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SUMMARY 

An i n v e s t i g a t i o n  w a s  conducted i n  t h e  Langley 16-Foot Transonic  Tunnel t o  d e t e r -  
mine t h e  s t a t i c  and a e r o p r o p u l s i v e  performance of nonaxisymme t r i c - n o z z l e  t h r u s t  
r e v e r s e r s  i n s t a l l e d  on a g e n e r i c  twin-engine  f i g h t e r  a i r c r a f t  model. 
r e v e r s e r  deployment and v a r i a t i o n  of r e v e r s e r - p o r t  (pas sage )  a n g l e  were i n v e s t i g a t e d .  
T e s t  d a t a  were o b t a i n e d  a t  s t a t i c  c o n d i t i o n s  and a t  Mach numbers from 0.1 5 t o  1.20. 
Angle of a t t a c k  w a s  v a r i e d  from - 3 O  t o  9 O  f o r  s e l e c t e d  c o n f i g u r a t i o n s .  High-pressure 
a i r  w a s  used  t o  s i m u l a t e  j e t  f low,  and t h e  nozz le  p r e s s u r e  r a t i o  w a s  v a r i e d  from 1.0 
( j e t  o f f )  t o  9.0. 

Pe rcen tages  o f  

Reve r se - th rus t  l e v e l s  of greater than  50 p e r c e n t  a t  s t a t i c  c o n d i t i o n s  and of 
g r e a t e r  than 30 p e r c e n t  a t  wind-on c o n d i t i o n s  were achieved  wi th  s e v e r a l  of t h e  
r e v e r s e r  c o n f i g u r a t i o n s .  I n t e r n a l  r e v e r s e r - p o r t  passage  l eng th  w a s  found t o  be very 
impor tan t  i n  improving r e v e r s e r  performance. I n c r e a s i n g  t h e  p o r t  passage  l e n g t h  
improved r e v e r s e - t h r u s t  performance by as much as 20 p e r c e n t  a t  s t a t i c  c o n d i t i o n s  and 
by as much as 1 7  p e r c e n t  a t  Mach 1.20. Aft  e x t e r n a l  doors improved r e v e r s e r  p e r f o r -  
mance a t  s ta t ic  c o n d i t i o n s  and a nozz le  p re s su re  r a t i o  of 2.5 by n e a r l y  24 p e r c e n t .  
Vector ing  of t h e  forward t h r u s t  whi le  p a r t i a l l y  deploying  r e v e r s e  t h r u s t  w a s  a more 
e f f e c t i v e  method of augmenting a i r c r a f t  c o n t r o l  d u r i n g  l and ing  approach than w a s  
u s i n g  t o p  and bottom d i f f e r e n t i a l  r e v e r s e r - p o r t  ang le .  

INTRODUCTION 

Recent s t u d i e s  have shown t h a t  t h r u s t  r e v e r s i n q  has  t h e  p o t e n t i a l  t o  improve 
f i g h t e r  a i r c r a f t  o p e r a t i o n a l  c h a r a c t e r i s t i c s  ( r e f s .  1 t o  4 ) .  One major b e n e f i t  is  
s h o r t  t ake-of f  and l and ing  (STOL) o p e r a t i o n ,  which can a l l o w  t h e  a i rcraf t  t o  o p e r a t e  
from bomb-damaged runways. Thrus t  r e v e r s i n g  could  provide  a s h o r t e r  l and ing  d i s t a n c e  
t o  match t h e  s h o r t  take-off d i s t a n c e  i n h e r e n t  i n  a f i g h t e r  a i r c r a f t  w i th  h igh  t h r u s t -  
to -weight  r a t i o .  A t  r e v e r s e - t h r u s t  l e v e l s  of 50 p e r c e n t  of forward t h r u s t ,  l and ing  
ground r o i l s  of 350 t o  500 m can be ach ievsd .  

Another  major b e n e f i t  i s  t h e  a b i l i t y  t o  r a p i d l y  d e c e l e r a t e  t h e  a i r c r a f t  i n  
f l i g h t  (compared w i t h  c o n v e n t i o n a l  speed  brakes o r  reduced t h r o t t l e  s e t t i n g s  1 and  
t h u s  g a i n  a n o t h e r  dimension i n  maneuverabi l i ty .  High t h r o t t l e  s e t t i n g s  c a n  be main- 
t a i n e d ,  t h e r e b y  t a k i n g  advantage  of t h e  s i g n i f i c a n t  i n l e t  momentum d r a g  component i n  
a d d i t i o n  t o  t h e  r e v e r s e d  g r o s s  t h r u s t .  Operation of t h i s  t ype  of r e v e r s e r  e l i m i n a t e s  
t h e  need t o  "spool up" t h e  eng ine  from a n  i d l e  power s e t t i n g  and reduces  t i m e  t o  
reaccelerate t o  t h e  d e s i r e d  speed. Although no d e f i n i t e  requi rements  € o r  i n - f l i g h t  
r e v e r s e - t h r u s t  l e v e l s  have been e s t a b l i s h e d ,  a n  i n - f l i g h t  r e v e r s e  t h r u s t  of 
30 p e r c e n t  of forward  t h r u s t  w a s  assumed i n  some e a r l y  s t u d i e s  summarized i n  
r e f e r e n c e  1. 

Re fe rences  1 and 5 i n d i c a t e  t h a t  i n - f l i g h t  t h r u s t  r e v e r s i n g  sys tems are p a r t i c u -  
l a r l y  a d a p t i v e  t o  twin-engine  a i r c r a f t  w i t h  nonaxisymmetric nozz le s  , because  t h e  
i n c l u s i o n  of t h e s e  systems c a n  r e s u l t  i n  less we igh t  p e n a l t y  t h a n  w i t h  conparably  
equipped  ax isymmetr ic  n o z z l e s .  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 te rmine  
s t a t i c  and  a e r o p r o p u l s i v e  performance of nonaxisymme t r i c - n o z z l e  t h r u s t  reversers over 
a r ange  of Mach numbers, n o z z l e  pressure r a t i o s ,  and  a n g l e s  of a t t a c k .  Two main 



nozz le - r eve r se r  des ign  v a r i a b l e s  w e r e  i n v e s t i g a t e d :  pe rcen tage  of reverser deploy-  
ment and r e v e r s e r - p o r t  e x i t  ang le .  The nozz le  d e s i g n  used  t o  s t u d y  t h e  p e r c e n t a g e  of  
r e v e r s e r  deployment w a s  based  on a nozz le  c o n f i g u r a t i o n  from r e f e r e n c e  6 and  i n c l u d e d  
a c o n f i g u r a t i o n  which provided  s imul taneous  t h r u s t  vectoring and  r eve r s ing .  
nozz le  v a r i a b l e s  i n v e s t i g a t e d  were i n t e r n a l  p o r t  passage  l eng th ,  forward  and  a f t  
e x t e r n a l  doors ,  s i d e w a l l s ,  and  d i f f e r e n t i a l  t o p  and  bottom port  a n g l e s .  

Other  

T h i s  i n v e s t i g a t i o n  w a s  con ihc ted  i n  t h e  Langley 16-Foot Transonic  Tunnel f rom 
s t a t i c  c o n d i t i o n s  t o  a f r ee - s t r eam Mach number of 1.20, from n o z z l e  p r e s s u r e  r a t io s  
of  1.0 ( j e t  o f f )  t o  approximately 9.0, and  from a n g l e s  of a t t a c k  of -3’ t o  9’. 

SYMBOLS 

Model fo rces  and moments a r e  referred t o  t h e  s t a b i l i t y - a x i s  system wi th  t h e  
model moment r e f e r e n c e  c e n t e r  l o c a t e d  a t  0.256, t h e  p o i n t  which cor responds  t o  f u s e -  
l age  s t a t i o n  (FS) 104.30 c m  a t  4.45 c m  above t h e  model c e n t e r  l i n e .  A l l  aerodynamic 
c o e f f i c i e n t s  a r e  nondimensional ized wi th  r e s p e c t  t o  q,S or  q,SC e x c e p t  a t  s t a t i c  
c o n d i t i o n s ,  f o r  which pa i s  s u b s t i t u t e d  f o r  q,. 
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nozz le  e x i t  area, c m 2  (see f i g .  8 )  

model c r o s s - s e c t i o n a l  area ( m a x i m u m )  a t  FS 113.67 c m ,  c m 2  (see f i g .  

c r o s s - s e c t i o n a l  area enc losed  by s e a l  s t r i p  a t  FS 11 3 . 6 7  c m ,  c m  

8 )  
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(see f i g .  2) 

base- l ine  nozz le  t h r o a t  area, c m 2  (see f i g .  8) 

nozz le  t h r o a t  a s p e c t  r a t io ,  bn/ht (see f i g .  8 )  

width of nozz le  t h r o a t ,  c m  (see f i g .  8) 

drag-minus- thrust  c o e f f i c i e n t  

t h r u s t  c o e f f i c i e n t  

i d e a l  i s e n t r o p i c  g r o s s  t h r u s t  c o e f f i c i e n t  

l i f t  c o e f f i c i e n t  i n c l u d i n g  t h r u s t  conponent  

pitching-moment c o e f f i c i e n t  i n c l u d i n g  t h r u s t  component 

nozz le  pitching-moment c o e f f i c i e n t  

t r i m  e f f e c t i v e n e s s ,  p e r  deg ree  

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  ( exc lud ing  n o z z l e s ) ,  Pe r  degree  

t h r u s t - v e c t o r  e f f e c t i v e n e s s  ( n o z z l e s  o n l y ) ,  p e r  deg ree  

d i f f e r e n t i a l  r e v e r s e r - p o r t  a n g l e  e f f e c t i v e n e s s  ( n o z z l e s  o n l y ) ,  per degree  



cN normal-f o rce  c o e f f i c i e n t  
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wing mean geometr ic  chord ,  44.42 cm 

t o t a l  d r a g  on m e t r i c  p o r t i o n  of model, N 

skin-f  r i c t i o n  d rag ,  N 

t h r u s t  measured a l o n g  s t a b i l i t y  a x i s ,  N 

a x i a l  f o r c e ,  N 

a x i a l  force measured w i t h  main balance,  N 

momentum t a r e  a x i a l  f o r c e  due t o  bellows, N 

g ross  t h r u s t  i n  d i r e c t i o n  of the t h r u s t  vec to r ,  N 

i d e a l  i s e n t r o p i c  g r o s s  t h r u s t ,  N 

t h r u s t  a l o n g  body axis, N 

v e r t i c a l  d i s t a n c e  from nozz le  c e n t e r  l i n e  t o  upstream edge of r e v e r s e r  p o r t  

e x i t  h e i g h t  of base - l ine  ( fo rward - th rus t )  n o z z l e ,  cm 

nozz le  t h r o a t  h e i g h t ,  c m  

l e n g t h  from nozz le  t h r o a t  t o  e x i t  of the b a s e - l i n e  ( f o r w a r d - t h r u s t )  
nozz le ,  c m  (see f i g .  8) 

f r e e s t r e a m  Mach number 

measured mass-f l m  rate, kg/sec  

i d e a l  mass-f low rate, kg/sec  

f o r  M > 0 nozz le  p r e s s u r e  r a t i o ,  pt, j / pa  f o r  M = 0 and p t I j /pm 

t h r u s t  normal f o r c e ,  N 

a tmospher ic  p r e s s u r e ,  Pa 

e x t e r n a l  a f t e r b o d y  and nozz le  s u r f a c e  p r e s s u r e ,  Pa 

i n t e r n a l  s t a t i c  p r e s s u r e ,  Pa 

ave rage  s t a t i c  p r e s s u r e  a t  e x t e r n a l  s e a l  a t  FS 11 3.67 c m ,  Pa 

j e t  t o t a l  p r e s s u r e ,  Pa 
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f ree-stream s t a t i c  p r e s s u r e ,  Pa 

f ree-stream dynamic p r e s s u r e ,  Pa 

gas c o n s t a n t  f o r  a i r ,  287.3 J/kg-K 

wing r e f e r e n c e  area, 4290.0 c m  

t h r u s t - r e v e r s e r - p o r t  pas sage  unconta ined  l e n g t h ,  c m  (see f i g .  13)  

j e t  t o t a l  t empera tu re ,  K 

t h r u s t - r e v e r s e r - p o r t  passage  c o n t a i n e d  l e n g t h ,  c m  (see f i g .  1 3 )  

width of r e v e r s e r  ports,  c m  (see f i g .  1 3 )  

axial  d i s t a n c e  from b a s e - l i n e  (f  o rward- thrus t )  nozz le  t h r o a t ,  p o s i t i v e  

2 

downstream, c m  (see f i g .  9 )  

l a te ra l  d i s t a n c e  measured from nozz le  c e n t e r  l i n e ,  p o s i t i v e  t o  t h e  r i g h t  
looking  upstream, c m  (see f i g .  9 )  

ang le  of a t t a c k ,  deg 

r a t i o  of s p e c i f i c  h e a t s ,  1.3997 f o r  a i r  a t  300 K 

e f f e c t i v e  j e t - t u r n i n g  a n g l e ,  deg 

geometr ic  nozz le - tu rn ing  a n g l e ,  deg  

r e v e r s e r - p o r t  angle ,  deg 

leading-edqe sweep ang le ,  deg  

S u b s c r i p t s :  

b bottom of r e v e r s e r  nozz le  

F f orward-thrus t mode 

R r e v e r s e - t h r u s t  mode 

t t o p  of r e v e r s e r  nozz le  

Abbreviat ions:  

ASME American S o c i e t y  of Mechanical & g i n e e r s  

BL but tock  l i n e ,  c m  

FS fuse l age  s t a t i o n ,  c m  

LE l e a d i n g  edge 

S TOL s h o r t  take-of f and  l a n d i n g  
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TE t r a i l i n g  edge 

WL water l i n e ,  c m  

2 -D C-D two-di m e  n s  i ona 1 c onve r gent-d i ve r gen t 

APPARATUS AND PROCEDURE 

Wind n n n e l  

This i n v e s t i g a t i o n  w a s  conducted i n  t h e  Langley 16-Foot Transonic  Tunnel. This 
f a c i l i t y  i s  a s i n g l e - r e t u r n ,  continuous-f l o w ,  exchange-air-cooled, atmospheric- 
pressure wind t u n n e l  w i th  a n  oc t agona l ,  s l o t t e d - t h r o a t  t e s t  s e c t i o n .  It h a s  a con- 
t i n u o u s l y  variable a i r  speed  u p  t o  a Mach number of 1.30. A d e t a i l e d  d e s c r i p t i o n  of 
t h i s  wind t u n n e l  is  g iven  i n  r e f e r e n c e  7. 

Models and Support  System 

Forward- or r e v e r s e - t h r u s t  nozz le s  w e r e  i n s t a l l e d  on a wing-t ip-support  mode 1 
s i m u l a t i n g  a g e n e r i c  twin-engine f i g h t e r  a i rc raf t .  The base - l ine  (f  o rward- thrus t  1 
nozz le  of t h i s  i n v e s t i g a t i o n  w a s  t h e  base- l ine  dry-power nozz le  of r e f e r e n c e  8. A 
photograph of t h e  wind-tunnel model wi th  t h e  base - l ine  ( f  o rward - th rus t )  nozz le  
i n s t a l l e d  is shown i n  f i g u r e  1. A d e t a i l e d  s k e t c h  of t h e  a i r c r a f t - n o z z l e  model and  
support system wi thou t  empennage s u r f a c e s  i s  shown i n  f i g u r e  2. The s u p p o r t  system 
c o n s i s t e d  of t h r e e  major components: t h e  wing-t ip  s u p p o r t  booms, t h e  forebody,  and  
t h e  wing-centerbody combination. me forebody approximated ' the  forward f u s e l a g e  of a 
high-performance a i r c r a f t  w i th  f a i r ed -ove r  i n l e t s .  The centerbody had a c o n s t a n t  
h e i g h t  and wid th  of 12.70 c m  and 25.40 c m  and had rounded c o r n e r s  of a 2.54-cm 
r a d i u s ,  which gave a maximum c r o s s - s e c t i o n a l  area of 317.04 c m  . The wing, whose 
ha l f - span  planform geometry i s  shown i n  f i g u r e  3, w a s  mounted on t h e  f u s e l a g e  c e n t e r -  
body i n  a h i g h  p o s i t i o n .  (See f i g .  1 . )  It has  a n  aspect r a t i o  of 2.40, a taper 
r a t i o  of 0.43, and a cranked t r a i l i n g  edge. The NACA 64-se r i e s  a i r f o i l  had a t h i c k -  
nes s  r a t i o  of 0.067 nea r  t h e  wing root to provide  a r e a l i s t i c  wake on t h e  a f t e r b o d y .  
However, ou tboard  on t h e  wing, from BL 27.94 t o  t h e  s u p p o r t  booms, it w a s  necessa ry  
t o  i n c r e a s e  t h e  t h i c k n e s s  r a t i o  from 0.077 t o  0.100 f o r  s t r u c t u r a l  suppor t  and f o r  
compressed a i r  and i n s t r u m e n t a t i o n  passages .  

2 

The metric p o r t i o n  of t h e  model ( a f t  of FS 113.67 c m ) ,  suppor ted  by the main 
f o r c e  ba lance ,  c o n s i s t e d  of t h e  p ropu l s ion  system, t h e  a f t e r b o d y ,  and t h e  nozz le s .  
The a f t e r b o d y  l i n e s  (boa t t a i l )  were chosen t o  provide  a l e n g t h  of c o n s t a n t  cross 
s e c t i o n  a f t  of t h e  nonmetr ic  centerbody and t o  e n c l o s e  t h e  f o r c e  ba lance  and j e t  
s i m u l a t i o n  sys tem a p p a r a t u s  whi le  f a i r i n g  smoothly downstream i n t o  t h e  c l o s e l y  spaced 
nozz le s .  The a f t e r b o d y  s h e l l  from FS 122.56 c m  t o  168.28 c m  w a s  a t t a c h e d  t o  a tandem 
f o r c e  ba lance ,  which w a s  a t t a c h e d  t o  t h e  main force ba lance  ( f i g .  1 ) . The main f o r c e  
ba l ance  i n  t u r n  w a s  grounded t o  t h e  nonmetric wing-centerbody panel .  The n o z z l e s  
w e r e  a t t a c h e d  d i r e c t l y  t o  t h e  thrust-minus-drag balance through t h e  p ropu l s ion  system 
p ip ing .  A c l e a r a n c e  gap (metric b reak )  w a s  provided between t h e  nonmetr ic  and t h e  
i n d i v i d u a l  metric p o r t i o n s  ( a f t e rbody  and nozz le s )  of t h e  model t o  p reven t  f o u l i n g  of 
t h e  components on each o the r .  A f l e x i b l e  p l a s t i c  s t r i p  i n s e r t e d  i n t o  machined 
grooves  i n  each component impeded f low i n t o  or o u t  of t h e  i n t e r n a l  model c a v i t y .  

