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SUMMARY 

I n v e s t i g a t i o n s  were conduc ted   i n   t he   Lang ley   16 -Foo t   T ranson ic   Tunne l  
to p r o v i d e   d a t a   o n   t h e   e f f e c t   o f   s i m u l a t e d   i n - f l i g h t   t h r u s t   r e v e r s i n g   o n  
v e r t i c a l - t a i l  loads of a 0.10-scale model of t h e   p r o t o t y p e  F-18 a i r p l a n e   a n d  
a 0.047-scale  model of t h e  F-15 th ree - su r face   conf igu ra t ion   ( cana rd ,   w ing ,  
a n d   h o r i z o n t a l  t a i l s ) .  T e s t   d a t a  were o b t a i n e d  a t  s ta t ic  c o n d i t i o n s   a n d  a t  
Mach numbers  from  0.6 to 1 . 2  over   an  angle-of-at tack  range from -2O to 15O. 
Nozz le   p re s su re  r a t io  was va r i ed   f rom je t  o f f  to  a b o u t  8.0. 

The use of a n   i n - f l i g h t   t h r u s t   r e v e r s e r   w i t h   t w i n - v e r t i c a l - t a i l   c o n f i g -  
u r a t i o n s  a t  s u b s o n i c  Mach n u m b e r s   i n c r e a s e s   t h e   p r e s s u r e   o n   t h e   i n b o a r d   s i d e  
o f   t h e   v e r t i c a l  t a i l  and   t hus   t ends  to produce  an  outward side force o n   t h e  
v e r t i c a l  t a i l s ,  The estimated v e r t i c a l - t a i l   s i d e - f o r c e   l o a d s   o n   t h e  F-15 are 
g rea t e r   i n   magn i tude   t han   t he   s ide - fo rce   l oads   measu red   on   t he  F-18 v e r t i c a l  
t a i l s .  Opera t ion  of t h e  t h r u s t   r e v e r s e r  a t  Mach 1.2  had  no effect  o n   t h e  F-18 
v e r t i c a l - t a i l  side-force c o e f f i c i e n t s .  

INTRODUCTION 

Recent s t u d i e s  o n   t w i n - e n g i n e   f i g h t e r   a i r c r a f t   ( r e f s .  1 to 5 )  have  iden- 
t i f i e d   p o t e n t i a l   b e n e f i t s  for nonaxisymmetr ic   nozz les   in  place of c o n v e n t i o n a l  
axisymmetric or round  nozz les .  One p r i m a r y   b e n e f i t  of t h e  nonaxisymmetric  noz- 
z l e  is its v e r s a t i l i t y  w h i c h   a l l o w s   i n c l u s i o n   o f   t h r u s t   v e c t o r i n g   a n d   r e v e r s -  
i n g   c a p a b i l i t i e s   w i t h  less weight   pena l ty   than   on  a convent iona l   ax isymmetr ic  
n o z z l e   ( r e f s .  5 and 6 ) .  S i n c e  f i e l d  l eng th   o f   cu r ren t   h igh   t h rus t - to -we igh t  
f i g h t e r   a i r p l a n e s  is f i x e d  by l a n d i n g   d i s t a n c e  as opposed t o  t a k e - o f f   d i s t a n c e ,  
a d d i t i o n   o f  t h r u s t  r e v e r s i n g   c a p a b i l i t y  would g r e a t l y   e n h a n c e  short-f ie ld  
landing  performance  of  most c u r r e n t  and f u t u r e   f i g h t e r   a i r c r a f t .   I n   a d d i t i o n ,  
u s e  o f   i n - f l i g h t   t h r u s t   r e v e r s i n g   d u r i n g  air-to-air  combat  has t h e  p o t e n t i a l  to  
i m p r o v e   a i r p l a n e   a g i l i t y   ( p r e v e n t   o r   c a u s e   o v e r - s h o o t )   a n d  to  cause break l o c k  
of aggressor  missiles ( r e f s .  7 a n d   8 ) .  

S e v e r a l   r e c e n t   w i n d - t u n n e l   i n v e s t i g a t i o n s  ( re fs .  9 to  1 3 )  to  de te rmine   t he  
per formance   of   nonaxisymmetr ic   nozz le   th rus t   reversers  a t  s t a t i c  and   subsonic  
f l i g h t   c o n d i t i o n s   i n d i c a t e   t h a t   h i g h l y   e f f i c i e n t   t h r u s t   r e v e r s e r s   c a n  be 
designed.  However, use  of a n   i n - € l i g h t   t h r u s t   r e v e r s e r   c o u l d  cause a d d i t i o n a l  
loads o n   a i r p l a n e  t a i l  s u r f a c e s ,   p a r t i c u l a r l y   o n   t w i n - v e r t i c a l - t a i l   c o n f i g u r a -  
t i ons   wh ich  w i l l  p r o b a b l y   e x p e r i e n c e   d i f f e r e n t i a l  pressures on   t he   i nboa rd   and  
ou tboa rd   pane l s  of e a c h   v e r t i c a l  t a i l .  F o r   t w i n - v e r t i c a l - t a i l   c o n f i g u r a t i o n s ,  
t h e   r e v e r s e   e x h a u s t  flow is g e n e r a l l y   d i r e c t e d   b e t w e e n   t h e   v e r t i c a l  t a i l s ,  and 
s u b s t a n t i a l   i n t e r a c t i o n   w i t h   t h e  free-stream flow is e x p e c t e d   i n   t h i s   r e g i o n  
a t  f o r w a r d   f l i g h t   c o n d i t i o n s .   S i n c e  t h e  t a i l  load o n   e a c h   v e r t i c a l  t a i l  is 
expec ted  to  b e   n e a r l y  equal b u t   o p p o s i t e   i n   d i r e c t i o n ,  l i t t l e  in fo rma t ion   can  
be ob ta ined   conce rn ing  t a i l  loads f rom  convent iona l  force and moment wind- 
t u n n e l  tests; t a i l  s t a t i c -p res su re   measu remen t s  or special t es t  t e c h n i q u e s  are 
r e q u i r e d  to o b t a i n  t a i l  l oad   i n fo rma t ion .  



