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SUMMARY 

The p r e s e n t   i n v e s t i g a t i o n  was conducted to  m e a s u r e   t h e   e f f e c t s   o f   s p a n w i s e  
b l o w i n g   o n   t h e   s u r f a c e   p r e s s u r e s   o f  a 44O swept t r a p e z o i d a l   w i n g - s t r a k e   c o n f i g -  
u ra t ion .   Wind- tunne l   da t a  were o b t a i n e d  a t  a f ree-s t ream Mach number o f  0 .26 
f o r  a range  of   model   angle   of  a t tack ,  j e t  t h r u s t   c o e f f i c i e n t ,   a n d   n o z z l e   c h o r d -  
wise l o c a t i o n .   R e s u l t s   o f   t h i s   s t u d y  showed tha t   spanwise   b lowing   de l ayed   t he  
leading-edge  vortex  breakdown to l a r g e r   s p a n   d i s t a n c e s   a n d   i n c r e a s e d   t h e   l i f t i n g  
p r e s s u r e s .   V o r t e x   l i f t  was achieved  a t  span   s t a t ions   immedia t e ly   ou tboa rd   o f  
the   s t rake-wing   junc t ion   wi th   no   b lowing ,   bu t   spanwise   b lowing  was n e c e s s a r y  to 
a c h i e v e   v o r t e x   l i f t  a t  i nc reased   span   d i s t ances .   B lowing   on   t he   w ing   i n   t he  
p re sence   o f   t he  s t rake  w a s  n o t  as e f f e c t i v e  as blowing  on  the  wizg  a lone.  
Spanwise  blowing  increased l i f t   t h r o u g h o u t   t h e   a n g l e - o f - a t t a c k   r a n g e ,   i m p r o v e d  
t h e   d r a g   p o l a r s ,   a n d   e x t e n d e d   t h e   l i n e a r   p i t c h i n g  moment to h i g h e r   v a l u e s   o f  
l i f t .  The leading-edge   suc t ion   ana logy   can   be   used  to  estimate t h e   e f f e c t s   o f  
spanwise   b lowing   on   the   aerodynamic   charac te r i s t ics .  

INTRODUCTION 

On t h i n ,   h i g h l y  swept wings a t  modera t e - to -h igh   ang le s   o f   a t t ack ,   t he  
flow is c h a r a c t e r i z e d  by a separat ion-induced  leading-edge  vortex  which  pro-  
v i d e s   l a r g e   v o r t e x - l i f t   i n c r e m e n t s .   T h i s   c h a r a c t e r i s t i c   o f   s l e n d e r   w i n g s  
des igned   fo r   supe r son ic   c ru i se   veh ic l e s   has   been   unde r s tood   fo r  many y e a r s  
( r e f s .  1 to 5 ) .  However, fo r   modera t e ly   swep t   w ings   o f   h ighe r   a spec t   r a t io s ,  

which are g e n e r a l l y   o f   i n t e r e s t   f o r   f i g h t e r   a i r p l a n e s ,   v o r t e x   b r e a k d o w n   u s u a l l y  
occurs a t  l o w  ang le s   o f   a t t ack .   (Fo r   example ,  see r e f .  3 . )  Thus, t h i s   c l a s s  
o f   w i n g   d o e s   n o t   a c h i e v e   t h e   l a r g e   v o r t e x - l i f t   i n c r e m e n t s   t h a t   a r e   d e s i r a b l e  
for   maneuvering . 

Two t echn iques   fo r   enhanc ing   t he   w ing   l ead ing -edge   vo r t ex   and   e f f ec t ive ly  
delaying  vortex  breakdown to h i g h e r   a n g l e s   o f   a t t a c k  are u s e  of   spanwise blow- 
ing   and   u se   o f  a highly  swept   wing s t rake.  The spanwise-blowing  concept  con- 
sists of  blowing a d i s c r e t e  j e t  spanwise  over   the  wing  upper   surface  and  in  a 
d i r e c t i o n   e s s e n t i a l l y   p a r a l l e l  to  t h e   l e a d i n g   e d g e .  Some o f   t h e   e a r l y   r e s e a r c h  
on   con t ro l l i ng   s epa ra t ed   f l ow  r eg ions   by   t r ansve r se   b lowing  was r e p o r t e d   i n  
r e f e r e n c e s  6 to  9 .  The p h o t o g r a p h s   i n   f i g u r e  1 were t aken   f rom  r e fe rence  9 
and i l l u s t r a t e   t h e   l e a d i n g - e d g e   v o r t e x   t h a t   f o r m s   o n  a r e c t a n g u l a r   f l a t   p l a t e  
because   o f   t r ansve r se   b lowing .  The a d d i t i o n a l  work  r e p o r t e d   i n   r e f e r e n c e s  1 0  
to  1 5  a p p l i e d   t h e   c o n c e p t  to d i f f e r e n t   t y p e s   o f   l i f t i n g   s u r f a c e s ,   s u c h  as swept 
wings , t r a   i l i n g - e d g e   f l a p s  , and  rudders .  

The h i g h l y  swept s t r ake ,   wh ich  is also used €or g e n e r a t i n g   v o r t e x   l i f t  to 
improve   h igh   angle-of -a t tack   maneuverabi l i ty ,  is c u r r e n t l y   b e i n g   u t i l i z e d   o n  
s e v e r a l   l i g h t w e i g h t   f i g h t e r s .  The s t r o n g   v o r t e x   f l o w s   g e n e r a t e d  by t h e  maneu- 
ver s t rakes  on the  General   Dynamics YF-16 and  Northrop YF-17 prototypes are  
shown i n   t h e   p h o t o g r a p h s   i n   f i g u r e  2 .  E x p e r i m e n t a l   r e s u l t s   f r o m   r e f e r e n c e s  1 6  
to  1 8   h a v e   i n d i c a t e d   t h a t   t h e  l i f t  due t o  t h e   a d d i t i o n  of t h e  s t rake is aug- 



mented  by  the mutual  interaction  of  the  strake  vortex  and  the  wing  flow  field. 
To supplement  this  research, it  is desirable  to  obtain  detailed  information 
concerning  the  simultaneous  effects  of  both  vortex-control  techniques  for  wings 
of interest  for  fighter  airplanes. 

