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Abstract 

An a n a l y t i c a l  procedure f o r  t h e  determinat ion 
o f  t h e  shape of  a Leading-Edge Extension (LEE) 
which s a t i s f i e s  design c r i t e r i a ,  i n c l u d i n g  espe- 
c i  al  ly non in te r fe rence  a t  t h e  wing design poi  n t  , 
has been developed fo r  t h i c k  d e l t a  wings. The LEE 
dev ice  best s a t i s f y i n g  a l l  c r i t e r i a  is designed t o  
be mounted on a wing a long a d i v i d i n g  stream sur- 
f ace  associated w i t h  an at tached f low design l i f t  
c o e f f i c i e n t  (Ct d)  o f  g rea te r  than zero. 
dev i ce  i s  intended t o  improve t h e  aerodynamic 
performance o f  t r a n s o n i c  a i r c r a f t  a t  
by c o n t r o l l i n g  t h e  wing f l o w  f i e l d  w i t h  t h e  vo r tex  
system emanating from the LE€ l ead ing  edge. 
order  t o  quan t i f y  t h i s  process a t w i s t e d  and 
cambered t h i c k  d e l t a  wing was chosen f o r  t h e  
i n i t i a l  a p p l i c a t i o n  of t h i s  design procedure. 
Approp r ia te  computer codes rep resen t ing  p o t e n t i a l  
and vo r tex  f l ows  were employed t o  determine t h e  
d i v i d i n g  stream surface a t  C L , ~  and an opt imized 
LEE p lanform shape a t  Ck > CL d, respec t i ve l y .  
To a i d  i n  t h e  LEE se lec t i on ,  t f ie  aerodynamic 
e f f e c t i v e n e s s  o f  36 planforms was i n v e s t i g a t e d  a t  
CL > c~ d .  This  study showed t ha t  reducing t h e  
span o f ' t h e  candidate LEES has t h e  most d e t r i -  
mental effect on o v e r a l l  aerodynamic efficiency, 
regard less of the shape o r  area. Furthermore, f o r  
a f i x e d  area, constant-chord LEE candidates were 
r e l a t i v e l y  more e f f i c i e n t  t han  those w i t h  sweep 
l e s s  than  t h e  wing. A t  Ct ,d ,  t h e  presence o f  t h e  
LEE planform best s a t i s f y i n g  the design c r i t e r i a  
was found t o  have no e f f e c t  on t h e  wing alone 
aerodynamic performance. 

Th ls  

Ct > C L , ~  

fn 

Nomenclature 

A aspect r a t i o  of wing 
b span 

drag c o e f f i c i e n t ,  drag/q, S 
l i f t  c o e f f i c i e n t ,  l i f t / q ,  S 
p i t  c h i  ng moment coef f i c i  e n t  , p i t  c h i  ng 
moment/q, Sc 
pressure c o e f f i c i e n t ,  Ip - pm)/q, 
l i f t i n g  pressure c o e f f i c i e n t ,  

CD 
CL 
Clll 

C 

c,,, - Cp,e 
AFP 

4 chord 
C re ference chord 
F vs f r e e  vo r tex  sheet 
L/D 
LE& 
'm f ree-st ream Mach number 
P static pressure 
P f ree-st ream s t a t i c  pressure 
PEN A I R  panel aerodynamics computer code 
PSS pseudo-stagnati  on stream1 i ne 
PSSS pseudo-stagnation stream su r face  
4, f re@-stream dynamic pressure 
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S 
VX 
YY 
VZ 
VLM-SA 

X/C 

a 
I7 

wing reference area 
X-component of t h e  t o t a l  v e l o c i t y  v e c t o r  
Y-component of the t o t a l  velocity vector 
Z-component of t h e  t o t a l  v e l o c i t y  vec to r  
vo r tex  l a t t i c e  method coupled w i t h  
suc t i on  analogy 
coord inate axes centered a t  t h e  leading-  
edge apex 
f r a c t i o n a l  dSstance along t h e  local 
chord o f  the c a l l e d  ou t  surface 
angle o f  a t tack,  degrees 
f r a c t i o n  of wing t h e o r e t i c a l  semispan 
(bT/2 = 16.77 in.) 
blEE/bw n leading-edge sweep angle, degrees 

Subsc r ip t s  

d 
II 
LE€ 
r 
T 
u 
W 
0 

design 
lower sur face 
leading-edge extens ion 
r o o t  
theory 
upper su r face  
wing 
va lue a t  CL = 0.0 