T h i s  paper presents  the  effect of simulated  in-flight  thrust  reversing on 
the  vertical-tail   loads of scale models of the F-15  and  F-18 airplanes. Both 
configurations had twin v e r t i c a l   t a i l s  and instal led nonaxisymmetric nozzles. 
The investigation was conducted i n  the Langley 16-Foot Transonic Tunnel a t  
Mach numbers  from 0.6 t o  1 .2  and nozzle  pressure  ratios from 1 . O  ( j e t   o f f )   t o  
about 8.0. Tests were conducted at   condi t ions of normal cruise   f l ight  and f u l l  
reverse  thrust  (reverser  fully  deployed). The e f fec ts  of instal l ing nonaxisym- 
metric  nozzles w i t h  thrust  reversers on the aerodynamic character is t ics  of 
the F-15 airplane and the F-18 airplane  are  presented i n  references 1 2  and 1 3 ,  
respectively. 

SYMBOLS 

Ae nozzle exi t   area,  cm2 

A t  nozzle  throat  area,. cm2 

p1 - pa 

c6, 
cP pressure  coefficient , 

AcP incremental  pressure  coefficient, (Cp) outboard - (C,) inboard 

Total  side  force 
CY total  side-force  coefficient , 

%S 

ACY incremental  side-force  coefficient, 
(CY)R/H v e r t i c a l   t a i l  only - ( % ) v e r t i c a l   t a i l s  off 

Cy, tail vertical-tail   side-force  coefficient (one t a i l )  , 
vert ical- ta i l   s ide  force 

%S 

C Y , V  vertical-tail   side-force  coefficient from  yawing  moment, 
Yawing  moment 

Vert ical- ta i l  moment  arm 
~ ~~ ~ 

C local  vertical-tail  chord, cm 

C wing mean geometric  chord, cm 

M free-stream Mach  number 

- 

Pl local   s ta t ic   pressure,  Pa 

P t  , j  average je t   to ta l   p ressure ,  Pa 

Po0 free-stream static  pressure,  Pa 
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S 

X 

ci 

6 

0 

free-stream dynamic  pressure,   Pa 

wing r e f e r e n c e  area, 371 6.2 c m 2  f o r  F-18 and  1244.9 c m 2  for F-15 

a x i a l   d i s t a n c e   d o w n s t r e a m   o f   v e r t i c a l - t a i l   l e a d i n g   e d g e ,  c m  

a n g l e  of at tack,  deg 

t h r u s t   d e f l e c t i o n   a n g l e   o f   s e c o n d   p a n e l   o n  wedge r e v e r s e r   w i t h   r e s p e c t  
to n o z z l e   r e f e r e n c e   l i n e   ( f i g .  101, deg 

t h r u s t   d e f l e c t i o n   a n g l e  of f i r s t   p a n e l  on wedge r e v e r s e r   w i t h   r e s p e c t  
to n o z z l e   r e f e r e n c e   l i n e   ( f i g .   1 0 )  , deg 

4 t h r u s t   d e f l e c t i o n   a n g l e  of t h i r d   p a n e l   o n  wedge r e v e r s e r   w i t h   r e s p e c t  
to n o z z l e   r e f e r e n c e   l i n e   ( f i g .   1 0 )  , deg 

4J a n g l e  of yaw ( p o s i t i v e   n o s e   r i g h t ) ,   d e g  

Abbrevia t ions :  

BL b u t t   l i n e ,  cm 

C-D convergent -d ivergent  

FS f u s e l a g e   s t a t i o n ,  cm 

MAC mean aerodynamic chord 

R/H r i g h t  hand  ( looking  upstream) 

2 -D two dimensional   (nonaxisymmetr ic)  

MODELS AND SUPPORT  SYSTEMS 

F-18 Model 

Model.- A 0 .10-scale  F-18 a f t e r b o d y   j e t - e f f e c t s  model ( r e f .  1 3 )  was employed 
f o r  t h i s  i n v e s t i g a t i o n   a n d  is shown i n  t h e  s k e t c h  o f   f i g u r e  1 a n d   i n   t h e   p h o t o -  
graph of f i g u r e  2 .  The  F-18 a i r p l a n e  is a l igh t   we igh t ,   h igh ly   maneuverab le  
f i g h t e r  w i t h  a r e l a t i v e l y   c l e a n   a f t e r b o d y  for n o z z l e   i n s t a l l a t i o n .  A s  shown  by 
f i g u r e s  1 and 2 ,  t h e   c o n f i g u r a t i o n  is c h a r a c t e r i z e d  by a s t r a i g h t  wing w i t h  
leading-edge strakes,  i n l e t   d i v e r t e r  bleed slots t h r o u g h   t h e   w i n g ,   t w i n   v e r t i c a l  
t a i l s  located well forward  on t h e  a f te rbody  and   c lose-spaced   twin   engines .   The  
0.10-scale  model  reproduced F-18 a i r p l a n e   l i n e s   e x c e p t   f o r   f a i r e d - o v e r   i n l e t s  
( r e q u i r e d  for powered-model tests and located on the  forebody well forward of 
the   a f t e rbody)   and   w ing   a l t e r a t ions   r equ i r ed   fo r   t he   mode l   suppor t   sys t em.   The  
term "af te rbody"  as used i n   t h i s   p a p e r   r e f e r s  to t h e  metric p o r t i o n   o f   t h e   m o d e l  
on  which  forces   and moments are measured. The metric break ,  or seal  s t a t i o n ,  
begins  a t  FS 144.78   and   inc ludes   the  a f t  f u s e l a g e ,  2-D n o z z l e s   ( i n c l u d i n g   i n t e r -  
na l   th rus t   hardware) ,   and   empennage   sur faces .   The   model   forebody  and  wing were 
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nonmetric.  A  0.064-cm gap in  the  external  skin  at  the  metric-break  station  pre- 
vented  fouling  between  the  nonmetric  forebody/wing  and  metric  afterbody.  A  flex- 
ible  rubber  strip  located  in  the  metric-break gap  was used as a  seal to prevent 
internal  flow  in  the  model. The metric  afterbody was attached  to  a  six-component 
strain-gage  balance  which  was  grounded  to  the  nonmetric  forebody. The vertical 
tails  were  instrumented  with  static  pressure  orifices as indicated  in  figure 3. 

