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SUMMARY 

An i n v e s t i g a t i o n  w a s  conducted  in  the Langley 4- by 7-Meter Tunnel to   de te rmine  
the  aerodynamic  effects  of spanwise  blowing on the   t r a i l i ng -edge   f l ap  of an  advanced 
f igh te r - a i r c ra f t   con f igu ra t ion .   Th i s   i nves t iga t ion  encompassed two spanwise-blowing 
concepts.  One w a s  a high mass-f low j e t  (cascade)   located below the  wing  and j u s t  
ahead of t he   t r a i l i ng -edge   f l ap  which w a s  in tended  to   turn  the  spanwise  f low downward 
wi th   t he   f l ap  and generate  induced l i f t   i n  a manner similar t o   t h a t  of  an e x t e r n a l l y  
blown f l ap .  The second w a s  a r e l a t i v e l y  low mass-flow j e t  (po r t )   l oca t ed  above the 
wing j u s t  a f t  of t h e   f l a p   h i n g e   l i n e  which w a s  intended  to  provide  spanwise j e t  flow 
ove r   t he   f l ap   i n   o rde r   t o   ma in ta in   a t t ached   f l ow  ove r  the highly  def lected  upper  
s u r f a c e   t o  improve f l a p   e f f e c t i v e n e s s .  These  spanwise-blowing  concepts are q u i t e  
d i f f e r e n t  from the more conventional  leading-edge  spanwise  blowing  used  for  leading- 
edge  vortex  control  or  enhancement. 

A series of tests were conducted  with  variations  in  spanwise-blowing  vector 
ang le ,   nozz le   ex i t  area, t h r u s t   c o e f f i c i e n t ,  and f l a p   d e f l e c t i o n   i n   o r d e r   t o   d e t e r -  
mine a superior   configurat ion  for   each  concept .   This   screening  phase of t h e   t e s t i n g  
w a s  conducted a t  a nominal-approach  angle of a t t a c k  from 1 2 O  t o  1 6 O ,  and then  the 
super ior   conf igura t ions  w e r e  t es ted   over  a more complete  angle-of-attack  range  from 
O o  t o  2 0 ° .  D a t a  w e r e  obtained a t  tunnel  free-stream dynamic pressures from 20 t o  
40 lbf  /ft2 a t  t o t a l   i d e a l   t h r u s t   c o e f f i c i e n t s  from 0 t o  2. 

The r e s u 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   t h e   s u p e r i o r   c o n f i g u r a t i o n s   f o r  
both  the  port  and cascade  concepts  can  produce  significant  induced-lif t   increments 
when the  proper  vector  angle and n o z z l e   e x i t  area are used. However, the   super ior  
cascade  concept  generated  greater  induced l i f t  a t  a lower th rus t   coe f f i c i en t   t han   d id  
the   super ior   por t   concept ,  which w a s  more in   keeping   wi th  what would  be a v a i l a b l e  
from engines a t  takeoff and landing. 

INTRODUCTION 

There  has   been  an  increased  interest   in   short   takeoff  and landing (STOL) perfor-  
mance f o r   f i g h t e r   a i r c r a f t   b e c a u s e  of emphasis on potential  runway-denial  problems 
and t h e   p o t e n t i a l  need t o   o p e r a t e   a i r c r a f t   o u t  of bomb-damaged a i r f i e l d s  where usable  
runway lengths  may be reduced. The Langley  Research  Center  has  undertaken a program 
t o   h e l p   d e f i n e  and  develop  the  technologies   required  for  low-speed f l i g h t  by  empha- 
s i z i n g   t h e  STOL o p e r a t i o n s   f o r   f i g h t e r   a i r c r a f t   t h a t   c a n   t a k e   o f f  and  land i n  1500 f t  
o r  less. The o v e r a l l  program includes  research on advanced  high-lif t   systems  using 
mechanica l   f laps ,   th rus t   vec tor ing ,   th rus t - induced   e f fec ts ,  methods fo r   ob ta in ing  
long i tud ina l  trim when using powered l i f t ,  and t h r u s t  revers ing  for   decreased  ground 
r o l l s .   P o r t i o n s  of t h i s  program are complete  and  have  been  reported  in  references 1 
t o  12.  

One of the ongo ing   e f fo r t s  is a j o i n t   r e s e a r c h  program  involving the National 
Aeronautics  and Space Administration (NASA), t he  U.S. A i r  Force  Wright  Aeronautical 
Laborator ies  (AFWAL), and Grumman Aerospace  Corporation t o  develop  engine-exhaust 
nozzles   with  vector ing  and  revers ing capabili t ies f o r  advanced STOL f i g h t e r  a i rcraf t .  
(See  ref .  13. ) NASA is suppor t ing   th i s   research   th rough low-speed  wind-tunnel test- 
i n g  and a n a l y s i s  of powered-lif t   concepts.  A p rev ious   s tudy   ( re f .   14)   def ined   the  



basic  aerodynamic  configuration.  During the cu r ren t   s tudy ,  it w a s  proposed that  one 
method  of i n c r e a s i n g   t h e   l i f t i n g   c a p a b i l i t y  of a f igh ter - type  wing might be t o   d i r e c t  
a por t ion  of the engine-exhaust  f low  in the spanwise  direction  over  or  under the 
t ra i l ing-edge  f lap  system.  There were da ta  from previous   inves t iga t ions  which showed 
that  spanwise  blowing on the  upper  surface  of a f l ap   cou ld  improve f l a p   e f f e c t i v e -  
ness.  (See  refs.  15  and 16. ) This  concept  uses  blowing  over  the  upper  surface of 
the t r a i l i ng -edge   f l ap  from a low mass-flow  spanwise j e t  i n   o r d e r  to maintain 
at tached  f low on the  upper   surface of the  highly  def lected  f lap.   There were, how- 
ever ,  no da ta   t o   suppor t   an   a l t e rna t ive   approach  of blowing in   t he   spanwise   d i r ec t ion  
on the  lower  surface of t he  wing  and f lap  system. This concept, shown i n   f i g u r e  1 , 
uses  blowing  under the wing  and t ra i l ing-edge   f lap   sys tem from a high  mass-flow  span- 
w i s e  je t .  The j e t  would be tu rned   i n  a streamwise d i r e c t i o n  by  mixing  with  the  free- 
stream flow and then be turned downward by the f l a p  and  shed as a j e t  shee t   to   p ro-  
duce  induced l i f t   i n  a manner similar t o   t h a t  of  an e x t e r n a l l y  blown f l a p .  

Since  .&e  upper-surface  spanwise-blowing  investigation had involved  the F-8 
a i r c r a f t ,  wnich d i f f e r e d   s i g n i f i c a n t l y  from the   base l ine   conf igura t ion  of r e f e r -  
ence 1 4 ,  and the re  w a s  no information  to  support   the  underwing  concept,  it w a s  pro- 
posed tha t   these   concepts  be eva lua ted   i n  a wind- tunnel   inves t iga t ion   before   e i ther  
i dea  w a s  incorpora ted   in  a major  wind-tunnel  model. An e x i s t i n g  NASA wing-canard 
f i g h t e r  model ( r e f .  1 ) , with a planform similar t o   t h a t  of the   conf igura t ion  of r e f  - 
erence 1 4 ,  w a s  modi f ied   to   a l low  for   inves t iga t ions  of both  the  upper- and lower- 
surface  spanwise-blowing  concepts  (ports and cascades ,   respec t ive ly) .  The purpose  of 
t h i s   i n v e s t i g a t i o n  w a s  t o   de t e rmine   t he   ex ten t   t o  which either  or  both  concepts  might 
i n c r e a s e   t h e   l i f t i n g   c a p a b i l i t y   f o r  a f igh ter - type  wing  and f lap  system. 

Paramet r ic   inves t iga t ions  w e r e  conducted a t  typical  approach  angles of a t t a c k  
(i.e. , c( = 1 2 O  t o  16O) f o r   b o t h   t h e   p o r t  and  cascade  concepts  to  determine  the 
e f f e c t s  of spanwise-blowing  vector   angle ,   nozzle-exi t   s ize ,   nozzle   locat ion,  and 
t h r u s t   c o e f f i c i e n t  on the  thrust-induced  aerodynamics and to   determine  the  superior  
conf igura t ions  of those  tes ted.   These  superior   configurat ions w e r e  de f ined   t o  be the  
nozzle which  produced  the  largest  increment  in  induced l i f t   r e l a t i v e   t o   t h e   b a s e l i n e  
configurations  with  primary  nozzles  alone.   These  superior  configurations were then 
tes ted  over  a complete  angle-of-attack  range ( Oo to   20°)   wi th   severa l   t ra i l ing-edge-  
f l a p   d e f l e c t i o n s  ( O o  t o  45O) a t   v a r i o u s   t h r u s t   c o e f f i c i e n t s  ( 0  t o  2 )  and primary- 
nozz le   def lec t ions  of 45O in   o rder   to   p rovide   de ta i led   in format ion  on t h e   e f f e c t s  of 
spanwise  blowing on the f lap   sys tem of an  advanced f i g h t e r  wing. 

The Langley  Research  Center would l i k e   t o  acknowledge  the  contributions  of 
William C. Schnel l ,  James G. Doonan, and  Warren H. Davis, Jr., of the Grumman Aero- 
space  Corporation,  Bethpage, New York, in   suppor t ing   the   wind- tunnel   t es t ing ,   da ta  
reduct ion,  and ana lys i s  of t h e   f i n a l   d a t a .  

SYMBOLS 

A l l  da t a  have  been  reduced t o   c o e f f i c i e n t  
s tab i l i ty -ax is   sys tem.  