Accordingly,  the  present  investigation  was  initiated  to  obtain  surface 
pressure  distributions  on  a  wing-strake  configuration  having  spanwise  blowing 
from  the  fuselage.  A  trapezoidal-wing  planform  having  a 44O leading-edge 
sweep  was  used  for  the  study,  which  was  conducted  at  a  free-stream  Mach  number 
of 0.26. Data  were  acquired  for  a  range of model  angle  of  attack,  jet  thrust 
coefficient,  and  nozzle  chordwise  location.  The  blowing  results  obtained  in 
these  studies  for  the  strake-off case  are published  in  reference 19.  The pres- 
ent  paper  analyzes  the  results  obtained  with  the  strake on and  provides  compar- 
isons  with  appropriate  aerodynamic  theory  that  accounts for the  wing  leading- 
edge  vortex. 

SYMBOLS 

Physical  quantities in  this  paper  are  presented  in  the  International 
System  of  Units (SI). Measurements  and  calculations  were  made  in  the U.S. 
Customary  Units.  All  force  and  moment  data  are  referred  to  the  stability-axis 
system. The  pitching-moment  reference  center  is  located  at 25 percent  of  the 
center-line  chord,  defined  by  extending  the  leading  and  trailing  edges  to  the 
model  plane  of  symmetry  (fig. 3)  . 
b  wing span 

CD wing  drag  coefficient,  integrated  section-drag  values 

CL wing  lift  coefficient,  integrated  section-lift  values 

cL,P lift  coefficient,  potential  flow 

CL, tot 

C L , ~ ~ ~  lift  coefficient,  vortex  flow  at  leading  edge 

CL,vse lift  coefficient,  vortex  flow  at  side  edge 

Pitching  moment 

%SCr,  t 
Cm wing  pitching-moment  coefficient, 

CP 

ACP 

P - Pa 
pressure  coefficient, - 

900 

- - cp,u - Cp,R 
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CT 

C 

Cav 

Cd 

Cl 

ACl 

c1 rP 

c1 ,v 

c1, tot 

Cr 

Cr,t 

d 

h 

% 

P 

Pt,n 

PCU 

9, 

S 

X 

xn 

Nozzle  thrust 

%S 
nozzle-thrust  coefficient, 

local  chord 

average chord, S/b 

section  drag  coefficient 

section  lift  coefficient 

- - C1,jet on - C;l,jet  off 
section  lift  coefficient,  potential  flow 

section lift coefficient,  vortex  flow 

- - Cl,P -+ Cl,V 

root  chord  (chord at wing-fuselage  juncture) 

theoretical  root  chord  (at  fuselage  center  line) 

nozzle  diameter 

height of nozzle  center  line  above  wing  surface 

free-stream  Mach  number 

static  pressure 

stagnation  pressure  in  nozzle  settling  chambers 

free-stream  static  pressure 

free-stream  dynamic  pressure 

wing  reference  area, 0.103 m2 

chordwise  distance,  measured  from  wing  leading  edge 

chordwise  distance  of  nozzle  from  leading  edge of wing  root  chord 
(see fig. 3)  

spanwise  distance,  measured  from  model  plane of symmetry 

vertical  distance,  measured  from  wing  chord  plane 

angle of attack of model 
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'he  lead  ing-edge sweep  angle 

Ih sweep  angle of nozzle  center  line 

Subscripts : 

1,2  refers  to  nozzles 1 (left)  and  2  (right),  respectively 

R condition on lower  surface of wing 

max maximum 

U condition on upper  surface of wing 

MODEL  AND  APPARATUS 

The  wind-tunnel model consisted of a  wing-strake-fuselage  combination  with 
a  discrete  jet  that was mounted  in  each  side of the  fuselage  and  oriented  to 
blow  air  over  the  wing  upper  surface.  A  three-view  drawing of the model is 
shown in  figure 3, and  photographs of the  model installed  in  the  wind  tunnel 
are  shown  in  figure 4 .  

The trapezoidal  wing  had  a 44O leading-edge sweep  angle and  trailing-edge 
sweep  angle of -5.7O. The  aspect  ratio,  based on an  area of 0.103 m2,  was 2.5 
and  the  taper  ratio  was 0.2. The wing  had no twist,  camber, or dihedral and 
had an  airfoil  section  (measured  streamwise)  which  was  a  circular  arc  with 
sharp leading  and  trailing  edges. The  thickness  ratio  was 6 percent at the 
fuselage-wing  junction  (root  chord)  and  varied  linearly  to 4 percent  at  the 
wing  tip. 

The wing  was  instrumented  with 1 4 0  pressure  orifices  which  were  arranged 
in  chordwise  rows  at  six  different  span  locations.  (See  fig.  3(b) .) Pres- 
sures  were  measured on the  lower  surface of the  left  wing  and  on  the  upper 
surface of the  right  wing. The reader  is  referred  to  reference 1 9  for the 
coordinates  of  all the orifices  as  well as for  information on the  pressure- 
recording  instrumentation. 

The  continuous-flow  air  system,  which  provided  dry  high-pressure  air  to 
the  nozzles,  is  shown  in  the  schematic  diagram  in  figure 5. Each  nozzle  was 
connected  to  a  cylindrical  plenum, or settling, chamber  to  which  air was sup- 
plied  by  a  0.953-cm-diameter  stainless-steel  supply  line. The stagnation  pres- 
sure in  each  settling  chamber  was  recorded on a  large-dial  pressure  gage.  The 
size of the  settling  chambers  necessitated  the  use of a  fuselage  fairing  to 
cover  them  (shown  in  fig. 3 (a) 1 . 