5 



The l o c a t i o n  of t h e  t a i l  f i n s  as mounted on t h e  a f t e rbody  s h e l l  i s  shown i n  
f i g u r e  4. Geometric d e t a i l s  of t h e  h o r i z o n t a l -  and v e r t i c a l - t a i l  f i n s  a re  g iven  i n  
f i g u r e s  5 and 6. 

m -1 rwin-Zet-Fropuision S imula t ion  System 

For j e t -p ropu l s ion  s imula t ion ,  t h e  Langley 16-Foot Transonic  Tunnel i s  equipped  
w i t h  an e x t e r n a l  h igh-pressure  a i r  system which provides  a cont inuous  f low of c l e a n ,  
d ry  a i r  a t  a nominal c o n t r o l l e d  tempera ture  of 300 K ahead of t h e  nozz le  t h r o a t .  Two 
remotely opera ted  f low- regu la t ing  va lves  w e r e  used to  ba lance  t h e  j e t  t o t a l  p r e s s u r e  
i n  t h e  l e f t -  and r igh t -hand nozz le s .  The a i r f l o w  p a t h  can be t r a c e d  u s i n s  t h e  s k e t c h  
i n  f i g u r e  2. Compressed a i r  f lowed through t h e  wing-t ip  suppor t  booms, t hen  throuqh 
each s i d e  of t he  wing i n t o  two f l o w - t r a n s f e r  bel lows assemblies. The b e l l o w s  assem- 
b l ies ,  one of which is shown i n  f i g u r e  7, p rovided  t h e  means of t r a n s f e r r i n g  com- 
p res sed  a i r  from t h e  nonmetr ic  t o  t h e  metric p o r t i o n s  of t h e  model. 
e l i m i n a t e  incoming a x i a l  momentum, a i r  w a s  d i scha rged  r a d i a l l y  through e i g h t  e q u a l l y  
spaced s o n i c  nozz les .  Two f l e x i b l e  metal convolu t ions  (be l lows)  se rved  as seals.  
The a i r f l o w  then passed s u c c e s s i v e l y  through a ta i lpipe,  a c i r c u l a r - t o - r e c t a n g u l a r  
t r a n s i t i o n  s e c t i o n ,  a choke p l a t e ,  and a n  i n s t r u m e n t a t i o n  s e c t i o n ,  and then  expanded 
through t h e  nozz le  c o n f i g u r a t i o n  be ing  t e s t e d .  (See f i q .  2.)  

In  o r d e r  t o  

Design Ra t iona le  of t h e  Nozzle Models 

Base- l ine (f  orward- thrus t )  nozz le  .- The base - l ine  (f orward - th rus t )  nozz le  shown 
i n  f i g u r e  8 is a nonaxisymmetric ( two-dimensional)  , convergent -d iverqent  nozz le  simu- 
l a t i n g  a dry-power o p e r a t i n g  mode wi th  a des ign  NPR p 3.5. The nozz le  expans ion  
r a t i o  w a s  s e l e c t e d  t o  be c o n s i s t e n t  wi th  advanced mixed-flow tu rbofan  engines .  The 
fo l lowing  parameters  w e r e  he ld  c o n s t a n t  f o r  a l l  nozz le  c o n f i g u r a t i o n s :  
h t ,  AR, and 2At/Amax. The s k e t c h  i n  f i g u r e  9 shows t h e  base - l ine  ( f o r w a r d - t h r u s t )  
nozz le  i n s t a l l e d  o n  t h e  model as w e l l  as p r e s s u r e  o r i f i c e  l o c a t i o n s  and t h e  p r e s s u r e  
o r i f  ice  coord ina te  system used throughout  t h i s  i n v e s t i g a t i o n .  

A t ,  bn, 

Thrus t - reverser  deployment c o n f i g u r a t i o n s  .- Tne n o z z l e  c o n f i g u r a t i o n s  used  f o r  
t h e  t h r u s t - r e v e r s e r  deployment s t u d y  a re  shown i n  t h e  s k e t c h e s  i n  f i g u r e  10. This 
fami ly  of nozzle  c o n f i g u r a t i o n s  s i m u l a t e s  a s i n g l e  nozz le  des ign  w i t h  va ry ing  per- 
cen tages  of t h r u s t - r e v e r s e r  deployment (nominal va lues  of 25, 50, 75, and 100 per- 
c e n t )  i n  which t h e  p e r c e n t  deployment i s  t h e  r a t i o  of r e v e r s e r - p o r t  area t o  t o t a l  
t h r o a t  area of t h e  base - l ine  nozz le  (0-percent  reverser deployment)  shown p r e v i o u s l y  
i n  f i g u r e  8. I n c r e a s i n g  t h e  pe rcen tage  of reverser deployment ( f rom 0 t o  100 per- 
c e n t )  r e p r e s e n t s  c o n d i t i o n s  from forward  c r u i s e  f l i g h t  th rough v a r i o u s  amounts of  
t h r u s t  modulation t o  f u l l  t h r u s t  r e v e r s i n g  t h a t  can  be used  throughout  t h e  f l i g h t  
envelope  of advanced f i g h t e r  a i r c r a f t  ( r e f s .  1 and 3 ) .  This  nozz le  d e s i g n  w a s  based  
on a real is t ic  des ign  shown i n  r e f e r e n c e  6 ( i .e. ,  i t  c o n t a i n s  a c t u a t o r s ,  s t r u c t u r e ,  
coo l ing ,  and  s o  f o r t h ) .  The photographs  i n  f i g u r e  11 show t h e  1 0 0 - p e r c e n t 4 e p l o y e d  
t h r u s t - r e v e r s e r  nozz le  i n s t a l l e d  on t h e  model. 

Combined t h r u s t  r e v e r s i n g  and  v e c t o r i n g  was i n v e s t i g a t e d  wi th  t h e  model which 
nominal ly  had 50-percent t h r u s t - r e v e r s e r  deployment ( i l l u s t r a t e d  i n  f i g .  12)  This 
c o n f i g u r a t i o n  r e t a i n s  approximate ly  50 p e r c e n t  of t h e  forward  t h r u s t ,  which c o u l d  be 
vec to red  upward or downward 1 S o .  Although combined t h r u s t  r e v e r s i n g  and  Vec to r ing  
could  be used throughout  t h e  e n t i r e  f l i g h t  enve lope  f o r  a d d i t i o n a l  a i r p l a n e  t r i m  and  
c o n t r o l  power, i t  w a s  t e s t e d  on ly  a t  s t a t i c  c o n d i t i o n s  and  a t  M = 0.15, t y p i c a l  
l and ing  approach cond i t ions .  This r e v e r s i n g  and  v e c t o r i n g  mode of  o p e r a t i o n  c o u l d  be 
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used e i t h e r  for  pr imary c o n t r o l  or t o  augment aerodynamic c o n t r o l s  whi le  s imul t a -  
neous ly  modulat ing t h r u s t  f o r  slower touchdown speeds.  

Thrus t - r eve r se r -po r t  ang le  conf igu ra t ions .  - Four generic- type-nozzle  t h r u s t -  
r e v e r s e r  c o n f i g u r a t i o n s  were t e s t e d  t o  i n v e s t i g a t e  t h e  e f f e c t s  of port  e x i t  a n g l e  8, 
port  passage  l e n g t h ,  and e x t e r n a l  doors  and s i d e w a l l s .  Conf igu ra t ions  f o r  t h r e e  
r e v e r s e r - p o r t  a n g l e s  ( l l O o ,  120°,  and 130°)  shown i n  f i g u r e  1 3  were des igned  t o  have 
i d e a l  s t a t i c  r e v e r s e - t h r u s t  l e v e l s  of 34 pe rcen t  f o r  8 = l lOo ,  50 p e r c e n t  €or 
8 = 120°, and 64 p e r c e n t  f o r  8 = 130O. The magnitude of s t a t i c  r e v e r s e  t h r u s t  
ob ta ined  i s  p r i m a r i l y  a f u n c t i o n  of cos 8. The top and bottom port  a r e a s  w e r e  each  
e q u a l  t o  h a l f  t h e  t h r o a t  area of t h e  base- l ine  dry-power nozz le .  (See f i g .  8.) The 
photograph i n  f i g u r e  14  shows a n  upstream view of t h e  r e v e r s e r  nozz le  wi th  
8 = 110' i n s t a l l e d  on t h e  model. 

An a l t e r n a t e  r e v e r s e r  c o n f i g u r a t i o n  f o r  8 = l l O o ,  which had a s h o r t  i n t e r n a l  
passage l e n g t h ,  w a s  tested wi th  and wi thou t  forward  and a f t  e x t e r n a l  doors  and s i d e -  
w a l l s ,  as shown i n  f i g u r e  15. This  f i g u r e  shows t h a t  t h e  forward and a f t  e x t e r n a l  
doors  i n c r e a s e d  r e v e r s e r - p o r t  passage  l eng th  when i n s t a l l e d .  N o t e  t h a t  t h e  uncon- 
t a i n e d  l e n g t h  of t h e  passage  s and t h e  conta ined  l e n g t h  of t h e  passage v 
i n c r e a s e d  wi th  t h e  e x t e r n a l  doors  i n s t a l l e d  and t h a t  t h e  v e r t i c a l  d i s t a n c e  from 
nozz le  c e n t e r  l i n e  t o  upstream edge of r e v e r s e r  p o r t  hb  and t h e  port  width w 
remained t h e  same wi th  or wi thou t  t h e  e x t e r n a l  doors .  g e f e r -  
ences  9 and 1 0  p r e s e n t  r e s u l t s  on t h e  e f f e c t s  of va ry ing  e x t e r n a l  doors ,  s i d e w a l l s ,  
and  passage  l e n g t h s  a t  s t a t i c  cond i t ions .  This  i n v e s t i g a t i o n  extended t h a t  data base 
t o  wind-on c o n d i t i o n s .  

(See f i g s .  13  and 15.)  

D i f f e r e n t i a l  v a r i a t i o n  of top and bottom port  a n g l e s  ( d i f f e r e n t  p o r t  a n g l e s  on 
t o p  and on bottom) as a t r i m  device  du r ing  l and ing  approach (M = 0.15) w a s  i n v e s t i -  
g a t e d  u s i n g  t h e  models i l l u s t r a t e d  i n  f i g u r e  16. These c o n f i g u r a t i o n s  had a 130° 
r e v e r s e r - p o r t  a n q l e  on top and e i t h e r  a 110' o r  a 120' r e v e r s e r - p o r t  ang le  on t h e  
bottom. 'Ihe c o n f i g u r a t i o n s  shown i n  f i g u r e  16  provided  n e t  upward t h r u s t .  In  order 
t o  i n v e s t i g a t e  n e t  downward t h r u s t ,  t h e  top  and bottom model p a r t s  were exchanged on 
each  nozz le .  

In s t rumen ta t ion  

Forces  and moments on t h e  metric p o r t i o n s  of t h e  model w e r e  measured w i t h  t w o  
six-component s t r a in -gage  ba lances .  'Ihe main ba lance  connected t h e  nonmetr ic  wing- 
centerbody combinat ion and the metric af t -end  model parts and measured f o r c e s  and  
moments ( e x t e r n a l  and i n t e r n a l )  on t h e  nozz les ,  t h e  a f t e r b o d y  s h e l l ,  and t h e  t a i l  
s u r f a c e s .  The second ba lance ,  which w a s  r i g i d l y  connected t o  t h e  main ba lance ,  
measured f o r c e s  and moments on t h e  a f t e rbody  s h e l l  and t a i l  s u r f a c e s  only.  This  
tandem ba lance  arrangement  a l lowed s e p a r a t i o n  of nozz le  f o r c e s  and moments from t h e  
t o t a l  f o r c e s  and moments. 

E i g h t  s t a t i c  p r e s s u r e s  w e r e  measured i n  t h e  sea l  gap a t  t h e  f i r s t  metric break 
(FS 113.67 c m ) .  All o r i f i c e s  w e r e  l o c a t e d  on t h e  nonmetr ic  centerbody and spaced  
symmet r i ca l ly  around t h e  model per imeter .  An a d d i t i o n a l  f i v e  o r i f i c e s  on t h e  r i g h t  
s i d e  of t h e  model measured sea l  gap p res su res  a t  t h e  second metric break  
(FS 122.68 c m ) .  A t h i r d  set of p r e s s u r e s  were measured wi th  s u r f a c e  o r i f i c e s  near 
t h e  t h i r d  metric break  (FS 168.28 c m ) .  These o r i f i c e s ,  used  t o  approximate s ea l  
pressures i n  t h e  gap which w a s  t o o  t h i n  t o  accommodate p r e s s u r e  taps, a l s o  formed 
par t  of t h e  a f t e r b o d y  p r e s s u r e  o r i f i ce  system on t h e  c e n t e r  l i n e  of t h e  r i g h t  nozz le  
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as shown i n  f i g u r e s  2 and 9. A l s o ,  t w o  i n t e r n a l  p r e s s u r e s  were measured a t  t h e  fuse -  
l age  s t a t i o n s  where each of t h e  metric b reaks  w a s  l oca t ed .  A l l  t h e  a forement ioned  
p r e s s u r e s  w e r e  used f o r  p re s su re -a rea  c o r r e c t i o n s  to  t h e  ba lances  as d e s c r i b e d  i n  t h e  
" D a t a  Reduction' '  s e c t i o n .  

Chamber pressure and tempera ture  measured ir? the. cupply p ipe  upstream of tXz 
e i g h t  s o n i c  nozz les  (see f i g .  7)  were used t o  compute mass-flow rate. Jet  e x h a u s t  
c o n d i t i o n s  were measured i n  an  i n s t r u m e n t a t i o n  s e c t i o n  upstream of each nozz le .  
In s t rumen ta t ion  c o n s i s t e d  of a to t a l - t empera tu re  probe and a t o t a l - p r e s s u r e  r ake  i n  
each  s e c t i o n .  Each rake  conta ined  f o u r  t o t a l - p r e s s u r e  probes as shown i n  f i g u r e  8. 

Ex te rna l  s t a t i c  p r e s s u r e s  on t h e  base - l ine  ( fo rward - th rus t )  nozz le  were measured 
wi th  o r i f i c e s  loca t ed  a s  shown i n  f i g u r e  9. Nozzle i n t e r n a l  s t a t i c  p r e s s u r e s  w e r e  
n o t  measured on t h e  base - l ine  nozz le  du r ing  t h i s  i n v e s t i g a t i o n ,  s i n c e  i t  w a s  expec ted  
they  were t h e  same as those  p re sen ted  i n  r e f e r e n c e  8. I n t e r n a l  and e x t e r n a l  s u r f a c e  
p r e s s u r e s  on the  fami ly  of nozz le s  wi th  va ry ing  t h r u s t - r e v e r s e r  deployment were mea- 
s u r e d  a t  o r i f i c e s  l o c a t e d  as given i n  f i g u r e  10. I n t e r n a l  and e x t e r n a l  s u r f a c e  pres- 
s u r e s  on t h e  fami ly  of nozz le s  wi th  va ry ing  t h r u s t - r e v e r s e r - p o r t  a n g l e s  were measured 
a t  o r i f i c e s  loca t ed  as given i n  f i g u r e  13. 

Data Reduction 

A l l  d a t a  f r o m  t h e  i n s t r u m e n t a t i o n  of t h e  a i r c r a f t - n o z z l e  model and t h e  wind- 
t u n n e l  f a c i l i t y  w e r e  recorded s imul taneous ly  on magnetic tape .  For each d a t a  p o i n t ,  
50 frames of da t a  were taken  ove r  a p e r i o d  of 5 sec and t h e  averaqe  va lue  w a s  u sed  
f o r  computation. 

The main balance (see f i g .  2)  measured t o t a l  t h r u s t  and aerodynamic forces and 
moments on a l l  metric p o r t i o n s  ( a f t e rbody ,  nozz le s ,  and t a i l s )  of t h e  model. The 
d r a g  ba lance  measured aerodynamic and i n t e r n a l  f o r c e s  and moments on t h e  a f t e r b o d y  
s h e l l  and on the  t a i l s  only.  Force and moment i n t e r a c t i o n s  e x i s t e d  between t h e  main 
ba lance  and the  bel lows ( f l o w - t r a n s f e r )  system because of t h e  ba lance  o f f s e t  from t h e  
model c e n t e r  l i n e .  (See f i g .  2. ) Consequent ly ,  s i n g l e  and combined normal-force and  
pitching-moment c a l i b r a t i o n s  were performed t o  determine t h e s e  i n t e r a c t i o n s  wi th  and 
wi thou t  t h e  jets ope ra t ing .  The de te rmina t ion  of t h e s e  i n t e r a c t i o n s  w a s  s imilar t o  
t h e  method o u t l i n e d  i n  t h e  appendix of r e f e r e n c e  11. 