I n t r o d u c t i o n  

Future swept-wing a i r c r a f t  capable o f  
c r u t s i n g  a t  h igh  subsonic o r  supersonic speeds a re  
l i k e l y  t o  be requ i red  t o  operate e f f i c i e n t l y  over  
an extended p o r t i o n  o f  t h e i r  f l i g h t  envelope. 
There a re  t w o  bas i c  approaches t o  design ing such 
a i r c r a f t .  The f i r s t  i s  a convent ional  approach 
and seeks to main ta in  f u l l y  a t tached f l o w  a t  each 
p o i n t  of the  envelope, whereas, t h e  second 
approach attempts t o  use t h e  organized separated 
flow a t  off-design and at tached f l o w  at  design 
condi t ions.  The design c r i t e r i o n  o f  t h e  conven- 
t i o n a l  approach i s  m r e  des i rab le ,  because an 
aerodynamical ly e f f i c i e n t  a i r c r a f t  always achieves 
i t s  best  performance w i t h  at tached f low unless t h e  
wing i s  extremely slender. 
t h i s  h igh  e f f i c i e n c y  is t h e  product ion o f  aero- 
dynamic thrust associated w i t h  attached f l o w  a t  
t h e  l ead ing  edge. 
f low on such swept wings, techniques such as v a r i -  
ab le camber a t  t h e  l ead ing  edge, a leading-edge 
f l a p ,  and l a r g e  leading-edge r a d i i  have been 
developed. These techniques, i l l u s t r a t e d  i n  
f i g u r e  l a  v i a  streamwise wing cuts, have been 
known for t h e i r  p o t e n t i a l  t o  de lay the onset o f  
the  1 eadi ng-edge f 1 ow separat ion on moderate swept 
wingsl-3. However, t h e  na tu ra l  tendency o f  f l o w  
toward separat ion for  h i g h l y  swept wings, espe- 
c i a l l y  a t  o f f -des ign  cond i t i ons  such as t a k e o f f ,  
landing,  and maneuvering, appears i nev i tab le .  A t  
o f f -des ign  performance, t h e  f l o w  c h a r a c t e r i s t j c s  
o f  such a i r c r a f t  are changed d r a m a t i c a l l y  by the 
format ion of a genera l l y  s t a b l e  and coherent 
leading-edge vo r tex  system. The schematic f l o w  
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rep resen ta t i on  a t  o f f -des ign  c o n d i t i o n  i s  shown by 
a streamwise c u t  ( f i g .  l b )  f o r  b l u n t  leading-edge 
swept wings. The r e s u l t a n t  vo r tex  system generates 
a d d i t i o n a l  l i f t, caused by low pressure reg ions 
under t h e  s t a b l e  vor tex system, and produces t h e  
well-known non l i nea r  aerodynamic behavior  c a l l e d  
"vo r tex  1 i ft." Accompanying t h e  a d d i t i o n a l  1 i f t  
i s  t h e  increased drag which r e s u l t s  from the  l o s s  
o f  the leading-edge suc t i on  associated w i t h  
attached f low around t h e  l ead ing  edge4. 
drag increase r e s t r i c t s  t h e  subsonic and t ranson ic  
susta ined maneuver, because of the excess engine 
thrust  required. Furthermore, w i t h  i n c r e a s i n g  
angle o f  a t tack ,  t h e  shed vo r tex  system has an 
inboard movement o f  i t s  cen te r  and may f a i l  t o  
rea t tach  on t h e  wing and/or experience break- 
down. The l a t t e r  two phenomena r e s u l t  i n  a p i t c h -  
up p i t c h i n g  mment5. 

As technology i n  a i r c r a f t  design has devel -  
oped, methods f o r  improv ing mu l t im iss ion  capa- 
b i l i t y  have been explored. One such method, t h e  
sub jec t  o f  t h i s  study, i s  t o  design t h e  wing t o  
achieve f u l l y  a t tached f l o w  a t  t he  c r u i s e  design 
cond i t i on ,  and c o n t r o l l e d  leading-ed e separa t i on  

method i s  an a l t e r n a t i v e  approach t o  the conven- 
t i o n a l  a t tached f l o w  approach f o r  des ign ing a h igh  
subsonic o r  supersonic c r u i s e  swept-wing a i r c r a f t .  
The basic concept of t h i s  a l te rna t i ve  approach i r  
t o  l e t  the f l o w  separate and r o l l  up i n t o  an 
organized leading-edge vo r tex  system, which i s  
l oca ted  a p p r o p r i a t e l y .  For t h i s  purpose, a fam i l y  
o f  vor tex c o n t r o l  devices, such as f i x e d  (i.e., 
sharp leading-edge extens ions)  and movable 
1 eadi ng-edge extensions (i .e., l e a d i  ng-edge vor tex 
f l a p s )  have been developed. Through ex tens i ve  
parametr ic  s tud ies  on d i f f e r e n t  experimental wing 
models, i t  has been shown t h a t  such devices, when 
p r o p e r l y  designed and pos i t i oned ,  can con f ine  t h e  
e n t i  r e  1 eadi ng-edge v o r t i c e s  t o  the dev ice upper 
su r face  and p rov ide  f l o w  reattachment on t h e  wing 
a long t h e  knee or  h inge line5'10. As a r e s u l t ,  
t h e  wing not  on l y  produces a d d i t i o n a l  l i f t ,  b u t  i t  
also generates a t h r u s t  f o r c e  component, as the 
low pressure associated w i t h  the  conf ined v o r t i c e s  
ac ts  on t h e  ne ighbor ing  surfaces, 

The o b j e c t i v e  of t h e  present  study i s  t o  
develop a leading-edge device which would improve 
t h e  aerodynamic performance and p i t c h i n g  moment 
c h a r a c t e r i s t i c s  o f  a t h i c k  swept-wing, cambered 
and tw i s ted ,  high-subsonic, and low-supersonic 
a i r c r a f t  a t  o f f -des ign  cond i t i ons .  This  leading-  
edge device, designated as a Leadi ng-Edge 
Extension (LEE), i s  t o  be mounted t o  a wing along 
t h e  d i v i d i n g  stream surface, c a l l e d  here in,  t h e  
"Pseudo"-Stagnation Stream Surface (PSSS) , associ - 
ated with t h e  at tached f l o w  design l i f t  c o e f f i -  
c i e n t  (CL,d > 0). (Note t h a t  CL,d = 0 work i s  
repor ted i n  re ference 11.) The sur face i s  c a l l e d  
"pseudo" s tagnat ion because, a t  i t s  i n t e r s e c t i o n  
w i t h  t h e  wing, t h e  v e l o c i t y  components are n o t  a l l  
zero, except a t  t he  cen te r  l i n e .  I n  f a c t ,  except 
a t  t h e  cen te r  l i n e  of a three-dimensional swept 
wing, t he re  e x i s t s  no o the r  p o i n t  on t h e  wing 
surface, from a po ten t i a1  f l o w  viewpoint, where 
zero sidewash (V,) w i l l  occur. The PSSS i s  a 
d i v i d i n g  stream surface which separates t h e  
incoming f low into two regimes, i n  general,  over 
t h e  upper and under t h e  lower  wing surfaces. 
streamwise cu ts  through the  PSSS are shown schema- 
t i c a l l y  in f i g u r e  2 t o  i l l u s t r a t e  t h e  surface 
curvature.  