Details of the  convergent  nozzle  geometry  and  location  are  shown  in  fig- 
ure 6, where  the  subscripts 1 and 2 refer  to  nozzles 1 and 2, respectively. 
Each  nozzle  was  made of 0.953-cm-diameter stainless-steel  tubing,  whose  inner 
diameter  converged  from  0.775 cm to  the  diameter dl or d2 of the  circular 
exit  shown  in  the  figure. The  exit  diameters  were  slightly  different  for  the 
two  nozzles.  The  bottom  of  the  tubing  was  shaped  to  allow  the  jet  to  be  closer 
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to  the  wing  surface. Both  nozzles  were  calibrated  prior  to  tunnel  installation 
to obtain  static  nozzle  thrust  as  a  function of plenum  total  pressure,  and the 
results  are  presented  in  reference 19. 

TEST  CONDITIONS AND PROCEDURE 

The  tests  were  conducted  at  a  Mach  number of 0.26 in  the  Langley  high- 
speed 7- by  10-foot  tunnel. The tunnel  operating  conditions  included an 
average  dynamic  pressure of 4549 Pa  with  a  temperature of 297 K. The  Reynolds 
number was 5.2 x 1 O5 per  meter. The tests  were  performed  without  fixed  transi- 
tion  on  the  model.  An  accelerometer,  located  in  the  nose of the fuselage,  was 
used  to  record  changes  in  the  attitude  of  the  model  with  respect to the  hori- 
zontal.  The  test  data  were  not  corrected  for  tunnel  blockage  and  flow  angular- 
ity since  these  have  been  found  to  be  negligible. 

Pressure  data  were  obtained  for  each  configuration  at  angles  of  attack 
from Oo to 24O at 4O increments,  with  nozzle-thrust  coefficients  of 0.0 and 
0.12. At the  maximum a, CT was  varied  from 0.0 to 0.18 at increments  of 
0.02. For all  of  the  thrusting  conditions,  equal  thrust  was  obtained  for  both 
nozzles by adjusting  the  plenum  stagnation  pressures  to  the  values  determined 
from  the  static  calibration. (See ref. 19.) It  was  assumed  that  these  static 
thrust  levels  would be essentially  the  same  at  the  test  condition  of = 0.26. 

The test  configurations  consisted  of  nozzle  chordwise  locations  xn/cr of 
0.1 5, 0.23, and 0.32. The  nozzle  height  above  the  wing  surface h/d was 0.835, 
and  the  nozzle  center-line sweep  angle  An  was 44O, thus  orienting  the  nozzle 
parallel  to  the  wing  leading  edge. 

PRESENTATION  OF  RESULTS 

The  results  of  the  investigation  are 

Basic  chordwise  pressure  distributions: 
Effect  of  spanwise  blowing on chordwise 
range  of a with  strake  on:  xn/cr = 

presented  in  the  following  figures: 

Figure 

distributions of Cp for  a 
0.23 . . . . . . . . . . . . .  7 

Effect of CT on chordwise  distributions of Cp for a = 24O with 

Effect  of  spanwise  blowing on chordwise  distributions of Cp for  a 

Effect of CT on chordwise  distributions of Cp for a r~ 24O with 

Effect  of  spanwise  blowing on chordwise  distributions of Cp for  a 

Effect of CT on  chordwise  distributions of Cp for a = 24O with 

Schematic  diagram of wing surface  pressures  for  strake  off  and on 

strake on:  xn/cr = 0.23 . . . . . . . . . . . . . . . . . . . . . .  8 

range of a with  strake on:  xn/cr = 0.15 . . . . . . . . . . . . .  9 

strake on:  Xn/Cr = 0.15 . . . . . . . . . . . . . . . . . . . . . .  10 

range of with  strake on; xn/cr = 0.32 . . . . . . . . . . . . .  1 1  

strake on:  Xn/Cr = 0.32 . . . . . . . . . . . . . . . . . . . . . .  12 

with blowing off; 20.6O . . . . . . . . . . . . . . . . . . . .  13 
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Figure 

Chordwise  pressure  distributions  with Xn/Cr = 0.23: 
Effect  of cx on chordwise  distributions of at  2y/b = 0.501 
for  two  values of CT with  strake  off  and on . . . . . . . . . . . .  1 4  

Effect  of  span  location on chordwise  pressure  distributions of ACp 
for configurations  with  strake  off  and on and  two  values of CT: 
a =  20.6O.  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 5  

Section  lift  and  drag  characteristics  with  xn/cr = 0.23: 
Effect  of  spanwise  blowing on section  lift  characteristics  with 

Variation of section  lift  coefficient  with CT at  different  span 

Variation  of  section  lift  coefficient  and lift  augmentation  ratio 

Effect  of  spanwise  blowing on span  loading  for  wing with  strake on; 

Effect  of  spanwise  blowing on section  drag  characteristics  with 

strake on . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 6  

locations on the  wing  with  strake on; cx = 23.9O . . . . . . . . . .  1 7  

along  the span for  a  range of CT with  strake on; cx = 23.9O . . . .  1 8  

a = 2 4  O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 9  

strake on. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  20  

Longitudinal  aerodynamic  characteristics  with Xn/Cr = 0.23: 
Effect  of  spanwise  blowing on longitudinal  aerodynamic  character- 

istics  with  strake on . . . . . . . . . . . . . . . . . . . . . . . .  21 

Selected  results  of  nozzle  chordwise  locations  with  xn/cr = 0.15, 0.23, 
and 0.32: 
Effect  of Xn/Cr on  chordwise  pressure  distributions of AC at 