Thrus t  minus a x i a l  f o r c e  w a s  computed from t h e  main ba l ance  a x i a l  f o r c e  u s i n g  
t h e  fo l lowing  r e l a t i o n s h i p :  

F + D  
A , m o m  f 

The f i r s t  term, 
and c o r r e c t e d  f o r  t h e  bellows i n t e r a c t i o n  d i s c u s s e d  ear l ie r .  Ihe second t e r m ,  
(Ps - p,)(Amx - Aseal ) ,  i s  t h e  c o r r e c t i o n  f o r  t h e  p re s su re -a rea  force i n  t h e  f i r s t  
metric break gap a t  FS 113.67 c m .  "he t h i r d  t e r m ,  
f o r  t h e  pressure-area  f o r c e  caused by d i f f e r e n c e s  i n  i n t e r n a l - c a n t y  and f r ee - s t r eam 
p r e s s u r e .  FA,mom, which i d e a l l y  shou ld  be z e r o ,  is a n  exhaus t  f l o w  momen- 
turn tare c o r r e c t i o n  and i s  a f u n c t i o n  of t h e  b e 1 l o w s  i n t e r n a l  p r e s s u r e ,  which is  a 
f u n c t i o n  of t h e  chamber p r e s s u r e  i n  t h e  supp ly  p i p e s  j u s t  ahead of t h e  s o n i c  n o z z l e s .  
It w a s  c o r r e l a t e d  with chamber p r e s s u r e  by s t a t i c  tests ( M  = 0) by Using ASME s t a n -  
da rd  c a l i b r a t i o n  nozz les  for  which 
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FA,main, i s  t h e  t o t a l  a x i a l  f o r c e  measured wi th  t h e  main ba l ance  

(pi - p,)Asealt i s  t h e  c o r r e c t i o n  

The term 

F . / F ~  w a s  known over a wide range of chamber 
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pressure. The l a s t  term, D f ,  i s  t h e  computed s k i n - f r i c t i o n  d rag  of t h e  model a f t e r -  
body s e c t i o n  from FS 11 3.67 c m  t o  E'S 122.68 cm. This f r i c t i o n  t e r m  w a s  added t o  t h e  

, main ba lance  r ead ing  i n  o r d e r  t o  have ax ia l - fo rce  d a t a  f o r  bo th  ba lances  s t a r t  a t  t h e  
same f u s e l a g e  s t a t i o n ,  t h a t  is, FS 122.68 c m .  

S ince  t h e  force ba lance  w a s  o f f s e t  from the model c e n t e r  l i n e ,  a similar a d j u s t -  
ment w a s  made t o  t h e  p i t c h i n g  moment. This  ad jus tment  w a s  necessa ry  because t h e  
p re s su re -a rea  tare f o r c e  w a s  assumed t o  ac t  along t h e  model c e n t e r  l i n e .  The 
pitching-moment tare w a s  determined by mul t ip ly ing  t h e  t a re  f o r c e  by a n  appropriate 
moment arm and s u b t r a c t i n g  t h e  va lue  from t h e  measured p i t c h i n g  moments. 

Although a f t e r b o d y  f o r c e  and moment d a t a  measured wi th  t h e  d rag  ba lance  a r e  n o t  
p r e s e n t e d  f o r  t h i s  i n v e s t i g a t i o n ,  nozz le  pitching-moment c o e f f i c i e n t  
s en ted .  This  c o e f f i c i e n t  w a s  determined by s u b t r a c t i n g  a f t e r b o d y  pitching-moment 
c o e f f i c i e n t  (measured wi th  t h e  d r a g  ba lance )  f r o m  

C m, n i s  pre- 

Cm. 

The a d j u s t e d  f o r c e s  and moments measured wi th  bo th  ba l ances  were t r a n s f e r r e d  
from t h e  body axis (which lies i n  t h e  h o r i z o n t a l - t a i l  chord)  of t h e  metric p o r t i o n  of 
t h e  model t o  t h e  s t a b i l i t y  a x i s .  A t t i t u d e  of t h e  nonmetr ic  forebody r e l a t i v e  t o  
g r a v i t y  w a s  determined from a c a l i b r a t e d  a t t i t u d e  i n d i c a t o r  l o c a t e d  i n  t h e  model 
nose.  Angle of a t t a c k  a, which is  t h e  angle  between t h e  a f t e r b o d y  c e n t e r  l i n e  and  
t h e  r e l a t i v e  wind, w a s  determined by app ly ing  terms f o r  a f  te rbody d e f l e c t i o n  (caused  
when t h e  model and ba lance  bent  under aerodynamic l o a d )  and a term f o r  f low angu- 
l a r i t y  t o  t h e  a n g l e  measured wi th  the a t t i t u d e  i n d i c a t o r .  The f low a n g u l a r i t y  
ad jus tment  w a s  0.1 O ,  which i s  t h e  average  angle  measured i n  t h e  Langley 16-Foot 
Transonic  Tunnel. 

The idea l  i s e n t r o p i c  g ross  t h r u s t  Fi, which w a s  used  to  e v a l u a t e  measured per- 
formance, is d e f i n e d  as 

where h i s  t h e  mass-flow rate measured a t  the  s o n i c  nozz le s  of t h e  bellows assem- 
blies.  The base - l ine  nozz le  t h r o a t  area w a s  used t o  compute i d e a l  mass-flow rate  fo r  
a l l  nozz le  c o n f i g u r a t i o n s .  A f t e r  assembly of each  nozz le  c o n f i g u r a t i o n ,  t h e  a c t u a l  
t h r o a t  areas w e r e  measured. These va lues  a r e  g iven  i n  t a b l e  1. 

For e v a l u a t i o n  of a c o n f i g u r a t i o n  which combined t h r u s t  modulation ( p a r t i a l  
t h r u s t - r e v e r s e r  deployment) and t h r u s t  vec to r ing  a t  s t a t i c  c o n d i t i o n s  (M = O ) ,  gross 
t h r u s t  F and e f f e c t i v e  j e t - t u r n i n g  a n g l e  6 were d e f i n e d  as 

9 

F 9 = (Fj2 + N j 2)1'2 
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and 

N 

F 
-1 j 6 = t a n  - 

j 

T e s t  Condi t ions  

This  i n v e s t i g a t i o n  w a s  conducted i n  t h e  Langley 16-Foot Transonic  "hnnel  a t  
s t a t i c  c o n d i t i o n s  (M = 0 )  and a t  free-stream Mach numbers from 0.1 5 t o  1.20. The 
nozz le  pressure r a t i o  was v a r i e d  from 1.0 ( j e t  o f f )  t o  9.0, depending on f r e e - s t r e a m  
Mach number. The a n g l e  of a t t a c k  was v a r i e d  from -3O t o  go. A t  M = 0.1 5 (free- 
stream v e l o c i t y  of abou t  100 k n o t s ) ,  t h e  r a t io  of j e t  dynamic p r e s s u r e  t o  f r e e - s t r e a m  
dynamic pressure v a r i e d  l i n e a r l y  from 45.2 a t  NPR = 2.0 t o  87.1 a t  NPR = 3.8. For 
a c t u a l  a i r c r a f t  l and ing  approach c o n d i t i o n s ,  t h i s  r a t i o  normal ly  l i e s  i n  t h e  r ange  
from 40.0 t o  70.0. 

In  accordance w i t h  t h e  c r i t e r i a  of r e f e r e n c e  1 2, boundary-layer  t r a n s i t i o n  
strips w e r e  used t o  e n s u r e  a t u r b u l e n t  boundary l a y e r  o v e r  t h e  a f t e r b o d y  and  t h e  
nozz les .  A 0.254-cm-wide s t r i p  of N o .  120 s i l i c o n  carbide 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 l a c q u e r  f i l m ,  w a s  l o c a t e d  2.54 c m  from t h e  nose of t h e  forebody and  propor-  
t i o n a l l y  a long  t h e  wing and  t a i l - f i n  spans  a t  5 p e r c e n t  of t h e  root chord  and  
10  p e r c e n t  of t h e  t i p  chord.  %e ave rage  Reynolds number per meter v a r i e d  f r o m  
7.0 x lo6 t o  13.5 x lo6. 

PRESENTATION OF RESULTS 

The r e s u l t s  of t h i s  i n v e s t i g a t i o n  a re  p r e s e n t e d  g r a p h i c a l l y  f o r  s e l e c t e d  cond i  - 
t i o n s  i n  f i g u r e s  17  t o  46. F igu res  17  t o  36 s h m  f o r c e  and  moment d a t a ;  f i g u r e s  37 
t o  46 show p r e s s u r e  d i s t r i b u t i o n  d a t a .  An i n d e x  r e l a t i n g  t h e  n o z z l e  c o n f i g u r a t i o n s  
t o  f o r c e ,  moment, and p r e s s u r e  d i s t r i b u t i o n  d a t a  f i g u r e s  i s  g iven  i n  t ab le  2. Force  
and  moment da t a  f o r  a l l  c o n d i t i o n s  are g iven  i n  tables  3 and  4 f o r  s t a t i c  and  wind-on 
c o n d i t i o n s ,  r e s p e c t i v e l y .  

DISCUSSION 

Base-Line ( Forward-"hrus t )  Nozzle 

The s t a t i c  performance F./Fi and  d i s c h a r g e  c o e f f i c i e n t  h/hi of t h e  b a s e - l i n e  
( fo rward - th rus t )  nozz le  are shown i n  f i g u r e  17, and  t h e  a e r o p r o p u l s i v e  performance a t  
Mach numbers of 0.15, 0.60, 0.90, and  1.20 i s  shown i n  f i g u r e  18. The b a s e - l i n e  
s t a t i c  performance o b t a i n e d  d u r i n g  t h i s  i n v e s t i g a t i o n  i s  t y p i c a l  of o t h e r  nonaxisym- 
metric convergent -d ivergent  n o z z l e s  (refs. 11 and  1 3 ) .  The v a r i a t i o n  of idea l  t h r u s t  
c o e f f i c i e n t  w i t h  nozz le  p r e s s u r e  r a t i o  f o r  t h e  b a s e - l i n e  (f orward - th rus t )  n o z z l e  i s  
shown i n  figure 19 f o r  s t a t i c  and wind-on c o n d i t i o n s .  

3 
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Th r u s t  -Re ve r se  r De ployme n t Conf igu ra t ions  

S t a t i c  performance.-  The e f f e c t  on s t a t i c  performance and  d i s c h a r g e  c o e f f i c i e n t  
of  va ry ing  r e v e r s e r  deployment from 25 t o  100 p e r c e n t  i s  shown i n  f i g u r e  20. The 
0-percent  reverser deployment c o n f i g u r a t i o n  (base l i n e )  w a s  p r e s e n t e d  p r e v i o u s l y  i n  
f i g u r e  17. Reference 1 h a s  i n d i c a t e d  t h a t  f o r  l and ing  o p e r a t i o n s ,  r e v e r s e - t h r u s t  
l e v e l s  of  50 p e r c e n t  of t h e  i d e a l  t h r u s t  are d e s i r a b l e  f o r  e f f e c t i v e  q round- ro l l  
r educ t ion .  Although t h i s  was n o t  ach ieved  f o r  t h i s  nozz le  des ign ,  a n  improvement i n  
r e v e r s i n g  performance i s  probably  p o s s i b l e  by r edes ign  of t h e  r e v e r s e r  ports. N o  
improvement i n  r e v e r s e - t h r u s t  performance w a s  ach ieved  by a d d i t i o n  of port  s i d e w a l l s  
t o  t h e  c o n f i g u r a t i o n  w i t h  1 00-percent  r e v e r s e r  deployment. The s i d e w a l l s  and  s i d e -  
w a l l  l o c a t i o n s  w e r e  t h e  same as f o r  t h e  c o n f i g u r a t i o n  shown i n  f i g u r e  15. The d a t a  
o b t a i n e d  from t e s t i n g  t h i s  conf i g u r a t i o n  a r e  n o t  p r e s e n t e d  s i n c e  t h e y  w e r e  c o i n c i d e n t  
w i t h  t h e  c o n f i g u r a t i o n  w i t h o u t  s idewa l l s .  

Deployment of a nozz le  t h r u s t  r e v e r s e r  r e q u i r e s  c o n s i d e r a t i o n  of t h e  r e s u l t i n g  
d i scha rge  c o e f f i c i e n t  6/&i. I f  t h e  r e v e r s e - t h r u s t  mode d i s c h a r g e  c o e f f i c i e n t  i s  
s i g n i f i c a n t l y  l o w e r  o r  h i g h e r  t han  the f orward- thrus t  mode d i scha rge  c o e f f i c i e n t ,  
eng ine  o p e r a t i o n  can be a d v e r s e l y  a f f e c t e d  un le s s  t h e  port  area is i n c r e a s e d  o r  
dec reased  t o  compensate. The v a r i a t i o n  of h/hi because of r e v e r s e r  deployment 
shown i n  f i g u r e  20 (b )  i s  s m a l l ,  b e ing  less than f8 p e r c e n t  from t h e  base - l ine  nozz le .  
S ince  s m a l l  v a r i a t i o n s  of 6/ii 
back p r e s s u r e ,  no change of port  area f o r  a f u l l - s c a l e  nozz le  shou ld  be necessary .  

do n o t  s i g n i f i c a n t l y  a f f e c t  eng ine  f low rate  and 

Discharge c o e f f i c i e n t s  f o r  some of t h e  c o n f i g u r a t i o n s  exceeded u n i t y  (see 
f i g .  20 (b )  ) a p p a r e n t l y  f o r  two reasons:  t h e  e f f e c t i v e  t h r o a t  area probably exceeded 
t h e  geometr ic  t h r o a t  area as a r e s u l t  o f  skewed and  curved normal shock f r o n t s ,  and  
some geometr ic  t h r o a t  areas were l a r g e r  t han  t h e  r e f e r e n c e  t h r o a t  areas (used  t o  
compute A ,  ) of  t h e  base - l ine  nozz le  (as p rev ious ly  d i s c u s s e d  i n  t h e  "Data Reduction" 
s e c t i o n ) .  The data of f i g u r e  20(b)  can  be c o r r e c t e d  for  t h r o a t  area v a r i a t i o n s  by 
m u l t i p l y i n g  by At/At a s  shown by t h e  s o l i d  symbols of f i g u r e  2 0 ( b ) .  This c o r r e c -  
t i o n  a d j u s t s  t h e  d i scha rge  c o e f f i c i e n t s  of t h e  v a r i o u s  deployed r e v e r s e r  conf igu ra -  
t i o n s  t o  va lues  which are  closer ( w i t h i n  +4 p e r c e n t )  t o  t h e  d i s c h a r g e  c o e f f i c i e n t  of 
t h e  b a s e - l i n e  nozz le .  

1 

Aeropropuls ive  performance.- The ae ropropu l s ive  performance f o r  t h e  t h r u s t -  
r e v e r s e r  deployment c o n f i g u r a t i o n s  a t  M = 0.15, 0.60, 0.90, and 1.20 i s  p r e s e n t e d  
i n  f i g u r e  21. Base- l ine  ( f  o rward- thrus t )  nozz le  ae ropropu l s ive  performance was p re -  
s e n t e d  p r e v i o u s l y  i n  f i g u r e  18. A s  i n d i c a t e d  i n  r e f e r e n c e  1 ,  r e v e r s e  t h r u s t  e q u a l  t o  
30 p e r c e n t  of  i dea l  t h r u s t  may be s u f f i c i e n t  f o r  improved d e c e l e r a t i o n  c a p a b i l i t i e s  
a t  a l l  f l i g h t  c o n d i t i o n s .  The d a t a  of f i g u r e  21 i n d i c a t e  t h a t  r e v e r s e - t h r u s t  l e v e l s  
of  t h i s  magnitude and cons ide rab ly  greater can be gene ra t ed  w i t h  t h e  c u r r e n t  nozz le  
d e s i g n  a t  t y p i c a l  o p e r a t i n g  nozz le  pressure r a t i o s  when t h e  r e v e r s e r  i s  deployed 
75 t o  100 p e r c e n t ,  depending on Mach number. A s chedu le  of t y p i c a l  o p e r a t i n g  nozz le  
p r e s s u r e  r a t i o s  w i t h  Mach number i s  given i n  table 5. These va lues  a r e  a l s o  i n d i -  
c a t e d  w i t h  arrows on t h e  f i g u r e s  p r e s e n t i n g  ae ropropu l s ive  da t a .  
Mach number on d i s c h a r g e  c o e f f i c i e n t  f o r  each  of  t h e  r e v e r s e r  deployments shown i n  
f i g u r e  2 1 ( e )  i n d i c a t e s  l i t t l e  or no e x t e r n a l  f l o w  suppres s ion  on nozz le  i n t e r n a l  
f low. 

The small e f f e c t  of 

T h r u s t - r e v e r s e r  e f f e c t i v e n e s s  .- Thrus t - reverser  e f f e c t i v e n e s s  a t  forward speeds 
can be e x p r e s s e d  as t h e  r a t i o  R e s u l t s  from t h e  p r e s e n t  i n v e s t i -  
g a t i o n  are compared wi th  other nonaxisymmetric nozz le s  ( r e f s .  1 3  and 1 4 )  and wi th  an 

(F - D)R/(F - D)F. 
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axisymmetr ic  nozz le  ( r e f .  15)  i n  f i g u r e  22. ' Ihis f i g u r e  shows t h a t  t h e  nonaxisymmet- 
r i c  n o z z l e s  g e n e r a l l y  have better r e v e r s i n g  e f f e c t i v e n e s s  than  t h e  axisymmetr ic  noz-  
z l e  of r e fe rence  1 5  f o r  deployments u p  t o  a b o u t  85 pe rcen t .  T y p i c a l l y ,  aeropro- 
p u l s i v e  r e v e r s i n g  e f f e c t i v e n e s s  i s  approximate ly  t w i c e  t h e  s t a t i c  (M = 0)  r e v e r s i n g  
performance a t  a t h r u s t - r e v e r s e r  deployment of 100 p e r c e n t  ( r e f .  10 ) .  'Ihis improve- 
.*fit ir, z f f c c t i v c n ~ s s  is &e to base drilg deveioped o n  the rear of r e v e r s e r  p a n e i s  a t  
forward  speeds. The NPR v a l u e s  used  f o r  t h e  comparison i n  f i g u r e  22 are t h e  m a x i -  
mum NPR va lues  a v a i l a b l e  f o r  t h e  axisymmetr ic  nozz le .  