A aspect r a t i o ,  b2/S 

Ae nozzle e x i t  area, f t  2 

form  and are presented   in   the  

b wing span, f t  
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CA 

c ~ ,  T 

c ~ ,  TR 

CD 

ax ia l - fo rce   coe f f i c i en t ,  FA/q,S 

s t a t i c - t h r u s t   a x i a l - f o r c e   c o e f f i c i e n t ,   [ ( F A , S / p a ) p , ] / ~ S  

thrust-removed  axial-force  coeff ic ient ,  CA - CA,T 

drag   coe f f i c i en t ,  C cos a + C s i n  a 
A N 

‘D,i 

‘D, TR 

cL 

c ~ ,  TR 

‘m 

‘m, T 

‘m, TR 

CN 

‘N, T 

cN, TR 

cP 

C v 

C 

- 
C 

e 

F 

FA 

Fi 

FN 

My 

m 

NPR 

induced-drag  coeff ic ient ,  C:/rrAe 

thrust-removed  drag  coeff ic ient ,  C cos a + C s i n  a 

l i f t   c o e f f i c i e n t ,  C cos a - C s i n  a 

thrust-removed l i f t   c o e f f i c i e n t ,  C cos a - s i n  a 

pitching-moment  coefficient,  My/qmSC 

static-thrust   pitching-moment  coefficient,   [(My,S/pa)p,]/qmSc 

thrust-removed  pitching-moment  coefficient, Cm - Cm,T 

normal-f   orce  coefficient,  FN/q,S 

s t a t i c - th rus t   no rma l - fo rce   coe f f i c i en t ,   [ (FN,S /pa )pmI /~mS 

thrust-removed  normal-force  coefficient,  CN - CN,T 

p r e s s u r e   c o e f f i c i e n t ,   ( p  - p,)/q, 

A, TR N ,  TR 

N A 

N,TR ‘A, TR 

- 

i dea l   t h rus t   coe f f i c i en t   fo r   t o t a l   con f igu ra t ion ,   subsc r ip t   i nd ica t e s   t h rus t  
coe f f i c i en t   fo r  a par t icu lar   nozz le   ( i . e . ,   p r imary ,   por t ,   o r   cascade) ,  
m V .  /xS 

3 

l o c a l  wing chord, f t  

sec t ion  l i f t  c o e f f i c i e n t  

wing mean aerodynamic  chord, f t  

span   e f f ic iency   fac tor  

measured  nozzle  thrust   force,   lbf 

ax ia l   fo rce ,  FA,B - F ~ , ~ ~  - F ~ , ~ ~ t  lbf 

ideal   nozzle  t h r u s t  force ,   lb f  

normal  force, FNnB - F ~ , ~ ~  -- F ~ , ~ ~ l  lbf 

p i t ch ing  moment, My, 

measured  nozzle  mass-f l o w  ra te ,   s lugs /sec  

- MY,PT - M ~ , ~ ~ ,  f t - l b  

nozz le   p ressure   ra t io ,  pt/pm 
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s u r f a c e   s t a t i c   p r e s s u r e  , = f / f t 2  

ambient  barometric  pressure,   lbf /f t2 

model  plenum p r e s s u r e ,   l b f / f t 2  

nozz le   t o t a l   p re s su re ,   l b f  /f t2 

free-s t ream static p res su re ,   l b f   / f t  

free-stream dynamic p r e s s u r e ,   l b f / f t  

wing s u r f a c e   a r e a ,   f t  

th ickness ,  f t  

i d e a l   j e t   v e l o c i t y ,   f t / s e c  

d is tances   a long  body axes 

angle of a t t a c k ,  deg 

f l igh t -pa th   angle  , deg 

d i f f e rence  between  thrust-removed  and  power-off da t a  

inboard/outboard-flap  deflection,  deg  (e.g. ,  45O/26O s i g n i f i e s  an inboard- 

2 

2 

2 

f l a p   d e f l e c t i o n  of 45O and  an outboard- f lap   def lec t ion  of  26O) 

primary-nozzle  deflection  angle,   deg 

nondimensional  semispan  station, 

sweep or  vector  angle,  deg 

Subscr ip ts  : 

B balance  measurement 

C cascade 

FT flowing tare 

f f l a p  

i inboard 

LE leading  edge 

0 outboard 

P p o r t  

P R I  primary  nozzle 
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PT pressure  tare 

S s ta t ic  data 

TE t r a i l i n g  edge 

Abbreviations : 

B.L. b u t t l i n e ,   i n .  

CD convergent-divergent 

F.S .  f u s e l a g e   s t a t i o n ,   i n .  

MOD modified 

W.L. wa te r l ine ,   i n .  

2 -D two-dimensional 

MODEL DESCRIPTION 

In  order   to   conduct  an i n v e s t i g a t i o n  of t he   e f f ec t iveness  of spanwise  blowing, 
an e x i s t i n g  NASA wing-canard  model,  very s imi l a r   t o   t he   con f igu ra t ion  of r e f e r -  
ence 14 ,  was modified  to accommodate the  important   design  features .  A sketch of the  
NASA model i nd ica t ing   t he   mod i f i ca t ions  is shown i n   f i g u r e  2. For t h i s   i n v e s t i g a -  
t i o n ,  a small-area  canard and  underwing nace l les   wi th  2-D/CD vector ing  nozzles   with 

= Oo and 45O were added ( s e e   f i g .  3), and the   ex is t ing   s imple   t ra i l ing-edge  
f l a p  system w a s  removed  and replaced by a s l o t t e d   f l a p  system. The t ra i l ing-edge  
f l a p   ( f i g .  4 )  w a s  s p l i t   i n  two sec t ions   ( inboard  and outboard) which could be 
def lected  independent ly  from Oo t o  45O with a cove s lo t  opened ( f i g .   4 ( b ) )   o r   c l o s e d .  
Table I a l so   g ives  a complete set  of  model conf igura t ions  (i.e., nozzle  type  and  f lap 
de f l ec t ion )   i nves t iga t ed   du r ing   t he  test. A photograph of the  complete set of new 
and  modified p a r t s   f o r   t h e  NASA model is shown i n   f i g u r e  5, and per t inent   geometr ic  
da t a   a r e   p re sen ted   i n  table 11. 

PRI 

Two sets of spanwise-blowing  nozzles were c o n s t r u c t e d   f o r   t h i s  model. The f i r s t  
was a port  spanwise-blowing  nozzle  which w a s  designed  to  blow a r e l a t i v e l y  low mass- 
flow j e t  over  the  upper  surface of the  t ra i l ing-edge  f lap  system. A s  shown i n   t h e  
s k e t c h   i n   f i g u r e  6 and in   t he   fo l lowing  table, two por t   l oca t ions  ( A  and B), two 
d i f f e r e n t   n o z z l e  area r a t i o s  (Ae,p/Ae,pRI),  and three   vec tor   angles  (A,) were inves- 
t igated  to   determine  the  aerodynamic  effects  of spanwise  blowing  through  these ports 
on th i s   con f igu ra t ion .  A desc r ip t ion  of the  seven  ports  is g iven   i n   t ab l e  I, and 
photographs  showing  the  individual  ports and t h e   i n s t a l l a t i o n  of port 7 on the model 
are shown i n   f i g u r e  7. 

I I Type  of port nozzle  used a t  I 
angles  Ap of - 

0.05 
.10 
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The second set of cascade  spanwise  nozzles  for the underwing  spanwise-blowing 
concept were designed  to  blow a l a r g e r  mass-f low j e t  under   the  t ra i l ing-edge  f lap 
system. A s  shown i n   t h e   s k e t c h e s   i n   f i g u r e  8 and in   t he   fo l lowing   t ab le ,  a s i z a b l e  
matr ix  of paramet r ic   var iab les  were i n v e s t i g a t e d   t o   d e t e r m i n e   t h e   e f f e c t s  of cascade 
spanwise  blowing on the  aerodynamics of the   conf igura t ion .  It should be noted  that  

Type of cascade  nozzle  used a t  
angles  A, of - 

Ae, d A e  , PRI 

-3OO O0 30° 
. " 

" 

0.20 
.30 

Basic Basic 

Al te rna te   Al te rna te  .60 
Basic .45 

- ~- 

t h e r e  were two types of cascades  constructed: ( 1  ) a flush-mounted basic nozzle 
( f i g s .   9 ( a )  and ( b ) ) ,  and ( 2 )  a l a rge -a rea   nozz le   ( f i g .   9 (c ) )  which  would be repre-  
s e n t a t i v e  of an operat ional   system  that   protruded  out  from the   s ide  of t he   nace l l e  
( a l t e r n a t e )  i n  an e f f o r t  to  improve  flow  turning  in  the  nozzle. This a l t e r n a t e  noz- 
z l e  is no t   r ea l ly   r ep resen ta t ive  of a l i ke ly   ope ra t iona l   nozz le  system because of the 
h igh   d rag   t ha t  would be produced as the  nozzle   protruded  into  the  f ree-s t ream  f low.  
A de t a i l ed   desc r ip t ion  of the  nine  cascades is g iven   i n   t ab l e  I, and photographs of 
some of the  individual   cascade  nozzles  and of t h e   i n s t a l l a t i o n  of cascades 8 and 9 
are shown i n   f i g u r e  9. 

The a i r - l i n e  system ( see   f i g .  10)  i n   t h e  model w a s  constructed  such that the  
primary  nozzles  could be operated  a lone  or   in   combinat ion  with  e i ther   the  port   or  
cascade  nozzles .   In   addi t ion,   i f   the   pr imary  nozzles  were b locked   of f ,   e i ther  the 
port   or  cascade  nozzles  could be operated by themselves.  This w a s  poss ib l e   s ince   t he  
por t   nozz les  were suppl ied  high-pressure  a i r   through a secondary a i r  l i n e  from the  
model  plenum  where the  cascade was simply a nozz le   p laced   in   the   s ide  of the   nace l le  
which  bled  or  diverted mass flow from the  primary  nozzles  (or  the  primary a i r  l i n e ) .  
Thus, it w a s  a c t u a l l y   p o s s i b l e   t o   o p e r a t e   a l l   t h r e e   n o z z l e s  a t  once,  although  the 
only   conf igura t ions   t es ted  were the  primary  nozzle,   the  cascade  or port nozzles 
a lone,  and the  primary  nozzle  in  combination  with  either  the  cascade  or  port   nozzles.  

For t h e s e   t e s t s ,   t h e  j e t  flow w a s  simulated by using  high-pressure  a i r   provided 
t o   t h e  model through a NASA a i r  s t ing .   (See   re f .  1 7 ) .  The nozzles  were s t a t i c a l l y  
c a l i b r a t e d  as discussed later i n   t h e   s e c t i o n   e n t i t l e d   " S t a t i c - T h r u s t   C a l i b r a t i o n . "  
Force and moment da t a  and angle  of a t t a c k  were measured by us ing   an   in te rna l ly  
mounted six-component  strain-gage  balance  and  an  internally mounted a t t i t u d e   i n d i c a -  
t o r ,   r e spec t ive ly .  

