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EFFECT OF WINGLETS ON A FIRST-GENBRATION JET TRANSPORT WING 

I - LONGITUDINAL AERODYNAMIC CHARACTERISTICS OF A SEMISPAN MODEL 

AT SUBSONIC SPEEDS 

Peter F. Jacobs and S t u a r t  G. Flechner  
Langley Research Center 

Lawrence C. Montoya 
Dryden F l i g h t  Research Center 

SUMMARY 

This paper p r e s e n t s  t h e  effects  of wingle t s  and a s imple wing-tip ex tens ion  
on the  aerodynamic f o r c e s  and moments and t h e  f low-f ie ld  cross-flow v e l o c i t y  vec- 
t o r s  behind t h e  w i n g  t i p  of a f i r s t - g e n e r a t i o n  je t  t r a n s p o r t  wing. The i n v e s t i -  
g a t i o n  was conducted i n  t h e  Langley 8-foot t r anson ic  p re s su re  tunne l  u s ing  a 
semispan model. The t e s t  was carried ou t  a t  Mach numbers of  0.30, 0.70, 0.75, 
0.78, and 0.80. A t  a Mach number of 0.30, t h e  conf igu ra t ions  were tested w i t h  
combinations of  leading-  and t r a i l i ng -edge  f l a p s .  

Resu l t s  of  t h e  i n v e s t i g a t i o n  i n d i c a t e  t h a t  the wing le t s  reduce induced drag  
by approximately 20 percent  a t  c r u i s e  cond i t ions .  The t i p  ex tens ion ,  designed 
t o  produce w i n g  bending-moment increments  a t  des ign  cond i t ions  equ iva len t  t o  
those  produced by t h e  winglets, reduces induced drag by 10 percen t .  The wing- 
l e t s  and t i p  ex tens ion  produce small nega t ive  increments  i n  pitching-moment coef-  
f i c i e n t ;  however, t h e  increments  a s s o c i a t e d  w i t h  the a d d i t i o n  of the  wing le t s  
are less than those  produced by t h e  t i p  ex tens ion .  A t  c r u i s e  cond i t ions ,  t h e  
winglets and t i p  ex tens ion  produce p o s i t i v e  increments i n  l i f t -drag  r a t i o  of  
9 percent  and 4 percen t ,  r e s p e c t i v e l y .  A t  a second-segment-climb Mach number of  
0.30, t he  wing le t s  cont inue  t o  be more aerodynamically e f f i c i e n t  than the t i p  
ex tens ion .  Conf igura t ions  with the upper wingle t  on ly ,  upper and lower w i n g l e t s ,  
and the t i p  ex tens ion  produce i n c r e a s e s  i n  l i f t - d r a g  r a t i o  of 10 percen t ,  9 per-  
c e n t ,  and 6.5 pe rcen t ,  r e s p e c t i v e l y ,  a t  a l i f t  c o e f f i c i e n t  nea r  1.0. 

INTRODUCTION 

Winglets,  as described i n  r e fe rence  1 ,  are intended t o  provide r educ t ions  
i n  drag c o e f f i c i e n t ,  a t  c r u i s e  cond i t ions ,  s u b s t a n t i a l l y  g r e a t e r  than  those  
obta ined  w i t h  a sim,ple wing-tip ex tens ion ,  which has been designed t o  impose t h e  
same bending increments on the wing s t r u c t u r e  as the  wing le t s .  The Nat iona l  
Aeronautics and Space Adminis t ra t ion has been conducting ex tens ive  experimental  
i n v e s t i g a t i o n s  o f  t h e  effects of  w ing le t s  on j e t  t r a n s p o r t  wings a t  high sub- 
son ic  Mach numbers. (See refs. 2 and 3 . )  



This  i n v e s t i g a t i o n  w a s  conducted t o  determine the  effects of  w ing le t s  and 
a simple wing-tip ex tens ion  on the  l o n g i t u d i n a l  aerodynamic characteristics, 
su r face  s t a t i c - p r e s s u r e  d i s t r i b u t i o n s ,  and cross-flow v e l o c i t i e s  behind t h e  wing 
t i p  of  a f i r s t - g e n e r a t i o n  j e t  t r a n s p o r t .  T h i s  paper,  which is one of  a series,  
p r e s e n t s  the  effects of  winglets on the  l o n g i t u d i n a l  aerodynamic characteristics 
and c r o s s  f lows only.  Chordwise s t a t i c - p r e s s u r e  d i s t r i b u t i o n s  and spanwise load- 
ings f o r  the  wing and winglets are presented  i n  r e f e r e n c e s  4 and 5. 
taken a t  Mach numbers.of 0.30, 0.70, 0.75, 0.78, and 0 .80 . .  A t  a Mach number o f  
0.30, t h e  c o n f i g u r a t i o n s  were tested w i t h  combinations of  leading-  and t r a i l i n g -  
edge f l a p s .  
was used. The tests were conducted i n  the  Langley 8-foot t r a n s o n i c  p re s su re  
tunne l .  

Data were 

To o b t a i n  t h e  h ighes t  p o s s i b l e  Reynolds number, a semispan model 

SYMBOLS 

Force and moment data have been reduced t o  c o e f f i c i e n t  form based on the  
exposed t r a p e z o i d a l  area of  the basic wing. A l l  dimensional va lues  are given i n  
both the  I n t e r n a t i o n a l  System of  Un i t s  (SI)  and U.S. Customary Uni t s  ( r e f .  6 ) .  
All measurements and c a l c u l a t i o n s  were made i n  U.S .  Customary Uni t s .  

C o e f f i c i e n t s  and symbols used he re in  are def ined as fo l lows:  

b '  exposed semispan of wing w i t h  basic t i p ,  124.26 c m  (48.92 i n . )  

Ab incrementa l  i n c r e a s e  i n  exposed w i n g  semispan ( t i p  e x t e n s i o n ) ,  0.38 
of span of  upper w i n g l e t ,  7.62 c m  (3.00 i n . )  

C l o c a l  chord,  cm ( i n . )  
- 
C mean geometr ic  chord of  exposed basic wing, 39.98 cm (15.74 i n . )  

C t  t i p  chord o f  basic wing, c m  ( i n . )  

CB ' bending-moment c o e f f i c i e n t  a t  wing-fuselage j u n c t u r e ,  
Bending moment/qmSbf 

CD drag c o e f f i c i e n t ,  Drag/LS 

ACD incrementa l  drag c o e f f i c i e n t ,  CD - C ~ , b a S i c  

CL l i f t  c o e f f i c i e n t ,  Lif t /qmS 

incrementa l  l i f t  c o e f f i c i e n t ,  CL - C ~ , b a S i c  

Cm pitching-moment c o e f f i c i e n t ,  P i t ch ing  moment/&DSa 

Q a c c e l e r a t i o n  due t o  g r a v i t y ,  980.7 cm/sec2 (32.2 ft/sec2) 

h span of  the  upper w i n g l e t  from chord plane of  w i n g  t i p  (see 
f ig .  2 ( b ) ) ,  cm ( i n . )  
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Subscr ip t :  

basic 

inc idence  of  wingle t  measured from free-stream d i r e c t i o n ,  p o s i t i v e  
w i t h  leading edge inward f o r  upper wing le t ,  outward f o r  lower 
wingle t  (see f ig .  2 ( b ) ) ,  deg 

free-stream Mach number 

free-stream dynamic p r e s s u r e ,  Pa  ( P S f )  