This  
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Two 

The LEE i s  a p o r t i o n  o f  the PSSS and, i f  
p r o p e r l y  determined, should not  a f f e c t  t he  main 
wing aerodynamic performance a t  t h e  at tached f l o w  
design angle o f  a t tack  (ad ) ,  (Note t h a t  t h e  
angle of a t tack  associated w i t h  CL,d i s  def ined 
as ad). Th i s  i s  i l l u s t r a t e d  by a streamwise c u t  
through t h e  LEE i n  f i g u r e  3a. However, a t  h ighe r  
angles of incidence, v o r t i c e s  would be generated 
as a r e s u l t  o f  forced f l o w  separat ion by t h e  sharp 
l ead ing  edges o f  t h e  LEE device. These v o r t i c e s  
can be c o n t r o l l e d  through LEE p lanform shape o p t i -  
m iza t i on  by va ry ing  parameters such as the  chord- 
wise extension, spanwise extension, and lead ing -  
edge sweep angle. A p r o p e r l y  designed LEE p lan -  
form can capture the e n t i r e  leading-edge vor tex on 
i t s  upper sur face and p rov ide  f l o w  reattachment 
at ,  o r  near, the wing upper sur face l ead ing  edge 
( f i g  , 3b).  The con f ined  1 eadi ng-edge vo r tex  
system induces suc t i on  pressure which ac ts  on the 
LEE upper sur face and t h e  forward- fac ing area o f  
t h e  wing l e a d i n g  edges, p r o v i d i n g  an a d d i t i o n a l  
l i f t  and an e f f e c t i v e  leading-edge t h r u s t  
recovery. As a r e s u l t ,  t h e  aerodynamic t h r u s t  
f o r c e  generated i n  t h e  f l i g h t  d i r e c t i o n  yields a 
reduc t i on  i n  drag, r e l a t i v e  t o  a p lana r  conf igu-  
r a t i o n ,  and t h e  added l i f t  pe rm i t s  the a i r c r a f t  t o  
operate at lower  angles o f  a t tack  which may delay 
p i t c h  up, due t o  t h e  improved t r a i l i n g - e d g e  
f low. (Note: S k i n - f r i c t i o n  drag i s  ignored 
throughout  t h i s  study.) 

Design Procedure 

I n  order  t o  accomplish the task o f  des ign ing 
an aerodynamical ly e f f i c i e n t  LEE p lanform shape, 
an a n a l y t i c a i  procedure had t o  be developed. Th is  
design procedure, which forms the bas is  o f  t h e  
present  study, can be o u t l i n e d  i n  two major steps: 

w 
a) A n a l y t i c a l  determinat ion o f  PSSS a t  t h e  

at tached f l o w  design c o n d i t i o n  f o r  the 
wing. 

b)  A n a l y t i c a l  o p t i m i z a t i o n  o f  t he  chordwise 
ex ten t  and t h e  p lanform shape o f  t h e  
PSSS a t  separated f l o w  condi t ions.  This  
step would, in fact ,  determine t h e  
optimum LEE s i z e  for  t h e  given wing. 

The f i n a l  LEE i s  considered t o  be optimum i n  
t h i s  study when the  f o l l o w i n g  c r i t e r i a ,  which are 
re fe r red  t o  as t h e  design requirements, a r e  
s a t i s f i e d  , 

- I t s  presence on t h e  wing does not  change 
the pressures and, t he re fo re ,  t he  
aerodynamic performance of t he  wing 
a lone a t  the design l i f t  c o e f f i c i e n t .  

approaches zero ( t a r g e t t e d  va lue)  a t  the 
des ign l i f t  c o e f f i c i e n t .  

- it mainta ins a minimum planform area and 
chord l eng th  e s p e c i a l l y  i n  t h e  t i p  
reg ion  where the wing l o c a l  chord 
becomes shor ter .  

- The net  l i f t i n g  pressure across it 

A n a l y t i c a l  Tools 

To demonstrate the design procedure o u t l i n e d  
e a r l i e r ,  computer codes ( i  .e., a n a l y t i c a l  t oo l s )  k%Y 
and a candidate wing had t o  be selected. As a 
r e s u l t  , a t h i c k ,  round-edged, t w i s t e d  and cambered 
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wing o f  approx imate ly  t r i a n g u l a r  p lanform having a 
sweep of 58" and an aspect r a t i o  o f  2.3, was 
chosen t o  p rov ide  t h e  f i r s t  a p p l i c a t i o n  of t h i s  
technique. A t  t h e  outset ,  four computer codes 
were considered f o r  a n a l y t i c a l  execut ion o f  t h e  
present  study a t  a h i g h  subsonic Mach number. 
These codes were Free Vortex Sheet code (FVS)1*, 
Panel Aerodynamics code (PAN AIR)13,Vortex L a t t i c e  
Method w i t h  Suc t i on  Analogy code (VLM-SA)14-16, 
and a t r a n s o n i c  computer code. Although at tempts 
were made t o  o b t a i n  and employ a non l i nea r  t ran -  
sonic  computer code i n  t h i s  study, due t o  t h e  h igh  
subsonic Mach numbers o f  i n t e r e s t ,  none was 
a v a i l a b l e  t o  t h e  authors when t h i s  study began 
which could r e l i a b l y  est imate t h e  pressures on 
t h i c k - d e l t a  wings. The FVS was not  employed 
because o f  the f i r s t  a u t h o r ' s  unsuccessful past  
experience, which i nc luded  e f f o r t s  t o  o b t a i n  a 
converged s o l u t i o n  f o r  t h e  OM-1 w i t h  a leading-  
edge extens ion o f  re ference 1117. Fur the r  v a l i d  
f l o w - f i e l d  r e s u l t s  could not  be obta ined by t h e  
VLM-SA because of the l ack  o f  th ickness modeling 
by t h e  code. The PAN A I R  code was evaluated by 
model i ng t h e  candidate wing geometry us ing  the 
f l o w  c o n d i t i o n s  o f  i n t e r e s t .  A pressure d i s t r i -  
b u t i o n  obta ined from t h e  code is compared w i t h  
experimental r e s u l t s  and discussed i n  appendix 
A. Hence, a f t e r  t h e  p r e l i m i n a r y  examination o f  
t he  remaining code opt ions,  t h e  PAN A I R  was 
assigned t o  determine t h e  PSSS, and the  VFM-SA 
code t o  e s t a b l i s h  t h e  proper ex ten t  f o r  t h e  LEE. 