Other model instrumentat ion  included  pressure  t ransducers   to  measure  nozzle and 
i n t e r n a l   p i p i n g   p r e s s u r e s   i n   o r d e r  to determine  nozzle   pressure  ra t ios  and mass flows 
du r ing   bo th   s t a t i c  and  wind-on  power-on testing.  Wing-surface s ta t ic  pressures (see 
f i g .  11 f o r   p o s i t i o n  of s ta t ic  taps) were measured on i n t e r n a l l y  mounted scanning 
valves. 
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T r a n s i t i o n   s t r i p s  of No. 80 carborundum g r i t  were placed on a l l  l i f t i n g   s u r f a c e s  
as w e l l  as on the model  nose. The canard w a s  i n s t a l l e d  a t  Oo i n c i d e n c e   r e l a t i v e   t o  
t he   fu se l age   wa te r l ines   fo r  a l l  t e s t i n g .  

TEST CONDITIONS 

The test w a s  conducted in   the  Langley 4- by  7-Meter  Tunnel i n  two basic phases: 
( 1 )  a screening  phase  in  which  port   and  cascade  parametrics were i n v e s t i g a t e d   t o  
determine the supe r io r  port and  cascade  configuration,  and ( 2 )  a de t a i l ed   s tudy  of 
the  superior   configurat ions.   During  the  f i rs t   phase,   the   angle-of-at tack  range w a s  
l imi t ed  to  a nominal-approach  condition of 12O t o  16O over a tunnel  dynamic-pressure 
range  from 20 t o  40 l b f   / f t 2  t o  i n v e s t i g a t e   t h r u s t   c o e f f i c i e n t s  from 0 to  2 f o r   t h e  
main nozzles,  from 0 t o  0.8 for the cascades,  and  from 0 to  0.2 f o r   t h e  ports. Dur- 
ing  the  second  phase,   the  angle-of-attack  range w a s  expanded t o  Oo t o  20° while 
dynamic-pressure  and  thrust-coefficient  ranges similar to the screening-phase  condi- 
t i o n s  were maintained. 

STATIC-THRUST CALIBRATION 

P rev ious   t o   t he   s t a t i c - th rus t   ca l ib ra t ion ,   t he   a i r - l i ne /ba lance   combina t ion  w a s  
calibrated in   o rde r   t o   de t e rmine   t he   e f f ec t s  of bridging  the  balance  with  the a i r  
l i n e .  These e f f e c t s  are then   inc luded   in   the   ba lance- in te rac t ion   equat ions .  

During  the s t a t i c  c a l i b r a t i o n ,  two tares or c o r r e c t i o n s  were measured  which were 
removed from the data under power-on condi t ions.  The f i r s t  is a s t ing   p re s su re  tare 
due to   pressurizing  the  a i r -supply  system, and the  second is  a flowing tare due t o  
t h e  mass passing  through  the  air-supply  system  under power-on conditions.  The pres- 
su re  tare is caused by the coi l  i n   t h e  a i r  l ine  expanding  under  pressure and pushing 
on the  balance.  These  pressure tares are p r e s e n t e d   i n   f i g u r e  12 as a funct ion of 
model  plenum pressure.  Thus, when t e s t ing   w i th  power on, t he   co r rec t ion   t o   t he   p re s -  
su r i zed  a i r  l ine   could  be removed s i n c e  model  plenum pres su re  is known. 

The flowing tare appears   to  be caused by the momentum of the a i r  f lowing   to   the  
model,  and a normal  procedure  €or  measuring  the tare is t o   u s e  a c a l i b r a t e d  axisym- 
metric nozzle and  compare the   p red ic t ed  and  measured  output;  any  difference is usu- 
a l l y   d e f i n e d   t o  be a momentum or  f lowing tare which is then  used as a c o r r e c t i o n   t o  
the   da t a .  However, in   the  Langley 4- by  7-Meter Tunnel,  the  magnitude of t h i s   e r r o r  
is such   tha t  it is d i f f i cu l t   t o   de t e rmine   whe the r   t he   e r ro r  is, in   f ac t ,   c aused  by 
the mass flow  through  the a i r  system  or by t h e   p o s s i b l e   u n c e r t a i n t i e s   i n   t h e  known 
t h r u s t  due to  i n s t a l l a t i o n  of the   ca l ibra ted   nozz le  on the  rectangular  f low  tubes 
used on t h i s  model. I n   t h i s  test, s ince  the  pr imary  nozzles  w e r e  rectangular  2-D/CD 
nozzles (see f i g .   3 ) ,  it w a s  fe l t   tha t   the   nozz le   per formance   could  be accura t e ly  
predicted.   Therefore,   any  differences  between  the  predicted and  measured  nozzle 
output ,   af ter   removal  of the pressure tare, w e r e  a t t r i b u t e d  to a flowing-tare  correc- 
t i on .  Examples  of p red ic t ed  and  measured  normal  and a x i a l   f o r c e   f o r   t h e  Oo primary 
nozzle are shown i n   f i g u r e s   1 3 ( a )  and (b ) ,  r e spec t ive ly .  These d i f f e rences  were f e l t  
t o  be r epea tab le  and s i g n i f i c a n t  enough to be included as a c o r r e c t i o n   t o   t h e  power- 
on data .  As j u s t  mentioned,  since it w a s  f e l t   t ha t   t he   pe r fo rmance  of these  nozzles 
could be accura t e ly   p red ic t ed ,   t he   f l owing- t a re   co r rec t ions  as a funct ion of the mass 
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f l o w  through  the  system are shown i n   f i g u r e  14. These  correct ions,   a long  with  the 
s t i ng   p re s su re - t a re   co r rec t ion ,  were removed from the  power-on,  wind-on d a t a  as 
fol lows : 

C = ( F   - F  
N N,B N,PT  N,FT - F )/SwS 

Each nozzle w a s  s t a t i c a l l y   c a l i b r a t e d  to  de termine   the   d i rec t - thrus t   force  and 
moment components as a funct ion of nozzle  pressure ratio. These da t a  (e  .g., see 
f i g .  15) were used t o  remove t h e   d i r e c t - t h r u s t   f o r c e s  and moments from the wind-on, 
power-on da ta   ob ta ined   in   the  wind tunnel.  The fo l lowing   ou t l i ne   i nd ica t e s   t he   exac t  
procedure: 

( 1 )  The s t a t i c - t h r u s t   f o r c e  and moment components  (FA,s, FN,s, and MylS) were 
divided by ambient  barometric  pressure pa and were curve f i t  as a func- 
t i o n  of nozz le   p ressure   ra t io  NPR. 

( 2 )  During  the wind-on,  power-on t e s t i n g  a t  a given NPR, the s ta t ic  d i r e c t -  
t h r u s t   f o r c e  and moment components were obtained from the   cu rve - f i t  s ta t ic  
da ta ,  and t h e  wind-on fo rce  and moment c o e f f i c i e n t s  were then   ca lcu la ted  
by sca l ing   t he  static components t o   t h e  
by the  fol lowing  equat ions:  

( 3 )  The components of d i r e c t - t h r u s t   f o r c e  and 
removed from the wind-on,  power-on da ta  
c i e n t s  as follows: 

tunnel   s ta t ic -pressure   condi t ions  

moment coef f ic ien ts   could   then  be 
to   obtain  thrust-removed  coeff i -  
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DISCUSSION OF RESULTS 

BASIC  CONFIGURATION 

The longitudinal  aerodynamics of the  basic   configurat ion (i.e., without  any 
spanwise  blowing)  with  various f lap and  primary-nozzle  deflections and t h r u s t   c o e f f i -  
c i e n t s  are p r e s e n t e d   i n   f i g u r e s  16  and  17. The induced  aerodynamics  for  these  con- 
f i g u r a t i o n s  are p resen ted   i n   f i gu res  1 8  and 19. 

As expec ted ,   t he   e f f ec t  of f l a p   d e f l e c t i o n s  from Oo to  26O (see f ig .   16)  w a s  t o  
i n c r e a s e   l i f t ,   g e n e r a t e   l a r g e  nose-down p i t c h i n g  moments, and inc rease  minimum drag. 
F l ap   e f f ec t iveness  aCL/a6, ( a t  6f = Oo to  26O) diminished  from  about 0.01 a t  low 
angles  of a t t a c k  to 0.005 a t  the  higher   angles  of a t t ack .  Very l i t t l e  i n c r e a s e   i n  
l i f t  is ind ica t ed  when is increased from 26O to 45O because of t h e   d i f f i c u l t y   i n  
maintaining  attached  f low a t  high f lap de f l ec t ions .  A s  d i scussed   in  a la ter  sec t ion  
of this  report ,   both  spanwise  blowing  and a s l o t t e d   f l a p  were used on th i s   conf igura-  
t i o n   i n   a n   e f f o r t   t o   o b t a i n  better f l a p   e f f e c t i v e n e s s  by maintaining  attached  f low a t  
6 = 45O. There is e s s e n t i a l l y  no d i f f e r e n c e   i n   f l a p   e f f e c t i v e n e s s   f o r   p r i m a r y -  
nozz le   de f l ec t ions  of 6,, = Oo or  45O. However, t he re  is a small pos i t i ve   i nc re -  
ment i n  CL and C,, and a corresponding small negative  increment  in Cm due t o   t h e  
pr imary   nozz le   i t se l f .   This  w a s  expec ted   s ince   t he   ex te rna l   l i nes  of the  primary 
nozzle,  when d e f l e c t e d  45O, act  l i k e  a small inboard-flap  element.   (See  f ig.  3 . )  