Effect of Xn/Cr on  chordwise  pressure  distributions of ACp at 

Effect  of  spanwise  blowing on longitudinal  aerodynamic  character- 

Effect  of  spanwise  blowing on longitudinal  aerodynamic  character- 

Effect  of  xn/cr on longitudinal  aerodynamic  characteristics  with 

2y/b = 0.501 for  two  values  of CT with  strake on; a = 54O . . . .  22 

2y/b = 0.501 for  two  values  of cx with  strake on; CT = 0.1  2 . . .  23 

istics  with  strake on; xn/cr = 0.15 . . . . . . . . . . . . . . . .  24 

istics  with  strake on; xn/cr = 0.32 . . . . . . . . . . . . . . . .  25 

strake  on; CT = 0.12 . . . . . . . . . . . . . . . . . . . . . . . .  26 

DISCUSSION 

The  wing  surface  pressure  measurements  obtained  during  the  wind-tunnel 
tests  are  presented  in  graphical  form  in  figures 7 to 1 2 .  Upper  and  lower 
surface  pressure  coefficients  are  plotted  against  x/c,  the  nominal  fraction 
of  the  local  chord,  for  each  of  the  span  locations. The lower  surface  pres- 
sures  are  identified by a "+" inside  the  data symbol. The  data  were  machine 
plotted  and  then  faired  with  a  cubic  spline;  this spline was integrated  to 
obtain  section  forces  and  moments.  The  spanwise  variations  of  the  section 
properties  were  then  fitted  with a cubic  spline  and  integrated  to  obtain  the 
total  forces  and  moments on the  wing. 
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D e t a i l e d   E f f e c t s  of Spanwise  Blowing 

A l a r g e   q u a n t i t y  of data were o b t a i n e d   i n   t h i s   i n v e s t i g a t i o n ,  a l l  of which 
are p r e s e n t e d   h e r e i n .  However, t h e  model conf igu ra t ion   w i th   xn /c r  = 0.23 w i l l  
be used to d i s c u s s  the d e t a i l e d  effects of spanwise  blowing.   The  data   t rends 
t h a t  are d i s c u s s e d   i n   t h e   f o l l o w i n g   s e c t i o n s   f o r   t h i s   c o n f i g u r a t i o n  are typical 
o f   t h e   t r e n d s   o b t a i n e d  for t h e   o t h e r   n o z z l e   c h o r d w i s e   l o c a t i o n s   i n v e s t i g a t e d .  
The b a s i c  data for xn/cr = 0.1 5 and  0.32 are p r e s e n t e d   i n   f i g u r e s  9 to 1 2   b u t  
are n o t   d i s c u s s e d .  

C h o r d w i s e   d i s t r i b u t i o n s  of Cp.- The effects of model   angle  of a t tack  and 

n o z z l e - t h r u s t   c o e f f i c i e n t   o n   w i n g   s u r f a c e   p r e s s u r e   d i s t r i b u t i o n s  are p r e s e n t e d  
i n   f i g u r e s  7 and   8 ,   r e spec t ive ly .   In   gene ra l ,   spanwise   b lowing   r e su l t s   i n   s ig -  
n i f i c a n t   e f f e c t s   o n   t h e   w i n g   u p p e r   s u r f a c e   p r e s s u r e s   w i t h  l i t t l e  or no e f f e c t  
on   the  lower s u r f a c e   p r e s s u r e s .  The b l o w i n g   e f f e c t s  were more predominant a t  
h i g h   a n g l e s   o f  a t tack t h a n  a t  l o w  a n g l e s   o f  a t tack.  A t  l o w  a n g l e s  of attack, 
such as 4.0° ( f i g .  7 ( b ) )  , t h e   h i g h - v e l o c i t y  j e t  flow i n t e r a c t s  w i t h  the   wing  
f l o w   f i e l d  t o  i n d u c e   e f f e c t s   o n  t h e  wing   su r f ace   p re s su res .   These   j e t - induced  
e f f e c t s  are t h e  same as t h o s e   r e p o r t e d   i n   r e f e r e n c e   1 9  for the  wing-alone 
c o n d i t i o n :   t h e r e f o r e ,  t h e  r e a d e r  is r e f e r r e d  to  r e f e r e n c e   1 9   f o r  a d e t a i l e d  
d i s c u s s i o n .  

A s  ang le   o f  a t tack i n c r e a s e s ,  t h e  p r e s s u r e   d i s t r i b u t i o n s  ref lect  a n  
i n c r e a s i n g   l i f t i n g   c o n d i t i o n   f o r   t h e   w i n g ,  as i l l u s t r a t e d  by t h e  c1 = 20.8O 
d a t a   i n   f i g u r e   7 ( f ) .   F o r  t h e  b lowing-o f f   cond i t ion ,   l a rge   p re s su re  peaks occur  
a t  t h e  f i r s t  s t a t i o n   ( 2 y / b  = 0.345)  outboard of the s t r ake -wing   i n t e r sec t ion   on  
t h e  upper   sur face   near  t h e  l ead ing   edge .  A s  t h e   d i s t a n c e  from the   s t rake-wing  
j u n c t u r e   i n c r e a s e s ,   t h e r e  is a d e c r e a s e   i n  t he  p r e s s u r e  p e a k  and a rearward 
s h i f t   i n   t h e   l o c a t i o n .  T h i s  t r e n d  is i n d i c a t i v e  of a wing  leading-edge  vortex 
which is well organized   over  a s i z a b l e   p o r t i o n  of the  wing,  al though its e f f e c t  
weakens as  it expands toward t h e  wing t i p .   I n   o r d e r  to  unders tand  t h i s  t r e n d  
bet ter ,  p r e s s u r e  data from t h e   c u r r e n t   s t u d y  w i t h  s t rake  o n   a r e  compared  with 
s t r a k e - o f f   d a t a   i n   f i g u r e  13. S i m i l a r   r e s u l t s   o n  a cambered wing-strake  con- 
f i g u r a t i o n   a r e   r e p o r t e d   i n   r e f e r e n c e   1 8 .  

For   the   b lowing-on   condi t ion ,  t h e  j e t  a f f e c t s   t h e   p r e s s u r e s   o v e r  most of 
the w i n g ’ s   u p p e r   s u r f a c e   e x c e p t   a t  t he  s t a t i o n   i n b o a r d   o f  the  s t rake-wing  junc-  
t u r e .  For e x a m p l e ,   i n   f i g u r e   7 ( e ) ,  it is n o t e d   t h a t  t h e  magnitude of t h e  upper 
s u r f a c e   p r e s s u r e  p e a k  is i n c r e a s e d   s l i g h t l y  by blowing,  whereas some rearward 
l o c a t i o n s   o n  t h e  wing   expe r i ence   p re s su re  decreases. The l a r g e s t   e f f e c t s   o f  
spanwise  blowing  occur  a t  t h o s e   c o n d i t i o n s  where, w i t h  no  blowing,  the  wing 
leading-edge   vor tex  breaks down and complete s t a l l  o c c u r s .  (See d a t a  for 
2y/b = 0.866,   for   example.)   Figure 8 p r e s e n t s   t h e   p r e s s u r e   d i s t r i b u t i o n s  for 
a range   of  CT v a l u e s  for c1 - 24O. Al though   t he   p re s su re   magn i tudes   change  
s l i g h t l y ,   t h e   d i s t r i b u t i o n s  are similar for a l l  t h e  blowing rates, e x c e p t  for 
t h e   h i g h e s t  CT v a l u e s   f o r  t h e  i n b o a r d   s p a n   s t a t i o n .  