T h r u s t  r e v e r s i n g  and vec tor ing . -  I t  i s  possible t o  augment a i r p l a n e  p i t c h  con- 
t r o l  du r ing  p a r t i a l  t h r u s t - r e v e r s e r  deployment (du r ing  l and ing  approach,  f o r  example)  
by v e c t o r i n g  t h a t  p o r t i o n  of j e t  exhaus t  f low which p a s s e s  through t h e  normal nozz le  
t h r o a t .  During t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h r u s t - v e c t o r  a n g l e s  of +15O w e r e  t e s t e d  
on t h e  50-percent-deployed t h r u s t - r e v e r s e r  conf igu ra t ion .  (See f i g .  12. ) The basic 
s t a t i c  performance parameters  are shown i n  f i g u r e  23. I t  shou ld  be no ted  t h a t  F 
is  t h e  g ross  t h r u s t  i n  t h e  d i r e c t i o n  of t h e  t h r u s t  v e c t o r  and F i s  t h e  t h r u s t  i n  
t h e  body a x i s  (and thus  i n c l u d e s  geometr ic  t u r n i n g  losses).  As i n d i c a t e d  i n  f i g -  
u r e  23 (b )  , the  r e s u l t a n t  e f f e c t i v e  j e t - t u r n i n g  a n g l e s  6 were s i g n i f i c a n t l y  d i f f e r -  
e n t  from t h e  geometr ic  nozz le - tu rn ing  a n g l e s  6,. For example, a t  6, = Oo, t h e  
e f f e c t i v e  j e t - t u r n i n g  ang le  v a r i e d  from abou t  - 2 1 O  t o  - loo  depending on nozz le  p r e s -  
s u r e  ra t io .  The skewed t u r n i n g  c h a r a c t e r i s t i c s  may be caused by asymmetry of t h e  
model or by d i f f e r e n t  t op  and bottom e x i t  areas. (See t a b l e  1 . )  Aeropropuls ive 
c h a r a c t e r i s t i c s  were determined a t  t y p i c a l  l and ing  approach c o n d i t i o n s  (M = 0.15) and  
are p resen ted  i n  f i g u r e  24. These d a t a  show a s l i g h t  improvement i n  r e v e r s i n g  pe r -  
formance when t h r u s t  v e c t o r i n g  i s  s imul t aneous ly  used.  

9 
j 

I n  o r d e r  t o  show t h e  e f f e c t s  of t h r u s t  vec to r ing ,  nozz le  pitching-moment coef- 
f i c i e n t  i s  p resen ted  i n  f i g u r e  25 a t  s t a t i c  c o n d i t i o n s  and  a t  M = 0.15. Nozzle 
pitching-moment c o e f f i c i e n t  i s  t h e  d i f f e r e n c e  between t o t a l  pitching-moment coe f -  
f i c i e n t  measured wi th  t h e  main ba l ance  ( t h r u s t  i n c l u d e d )  and  t h e  pi tching-moment  
c o e f f i c i e n t  measured w i t h  t h e  a f  terbody ba lance  (no  t h r u s t ) .  Pitching-moment coef- 
f i c i e n t s  f o r  t h e  wind-on c o n d i t i o n  were l a r g e r  t h a n  a t  s t a t i c  c o n d i t i o n s  because  o f  
t h e  r e l a t i v e  l e v e l s  of pa and  9,. Figure  26 s h m s  t h a t  nozz le  pitching-moment 
c o e f f i c i e n t s  d i d  n o t  vary s i g n i f i c a n t l y  w i t h  a n g l e  of a t t a c k .  The n o n l i n e a r  v a r i a -  
t i o n  of nozz le  pitching-moment c o e f f i c i e n t  w i th  
s u r e  r a t i o  a t  a = 0' or a t  c o n s t a n t  a n g l e  of a t t a c k  a t  NPR = 2.6 probably r e s u l t s  
from t h e  model asymmetries or from d i f f e r e n t  t o p  and  bottom e x i t  areas, as p r e v i o u s l y  
d i scussed .  The e f f e c t i v e n e s s  of t h r u s t  v e c t o r i n g  f o r  c o n t r o l  i s  compared w i t h  
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  i n  a subsequent  s e c t i o n .  

6 a t  e i t h e r  c o n s t a n t  n o z z l e  pres- 
V 

Thrus t -Reverse r -Por t  Angle Conf igu ra t ions  

S t a t i c  performance.- me e f f e c t s  of v a r y i n g  r e v e r s e r - p o r t  a n g l e  on s t a t i c  pe r -  
formance and  d i scha rge  c o e f f i c i e n t  a r e  shown i n  f i g u r e  27. This  f i g u r e  shows t h a t  
each  of t h e  t h r e e  nozz le s  e i t h e r  ach ieved  or exceeded t h e i r  d e s i g n  goals (as d e f i n e d  
by cos 0 )  a t  nozz le  p r e s s u r e  ra t ios  up t o  2.5, which are t y p i c a l  s t a t i c  o p e r a t i n g  
nozz le  pressure r a t i o s .  

It i s  apparent  t h a t  t h e  d i s c h a r g e  c o e f f i c i e n t ,  which d e c r e a s e s  w i t h  i n c r e a s i n g  
r e v e r s e r - p o r t  a n g l e ,  i s  low (compared wi th  t h e  b a s e - l i n e  n o z z l e )  f o r  t h i s  f a m i l y  of 
t h r u s t - r e v e r s e r  des igns .  
by f low s e p a r a t i o n  around t h e  s h a r p  l i p  a t  t h e  e n t r a n c e  of  t h e  r e v e r s e r  por t ,  which 
r e s u l t s  i n  a much reduced e f f e c t i v e  port  t h r o a t  a r e a .  Also,  r e f e r e n c e  1 6  shows t h e  
e x i s t e n c e  of  a h i g h l y  skewed s o n i c  l i n e  i n  t h e  port ,  which can  c o n t r i b u t e  t o  t h e  

'Ihe r e d u c t i o n  i n  d i s c h a r g e  c o e f f i c i e n t  w a s  p robably  caused  
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large losses expe r i enced  by t h i s  reverser. Even w i t h  l o w  d i s c h a r g e  c o e f f i c i e n t s ,  
e f f e c t i v e  r e v e r s i n g  i s  achieved.  

Aeropropuls ive performance.- F igure  28 shows t h e  ae ropropu l s ive  performance f o r  
t h i s  fami ly  of r e v e r s e r - t h r u s t  nozz le s  a t  M = 0.15, 0.60, 0.90, and 1.20. These 
r e s u l t s  i n d i c a t e  that  
able f o r  t h e  t h r e e  c o n f i g u r a t i o n s  a t  a l l  Mach numbers because of t h e  i n c r e a s i n g  
amount of base d rag  a s  Mach number increased .  

(F - D)/Fi = -0.3 i n - f l i g h t  d e c e l e r a t i o n  w a s  e a s i l y  ob ta in -  

E f f e c t  of p o r t  pas sage  length.-  An a l t e r n a t e  nozz le  c o n f i g u r a t i o n  ( f i g .  15)  w i th  
a reverser-port a n g l e  0 of 110' and a short i n t e r n a l  pas sage  l e n g t h  w a s  t e s t e d  wi th  
and  w i t h o u t  e x t e r n a l  door s  and  s i d e w a l l s .  
w a s  t o  reduce t h e  s h a r p  r eve r se r -po r t - en t r ance  l i p  and  i t s  a s s o c i a t e d  s e p a r a t i o n  
loss. The purpose  of t h e  e x t e r n a l  doors and  s i d e w a l l  w a s  t o  p rov ide  t h e  same port  
i n t e r n a l  passage l e n g t h  as t h e  basic 1 1  Oo r eve r se r -po r t  nozz le  b u t  a t  a d i f f e r e n t  
v e r t i c a l  location. However, because of t h e  v e r t i c a l  d i sp l acemen t  of t h e  port ,  nozz le  
i n t e r n a l  geometry w a s  a l so  d i f f e r e n t .  The e x t e r n a l  doors a l so  s i m u l a t e d  possible 
f u l l - s c a l e  hardware which cou ld  be used  t o  open t h e  r e v e r s e r  por t  d u r i n g  t h r u s t -  
r e v e r s e r  ope ra t ion .  Previous  s t u d i e s  ( r e f s .  1 0  and 1 3 )  have  shown t h a t  r e v e r s e r - p o r t  
s i d e w a l l s  can  improve t h r u s t - r e v e r s e r  Performance. 

"he main rationale f o r  t h i s  c o n f i g u r a t i o n  

F igure  29 shows tha t  t h e  a l t e r n a t e  reverser c o n f i g u r a t i o n  wi th  t h e  s h o r t  i n t e r -  
n a l  passage  l e n g t h  (v/wv = 0.03) had poore r  s t a t i c  performance compared wi th  t h e  
basic 11 Oo reverser c o n f i g u r a t i o n  (v/wv = 1.42).  
range  from about -87 p e r c e n t  a t  NPR = 2.0 to  abou t  -46 p e r c e n t  a t  NPR = 7.0. The 
average  r e v e r s e - t h r u s t  l e v e l  f o r  t h e  a l t e r n a t e  Conf igu ra t ion  i n d i c a t e s  a r e s u l t a n t  
f l o w  ang le  of abou t  98O compared wi th  109O f o r  t h e  long  i n t e r n a l  passage  l eng th  
des ign ,  which implies reduced f low-turning c a p a b i l i t y  f o r  s h o r t  i n t e r n a l  passage  
l e n g t h  r e v e r s e r  ports. The r e v e r s e - t h r u s t  performance f o r  t h e  c o n f i g u r a t i o n  with t h e  
e x t e r n a l  doors and sidewalls is  abou t  7 p e r c e n t  less than  t h e  basic c o n f i g u r a t i o n ,  
even though bo th  c o n f i g u r a t i o n s  had t h e  same p o r t  i n t e r n a l  passage  l eng th  ( f i g .  29) .  
The d i f f e r e n c e  i n  performance between t h e s e  t w o  c o n f i g u r a t i o n s  is a t t r i b u t e d  t o  t h e  
d i f f e r e n c e  i n  l e n g t h  of t h e  unconta ined  forward passage  w a l l  ( d i f f e r e n c e  i n  s / w V ) .  
The r e v e r s e r - p o r t  e x i t  geometry i s  similar t o  a s i n g l e  expansion ramp nozz le  i n  t h a t  
t h e  forward ( f ree-expans ion)  s u r f a c e  o u t s i d e  t h e  passage i s  p r e s s u r i z e d  by t h e  port  
exhaus t  f l o w  ( ref .  9 )  and develops a f o r c e  component i n  t h e  fo rward - th rus t  d i r e c t i o n  
a t  h i g h e r  nozz le  p r e s s u r e  ratios.  This  f o r c e  component i n  t h e  fo rward - th rus t  d i r e c -  
t i o n  varies w i t h  nozz le  p r e s s u r e  r a t io  i n  the  same manner as t h e  normal-force compo- 
n e n t  on t h e  e x t e r n a l  portion of t h e  ramp of a s i n g l e  expansion ramp nozz le  ( r e f s .  11 
and 13 ) .  It is expec ted  t h a t  t h e  magnitude of t h e  v e c t o r  w i l l  i n c r e a s e  with nozz le  
p r e s s u r e  r a t io  and unconta ined  forward passage w a l l  l e n g t h  s (see f i g .  131, r e s u l t -  
i n g  i n  a d e c r e a s e  i n  r e v e r s e - t h r u s t  performance. The i n c r e a s e  i n  d i scha rge  c o e f f i -  
c i e n t  h/hi 
s i d e w a l l s  and e x t e r n a l  doors  is  probably due t o  reduced i n t e r n a l  f low s e p a r a t i o n ,  
s i n c e  t h e  l i p  a n g l e  on t h e  a l t e r n a t e  c o n f i g u r a t i o n s  is smaller than  on t h e  basic 
c o n f i g u r a t i o n .  

Decreases i n  r e v e r s e r  t h r u s t  l e v e l s  

f o r  t h e  c o n f i g u r a t i o n s  wi th  the  s h o r t  i n t e r n a l  passage l e n g t h  o r  w i th  

The aeropropulsive performance f o r  t h e  b a s i c  and a l t e r n a t e  c o n f i g u r a t i o n s  is  
p r e s e n t e d  i n  f i g u r e  30 and shows t h a t  t h e  c o n f i g u r a t i o n s  wi th  t h e  long  i n t e r n a l  pas- 
sage  l e n g t h  (v /wv = 1.42) gave b e t t e r  r e v e r s i n q  performance than  those  wi th  t h e  s h o r t  
i n t e r n a l  passage l e n g t h  (v/w, = 0.03).  This would be expec ted  because of t h e  reduced 
t u r n i n g  c a p a b i l i t y  of t h e  s h o r t  i n t e r n a l  length  p o r t  d i s c u s s e d  p rev ious ly  f o r  the 
s t a t i c  data. These f i g u r e s  show t h a t  i n c r e a s i n g  port  passage  l eng th  improved 
r e v e r s e - t h r u s t  performance by as much as 28 p e r c e n t  a t  s ta t ic  c o n d i t i o n s  wi th  
NPR = 2.5 and  by as much as 17  p e r c e n t  a t  M = 1.20 w i t h  NPR = 7.0. 
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The e f f e c t s  of forward speed  on t h e  two c o n f i g u r a t i o n s  w i t h  t h e  same passage  
l e n g t h s  (v/wv = 1.42) are a l s o  i l l u s t r a t e d  i n  f i g u r e  30. 
a b o u t  e q u a l  a t  M = 0.15, even though r e v e r s e  t h r u s t  f o r  t h e  basic c o n f i g u r a t i o n  a t  
M = 0 w a s  l a r g e r .  A t  M = 0.60, t h e  a l t e r n a t e  c o n f i g u r a t i o n  ( s h o r t  i n t e r n a l  pas sage  
l e n g t h )  had bet ter  performance. This  c r o s s o v e r  i n  performance from s t a t i c  c o n d i t i o n s  
t o  forward  speeds i s  probably caused by dn i n c r e a s e  i n  base  d r a g  on tne rear door .  
Add i t ion  of t hese  doors  i n c r e a s e d  base area approximately 45 p e r c e n t  ove r  t h e  basic 
re ve r s e r . 

Reverse- thrus t  l e v e l s  w e r e  

E f f e c t  of e x t e r n a l  door s  and  s idewa l l s . -  The a l t e r n a t e  nozz le  of f i g u r e  1 4  w a s  
t e s t e d  wi th  va r ious  combinat ions of e x t e r n a l  door s  and  s i d e w a l l s .  The s t a t i c  per- 
formance and  d i scha rge  c o e f f i c i e n t  are  shown i n  f i g u r e  31. Highest  r e v e r s e - t h r u s t  
performance was o b t a i n e d  by use  of a f t  e x t e r n a l  door s  ( r e s u l t i n g  i n  a n  unconta ined  
a f t  w a l i )  w i th  sidewalls. As d i s c u s s e d  p r e v i o u s l y ,  a n  unconta ined  p o r t  w a l l  ( s imi la r  
t o  a v e r t i c a l l y  o r i e n t e d  s i n g l e  expansion ramp n o z z l e )  t e n d s  t o  be  p r e s s u r i z e d  by t h e  
j e t  e x h a u s t  f low.  However, opposite t o  t h e  e f f e c t  d i s c u s s e d  p r e v i o u s l y  f o r  a n  uncon- 
t a i n e d  forward  p o r t  w a l l ,  t h e  f o r c e  v e c t o r  on a n  unconta ined  a f t  p o r t  w a l l  is i n  t h e  
r e v e r s e - t h r u s t  d i r e c t i o n  and r e s u l t s  i n  a n  i n c r e a s e  i n  r e v e r s e - t h r u s t  performance 
r e l a t i v e  t o  t h e  c o n f i g u r a t i o n s  w i t h o u t  t h e  a f t  doors .  Aft  e x t e r n a l  doors  improved 
r e v e r s e r  performance a t  s t a t i c  c o n d i t i o n s  and  a nozz le  p r e s s u r e  r a t io  of 2.5 by 
n e a r l y  24 pe rcen t .  

The fo l lowing  o b s e r v a t i o n s  of t h e  e f f e c t s  of combinat ions of doors  on r e v e r s e r  
s t a t i c  performance a r e  e v i d e n t  from f i g u r e  31. As p r e v i o u s l y  d i s c u s s e d ,  poor  
r e v e r s e r  performance w a s  ob ta ined  f o r  t h e  c o n f i g u r a t i o n  wi thou t  door s  because of t h e  
s h o r t  pas sage  length .  Addit ion of forward  and  a f t  door s  improved r e v e r s e r  p e r f o r -  
mance a t  low nozzle  pressure r a t i o s  because  of t h e  longe r  passage  length .  However, 
some p e n a l t i e s  occur red  a t  h igh  n o z z l e  p r e s s u r e  r a t i o  because of t h e  unconta ined  
forward  w a l l .  Addi t ion of j u s t  t h e  forward  door w a s  b e n e f i c i a l  a t  low nozz le  p r e s -  
s u r e  r a t i o s  (up t o  abou t  3.51, b u t  l a r g e  p e n a l t i e s  o c c u r r e d  a t  h i g h  nozz le  p r e s s u r e  
ra t ios  because of t h e  long  unconta ined  forward  w a l l .  With j u s t  t h e  a f t  door, 
r e v e r s e - t h r u s t  l e v e l s  a t  NPR = 2.0 were n e a r l y  t h e  same as wi th  bo th  t h e  forward  
and  a f t  doors .  However, t h e  advantage  of t h e  unconta ined  a f t  w a l l  i s  obvious as 
t h e r e  w a s  a s i g n i f i c a n t  improvement i n  r e v e r s e r  performance as n o z z l e  p r e s s u r e  r a t i o  
w a s  increased .  