6f  

f 

The e f f e c t  of  power  on the   overa l l   longi tudina l   aerodynamics   ( f ig .   17)   p r imar i ly  
r e f l e c t s   t h e   a d d i t i o n  of the  vector  components  of the  pr imary-nozzle   thrust   wi th  
e s s e n t i a l l y   z e r o   i n d u c e d   e f f e c t s  when = Oo ( f i g .  1 8 )  and small induced   e f fec ts  
(i.e.,  = 0.1) when 6,,, = 45O. The e f f e c t  of f l a p   d e f l e c t i o n s  on the  
induced  aerodynamics  (fig.  19) are small, p a r t i c u l a r l y  a t  f l a p   d e f l e c t i o n s   g r e a t e r  
than 26O/26O ( inboard/outboard) .   This   indicates   that   the   exhaust   f rom  the  pr imary 
n o z z l e ,   l o c a t e d   a f t  of t h e   f l a p   t r a i l i n g   e d g e ,  is unable   to   en t ra in   f low  over   the  
f l ap   sys t em  to   improve   f l ap   e f f ec t iveness  a t  the   h ighe r   f l ap   de f l ec t ions .   Th i s   can  
be   seen   in   the  wing p res su re   d i s t r ibu t ions   ( f ig .   20 )   fo r   s eve ra l   f l ap   de f l ec t ions .  
There are o n l y   s l i g h t   c h a n g e s   i n   t h e   p r e s s u r e   d i s t r i b u t i o n  between 
and 0.93 when 6 f  = O o / O o  and = 4S0,  thus  indicating  that   the  prlmary-nozzle 
flow  has little e f f e c t  on the  rest of the  configurat ion.  When  6, = 260/0°, t he  
primary-nozzle  flow  does  induce a reduced  pressure on the   inboard   f lap  and on the  
wing leading  edge a t  a s t a t i o n  rl of 0.42 ( c e n t e r  of the   inboard   f lap) ,   thus   ind i -  
c a t i n g  some ent ra inment   over   th i s   f lap   e lement .  The presence of these  reduced  pres- 
su res  a t  rl = 0.42 are, of c o u r s e ,   f e l t  a t  a l l  p o i n t s   i n  a subsonic   f low  f ie ld  as 
ind ica t ed  by the   s l igh t ly   reduced   pressures  a t  a l l  o t h e r   s t a t i o n s  on the wing. There 
are r a t h e r  minor d i f f e r e n c e s   i 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  between 6f 7 26O/Oo and 
h ighe r   f l ap   de f l ec t ions  (i.e., 6f  = 26O/26O,  45O/26O, and  4So/45O),  whlch i n d i c a t e  
that   the   pr imary-nozzle   f low  entrainment  is i n s u f f i c i e n t   e i t h e r  to a f f e c t   t h e  
outboard- f lap   e lement   o r   to   improve   f lap   e f fec t iveness  a t  f l a p   d e f l e c t i o n s   e q u a l  
t o  45O. 

, PRI = o  

SELECTION  OF  SUPERIOR  CASCADE AND PORT CONFIGURATIONS 

The induced  aerodynamics  obtained  for a l l  cascade  and  port   configurations  with 
the  pr imary  nozzles   def lected 45O and a t  an angle  of  at tack  of 14O are p resen ted   i n  
f i g u r e s  21 and 22, respect ively.   These data, representing  the  nominal-approach  angle 
of a t t a c k  of 14O f o r  the f igh ter   conf igura t ion   under   s tudy ,  were the  basis f o r   t h e  
screening  phase  of  the  wind-tunnel test  where the   super ior   cascade  and port   configu-  
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r a t i o n s  were def ined.  The d iscuss ion  of t h i s   s e l e c t i o n   p r o c e s s  is g i v e n   i n   t h e   f o l -  
lowing  sections of t h i s  report. 

Cascade  Configuration 

In  order  to  choose   the   super ior   cascade   conf igura t ion ,   the   e f fec ts  of  cascade- 
nozzle   vector   angle  and e x i t   a r e a  on the  induced  aerodynamics were examined to  de ter -  
mine i f  one or  more cascades would prove  to  be supe r io r  to  the   o ther   conf igura t ions .  
In   gene ra l ,  the d e f i n i t i o n  of "super ior"  w a s  taken to  be tha t   con f igu ra t ion  which 
produced  the  highest   level  of thrust-induced l i f t  ACL,TR a t  a t h r u s t   c o e f f i c i e n t  
r ep resen ta t ive  of mil i tary-power  set t ings  ( the maximum nonafterburning p o w e r  
s e t t i n g s  1. 

E f f e c t  of cascade-nozzle  vector  angle.- The e f f e c t  of the  cascade-nozzle  vector 
angle  on the  induced  aerodynamics is p resen ted   i n   f i gu re  23 for   three  cascade-nozzle  
e x i t  areas. It  can  readi ly  be s e e n   t h a t  the cascades  with A = 30° are the supe- 
r ior   conf igura t ions   s ince   the   cascades   wi th  AC = -3OO and Ooc produced l i f t  losses 
r a t h e r   t h a n   l i f t   i n c r e a s e s .  It should be noted   tha t  the cascades  with A = 30° 
produced nose-down p i t ch ing  moments ind i ' ca t ive  of t he   i nc reased   a f t   l oad ing   gene ra t ed  
when the  spanwise  exhaust is turned by the  t ra i l ing-edge  f lap  system. The inc reases  
s e e n   i n  ACD,TR a r e  of the  same order  of magnitude as would be expected from the  
increases   in   induced  drag ( C D , i )  generated by 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 .  There- 
f o r e ,  from the da ta  of f i g u r e  23, it appears   tha t   the   super ior   cascade   conf igura t ions  
are those w i t h  Ac = 30°. 

C 

E f f e c t  of cascade-nozzle  exit   area.-  For A = 30° ,   the   e f fec t  of cascade-nozzle 
e x i t  area on the induced  aerodynamics is p resen ted   i n   f i gu re  24. Here, the s i z e  of 
the  spanwise j e t  is var ied  a t  the  superior-cascade-nozzle  vector  angle a t  two f l a p  
d e f l e c t i o n s ,  6 f  = 4So/26O and  4S0/4S0. The da ta  show t h a t  when 6, = 45O/26O, the 
thrust-induced l i f t  increment ACL TR is g r e a t e s t  when the   nozz le   ex i t   a r ea  is la rg-  
est. Thus, it would seem tha t   the 'cascade   wi th  AC/ApRI = 0.6 (cascade 9) would be 
s e l e c t e d  as super ior .  However, when 6 = 45O/45O, t h l s   t r e n d  is not  as w e l l -  
def ined .   These   da ta   ind ica te   tha t   a l though the cascade  with Ae,C/AelpRI = 0.45 f 

(cascade  6)  has a s l i g h t l y   h i g h e r  maximum 
C,, ,C range.  That is, the  drop-off  in ACL, TR seen a t  higher  C,, is not  as rap id  
with  cascade 9 as with  cascade 6 when 6, = 4So/45O. Even the smahest cascade (cas- 
cade  3)  with AeIC/AelpRI = 0.2 was n o t   c l e a r l y   i n f e r i o r  to cascades 6 and 9 s ince  
the  maximum AC generated by cascade 3 w a s  a l so   g rea t e r   t han  0.4. 

C 

"L, TR' 
cascade 9 has a g r e a t e r   u s e f u l  

L,TR 

I t  appeared that another  approach w a s  necessary   in   o rder   to   choose   the   super ior  
cascade.  Comparisons of the  thrust-removed l i f t  a t  a value of C,, such   tha t   the  
conf igura t ion  had CD = 0 ( i . e . ,   u n a c c e l e r a t e d   f l i g h t )   i n   f i g u r e  25 showed tha t   on ly  
cascade 3 could   c lear ly  be el iminated.  It w a s  decided  that   both  cascades 6  and 9 
would be carr ied  forward  as   superior   configurat ions  for   detai led  invest igat ions.  

Port   Configurat ions 

In  order   to   choose a super ior  port conf igura t ion ,  the e f f e c t s  of port-nozzle 
loca t ion ,   vec tor   angle ,  and e x i t  area on thrust-induced  aerodynamics were  examined i n  
a manner similar to   the   cascade-se lec t ion  process. 

E f f e c t  of port-nozzle  location.-  The e f f e c t  of port-nozzle   locat ion on t h e  
induced  longitudinal  aerodynamics is p resen ted   i n   f i gu re  26. I t  can be s e e n   t h a t  
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when Ae,p/Ae,PRI = 0.05 and A, = 30°, l oca t ion  B ( t h e  more a f t   l o c a t i o n  as shown 
i n   f i g .   6 )  produced a greater increment   in  ACL,TR. The  nose-down increments   in  
AC,,TR correspond to  the   a f t   l oad ing   expec ted  when t h e   e f f e c t i v e n e s s  of the 
trai l ing-edge  f lap  system is improved  by the  upper-surface  spanwise jet .  The 
ACD,TR is approximately  equal  to  the  induced-drag (cD,i) increase  expected when l i f t  
c o e f f i c i e n t  is increased.  Therefore,  from the d a t a  of f i g u r e  26, l oca t ion  B appears 
p re fe rab le   fo r   t he   po r t -nozz le   l oca t ion .  

E f f e c t  of  port-nozzle  vector  angle .- The e f f e c t  of  port-nozzle  vector  angle on 
the  induced  longitudinal  aerodynamics is p r e s e n t e d   i n   f i g u r e  27. These da t a  show 
tha t  with the f l a p s   d e f l e c t e d  4S0/4So, t he  ports with A, = 60° are c l e a r l y   t h e  poor- 
es t  conf igu ra t ion .   Th i s   r e su l t  is not  unexpected  since  the port a t  A, = 60° is  
blowing so f a r   a f t   t h a t   t h e  spanwise j e t  has  almost no chance of a f f e c t i n g   t h e  
outboard-f  lap  element. 

The choice  between  the  other two port vector  angles,  45O and 30°, is no t  as 
clear. The ports with A, = 45O show s l i g h t l y   h i g h e r  ACL TR a t  low t h r u s t   c o e f f i -  
c i e n t s ,   t h a t  is, C,,,, < 0.1. The ACmITR data i n d i c a t e  a&t  loading, and ACD,TR 
i s  about  equal t o  t h e   i n c r e a s e   i n  CD,i expected  from  increasing CL. Since it w a s  
f e l t   t h a t  the f i g h t e r   a i r c r a f t   i n   q u e s t i o n  would  have C,,,p > 0.1 for  an  approach 
c o n d i t i o n   i n   m i l i t a r y  p o w e r ,  and s ince   t he  ports with A, = 30° showed a s l i g h t l y  
higher  AC,,, a t  C,,,, > 0.1, t h e  port with A = 30° a t  loca t ion  B ( p o r t  5 )  w a s  
chosen as the super ior   conf igura t ion .  