C h o r d w i s e   d i s t r i b u t i o n s  of ACp.- Some of t h e  effects of spanwise  blowing 

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 s  t h a t  were d i s c u s s e d   i n   t h e   p r e v i o u s   s e c t i o n  are 
summarized i n   f i g u r e s   1 4   a n d   1 5  for c h o r d w i s e   d i s t r i b u t i o n s   o f  ACp. S t rake-  
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off d a t a  are p r e s e n t e d  to  p r o v i d e   a d d i t i o e a l   i n f o r m a t i o n  for i n t e r p r e t i n g   t h e  
s t r a k e - o n   r e s u l t s .   F o r   t h e   w i n g - s t r a k e   c o n f i g u r a t i o n ,   t h e   e f f e c t s  of a n g l e  of 
attack 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  a t  2y/b = 0.501 ( f ig .  1 4 )  are similar for 
blowing  on or off .  The data show t h a t   b l o w i n g   o n   t h e   w i n g   i n   t h e   p r e s e n c e  of 
t h e  strake is n o t  as effective as blowing  on  the  wing  alone,  which  would be 
e x p e c t e d   s i n c e   b o t h   t h e  strake and  spanwise  blowing attempt to c o n t r o l   t h e   w i n g  
v o r t e x   f l o w   i n   t h e  same manner. 

F i g u r e   1 5   i l l u s t r a t e s   t h e   s e n s i t i v i t y  of t h e   b l o w i n g   e f f e c t s  t o  span  loca- 
t i o n  for c1 = 21°. I n   g e n e r a l ,   t h e   p r e s s u r e   d i s t r i b u t i o n s   o b t a i n e d   w i t h o u t  
blowing are similar to  t h o s e   o b t a i n e d   o n   h i g h l y  swept de l ta   wings   which   have  a 
n a t u r a l   l e a d i n g - e d g e   v o r t e x   ( r e f .   5 ) .  The same type of p r e s s u r e   d i s t r i b u t i o n s  
are o b t a i n e d  for the  blowing-on case, b u t   t h e   l i f t i n g   p r e s s u r e s  are h i g h e r ,  
p a r t i c u l a r l y   o n   t h e   o u t b o a r d   p o r t i o n  of the  wing  (2y/b = 0.707, for   example)  
where  blowing  delays  the  breakdown  of   the  leading-edge  vortex to  l a r g e r   s p a n  
d i s t a n c e s .  

S e c t i o n   l i f t   a n d   d r a g   c h a r a c t e r i s t i c s . -  The e f f e c t s  of spanwise  blowing 
on   t he   w ing   s ec t ion  l i f t  c h a r a c t e r i s t i c s  are p r e s e n t e d   i n   f i g u r e s   1 6  to 19. 
G e n e r a l l y ,   b l o w i n g   i n c r e a s e d   t h e   s e c t i o n  lift- ( f i g .   1 6 )  a t  a i l  s p a n   s t a t i o n s  
outboard  of the   wing-s t rake   junc ture   th roughout   the   angle-of -a t tack   range .  
The more p r o n o u n c e d   e f f e c t s   o c c u r r e d   a t   t h e   s p a n   l o c a t i o n s   o u t b o a r d   o f  
2y/b = 0.609,  which is c o n s i s t e n t   w i t h   t h e   p r e s s u r e   r e s u l t s   p r e s e n t e d   p r e v i -  
ous ly .   These   resu l t s   occur   because   b lowing   enhances   the   vor tex ,   de lay ing   vor -  
t e x  breakdown to  h igher  a and to  s p a n   s t a t i o n s   f a r t h e r   o u t   o n   t h e   w i n g .  

T h e o r e t i c a l   p r e d i c t i o n s  of t h e  w i n g   s e c t i o n   l i f t   c h a r a c t e r i s t i c s  were cal- 
c u l a t e d  by us ing   t he   l ead ing -edge   suc t ion   ana logy .   Th i s   t heo ry   accoun t s  for 
t h e   e f f e c t  of the   l ead ing -edge   vo r t ex   on   t he   w ing   ae rodynamic   cha rac t e r i s t i c s ,  
b u t  it does   no t  model t h e   i n t e r a c t i o n  effects between  the  wing  and j e t .  The 
basic assumptions  which are u s e d   i n   r e f e r e n c e  1 to  a p p l y   t h e   s u c t i o n   a n a l o g y  
to a wing  with a fu l ly   deve loped   l ead ing -edge   vo r t ex  flow are assumed to  a p p l y  
h e r e  on a s e c t i o n a l   b a s i s .  A similar approach was t a k e n   i n   r e f e r e n c e   1 9   f o r  
the  wing-alone case. The p o t e n t i a l   a n d   v o r t e x - l i f t   c o e f f i c i e n t s  for a wing 
s e c t i o n   w i t h   z e r o   l e a d i n g - e d g e   s u c t i o n  are g iven   by   equat ions   (1)   and  ( 2 )  i n  
r e f e r e n c e   1 9 .  The s e c t i o n   t h r u s t ,   s u c t i o n ,   a n d   l i f t - c u r v e  slope u s e d   i n   t h e s e  
e q u a t i o n s  were determined a t  d i f f e r e n t   s p a n   l o c a t i o n s  by t h e   l i f t i n g - s u r f a c e  
t h e o r y   o f   r e f e r e n c e  20. F o r   t h e   w i n g   s t a t i o n   a f t   o f   t h e  strake, o n l y   t h e  
p o t e n t i a l  wing s e c t i o n   l i f t  was c a l c u l a t e d   i n   o r d e r  to b e   a b l e  to compare  with 
t h e   p r e s s u r e   d a t a  located on  the  wing.  