Support system.- As shown  in  figures 1 and 2 ,  the F-18 model  was  supported 
at  the  wing  tips  in  the  tunnel. The model  fuselage  reference  plane  was  located 
7.13 cm below  the  tunnel  center  line. The outer  wing  panels,  from 65 percent of 
the  semispan  to  the  tip,  were  modified  from  airplane lines to  accommodate  the 
wing-tip  support  system  and  air  supply  system. The wing-tip  booms  were  attached 
to  the  normal  tunnel  support  system  with  V-struts as shown in  figure 2. High- 
pressure  air  and  instrumentation  lines  were  routed  through  the  V-struts  and  wing- 
tip  booms  entering  the model  fuselage  through  gun-drilled  passages  in  both  wings. 
The high-pressure  air was dumped  into  a  common  high-pressure  air  plenum  contained 
in  the  center  section  of  the  model. 

Propulsion  simulation system.- An  external  high-pressure air system  provided 
a continuous  flow of clean, dry  air  at  a  controlled  temperature  of  about 294 K at 
the  nozzles. This  high-pressure  air  is  transferred  from  a  common  high-pressure 
plenum  in  the  model  center  section  into  the  metric  portion  of  the  model  by means 
of  two  flow-transfer  assemblies.  These  flow-transfer  devices  have  been  used 
in  several  previous  investigations  (refs. 9, 10, 1 1 ,  and 13) and  are  described  in 
reference 9. 

Transition  (round  to  rectangular  cross  section)  and  instrumentation  sec- 
tions,  including  17.9-percent-open  choke  plates,  were  attached  to  each of the 
flow-transfer  assemblies  and  terminated  at FS 169.32,  which  was  the  common  con- 
nect  station  for  all  nozzles. 

Two-dimensional  convergent-divergent nozzle.- The 2-D  C-D nozzles  installed 
on the F-18 model  are  shown  in  the  photographs of figures 4 and 5. 

The 2-D  C-D nozzle  is  a  variable-area  internal-expansion  exhaust  system 
which  is a  three-flap design between  fixed  sidewalls. The 2-D convergent  flap 
controls  nozzle-throat  area. The 2-D variable-position  divergent-flap  and 
external-boattail-flap  assembly  controls  both  nozzle-exit  area  and  thrust  vec- 
tor  angle  independently of throat  area. 

Thrust  reversing  is  provided  by  a  two-dimensional  clamshell  blocker  and 
outer  door  combination. The reverser  is  located  immediately  downstream  of  the 
transition  section  that  changes  the  exhaust  duct  from  a  round  to  a  rectangular 
cross  section. A photograph  showing  the 2-D C-D reverser  installed on the  model 
is shown  in  figure 6, and a  sketch  giving  important  reverser  dimensions  is  pre- 
sented  in  figure 7. Reverser  exit  ports  are  located on top  and  bottom  of  each 
nozzle  (see  fig. 6) 1.43  vertical-tail  root-chord lengths  downstream  of the  tail 
root-chord  leading  edge. This reverser  was  designed  for  30-percent  reverse 
thrust  at  100-percent  deployment.  Installed  reverser  performance  data  for  this 
design  are  presented  in  reference 1 3 .  
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Wedge  nozzle.- Figure 8 presents  a  photograph of the  wedge  nozzle  instal- 
led on the  F-18  model. The wedge  nozzle  investigated  is  a  2-D,  variable- 
area,  internal/external  expansion  exhaust  system.  Results on a  similar  nozzle 
are  reported  in  reference 9. The nozzle  has  a  collapsing  wedge  centerbody  and 
a  fixed  external  nozzle  flap or boattail. The wedge  geometry  for  a  flight 
nozzle  can  be  varied  by  unique  scissor-type  linkages  and  hinges  which  allow 
nozzle-exit  area and area  ratio  to be  varied  independently of the  throat  area 
(ref. 14). 

Thrust  reversing  is  obtained on the  wedge  nozzle  by  variable-geometry, 
three-segment  flaps  located  in  the  upper  and  lower  wedge  surfaces.  Figure  9  pre- 
sents  a  photograph of the  wedge  nozzle  thrust  reverser,  and  figure 10 presents 
a  sketch  showing  details  of  the  reverser  design. The wedge  nozzle  reverser  flaps 
(see  fig.  10)  were  located  approximately 1.60 vertical-tail  root-chord  lengths 
downstream  of  the  tail  root-chord  leading  edge  (approximately  5 cm farther aft 
than  the  2-D  C-D  reverser  exit  ports). This reverser  was  designed  for  50-percent 
reversed  thrust at 100-percent  deployment. 

F-15  Model 

Model.- The F-15  model  used  for  this  investigation  was  a  0.047-scale,  fully 
metric  jet-effects  model of a  three-surface  configuration  (canard,  wing,  and 
horizontal  tails)  with  an  afterbody  adapted  to  allow  integration  of  nonaxisymmet- 
ric  nozzles.  Aerodynamic  characteristics  of  this  F-15  three-surface  configura- 
tion  have  been obtained  from  a  sting-mounted,  0.047  percent  aerodynamic  model  and 
are  reported  in  reference  15.  A  sketch of the model is  shown  in  figure 11. The 
F-15  three-surface  configuration  is  characterized by  boom-mounted  twin vertical 
tails (2O toe out angle),  horizontal  tails  located  well  aft on the  afterbody, 
close-spaced  twin  engines,  and  forward  mounted  canards.  For  the  current  investi- 
gation the canards  were  set  at  a  nominal  angle of -6O (leading  edge  down). 

Support system.- The F-15  model  was  supported  in  the  tunnel by a  sting-strut 
system  as  shown  in  figure  12.  High-pressure  air  lines  and  all  instrumentation 
were  routed  through  the  support  system.  An  internal  six-component  strain-gage 
balance  was  mounted  to  the  strut  through  an  adapter  which  could  be  preset  before 
each  run  at  a  selected  model yaw angle. 

Propulsion  simulation system.- The external  high-pressure  air  supply  as 
described  for  the  F-18  model  was  also  used  to  simulate  nozzle  exhaust  flow  for 
the  F-15  model. The air  was  transferred  to  the  nozzles  through  twin  flow- 
transfer assemblies  similar  in  design  to  those  used  for  the  F-18  model.  Fig- 
ure  13  shows  a  sketch of the  F-15  model  flow-transfer  system. 

Transition  (from  round  to  rectangular  cross  section)  and  instrumentation 
sections  were  downstream of the  30-percent-open  choke  plates  which  were  located 
in  each  exhaust  flow  tailpipe at FS 83.35. The transition  section  terminated  at 
FS  91.24. 