P 

E f f e c t  of po r t -nozz le   ex i t  area.- The e f f e c t  of po r t -nozz le   ex i t  area a t  l o a -  
t i o n  B and A = 30° on the  induced  longitudinal  aerodynamics i s  p r e s e n t e d   i n   f i g -  
u r e  28. Here: aga in ,   there  is no c l ea r ly   supe r io r   con f igu ra t ion ,   w i th   t he  small port 

('e d A e  , PRI 
larhe port (Aelp /AelpRI  = 0.10) seeming t o  show higher  ACLtTR av'gigh C,,,?. A s  i n  
the   cascade   se lec t ion ,   the  data were a l s o  compared a t  CD = 0, as shown i n  fig- 
u r e  29. For CD = 0 and e,, = 0.9, both  ports   produce  vir tual ly   equal   increments  
i n  ACL,TR. The small port does  begin to  produce  higher   levels  of ACL,TR a t  
higher  e,,, bu t   s ince  e, < 0, th i s   does   no t   represent  a reasonable   l anding   th rus t  
s e t t i n g .  An a l t e r n a t e  comparison is shown in   f i gu re   29 (b )   fo r   ba l anced   d rag  (CD = 0) 
a t  NPR = 2.55. This  approximates  the NPR t h a t  would be requi red   for   cur ren t   engines  
a t  m i l i t a r y  power and is generally  an  upper limit fo r   t he   l and ing   t h rus t   s e t t i ng .  A t  
t h i s   t h r u s t   s e t t i n g ,   t h e   l a r g e r   p o r t  shows a s l i g h t l y   h i g h e r   t o t a l  CL which is, of 
course,  what  an a c t u a l   a i r c r a f t  would r e q u i r e   r a t h e r   t h a n   j u s t   t h e   i n d u c e d - l i f t  
increment .   With  this   ra ther   arbi t rary  select ion  procedure,   por t  5 ( l o c a t i o n  B with 
A, = 30° and Ae,p/A,,pRI = 0.10) w a s  chosen as the   super ior   conf igura t ion   for  more 
de ta i led   s tudy .  

= 0.05) showing a s l i g h t l y   h i g h e r  AcL a t  low C and  with  the 

SUPERIOR CASCADE AND PORT CONFIGURATIONS 

The longi tudina l   aerodynamics   for   conf igura t ions   us ing   the   super ior  cascade and 
po r t   con f igu ra t ions   ( cascades  6 and 9 and port 5) are p r e s e n t e d   i n   f i g u r e  30 a t  low, 
medium, and   h igh   th rus t  levels as w e l l  as with power o f f .  One major  problem  with 
these  powered-lif t   concepts is n o t   n e c e s s a r i l y   i n   o b t a i n i n g   l i f t  and d rag   fo r   t he  
approach   bu t   ra ther   in   main ta in ing   longi tudina l  t r i m .  A s  d i scussed   in   re fe rence  1 8 ,  
t h e  need f o r   a n   a l t e r n a t e  means of ob ta in ing  t r i m  can  lead to a very  complex air- 
c ra f t .   Th i s   con f igu ra t ion  would r e q u i r e  some d i r e c t   f o r c e  or a s i g n i f i c a n t l y   l a r g e r  
canard   to  trim the configurat ion.  The configurat ion  with  cascade 6 and 6 = 45O 
a t  C,, = 0.8 t o  1 .O and a = 14O, which  corresponds t o  a 1 00-knot  approacgR$n mili- 
t a r y  p o w e r  f o r  a f i g h t e r   a i r c r a f t  similar to  those of reference 14, would  have 
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CL = 2.0 and CD such   tha t  y = -3O to  -6O. (See   f ig .   30(a) . )   This  would be a 
reasonable  set of approach  parameters   for   the  s teep  no-f lare   landings  required  for  
p rec i s ion  STOL opera t ions ,  However, a t  these  conditions,   the  corresponding  range  of 
Cm from  approximately -0.75 t o  -0.85 great ly   exceeds  the t r i m  c a p a b i l i t y  of the 
canard on th i s   con f igu ra t ion .  (See r e f .  18.) Therefore ,   th is   concept  of genera t ing  
a d d i t i o n a l   l i f t  would be of l imi ted   usefu lness  on th i s   con f igu ra t ion .  However, s ince  
the  primary  nozzle is de f l ec t ed  45O and some 55 percent  of the  exhaust  f low is s t i l l  
passing  through  this   nozzle  (i.e., Ae,C/Ae PRI = 0.451, a great po r t ion  of the  
moment is due t o   d i r e c t  j e t  fo rces  and can 6e reduced by lowering  the  nozzle  vector 
angle.  This  would,  of course, also reduce CL and CD and  change the  approach 
condi t ion;   but   unless   the  configurat ion  can be trimmed, these  values  of lift and drag  
cannot be maintained anyway. 

The powerful   effect  of the  main nozzle is also shown i n   t h e   d a t a   f o r  port 5 
( f i g .   3 0 ( c )  1 where 90 percent  of the  exhaust  f low was passing  through  the  primary 
nozzles.  For c,, = 0.8 to, 1.0 (as   in   the   cascade   d i scuss ion) ,  CL = 2.2 and 
Cm -1 .O. However, because CD is  less than 0, the   conf igura t ion  will not  descend. 
In   t h i s   ca se ,   t he   on ly   so lu t ion  is  to   reduce   engine   th rus t   coef f ic ien t   to   p rovide  
CD > 0, bu t   t h i s   a l so   r educes  CL and s t i l l  does  not  reduce  the nose-down p i t ch ing  
moment within  the t r i m  c a p a b i l i t y  of the  canard. It appears   that   a l though  these 
spanwise-blowing  concepts  produce  significant  induced  effects,  as w i l l  be discussed 
in   the   fo l lowing   sec t ion ,   th i s   conf igura t ion   cannot  be trimmed when these  concepts 
a r e  combined with  the 45O primary  nozzles. 

I n  o rde r   t o   a s ses s   t he   u se fu lness  of these  concepts,  it is h e l p f u l   t o   s e p a r a t e  
out   the   induced   e f fec ts  so t h a t   l a r g e   f o r c e s   a n d ,   i n   p a r t i c u l a r ,   l a r g e   p i t c h i n g  
moments t h a t  are produced by d i r e c t - t h r u s t   d e f l e c t i o n  do  not overwhelm t h e   r e s u l t s .  
Based on t h e   d a t a   f o r  a pa r t i cu la r   con f igu ra t ion   i n   t he   p rev ious   d i scuss ion ,   fo r  
example,   the  usefulness of the  induced l i f t  produced by spanwise  blowing is com- 
p le te ly   nega ted  by the  extremely  large nose-down p i t ch ing  moments produced by the  
deflected  primary  nozzles.  However, f o r  a d i f f e r e n t   b a s i c   c o n f i g u r a t i o n ,  it may be 
poss ib le   to   reduce   the   l a rge   p i tch ing  moments caused by d i r e c t - t h r u s t   d e f l e c t i o n  by 
locat ing  the  pr imary  nozzles   c loser   to   the  configurat ion  center  of g r a v i t y  and then 
take  advantage of the  induced  aerodynamics. 

A summary  of the  induced  longitudinal  aerodynamics  for  configurations  with cas- 
cades 6 and 9 and p o r t  5 a r e   p r e s e n t e d   i n   f i g u r e  31 a t   v a r i o u s   t r a i l i n g - e d g e   f l a p  
de f l ec t ions .  These da t a  show that ,   general ly ,   the   induced  effects   for   the  cascade 
conf igu ra t ions   i nc rease   w i th   i nc reas ing   f l ap   de f l ec t ion  as more of the  spanwise  flow 
is turned a t  the  higher   def lect ion.   This   t rend is s i m i l a r  to the   induced- l i f t   char -  
acteristics f o r  an e x t e r n a l l y  blown f l a p .  The cascade  configurat ion  generates   an 
induced-l i f t   increment  from about 0.40 t o  0.43 a t  a value of C,, between 0.8 
and 1 .O, which is rep resen ta t ive  of mil i tary-power  set t ings.  For  both  cascade con- 
f i g u r a t i o n s  when 6, = 45O, the  induced  pitching moment is less than   ha l f   the   l eve l  
of Cm when t h e   d i r e c t   t h r u s t  is inc luded ,   aga in   ind ica t ing   the   powerfu l   e f fec t  of 
the  primary-nozzle  exhaust. 

The induced  longitudinal  aerodynamics  for  the  port  5 c o n f i g u r a t i o n   ( f i g .   3 1 ( c ) )  
show a dec ided ly   d i f f e ren t   t r end   w i th  ACL,TR decreasing  with  increased  f lap  def lec-  
t i on .   Th i s   i nd ica t e s   t ha t   t he   spanwise   j e t  from t h e   p o r t  is not   ab le   to   main ta in  
attached  f low on the   h ighly   def lec ted   f lap .   I f  it is surmised  that   the   major   effect  
of the spanwise j e t  i s  to   maintain  a t tached  f low,   ra ther   than  generate   induced-  
c i r c u l a t i o n  lift i n   t h e  manner  of a j e t  flap,   then  (from  the  photograph  in  f ig.  32 
where the  outboard  f lap a t  26O appears to  be attached  because of e f f e c t s  from the  
leading-edge  vortex) no i n c r e a s e d   l i f t  would be expected on the  outboard  f lap  even 
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though the f l a p  is c l e a r l y   a f f e c t e d  by the spanwise j e t  (as shown in   f ig .   33) .   This  
is borne  out where d e f l e c t i o n s  of 6f  of 26O/Oo and 26O/26O appear   to   have   ident ica l  
r e s u l t s   f o r  ACL,TR, t hus   i nd ica t ing   t ha t  the major e f f e c t  of the  spanwise j e t  (i.e., 
maintaining  a t tached  f low)  occurs  on the   inboard   f lap  which w a s  separa ted   s ince  it 
w a s  no t   a f f ec t ed  by the  leading-edge  vortex. 