PSSS Determinat ion 

Assumptions 

P a r t  1 o f  t h e  two-par t  present study seeks t o  
determine a rep resen ta t i on  o f  t h e  PSSS based on 
t h e  f o l l o w i n g  assumptions: 

- There e x i s t s  a PSSS associated w i t h  a 
swept-wing a i r c r a f t  a t  t h e  at tached f l o w  
design cond i t i on .  

The i n t e r s e c t i o n  o f  the PSSS w i t h  a 
number o f  p a r a l l e l  XZ planes spanning 
t h e  wing produces curves which are 
rep resen ta t i ve  o f  t h e  Pseudo-Stagnation 
Streaml ine (PSS) l ead ing  t o  t h e  pseudo- 
s t a  n a t i o n  p o i n t  (i.e., I V x l -  minimum, 
] V z q  = 0; note t h a t  Ivy1 i s  n o t  assumed 
t o  be small  nor zero, i t  i s  n o t  t r e a t e d  
i n  p a r t  1 o f  t h i s  study). 

- The PSS shapes a re  de r i ved  from t h e  
l o c a l  slopes of t h e  r e s u l t a n t  

v e l o c i t i e s  ~vW a t  approp r ia te  
p o i n t s  i n  t h e  XZ plane. 

through t h e  r e s u l t i n g  i n t e r s e c t i o n s  i s  
an approximation o f  the PSSS described 
i n  t h e  f i r s t  assumption. 

- A spanwise sur face f i t t e d  l i n e a r l y  

P a r t  2 of t he  present  study shows how improvements 
can be made i n  t h e  r e s u l t i n g  LEE by i n c l u d i n g  t h e  
i n f l u e n c e  o f  Vy. 

Survey Networks 

s tudy were v e r t i c a l  XZ planes l oca ted  a t  16 
d i f f e r e n t  s t a t i o n s  along t h e  semispan o f  t he  wing 

The survey networks adopted i n  t h e  present 

model. 
t h a t  each would enclose t h e  nose p o r t i o n  o f  i t s  
corresponding s t a t i o n  and stand o f f  from t h e  
sec t i on  a d i s tance  o f  approximately .OS% o f  t h e  
wing Cy. 
j u s t  behind t h e  l ead ing  edge and extended around 
the nose t o  t h e  lower  surface mid-chord. Due t o  
t h e  s i m i l a r i t y  o f  t he  survey network geometries 
and t h e  i nvo l ved  process o f  t h e i r  generation, on l y  
a t y p i c a l  survey network ( l oca ted  a t  t h e  f o u r t h  
s t a t i o n )  shown i n  f i g u r e  4,  w i l l  be discussed. 
This  f i g u r e  a lso  shows the p lanform d i s t r i b u t i o n  
o f  t h e  o the r  survey network l o c a t i o n s  over  t h e  
semispan of the wing model. Fu r the r ,  t h e  enlarged 
cross-sect ional  view of t h e  survey network and t h e  
nose p o r t i o n  of i t s  corresponding wing sec t i on  a t  
t h e  f o u r t h  s t a t i o n  i s  shown in f i g u r e  5a. Since 
t h e  FAN AIR Code v e l o c i t y  f i e l d  s o l u t i o n s  were 
assigned t o  be c a l c u l a t e d  a t  t h e  cen te r  p o i n t  o f  
each panel i n  a p a r t i c u l a r  survey network, it was 
essen t ia l  t o  p rov ide  t h e  survey networks w i t h  
enough panels so t ha t ,  once t h e  r e s u l t a n t  v e l o c i t y  
vectors  associated w i t h  V x  and Vz were p l o t t e d ,  
t h e  pseudo-stagnation s t reaml ines cou ld  be 
depic ted g r a p h i c a l l y  f o r  each wing sect ion.  
t h i s  pur  ose, a geometrical computer code, c a l l e d  
GEOMABS18, was empl oyed t o  i n t e n s i f y  t h e  panel i ng 
on t h e  survey networks. F igu re  5b, shows the 
repaneled survey network. It can be seen from t h e  
f i g u r e  t h a t  t h e  pane7 d e n s i t y  i s  concentrated 
p r i m a r i l y  around t h e  p o r t i o n  o f  t h e  survey network 
which faces the  nose o f  t h e  associated wing 
sect ion.  
so lu t i ons ,  which a re  needed t o  determine graphi -  
c a l l y  t h e  accurate l o c a t i o n  of t h e  r e s u l t i n g  
pseudo-stagnati on stream1 i nes as they meet t h e i r  
corresponding wing sect ion.  S i m i l a r  survey ne t -  
works were generated f o r  a l l  16 semispan s t a t i o n s  
o f  t h e  wing model. Each i n d i v i d u a l  survey network 
was pos i t i oned  on t h e  wing model, and separate PAN 
A I R  code execut ion was performed. 

