing- pane l ,  
aga in   i nc lud ing  the e f f e c t s   o f   p e r t u r b a t i o n   v e l o c i t i e s .  

is t h e   l a t t i c e - c a l c u l a t e d   n o r m a l   f o r c e  o n  t h e  

NW ( B )  r i g h t  t h a t  o n  t h e   r i g h t  wing pane l ,  

Then,   assuming  that  the normal  force  from  the Polhamus 
analogy NS i s  c a r r i e d   o v e r  o n t o  the body i n  t h e  same p ropor t ion ,  

To ta l   ca r ryove r  = - + N S )  (B-7 1 
K W   ( N W  ( B )  

w i t h  KB& c a l c u l a t e d  from eq. (B-5) f o r  6 = 0 and eq. (B-6) 

f o r  B # 0 .  

As f o r  the car ryover   o f  t h e  p i t c h i n g  moment, t he   ca r ryove r  
of t h e   p o t e n t i a l   p o r t i o n  is c a l c u l a t e d  by t ak ing  moments on 
t h e  image  system  within the  body; w i t h  r e s p e c t  t o  t h e  p o r t i o n  
from t h e  Polhamus  analogy,   the  center  of p r e s s u r e  of the 

vor tex   normal   force   ( inc luding  both leading-  a n d  s ide-edge 
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contributions) i s  computed and the  carried  over  portion 

(- N ) i s  assumed t o  a c t   a t  the same axial   locat ion.  It  i s  
assumed tha t   there  is no carry  over of s ide  force,  yawing 

moment or   ro l l ing  moment. 

KB 
Kw s 

After  the  total   loads on the l i f t i n g  surfaces and the   t o t a l  

ca r ry  over  loads  are  calculated  for  the wing region,  the 

above  procedure i s  repeated  for the ta i l   reg ion .   F ina l ly ,  

the component loads  are summed t o   r e s u l t  i n  values  for t h e  

complete  configuration. 



Figure B-1.- Panel  layout  on  a  double-delta 
fin  with  four  chordwise  and  five 

spanwise  divisions. 
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Figure B-2.- Vortex  lift on delta  wings  in 
incompressible flow (from  ref. 33). 
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