A comparison of the induced l i f t   f o r  each of the se l ec t ed   conf igu ra t ions  (cas- 
cades 6 and 9 and port 5)  is shown i n   f i g u r e  34. The cascades are c l e a r l y   s u p e r i o r  
i n   g e n e r a t i n g   i n d u c e d   l i f t  when compared with the port i n   t h e   t h r u s t - c o e f f i c i e n t  
range a t  C 1.0 (i.e., approximately  mil i tary power on approach).  There is no t  
much d i f f e r e n c e   i n   t h e  two cascade configurations  even  though  the  induced lift f o r  
cascade 6 f a l l s   o f f  more r ap id ly   t han   t he   i nduced   l i f t   f o r   ca scade  9 a t  C,, > 1.5. 
This  might be expected  s ince  cascade 6 w a s  the  flush-mounted  nozzle  which  did  not 
have quite  the  f low-turning  performance of t he   a l t e rna te   ca scade  9. However, a s  
mentioned  before,  cascade 9 protruded from t h e   s i d e  of t he   nace l l e  and thus would 
have a much h igher   d rag   than   tha t  of cascade  6,   especially a t  t ransonic   o r   supersonic  
speeds. A t  C,, w 2.0, t he  port and cascade  configurat ions  have  s imilar   levels  of 
induced l i f t  (CLITR w 0.30 t o  0.35);  however, t h i s   t h r u s t   c o e f f i c i e n t  is beyond t h a t  
a v a i l a b l e  from engmes a t  m i l i t a r y  p o w e r .  It should  be  noted  that  although  these 
da t a  are presented as a func t ion  of C ( o r   t o t a l   e n g i n e  m a s s  f l ow) ,   t he   ac tua l  
s p l i t   i n   t h r u s t  between cascade or porf and primary  nozzle is approximately  equal to 
t h e   r a t i o  of secondary   nozz le   a rea   to   to ta l   nozz le   a rea ,   as   d i scussed   in   the   sec t ion  
e n t i t l e d   " S t a t i c - T h r u s t   C a l i b r a t i o n .  'I 

,, 

A breakdown of the  induced l i f t   f o r  cascade 9 and p o r t  5 is g iven   i n   f i gu re  35. 
Here, t he  ACL,TR for   the  complete   configurat ion  with  cascade 9 and primary  nozzles 
is  s i g n i f i c a n t l y  greater than  the sum of the data  for  the  primary  nozzle  alone and 
the  cascade a lone ,   thus   ind ica t ing  a b e n e f i c i a l   i n t e r f e r e n c e  between the  primary  and 
spanwise  exhaust  flows.  This is not  the  case for   the   conf igura t ion   wi th  port 5 where 
the  complete  configuration shows t h a t  ACLITR is similar t o   t h a t   o b t a i n e d  from the  
sum of the   da ta  from the  primary  nozzle and p o r t  5 alone.  Since  the  port   spanwise 
flow is above the  wing  and the  primary  flow is below the  wing, it i s  no t   su rp r i s ing  
t h a t   t h e r e  i s  less b e n e f i c i a l   i n t e r f e r e n c e  on the  configurat ion  with port 5 than  with 
cascade 9. 

WING SURFACE PRESSURES 

In  order   to   determine  the  f low phenomena occurr ing  on the   conf igura t ion ,   an  
examination of the  wing chordwise  surface  pressures,   span  loading, and f low  visual i -  
za t ion   u s ing   o i l   f l ows  is p resen ted   i n   f i gu res  36 t o  41. 

The e f f e c t  of f l a p   d e f l e c t i o n  on the   chordwise   p ressure   d i s t r ibu t ion  and the  
r e su l t i ng   span   l oad ing   fo r   t he  unpowered baseline conf igura t ion  ( 6  - Oo) are shown 
i n   f i g u r e  36. It should be no ted   t ha t  the pressures  a t  17 = 0.20 '5;: located on the  
nace l l e   cen te r l ine ;   t hose  a t  17 = 0.42, on the   inboard- f lap   cen ter l ine ;   those  a t  
rl = 0.64 and  0.73, both on the outboard  f lap;   and  those a t  17 = 0.91, near   the wing 
t i p   ( o u t b o a r d  of the   t ra i l ing-edge   f lap   sys tem) .   (See   f ig .  11 .) The e f f e c t  of the 
t r a i l i n g - e d g e   f l a p  is t y p i c a l   i n   t h a t   t h e r e  is a pressure  peak  located a t  the knee of 
t h e   f l a p  and reduced  pressures  near the wing leading  edge, which show the   increased  
loadings  produced by t h e   f l a p .  Also, t he re  is not  a s i g n i f i c a n t  change i n   t h e   p r e s -  
s u r e   d i s t r i b u t i o n  as f l a p   d e f l e c t i o n  is increased  from 26O t o  45O, which i n d i c a t e s  
tha t   the   f low is sepa ra t ing  on t h e   f l a p  upper  surface a t  the   h ighe r   de f l ec t ion   ang le ,  
as s e e n   i n  the long i tud ina l   da t a .  The p r e s s u r e   f i e l d   c r e a t e d  by the   f l ap   i n   subson ic  
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flow is f e l t  a t  a l l  p o i n t s  on the  wing, as shown by the  reduced  upper-surface pres- 
s u r e s  a t  s t a t ions   i nboa rd  and  outboard  of  the  flap  system (q = 0.20 and 0.91 ). 

In t eg ra t ion  of these  chordwise pressure d i s t r i b u t i o n s  (see re f .   13 )   g ives   t he  
span- load   d i s t r ibu t ion  shown in   f i gu re   36 (b ) .  N o t  s u r p r i s i n g l y ,  as f l a p   d e f l e c t i o n  
is increased,  the  span  load  increases  even a t  Isf = 45O, which shows t h a t   t h e  pres- 
s u r e   f i e l d   o v e r  the wing i n t e g r a t e s   o u t  to  a s l l g h t l y   i n c r e a s e d   l i f t  even  though  the 
f l a p  is separa t ing .  

As mentioned  previously, the exhaust  from the  primary  nozzle  alone (6,,, = 45O) 
induced a l i f t  increment  of  about ACL,TR = 0.10, As shown i n   f i g u r e   3 7 ( a ) ,  the 
exhaust  flow  induced a lower pressure on the  wing f l a p  (i.e., x/c > 0.70) and 
reduced  leading-edge  pressures a t  11 = 0.42. S i n c e   t h i s   s t a t i o n  is outboard  of  the 
nozzle-exhaust location, it can be assumed that th i s   i nc reased   l oad ing  is due t o  je t  
entrainment  working  the  inboard-flap  segment. A s  b e f o r e ,   t h i s   p r e s s u r e   f i e l d   i n f l u -  
ences   t he   en t i r e  wing as shown  by t h e   s l i g h t   r e d u c t i o n   i n   p r e s s u r e   a t  a l l  o the r  sta- 
t ions .  The increased  loading is a l s o   r e a d i l y   a p p a r e n t   i n   t h e  marked i n c r e a s e   i n  
C, c/E a t  q = 0.42 as shown i n   f i g u r e   3 7 ( b ) .  The integrated  span  load and  chord 
pressures   g ive  a cen te r  of p r e s s u r e   f o r   t h e   c o n f i g u r a t i o n   a t  75 percent  of l o c a l  
chord (see f i g .  41 ), thus   ind ica t ing   tha t   the   p r imary  j e t  is i n   f a c t   l o a d i n g   t h e  
inboard-f  lap  segment. 

The pressure  and  spanwise-loading  distributions  produced by the  cascade  concepts 
are compared i n  f i g u r e  38 with  the  data   for   the  basel ine  pr imary  nozzle   a lone 
(6,,, = 45O) of f i g u r e  36 i n   o r d e r  to a s ses s   t he   e f f ec t iveness  of the  spanwise blow- 
ing  on the   t ra i l ing-edge   f lap .  It can be s e e n   t h a t   t h e  major e f f e c t  of the  cascade 
spanwise  blowing is great ly   reduced  pressures  on the   ou tboa rd   f l ap  and  wing t i p  (see 
f i g .   3 8 ( a ) )   w i t h   t h e  combined primary  and  cascade  nozzles  generating  the  highest  
loadings ,   thus   ver i fy ing   the   t rends  shown i n   t h e   i n d u c e d   l i f t  of f i g u r e  31 . The 
pressures  a t  a s t a t i o n  q of 0.42 are a c t u a l l y  increased  from the  primary-nozzle- 
a lone   l eve l s  when the  primary  nozzle is shu t  down and the  cascade is blowing  alone. 
Although t h i s  level is reduced  from  the  baseline power-off (C = 0 )  case shown i n  
f i g u r e  36, it would ind ica t e   t ha t   t he   spanwise  j e t  is a f f ec t ing   t he   ou tboa rd   f l ap  to  
a much grea te r   degree   than   the   inboard   f lap .  From the  oil-flow  photograph of f i g -  
ure  39, the   pa th  of the spanwise j e t  is c l e a r l y   v i s i b l e  as it expands  and  impinges 
pr imar i ly  on the  lower  surface of the  outboard  f lap  and wing t i p .  Where the  j e t  
impinges on the  lower  surface of t h e   f l a p ,  a po r t ion  of the spanwise  flow is being 
turned and  shed as a j e t  s h e e t   o f f   t h e   f l a p ;   t h e  j e t  sheet   should be genera t ing  
c i r cu la t ion - type   l i f t   i nc remen t s   s imi l a r   t o  an e x t e r n a l l y  blown f l ap .  The s i g n i f i -  
can t   reduct ion   in   upper -sur face   p ressure   d i s t r ibu t ion  and the   l oca t ion  of t he   cen te r  
of  pressure would i n d i c a t e   t h a t   c i r c u l a t i o n - t y p e   l i f t  is in   fac t   be ing   genera ted  on 
this  configuration  with  both  primary and cascade  nozzles (shown i n   f i g .  41 ) near  
45 percent  of the local chord. 

,, 

A similar ana lys is   for   the   p r imary  and port nozzles (see f i g s .  33 and 40) ind i -  
c a t e s   t h a t   t h e   e f f e c t  of the  spanwise j e t  on the  outboard-flap pressures is essen- 
t i a l ly   i ndependen t  of the  primary-nozzle  flow. The e f f e c t  of the primary-nozzle  flow 
is still seen a t  rl = 0.42 as the   p ressures   a re   increased  and loca l   loading  is 
reduced when e i t h e r   t h e  port is run  alone  or  the  primary-nozzle C,, is lowered 
from 0.473 t o  0.351. 

The oi l - f low  photograph  in   f igure 33  shows c l e a r l y   t h e   p a t h  of the spanwise j e t  
over a po r t ion  of t he   i nboa rd   f l ap  and  over a l l  the  outboard  f lap ( 6 f  = 45O/4So). I t  
w a s  f e l t   t h a t   t h i s   c o n c e p t  would tend to  a c t  as a boundary-layer  control  device on 
the   t ra i l ing-edge   f laps ,   ra ther   than  as a genera tor  of  induced  circulation. The 
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c e n t e r  of p re s su re   fo r  this conf igura t ion  is a t  63 percent  of the local chord 
( f i g .  41 1, which i n d i c a t e s   a n   a f t   l o a d i n g   w i t h   l i f t  on t h i s   f l a p   r a t h e r   t h a n  an 
i n d u c e d   c i r c u l a t i o n   l i f t  which  should be centered more around 40 t o  50 percent  of 
the local chord. The c e n t e r  of p re s su re  is moved inboa rd   r e l a t ive   t o   t he   ca scade  
conf igu ra t ion   s ince  the port seems t o  be a f f e c t i n g  part  of the inboard  f lap which 
w a s  a lmost   to ta l ly   missed  by the  cascade  concept. 