When s i d e w a l l s  w e r e  i n s t a l l e d  on t h e  nozz le  wi th  e i t h e r  t h e  forward or a f t  
door ,  an  a d d i t i o n a l  improvement i n  r e v e r s e - t h r u s t  s t a t i c  performance was r e a l i z e d  
( f i g .  31).  This improvement i n  r e v e r s e r  performance w a s  probably caused by a reduc-  
t i o n  i n  t h e  l a t e ra l  sp read ing  of t h e  r e v e r s e r  plume. For t h e  c o n f i g u r a t i o n  wi th  o n l y  
t h e  a f t  e x t e r n a l  door ,  a d d i t i o n  of t h e  s i d e w a l l s  r e s u l t e d  i n  a 2- t o  4-percent  
i n c r e a s e  i n  r e v e r s e r  performance ove r  t h e  range of nozz le  p r e s s u r e  ra t ios  t e s t e d .  
The s i d e w a l l s  were very e f f e c t i v e  wi th  t h e  forward door ,  f o r  which a 10-percent  
improvement i n  performance w a s  ob ta ined  a t  NPR = 2.5. However, f o r  t h e  r e v e r s e r  
c o n f i g u r a t i o n s  wi thout  doors  and wi th  both  doors  ( forward  and a f t ) ,  a d d i t i o n  of t h e  
s i d e w a l l s  caused a dec rease  i n  r e v e r s e r  performance. 

E f f e c t  of d i f f e r e n t i a l  r e v e r s e r - p o r t  ang le s . -  D i f f e r e n t i a l  t o p  and bottom 
r e v e r s e r - p o r t  angles  f o r  use as a p i t c h  c o n t r o l  were i n v e s t i q a t e d  by t e s t i n q  f o u r  
c o n f i g u r a t i o n s  wi th  d i f f e r e n t  t op  and bottom p o r t  ang le s .  
t i o n s  are shown i n  Eiqure 16. 
t o p  and bottom components of t h e  two c o n f i g u r a t i o n s  shown i n  t h i s  f i g u r e .  
and ae ropropu l s ive  c h a r a c t e r i s t i c s  f o r  t h e s e  c o n f i q u r a t i o n s  are shown i n  f i q u r e s  32 
a n d  33. S ince  t h e s e  c o n f i g u r a t i o n s  were t e s t e d  to  de termine  t r i m  c a p a b i l i t y  d u r i n q  
l and inq  approach, wind-on d a t a  were o b t a i n e d  o n l y  a t  M = 0.15. The nozz le  p i t c h i n g -  

Two of t h e s e  c o n f i g u r a -  
The o t h e r  t w o  c o n f i q u r a t i o n s  were formed by exchanqinq 
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moment c o e f f i c i e n t s  f o r  d i f f e r e n t i a l  t o p  and bottom r e v e r s e r - p o r t  a n g l e s  are g iven  i n  
f i g u r e  34 f o r  s t a t i c  c o n d i t i o n s  and  f o r  M = 0.15. F igure  35 shows t h a t  n o z z l e  
p i t c h i n g  moment f o r  each  of t h e  d i f f e r e n t i a l  t o p  and bottom p o r t  a n g l e  combina t ions  
i s  n e a r l y  independent  of  a n g l e  of a t t a c k  a t  M = 0.15. 

and t h  ru s t-ve c t or 'm,n, D i f f e r e n t i a l  r e v e r s e r - p o r t  a n g l e  e f f e c t i v e n e s s  
"e 

e f f e c t i v e n e s s  Cm, (from t h e  p r e s e n t  s t u d y )  and  c o n v e n t i o n a l  h o r i z o n t a l - t a i  1 
v 6 

e f f e c t i v e n e s s  Cm (from r e f .  17)  are summarized and compared i n  f i g u r e  36. 

Thrus t -vec to r  e f f e c t i v e n e s s  and  d i f f e r e n t i a l  r e v e r s e r - p o r t  a n g l e  e f f e c t i v e n e s s  were 
d e r i v e d  from t h i s  i n v e s t i g a t i o n  u s i n g  o n l y  t h e  a b s o l u t e  maximum d e f l e c t i o n  d a t a .  
Resu l t s  shown i n  f i g u r e  36 i n d i c a t e  t h a t  t h r u s t  v e c t o r i n g  a p a r t i a l l y  deployed t h r u s t  
r e v e r s e r  (see f i g .  1 2 )  i s  a more e f f e c t i v e  p i t c h  t r i m  sys tem t h a n  u s i n g  d i f f e r e n t i a l  
top and bot tom r e v e r s e r - p o r t  angles .  The e f f e c t i v e n e s s  of t h i s  t h r u s t - v e c t o r i n g  
sys tem appea r s  t o  be d i r e c t l y  p r o p o r t i o n a l  t o  n o z z l e  p r e s s u r e  r a t i o ,  and t h u s  i t  i s  
more e f f e c t i v e  t h a n  t h e  h o r i z o n t a l - t a i l  t r i m  w i t h  r e v e r s e  t h r u s t  f o r  NPR > 2.4 and 
more e f f e c t i v e  t h a n  t h e  h o r i z o n t a l - t a i l  t r i m  w i t h  forward  t h r u s t  f o r  NPR > 3.6. 
(See f i g .  36(a). ) 

&h 

T r i m  e f f e c t i v e n e s s  i s  n e a r l y  independent of a n g l e  of a t t a c k  f o r  a l l  t r i m  systems 
e x c e p t  f o r  h o r i z o n t a l - t a i l  t r i m  w i th  r e v e r s e  t h r u s t .  (See f i g .  3 6 ( b ) . )  Apparently,  
t h e  improvement i n  t r i m  e f f e c t i v e n e s s  i s  caused by a r e d u c t i o n  i n  e x t e r n a l  f low 
between t h e  v e r t i c a l  t a i l s  because of r e v e r s e r  e x h a u s t  plume blockage. 
r e s u l t  i n  a n  i n c r e a s e  i n  v e l o c i t y  and dynamic pressure around t h e  o u t s i d e  of t h e  
v e r t i c a l  t a i l s  and  o v e r  t h e  h o r i z o n t a l  t a i l s  which would r e s u l t  i n  a n  i n c r e a s e  i n  
h o r i z o n t a l - t a i l  l i f t  ( r e f .  17) .  

This would 

I n t e r n a l  P res su re  D i s t r i b u t i o n  

"he i n t e r n a l  p r e s s u r e s  o b t a i n e d  d u r i n g  t h i s  i n v e s t i g a t i o n  were t o o  s p a r s e  t o  
d e p i c t  a meaningful r e p r e s e n t a t i o n  of flow c o n d i t i o n s  w i t h i n  t h e  r e v e r s e r  nozz le s .  
As expec ted ,  s t a g n a t i o n  w a s  i n d i c a t e d  a t  t h e  c e n t e r  and choked flow w a s  i n d i c a t e d  
n e a r  t h e  exLt p o r t s .  Reference  1 6  i s  a s ~ u r c e  cf internal p r e s s u r e  d i s t r i b t t i o n a  
o b t a i n e d  from c l o s e l y  spaced  o r i f i c e s  i n  a r e v e r s e r  nozzle .  
a smooth decay i n  p r e s s u r e  f rom s t a g n a t i o n  to choked f l o w .  Although t h e  d a t a  of 
r e f e r e n c e  16 w e r e  o b t a i n e d  a t  s t a t i c  c o n d i t i o n s ,  no  s i g n i f i c a n t  e f f e c t  of e x t e r n a l  
f l o w  shou ld  be expec ted  t o  p ropaga te  p a s t  the  choked e x i t  p o r t s ,  as p r e v i o u s l y  i n d i -  
c a t e d  by d i s c h a r g e  c o e f f i c i e n t s  i n  f i g u r e  2 1 ( e ) .  

This r e f e r e n c e  i n d i c a t e s  

Ex t e  r n a  1 Pressu re  D i  s t r  i bu t i on 

Base- l ine  ( f o r w a r d - t h r u s t )  nozzle.-  Ex te rna l  p r e s s u r e  d i s t r i b u t i o n s  on t h e  base- 
l i n e  c o n f i g u r a t i o n  a t  Mach numbers of 0.60, 0.90, and 1.20 are shown i n  f i g u r e  37. 
Data a t  a Mach number of 0.15 are n o t  p re sen ted ,  s i n c e  t h e  low-pressure l o a d i n g  i n  
t h i s  speed  regime would n o t  have y i e l d e d  u s e f u l  des ign  informat ion .  Also, s i n c e  t h e  
measurement of  e x t e r n a l  s u r f a c e  p r e s s u r e  near  t h e  n o z z l e  edges ( y / ( b  /2 )  = f0.838) 
d i d  n o t  show any s i g n i f i c a n t  d i f f e r e n c e  from t h e  c e n t e r  l i n e  (y / (bn /2 )  = 0) v a l u e s ,  
l a t e r a l  p r e s s u r e  d i s t r i b u t i o n s  are  n o t  p re sen ted .  
u n i t y  s i g n i f y  j e t - o f f  cond i t ions .  
s u b s o n i c  speeds .  (See f i g .  37.) A t  M = 1.20, t h e r e  i s  minor expans ion  a t  t h e  s t a r t  

n 

Nozzle p r e s s u r e  r a t i o  va lues  n e a r  
This nozz le  h a s  e x c e l l e n t  p r e s s u r e  recovery  a t  
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of t h e  nozz le  b o a t t a i l  (see f i g .  3 7 ( c ) ) ,  which is dependent  on nozz le  p r e s s u r e  ratio. 
I Otherwise,  t h e  base - l ine  nozz le  appea r s  independent  of n o z z l e  pressure r a t i  0. 

t i o n s  and, consequent ly ,  on ly  t h e  c e n t e r - l i n e  data are presented .  For t h e  25-, SO-, 
and 75-percent deployed nozz le s  ( f i g s .  38 t o  401, e x t e r n a l  p r e s s u r e s  w e r e  measured 
on ly  a t  l o c a t i o n s  upstream of t h e  r e v e r s e r  port. For t h e  100-percent  deployed nozz le  

r e v e r s e r  port. Afterbody and nozz le  s u r f a c e s  upstream of t h e  r e v e r s e r  p o r t  w e r e  
p r e s s u r i z e d  by deployment ( o p e r a t i o n )  as i s  t y p i c a l  of any t h r u s t  r e v e r s e r .  On t h e  
nozz le  s u r f a c e  a f t  of t h e  r e v e r s e r  p o r t  (measured on t h e  1 00-percent r e v e r s e r ,  
f i g .  41 ), t h r u s t - r e v e r s e r  deployment caused large nega t ive  base  p r e s s u r e  c o e f f i c i e n t s  
on t h e  a f t  f ace  of t h e  nozz le  f l a p s .  These l a r g e  nega t ive  p r e s s u r e  c o e f f i c i e n t s  are 
a p p a r e n t l y  caused by r e v e r s e r  f l a p  ( b l o c k e r )  deployment r a t h e r  t han  t h e  r e v e r s e -  
t h r u s t  plume, s i n c e  they are r e l a t i v e l y  independent  of nozz le  p r e s s u r e  r a t io  e x c e p t  
f o r  an i n i t i a l  p r e s s u r e  rise a t  M = 1.20. It is t h e s e  l a r g e  nega t ive  base p r e s s u r e s  
which g r e a t l y  enhance t h r u s t - r e v e r s e r  performance a t  wind-on c o n d i t i o n s  because of 
i n c r e a s e d  drag .  

I ( f i g .  41 ), e x t e r n a l  p r e s s u r e s  w e r e  measured bo th  upstream and downstream of t h e  

Thrus t - reverser -por t  a n g l e  nozz le s  .- The e x t e r n a l  p r e s s u r e  d i s t r i b u t i o n s  for  
nozz le s  with r e v e r s e r - p o r t  a n g l e s  of  1 1  Oo, 1 20°, and 130° a t  Mach numbers o f  0.60, 
0.90, and 1.20 a r e  shown i n  f i g u r e s  42 t o  44. E x t e r n a l  p r e s s u r e  d i s t r i b u t i o n s  f o r  
t h e  a l t e r n a t e  11 Oo reverser-port a n g l e  nozz le  w i t h  s h o r t  i n t e r n a l  pas sage  l e n g t h s  
w i t h o u t  and with s i d e w a l l s  and a f t  e x t e r n a l  doors are s h a m  i n  f i g u r e s  45 and  46. 
Ahead of t h e  r e v e r s e r  p o r t ,  t h e  s u r f a c e  p r e s s u r e  i n c r e a s e d  wi th  n o z z l e  p r e s s u r e  
ratio.  N o  c l e a r  t r e n d  between p r e s s u r e  c o e f f i c i e n t  and r e v e r s e r - p o r t  a n g l e  cou ld  be 
determined.  Sur face  p r e s s u r e  a f t  of t h e  reverser por t  w a s  more s e n s i t i v e  t o  n o z z l e  
pressure r a t i o  than  t h e  1 00-percent deployed reverser nozzle .  A l l  t h e s e  n o z z l e s  
e x h i b i t e d  l o w  base p r e s s u r e s  which cou ld  be expec ted  t o  enhance r e v e r s e r  performance.  
H o w e v e r ,  f o r  t he  120° and 130° r e v e r s e r - p o r t  nozz le s  a t  M = 1.20, a n  i n i t i a l  pres- 
s u r e  rise dependent on nozz le  p r e s s u r e  r a t i o  w a s  observed  on t h e  rear p a n e l .  

CONCLUDING REMARKS 

An i n v e s t i g a t i o n  h a s  been conducted i n  t h e  Langley 16-Foot Transonic  Tunnel t o  
de termine  t h e  performance of nonaxisymmetric-nozzle t h r u s t  r e v e r s e r s  i n s t a l l e d  on a 
g e n e r i c  twin-engine f i g h t e r  a i r c r a f t  model. This  i n v e s t i g a t i o n  w a s  conducted a t  
s t a t i c  cond i t ions  (M = 1.0) and a t  Mach numbers f rom 0.1 5 t o  1 . 2 0  ove r  a nozz le  p r e s -  
s u r e  r a t i o  range from 1.0 ( j e t  o f f )  t o  9.0 and  over a n  a n q l e - o f - a t t a c k  range  from -3O 
t o  9'. The r e s u l t s  of t h i s  i n v e s t i g a t i o n  i n d i c a t e  t h e  fo l lowing :  

1.  A l l  t h r u s t - r e v e r s e r  c o n f i g u r a t i o n s  i n v e s t i g a t e d  exceeded a n  i n - f l i g h t  t h r u s t -  
r e v e r s i n g  g o a l  of 30 p e r c e n t  a t  t y p i c a l  o p e r a t i n g  n o z z l e  p r e s s u r e  ratios.  

2. A t  s t a t i c  c o n d i t i o n s ,  a r e v e r s e r - p o r t  t u r n i n g  a n g l e  of 120° o r  130' w a s  
r e q u i r e d  t o  achieve  50-percent reverse t h r u s t  a t  n o z z l e  p r e s s u r e  ra t ios  u p  t o  2-50 
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3. Thrus t - r eve r se r  performance was improved by i n c r e a s i n g  t h e  pe rcen tage  of 
r e v e r s e r  deployment, t h e  r e v e r s e r - p o r t  a n g l e ,  or t h e  r e v e r s e r - p o r t  i n t e r n a l  passage  
length .  For example, i n c r e a s i n g  t h e  p o r t  passage l e n g t h  improved r e v e r s e - t h r u s t  
performance by as much as 2 8  p e r c e n t  a t  s t a t i c  c o n d i t i o n s  and by a s  much a s  1 7  p e r -  
c e n t  a t  Mach 1.20. 

4. When e x t e r n a l  r e v e r s e r - p o r t  doors  were used  for  mechanical  or aerodynamic 
r easons ,  s i g n i f i c a n t  improvements i n  r e v e r s e r  performance could  be o b t a i n e d  wi th  a n  
a f t  door only or  w i t h  an  a f t  door  longe r  t h a n  t h e  forward doos. 
f o r c e  v e c t o r  on a s u r f a c e  i n  t h e  d r a g  o r  r e v e r s e - t h r u s t  d i r e c t i o n ,  whereas a forward 
door  produced a f o r c e  v e c t o r  i n  t h e  fo rward - th rus t  d i r e c t i o n .  

This produced a 

5. Vector ing  of t h e  forward  t h r u s t  wh i l e  p a r t i a l l y  deploying  r e v e r s e  t h r u s t  w a s  
a more e f f e c t i v e  method of augmenting a i r c r a f t  c o n t r o l  d u r i n g  l and ing  approach than  
t h e  use  of t o p  and  bottom d i f f e r e n t i a l  r e v e r s e r - p o r t  ang le s .  

6 .  A s i g n i f i c a n t  c o n t r i b u t i o n  t o  wind-on t h r u s t - r e v e r s e r  performance w a s  t h e  
e x t e r n a l  d r a g  on t h e  a f t  s u r f a c e  of the  r e v e r s e r  f l a p s .  

7. I n c r e a s i n g  r e v e r s e r - p o r t  a n g l e  caused s i g n i f i c a n t  dec reases  i n  d i scha rge  
c o e f f i c i e n t  r e l a t i v e  t o  t h e  fo rward - th rus t  nozz le  because of f low s e p a r a t i o n  around 
t h e  s h a r p  l i p  a t  t h e  e n t r a n c e  of t h e  r e v e r s e r  p o r t .  