Reynolds number per  u n i t  l e n g t h ,  pe r  m ( p e r  f t )  

exposed t r a p e z o i d a l  area of  basic wing, 0.4648 m2 (5.0034 f t 2 )  

chordwise d i s t a n c e  from l ead ing  edge, p o s i t i v e  a f t ,  c m  ( i n . )  

spanwise d i s t a n c e  from wing-fuselage junc tu re ,  p o s i t i v e  outboard,  
c m  ( i n . )  

v e r t i c a l  coord ina te  of  a i r f o i l ,  p o s i t i v e  upward, c m  ( i n . )  

angle  o f  a t tack,  deg 

exposed w i n g  semispan s t a t i o n  (based on basic-wing p a n e l ) ,  y /b '  

r e f e rence  c o n f i g u r a t i o n ,  model w i t h  no wing-tip devices  

EXPERIMENTAL APPARATUS AND PROCEDURES 

T e s t  F a c i l i t y  

T h i s  i n v e s t i g a t i o n  was conducted i n  the  Langley 8-foot t r a n s o n i c  p re s su re  
tunne l ,  a cont inuous s ing le - r e tu rn  tunne l  w i t h  a s l o t t e d  r ec t angu la r  test  sec- 
t i o n .  The l o n g i t u d i n a l  s l o t s  i n  the f l o o r  and c e i l i n g  of the t e s t  s e c t i o n  
reduce tunne l  w a l l  i n t e r f e r e n c e  and a l low r e l a t i v e l y  large models t o  be tested 
through the subsonic  speed range. Cont ro ls  are a v a i l a b l e  t o  permit  independent 
v a r i a t i o n  of Mach number, s t a g n a t i o n  p res su re ,  temperature ,  and dew p o i n t .  A 
more detai led d e s c r i p t i o n  o f  the  wind tunne l  is g iven  i n  r e fe rence  7 .  

Model Descr ip t ion  

A 0.07-scale semispan model of  the  KC-135A t r a n s p o r t  aircraft  was used i n  
t h i s  i n v e s t i g a t i o n .  Photographs of  the model i n  t he  wind tunne l  are shown i n  
f i g u r e  1. D r a w i n g s  of the  model are shown i n  f i g u r e  2.  

Fuselage.-  The fuse l age  contours  c l o s e l y  s imula te  t he  f u l l - s c a l e  fuse l age  
shape,  with the  except ion  o f  the wheel-well area. An enlargement of  t h i s  area 
was necessary  t o  enc lose  t h e  model mounting appa ra tus .  The fuse l age  midsect ion 
covers  the balance and has a s l o t  through which the wing p ro t rudes .  (The gap 
between the  w i n g  and fuse l age  r e s u l t s  i n  un rep resen ta t ive  a b s o l u t e  va lues  of  
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a x i a l  f o r c e .  Both l i f t  and drag are inf luenced  by t h e  gap effects on ax ia l  
f o r c e ;  however, t h e s e  effects can reasonably be considered sys temat ic  and t h u s  
affect a l l  wing-tip conf igu ra t ions  equa l ly  a t  t h e  same test  cond i t ions . )  
fu se l age  is not  a t t ached  t o  t h e  ba lance ,  but  it does r o t a t e  wi th  t h e  wing 
through t h e  angle-of-at tack range.  

The 

Wing.- The basic w i n g  o f  t h e  KC-135A model has  7 O  d i h e d r a l  and 2O o f  i n c i -  
dence a t  t h e  r o o t  chord. The wing has  no geometr ic  t w i s t .  A t y p i c a l  outboard 
a i r f o i l  s e c t i o n  is shown i n  f i g u r e  3. The w i n g  t h i ckness  r a t i o  v a r i e s  nonl in-  
e a r l y  from 15 percent  a t  t h e  wing-fuselage junc tu re  t o  9 percent  a t  t h e  t r a i l i n g -  
edge break and then remains cons t an t  t o  t h e  wing t i p .  The t r a p e z o i d a l  planform 
o f  t h e  t o t a l  wing (extended t o  t h e  fuse l age  c e n t e r  l i n e )  has  a sweep a t  t h e  
quarter-chord o f  35O, an a s p e c t  r a t i o  o f  7.00, and a t a p e r  r a t i o  of - 0.35. 
a l l  da t a  a n a l y s i s ,  t h e  r e fe rence  geometry parameters  S, b ' ,  and c are based 
on t h e  exposed t r a p e z o i d a l  planform o f  t h e  basic wing. The model wing s t i f f n e s s  
was designed so t h a t  t h e  r e l a t i v e  model bending d e f l e c t i o n  a t  t h e  t i p  was 
approximately t h e  same as t h a t  f o r  t h e  a c t u a l  a i r p l a n e  a t  c r u i s e  cond i t ions .  

For 

Winglets.- A detai led drawing of  t h e  winglets used i n  t h i s  i n v e s t i g a t i o n  

Winglet a i r f o i l  coo rd ina te s  are presented  i n  table  I. 
is given i n  f i g u r e  2 ( b ) .  
t i o n  a i r f o i l .  

The wing le t s  employed an 8-percent- thick gene ra l  av ia-  

The upper wingle t  has  a span equa l  t o  t h e  wing-tip chord,  a r o o t  chord 
equa l  t o  65 percent  of  t he  wing-tip chord,  a leading-edge sweep of  3 8 O ,  a t a p e r  
r a t i o  o f  0.32, and an a s p e c t  r a t i o  o f  2.33. The planform area of  t h e  upper wing- 
l e t  is 3.8 percent  o f  t h e  exposed t rapezoi-dal  planform area o f  t h e  b a s i c  wing. 
The upper wingle t  is canted outboard 1 5 O  from v e r t i c a l  (75O d i h e d r a l )  and toed 
ou t  4 O  ( l ead ing  edge outboard)  r e l a t i v e  t o  t h e  fuse l age  c e n t e r  l i n e .  The upper 
winglet  is untwisted and t h e r e f o r e  has  cons t an t  nega t ive  geometr ic  inc idence  
ac ross  i t s  span. The llupper surfaceI t  of  t h e  upper wingle t  is t h e  inboard 
s u r f  ace. 

The lower wingle t  has  a span equa l  t o  23 percent  of  t h e  wing-tip chord,  a 
roo t  chord equal  t o  40 percent  of  t h e  wing-tip chord,  a leading-edge sweep of  
52O, a t ape r  r a t i o  of  0 .40,  and an a spec t  r a t i o  of  0.82. The planform a r e a  of  
the  lower wingle t  is  0.6 percent  of  t h e  exposed t r a p e z o i d a l  planform area of  t h e  
basic wing. The lower wingle t  is  canted outboard from v e r t i c a l  3 6 O  (54O anhe- 
dral)  and toed i n  7O ( t r a i l i n g  edge outboard)  r e l a t i v e  t o  t h e  fuse l age  c e n t e r  
l i n e .  The lower wingle t  was twi s t ed  about  i ts  l ead ing  edge wi th  h0 washout a t  
t h e  t i p .  The tlupper sur face t1  o f  t h e  lower wingle t  is t h e  outboard surface. 