Two-dimensional  convergent-divergent nozzle.- Figure 14 shows  a  photograph 
of the  F-15 model with  2-D  C-D  nozzles  installed. Figure 15  presents  a  pho- 
tograph of the  2-D C-D nozzles  installed  with  thrust  reversers  fully  deployed. 
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T h i s  2-D C-D n o z z l e   d e s i g n   s i m u l a t e s  a v a r i a b l e  area, i n t e r n a l   e x p a n s i o n   f l i g h t  
n o z z l e   w i t h   f i x e d   s i d e w a l l s .   T h r o a t  area a n d   e x i t  area are independent ly  
c o n t r o l l e d   o n   f u l l - s c a l e   h a r d w a r e  by separate a c t u a t i o n  of the   convergent   and  
d i v e r g e n t   n o z z l e   f l a p s .   T h r u s t   r e v e r s a l  is accompl ished   by   ro ta ry   ac tua t ion  of 
t h e   c o n v e r g e n t   f l a p s   ( c l o s i n g   t h r o a t  area) wi th   t he   ups t r eam  end  of the   conver -  
g e n t   f l a p s   s i m u l t a n e o u s l y   o p e n i n g   r e v e r s e   f l o w  ports.  A complete d e s c r i p t i o n  
o f   t h i s   n o z z l e  mechanism is g i v e n   i n   r e f e r e n c e   1 0 .   T h e   r e s u l t i n g   r e v e r s e  
flow e x i t  ports a r e   l o c a t e d   b e t w e e n   t h e   t w i n   v e r t i c a l  t a i l s  a t  58 .5   percent  of 
t h e   v e r t i c a l - t a i l  root chord .   F igu re   16   p re sen t s  a s k e t c h   o f   t h e  model  nozzle 
t h r u s t   r e v e r s e r   i n   t h e   f u l l y   d e p l o y e d   p o s i t i o n   w h i c h  was des igned   for   approxi -  
m a t e l y   5 0 - p e r c e n t   t h r u s t   r e v e r s a l .  

APPARATUS AND METHODS 

Wind Tunnel 

T h e   e x p e r i m e n t a l   i n v e s t i g a t i o n s  were conducted   in   the   Langley   16-Foot   Tran-  
son ic   Tunne l .   Th i s   t unne l  is a s i n g l e - r e t u r n ,   a t m o s p h e r i c   t u n n e l   w i t h  a s l o t t e d ,  
c c t a g o n a l  test s e c t i o n   a n d   c o n t i n u o u s  a i r  exchange.  The  wind  tunnel  has a v a r i -  
&le  a i r speed   up  to a Mach number of  1 .30. Tes t - sec t ion   p l enum  suc t ion  is used 
for   speeds   above  a Mach number of  1.10. A c o m p l e t e   d e s c r i p t i o n   o f   t h i s   f a c i l i t y  
a n d   o p e r a t i n g   c h a r a c t e r i s t i c s   c a n   b e   f o u n d   i n   r e f e r e n c e   1 6 .  

I n s t r u m e n t a t i o n  

F-18 model . -   F low  condi t ions   in   each   nozz le  were determined from two t o t a l  
pressure rakes and  one t o t a l  temperature probe located i n   t h e   i n s t r u m e n t a t i o n  
s e c t i o n   a f t   o f   t h e   t r a n s i t i o n   s e c t i o n   a n d   c h o k e   p l a t e  (see Models  and  Support 
S y s t e m   s e c t i o n ) .   E a c h  rake, one from t h e   t o p   a n d   o n e   f r o m   t h e   s i d e   o f   b o t h  
i n s t r u m e n t a t i o n   s e c t i o n s ,   c o n t a i n e d   t h r e e  t o t a l  p r e s s u r e   p r o b e s .  

B o t h   v e r t i c a l   t a i l s   o f   t h e  F-18 model were ins t rumented   wi th   n ine  s ta t ic -  
p r e s s u r e   o r i f i c e s ,   e a c h   p o s i t i o n e d   a s  shown i n  t h e  s k e t c h  of f i g u r e  3 .  The 
s t a t i c  p r e s s u r e   o r i f i c e s   o n   t h e   l e f t - h a n d   ( l o o k i n g  upstream) v e r t i c a l  t a i l  were 
l o c a t e d   o n   t h e   i n b o a r d   s u r f a c e   o f   t h e  t a i l .  On t h e   r i g h t - h a n d   v e r t i c a l  t a i l ,  
t h e  s t a t i c  p r e s s u r e   o r i f i c e s  were l o c a t e d   o n   t h e   o u t b o a r d   s u r f a c e .  A l l  pres- 
s u r e s  were m e a s u r e d   w i t h   i n d i v i d u a l   p r e s s u r e   t r a n s d u c e r s .  

F-15 model.- Nozz le   f l ow  cond i t ions  i n  each  nozzle   were  determined  f rom two 
t o t a l  p re s su re   p robes ,   one   f rom  the   t op   and   one  from t h e   s i d e ,   a n d   o n e  t o t a l  tem- 
p e r a t u r e   p r o b e ,   a l l   l o c a t e d   i n   a n   i n s t r u m e n t a t i o n   s e c t i o n   a f t   o f   t h e   c h o k e  p la te  
a n d   t r a n s i t i o n  section. (See  Models   and  Support   Systems  sect ion.)  

Forces   and moments o n   t h e   e n t i r e  F-15 model were measured  with a s i x -  
component   s t ra in-gage  balance  mounted  in   the  model .  A l l  pressures were measured 
w i t h   i n d i v i d u a l   p r e s s u r e   t r a n s d u c e r s .  
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T e s t s  

A l l  tests were conducted   in   the   Langley   16-Foot   Transonic   Tunnel .   Tes t   con-  
d i t i o n s   f o r   b o t h   m o d e l s  are g i v e n   i n   t h e   f o l l o w i n g   t a b l e :  

Nozzle 
~ 

2-D C-D 
Wedge 

. .  