These survey networks were generated such 

The networks began a t  t h e  upper sur face 

For 

This  would p rov ide  more v e l o c i t y  vec to r  

PAN A I R  Analys is  

The PAN A I R  task was success fu l l y  accom- 
p l ished,  and t h e  v e l o c t t y  f i e l d  s o l u t i o n s  f o r  
d i f f e r e n t  wing sec t i ons  were a n a l y t i c a l l y  de te r -  
mined a t  t h e  at tached f l o w  design l i f t  c o e f f i c i e n t  
of 0.25 and Mach number of 0.8. (Note t h a t  the 
angle o f  a t tack  associated w i t h  CL d was 6.0'). 
Neglect ing t h e  sidewash (Vy)  e f f e c f ,  the r e s u l t a n t  
v e l o c i t y  vectors  obta ined from v e c t o r i a l  a d d i t i o n  
o f  t h e  a x i a l  ( V x )  and t h e  upwash (Vz) v e l o c i t y  
components associated wi th each wing s e c t i o n  were 
p l o t t e d .  Fur ther ,  t he  s t reaml ine associated w i t h  
minimum v e l o c i t y  magnitude (i.e., lVxl  + minimum, lVz1 - 0, pseudo-stagnation p o i n t )  was drawn 
tangent t o  the p l o t t e d  v e l o c i t y  vectors .  F igure 6 
shows t h e  nose p o r t i o n  of a t y p i c a l  a i r f o i l  
sec t i on  w i t h  i t s  corresponding v e l o c i t y  f i e l d  and 
the graphica l  PSS so lu t i on .  These graph ica l  
s t reaml ine s o l u t i o n s  y i e l d e d  t h e i r  coo rd ina te  
p o i n t  re1  a t i  ve t o  the corresponding wing sect ion.  
Each o f  these s o l u t i o n s  was e q u a l l y  extended ou t  a 
d i s tance  of 4.8 i n .  (i.e., 19-percent o f  wing 
cy) ahead o f  t he  wing l ead ing  edge. This  d i s tance  
was thought t o  be s u f f i c i e n t  t o  bracke t  t h e  use fu l  
design space o f  a LEE dev ice from an aerodynamic 
and s t r u c t u r a l  viewpoint. Unreat i .s t ic  v e l o c i t y  
f i e l d  s o l u t i o n s  obta ined a t  t h e  t i p  r e g i o n  
prevented the  graphica l  generat ion o f  t h e  PSS 
outboard of the wing 89-percent semi span. 
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The warped PSSS was represented by f i t t i n g  
s t r a i g h t  l i n e  segments through t h e  a v a i l a b l e  PSS 
s o l u t i o n s  t h a t  ran roughly  p a r a l l e l  t o  the  wing 
l e a d i n g  edge. 
t h e  determined PSSS s o l u t i o n  i s  shown i n  f i g u r e  
7. Fur ther ,  f i v e  cross-sect ional  cuts  through the 
wing+P5SS combination and t h e  enlarged cross- 
sec t i ona l  view of t h e  same cu ts  a re  shown i n  
f i g u r e  8. 
14.33 in .  semispan (i.e., 89-percent o f  t h e  wing 
semispan) and 4.8 i n .  constant-chord ex ten t .  

It i s  essen t ia l  t o  examine t h e  degree.of 
accuracy o f  t he  determined PSSS so lu t i on .  For 
t h i s  purpose, t h e  PAN A I R  code was employed once 
again t o  model t h e  wing+PSSS combination a t  t h e  
design c o n d i t i o n  ( i -e . ,  Ud = 6.0°, M, = 0.8) by 
s p e c i f y i n g  the  PSSS as a l i f t i n g  surface. F igu re  
9a shows t h e  ef fect  o f  t he  PSSS presence on the  
wing pressure d i s t r i b u t i o n  a t  a t y p i c a l  wing 
sec t i on  t o  be i n s i g n i f i c a n t .  Also,  as shown i n  
f i g u r e  9b, t he  net  l i f t i n g  pressure across t h e  
PSSS appears small  except a t  the l o c a l  l ead ing  
edge f o r  t h e  same t y p i c a l  sect ion.  From these 
r e s u l t s ,  it i s  ev ident  t h a t  t h e  a d d i t i o n  o f  t h e  
PSSS surface does not  cause much change i n  t h e  
performance o f  the wing model a t  t h e  design 
cond i t i on .  Therefore, it i s  concluded t h a t  t h e  
determined PSSS s o l u t i o n  i s  c lose t o  the actual  
d i v i d i n g  stream sur face ( i . e . ,  PSSS) and hence, i t  
completes p a r t  (a) o f  t h e  design procedure out- 
l i n e d  e a r l i e r .  

The three-view computer drawing o f  

The r e s u l t i n g  PSSS has approximately a 

FEE Planform Op t im iza t i on  

P a r t  (b) of the  design procedure i s  performed 
by empToying t h e  VLM-SA code, which at tempts t o  
op t im ize  t h e  PSSS p lanform shape. This  optimum 
shape would then be designated as t h e  shape o f  t h e  
LEE device. 
d i f f e r e n t  LEE p lanform shapes was examined f o r  t h e  
g iven wing by cons ide r ing  t h e  i n f l u e n c e  o f  geo- 
m e t r i c a l  parameter choices such as constant  chord 
(CLEE), constant  sweep (ALEE), and span ex ten t  
(n E ). The p lanform view of these parameters 
re\a!ive t o  t h e  bas ic  wing geometry i s  i l l u s t r a t e d  
schemat ica l ly  in f i g u r e  10. Although the  t w i s t  
and camber o f  t he  bas i c  wing i s  represented by i t s  
mean camber surface, t h e  th ickness e f f e c t  i s  
i gno red  by t h e  VLM-SA code, As discussed i n  
Appendix B, the a n a l y t i c a l  s o l u t i o n  f o r  t h e  bas ic  
wing m d e l ,  which was f i r s t  intended t o  prov ide a 
base l i n e  fo r  comparative assessments o f  t h e  LEE 
device, appears t o  be inadequate. As a r e s u l t ,  
throughout  t h i s  study t h e  aerodynamic e f f e c t i v e -  
ness o f  d i f f e r e n t  wing+LEE combinations was 
emphasized more r e l a t i v e  t o  one another r a t h e r  
than  t o  t h e  bas ic  wing. 

The VLM-SA drag p o l a r  s o l u t i o n s  f o r  t h e  
se lec ted  constant -chord and constant-sweep LEEs 
w i t h  89-percent span e x t e n t  are presented i n  
f i g u r e  11. It i s  ev ident  from t h i s  f i g u r e  t h a t  
cons iderable improvement can be achieved i n  t h e  
l i f t  and drag c h a r a c t e r i s t i c s  of t h e  wing+LEE 
combination by employing a l onger  LEE chord 
extension. However, as i t  was noted e a r l i e r ,  one 
design c r i t e r i o n  for  t h e  f i n a l  LEE p lanform was t o  
s a t i s f y  a minimum chord l eng th ,  e s p e c i a l l y  i n  t h e  
t i p  region. A sma l le r  chord LEE n o t  on l y  b e n e f i t s  
f rom t h e  reduced s t r u c t u r a l  weight, but  i t  a l so  
minimizes the e f fec t  of bending moment about the 
wing-LEE junc t i on .  
o f f -des ign  cond i t i ons  where the  low pressure 

The aerodynamic e f fec t i veness  o f  36 

This  bending moment occurs a t  

assoc iated w i t h  the leading-edge v o r t i c e s  a c t  on 
t he  upper sur face o f  t h e  LEE device. 