Langley Research Center  
N a t i o n a l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
A p r i l  16, 1984 
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TABLE 1.- MEASURED NOZZLE THROAT AREAS 

[ A l l  areas are  i n  s q u a r e  c e n t i m e t e r s ]  

Throa t  
l o c a t i o n  

Tota 1 

TOP 
Center  
Bottom 
T o t a l  

TOP 
Center  
Bottom 
T o t a l  

TOP 
Center  
Bottom 
T o t a l  

TOP 
Bottom 
T o t a l  

Nozzle c o n f i g u r a t i o n  
T o t a l  of 
l e f t  and  

r i gh t n oz z l e  s 

L e f t  R i g h t  
nozz le  n o z z l e  

17.12 17.12 34.24 

2.1 3 2.1 3 
13.10 13.19 

1.87 1.88 
17.10 17.20 34.30 

4.60 5.00 
8.74 8.60 
4.53 4.64 

17.87 18.24 36.11 

7.00 6.95 
4.43 4.26 
6.89 6.80 

18.32 18.01 36.33 

8.90 8.86 
8.83 8.86 

17.73 17.72 35.45 

Base l i n e  (forward t h r u s t )  

TOP 
Cen te r  
Bottom 
T o t a l  

TOP 
C e n t e r  
Bottom 
T o t a l  

TOP 
B o t t o m  
Tota 1 

TOP 
Bottom 
Tota 1 

TOP 
Bottom 
Tota 1 

25-percent deployment 

4.54 4.68 
8.31 8.32 
4.48 4.51 

17.33 17.51 34.84 

4.64 4.72 
8.21 8.21 
4.66 4.66 

17.51 17.59 35.1 0 

8.65 8.56 
8.52 8.50 

17.17 17.06 34.23 

8.57 8.59 
8.57 8.49 

17.14 17.08 34.22 

8.59 8.60 
8.79 8.67 

17.38 17.27 34.65 

5 0 -pe r c e n t de p 1 o yme n t 

7 5 -percent  deployment 

1 0 0 -pe rcen t  dep  1 o yme n t 

5 0 -pe r ce n t de p 1 o yme n t w i  t h 
forward t h r u s t  vec to red  
downward 15" 

5 0 -pe r ce n t de p l  o yme n t w i  t h  
forward t h r u s t  vec to red  
upward 15" 

11 0" r e v e r s e r - p o r t  a n g l e  

120" r e v e r s e r - p o r t  a n g l e  

1 30" r e v e r s e r - p o r t  a n g l e  



TABLE 1.- Concluded 

Nozzle c o n f i g u r a t i o n  
Throa t  

l o c a t i o n  

11 Oo r e v e r s e r - p o r t  a n g l e  
( s h o r t  i n t e r n a  1 passage 
l e n g t h )  

1 30° t op / l  10' bottom 
r e v e r s e r - p o r t  a n g l e s  

8.67 
8.64 

17.31 

8.80 
8.64 

17.44 

8.66 
8.80 

17.46 

8.62 
8.79 

17.41 

8.89 
8.56 

17.45 

TOP 
Bottom 
Tota 1 34.38 

34.80 

34.78 

34.79 

34.90 

Top 
Bottom 
T o t a l  

1 30° t o p / l  20° bottom 
r e v e r s e r - p o r t  a n g l e s  

11 Oo top/l 30° bottom 
r e v e r s e r - p o r t  a n g l e s  

1 20° t o p / l  30° bottom 
reve  r s e r - p o r t  a n g l e s  

~~ ~~ 

TOP 
Bottom 
T o t a l  

TOP 
Bottom 
T o t a i  

TOP 
Bot tom 
Tota 1 

L e f t  
nozz le  

8.75 
8.32 

17.07 

8.72 
8.64 

17.36 

8.68 
8.64 

17.32 

8.71 
8.67 

17.38 

8.85 
8.60 

17.45 

Righ t  
nozz le  

T o t a l  of 
l e f t  and 

r i  gh t noz z l e  s 
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TABLE 2.- INDEX TO DATA FIGURES 

Pres  s u r  e 
.is t r  i bu ti on 

d a t a  

37 

Nozzle c o n f i g u r a t i o n  

Base l i n e  ( forward t h r u s t )  

2 5-pe r ce n t deployment 

5 0-pe r cen t deployment 

7 5-percent  deployment 

1 00-pe r ce n t deployment 

50-percent  deployment w i t h  
forward t h r u s t  vec to red  
downward 1 5 O  

50-percent deployment w i t h  
forward t h r u s t  vec to red  
upward 1 5 O  

1 1 Oo r e v e r s e r - p o r t  a n g l e  

1 20° r e v e r s e r - p o r t  a n g l e  

1 30° r e v e r s e r - p o r t  a n g l e  

1 1  Oo r e v e r s e r - p o r t  a n g l e  
( s h o r t  i n t e r n a l  passage  l e n g t h )  

11 Oo r e v e r s e r - p o r t  a n g l e  
( s h o r t  i n t e r n a l  passage  l e n g t h )  
wi th  forward e x t e r n a l  d o o r s  

1 1  Oo r e v e r s e r - p o r t  a n g l e  
( s h o r t  i n t e r n a l  pas sage  l e n g t h )  
w i t h  s i d e w a l l s  

1 1  Oo r e v e r s e r - p o r t  a n g l e  
( s h o r t  i n t e r n a l  pas sage  l e n g t h )  
w i th  a f t  e x t e r n a l  door s  

11  Oo r e v e r s e r - p o r t  a n g l e  
( s h o r t  i n t e r n a l  pas sage  l e n g t h )  
w i th  forward e x t e r n a l  d o o r s  and 
s idewa 1 Is 

Figure  f o r  - 

Force and  
moment d a t a  

1 7  t o  19 

20  t o  22 

2 0  t o  22 

2 0  t o  22 

2 0  t o  22 

23 t o  26, 36 

23 t o  26, 36 

27 t o  31 

27, 28 

27, 28 

29 t o  31 

31 

31 

31 

31 

38 

39 

40 

41 

42 

43 

44 

45 



TABLE 2.- Concluded 

Nozzle c o n f i g u r a t i o n  

1 1  Oo r e v e r s e r - p o r t  ang le  
( s h o r t  i n t e r n a l  passage  l eng th )  
w i t h  forward  and a f t  e x t e r n a l  
doors  

11 Oo r e v e r s e r - p o r t  a n g l e  
( s h o r t  i n t e r n a l  passage  l e n g t h )  
w i t h  forward  and a f t  e x t e r n a l  
doors  and s i d e w a l l s  

1 1 Oo r e v e r s e r - p o r t  a n g l e  
( s h o r t  i n t e r n a l  passage  l e n g t h )  

w i t h  a f t  e x t e r n a l  doors  and 
sidewa 11s 

1 30° t o p / l I  Oo bottom r e v e r s e r -  
p o r t  a n g l e s  

1 30° top/l 20° bottom r e v e r s e r -  
p o r t  a n g l e s  

11 Oo t o p / l  30° bottom r e v e r s e r -  
p o r t  a n g l e s  

1 20° t o p / l  30° bottom r e v e r s e r -  
port a n g l e s  

F igure  f o r  - 

Force and 
moment d a t a  

31 

29 t o  31 

29 t o  31 

32 to 35 

32 to 36 

32 t o  36 

32 t o  36 

Press u r e 
fii s t r i bu ti on 

d a t a  

46 
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TABLE 3.- STATIC FORCE AND MOMENT DATA FOR NOZZLE CONFIGURATIONS 

NPR F 7 . /Fi %i CF cm 

B a s e  l i n e  ( forward  t h r u s t )  

0.000 0.0000 0.0003 
.649 -.0004 -.0074 
.6 54 -. 0007 -. 01 07 
,653 -.0013 -.0204 
.646 -. 001 8 -. 0273 
.634 -.0015 - .0339 
.6 26 -. 0020 -. 0404 