T h e o r e t i c a l  estimates for s e c t i o n  l i f t  w i t h   n o   v o r t e x   l i f t  C Z , ~  and   w i th  
f u l l   v o r t e x   l i f t  clip + are p r e s e n t e d   i n   f i g u r e   1 6 .   F o r   t h e  case w i t h  
CT = 0, t h e   s e c t i o n   l l f t  1s e s t i m a t e d   r e a s o n a b l y  well a t  t h e  low a n g l e s  of 
a t tack,  below 4O, by t h e   p o t e n t i a l   l i f t  estimate, which implies t h a t   t h e   w i n g  
h a s  l i t t l e  or no  leading-edge  vortex  f low a t  l o w  a n g l e s   o f  at tack. A t  h igher  
a n g l e s   o f  at tack, w i t h  or wi thou t   b lowing ,   t he   vo r t ex   has   fo rmed   and   t he   fu l l  
v o r t e x - l i f t   t h e o r y   ( d a s h e d   l i n e )   p r o v i d e s   r e a s o n a b l e   e s t i m a t e s  of cz up t o  
t h e   a n g l e  of attack where   t he   vo r t ex   b reaks  down. The data a t  2y/b = 0.866 
i l l u s t r a t e   t h e   e f f e c t  of vortex  breakdown  on cz for   b lowing   on   and   of f .  A t  
some s p a n   s t a t i o n s ,   t h e  j e t  induces   h ighe r   va lues  of cz t h a n   t h o s e   p r e d i c t e d  
by   t he   vo r t ex - l i f t   t heo ry .   Fo r   example ,  a t  2y/b = 0.501, t h e   i n c r e a s e   i n  c z  
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due  to  blowing at a = Oo is due to a  jet-induced  camber  effect,  which was 
observed  in  the  studies  reported  in  references 10 and 19. 

A  comparison  is  shown in figure 17 between  experimental  and  theoretical 
section  lift  with  various  amounts of blowing  for a * 240. These  results 
give  an  indication  of  the  amount  of  spanwise  blowing  required to achieve  the 
full vortex-lift  level  at  the  various  span  locations.  The  potential  and  full 
vortex-lift  levels  are  represented by  the  solid  and  dashed  lines,  respectively. 

With blowing  off (CT = 0) in  figure 17 (a) , the  strake-induced  effects  are 
large  enough  to  achieve  full  vortex  lift  at  2y/b = 0.501 and  0.609. With 
CT = 0.02, the  section  lift  at 2y/b = 0.501  and  0.609  increases  but appears 
relatively  insensitive  to  further  increases  in CT. At 2y/b = 0.707,  it is 
necessary to  increase  the  blowing to CT - 0.17 in  order  to  achieve  full vor- 
tex lift. At the  two  outermost  stations,  the  full  vortex-lift  level  was  not 
attained  with the CT values  considered  in  the  current  tests. 

Another  way of looking at the  effectiveness  of  spanwise  blowing  is  shown 
in  figure  17(b),  which  presents  the  variation  of  section  lift  along  the  span 
for  a  range  of  blowing  rates. The dashed  fine,  which  represents  the  theoretical 
estimate, is  truncated  at the strake-wing  intersection  located at 2y/b = 0.345. 
The  shape  of  the  experimental c1 distribution  curves is similar to the  theo- 
retical  curve,  although  shifted  inboard  somewhat.  The  highest  blowing  rate 
yielded  the  largest  section-lift  values.  Apparently,  extremely  large  values 
of CT would  be  required  to  achieve full vortex  lift  at  the  outboard  stations. 

The  lift  augmentation ratio Acl/cT, where  Ac1 = cl,jet on - c1,jet off, 
is shown in  figure 18 for  the  range  of CT values. As  might be  expected from 
some  of the  previous  results,  the  data  for  the  smallest  blowing  rate  yield  the 
largest  augmentation  ratios. The variation  of  augmentation  ratio  with CT is 
not  consistent  at  all  span stations, but  a  decrease  in  Acl/cT  is,  in  general, 
noted  for  increasing CT. The maximum  augmented  lift  for  a  given CT occurs 
at  2y/b = 0.707  for all  values  of CT. 

- 

The effects  of  spanwise  blowing on span loading are  shown in  figure 19 
for  the same  data  presented  in  figure  17(b).  Blowing  increased  the  span  load 
outboard  of  the  strake-wing  junction,  with  the  highest  load  occurring  at 
2y/b = 0.501  for  the largest  value  of CT. 

Figure  20  shows  the  effect  of  spanwise  blowing on section  drag  character- 
istics  for  various  span  locations.  Blowing  improves  the  drag  polars  over  most 
of  the  span,  the  most  noticeable  effect  being  at 2y/b = 0.707  and  0.866. 
Estimates  for  the  lift-dependent  drag  were  obtained  by  taking  the  section  nor-' 
mal force to  be  the  resultant  section  force,  which  would  be  the  case  with  zero 
leading-edge  suction.  For  the  situation  with no vortex lift, this  leads  to  the 
equation 

I .  

and  for full  vortex  lift,  to  the  equation 



The c 2 , p  and c ~ , ~ ~ ~  v a l u e s   u s e d   i n   t h e s e   e q u a t i o n s  are p l o t t e d   i n   f i g u r e   1 6 .  
S i n c e   t h e   p r e d i c t e d   v a l u e s  of Cd are f u n c t i o n s  of c ~ , ~ ,  c l  tot, and a, t h e  
l i m i t a t i o n s   o f   t h e   s u c t i o n   a n a l o g y   t h a t  were observed  for t h e   i l f t   r e s u l t s   i n  
f i g u r e   1 6   a p p l y  to t h i s   d i s c u s s i o n   o f   i n d u c e d   d r a g .  The r e s u l t s   i n   f i g u r e  20 
show t h a t   t h e   v o r t e x - l i f t   t h e o r y   r e a s o n a b l y  estimates t h e   d r a g   p o l a r s   u p  t o  t h e  
condi t ion   where   vor tex   b reakdown occurs. In   t hese   da t a ,   vo r t ex   b reakdown is 
ind ica t ed   by  a d r a m a t i c   r e d u c t i o n   i n  c2 .  (See 2y/b = 0.866,  for  example.)  
A t  some s p a n   s t a t i o n s ,   t h e   d r a g  is lower t h a n   t h e   t h e o r e t i c a l   p r e d i c t i o n ,  
which is c o n s i s t e n t   w i t h   t h e   j e t - i n d u c e d   l i f t  effects d i s c u s s e d   i n   f i g u r e   1 6 .  