It appears i n s t r u c t i v e  t o  compare the aero- 
dynamic e f fec t i veness  o f  d i f f e r e n t  LEES r e l a t i v e  
t o  t h e i r  p lanform area by cons ide r ing  t h e  e f f e c t  
o f  o the r  geometrical parameters. For t h i s  purpose 
f i g u r e  12 was prepared. I n  general, t h i s  f i g u r e  
shows t h a t  t h e  LEE p lanform area does not  have 
much e f f e c t  on l i f t - t o - d r a g  r a t i o  over t h e  e n t i r e  
range o f  angle o f  a t tack .  Fur ther ,  w i t h  regard t o  
t h e  comparison o f  t he  aerodynamic e f fec t i veness  o f  
LEEs w i t h  d i f f e r e n t  constant  chords and constant  
sweep angles, the f o l l o w i n g  conclus ions are drawn 
based on equal LEE p lanform area: 

- A t  moderate angles o f  a t t a c k  (6" t o  
l o " ) ,  i t  appears t h a t  constant-chord 
LEEs produce a b e t t e r  l i f t - t o - d r a g  
r a t i o .  

A t  12" angle o f  a t tack ,  LEES w i t h  
constant  sweep-angles of 57' t o  55" 
generate b e t t e r  L/D; however, ou ts ide  
t h i s  range constant-chord LEES achieve 
e i t h e r  the same o r  b e t t e r  improvements. 

A t  14' t o  16' angle o f  a t tack ,  on l y  low 
sweep-angle LEES appear t o  be rmre 
e f f e c t i v e .  However, a t  h ighe r  angles o f  
a t t a c k  (18" t o  ZOO), t h e  f i g u r e  shows a 
very s l i g h t  change i n  L/D r a t i o ,  regard- 
l e s s  o f  t h e  LEE'S planform shape or 
area. 

- 

- 

In general,  t h i s  i n v e s t i g a t i o n  revealed t h a t  
the outboard reduc t i on  o f  t h e  LEE-span e x t e n t  
minimized t h e  l i f t - t o - d r a g  r a t i o ,  regard less of 
t he  LEE'S  planform shape and area. Also,  w i t h  t h e  
same p lanform area, i t  was found t h a t  constant  
chord i s  r e l a t i v e l y  more e f f e c t i v e  than LEEs 
having sweep angles l ess  than t h a t  o f  the wing. 
Therefore, two LEE planforms, each w i t h  89-percent 
span ex ten t  r e l a t i v e  t o  t h e  wing span, one w i t h  
1.2 i n .  and t h e  o the r  w i t h  0.8 i n .  constant chord, 
were se lec ted  as being the  best candidates f o r  t h e  
f i n a l  LEE design planform. These r e s u l t s  have 
been repo r ted  i n  re ference 19 and conclude the 
f i r s t  p a r t  of t h e  present  study. 

The second p a r t  was undertaken t o  improve t h e  
pressure d r ' s t r i  b u t i  ons o f  t h e  w i  ngtLEE combi n a t i o n  
a t  ad. For t h i s  purpose, t h e  PAN A I R  code was 
employed t o  model t h e  bas ic  wing w i t h  1.2 i n .  
constant-chord LEE having 89-percent span ex ten t .  
As shown i n  f i g u r e  13a, the LE€ presence appears 
t o  d i s t u r b  t h e  pressure d i s t r i b u t i o n  s l i g h t l y  a t  
t h e  l ead ing  edge o f  the t y p i c a l  wing sect ion.  
This  e f f e c t  i n d i c a t e s  t h a t  perhaps t h e  LEE sur face 
i s  not  complete ly  a l i gned  w i t h  the f low.  I n  f a c t ,  
t h e  same e f f e c t  i s  more obvious from t h e  net  l i f t -  
i n g  pressure across the  LEE a t  t h e  same t y p i c a l  
sect ion,  as shown i n  f i g u r e  13b.  Apparently, the 
LEE surface i s  generat ing some nega t i ve  pressure 
on i t s  upper surface, e s p e c i a l l y  around i t s  
l ead ing  edge. This  misal ignment o f  the LEE 
surface w i t h  the incoming f l o w  can be understood 
when the  aerodynamic e f f e c t s  of the ac tua l  
geometry being modeled i s  reconsidered. This  
examination p o i n t s  ou t  a d e f i c i e n c y  i n  one o f  t he  
assumptions made i n  the PSSS determinat ion (i.e., 

nent). I n  p a r t i c u l a r ,  t h e  spanwise connection o f  
t h e  g r a p h i c a l l y  determined PSS w i t h  s t r a i g h t  l i n e s  

n e g l e c t i n g  the  e f f e c t  o f  sidewash v e l o c i t y  compo- 'w' 
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t o  represent  t h e  PSSS produces a d i f f e r e n t  three-  
dimensional p o t e n t i a l  f l o w  problem. Fur ther ,  it 
i s  impor tant  t o  note t h a t  a l l  t h e  pressure d i s t r i -  
bu t i ons  presented i n  t h i s  study are based on t h e  
second o rde r  s o l u t i o n s  where t h e  sidewash ef fects  
a re  inc luded.  w 

Aerodynamic p r i n c i p l e s  suggest t h a t ,  i n  order  
t o  reduce the nega t i ve  l i f t i n g  pressure and t o  
improve t h e  f l o w  c h a r a c t e r i s t i c s  a t  t h e  LE€ lead- 
i n g  edge, t h e  LEE sur face must be lowered. These 
p r i n c i p l e s  were employed and t h e  LEE sur face was 
lowered by r o t a t i n g  it s l i g h t l y  (7O) w h i l e  ho ld ing  
t h e  pseudo-stagnation p o i n t s  f i xed .  
shows t h e  PAN A I R  s o l u t i o n s  f o r  t h e  mod i f i ed  LEE 
(MODI-LEE) geometry. 
1 oweri ng t h e  o r i g i n a l  LEE sur face , the chordwi se 
pressure d i s t r i b u t i o n s  on the  bas i c  wing and 
across t h e  1EE sur face were improved. 