6.97 

-0.0000 
.0008 
.0013 
,002 7 
.0038 
.0037 
.0047 

1.00 
2.01 
2.52 
3.99 
5.03 
6.05 
7.02 

0.000 
9 57 

.973 

.991 

.993 

.991 

.986 

.980 

1.00 
2.00 
2.00 
2.53 
3.52 
4.02 
5.00 
6.02 
6.63 

0.0001 -. 001 0 
- .0008 -. 0008 
-.0010 -. 001 2 
-.0014 -. 001 6 

0.0003 
-.0115 
-.0165 
-.0272 
-.0325 
-.0431 
-.0538 -. 0643 

-0.0000 
.0018 
,001 8 
.0027 
.003 2 
.0043 
.005 5 
.0066 

25-percent deployment 

0.000 
.233 
. 2 2 8  
.252 
.2 52 
,250 
.246 
.242 
.2 38 

-0.0001 
-.0013 -. 0009 
-.0017 -. 001 4 
-.0016 -. 0020 
-.0023 -. 0026 

~~~ ~ 

-0.0001 
- .0029 -. 0028 -. 0045 -. 0072 
- .0086 -. 01 12 
-.0139 -. 01 54 

I 7 5 -pe r c e n t de  p 1 o yme n t 

~ 

0.0000 
.0017 
.0011 
.0023 
.0016 
,001 8 
.0024 
.0028 
.0030 

1 .oo 
2.01 
2.52 
3.54 
4.05 
5.01 
6.03 
6.66 

0.000 
-.047 -. 047 -. 050 -. 053 -. 054 -. 054 
-.057 

-0.0001 -. 0008 -. 001 1 
-.0016 -. 001 7 
-.0023 -. 0027 
-.0027 

0.0001 
.0006 
.0009 
.0015 
.0019 
.0025 
.0032 
.0038 

0.0000 
.0002 
.0003 
.0007 
.0006 
.0012 
.0011 
.0008 



TABLE 3.- Continued 

NPR cN cF F . /Fi 3 

50-percent deployment with forward t h r u s t  
vec to red  downward 15O 

0.000 -. 2 73 
-.297 
-.312. 
-.316 -. 3 22 
-.321 
-.321 

50-percent  deployment with forward t h r u s t  

-0.0001 -0.0002 0.0000 -. 0007 .0034 -. 0001 -. 0009 .0054 - .0002 -. 001 5 .0092 -. 0001 
-.0021 .0111 .0005 -. 0032 .0152 .0015 
- .0030 .0190 .0006 
-.0028 .0192 .0003 

vec to red  upward 15O 

1 .oo 
2.01 
2.49 
3.51 
4.01 
5.01 
6.01 
6.78 

0.000 
.1 77 
.189 
.201 
.201 
.204 
.204 
,203 

0.000 -0.0000 -0.0002 0.0000 
.235 -. 0029 -. 0029 . 0 048 
.241 -.0037 - .0041 .006 0 
.2 39 -. 0041 -. 0067 .0064 
.237 -. 0044 - -0079 .0069 
.2 33 -. 0056 -. 01 04 .O 086 
.229 -. 0067 -.0128 ,0103 
.223 -. 0076 -.0146 .0117 

I 
1.00 
2.07 
2.50 
3.51 
4.01 
5.03 
5.97 
6.99 

-0.0000 -. 0021 
-.0032 -. 0056 -. 0067 -. 0090 
-.0113 
-.0137 

1 1  Oo r e v e r s e r - p o r t  a n g l e  

0.000 
-.418 -. 368 
-.318 -. 365 -. 320 
-.290 
- -269 

-0.0000 -. 0006 
.0008 
.0018 
.0022 
.0030 
.0037 
.0043 

0.0000 
.0003 

-.uo19 -. 0037 
-.0044 -. 0057 -. 0069 -. 0079 

~ 

-0.0001 
- ,0006 -. 0007 
-.0010 -. 001 1 
-.0014 -. 001 7 
-.0021 

-0.0000 
.0036 
.0044 
.0062 
.0085 
.0100 
.0112 
.0125 

~ ~~ ~ 

0.0000 
-.0002 -. 0002 
-.0003 -. 0005 
-.0005 -. 0005 
-.0004 
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TABLE 3.- Continued 

cN cF F . /Fi 
3 

NPR cm _:I' 5.00 

7.00 

-l 

1 20° reverser -pc  

0.000 -. 055 
-.091 
-.l 36 
-.153 
-.l 81 
-.164 
-.149 

0.000 -. 694 
-.SO1 -. 426 
-.431 -. 469 
-.428 
-.401 

-0.0001 -. 0006 -. 0007 -. 001 1 
-.0014 -. 001 7 -. 0020 -. 0024 

0.0001 
.0007 -. 0006 -. 0009 

-.0010 -. 001 3 
-.0015 -. 001 9 

1 .oo 
2.08 
2.50 
3.51 
3.98 
5.01 
6.03 
6.98 

0.000 -0.0000 -. 200 -. 0005 
-.267 - -0006 -. 327 -. 001 0 
-.291 -.0011 
-.213 -. 001 5 
-.155 -.0019 
-.l 18 -. 0022 

c t  a n g l e  

0.0001 
.0056 
.0058 
.0082 
.0099 
.0144 
.0165 
.0185 

-0.0000 
.0020 
.0037 
.0076 
.0080 
.0078 
.007 2 
.0065 

-0.000 1 -. 0020 
-.0001 -. 0005 
-.0007 -. 001 1 
-.0012 -. 001 3 

-0.0000 -. 0001 
-.0002 -. 0005 
-.0004 -. 0002 

.ooo 1 

.0003 

1 30° r e v e r s e r - p o r t  a n g l e  

0.000 -. 726 -. 703 -. 568 -. 5 37 -. 556 -. 563 -. 529 

1.00 
2.00 
2.51 
3.50 
4.01 
5.02 
5.98 
7.01 

11 Oo r e v e r s e r - p o r t  a n g l e  ( s h o r t  i n t e r n a l  pas sage  

1 .oo 
2.00 
2.51 
3. 5 0  
4.00 
5.00 
6.01 
7.01 

-0.0001 
.0002 
.0004 

-.0015 -. 001 2 
-.0018 -. 001 8 
-.0021 

-0.0000 
.005 5 
.0079 
.0104 
.0118 
.0163 
.O 205 
.0233 

0.0000 
-.0013 -. 0020 

.0006 -. 0004 
-.0004 -. 001 2 
-.0013 

l e n g t h )  

0.0000 
.0005 
.0012 
.0031 
.0042 
.0066 
.007 6 
.0083 

0.0000 
.0001 
.ooo 1 
.0001 
.ooo 1 
.oooo 
.ooo 1 
.0001 

11 0' r e v e r s e r - p o r t  a n g l e  ( s h o r t  i n t e r n a l  pas sage  l e n g t h )  I w i t h  forward  e x t e r n a l  d o o r s  

26 



TABLE 3.- Continued 

NPR 
t 

cN cF F .  /Fi 7 

5.04 

7.00 

1.00 
2.00 
2.50 
3.52 
3.98 
4.98 
5.91 

0.000 -. 303 
-.323 -. 435 -. 457 -. 478 
-.494 -. 509 

0.000 -0.0001 -0.0000 0.0000 
- 058 - -0005 .0005 . 000 2 -. 088 -. 0007 .0012 .0002 
-.130 -.0011 .0030 .0003 
-.145 -. 001 3 .0039 .0003 
-.170 - -001 7 .0062 . 000 2 
-.154 -. 0021 .0069 .0004 

-0.0000 -. 0004 -. 0007 -. 001 0 
-.0012 -. 001 5 
- .0020 -. 0025 

1 .oo 0.000 0.0001 
3 i  01 -.I 75 -. 0004 
2.51 -. 357 -.0005 
3. 51 -. 384 -. 001 0 
3.98 -.323 -.0011 
4.98 -.232 -. 001 5 
5.99 -.171 -.0019 
6.98 -.l 24 -. 0022 
7.96 -. 089 - -0026 

-0.0001 
.0027 
.0043 
.0097 
.0123 
.0171 
.0220 
.0274 

-0.0001 
.0016 
.oil50 
.0089 
.0088 
.0085 
.0078 
.0068 
.0057 

~~ 

0.0000 -. 0002 
-.0002 -. 0006 -. 0008 -. 001 1 
-.0012 -. 001 2 

-0.0001 -. 0005 -. 0006 
- .0009 -. 001 1 
-.0015 

I -. 001 8 
-.0021 

-0.0000 -. 0001 
- .0004 -. 0005 -. 0004 -. 0002 

.0001 

.0003 

.0007 

11 Oo reverser-port a n g l e  ( s h o r t  i n t e r n a l  passage l e n g t h )  
w i t h  forward and  a f t  e x t e r n a l  doors I 

5.02 
5.99 
7.00 

0.000 
-.314 -. 300 -. 282 -. 3 06 
-e276 -. 2 55 -. 240 

-0.0001 
.0030 
.0041 
.0063 
.0082 
.0098 
.0113 
.0129 

0.0000 
-.0001 -. 0002 
-.0004 -. 0005 
-.0005 -. 0005 
-.0005 
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TABLE 3.- Continued 

P .  /Fi 
..-- 

I N rii cN cF 'm 

1.00 0.000 
1.99 -.327 
2.52 -. 300 
3.51 -.275 
4.00 -. 288 
5.00 -.245 
6.00 -.216 
7.00 -.197 

11 oo 

-0.0000 
- .0005 -. 0007 
-.0010 -. 001 2 
-.0016 -. 001 9 
-.0022 

1.00 
1.99 
2.50 
3.50 
3.99 
5.02 
6.00 
6.99 

-0.0001 
.003 1 
.0041 
.0061 
.0076 
.0086 
.0095 
.0105 

-0.0000 
-.0002 -. 0002 
-.0003 -. 0003 
-.0003 -. 0003 
-.0003 

r e v e r s e r - p o r t  a n g l e  ( s h o r t  i n t e r n a l  pas sage  l e n g t h )  
w i t h  a f t  e x t e r n a l  doors and  s i d e w a l l s  

0.000 
-.315 -. 346 -. 456 -. 479 -. 503 -. 522 
-.535 

-0.0000 
- .0005 -. 0007 
-.0010 -. 001 1 
-.0015 -. 0020 
- .0024 

-0.0002 
.0028 
.0046 
.0102 
.0128 
.0180 
.0233 
.0288 

-0.0000 
-.0001 -. 0003 
-.0007 -. 0009 
-.0012 -. 001 3 
-.0017 

1 .oo 
1.98 
2.01 
2.51 
3.51 
4.00 
5.01 
6.02 
7.02 

1 .oo 
2.02 
1.99 
2.50 
3.51 
4.00 
4.99 
5.98 

1 30° top/l 1 Oo bottom r e v e r s e r - p o r t  a n g l e s  

0.000 
-.711 
-.712 -. 657 -. 456 -. 460 
-.475 -. 448 
-.415 

-0.0001 
.0028 
.0029 
.0045 
.0012 
.0008 
.0023 
.0022 
.0018 

~ 

0.0003 
.0056 
.0057 
.0078 
.0088 
.0106 
.0146 
.0173 
.0193 

0.0000 -. 0054 
-.0056 -. 0083 
-.0038 -. 0036 
-.0065 -. 0070 
-.0070 

130" top/l 20° bottom r e v e r s e r - p o r t  a n g l e s  

I 
0.000 -. 730 
-.733 -. 699 
-.524 -. 505 
-.533 -. 51 4 

0.0000 
.0008 
,0007 
.0032 
.0011 
.0003 
.0004 

I I 

0.0002 
.0058 
.0057 
.0080 
.0100 
.0115 
.0161 
.0194 

-0.0000 -. 0024 
-.0023 -. 0064 
-.0038 -. 0030 
- .0040 -. 0052 
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TABLE 3.- Concluded 

NPR F . /Fi 3 

1 .oo 
2.02 
2.50 
3.51 
4.00 
4.99 
5.98 
7.03 

cN I cF 1 'm 

0.000 -. 527 
-.481 -. 427 
-.438 -. 433 
-.416 -. 388 

0.0001 -. 0026 
-.0039 -. 0027 
-.0028 -. 0045 
-.0053 -. 0058 

1.00 
2-07 
2.51 
3.49 
4.02 
5.01 
6.01 
7.00 

- 0.0001 -0.0000 
.0043 .0038 
.0057 .005 7 
.0083 .0028 
,0102 .0025 
.0133 .0047 
.0160 .005 1 
.0182 .0051 

0.000 -. 705 -. 570 
- .499 -. 494 
-.513 -. 491 -. 462 

-0.0001 
.0001 -. 0028 

-.0032 -. 0027 
- -0034 -. 0041 
- .0045 

-0.0001 
.0056 
.GO66  
.009 5 
.0113 
.0156 
.0187 
.0212 

0.0000 
-.0010 

.@e39 

.0039 

.0023 

.0026 

.0030 

.0029 
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TABLE 4.- AEROPROPULSIVE FORCE AND MOMENT DATA 
FOR NOZZLE CONFIGURATIONS 

a,  d e s  Fi “L c (D-F) ‘m M NPR f- 
F - D  

‘m, n 

Base l i n e  (forward t h r u s t )  

0.1 5 
.15 
.15  
.15 
.15  
.15 
.15  
.15 
.15  
.15 
.15  
.15 
.15  
.15 
.15  
.60 
.60  
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60  
.60 
.60  
.60 
.90  
.90 
.90  
.90 
.90  
.90 
.90  
.90 
.90  
.90 
.90  
.90 
.90 
.90 
.90  
.90 

-0.03 
-.03 
-.04 
-.05 
-.03 

-3.02 
-.08 
2.92 
5.92 
8.96 

-2.99 
.14 

2.99 
5.97 
8.95 
-.03 
-.05 
-.04 -. 04 
-.04 

-3.03 
-.03 
2.98 
5.97 
8.97 

-3.04 -. 0 3  
2.96 
5.95 
8.97 
- . 0 2  
-.03 
-.05 
-.03 
- .03 
-.04 

-3.02 
-.04 
2.96 
5.95 
8.96 

-3.03 
- .03 
2.97 
5.97 
8.93 

1.00 
2.00 
2.61 
3.01 
3.79 
1 .oo 
1.00 
1 .oo 
1.00 
1 .oo 
2.61 
2.61 
2.62 
2.62 
2.62 
1.05 
2.01 
3.02 
3.51 
5.02 
1.04 
1.05 
1.04 
1.04 
1.05 
3.49 
3.51 
3.52 
3.51 
3.52 
1.10 
1.99 
3.00 
5.03 
6.97 
7.01 
1.10 
1.09 
1.09 
1.08 
1.10 
5.00 
5.00 
5.01 
5.00 
5.02 

0.000 
.962 
.979 
.984 
.9 88 
.ooo . 000 
.ooo 
,000 
.ooo 
.971 
.968 
.963 
.952 
.9 34 
.ooo 
.820 
.907 
.9 25 
.947 . 000 
.ooo 
.ooo 
,000 
.ooo 
.925 
.913 
.880 
.821 
.733 . 000 
.394 
.672 
.831 
.881 
.883 . 000 
.ooo . 000 
.ooo . 000 
.850 
.8 36 
.81 3 
.771 
.651 

0.01 69 
-.0221 
-.0062 
-.0041 
-.0154 

.0111 

.0344 

.0591 

.1 044 

.1326 

.0219 

. l o 2 7  

.1992 

.2871 

.0080 

.0066 

.0096 

.0098 

.0087 

.0104 

.0291 

.0592 

.0886 
-.0180 

.0110 

.0414 

.0791 

.1136 

.0156 

.009 1 
,0095 
.009 5 
.0093 
.0094 
.OOlO 
.0114 
.0200 
.0315 
.0702 

.0085 

.0260 

.0461 

.0886 

-.0708 

-.0072 

-.0064 

-0.0090 
-.7360 

-1.1270 
-1.3771 
-1.9008 
- .0094 -. 0044 

.0107 

.0227 

.0381 
-1.1218 
-1 .1  121 
-1.1 161 
-1.0879 
-1.081 6 

.007 3 
-.0389 
-.0805 
-.1 003 
-.1634 

.0077 

.0088 

.0119 
-01 64 . 0 264 -. 0986 

-.0979 
-.0955 
-.0895 
-.0798 

.0130 
-.0079 -. 0257 
-.0633 
-. lo1 1 
- . lo25 

.0114 

.0128 

.0143 

.0170 

.0253 
- .0646 
-.0633 
-.0617 -. 0587 
-.0494 

-0.01 73 
.0836 
.0876 
. lo25 
.1517 
.005 1 

-.0231 
-.0538 
-.0921 
-.1380 

.1113 

.0739 

.0417 

.0012 -. 0431 
-.0154 -. 0092 
-.0104 -. 0091 
-.0029 

.0066 
-.0158 -. 0 394 
-.0763 -. 1 183 

,0202 -. 01 00 -. 041 1 -. 0808 -. 1 227 
-.0242 
-.0170 
-.0169 
-.0142 
-.0112 
-.0111 -. 0085 
-.0224 -. 0335 
- .0500 -. 1 01 3 

.0004 
-.0137 -. 0307 -. 0557 
-.lo51 

0.0005 
.1028 
,1098 
.1235 
.1759 

-.0021 -. 0 056 
-.0104 
-e0206 
-.0222 

.1045 
,0949 
.0918 
.085 2 
.0828 
.002 3 
.0082 
.0090 
.0106 
,0164 
.0012 
.0018 
.0027 
.0006 
.0032 
.0118 
.0094 
.007 3 
.0030 

-.0004 
.0023 
.007 0 
.0077 
.0111 
.0141 
,0139 
.0045 
.0039 
,0061 
.007 4 
.0029 
.0125 
.0114 
.0103 
.0100 
.0057 



TABLE 4.- Continued 

a, deg M 
F - D  

NPR Fi CL ‘(D-F) ‘m ‘m, n 

Base l i n e  ( forward t h r u s t )  

1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 

0.1 5 
. 15  
.15 
.15  
.15 
.15  
.15 
.15  
.15 
.15  
.60 
.60 
.60 
.60  
.60 
.60  
.60 
.60  
.60 
. 60  
.90 
.90  
.90 
.90  
.90 
.90 
.90 
- 9 0  

0.06 
.07 
.07 
.09 
.06 

-2.93 
.07 

3.07 
6.08 
9.06 

.08 
3.09 
6.06 
9.06 

-2.93 

0.01 
.Ol 

-.01 -. 0 3  
-.oo 

-3.02 
-.01 
3.00 
6 -02  
9.01 
-.oo -. 00 
-.01 -. 01 
-.03 

-2.99 
.oo 

3.03 
6.00 
8.98 
-a04 

.oo 
-.02 -. 02 
-.03 

-3.02 
.oo 

3.00 

0.89 
3.01 
5.02 
7.02 
9.02 

.90 

.89 

.87 

.86 

.82 
6.99 
7.04 
7.00 
7.01 
7.00 

1 .oo 
2.02 
2.62 
3.02 
3.83 
2. 6 3  
2.62 
2.62 
2.62 
2.62 
1.01 
2.02 
3.03 
3.53 
5.04 
3. 52 
3.53 
3.52 
3.51 
3.52 
1.05 
2.00 
2.89 
5.01 
7.05 
5.03 
5.03 
5.04 

0.000 -. 237 
.379 
.585 
.694 
.ooo 
.ooo 
.ooo 
.ooo 
.ooo 
.538 
.588 
.518 
.374 
.171 

-0.0147 
-.0153 
-.0120 -. 0086 
-.0084 -. 0547 
-.0129 

.0366 

.0779 

. I  091 
-.0565 -. 0068 

.0520 

.0914 

.1296 

0.0276 
0056 

-.0159 -. 0375 
-.0605 

.0312 

.0283 

.0320 

.0406 

.0535 
-.0343 
-.0378 
-.0330 
-.0237 
-.0106 

2 5-pe rcen t deployment 

0.000 
.614 
.624 
.625 
.625 
.616 
.617 
.616 
.613 
.602 
.ooo 
.333 
.455 
.481 
,520 
.477 
.472 
.447 
.393 
.3  20 
.ooo -. 078 
.232 
.4 00 
.450 
.416 
.398 
.373 

-0.0087 
-.0396 
-.0454 -. 0507 
-.0592 -. 0985 
-.0327 . 0 246 

.0844 
,1492 
.0070 
.0052 
.0045 
.0041 
.0017 -. 0203 
.005 5 
.0317 
.064 3 
.0937 
.0107 
.0106 
.0138 
.0149 
.0134 
.0009 
,0166 
.0310 

-0.0103 
-.4525 
-.6945 -. 8467 

-1 -1639 -. 6894 
-.6852 -. 681 8 
-. 6893 -. 6764 

.0115 -. 01 48 -. 0383 -. 0499 -. 0858 -. 0500 
- -0489 -. 0465 
-.0411 

.0333 

.0144 

.0020 
-.0083 -. 0290 
-e0499 
-e0308 
-e0292 
-.0272 

0.01 58 
.0167 
.0115 
.0077 
.0092 
.0690 
.0111 -. 0481 -. 1009 -. 1 452 
.0681 
.0051 

-.0621 -. 1 074 
-.1581 

-0.01 26 
.0493 
.0698 
.0860 
.1153 
.0997 
.0670 
.0360 
.0065 

-.0266 
-.0167 -. 01 26 
-.0103 -. 0092 
-.0041 

.0191 
- .0101 -. 0398 
-.0770 
-.I 138 
-.0255 -. 0246 
-.0273 
-.0278 
-.0245 
-.0119 
-.0291 
-.0461 

0 0048 
e0071 
.0030 
.0019 
.0031 
.0075 
.005 2 
.0051 -. 0058 -. 0077 
.006 1 
.0018 

-.0063 -. 01 1 1  
-.0173 

0.0078 
.0616 
.083 3 
. I  009 
.1324 
.0859 
.079 3 
.0760 
.078 0 
.3:44 
.0011 
.0034 
.005 2 
.0065 
.0099 
.0055 
.005 2 
.0041 

- .0008 -. 0022 
.0018 
.0008 

.0006 

.003 1 

.0024 
-.0001 
-. 001 7 

-.0007 
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TABLE 4.- Continued 

F - D  
a, deg  Fi M NPR CL ‘(D-F) %, P, 

0.90 
. 9 0  

1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1 . 2 0  
1.20 
1.20 

0.1 5 
.15 
. I  5 
.15 
.15 
.I 5 
.15 
.15 
.15 
.15 
.60  
.60 
.60  
.60 
.60 
.60 
.60  
.60 
.60 
.60 
.90 
.90 
.90 
.90 
.90 
.90 
.90  
.90 
.90 
.90 

1.20 
1.20 

6.01 
9.00 
-.02 
-.01 
-.01 -. 02 
-.02 

-3.00 
-.01 
2.97 
5.98 
8.96 

5.01 
5.07 

.88 
3.03 
5.05 
7.03 
9.06 
7.06 
7.03 
7.1 0 
7.05 
7.05 

-0.03 
.01 -. 00 

-.oo -. 01 
-3.02 

.Ol 
3.01 
6.02 
9.01 -. 01 
-.01 -. 00 
-.01 -. 00 

-3.01 
.02 

2.99 
6.00 
8.99 

.oo 
-.02 
-.01 

.01 

.01 
-3.01 

.Ol 
3.00 
5.99 
9.01 -. 02 
-.02 

1.00 
2.00 
2.61 
3.02 
3.81 
2.62 
2.61 
2.62 
2.61 
2.61 
1.03 
2.01 
3.02 
3.51 
5.03 
3.53 
3.50 
3.51 
3.52 
3.53 
1.07 
2.05 
3.01 
5.03 
7.06 
5.02 
5.01 
5.03 
5.05 
5.06 

.90  
3.03 

0.321 
. I  9 8  
.ooo -. 500 
.OS3 
. 2  55 
.363 
.196 
.251 
.195 
.054 

-.144 

0.051 7 
.0949 

-.0128 
-.0129 
-.0130 -. 01 36 
-.0137 -. 0 586 
-.0125 

.0443 

.084 1 

.1 247 

-0.0233 
-.0144 

.0273 

.0110 
-.0018 -. 01 56 -. 0305 
-.0120 
-.0154 -. 01 20 
-.0030 

.0094 

5 0 -pe r c e n t de p 1 o yme n t 

0.000 
.215 
.203 
.206 
.210 
.I 99 
.199 
. I96  
.193 
.183 . 000 -. 081 . 0 54 
.089 
. I46  
.080 
.084 
.063 
.024 

-.026 
.ooo 

-.415 
-.1 28 

.044 

.099 

.047 . 0 39 

.030 
-.029 
-.117 

.ooo 
-.735 

-0.0050 
-.0444 -. 0595 
-.0758 -. 1 01 7 
-.0921 -. 051 8 
-.0154 

.0258 

.0769 

.0069 

.0017 -. 0037 
-.0052 
-.0101 
- .0246 -. 001 5 

.0189 

.0458 

.0668 

.0087 

.0113 

.0122 
.0017 -. 0039 

-.0092 
.0024 
.0126 . 0 398 
.0731 

-.0126 
- .0140 

-0.0223 -. 1683 
-.2413 -. 3028 -. 4222 
-.2365 -. 2 359 
-.2325 
-.2315 
-.2181 

.0111 

.0044 -. 0046 
-.0096 -. 0259 -. 0086 -. 0092 
-.0066 -. 0024 

.0034 

.0146 

.009 6 

.0056 
-.0031 
-.0117 
-.0034 -. 0027 
-.0020 

.0027 

.0099 

.0274 

.0172 

-0.0760 
-.1 299 

.0112 

.0108 

.009 7 

.0104 

.0109 

.0694 
,0087 

-.0584 
-. lo58 -. 161 3 

-0.01 31 
.0161 . 0 366 
.0544 
.0875 
.066 5 
.0319 
.0009 -. 0320 

-.0812 -. 01 62 
-.0107 -. 0038 -. 0024 

.0034 

.0246 -. 0060 
-.0312 -. 0634 -. 0901 -. 021 9 
-.0259 -. 0262 
-.0124 -. 0059 

.0025 -. 01 28 
-.0261 -. 0644 
- . lo48 

.0111 

.0122 

-0.0025 -. 0089 
.OOO 4 -. 0008 

-.0007 
.0002 
.0015 
.0065 

-.0002 -. 0055 
-.0112 -. 01 74 

0.0033 
.0311 
.0487 
.0655 
.0978 
.0545 
.0478 
.0385 
.0412 
.0208 
.0007 
.0020 
.0053 
.0076 
.0089 
.003 1 
.0050 
.0018 
.0003 
.0013 
.0026 

-.0026 -. 0031 
.0031 
.0060 
.0036 
.0019 
.002 3 -. 001 0 
.004 1 
.OOl 0 

-.0005 
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TABLE 4.- Continued 

F - D  
Fi M a, deg NPR C 

cL ‘(D-F) ‘m m, n 

- 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1 . 2 0  
1.20 

5.06 
7.08 
9.06 
7.07 
7.05 

~ 7.06 
7.05 

~ 7.06 

0.02 
.01 
.01 

-3.00 
-.02 
2.99 
5.98 
8.99 

-0.235 -. 058 
.030 

-.l 13  
-.065 
-.1 26 -. 269 -. 468 

0.15 
.15 
.15  
.15 
.15  
.15 
.15  
.15 
.15  
.15 
.60 
.60 
.60  
.60 
. 6 0  
.60 
.60 
.60 
.60  
.60 
.60 
.90 
.90  
.90 
.90 
.90 
.90  
.90 
.90  
.90 
.90 

1.20 
1.20 
1.20 
1.20 

-0.01 
-.01 -. 00 
-.oo 

.oo 
-3.01 

-.01 
3.00 
6.01 
9.00 -. 01 

.01 

.06 

.02 -. 05 
-2.99 

.10 
2.97 
4.97 
6.03 
9.02 
-.03 

.02 
-.02 -. 05 
-.03 

-2.98 
-.01 
2.96 
5.98 
8.99 

.oo 

.01 

.02 
-.01 

1.00 
2.01 
2.62 
3.01 
3.81 
2.61 
2.62 
2.62 
2.61 
2.62 
1.04 
2.02 
3.00 
3.51 
5.04 
3.50 
3.52 
3.52 
3.53 
3.53 
3.53 
1.10 
2.02 
3.00 
5.02 
7.07 
5.06 
5.03 
5.03 
5.02 
5.03 

.96 
3.02 
5.04 
7.06 

-0.01 26 -. 01 28 
-.0138 -. 0604 
-.0122 

.0448 

.0848 

.1 254 

0.01 09 
.0043 

-.0023 
.0081 
.0048 
.0089 
.0186 
.0322 

75-percent deployment 

0.000 
- . lo8 
-.111 
- . lo6 -. 099 
-.115 
-.115 
-.118 
-.120 
-.126 

.ooo -. 394 -. 248 
-.217 -. 162 
-.214 -. 21 2 -. 232 -. 251 -. 248 -. 263 

.ooo -. 725 
-.435 -. 259 
-.182 
-.239 
-.261 -. 223 
-.332 
-.320 

.ooo 
-.941 
-.462 
-.294 

0.01 07 
.0032 -. 0267 

-.0610 -. 1 049 
- .0566 
-.0336 
-.0155 

.0031 

.0233 

.0061 

.0114 

.0009 
.0066 
.0210 

-.0103 
.0032 
.0214 
.0332 
.0305 
.0328 
.0102 
.0200 
.0268 
.0287 
.0212 
.0116 
.0286 

-.0121 
,049 3 
.0407 

-.0135 
-.0125 
-.0125 
-.0146 

0.0039 
.0880 
.1390 
.1622 
.2092 
.1422 
.1434 
.1461 
.1486 
.1570 
.0129 
.0205 
.0239 
.0259 
,0307 
.0255 
.0257 
,0280 
.0303 
.029 8 
.0317 
.0154 
.0165 
.0187 
.0219 
.0236 
.0206 
.022 1 
.0190 
.0281 
.0271 
.0267 
.0227 
.0219 
.0213 

0.0085 
.0083 
.0097 
.0738 
.007 3 -. 0624 

-a1123 -. 1 687 

~ ~~~ 

-0.01 45 -. 0508 -. 0373 
-.0112 

,0222 
.0019 

- e  0327 
-e0696 -. 1021 
-.1419 -. 01 34 
-.0241 -. 01 20 
-.0214 -. 0456 

.0020 
-.ill51 
-.0407 -. 0564 
-.0523 -. 0555 
- ,0187 -. 0343 
-e0456 -. 051 0 
-e0422 -. 0262 
-.OS1 2 

.0060 
-.0854 -. 0653 

.0134 
,0084 
.0072 
.0093 

-0.000 1 
.0005 
.0018 
.0072 . 000 3 -. 0044 

-.0112 -. 01 64 

0.0054 
-.0110 -. 0096 

.0109 -. 0229 

.009 1 -. 0033 
-.0063 
-.0146 
-.0167 

.0014 -. 0064 -. 0003 -. 007 1 
-.0112 
-.0087 -. cc22 
-.0021 -. 0026 
-.0002 

.0073 

.0008 -. 0077 
-.0134 -. 01 46 
-.0120 
-.0113 
-.0175 

.0072 

.0056 

.0026 -. 0008 . 000 2 -. 0002 

-.0117 
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TABLE 4.- Continued 

-0.01 01 
-.0330 -. 0837 
-.0886 -. 1 077 
-.0829 -. 0834 
-.0388 -. 0559 
-.0616 

.0007 
-.0028 -. 0044 
- .0047 -. 0065 
-.0054 -. 0033 -. 0089 -. 01 09 
-.0044 -. 0023 
-.0026 -. 0033 
-.0011 -. 0034 
- .0067 -. 0067 
-.0109 

.0017 
-.0029 -. 0028 
-.0036 -. 0052 

.0044 -. 0033 
-.0102 

-*0173 -.0225 

1.20 

I 

---- 
0.1 5 

.15 

.15  

.15 

.15  

.15 

.15  

.15 

.15  

.15 

.60  

.60 

.60  

.60 

.60 

.60 

.60  

.60 

.60  

.90 

.90  

.90 

.90  

.90 

.90  

.90 

.90  

.90 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 

-- 
-0.01 

.oo -. 00 
-.01 -. 01 

-3.00 -. 02 
3.00 
5.98 
9.01 -. 01 

. O l  

.oo 

.01 

. O l  
-2.99 

.oo 
3.01 
9.00 
-.01 

.Ol 

.oo 

.02 
-3.03 -. 01 

3.02 
5.98 
8.99 -. 00 
-.02 -. 02 
-.oo 

.oo 
-3.02 

-.01 
3.02 
6.00 
8.99 

9.01 
7.03 
7.04 
7.03 
7.05 
7.04 

1.00 
2.01 
2.62 
3.01 
3.82 
2.60 
2.60 
2.60 
2.60 
2.60 
1.05 
2.01 
3.04 
3.53 
5.03 
3.52 
3. 52 
3.52 
3.52 
2.03 
3.01 
5.01 
7.06 
5.03 
5.02 
5.05 
5.03 
5.02 
1.00 
3.03 
5.01 
7.04 
9.02 
7.03 
7.08 
7.05 
7.03 
7.05 

7 5 -pe r ce n t de p 1 oyme n t 

-0.21 4 -. 348 -. 299 -. 353 
-.490 -. 676 

-0.01 70 -. 0571 
-.0136 

.0413 

.0830 

.1226 

0.0207 
.0251 
.0216 
.0253 
.0352 
.0482 

1 00-percent  deployment 

0.000 
-.363 -. 375 
-.375 -. 367 
-.383 -. 382 -. 380 -. 382 
-.385 

.ooo -. 560 -. 462 
-.454 -. 429 
-.454 
-.462 
-.474 -. 536 
- .goo -. 596 
-.442 -. 386 
- .458 -. 446 -. 467 -. 51 2 -. 591 . 000 

-1.1 34 -. 676 
-.507 -. 425 
-.553 
-.510 
-.559 
- 704 
-.879 

-0.01 00 
-.0475 -. 0681 
-.0814 
-.lo99 
-.0529 -. 0559 
-.0578 -. 0485 
-.0467 

.0018 

.0006 -. 0047 
-.0065 -. 01 09 
-.0256 
-.0039 

.0200 . 0 570 

.0107 

.0042 
-.0030 -. 0075 

.0182 -. 0022 

.009 5 . 0 269 

.062 1 
-.0157 
-.0102 -. 01 05 
-.0126 -. 01 70 
-.0547 
-.0127 

.0410 

.0813 

.1175 

-0.0339 
.2866 
.4575 
.5612 
.7 641 
.4576 
.4556 
.4550 
.4581 
.459 0 
.0119 
,0279 
.0443 
.0538 
.0807 
.OS33 
.0540 
,0553 
.0628 
.020 1 
.0251 
.0366 
.0487 
.0383 
.0371 
.0391 
.0430 
.0492 
.0257 
.0268 
.0313 
.0357 
.0402 
.0390 
.0361 
.0395 
.0492 
.0619 

.0681 .0052 

.0084 -.0007 -. 0602 -. 0053 
-.1144 -.0139 

-0.0089 
- .0359 -. 0428 
- .0408 -. 0459 
-.0245 -. 0442 
-.0723 -. 1082 -. 1 380 -. 0097 
-.0139 -. 01 10  
-.0106 -. 01 08 

.0212 
-.0121 
-.0463 -. 0989 
-.0269 -. 01 87  
-.0126 
-.0106 

.0138 
-.0132 -. 0326 
-.0581 -. 1047 

.0151 

.0026 

.0018 

.003 2 

.0076 

.0623 

.0035 
-.0639 -. 1 1  58 
-.+I671 
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TABLE 4.- Continued 

F - D  
cL 

NPR 
Fi 

C 
'(D-F) 'm m, n 

5 -percent  deployn ! n t  w i t h  orward t h  r u s t  vec tc  .ed downwa -d 15" 

1 .oo 
2.01 
2.60 
3.00 
3.80 
3.00 
2.61 
2.61 
2.61 
2.61 
2.61 

0.000 
.171 
.I 79 
. I  84  
. I 8 8  
. I  72 
.166 
.172 
.I 78 
.180 
.183 

0.01 62 -. 0931 -. 1454 -. 1 730 
-.2281 
-.2069 
- 1 806 
-.I 463 
-.1134 -. 0794 
-.0438 

0.01 24 -. 1 288 
- .2044 
-.2562 
-e3642 
-.2398 
-.1896 -. 1972 
- .2045 -. 2 044 
-.2104 

~ ~~ 

-0.0275 
.1 41 2 
,2208 
.2570 
.3321 
.2841 
.2494 
.2166 
. I864 
.1571 
.I 181  

-0.0026 
.1 581 
.2265 
.2 589 
.3231 
.2  585 
.2290 
.2182 
.2182 
.2133 
.207 1 

0.1 5 
. I  5 
. I  5 
.15 
.I  5 
.15 
.I  5 
.I 5 
.15 
. I  5 
.15 

0.03 
.05 
.06 
.06 
.06 

-3.04 
-3.04 

.Ol 
3.05 
6.02 
9.02 

50-percent  deployment w i t h  forward t h r u s t  vec to red  upward 15" 

0.15 
.15  
. I  5 
.15  
. I  5 
.15  
.15 
.15  
.15 
.15  

0.01 -. 00 
.oo 
.Ol 
.01 

-3.01 
-.oo 
2.99 
6.01 
9.00 