To smooth t h e  t r a n s i t i o n  from the wing t o  t h e  w i n g l e t s ,  f i l l e t s  were added 
t o  t h e  i n s i d e  corners  a t  those  j u n c t u r e s  and t h e  o u t s i d e  co rne r s  were rounded. 

Tip ex tens ion . -  The 7.62-cm (3.00-in.)  wing-tip ex tens ion  ( f i g .  2 ( a ) )  has  
t h e  same coord ina tes  as the  outboard wing s e c t i o n .  The span was estimated s o  
t h a t  t he  t i p  ex tens ion  produced e s s e n t i a l l y  t h e  same increments  i n  bending 
moment a t  t h e  wing-fuselage junc tu re  as the  wing le t s .  

Nacelles.- Flow-through n a c e l l e s  were used wi th  an i n l e t  diameter of  5.64 cm 
(2.22 i n . )  and e x i t  diameter  o f  3.45 cm (1.36 i n . ) .  Th.e i n l e t  diameter was main- 
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t a ined  back t o  approximately 0.66 o f  t h e  n a c e l l e  l eng th  and then  tapered  l i n -  
e a r l y  t o  t h e  e x i t .  

Flaps.-  Fixed-posi t ion leading-  and t r a i l i ng -edge  f l a p s  were used t o  simu- 
late second-segment-climb c h a r a c t e r i s t i c s .  The f l a p s  tested were designed 
merely t o  be r e p r e s e n t a t i v e  and are not  modeled after t h e  a c t u a l  KC-135A f l a p s .  
The leading- and trailing-edge f l a p s  were d e f l e c t e d  120° and 20°, r e s p e c t i v e l y .  
Flap d e t a i l s  are shown i n  f i g u r e  4. 

The conf igu ra t ions  tested wi th  and without  f l a p s  are shown i n  t h e  fo l lowing  
table: 

_ _  

F l a p s  

O f f  

Trailing edge 

Leading and t r a i l i n g  edge 
- 

Basic 
t i p  

X 

X 

X 

Test conf igu ra t ion  

Upper 
wingle t  

X 

X 

Upper and lower 
wing 1 e t s 

X 

X 

X 
. .  

Tip 
ex t ens ion  

X 

Boundary-Layer T r a n s i t i o n  S t r i p s  

Boundary-layer t r a n s i t i o n  s t r i p s  were placed on both s u r f a c e s  of  the  wing 
and wingle ts .  These s t r i p s  were comprised o f  a 0.159-cm (0.06-in.)  wide band o f  
carborundum g r a i n s  set  i n  a p l a s t i c  adhesive.  The carborundum g r a i n s  were s i z e d  
on the basis o f  re ference  8. The t r a n s i t i o n  s t r i p  p a t t e r n s  f o r  t he  wing and 
wing le t s  are shown i n  f i g u r e  5.  

The t r a n s i t i o n  s t r i p s  on the  lower s u r f a c e  of t h e  wing le t s  were l o c a t e d  
rearward i n  an a t tempt  t o  s imula te  f u l l - s c a l e  Reynolds number boundary-layer 
cond i t ions  ( r e f .  9 ) .  The s t r i p s  on t h e  upper s u r f a c e s  of  t h e  wing le t s  were 
loca ted  forward t o  in su re  t r a n s i t i o n  ahead of  t he  shock wave f o r  t h e  v a r i o u s  
t e s t  cond i t ions .  

Test Condit ions 

Measurements were taken a t  Mach numbers of  0.30, 0.70, 0.75, 0.78, and 
0.80 with the  model ang le  of at tack ranging from approximately 4 O  t o  12O a t  
M, 0.30, and -10 t o . 7 0  a t  a l l  'other Mach numbers. 
maintained a t  322 K (1200 F)  throughout t h e  e n t i r e  t e s t ,  and the  a i r  w a s  d r i e d  
u n t i l  t h e  dew p o i n t  w a s  s u f f i c i e n t l y  low t o  prevent  condensat ion effects. The 
Reynolds numbers and dynamic p res su res  a t  which the  data were obta ined  are pre- 
sen ted  i n  t h e  fo l lowing  table: 

S tagnat ion  temperature  w a s  

5 



per  f t  
Mal 

.75 

.78 

.80 

11.68 x lo6 1 3.56 x 106 1 '1;; 1 18.67 5.69 
17.72 
17.22 
16.90 

5.40 
5.25 
5.15 

kPa PSf 

12 
41 
41 
41 
41 

25 1 
850 
850 
850 
850 

Measurements 

Force and moment data were obta ined  us ing  a five-component e lectr ical  
s t ra in-gage  balance. Side-force measurements were no t  taken.  A t  c r u i s e  condi- 
t i o n s ,  two sets o f  data were taken f o r  each conf igu ra t ion .  The d i f f e r e n c e  i n  
drag c o e f f i c i e n t  of  the  same conf igu ra t ion  f o r  the  two sets was about  0.0002. 
A t  these cond i t ions ,  the  l i f t  and rolling-moment c o e f f i c i e n t s  d i f f e r e d  by less  
than 0.2 and 0.4 percen t ,  r e s p e c t i v e l y .  A s  i n  r e fe rence  2 ,  these increments  are 
given t o  i n d i c a t e  the  r e p e a t a b i l i t y  of  the  data. An acce lerometer  attached t o  
the  w i n g  mounting block i n s i d e  the  fuse l age  was used t o  measure ang le  o f  at tack. 
Chordwise s ta t ic  p r e s s u r e s  were measured a t  s e v e r a l  semispan s t a t i o n s  of  the  
b a s i c  wing and winglets and are presented  i n  r e f e r e n c e s  4 and 5. 

Boundary-layer v i s u a l i z a t i o n  photographs were taken u t i l i z i n g  t h e  
f luo rescen t -o i l - f i lm  f low-visua l iza t ion  technique described i n  r e fe rence  10. 

A modified ve r s ion  o f  a s p e c i a l  sting-mounted yaw head rake was used t o  sur -  
vey t h e  flow f i e l d  behind two of  the  wing-tip conf igu ra t ions .  The rake used i n  
the  i n v e s t i g a t i o n  o f  r e fe rence  1 1  was extended on each end t o  inc lude  an  add i -  
t i o n a l  s t a t i c - p r e s s u r e  tube  and yaw head. The rake w a s  l oca t ed  approximately 
2 wing-tip chords downstream of  the w i n g  t r a i l i n g  edge w i t h  t he  rake c e n t e r  
s l i g h t l y  above and inboard of  the wing t i p .  Data were taken w i t h  t h e  rake 
l o c a t e d  i n  t h e  v e r t i c a l ,  h o r i z o n t a l ,  and k45O p o s i t i o n s  f o r  the  basic-wing and 
upper-winglet conf igu ra t ions .  

After the yaw head rake data were taken ,  s e v e r a l  t o t a l - p r e s s u r e  tubes  on 
the  bottom two yaw heads were found t o  be ben t .  These tubes  were s t r a i g h t e n e d  
p r i o r  t o  the  f i n a l  c a l i b r a t i o n  o f  t h e  rake; t h e r e f o r e ,  the  d a t a  from these two 
yaw heads are i n c o r r e c t  and are not  presented .  