SLOTTED FLAP 

The performance of t h e   s i n g l e - s l o t t e d   f l a p  is compared wi th   t ha t  of t h e   p l a i n  
f l a p   i n   f i g u r e  42 for   bo th  6f  = 4So/26O and 4S0/45O. Even i n  power-off condi t ions ,  
a h igh ly   de f l ec t ed   s lo t t ed   f l ap   shou ld  have better aerodynamics  than a h ighly  
d e f l e c t e d   p l a i n   f l a p .  From the   da t a  of f i g u r e  42, it is a p p a r e n t   t h a t   t h i s   s l o t t e d  
f lap   d id   no t   per form as w e l l  as t h e   p l a i n   f l a p .  It is thought   that   the   reason  for  
t h i s  is tha t   the   sharp   edge  on the  cove area of t h e   s l o t  (see f i g .  4 ( b )  ) separa ted  
the  f low on the lower  surface so t h a t  l i t t l e  or no flow  actually  passed  through  the 
s lot .   This   then  has  a twofold   e f fec t  on f l a p   e f f e c t i v e n e s s :  ( 1 )  Without s i g n i f i c a n t  
s lot   f low,   the  upper   surface of the f l a p  w i l l  remain  separated, and ( 2 )  the  open s l o t  
w i l l  vent  lower-surface  high  pressures  to  the  upper  surface  and  reduce  the  already 
weakened  performance of t he   f l ap .  

T h i s   s i t u a t i o n  w a s  n o t   g r e a t l y  improved when spanwise  blowing from cascade 9 w a s  
used. The thrust-induced l i f t  increments ACL, TR are shown i n   f i g u r e  43 fo r   bo th  
6 = 4So/26O and 4So/4S0 with and wi thou t   t he   s lo t t ed   f l ap .  The f lap  with  the  lower 
outboard  def lect ion (6, = 4So/26O) does show a small  improvement in   w i th   t he  
s l o t t e d   f l a p   i n d i c a t i n g   t h a t  some flow is passing  through  the  s lot .  However, the  
f l a p  w i t h  6 = 4S0/45O shows no change i n  ACL,TR, and t h e   s l o t t e d   f l a p   i n d i c a t e s  
t h a t  no flow is passing  through the s l o t s .   I n   f a c t ,   t h e   o i l - f  low photograph i n  f i g -  
ure  44 shows t h a t  some of the  upper-surface o i l  was ac tua l ly   en t r a ined  backwards 
(upstream)  through  the  outboard  slot   as  the  strong  spanwise j e t  blew along  the  under- 
s i d e  of t he   f l ap .  For t h i s  case, it is  s u r p r i s i n g   t h a t   t h e   s l o t t e d   f l a p   d i d   n o t   h a v e  
lower ACL,TR than   the   p la in   f lap .  It would appear   that  a redesign of both  the 
cove-s lo t   a rea  and the  spanwise  nozzle ( t o  i n c r e a s e   v e c t o r   a n g l e )   a r e   r e q u i r e d   i f  a 
s l o t t e d   f l a p  is to  perform  properly on th i s   con f igu ra t ion .  

f 

f 

CONCLUSIONS 

A wind-tunnel  investigation  has  been  conducted  in the Langley 4- by 7-Meter 
Tunnel to  determine  the  longi tudinal  and induced  aerodynamics of spanwise  blowing on 
the   t ra i l ing-edge   f lap   sys tem of a representat ive  advanced  f ighter-aircraf t   configu-  
ration.  This  spanwise  blowing on the   t r a i l i ng -edge   f l ap   con t r a s t s  w i t h  the  more 
conventional  leading-edge  spanwise  blowing  used to  enhance  leading-edge  vortex  flows. 
This  study encompassed t w o  concepts:  ( 1 )  a high  mass-flow j e t  (cascade)   located 
under  the wing j u s t  ahead  of the t r a i l i ng -edge   f l ap ,  and ( 2 )  a r e l a t i v e l y  low mass- 
flow j e t  (port)  located  above  the wing j u s t   a f t  of t h e   f l a p   h i n g e   l i n e .  D a t a  were 
obtained a t  several   spanwise-blowing  vector  angles,   nozzle  exit  areas, t h r u s t  
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c o e f f i c i e n t s ,  and f l a p   d e f l e c t i o n s  to de termine   the   super ior   conf igura t ion   for   each  
concept.   This  screening  phase of the test  w a s  conducted a t  nominal-approach  angles 
of   a t tack  from 12O to 16O I and  then  the  superior   configurat ions were tes ted   over  a 
more complete angle-of-attack  range  from Oo t o  20°. D a t a  were obtained a t  tunne l  
free-stream dynamic p res su res  between 20 and 40 l b f / f t  a t  total  i d e a l   t h r u s t   c o e f f i -  
c i e n t s  from 0 t o  2.  The main conclusions from t h i s   s t u d y  are summarized i n   t h e  fol-  
lowing comments. It should be noted   tha t  these conclusions  apply  for  these 
configurat ions  with  the  pr imary  nozzles   def lected 45O and t h a t   t h i s   p r e c l u d e s  
ob ta in ing  trimmed condi t ions  with  the  exis t ing  canard.  

2 

1. The primary  nozzles on the   bas ic   conf igura t ions   p roduce   ra ther  small inc re -  
ments i n   t h r u s t - i n d u c e d   l i f t ,  which seem to  be t h e   r e s u l t  of the  exhaust  f low 
entraining  the  f low  over   the  inboard-f lap  e lement .  It also appea r s   t ha t   t he   en t r a in -  
ment is weak s i n c e  the e f f e c t  is n o t   s i g n i f i c a n t  a t  h i g h   f l a p   d e f l e c t i o n  or on the  
outboard-flap  element. 

2. The superior  port configurat ion w a s  e f f e c t i v e   i n   g e n e r a t i n g   i n d u c e d - l i f t  
increments from about 0.30 t o  0.35;  however,  they  occurred a t  t o t a l   t h r u s t   c o e f f i -  
c i e n t s  from 1.5 t o  2.0,  which are above   the   range   ava i lab le   for   mi l i ta ry  power. 

3.  The s u p e r i o r   p o r t   c o n f i g u r a t i o n  is more e f f e c t i v e   i n   g e n e r a t i n g   i n d u c e d   l i f t  
when the  inboard-flap  element is d e f l e c t e d  26O than when t h e   f l a p  ,is d e f l e c t e d  45O. 
This   indicates   that   the   spanwise je t ,  although  covering  most of t he   t r a i l i ng -edge  
f l a p ,  i s  not   maintaining  a t tached  f low a t  the   h igh   f lap   def lec t ions .   Also ,  when the 
outboard-flap  element is d e f l e c t e d  '26O, it appears   that   the   f low i s  a l r eady   a t t ached  
because of leading-edge  vortex  effects  and,  therefore,  no f u r t h e r   e f f e c t  would be 
expec ted   s ince   the   major   e f fec t  of the  spanwise j e t  is to   maintain  a t tached  f low.  

4. The superior   cascade  configurat ions are very   e f fec t ive   for   genera t ing  
untrimmed induced-l i f t   increments  from about 0.4 to  0.43,  and these  occurred a t  t o t a l  
i d e a l   t h r u s t   c o e f f i c i e n t s  from 0.8 t o  1.0,  which are r e p r e s e n t a t i v e  of  what  would be 
a v a i l a b l e  from  engines a t  m i l i t a r y  power. 

5. The superior   cascade  configurat ions are more e f fec t ive   in   genera t ing   induced  
l i f t  a t  t h e   h i g h e s t   f l a p   d e f l e c t i o n  of 45O/45O. This  concept w a s  intended  to  produce 
thrust-induced l i f t  by having  the  spanwise j e t  turned downward by the  t ra i l ing-edge 
f l a p  and  shed as a j e t  s h e e t  similar t o   t h a t  of an   ex te rna l ly  blown f l a p .  From the  
p r e s s u r e   d i s t r i b u t i o n  and the   t r ends   i n   t h rus t - induced   l i f t   w i th   f l ap   de f l ec t ion ,  it 
would  appear t h a t   t h i s   c o n c e p t  w a s  fa i r ly   e f fec t ive   in   tu rn ing   the   spanwise   f low  and  
in   gene ra t ing   t he   t h rus t - induced   l i f t   l i ke   t ha t   p re sen t  on an e x t e r n a l l y  blown f l ap .  

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
January  13, 1984 
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TABLE I.- DESCRIPTION OF CONFIGURATIONS  TESTED 

( a )   C a s c a d e   c o n f i g u r a t i o n s  

N o z z l e   d e s c r i p t i o n  C o n f i g u r a t i o n s   t e s t e d  

T C a s c a d e   n o z z l e   a l o n e  a t  6, of - Cascade   and   pr imary   nozz les  a t  6, of - 
Vector a n g l e ,  

deg 
Cascade 

~ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

450/450 4S0/26' 2 6 O / 2 6 O  O'/O' 450/450 

X 

X 

X 

X 

45O/26O 

X 

X 

X 

X 

X 

X 

X 

X 

X 

26"/0°  

0.20 

.20 

.20 

. 30  

.45 

.45 

.60 

.60 

.60 

-30 

0 

30 

0 

0 

3 0  

- 3 0  

0 

30 

X 

X 

X 
L 

(b) P o r t   c o n f i g u r a t i o n s  

C o n f i u u r a t i o n s   t e s t e d  e s c r i p t i o n  Nozzle d 

P o r t  n o z z l e   a l o n e   a t   6 f   o f  - Port and  pr imary  nozzles  a t  8, of - 
P o r t  

1 

2 

3 

4 

5 

6 

7 

d A e ,  PRI V e c t o r   a n g l e ,  
deq  

30 

45 

60 

30 

30 

45 

60 

Locat ion  
4 S o / 2 6 O  

X 

450/450 

X 

450/450 

X 

X 

X 

X 

X 

X 

X 
~ 

4 5 O / 2 6 O  

X 

0.05 

.05 

.05 

.05 

.10 

.10 

.10 



TABLE 11.- BASIC MODEL GEOMETRY 

Body: 
Length. i n  .................................................................. 91.20 
Width. i n  .................................................................. 7.20 

Wing: 
A ........................................................................... 
s. f t  ...................................................................... 
b. i n  ....................................................................... 
E.  i n  ....................................................................... 
c a t  root. i n  ............................................................. 
:: a t  s i d e  of body  (3.60), i n  .............................................. 
c a t  t ip .  i n  .............................................................. 
ALE. deg .................................................................... 
Moment c e n t e r .   i n  ..................................................... F.S. 
4 ~ .  deg .................................................................... 