2-D C-D 

C r u i s e  Ae/At 
" . - 

1 .15 
1.10 
" _ "  

1.20 

~~ 1 

a , deg P t  , j/Pm 3r, deg 

-2 t o  6 
Jet  o f f  t o  8.0 0 -2 to 6 
Jet  o f f  to 8 . O  0 

-2 to  1 5  Jet  o f f ,  0 ,  5 ,  10  
3.5,  5.0 

Reynolds number per  meter v a r i e d  from 1.12 x 1 O7 t o  1 .31 x 1 07. Basic d a t a  were 
o b t a i n e d  by va ry ing   ang le  of a t t a c k   a t  a se t  Mach number and   nozz le  pressure 
r a t io .  

A l l  tests of t h e  F-18 model were conducted   wi th  0.25-cm-wide boundary-layer 
t r a n s i t i o n   s t r i p s   c o n s i s t i n g   o f  N o .  1 0 0  s i l i c o n   c a r b i d e   g r i t   s p a r s e l y   d i s t r i b u t e d  
i n  a t h i n   f i l m  of lacquer. T h e s e   s t r i p s  were l o c a t e d  3.81 c m  from t h e  t i p  o f   t h e  
nose  and  2.54 cm a f t  ( s t r e a m w i s e )   o f   a l l   l i f t i n g   a n d   i n l e t   ( i m a g i n a r y )   l e a d i n g  
edges.  

A l l  tests o f   t h e  F-15 model were conducted  with 0.25-cm-wide boundary-layer 
t r a n s i t i o n   s t r i p s   c o n s i s t i n g  of No .  120  carborundum g r i t .   T h e s e   s t r i p s   w e r e  
l o c a t e d  1.91 c m  a f t  of t h e   n o s e   a n d   t h e   i n l e t   f a i r i n g s .   T r a n s i t i o n  str ips on a l l  
l i f t i n g   s u r f a c e s  were located a t  5 p e r c e n t  local chord. 

I n  order to o b t a i n  t h e  e f f e c t   o f   t h r u s t   r e v e r s e r   o p e r a t i o n   o n   v e r t i c a l - t a i l  
loads   on  t h e  F-15 model (see Da ta   Reduc t ion   s ec t ion ) ,  it was tested w i t h  b o t h  
v e r t i c a l  t a i l s  off   and  with t h e  r i g h t - h a n d   v e r t i c a l   t a i l   i n s t a l l e d   ( l e f t - h a n d  
v e r t i c a l   t a i l   o f f ) .  

Data Reduct ion 

A l l  data for both   the   model   and   the   wind   tunnel  were reco rded   s imul t aneous ly  
on  magnet ic   tape.   Approximately 50 f r ames   o f   da t a ,   t aken  a t  a r a t e  of 1 0  f rames 
per second, were recorded  for each   da t a   po in t ;   ave rage   va lues  were used   i n  compu- 
t a t i o n s .   C o r r e c t i o n s  were made t o  t h e   f o r c e   d a t a  for both  models to account  for 
b e l l o w s / b a l a n c e   i n t e r a c t i o n  tares  ( r e f s .  9 and   13) .   The   recorded  data were used 
to  compute s t a n d a r d  force and moment c o e f f i c i e n t s   u s i n g  wing area, mean geomet- 
r i c  chord,  and  span for r e f e r e n c e  area and   l eng ths .  A f l o w   a n g u l a r i t y   a d j u s t m e n t  
of 0 . lo ,  which is t he   ave rage   ang le  measured in   t he   Lang ley   16 -Foo t   T ranson ic  
Tunnel,  was also a p p l i e d   f o r   b o t h  models. 

7 



F-18 model.- Differential   pressure  coefficients on the F-18 v e r t i c a l   t a i l  
were obtained by subtracting  inboard  vertical-tail  pressures from outboard 
vertical-tail  pressures.  Side-force  coefficient of the   ver t ica l   t a i l  was  com- 
puted from the  differential   pressures and  an area  assigned  to each d i f fe ren t ia l  
pressure. 

F-15  model.- Vertical-tail   side-force  coefficient on the F-15 model during 
reverse  thrust  operation was computed  from the model t o t a l  yawing  moment. w i t h  
the  r ight-hand  vertical   tai l  only instal led  ( lef t -hand  ver t ical   ta i l   off) ,  
it was  assumed that  the yawing moment developed by the model (symmetrical  about 
pitch  plane  except  for  vertical  tail)  resulted from a side  force on the  single 
(right-hand)  installed  vertical   tai l .  An estimate of the  ver t ical- ta i l   s ide 
force was then  calculated by d i v i d i n g  t o t a l  model  yawing moment by the  vertical-  
t a i l  moment  arm (measured from the  vertical-tail  MAC to  model  moment reference 
center) .  

RESULTS AND DISCUSSION 

F-18 Model 

The effects  of thrust  reverser  operation on the F-18 model ver t ica l - ta i l  
pressures and loads w i t h  both  the 2-D C-D and wedge nozzles  are  presented i n  
figures 17  to 21 .  Figures 17  and 18 show typical measured pressure  distribu- 
tions on the   ver t ica l   t a i l s .  Incremental  pressure  coefficients  are  given i n  
figures 1 9  and 20 and the  integrated  tail  side-force  coefficients  are shown i n  
figure 21 . 

Typical  jet-off  pressure  distributions ( f i g .  1 7 )  indicate a channeling 
e f fec t  of the  ver t ical   ta i ls :   that  is, the  local  velocities on the  inboard  side 
of the   ver t ica l   t a i l s   a re  higher (lower pressure  coefficients)  at  subsonic 
speeds ( f i g s .  17 (a)  and 17  (b) ) and  lower a t  supersonic  speeds ( f i g .  1 7  (c)  ) than 
the  local  velocities on the  outboard  side of the  vertical-tail   surfaces.  The 
influence of thrust  reverser  operation  (jet on) on ver t ical- ta i l   pressure  dis t r i -  
butions  obtained a t  M = 0.6 and 0.9 is extensive,  as shown by the  increased 
pressure  coefficients  (less  negative) over the  entire  (x/c = 0.25 t o  0.75 
and  row 1 to  row 3 )  inboard and outboard surfaces of the  ver t ical   ta i l .  T h i s  
increase i n  pressure  coefficient  indicates a reduction i n  local  velocit ies 
around the ve r t i ca l   t a i l s  which is probably  caused by reverse flow plume b l o c k -  
age of the  external  free-stream flow  or by immersion  of t he   t a i l  i n  the  reverse 
flow. A t  M = 1 . 2 ,  thrust  reverser  operation had l i t t l e  or no effect  on 
vertical-tail   pressure  distribution ( f i g .  1 7 ( c ) ) .  A t  supersonic  speeds,  since 
downstream pressure  disturbances can only  feed upstream  through the boundary 
layer,  the  free-stream dynamic pressure is apparently  sufficient  to  turn  the 
reverse flow plume  back downstream to such an extent  that no reverse flow washed 
the  vertical   tai ls   except  for  the  aft  most (x/c = 0.75) outboard  location near 
the  ver t ical- ta i l   t ip  (row 1 ) .  