F igu re  14 

This  f i g u r e  shows t h a t  by 

Subsequently, t h e  o r i g i n a l  wing geometry was 
determined t o  be i n  need o f  r e v i s i o n  so as t o  
b e t t e r  represent  the  ac tua l  geometry. As a 
r e s u l t ,  t he  PAN A I R  code was employed once again 
t o  model t h e  mod i f i ed  wing (MOD-WING) geometry. 
Furthermore, t h e  MODI-LEE was s l i g h t l y  mod i f i ed  
f o r  t h e  new wing geometry a t  ad, and i s  c a l l e d  
MOD2-LEE. As shown i n  f i g u r e  15, the chordwise 
pressure d i s t r i b u t i o n  a t  t h e  same t y p i c a l  Ning 
s e c t i o n  appears t o  be i n s e n s i t i v e  t o  the L E E  
presence. Th is  f i g u r e  a l s o  shows t h e  net  l i f t i n g  
pressure across t h e  LEE sur face t o  be approx i -  
mate ly  ze ro  (i .e. * t h e  t a r g e t t e d  design value). 
The summary of t h e  force and moment r e s u l t s  
obta ined from PAN A I R  code are presented i n  f i g u r e  
16. This  f i g u r e  shows how w e l l  each d i f f e r e n t  
wing+LEE,combination d u p l i c a t e  t h e  wing alone 
aerodynamic r e s u l t s  a t  ad. Thus, t he  p r e v i o u s l y  
descr ibed method has been shown t o  t h e o r e t i c a l l y  
p r e d i c t  e s s e n t i a l l y  no e f f e c t  o f  t h e  LEE a t  t h e  
design angle of a t tack .  

Concluding Remarks 

The present s tudy demonstrated t h e  appl i ca- 
b i l i t y  o f  a newly developed a n a l y t i c a l  design 
procedure for t h e  determinatian of a nun in te r -  
f e r r i n g  Leading-Edge Extension (LEE) which s a t i s -  
f i e s  c e r t a i n  design c r i t e r i a  f o r  t h i c k  d e l t a  
wings. This procedure l e d  t o  a successful estima- 
t i o n  o f  t h e  shape o f  the LEE device, which i s  a 
p o r t i o n  o f  t h e  pseudo-stagnation stream surface, 
t h a t  had e s s e n t i a l l y  no e f f e c t  on t h e  wing-alone 
aerodynamic r e s u l t s  a t  i t s  design angle o f  attack. 
Through an exami n a t i o n  of the avai 1 able a n a l y t i c a l  
t o o l s ,  t h e  PAN A I R  .and VLM-SA computer codes were 
employed t o  c a r r y  ou t  t he  f i r s t  a p p l i c a t i o n  of t h e  
developed design procedure f o r  t h e  g iven wing of 
t h e  present study. 

The r e s u l t s  obta ined f o r  36 d i f f e r e n t  LEE 
planforms suggest t h a t  1.2 i n .  and 0.8 i n .  
constant  chord w i t h  89-percent span ex ten t  s a t i s f y  
the  c o n s t r a i n t s  ( i . e . ,  design c r i t e r i a )  and a re  
considered good candidates f o r  t h e  f i n a l  LEE 
planform design. Although e f f o r t s  have been made 
t o  v a l i d a t e  the  r e s u l t s  obtained i n  t h e  present 
study whenever poss ib le ,  these r e s u l t s  need t o  be 
v e r i  f i ed  exper imen ta l l y  . 

Appendix A.- FAN A I R  Eva lua t i on  

The in tended purpose o f  t h i s  appendix i s  t u  
evaluate t h e  a n a l y t i c a l  c a p a b i l i t y  o f  t h e  PAN A I R  
code f o r  t h i c k  wing c o n f i g u r a t i o n s  a t  h igh  Mach 
numbers of i n t e r e s t .  As a r e s u l t ,  t h e  t h i c k  wing 
geometry o f  the present study was modeled w i t h  PAN 
A I R  code a t  ad = 6.0° and M, = 0.8. The pressure 
d i s t r i b u t i o n  obta ined by the  code i s  compared w i t h  
unpublished experimental data a t  TI = 0.30, i n  
f i g u r e  A l .  (Note t h a t  t he  experimental data were 
obta ined a t  t h e  NASA-Langley 7- by 10-Foot High- 
Speed Tunnel.) The comparison shows good agree- 
ment between t h e  t h e o r e t i c a l  and experimental data 
except on t h e  forward p a r t  of t he  upper surface. 
There the f l ow  must be s u p e r c r i t i c a l  , which t h e  
theo ry  cannot est imate c o r r e c t l y ,  even w i t h  t h e  
i s e n t r o p i c  pressure ru le .  

Appendix B.- VtM-SA Eva lua t i on  

As p a r t  o f  t h e  present  study, it was impor- 
t a n t  t o  examine t h e  a n a l y t i c a l  c a p a b i l i t y  of t h e  
VLM-SA code for a t h i c k  wing c o n f i g u r a t i o n  w i t h  a 
leading-edge extension. 
experimental data obta ined by Wilson and 
Love1111 on t h e  t h i c k  OM-l wr’th and w i thou t  the 
L€E was se lec ted  f o r  v a l i d a t i n g  the  r e s u l t s  
obtained from t h e  VLM-SA code. The DM-1 i s  a 
s y m e t r i c a ?  wing c o n f i g u r a t i o n  w i t h  an a i r f o i l  
sec t i on  l i k e  t h e  NACA 0015-64 and no t w i s t ,  so t h e  
LEE design l i f t  c o e f f i c i e n t  (CL,d) was zero. 
Although t h e  e f f e c t  o f  leading-edge r a d i i  i s  
inc luded i n  t h e  resu l  t i  ng VFM-SA sol u t i  ons, t h e  
t h i c k  DM-1 i s  approximated by i t s  p r o j e c t e d  
p lanform ( f l a t  DM-1) i n  t h i s  study. 