Wing-tip d e f l e c t i o n s  were determined from photographs of  a chordwise l i n e  
on the  edge of the  wing t i p  and are presented  i n  r e f e r e n c e s  4 and 5. 

The s l o t t e d  wind-tunnel t es t  s e c t i o n  is designed t o  reduce w a l l  effects on 
l i f t .  References 4 and 5 show t h a t  the wing spanwise load d i s t r i b u t i o n s  f o r  a l l  
conf igu ra t ions  a t  the  same cond i t ions  are n e a r l y  i d e n t i c a l  over  t h e  major por- 
t i o n  of  the span. Therefore ,  w a l l  effects on wing l i f t  can be considered sys- 
tematic, and no c o r r e c t i o n  is made t o  t h e  d a t a  f o r  these effects. The w i n g  
semispan and the  model f r o n t a l  -area were s u f f i c i e n t l y  small (1.5 percent  o f  t h e  
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t e s t - s e c t i o n  c ros s - sec t iona l  a r e a )  t o  avoid having t o  c o r r e c t  Mach number f o r  
wind-tunnel blockage effects  ( ref .  12). 

PRESENTATION OF RESULTS 

The r e s u l t s  of  t h i s  i n v e s t i g a t i o n  are presented  i n  t h e  fo l lowing  f i g u r e s :  

F igure  

Cruise  : 
Varia t ion  of drag c o e f f i c i e n t  wi th  l i f t  c o e f f i c i e n t  . . . . . . . . . .  6 
Var ia t ion  of  pitching-moment c o e f f i c i e n t  and ang le  of  a t t a c k  

F luorescent -o i l - f i lm f low-v i sua l i za t ion  photographs (upper  and . 

Var ia t ion  of incrementa l  bending-moment c o e f f i c i e n t  wi th  

Var i a t ion  of  incrementa l  l i f t  c o e f f i c i e n t  f o r  cons t an t  drag  

wi th  l i f t  c o e f f i c i e n t  . . . . . . . . . . . . . . . . . . . . . . . .  7 

lower w i n g l e t s ) .  M, 0.78; CL 0.48 . . . . . . . . . . . . . . .  8 

l i f t  c o e f f i c i e n t  . . . . . . . . . . . . . . . . . . . . . . . . . .  9 

c o e f f i c i e n t  wi th  l i f t  c o e f f i c i e n t  . . . . . . . . . . . . . . . . . .  10 
Flow-field cross-flow v e l o c i t y  v e c t o r s  downstream of  wing t i p  . . . . .  11 

Second-segment c l imb,  M, = 0.30: 

Varia t ion  of pitching-moment c o e f f i c i e n t  and ang le  of  a t t a c k  

Var ia t ion  of incrementa l  drag c o e f f i c i e n t  wi th  l i f t  c o e f f i c i e n t  . . . .  14 

Varia t ion  of drag c o e f f i c i e n t  wi th  l i f t  c o e f f i c i e n t  . . . . . . . . . .  12 

with l i f t  c o e f f i c i e n t  . . . . . . . . . . . . . . . . . . . . . . . .  13 

RESULTS AND DISCUSSION 

Cruise  

During c r u i s e ,  t h e  KC-135A cargo/ tanker  a i r c r a f t  can f l y  a t  wing load ings  
and l i f t  c o e f f i c i e n t s  covering a wide  range. For a r e p r e s e n t a t i v e  miss ion ,  t h e  
a i rcraf t  may f l y  a t  l i f t  c o e f f i c i e n t s  from 0.3 t o  0.5 f o r  c r u i s e  Mach numbers 
near  0.78. Much of  t h e  data a n a l y s i s  h e r e i n  is centered  around a des ign  condi- 
t i o n  of  M, = 0.78 and C ~ , b ~ ~ i ~  = 0.44. This  des ign  l i f t  c o e f f i c i e n t  is based 
on t h e  exposed wing panel  and corresponds t o  an o v e r a l l  trimmed a i r p l a n e  l i f t  
c o e f f i c i e n t  of  about  0.4, which is an average va lue  f o r  a r e p r e s e n t a t i v e  mission.  

The a d d i t i o n  of  winglets or a t i p  ex tens ion  i n c r e a s e s  t h e  optimum c r u i s e  
l i f t  c o e f f i c i e n t  f o r  t h e  a i r p l a n e  as a r e s u l t  of  t h e  r o t a t i o n  of  t h e  drag c o e f f i -  
c i e n t  p l o t t e d  a g a i n s t  l i f t  c o e f f i c i e n t  p o l a r .  Therefore ,  f o r  a p a r t i c u l a r  engine 
seb t ing ,  t h e  optimum c r u i s e  a l t i t u d e  would i n c r e a s e ,  whi le  t h e  t h r u s t  c o e f f i c i e n t  
(or equiva len t  drag C o e f f i c i e n t )  would remain cons t an t .  F igure  10 shows t h e  
i n c r e a s e  i n  l i f t  c o e f f i c i e n t  f o r  a cons t an t  drag c o e f f i c i e n t  r e s u l t i n g  from t h e  
a d d i t i o n a l  s u r f a c e s  on t h e  wind-tunnel model. These changes are equa l  t o  changes 
i n  t h e  l i f t - d r a g  r a t i o .  As  w a s  s t a t e d  i n  r e fe rence  1, t h e  effects presented  d i f -  
fer from those  f o r  a complete f u l l - s c a l e  a i r p l a n e .  A t  f u l l - s c a l e  c o n d i t i o n s ,  
t h e  sk in- f r ic t ion-drag  p e n a l t i e s  a s s o c i a t e d  wi th  t h e  a d d i t i o n s  would be somewhat 
less than those  f o r  t h e  wind-tunnel test  Reynolds number. More impor tan t ly ,  t h e  
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drag due t o  l i f t  f o r  t h e  complete a i r p l a n e  would be greater than f o r  t h e  exposed 
panel  of  t h e  wind-tunnel model. Therefore ,  t h e  r e l a t i v e  i n c r e a s e  i n  l i f t  c o e f f i -  
c i e n t  f o r  a cons t an t  drag c o e f f i c i e n t  would be less.  It has  been es t imated  t h a t  
because o f  t h e s e  two compensating f a c t o r s  t h e  r e l a t i v e  changes i n  l i f t -drag r a t i o  
f o r  t h e  complete f u l l - s c a l e  a i r p l a n e  would be about  10 percent  less than those  
presented  i n  f i g u r e  10. 

Upper wingle t . -  A t  low l i f t  c o e f f i c i e n t s ,  t h e  i n c r e a s e  i n  wetted area due 
t o  t h e  a d d i t i o n  of  t h e  upper wingle t  r e s u l t s  i n  a d d i t i o n a l  s k i n - f r i c t i o n  and 
form drag over t h e  basic wing which is greater than  t h e  r educ t ion  i n  induced 
drag.  The l i f t  c o e f f i c i e n t  a t  which t h e s e  two effects  cance l  is approximately 
0.2 f o r  c r u i s e  Mach numbers. For l i f t  c o e f f i c i e n t s  greater than 0 .2 ,  t h e  reduc- 
t i o n  i n  induced drag predominates over t h e  i n c r e a s e s  i n  s k i n - f r i c t i o n  and form 
drag ,  and t h e  d rag -coe f f i c i en t  reduct ion  i n c r e a s e s  as l i f t  c o e f f i c i e n t  i nc reases .  
Analysis  of  data i n d i c a t e s  t h a t  f o r  l i f t  c o e f f i c i e n t s  up t o  t h e  design va lue ,  
the  r educ t ions  i n  induced drag over t h e  basic wing due t o  t h e  upper winglet  are 
approximately 20 percent .  