A comparison of pressure  distributions  during  thrust  reverser  operation  for 
the 2-D C-D nozzle  (designed  for  30-percent  reverse s t a t i c   t h rus t )  and the wedge 
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nozz le   (des igned   fo r  
Bo th   nozz le   r eve r se r  

50 -pe rcen t   r eve r se  static t h r u s t )  is shown i n   f i g u r e   1 8 .  
d e s i g n s  show similar t r e n d s   o n   v e r t i c a l - t a i l   p r e s s u r e  

d i s t r i b u t i o n s   e v e n   t h o u g h   t h e y  were des igned  to  p r o d u c e   s u b s t a n t i a l l y   d i f f e r e n t  
l e v e l s   o f   r e v e r s e   t h r u s t .  I t  is b e l i e v e d   t h a t   t h e   d i f f e r e n c e s   i n  pressure- 
c o e f f i c i e n t   m a g n i t u d e  for t h e  two r e v e r s e r   d e s i g n s  shown i n   f i g u r e   1 8  are 
caused by r e v e r s e r   l o c a t i o n   w i t h  respect to t h e   v e r t i c a l  t a i l s  (wedge r e v e r s e r  
approximate ly  5 c m  fa r ther   downst ream  than  2-D C-D r e v e r s e r )   r a t h e r   t h a n   t h e  
d i f f e r e n t   l e v e l s   o f   d e s i g n   r e v e r s e   t h r u s t .  

The e f f e c t   o f   t h r u s t   r e v e r s i n g   o n   v e r t i c a l - t a i l   l o a d s  is b e s t   s e e n  by exam- 
i n i n g   t h e   i n t e g r a t e d   v e r t i c a l - t a i l   s i d e - f o r c e   c o e f f i c i e n t s  C y , t a i l  o f   f i g u r e  21 
( d a t a  from f i g s .   1 9   a n d  20 times as s igned   i nc remen ta l  areas) fo r   t he   mode l   w i th  
b o t h   t h e  2-D C-D and t h e  wedge 100-pe rcen t   dep loyed   r eve r se r   nozz le s   i n s t a l l ed .  
The jet-off (lowest n o z z l e   p r e s s u r e   r a t i o   t e s t e d   a t   e a c h  Mach number) v e r t i c a l -  
t a i l   s i d e - f o r c e   c o e f f i c i e n t  is always a p o s i t i v e  or inward force a t  subsonic  
s p e e d s .   S i n c e   t h e   v e r t i c a l  t a i l s  of t h e  F-18 are   mounted well forward of t h e  noz- 
z l e   e x i t ,  it is b e l i e v e d   t h a t   t h e  jet-off v e r t i c a l - t a i l  loads shown i n   f i g u r e  21 
a r e   p r o b a b l y   i n d i c a t i v e   o f  t h e  power-on v e r t i c a l - t a i l   l o a d s   w i t h   t h e   n o z z l e s   o p e r -  
a t i n g  i n  a c r u i s e   o r   n o n r e v e r s e  mode. A t  M = 0.6  and M = 0 .9 ,  a s   n o z z l e   p r e s -  
sure r a t io  i n c r e a s e s ,   t h e r e  is an  unloading of t h e   v e r t i c a l  t a i l  s u c h   t h a t   t h e  
v e r t i c a l - t a i l  side-force c o e f f i c i e n t   e v e n t u a l l y  becomes nega t ive .   Nega t ive  
v a l u e s  of C y , t a i l  i n d i c a t e  outward forces on t h e  v e r t i c a l   t a i l s .   A l t h o u g h   t a i l  
s i d e - f o r c e   c o e f f i c i e n t   i n c r e a s e s  w i t h  i n c r e a s i n g   a n g l e  of a t t a c k ,  t h e  increment  
i n  t a i l  side f o r c e  from j e t - o f f  to maximum n o z z l e   p r e s s u r e  r a t i o  (e f fec t  of 
r e v e r s e r   o p e r a t i o n )   r e m a i n s   n e a r l y   c o n s t a n t  for t h e  angle-of -a t tack   range  tested.  
Although the  wedge n o z z l e   r e v e r s e r  was des igned  to p r o d u c e   s u b s t a n t i a l l y   h i g h e r  
l e v e l s  of s t a t i c   r e v e r s e   t h r u s t   t h a n   t h e  2-D C-D r e v e r s e r  (50 p e r c e n t  as compared 
to 30 p e r c e n t ) ,   t h e   e f f e c t s   o f  wedge n o z z l e   r e v e r s e r   o p e r a t i o n  ( j e t  off t o  j e t  
o n )   o n   v e r t i c a l - t a i l   s i d e - f o r c e   c o e f f i c i e n t  are somewhat less than   obse rved   fo r  
t h e  2-D C-D r e v e r s e r  (compare f i g s .  21 (a )   and  21 ( b )  ) , probably   because  t h e  wedge 
n o z z l e   r e v e r s e r   f l a p s   a r e  located f a r t h e r  a f t  of t h e   v e r t i c a l  t a i l s  t h a n   t h e  
r e v e r s e r   p o r t s  of t h e  2-D C-D nozz le .  (Compare f i g s .  7 and  10.)  A t  M = 1 . 2 ,  
2-D C-D nozz le   r eve r se r   ope ra t ion   had  no effect  on v e r t i c a l - t a i l   s i d e - f o r c e  coef- 
f i c i e n t   ( f i g .   2 1 ( a ) ) .   T h i s   r e s u l t  was expec ted  from examinat ion of t h e  p r e s s u r e  
d i s t r i b u t i o n s  shown i n   f i g u r e   1 7 ( c )   a n d   i n d i c a t e s  t h a t ,  for c o n f i g u r a t i o n s  simi- 
l a r  to t h e  F-18 ( v e r t i c a l  t a i l s  well f o r w a r d ) ,   i n - f l i g h t   t h r u s t   r e v e r s i n g  a t  
supe r son ic   speeds  does n o t   a f f e c t   v e r t i c a l - t a i l   l o a d s .  I t  is i n t e r e s t i n g  to  n o t e  
t h a t  t h e  l a r g e s t   i n w a r d  force on t h e  v e r t i c a l  t a i l s  occurred a t  a j e t -o f f   cond i -  
t i o n  ( M  = 0.9;  a = 6.1°)  which, as d iscussed  p r e v i o u s l y ,  is r e p r e s e n t a t i v e   o f  a 
nonreverse  or cruise  n o z z l e   o p e r a t i n g   c o n d i t i o n   a n d   t h a t   t h e   l a r g e s t   o u t w a r d  
force on t h e  v e r t i c a l  t a i l s  o c c u r r e d  a t  M = 1.2,   and a = 0.lo  where t a i l  l o a d  
was independent  of r e v e r s e r   o p e r a t i o n .   T h u s ,   o v e r   t h e   r a n g e   o f  test c o n d i t i o n s  
i n v e s t i g a t e d ,   a d d i t i o n   o f   a n   i n - f l i g h t   r e v e r s e r  to t h e  F-18 c o n f i g u r a t i o n  would 
have  no impact o n   t h e   d e s i g n   s i d e - f o r c e   l o a d s   o f  t h e  v e r t i c a l  t a i l s .  Although a 
forward  placement of t h e   v e r t i c a l  t a i l s ,  as on t h e  F-18,  removes  them from most 
a d v e r s e   l o a d s  as a r e s u l t   o f  t h r u s t  r e v e r s a l ,  it a l s o   e x p o s e s  t h e  h o r i z o n t a l  
t a i l s  to a p o s s i b l e   d i r e c t   i n f l u e n c e   o f   t h r u s t   r e v e r s e r   o p e r a t i o n .   R e f e r e n c e   1 3  
i n d i c a t e s  t h a t  t h r u s t   r e v e r s e r   o p e r a t i o n  does c a u s e  a loss i n  F-18 h o r i z o n t a l -  
t a i l  e f f e c t i v e n e s s .  
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F-15 Model 