Wing 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 . -  The wing-sec t ion   aerodynamic   da ta  were 
in t eg ra t ed   spanwise  from 2y/b = 0.259 to  1 . 0  to  o b t a i n   t h e  wing  aerodynamic 
c o e f f i c i e n t s   p r e s e n t e d   i n   f i g u r e  21. In   genera l ,   spanwise   b lowing   on   the   wing  
resul ts  i n   a n   i n c r e a s e   i n   l i f t  a t  a g iven  a ,  a n   i n c r e a s e   i n  CL,max, and 
improved  drag polars. There a lso appears to  be a small j e t - c a m b e r   e f f e c t  a t  

~1 = Oo ( r e f s .   1 0   a n d   1 9 )   r e s u l t i n g   i n  a s l i g h t   i n c r e a s e   i n  CL. P i t c h i n g  
moment r ema ined   l i nea r  to  t h e  h i g h e r   l i f t s   g e n e r a t e d  by blowing. 

T h e o r e t i c a l   e s t i m a t e s   f o r   l i f t  were ob ta ined   by   spanwise   i n t eg ra t ion  of 
the C2,P  and c1 v a l u e s   p r e s e n t e d   i n   f i g u r e   1 6 .  The C L , ~ ~ ~  v a l u e s   p r e -  
s e n t e d   i n   f i g u r e  2f i n c l u d e   t h e   a d d i t i o n a l  l i f t  increment   due t o  t h e  t i p  v o r t e x  
a s   sugges t ed   by   r e fe rence  20. The l i f t   r e s u l t s  were used t o  o b t a i n  estimates 
for l i f t -dependen t   d rag .  The e s t i m a t e s  for p i t c h i n g  moment were obta ined   by  
us ing   t he  method d e s c r i b e d   i n   r e f e r e n c e  20. The t h e o r y   f o r   f u l l   v o r t e x  l i f t  
f o r  t h e  wing ( w i t h  s t r a k e   o n )   p r e d i c t s   r e a s o n a b l y  well t he  d a t a   o b t a i n e d   f o r  
the  blowing-off   and  blowing-on  cases ,   a l though t h e  t h e o r y  more c l o s e l y  es t i -  
mates  the  blowing-on  data (CT = 0.12) .  A s  w i t h   t h e   s e c t i o n   c h a r a c t e r i s t i c s ,  
dev ia t ions   f rom  the   t heo ry   occu r   due  t o  vortex  breakdown  and  je t - induced 
e f f e c t s .  

Effects of Nozzle  Chordwise  Location 

The d i s c u s s i o n   t h u s  fa r  has been  devoted t o  j u s t   o n e  of t h e  t es t  conf ig-  
u r a t i o n s ,  where xn/cr = 0.23. The e f fec ts   o f   b lowing   on   the   aerodynamic   char -  
ac te r i s t ics  f o r  a l l  t h r e e   n o z z l e   p o s i t i o n s   a r e   p r e s e n t e d   i n   f i g u r e s  22 t o  26. 

The e f fec t   o f   nozz le   chordwise   loca t ion   xn /cr   on   the   wing   sur face   p res -  
sures is i l l u s t r a t e d   i n   f i g u r e s  22 and 23. C h o r d w i s e   d i s t r i b u t i o n s   o f  AC a t  
2y/b = 0.501 are shown f o r  CT = 0.06  and 0.1 2 a t  a n   a n g l e   o f   a t t a c k  of 94. 
i n   f i g u r e  22 and are i l l u s t r a t e d   f o r  = 12.4O  and 20.8O a t  CT = 0.12 i n  
f i g u r e  23. Moving t h e   n o z z l e   p o s i t i o n   r e a r w a r d  from xn/cr = 0.15   reduces   the  
l i f t i n g   p r e s s u r e s   n e a r  the  l e a d i n g   a n d   t r a i l i n g   e d g e s   f o r  a l l  t h r e e   a n g l e s   o f  
attack a n d   i n c r e a s e s   t h e   p r e s s u r e s   o v e r   t h e   m i d p o r t i o n  of t h e  wing s e c t i o n  a t  
t h e   h i g h   a n g l e s   o f   a t t a c k .  

The effect of spanwise  blowing  on t h e  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 -  
istics f o r   t h e   c o n f i g u r a t i o n   w i t h   x n / c r  = 0.15  and  0.32 is  p r e s e n t e d   i n   f i g -  
u r e s  24 and   25 ,   r e spec t ive ly .   Compar i sons   o f   t hese   da t a   w i th   t he   t heo re t i ca l  
p r e d i c t i o n s  are similar to  those   obse rved   fo r   t he   xn /c r  = 0 .23   conf igu ra t ion  
i n   f i g u r e  21.  The e f f e c t   o f   n o z z l e   p o s i t i o n   o n   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  
is summarized i n   f i g u r e  26 .   Increas ing  Xn/cr  from  0.15 g e n e r a l l y   d e c r e a s e s  
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CL, increases CD, and  has  little  effect on Cm over  most of the  angle-of- 
attack  range. 