Figure 10 shows t h a t  t h e  a d d i t i o n  o f  t h e  upper wingle t  r e s u l t s  i n  an 
i n c r e a s e  i n  l i f t -drag r a t i o  of  about  9 pe rcen t  over  t h e  basic wing a t  c r u i s e  
.condi t ions.  The i n c r e a s e  i n  l i f t - d r a g  r a t i o  a s s o c i a t e d  wi th  t h e  upper wingle t  
t ends  t o  decrease wi th  i n c r e a s i n g  l i f t  c o e f f i c i e n t .  Th i s  e f f e c t  is caused by 
wave drag and shock-induced boundary-layer s e p a r a t i o n  a t  the  wing-winglet junc- 
t u r e  a t  h igher  l i f t  c o e f f i c i e n t s .  

Figure 7 shows t h a t  t h e  a d d i t i o n  o f - t h e  upper wingle t  r e s u l t s  i n  s l i g h t l y  
more nega t ive  va lues  of  pitching-moment c o e f f i c i e n t  and a l s o  tends  t o  reduce t h e  
l o n g i t u d i n a l  i n s t a b i l i t y  of  t h e  model (which is ev iden t  by a less p o s i t i v e  s lope  
of Cm versus  C L ) .  The s lope  of  t h e  curve of  l i f t -  c o e f f i c i e n t  p l o t t e d  a g a i n s t  
ang le  of  a t t a c k  is s l i g h t l y  h igher  wi th  t h e  upper wingle t  added. 
t h e  curves  of  angle  of  a t t a c k  and pitching-moment c o e f f i c i e n t  ve r sus  l i f t  c o e f f i -  
c i e n t  f o r  t h e  basic-wing and upper-winglet conf igu ra t ions  occur  a t  approximately 
t h e  same l i f t  c o e f f i c i e n t  ( C L  = 0 . 7 ) .  The l o s s  of  l i f t  on t h e  upper-winglet con- 
f i g u r a t i o n  a t  h igher  l i f t  c o e f f i c i e n t s  (see f ig s .  7 ( b )  t o  7 ( d ) )  is caused by 
increased  boundary-layer s epa ra t ion  on t h e  wing, which t ends  t o  unload t h e  out- 
board po r t ion  of  t he  wing. 

The breaks i n  

Upper and lower winglets . -  F igure  6 shows tha t  a t  c r u i s e  Mach numbers, t h e  
a d d i t i o n  of  t h e  lower wingle t  has  l i t t l e  effect  r e l a t i v e  t o  t h e  upper-winglet 
conf igu ra t ion  on t h e  v a r i a t i o n  of  drag c o e f f i c i e n t  w i t h  l i f t  c o e f f i c i e n t  a t  l i f t  
c o e f f i c i e n t s  of 0.6 t o  0 .7 .  A t  h igher  l i f t  c o e f f i c i e n t s  t h e  f avorab le  in f luence  
of  t h e  lower wingle t  on t h e  upper wingle t  retards s e p a r a t i o n  on t h e  upper wing- 
l e t  by decreas ing  t h e  l o c a l  ang le  o f  a t t a c k ,  p a r t i c u l a r l y  over t h e  r o o t  r eg ions ,  
and by lowering t h e  leading-edge p res su re  peak. (See re f .  4.) Thus, the  favor-  
able effects shown by t h e  upper wingle t  of  reducing t h e  induced drag and inc reas -  
ing t h e  t o t a l  l i f t  cont inue  beyond l i f t  c o e f f i c i e n t s  o f  0 .7 .  The breaks  i n  t h e  
curves  of ang le  of  a t t a c k  and pitching-moment c o e f f i c i e n t  p l o t t e d  a g a i n s t  l i f t  
c o e f f i c i e n t  are more g radua l  than with t h e  upper wingle t  a l o n e .  (See f i g .  7 . )  

Figure 8 shows t h e  boundary-layer v i s u a l i z a t i o n  photographs f o r t h e  config-  
u r a t i o n  with upper and lower wing le t s  a t  Moo = 0.78 and CL 0.48. Cellophane 
t ape  was placed over  t h e  rows of  su r face  p re s su re  o r i f i c e s  on t h e  wing and wing- 
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l e t  t o  prevent  o i l  from e n t e r i n g  these  o r i f i c e s .  The edges of  t h e  t a p e  r e s u l t e d  
i n  chordwise s t r i p e s  i n  the  photographs. Seepage.of o i l  under t h e  t ape  near the  
l ead ing  edge and along the  t r a n s i t i o n  s t r i p  r e s u l t e d  i n  br ight  s p o t s  on t h e  pho- 
tographs.  The winglets produce no adverse boundary-layer flow f o r  c r u i s e  condi- 
t i o n s .  Photographs (no t  p re sen ted )  f o r  t h e  same l i f t  c o e f f i c i e n t  a t  a s l i g h t l y  
h ighe r  Mach number (0.80)  also show no adverse flow characteristics o f  t h e  bound- 
a r y  l a y e r .  

-~ Tip ex tens ion . -  Analys is  o f  f igure 6 shows t h a t  the  wing-tip ex tens ion  pro- 
v ides  approximately a 10-percent r educ t ion  i n  induced drag over  t h e  b a s i c  wing 
f o r  l i f t  c o e f f i c i e n t s  up t o  t h e  des ign  condi t ion .  F igure  10 shows t h a t  t h e  t i p  
ex tens ion  produces an inc rease  i n  l i f t -drag r a t i o  of  about  4 percent  over t h e  
basic w i n g  a t  c r u i s e  cond i t ions .  T h i s  is approximately ha l f  of  t he  i n c r e a s e  
a s soc ia t ed  w i t h  t h e  wingle t  conf igu ra t ions .  

The breaks  i n  the  v a r i a t i o n s  o f  angle  o f  a t t a c k  and pitching-moment c o e f f i -  
c ient  wi th  l i f t  c o e f f i c i e n t  ( f i g .  7 )  a lso occur a t  a l i f t  c o e f f i c i e n t  of 0.70, 
and the s l o p e s  o f  both curves  af ter  t h e  break are approximately t h e  same as t h e  
s l o p e s  f o r  t h e  upper-and-lower-winglet and basic-wing conf igu ra t ions .  As w i t h  
both winglet conf igu ra t ions ,  t h e  a d d i t i o n a l  l i f t i n g  s u r f a c e  behind t h e  moment 
c e n t e r  of  t h e  a i r p l a n e  r e s u l t s  i n  s l i g h t l y  less l o n g i t u d i n a l  aerodynamic i n s t a -  
b i l i t y  than w i t h  the basic wing. Th i s  effect  is shown i n  f i g u r e  7 as a s l i g h t l y  
less p o s i t i v e  s lope  i n  the pitching-moment c o e f f i c i e n t  p l o t t e d  a g a i n s t  l i f t  coef-  
f i c i e n t .  The increment i n  pitching-moment c o e f f i c i e n t  due t o  the  t i p  ex tens ion  
is more than twice t h a t  f o r  t h e  upper-winglet  conf igu ra t ion ;  t h e r e f o r e ,  the  t i p  
ex tens ion  would have an a d d i t i o n a l  small t r i m  drag penal ty  r e l a t i v e  t o  t h e  upper 
wingle t .  