An  estimate of vertical-tail  loads for  the  F-15 model  was  made by  using  the 
measured  lateral  aerodynamic  data  for  the  entire  model  with  one  vertical  tail 
and  no  vertical  tails  installed  (see Data  Reduction section).  Using these  data, 
two  different  methods  were  employed  to  obtain  a  vertical-tail  side-force  coef- 
ficient. 

The  first, and  probably  most  accurate  method, was to  calculate  an  incremen- 
tal  side-force  coefficient  by  subtracting  the  total  side-force  coefficient  for 
the model  with  both  vertical  tails  removed  from  the  total  side-force  coefficient 
for  the model  with  only  the  right-hand  vertical  tail  installed. A positive  total 
or incremental  side-force  coefficient  indicates  an  outward  force  (higher  pressure 
on  inboard  side of vertical  tail  than on outboard  side) on the  right-hand  verti- 
cal tail. The  total  side-force  coefficient  for  the  configuration  with  only  one 
vertical  tail  is  presented  in  figure 22, and  the  resulting  incremental  side-force 
coefficient  (positive l k y  indicates  outward  force on vertical  tails)  is  shown 
in  figure  23  as  a  function of angle  of  attack  and  nozzle  pressure  ratio  at  Mach 
numbers of 0.6 and 0.9. Data  were  obtained  at  jet-off  and  typical  operating  noz- 
zle  pressure  ratios  at  each  Mach number  only. 

By comparing  the  change  in  vertical-tail  side-force  coefficient  from  jet-off 
to  jet-on conditions  in  figures 21 and 23, it  is  readily  apparent  that  the  F-15 
vertical-tail loads are  much  greater  in  magnitude  than  those  measured on the 
F-18. The  effect of thrust  reverser  operation on incremental  side-force  coeffi- 

configuration  from  Mach  number 0.6 to 0.9. The greater  sensitivity of the  F-15 

the  vertical  tails  to  the  reverser  exhaust  ports  for  this  configuration.  (Com- 
pare  figs. 1 and 1 1  .) 

' 1  cient  (approximation  of  tail  load)  shows  no  indication  of  diminishing on the  F-15 

I configuration to  reverser  operation  probably  results  from  the  closer  proximity  of 

The second  method of obtaining  vertical-tail  side-force  coefficient  assumes 
that  all  yawing  moment  measured  on  the  model  is  due  to  a  side  force  on  the 
vertical  tail. These tail  load  data  are  presented  in  figure 2 4 .  Comparing  the 
vertical-tail  side  force  calculated  in  this  manner  (see  fig. 2 4 )  with  the  incre- 
mental  side-force  coefficient  value  at Oo sideslip  (fig.  23) shows that  the 
values  calculated  from yaw are  slightly  higher. 

For  analysis of the  F-15 data, it  is  important  to emphasize  that  the  values 
of  vertical-tail  side-force  coefficient  presented  are  only  estimates  and  not  true 
loads data. In  addition, the external  flow  field  over  the  afterbody  of  the  F-15 
model is  probably  altered  by  the removal  of  one  vertical tail. However,  these 
data do indicate  a  potential  problem  with  vertical-tail  design  for  loads  during 
thrust  reverser  operation  and  also  a  potential loss in  rudder effectiveness  when 
the  vertical  tails  are  in  close  proximity  to  reverser  exhaust  ports. 

CONCLUDING REMARKS 

Investigations  were  conducted  in  the  Langley  16-Foot  Transonic  Tunnel 
to  provide  data  on  the  effect  of  simulated  in-flight  thrust  reversing  on 
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vertical-tail  loads of a  0.10-scale  model of the  prototype F-18 airplane  and 
a  0,047-scale  model of the F-15 three-surface  configuration. Test data  were 
obtained  at  static  conditions  and  at  Mach  numbers  from 0.6 to 1 . 2  over  an  angle- 
of-attack  range  from -2O to 150. Nozzle  pressure  ratio  was  varied  from  jet  Off 
to  about 8.0. 