p o l a r s  obta ined by Wilson and Love l l  f o r  the DM-1 
w i t h  and w i thou t  t h e  LEE as w e l l  as t h e  r e s u l t i n g  
VLM-SA s o l u t i o n s  f o r  the same c o n f i g u r a t i o n s  are 
presented i n  f i g u r e  61. Obviously, t h e  code over- 
est imated t h e  l i f t  f o r  both t h e  OM-1 and DM-l+LEE 
combination throughout t h e  angle-of -at tack range. 
However, t h e  drag p o l a r  comparison shows t ha t ,  f o r  
t h e  bas i c  DM-1, t h e  VLM-SA s o l u t i o n s  have t h e  same 
v a r i a t i o n  as t h e  experimental data up t o  CL = 0.6. 
Beyond t h i s  l i f t  c o e f f i c i e n t ,  t h e  curves d i f f e r  
due t o  t h e  d isorganized f l o w  over t h e  bas ic  DM-1, 
which causes both a drag increase and l i f t  
decreasel l .  As a r e s u l t ,  the  experimental d r a g  
p o l a r  i s  h ighe r  than the  t h e o r e t i c a l  s o l u t i o n .  
For the  DM-l+LEE combination, t h e  VLM-SA over-  
est imates the drag in the l i f t  c o e f f i c i e n t  range 
of about 0.05 t o  0.80. This  d i f f e r e n c e  was r a t h e r  
expected, because t h e  r e s u l t i n g  VLM-SA s o l u t i o n s  
do no t  i nc lude  t h e  e f f e c t  o f  t h e  low pressures 
a c t i n g  between t h e  LEE and upper sur face maximum 
th ickness l i n e  o f  the wing s e c t i o n  t o  produce a 
t h r u s t .  Hence the computed CD values are h ighe r  
than the experimental data. Therefore, by analogy 
it i s  expected t h a t  t h e  VLM-SA solution f o r  the 
drag would be h ighe r  i n  t h e  wingttEE ana lys i s  of 
t h e  present study than t h e  experimental data. 

Far  t h i s  purpose, t h e  

Experimental values f o r  t h e  l i f t  and drag 
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T-- Variable teadinu Blunt 
camber edge f l ip  leading leading edge 

(a )  Attached flow ( b )  'dorteX f low 
edge 

(des ign c o n d i t i o n )  ( o f f - d e s i g n  c o n d i t i o n )  

F igu re  1.- Typica l  f l o w  types occur r i ng  a t  t h e  
l ead ing  edges o f  an a i r c r a f t .  

F igu re  2.- Schematic rep resen ta t i on  of the PSSS 
corresponding t o  two wing sect ions.  

(b) a > a d (a )  a = ad 

combi n a t  i on. 

w 
F igu re  3.- Leading-edge f l o w  o f  a wing + LE€ 

( S t  reamwi se cut .  ) 

6 



Figure 4.- Semispan planform view- o f  t h e  wing 
model w i t h  survey network l oca ted  a t  f o u r t h  
s t a t i o n .  s o l u t i o n .  

F igure 7.- Three views o f  t h e  determined PSSS 

X 

(a )  O r i g i n a l  panels ( b )  F i n a l  panels 

F i g u r e  5.- Enlarged c ross -sec t i ona l  view a t  f o u r t h  
s t a t i o n .  

I - Unit velocity vector 

F i g u r e  6.- Graph ica l l y  determined PSS from t y p i c a l  
s e c t i o n  velocity f i e ld .  

F igu re  8.- Typica l  streamwise cu ts  through the  
wing f PSSS combination. 

- - 8 r  (a )  Wing ( b )  PSSS 

C P  

I 

F igure 9.- E f f e c t  on wing and PSSS pressures f rom 
combination (n = 0.34, a,, = 6.0", bl- = 0.8). 
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F igu re  10.- LEE design parameters and ranges. 

15 

10 

L/ D 

L L 

J 
I 5 I I I r 

0.8" 1.2" 1.4" 2.4" 3.6:' +CLEE 
- a =  6 O  - -_____- ---- 

LEE constant chord variation 
-I--- LE€ constant sweep variation 

8" 

- ---*___-__ loo 

>----- . - _  1 2 O  

- -- - - - - - - - - - - - - - - - 

F igu re  11.- Drag polar f o r  constant chord and 
sweep v a r i a t i o n  InLEE = 89%, M, = 0.8). 

_*_---- 14" 
1 6 O  - _ _  -- - 
18" 
20" 

5 8 O  57' 56' 55O 5 4 O  53O +/I.-- Ltt 
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LEE area, in* 

F igu re  12.- Ef fec t  o f  LEE-planform geometrical- 
parameters on l i f t - t o - d r a g  r a t i o  (nLEE = 89%, 
Mm = 0.8). 

a I Wing b l  LEE 

- A  '-0 ,-with 

2 

* LEE 

2 

* LEE 

F igu re  13.- E f f e c t  on wing and LE€ pressures f r o m  
combination ( TI = 0.34, ad = 6-00, Mm = 0.8). 

a )  Wing b )  MOD1-LEE 

-. 4 

2 CP 

F i g u r e  14,- E f f e c t  on wing and M0O1-LEE pressures 
from combination ( n  = 0.34, ad = 6.00, 
M m  = 0.8). 

CP 

-- 8 - a )  MOD- wing b l  MOD2-LEE 
Withaul --d; ' r,.-With I ") -.4, 

F igu re  15.- E f f e c t  on MOD-wing and MOD LEE 
pressures from combination (q = 0.3G; 
ad = 6.0'1 M, = 0.8). 
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Figure 16.- Wing and LEE solutions from PAN AIR at 
ad = 6.0°.  

F igu re  A1.- Experimental and theoretical  pressures 
f o r  t h e  MOD-wing ( T I  = 0.30, ad = 6.0°, 
Mm = 0.8). 

0 4 8 12 16 20 24 0 0.2 0.40.60.81-0 1.2 1.4 

Figure 81.- Experimental and theoretical l i f t  and 
drag polar ( A  = 1.8, Me = 0.0). 
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