Bending moments.- Winglets and t i p  ex tens ions  r e s u l t  i n  somewhat higher 
bending moments a t  t h e  wing r o o t .  An important  t rade-off  must be considered 
between t h e  b e n e f i t s  of  increased  aerodynamic e f f i c i e n c y  and t h e  weight penal-  
t i e s  a s soc ia t ed  w i t h  the  heav ie r  wing s t r u c t u r e  r equ i r ed  t o  handle  t h e  increased  
bending moments. Consequently,  compa.risons of  the  d i f f e r e n t  wing-tip configura-  
t i o n s  must be made on the basis of  equa l  bending-moment increments on the wing 
s t r u c t u r e .  Genera l ly ,  t h e  wing s t r u c t u r a l  design is governed by t h e  bending 
moments a t  t h e  higher l i f t  c o e f f i c i e n t s  a s s o c i a t e d  w i t h  a h igher  than Ig  load 
condi t ion .  

Figure 9 shows t h e  v a r i a t i o n s  wi th  l i f t  c o e f f i c i e n t  of  incrementa l  bending- 
moment c o e f f i c i e n t s  a t  t h e  wing-fuselage junc tu re  f o r  Mach numbers of  0.70 and 
0.78. The bending-moment c o e f f i c i e n t s  presented  were computed i n  two s t e p s . .  
F i r s t ,  the r o l l i n g  moments measured a t  t h e  balance c e n t e r  were t r a n s f e r r e d  t o  
the wing-fuselage junc tu re .  Then the  bending moments due t o  wingle t  s i d e  f o r c e  
were added t o  the r o l l i n g  moments. These bending moments were c a l c u l a t e d  by 
mul t ip ly ing  the  s ide- force  increments  o f  t h e  wing le t s  (from i n t e g r a t i o n s  of  t h e  
p re s su re  d i s t r i b u t i o n s  o f  ref. 4) times the  v e r t i c a l  d i s t a n c e  from the  moment 
r e fe rence  c e n t e r  t o  t h e  e las t ic  a x i s  o f  t he  w i n g  r o o t .  The bending moments 
a s soc ia t ed  w i t h  s i d e  f o r c e s  on the  w i n g  pane l  (due t o  wing d i h e d r a l )  were n o t  
computed. These bending moments are n e a r l y  equa l  f o r  a l l  the  conf igu ra t ions  a t  
t h e  same l i f t  c o e f f i c i e n t .  Inc lus ion  o f  these bending-moment increments  would 
reduce the  abso lu te  va lues  presented  i n  f i g u r e  9 s l i g h t l y ;  however, t h e  r e l a t i v e  
increments  between Conf igura t ions  would remain cons t an t .  
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The bending-moment-coefficient increments  a t  the des ign  l i f t  c o e f f i c i e n t  
of 0.44 are increased  approximately 3 t o  4 pe rcen t  r e l a t i v e  t o  t h e  basic wing. 
A t  l ift c o e f f i c i e n t s  h igher  than 0.5,  t h e  upper-winglet  conf igu ra t ion  shows 
decreas ing  bending-moment-coefficient increments ,  whi le  t h e  increments  f o r  t h e  
t i p  ex tens ion  tend t o  i n c r e a s e .  
i n c r e a s e  i n  t h e  bending-moment-coefficient increment ,  but  it is  s t i l l  less  than 
t h e  t ip -ex tens ion  increment a t  M, = 0.70 and approximately equa l  a t  M, = 0.78. 
(Bending-moment-coefficient increments  are no t  presented  a t  l i f t  c o e f f i c i e n t s  
greater than 0;70 a t  M = 0.78 because t h e  wing is s t a l l ed  ( f i g .  7 ( c ) )  and 
the re fo re  the data are g t rong ly  dependent on Reynolds number. 

The a d d i t i o n  of  t h e  lower wingle t  causes  an 

The reason f o r  these t r e n d s  is  t h a t  as t h e  wing l i f t  c o e f f i c i e n t  i n c r e a s e s  
t o  the h igher  va lues ,  t he  normal-force c o e f f i c i e n t s  on t h e  wing le t s  do not  
i nc rease  as r a p i d l y  as  do the s e c t i o n  l i f t  c o e f f i c i e n t s  of  t h e  t i p  ex tens ion .  
(See re f .  4.) 

Wing-tip vortex.-  The f low-f ie ld  cross-flow v e l o c i t y  v e c t o r s  measured 
2 wing-tip chords downstream of  t h e  wing t i p  are presented  i n  f i g u r e  11 f o r  two 
c r u i s e  Mach numbers. The flow p a t t e r n  behind t h e  basic wing ( f i g s .  I l ( a )  and 
I l ( c ) )  sugges t s  a t y p i c a l  wing-tip vo r t ex  c i r c u l a t i o n .  The c e n t e r  of the  rake 
is pos i t ioned  approximately a t  the  vo r t ex  co re .  
l e t  ( f ig s .  I l ( b )  and l l ( d ) )  s u b s t a n t i a l l y  reduces t h e  magnitude of  t h e  v e l o c i t y  
v e c t o r s  i n  the  vortex-core reg ion  and d i s r u p t s  t h e  whole vo r t ex  t o  t h e  po in t  
where a core  is not  d i s c e r n i b l e  a t  t h i s  d i s t a n c e  downstream. 

The a d d i t i o n  of t h e  upper wing- 

Reductions i n  induced drag of  t h e  wing are d i r e c t l y  related t o  reduct ion  
of  t h e  t o t a l  energy of  t h e  c i r c u l a t i o n .  The r educ t ions  i n  induced drag produced 
by t h e  upper wingle t  are ev iden t  p r imar i ly  by t h e  r educ t ions  i n  t h e  k i n e t i c  
energy of  t h e  vo r t ex  c o r e ,  which is p ropor t iona l  t o  t h e  cross-f low v e l o c i t y  
squared.  Unpublished far-f ie ld  data from t h e  Langley vo r t ex  r e sea rch  f a c i l i t y  
confirm t h a t  t h e  wing le t s  de lay  formation of  t h e  vo r t ex  and t h a t  t h e  v e l o c i t i e s  
i n  t h e  core  reg ion  of t h e  vo r t ex  are reduced by an increment p ropor t iona l  t o  t h e  
reduct ions  i n  induced drag f o r  those  conf igu ra t ions .  

Second-Segment C l i m b  

Var i a t ions  of  incremental  drag c o e f f i c i e n t  wi th  l i f t  c o e f f i c i e n t  are pre- 
sen ted  i n  f i g u r e  14 f o r  t h e  conf igu ra t ions  wi th  t r a i l i ng -edge  f l a p s .  These 
increments  are a l s o  equ iva len t  t o  increments  i n  t h e  l i f t - d r a g  r a t i o .  Incremen- 
t a l  drag is presented f o r  
presented  f o r  c r u i s e  Mach numbers, because a i r p l a n e s  cannot  be flown wi th  t h e  
same f l e x i b i l i t y  i n  l i f t  c o e f f i c i e n t  dur ing  second-segment climb as is p o s s i b l e  
during c r u i s e .  
and leading-  and t r a i l i ng -edge - f l ap  conf igu ra t ions .  