Results  from  these  investigations  indicate  that  the  use  of  an  in-flight 
thrust  reverser  with  twin-vertical-tail  configurations  at  subsonic  Mach  numbers 
increases  the  inboard  vertical-tail  pressures  and  thus  tends  to  produce  an  out- 
ward  side  force on the  vertical  tails,  depending on nozzle  pressure  ratio,  angle 
of  attack,  and  Mach  number. The magnitude of the  vertical-tail  side  force 
resulting  from  reverser  operation  is  thought  to  be  dependent  upon  the  location 
of the  vertical  tails  with  respect  to  the  reverser  exit  ports.  Results  from  the 
F-18 model indicate  that  larger  effects on vertical-tail  side-force  coefficient 
were  obtained  with  a  two-dimensional  convergent-divergent (2-D  C-D) nozzle 
reverser  than  with  a  wedge  nozzle  reverser  which  was  located  approximately 5 cm 
aft  of  the 2-D C-D reverser  location;  this  result  occurred  even  though  the  wedge 
nozzle  reverser  was  designed  to  provide  substantially  higher  levels of static 
reverse  thrust  than  the 2-D C-D nozzle  reverser (50 percent  compared to 30 per- 
cent).  Estimated  vertical-tail  side-force  loads on the F-15, which  had  a 
2-D C-D nozzle  reverser  with  exit  ports  located  between  the  twin  vertical  tails, 
were  much  greater  in  magnitude  than  those  measured  on  the F-18 with  reverser 
ports or flaps  located  aft  of  the  vertical  tails. 

On the F-18 model, the largest  inward  and  outward  forces  measured  on  the 
twin  vertical  tails  resulted  from  aerodynamic  loads  rather  than  reverser  opera- 
tion  induced  loads. Thus, for  the  test  range  of  this  investigation,  addition 
of  an  in-flight  reverser  to  the F-18 configuration  would  have  no  impact on the 
design  side-force  loads of the vertical tails. 

Langley  Research  Center 
National  Aeronautics and Space  Administration 
Hampton, VA 23665 
June 30, 1981 
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Moment r e f e r e n c e  center FS 169.32  

Figure 1.- Sketch of F-18 model. All dimensions are in centimeters unless 
otherwise specified. 



Figure 2.- Photograph showing installation of F-18 model  in Langley  16-Foot 
Transonic Tunnel. 



Figure 3.- Position  of pressure  taps on F-18 vertical tail. All  dimensions 
are in centimeters unless  otherwise specified. 



Figure 4.- Overall   view of 2-D C-D n o z z l e   i n s t a l l e d   o n  F-18 model. 



Figure 5.- Photograph showing 2-13 C-D nozzle,  dry power, installed on 
F-18 model. 







L-78-2555 

Figure 8.- Overall   view of wedge nozz le   i n s t a l l ed   on  F-18 model. 



L-81-167 
Figure  9.- Photograph  showing fully deployed wedge n o z z l e   t h r u s t   r e v e r s e r  on 

F-18 model. 
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Figure 10.- Sketch showing fully deployed thrust reverser on wedge nozzle. All 
dimensions are in centimeters unless otherwise specified. 
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Figure 11.- Sketch of F-15 three-surface configuration. A l l  dimensions are 
in centimeters unless  otherwise specified. 



Figure 12.- Photograph showing installation of F-15 three-surface configuration 
in Langley 16-Foot Transonic Tunnel. 
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Figure 13.- Air transfer system of F-15 model. 
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Figure 1 4 . -  Photograph showing 2-D C-D nozzles installed On F-15 three- 
surface configuration. 



L-80-2671 
Figure  15.- Photograph  showing 2-D C-D f u l l y   d e p l o y e d   t h r u s t   r e v e r s e r  

i n s t a l l e d   o n  F-15 t h r e e - s u r f a c e   c o n f i g u r a t i o n .  



Figure 16.- Sketch  showing  fully  deployed  thrust reverser on 2-D C-D nozzle. 
All  dimensions are in centimeters  unless  otherwise specified. 
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Figure 17.-  Effect of nozzle  pressure  ratio,  angle of attack, and Mach 
number  on ver t ical- ta i l   pressure  coeff ic ients  of 100-percent f u l l y  
deployed 2-D C-D reverser  installed on F-18 model. 
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Figure 17 .- Continued. 
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Figure 18.- Effect of nozzle type on vertical-tail pressure coefficients with 
in-flight reverser fully deployed.  F-18 data; c1 = 6.1°; pt,j/p, = 4.01. 
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Figure 19.- Effect  of  nozzle  pressure ratio, angle of attack,  and Mach 
number on vertical-tail  incremental-pressure-coefficient distributions 
of 100-percent fully deployed 2-D  C-D reverser installed  on F-18 model. 
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Figure 20.- Effect of nozzle  pressure ratio, angle  of  attack, and Mach 
number on vertical-tail  incremental-pressure-coefficient distributions 
of 100-percent fully  deployed wedge reverser  installed  on F-18 model. 

42 



. I  

0 

-. 1 

-. 2 

. 1  

0 

ACP -.l 

-. 2 

Row 1 

pt, j'pce 

0 Jet off 
0 1.99 
0 4.01 

6.00 
b 7.01 

Row 2 

Row 3 

. 4  . 6  . 8  1. 0 

XI c 

(b )  M = 0.6; 0: = 6.1°. 

Figure  20.- Continued. 
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Figure 21.- Effect  of  nozzle  pressure  ratio,  angle  of attack,  and Mach 
number on vertical-tail  side-force  coefficient.  100-percent  deployed 
reverser  installed on F-18 model. 
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Figure  22.- Effect of nozz le   p re s su re  ra t io ,  ang le   o f  at tack, yaw, and Mach number 
on to ta l  s i d e - f o r c e   c o e f f i c i e n t .  2-D C-D nozz le   w i th   fu l ly   dep loyed   t h rus t  
r e v e r s e r   i n s t a l l e d   o n  F-15 model   wi th   r igh t -hand  ver t ica l  t a i l  only.  
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Figure 23.- Effect of nozzle pressure  ratio, Mach number,  and angle of attack on 
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incremental  side-force  coefficient. 9 = Oo; 2-D  C-D nozzle wi th  fully deployed 
W thrust  reverser  installed on F-15 model. 
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Figure 24.- Effect of nozzle  pressure  ratio, Mach number, angle of attack, and yaw 
on vertical-tail  side-force  coefficient computed  from  yawing  moment. 2-D C-D 
nozzle w i t h  f u l l y  deployed thrust  reverser  installed on F-15 model. 
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