2.79 
5.73 
48.0 

19.1 1 
27.86 
24.66 

6.52 
50 

27.86 
80.53 

A i r f o i l :  
Sec t ion  ........................................................... 6% a f t  cambered 
t/c a t   r o o t  ................................................................ 0.06 
t /c a t   t i p  ................................................................ 0.06 
Twist a t  t ip .  deg ........................................................... -6 

Wing f l a p s :  
Inboard: 

b f I i .  i n  ................................................................. 6.34 
ci (B.L. 7 . 0 ) ,   i n  ....................................................... 5.61 
c (B.L. 13 .34 ) ,   i n  ..................................................... 4.25 

bfIo.  i n  ................................................................. 6.34 
c . (B.L. 13.34), i n  ..................................................... 4.25 
c t  (B.L. 19,68). i n  ..................................................... 2.88 

Hinge l i n e  ................................................................ 0 . 7 2 6 ~  

Lhtboard: 
0 

Nacelle:  
Length. i n  .................................................................. 24.56 
Width. i n  .................................................................. 3.9 

Canard: 
A (exposed) ................................................................ 2.76 
S (exposed).  f t 2  ........................................................... 1.01 
b/2 ( exposed) .   i n  ......................................................... 10.04 
c a t  r o o t  (B.L. 3.6),  i n  .................................................. 11.71 
c a t  t i p .   i n  .............................................................. 2.82 

Canard a i r f o i l :  
S e c t i o n   r o o t  .................................................... NACA 65A004 (MOD) 
Sec t ion  t i p  .................................................... NACA 65A003 (MOD) 
t /c a t  r o o t  ................................................................ 0.04 
t/c a t  t i p  ................................................................. 0.03 
Twist.  deg ................................................................. 0 
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,/7, nozzle 
Primary  vectoring .- 

nozzle 

Figure  1.-  Sketches of  advanced fighter  configuration  with  underwing  spanwise 
blowing  (cascade).  
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i:ii5i:xi:i:i:i:i:3i::::::::::. ..................... ..... Port  ion of mode 1 
......... ........... : ..... :.:.:.:.:  :.:. modified  for present 

..~..,~.~.~.~.~.~~..:. ..:.:.:.:::.: .............. ..:.:,:, ............................... ............................ 

:.: :. 
............ 
............................. :::::::j:::::I:I:i:i:i..:::::::::j testing 

Wing reference 
F.S. 69.09 

I W 

- B.L. 

Nacelle -/ Cascade  nozzle 

3.60 

. 10.00  

Figure 2.- Sketches of modified NASA wing-canard f i g h t e r  model. Dimensions are g iven   in   inches   un less  
otherwise spec i f ied .  



F.S. 94.61 
F.S. 92.41 F.S. 96.48 

I I F.S. 101.79 

1.50 --- " 

F.S. 96.48 0' 

0" nozzle  

Cascade   loca t ion   Por t   loca t ion  

Figure 3.- Sketches of primary-nozzle  geometry.  Dimensions are g iven   i n   i nches  
unless   otherwise  specif ied.  
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( a )  Top view of f lap .  

Figure 4. - Slot ted  t ra i   l ing-edge  f lap,  

L-83-137 







"- "- -I- 

- "" 
F.S. 95.54 '  

Port A; - 
F.S. 94.99  

Port 
/ W.L. 

' I  / 
C 

\ Port 
W.L. 

A; 
9.90 

B; 
9 . 6 1  

Figure 6.- Sketches showing locat ion of po r t s  A and B above t r a i l i ng -edge   f l ap  on modified NASA 
wing-canard f i g h t e r  model. Dimensions are  given i n  inches. 



i 
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(b) Location of port 7. 

Figure 7 .- Concluded. 



.L. 8.26 

Basic  cascade nozzle Alternate  cascade nozzle 

Figure 8.- Sketches  showing  location of cascades  under   t ra i l ing-edge 
f l a p  on modified NASA wing-canard f i g h t e r  model.  Dimensions are 
g iven   in   inches   un less   o therwise   spec i f ied .  

30 



(a )  Six  cascade  configurations  with blank. 

Figure 9.- Cascade  hardware. 

L-83-141 
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L-83-142 

(b) Locat ion of cascade 8. 

Figure 9 .- Continued. 



(c)  Location of cascade 9. 

Figure 9. - Concluded. 
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Primary  nozzle 

Model  plenum Port-nozzle flow- 
control  valves 

Primary  air  line 

L Primary-nozzle flow- 
control  valves 

Cascade  nozzle 

Figure  10.- Sketches of a i r - l i ne   sys t em i n  model. 



4 0.5 0.6 0.7 0.8 0.9 1.0 1-1-Primary nozzle 
o-o- 0-0-0-0-0 0-0-0- 0 

Outboard 

Figure 11 .- Sketch  of  wing-surface  pressure-tap  locations on l e f t  wing. A l l  rows have the  same x/c s t a t i o n  
as n = 0.20 on both upper  and  lower surfaces .  
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Figure 12.- Data for sting-pressure tare. 



I 

12 

10 

8 

FN lbf 6 
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2 
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0 
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I-?, lbm/sec 

( a )  Normal force  plotted  against mass flow. 
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1 . o c  

.98 

- .96 F 

Fi 

.94 

.92 

7 Predicted 

I I I I I 
2 3 4 5 6 

A ,  lbm/sec 

(b) F/Fi plotted  against  mass flow. 

Figure 13.  - Concluded. 
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F ~ , ~ ~ r  
lbf 

0 1 2 3 4 5 6 

fi, lbm/sec 

Figure 14.- Final normal-force,  axial-force, and pitching-moment 
flowing (power-on) tares applied to wind-tunnel data. 
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-20  

-16 

- 1 2  

-8 

-4  

0 

Primary-nozzle 
deflection, 6 p R I f  deg 

0 4 5  

N P R  

Figure 15.- Example of t y p i c a l   s t a t i c - t h r u s t   c a l i b r a t i o n   d a t a .  
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+’ deg 

0 o/o 
0 26/26 
0 45/26 
A 45/45 

3.2 

2 .8  

2 .Ll 

2 .o 

CL 1.6 

1.2 

.8 

.Ll 

C 
D 

7: 

Figure 16.- E f f e c t  of f l a p   d e f l e c t i o n  on longi tudinal   aerodynamics of b a s e l i n e  
modi f ied   f igh ter  model. C = 0. v 
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4, deg 

0 o/o 
0 26/26 
0 45/26 
A 45/45 

5 .50 - 

(b) GPRI = 45O. 

Figure 16.- Concluded. 
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3. 

2. 

2. 

2. 

c 1 -  

1.  
L cL 

L I  

‘P, PR I 

0 0  
0 .19 
0 .60 
A 1.07 

15 

Figure 17. -  Effect of thrust  coefficient on longitudinal aerodynamics  of baseline 
modified fighter model. 6 = 4So/45O. f 
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C m 
‘P, PR I 

0 0  
.48 

0 1.01 
A 1.54 

5 

(b) 
= 45O. 

Figure 17.- Concluded. 
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0 

-.l 

AC m,m -.2 

- .3 

- .Ll 

0 45/26 
0 45/45 

Figure 18.- Induced longitudinal  aerodynamics due to thrust  from primary nozzles  
alone a t  t w o  f l a p   d e f l e c t i o n s .  a = 14O. 
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(b) GPRI = 4S0.  

Figure 1 8. - Concluded. 
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(b) 6f = 2 6 O / O o .  

Figure 20 .- Continued. 
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x/c 

(c) 6 = 26'/26O. 

Figure 20.- Continued. 
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(d l  6f = 45O/26O and 45O/45O. 

Figure 20.- Concluded. 



TR 

AcD, TR 

AcL, TR 

Figure  21.- Induced   longi tudina l   aerodynamics  for cascade 
c o n f i g u r a t i o n s .  a = 140.  
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(b) Cascade 2. 6f 

I I  
I I  
I I  
I /  
I /  %L 
1 - 1  
-2 -3 

= 45'/26O; 

Figure 21 .- 
O .  
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AcD, TR 

- 

AcL, TR 

1 
1 

I 

( c )  Cascade 3 .  Ae,C/Ae,PRI = 0.2; A, = 30°. 

Figure 21 .- Continued. 

54 



AcD, lR 

(d l  Cascade 4 .  

* 1  

\ I /  

! T- .3 . 

/ 

3 .3 

6f = 45O/26O; Ae,C/Ae,pRI = 0.30; A, = Oo. 

Figure 21 .- Continued. 
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. I  

C 

Acm, TF! 
- .1 

- -2 

- - 3  

- 0q 

(f) Cascade 6.  Ae,C/Ae,PRI = 0.45; hC = 30°. 

Figure 21 .- Continued. 
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(9) Cascade 7. 6f = 4So/26O; Ae,C/Ae,pRI = 0.60; A, = - 3 O O .  

Figure 21 .- C o n t i n u e d .  
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T 
T 
1 
I I 
.2 

I I 1 
C 
4 c 

.3 .V -5 .6 .7 . 

(h) Cascade 8 .  6f = 45O/26O; Ae,C/Ae,pRI = 0.60; Ac = 0'. 

Figure 21 .- Continued. 
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AcD, TR 

L, TR 

I 
1 
'1 
4- 
-I 

(i ) Cascade 9. Ae ,C/Ae,PRI = 0.60; A, = 30°. 

Figure 21 .- Concluded. 
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AC 
L, -rF? 

( a )  Port 1 a t  l o c a t i o n  A. 6f = 4So/45O; 
Aelp/AelpRI = 0.05; Ap = 30°. 

F i g u r e  22.- Induced   longi tudina l   aerodynamics  for 
port  c o n f i g u r a t i o n s .  a = 14O. 
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Acrn,lR - =  

(b) P o r t  2 a t  loca t ion  A. 6f = 45O/4S0; 

'e, PIAe, PRI = 0.05; A, = 45O. 

Figure 22.- Continued. 
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( c )  Port 3 at  location A. tif = 45O/45O; 
Ae,p/Ae,pRI = 0.05; A, = 60°.  

Figure 22 .- Continued. 
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AcD, TR 

~~ 

. .. 

" 

- 

.20 .25 .30 

(dl Port 4 a t  l o c a t i o n  B. 6f = 45O/45O; 
Ae,P/Ae,PRI = A, = 30'. 
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