M, = 0.30 r a t h e r  than incrementa l  l i f t  which was 

Data were not  obtained f o r  a l l  p o s s i b l e  combinations of  wing-tip 

No f laps . -  Data f o r  t h e  conf igu ra t ion  without  f l a p s  are shown i n  f i g -  
u r e s  12 (a )  and l 3 ( a ) .  The upper-and-lower-winglet conf igu ra t ion  shows a 
b e n e f i t  over t h e  basic w i n g  i n  aerodynamic e f f i c i e n c y  and has  decreased longi -  
t u d i n a l  i n s t a b i l i t y  a t  l i f t  c o e f f i c i e n t s  up t o  0 .9 ,  after which t h e  wing i n i -  
t i a l l y  stalls. 
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Trailing-edge f l aps . -  Data f o r  t h e  conf igu ra t ions  wi th  t r a i l i ng -edge  f l a p s  
added are shown i n  f i g u r e s  12(b)  and 13 (b ) .  These d a t a  are r e p r e s e n t a t i v e  of  
f i r s t - g e n e r a t i o n  je t  t r a n s p o r t s  similar t o  t h e  KC-135A. The t r a i l i ng -edge  
f l a p s  delay s ta l l  on t h e  w i n g  t o  a l i f t  c o e f f i c i e n t  of  1.1. The a d d i t i o n  of  t h e  
upper winglet  produces r educ t ions  i n  t o t a l  d rag  c o e f f i c i e n t  of  up t o  11 percent  
a t  a l i f t  c o e f f i c i e n t  j u s t  p r i o r  t o  s t a l l .  
reduct ion  i n  drag c o e f f i c i e n t .  F igure  I 4  shows t h a t  a t  a l i f t  c o e f f i c i e n t  near  
1 .0 ,  t h e  upper wingle t  p roduces-an  i n c r e a s e  i n  l i f t - d r a g  r a t i o  of  approximately 
10 percent .  

This  is equi ,valent  t o  a 0.0085 

Again, s l i g h t  decreases  i n  l o n g i t u d i n a l  i n s t a b i l i t y  are shown ( f i g .  1 3 ( b ) )  
by a less p o s i t i v e  s lope  of pitching-moment c o e f f i c i e n t  p l o t t e d  a g a i n s t  l i f t  
c o e f f i c i e n t .  The upper-winglet conf igu ra t ion  r e s u l t s  i n  more nega t ive  va lues  
of  Cm and a l s o  shows a s l i g h t l y  greater tendency t o  p i t c h  up after s ta l l .  

The a d d i t i o n  o f  t h e  upper and lower wing le t s  produces r educ t ions  i n  drag  
c o e f f i c i e n t  less than t h e  upper wingle t  on ly ,  or about  10 percent  (0.0077) 
near  s t a l l  cond i t ions ,  and produces an i n c r e a s e  i n  l i f t - d r a g  r a t i o  of  about  
9 percent  a t  a lift c o e f f i c i e n t  of  1.0 ( f i g .  1 4 ) .  The upper-and-lower-winglet 
conf igu ra t ion  shows l i f t  and pitching-moment t r e n d s  similar t o  t h e  upper-winglet 
conf igu ra t ion .  

A t  c r u i s e  Mach numbers, t h e  lower wingle t  has  been shown t o  reduce t h e  
leading-edge p res su re  peak of t he  upper wingle t  and thereby extend aerodynamic 
e f f e c t i v e n e s s  t o  l i f t  c o e f f i c i e n t s  h igher  than f o r  t h e  upper wingle t  a lone .  A t  
a Mach number of  0.30, t h e  lower wingle t  exper iences  r e l a t i v e l y  high drag coef-  
f i c i e n t s  due t o  h igh  load ing  and some flow sepa ra t ion  on t h i s  su r f ace .  

The a d d i t i o n  of  t h e  t i p  ex tens ion  r e s u l t s  i n  drag c o e f f i c i e n t s  which are 
2 t o  3 percent  h igher  than those  f o r  t h e  upper-winglet conf igu ra t ion .  A t  a l i f t  
c o e f f i c i e n t  .of 1 .0 ,  t h e  t i p  ex tens ion  produces an i n c r e a s e  i n  l i f t - d r a g  r a t i o  o f  
approximately 6.5 pe rcen t .  The t ip -ex tens ion  conf igu ra t ion  a l s o  e x h i b i t s  a 
s l i g h t l y  h igher  l i f t  c o e f f i c i e n t  and a more negat ive  pitching-moment increment 
than does t h e  upper-winglet conf igu ra t ion .  Therefore ,  t h e  t r i m  drag penal ty  
a s soc ia t ed  wi th  t h e  pitching-moment increments  would be h igher  f o r  t h e  t i p  
ex tens ion  than f o r  t h e  upper wingle t .  

Leading- and t r a i l i ng -edge  f l a p s .  - Data f o r  conf igu ra t ions  with leading-  
and t r a i l i ng -edge  f l a p s  are presented  i n  f i g u r e s  12 (c )  and 1 3 ( c ) .  These config-  
u r a t i o n s  are designed t o  s imula te  t h e  effects of  w ing le t s  on t h e  second-segment- 
climb c h a r a c t e r i s t i c s  o f  most p r e s e n t  j e t  t r a n s p o r t s .  The a d d i t i o n  of  t h e  
leading-edge f l a p  moves t h e  p o i n t  a t  which t h e  wing i n i t i a l l y  s t a l l s  t o  a l i f t  
c o e f f i c i e n t  o f  1.3. The upper-winglet conf igu ra t ion  produces r educ t ions  i n  drag  
c o e f f i c i e n t  o f  up t o  9 percent  a t  t h e  s t a l l  l i f t  c o e f f i c i e n t .  Again, t h e  upper- 
winglet  conf igu ra t ion  is s l i g h t l y  less uns t ab le  l o n g i t u d i n a l l y  than  t h e  basic 
wing. 

A s  f o r  t h e  conf igu ra t ions  wi th  only t r a i l i ng -edge  f l a p s ,  a d d i t i o n  o f  t h e  
lower wingle t  r e s u l t s  i n  s l i g h t l y  h igher  va lues  of  drag c o e f f i c i e n t  below t h e  
s t a l l  l i f t  c o e f f i c i e n t .  The upper-and-lower-whglet conf igu ra t ion  a l s o  pro- 
duces a s l i g h t l y  h igher  l i f t  c o e f f i c i e n t  and a more negat ive  pitching-moment 
c o e f f i c i e n t  than t h e  upper-winglet Configurat ion.  
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SUMMARY OF RESULTS 

A wind-tunnel i n v e s t i g a t i o n  of  w ing le t s  mounted on t h e  t i p  of  a 0.07-scale 
KC-135A j e t  t r a n s p o r t  model wing has  been conducted. Conf igura t ions  wi th  an 
upper wingle t  only and wi th  upper and lower winglets  are compared wi th  a s imple 
wing-tip ex tens ion  which is designed t o  produce t h e  same inc rease  i n  bending 
moment a t  t h e  wing r o o t  ( a t  a lg load  f a c t o r )  as do t h e  wing le t s .  Data are pre- 
sen ted  a t  fou r  high subsonic  Mach numbers and one low subsonic  Mach number, and 
i n d i c a t e  t h e  fo l lowing  conclusions:  

1 .  Both wingle t  conf igu ra t ions  reduce induced drag  by approximately 20 per- 
cen t  a t  design c r u i s e  cond i t ions .  The t i p  ex tens ion  reduces induced drag by 
about  10 percent  a t  des ign  cond i t ions .  