CONCLUSIONS 

The  present  investigation was conducted to  measure  the  effects  of  spanwise 
blowing on the  pressure  distributions  of  a 44O swept  trapezoidal  wing-strake 
configuration.  Wind-tunnel  data  were  obtained at a  free-stream  Mach  number  of 
0.26 for  a  range  of  model angle  of  attack, jet  thrust  coefficient,  and  nozzle 
chordwise  location.  Results  of  this  study  lead  to  the  following  conclusions: 

1 .  The  pressure  distributions  obtained on this  wing-strake  configuration 
with  blowing off  are  similar  to  those  obtained on a  highly  swept  wing  which  has 
a  well-established  leading-edge  vortex.  Spanwise  blowing  delays  the  vortex 
breakdown  to  larger  span  distances  and,  hence,  increases  the  lifting  pressures. 

2. Vortex  lift  was  achieved  at  span  stations  immediately  outboard of the 
strake-wing  junction  with no blowing,  but  increased  levels  of  spanwise  blowing 
are  necessary  to  achieve  vortex  lift  at  increased  span  distances. 

3.  Blowing on the  wing  in  the  presence  of  the  strake  is  not  as  effective 
as blowing on the  wing  alone. 

4. Moving  nozzle  position  rearward  decreased  lift,  increased  drag,  and  had 
little  effect on pitching  moment  over  the  angle-of-attack  range. 

5 .  Spanwise  blowing  increases,  in  general,  total  lift  throughout  the 
angle-of-attack  range,  thus  increasing  the  maximum  lift  coefficient. In addi- 
tion,  blowing  improves  the  drag  polar  and  extends  the  linear  pitching  moment to 
higher  lifts. 

6. The  leading-edge  suction  analogy  provided  reasonable  estimates  of  lift, 
induced  drag,  and  pitching  moment  resulting  from  spanwise  blowing  up  to  wing 
stall  and  where  jet-induced  effects  were  negligible. 

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton,  VA 23665 
December 1 1 ,  1978 
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(a) Without  transverse blowing. 

(b) With  transverse blowing. 
L-75-146 

Figure 1.- Photographs  of  spanwise blowing on a rectangular flat plate 
(from ref. 9). 
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L-78-165 
(a) General  Dynamics YF-16 lightweight fighter, from  Aviation  Week and Space 

Technology, June  16,  9975, p. 23. (Copyright  Aviation  Week  and  Space 
Technology, reprinted  with permission.) 

Figure 2.- Photographs of vortex  flow  generated by highly  swept maneuver strakes. 
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(b) Northrop YF-17  water-tunnel  model. 

Figure 2.- Concluded. 
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Taper ralm. 0.2 

(a)  Three-view  drawing. 

Figure 3.- Details of wind-tunnel  model. All dimensions are in centimeters. 
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Figure 3 . -  Concluded. 
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L-73-5688 
Front   v iew 

L-73-5689 
Rear view 

F i g u r e  4.- Photographs of model  mounted i n  t h e  test  section o f   t h e  
Langley  high-speed 7- by  10- foot   tunnel .  
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Figure 5.- Schematic  diagram of air supply  and  measurement devices. 
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Figure 6.- Nozzle  geometry  and  vertical  location. h/d = 0.835 for all test 
conditions. A l l  dimensions  are  in  centimeters. 
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Figure 7.- Effect of spanwise blowing on  chordwise  distributions  of Cp for 
a range of 01 with  strake on. xn/cr = 0.23. 
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Figure 7.- Continued. 

23 



C 

0 .2  . A  .6  .8 1.0 0 . 2  . A  .6 .8  LO x IC xlc 

( c )  ~1 = 8.1°. 

Figure 7.- Continued. 
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Figure 7.- Continued. 
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Figure 7.- Continued. 
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F i g u r e  7.- Concluded. 
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Figure 8.- Continued. 
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(c) CT = 0.12 and 0.14. 

Figure 8.- Continued. 
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Figure 9.- Effect of spanwise  blowing on chordwise  distributions of cp for 
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Figure 9.- Continued. 

35 



C 

A 

4 

-3  

-2 

-1 

0 

1 

2 

-5 

-4 

-3  

-2 

-1 

0 

1 

2 
0 .2 .4  .6 .8 L o  

x l c  0 .2 .4  x k  . 6  .8 LO 

(d) c1 = 12.4O.  

Figure 9. - Continued. 
36 



.2  .4 . 6  .8 LO 
x/c 0 .2  .4 . 6  .a  LO 

XIC 

(e) c1 = 16.60. 

Figure 9.- Continued. 
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(9) ct = 23.9O. 

Figure 9.- Concluded. 
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Figure 10.- Effect of CT on chordwise  distributions of Cp for 
a = 240  with  strake on. xn/cr = 0.15. 
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Figure 10.- Continued. 
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Figure 10.- Continued. 
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Figure 1 0. - Concluded. 
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Figure 11.- Effect  of  spanwise blowing on  chordwise  distributions of Cp for 
a  range of a with  strake on. xn/cr = 0.32. 
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Figure 1 1  .- Continued. 
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Figure 11.-  Continued. 
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(a) CT = 0, 0.02, and 0.04.  

F 'igure 12.- Effect of CT on chordwise  distributions of Cp for 
a IJ 24O with  strake on. x,/c, = 0.32. 
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Figure 12.- Continued. 
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(c) CT = 0.1 2 and 0.14. 

Figure 12.- Continued. 

53 



CP 

-4 

-3 

-2 

-1 

0 

1 

2 

-5  

-4 

-3  

-2 

-1 

0 

0 .2 .4 .6 .8 LO 
x IC 

0 .2 . 4  .6  .8 1.0 
xlc 

(d) CT = 0.1 6 and 0.18. 

Figure 12.- Concluded. 

54 





AC 
P 

-4 
Strake  Off  (ref.  19) 

- 3  

-2 

-1 

0 

-5 r Strake On 

0 . 2  . 4  .6 .8 1.0 

r Strake  Off  (ref.  19) 

r Strake On 

0 .2 . 4  .6 .8 1.0 

xlc xlc 

(a)  CT = 0. (b) CT = 0.12. 

Figure 14.- Effect of c1 on chordwise pressure distributions of ACp 
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