2. A t  c r u i s e  cond i t ions  wing le t s  produce improvements i n  l i f t -drag r a t i o  of  
about  9 percen t .  
improvement i n  l i f t - d r a g  r a t i o .  

A t  t h e  same cond i t ions  t h e  t i p  ex tens ion  produces a 4-percent 

3. The nega t ive  increments  i n  pitching-moment c o e f f i c i e n t  due t o  t h e  wing- 
l e t s  are less  than those  produced by t h e  t i p  ex tens ion .  

4 .  A l l  t h e  wing-tip conf igu ra t ions  i n v e s t i g a t e d  produce an increment i n  
w i n g  roo t  bending moment o f  approximately 3 t o  4 percen t  f o r  l i f t  c o e f f i c i e n t s  
up t o  t h e  design va lue  a t  Mach numbers of  0.70 and 0.78. A t  l i f t  c o e f f i c i e n t s  
s i g n i f i c a n t l y  h ighe r  than t h e  c r u i s e  va lues ,  t h e  bending increments  f o r  t h e  t i p  
ex tens ion  i n c r e a s e ,  whi le  those  f o r  t he  upper wingle t  tend t o  decrease. 

5.  Both wingle t  conf igu ra t ions  produce r educ t ions  i n  induced drag g r e a t e r  
than those  produced by t h e  t i p  ex tens ion  a t  second-segment-climb cond i t ions  wi th  
t r a i l i ng -edge  f l a p s .  The upper-winglet ,  upper-and-lower-winglet, and t i p -  
ex tens ion  conf igu ra t ions  produce i n c r e a s e s  in '  l i f t - d r a g  r a t i o  (a t  a l i f t  c o e f f i -  
c i e n t  of  1.0) o f  10 percen t ,  9 percen t ,  and 6.5 p e r c e n t ,  r e s p e c t i v e l y ,  with 
t r a i l i ng -edge  f l a p s .  

6. The wing le t s  de lay  the  formation of  t h e  wing-tip vo r t ex  and l e s s e n  t h e  
cross-flow v e l o c i t y  v e c t o r s  i n  t he  core  area. 

Langley Research Center 
Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
Apr i l  18, 1977 
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T A B L E  I.- A I R F O I L  C O O R D I N A T E S  F O R  W I N G L E T S  
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L-75-8430 
( a )  Complete c o n f i g u r a t i o n .  

L-75-8429 
( b )  Winglets.  

F igure  1 . -  Wind-tunnel model. 
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148.92) 

Basic tip Tip extension 

7.62 (3.00) 

(a) General layout of model. 

Figure 2 .- Drawings of semispan model. Dimensions in centimeters (inches). 



Typical winglet section ,- Upper surface 
9 

Winglet i ,deg 
Upper - 4  
Lower, root - 7 
Lower,tip - I  I 

Span, h=c+ i 
surface 

( b )  Winglet d e t a i l s .  

F igure  2.- Concluded. 



Figure 3.- Typical  outboard wing a i r f o i l  s ec t ion .  



of leading-edge flap 

(a )  Flap d e t a i l s .  

Figure 4.-  Drawings of leading- and t ra i l ing-edge f l a p s .  



I- 

Iu 
0 Wing-fuselage juncture f -  

(b) Flap  l o c a t i o n s .  Dimensions are i n  cent imeters  ( i n c h e s ) .  

Figure 4.- Concluded. 



Upper and lower surface 

Inboard 

Grain 
No. 

Out board 

No.220 

Figure 5.- Location of boundary-layer t r a n s i t i o n  s t r i p s .  



Tip configuration 
o Basic 

Upper winglet 

I o Upper + lower winglets 

.0521 * Tip 

.I .2 

Figure  6 .- 

extension, Ab'= 0.38 h 

.3 .5 
CL 

Var ia t ion  of drag 

M a =  0.70. 

c o e f f i c i e n t  

.6 .7 .8 

w i t h  l i f t  

.9 

c o e f f i c i e n t .  
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Tip configuration 
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Upper winglet 
tppei + lower winglets 
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(b) M a =  0.75. 

.8 .9 

Figure 6.- Continued. 

23 



I I I I I  I 

Tip configuration 
0 Basic 
0 Upper winglet 
0 Upper +lower winglets 
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M a =  0.78. 
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Figure 
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Tip configuration 
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( d )  M a =  0.80. 

F igu re  6.- Concluded. 
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Tip configuration 
Basic 
Upper winglet 
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I 

.04 
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Tip extension,Ad=O.38 h 
Upper + lower winglets 

.3 .6 

(a) M a =  0.70. 
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Figure 7.- Variations of pitching-moment coefficient and angle of attack 
with lift coefficient. 
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Tip configuration 
0 Basic 
a Upper winglet . .  

0 Upper + lower winglets 
A Tip extension ,. A i =  0.38 h I 
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Figure 7 .- Continued. 
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Tip configuration 
9 Basic 
0 Upper winglet 
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A Tip extension,Ab1=0.38h 
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M a =  0.78. 

7.- Continued. 
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Tip configuration 
Basic 
Upper winglet 
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Tip extension ,Ab’=0.38 h 
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( d )  M, = 0.80.  

Figure  7.- Concluded. 
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Figure 8.- Fluorescent-oil-film flow-visualization photographs (upper and 
lower winglets). M, = 0.78; CL = 0.48. 



L-77-181 
( b )  Lower (outboard)  s u r f a c e  o f  upper winglet  and upper (outboard)  s u r f a c e  of  lower wingle t .  

Figure 8.- Concluded. 
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Figure 9.- Var ia t ion  of incremental  bending-moment c o e f f i c i e n t  w i t h  l i f t  c o e f f i c i e n t .  
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(b) M a =  0.78. 

Figure 9.- Concluded. 
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Tip configuration 

Upper winglet 
----- Upper + lower winglets 
--- Tip extensia 
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Figure  10.- Var i a t ion  o f  incrementa l  l i f t  c o e f f i c i e n t  for  cons t an t  drag 
c o e f f i c i e n t  wi th  l i f t  c o e f f i c i e n t .  
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Tip configuration 
Upper winglet 

---- Upper + lower winglets 
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(b) M a =  0.75. 

Figure 10.- Continued. 
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Upper winglet 
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( c )  M a =  0.78. 

Figure 10.- Continued. 
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Figure  11.- Flow-field cross-f low v e l o c i t y  vectors downstream of wing t i p .  
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(b) Upper winglet ;  M, = 0.70; CL FJ 0.46 .  

F igure  11 . -  Continued. 
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( c >  Basic  t i p ;  M a =  0.78; CL = 0.48. 

F igure  11.- Continued. 

40 



\ 

f 
1 

\ \  
c 

30.5 m / m  

100.0 t t m c  
- 

( d )  Upper wing le t ;  M,= 0.78; CL - 0.48. 
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Figure 12.- Continued. 
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