~~~ 

1 .oo 
2.00 
2.63 
3.01 
3.84 
2.61 
2.61 
2.61 
2.62 
2.61 

0.000 
. I  18 
.I 38 
. I  46 
.163 
.I 42 
.1 36 
.1 32 
.I 21 
. I  07 

-0.01 10  
.0383 
.069 2 
.0883 
. lo78 
.0485 
.083 6 
.I122 
.I440 
.I  853 

0.0051 -. 0865 
-.1590 -. 2046 
-.3139 -. 1 592 
-.1535 -. 1 499 -. 1378 
-.I 208 

-0.001 3 -. 1286 
-.1864 
-.2176 
-.2511 -. 1 604 
-.I957 
-.2216 
- -2506 -. 2902 

0.0073 -. 1462 
-.2020 -. 2 240 
-.2675 -. 1966 
-.2067 -. 2070 
-.2104 -. 2 135 

1 1  0" r e v e r s e r - p o r t  ang1.e 
-..I- 

o. 1 5 
. I  5 
.15  
.I 5 
. 15  
.I 5 
. I  5 
.I  5 
.15  
.I 5 
. 60  
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60  

0.000 
-.482 -. 433 
-.397 
-.419 
-.443 -. 443 
-.448 -. 450 -. 459 . 000 
-.701 
-.543 
-.550 -. 4 30 -. 569 -. 563 
- .600 -. 650 

-0.01 55 
-.0290 
-.0381 
-.0575 
-.0677 
-.0356 
-.0317 
-.0221 
-.0116 

,0047 
.0070 
,0046 . 0 009 

-.0018 -. 0045 
-.0243 -. 0001 

,0255 
,0441 

-0.0444 
.247 4 
.3479 
.3984 
.5784 
.3554 
.3562 
.3563 
.3573 
.3650 
.0084 
.0222 
.0347 
,0429 
.0534 
.0447 
.0439 
.0470 
.0510 

-0.00 
-.02 -. 02 

.01 

.oo 
-3.01 -. 01 

2.98 
6.00 
9.00 -. 02 
-.oo 

.Ol 

.01 

.Ol 
-3.01 -. 01 

2.98 
6.01 

1.00 
2.00 
2.61 
3.02 
3.81 
2.61 
2.61 
2.61 
2.61 
2.61 
1.01 
2.01 
3.02 
3.50 
5.02 
3.52 
3.51 
3.50 
3.50 

-C. 0081 -. 0578 -. 0582 -. 0446 -. 0632 
-.0291 -. 0573 -. 0904 
-.I 232 
-.I664 -. 01 62 
-.0168 -. 01 43 
-.0125 -. 01 22 

.0240 -. 01 33 
-.0501 -. 0745 

0.0053 
-.0303 -. 0309 
-e0276 -. 0793 
-.0518 -. 0366 
-.0359 -. 0438 
-.0530 

.0019 
-.0024 -. 0022 
-.0038 -. 0044 
-.0022 -. 0040 
-.0078 -. 0093 

35 



TABLE 4.- Continued 

M a, deg NPR 
F - D  
Fi cL ‘(D-F) I cm n 

- 
0.60 
.90 
.90 
.90 
.90 
.90 
.90 
.90 
.90 
.90 
.90 
.90 
.90 

1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1 20 
1.20 - 

0.1 5 
.15 
.15 
.15 
.15 
.15 
.15 
.15 
.15 
.15 
.15 
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60 

8.99 
-.01 -. 00 -. 0 0  
.oo 
.03 
-.01 
-3.02 
-3.00 -. 00 
3.00 
6.00 
8.98 

.oo 
-.01 
.oo 

-.oo 
.01 

-2.99 -. 00 
3.00 
5.99 
8.99 

-0.01 -. 01 
.01 -. 00 
.oo -. 00 

-3.00 
.01 

2.99 
5.98 
9.01 -. 02 
-.oo 
.oo 
.oo -. 00 

-3.00 
.01 
2.98 
6.00 
8.99 

3.52 
1.05 
1.99 
2.01 
3.01 
5.01 
7.03 
5.03 
5.01 
5.00 
4.99 
5.01 
5.01 
.85 
3.03 
5.02 
7.01 
8.98 
7.02 
6.99 
7.00 
7.02 
7.02 

1 .oo 
2.00 
2.60 
3.00 
3.79 
3.80 
2.61 
2.60 
2.60 
2.60 
2.60 
1.01 
2.00 
3.02 
3.50 
5.01 
3.50 
3.50 
3.50 
3.50 
3.51 

1 1 O0 r e v e r s e r - p o r t  a n g l e  

-0.733 
.ooo 

-1.299 
-1.276 
-.828 -. 522 -. 399 -. 525 
-e529 -. 533 
- -566 -. 643 
-.774 

.ooo 
-1.695 -. 91 5 
-.631 -. 487 -. 699 -. 637 
-.722 -. 934 
-1.208 

0.0678 
.0099 
,0134 
.0136 
.0109 
.0029 -. 0009 -. 01 00 
-.0104 
.0037 
.0181 
.0379 
.0731 
-.0118 
-.0105 
-.0101 
-.0107 -. 01 1 1  
-.OS51 -. 01 05 
.0451 
.0843 
.1230 

0.0572 
.0116 
.0170 
.0171 
.0235 
.0287 
.0333 
.0290 
.0292 
.0295 
.0312 
.0354 
.042 8 
.0258 
.0273 
.0285 
.0295 
.0305 
.0327 
.0296 
.0336 
.0436 
.0564 

1 20° r e v e r s e r - p o r t  anqle  

0.000 -. 638 
-.574 -. 539 -. 502 -. 503 -. 579 -. 585 -. 587 -. 597 
-.607 . 000 
-.921 -. 666 
-.645 -. 579 
-.657 -. 659 -. 690 -. 7 29 -. 804 

-0.0074 
.0014 -. 0094 -. 0239 

- .0569 -. 0532 
.0126 
.0124 
,0241 
.0255 
.0208 
.0075 
.0008 -. 001 4 

-.0032 
-.0049 
-.0212 -. 0009 
.0220 
.0414 
.0610 

-0.0368 
.3195 
.4465 
.5254 
.6766 
.6816 
.4509 
.4563 
.4584 
.4633 
.4749 
.0086 
.0291 
.0417 
.0500 
.0711 
.OS06 . 0 507 
.0528 
.0561 
.0620 

-0.1 082 -. 0238 
-.0297 -. 0299 
-.0271 -. 01 76 
-.0143 
.0040 
.0046 -. 01 81 

-.0392 -. 0690 
-.1158 
.0114 
.0050 
.0025 
.002 5 
.0028 
.0640 
.0019 

-.0675 -. 1 188 
-.1747 

-0.0086 -. 0927 
-.lo25 -. 0985 
-.0783 
-.0841 
-.0832 -. 1 161 -. 1 520 -. 1 839 
-.2159 -. 01 66 
-.0129 -. 01 25 
-.0117 -. 01 47 
.0186 

-.0131 
-.0463 -. 0724 
-.lo04 

~~ 

-0.01 39 
.0047 

-.0032 -. 0034 
-.0038 -. 0021 
-.0020 -. 001 8 
-.0017 -. 0025 -. 0056 -. 0068 
-.0118 

.0015 
-.0036 -. 001 8 
-.0020 -. 0022 
.0027 -. 0021 

- .0068 
-.0146 
-.0200 

0.0078 -. 0405 
-.0471 -. 051 3 
-.0766 -. 0863 
-.0461 -. 0583 
-.0636 -. 0702 
-.0772 
.0023 

-.0026 -. 0020 
-.0025 -. 0067 
-.0031 -. 0033 
-.0072 -. 01 05 
-.0092 
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TABLE 4.- Continued 

F - D  
a, deg Fi cL ‘(D-F) ‘m ‘m, n M NPR 

1 20° r e v e r s e r - p o r t  a n g l e  - 
0.90 
.90 
.90 
.90 
.90 
.90 
.90 
.90 
.90 
.90 

1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 

0.1 5 
.15 
.15 
.15 
.15 
.15 
.15 
.15 
.15 
.15 
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.90 
.90 

-0.01 
.oo 

-.01 
.02 
.01 

-3.00 
-.01 
2.99 
5.98 
8.98 
-.oo 

.oo 
-.oo 
.01 
.oo 
.oo 

-3.00 
-.oo 
2.99 
5.99 
8.97 

0.01 -. 02 
-.01 -. 01 

.oo 
-3.02 

.02 
3.02 
5.98 
8.99 
-.oo -. 00 

.oo 

.oo 

.01 
-2.98 
-.02 
3.00 
5.98 
9.00 
-.oo 
.Ol 

1.06 
2.01 
3.00 
5.02 
6.98 
5.01 
5.02 
5.00 
5.00 
5.02 
.85 
3.02 
5.00 
7.02 
8.98 
8.99 
7.01 
7.01 
7.03 
7.03 
7.02 

1 .oo 
2.01 
2.61 
3.02 
3.80 
2. 62 
2.61 
2.61 
2.62 
2.61 
1 .oo 
2.00 
3.00 
3.52 
4.99 
3.50 
3.51 
3.51 
3.50 
3.51 
1.05 
2.1 2 

0.000 
-1.457 
-.945 -. 661 -. 529 -. 673 
-.672 -. 703 
-.777 -. 904 

.ooo 
-1.838 
-1.036 -. 740 
-.590 -. 590 
-.815 -. 744 
-.832 
-1.059 
-1,348 

0.01 04 
.0135 
.0094 
.0008 

-.0028 -. 01 31 
.0013 
.0144 
.0331 
.0668 

-.0111 -. 0094 
-.0094 -. 0096 
-.0120 
-.0121 
-.0538 
-.0096 
,0452 
.0835 
.1221 

0.01 23 
.0190 
.0264 
.0361 
.0434 
.0368 
.0366 
.0385 
.0424 
.0494 
.0254 
.0291 
,031 6 
.0342 
.0366 . 0 366 
.0375 
.0344 
.0387 
.0486 
.0618 

1 30° r e v e r s e r - p o r t  a n g l e  

0.000 -. 784 
-.663 
-.663 
-.606 -. 675 
-.673 -. 676 
-.678 -. 682 
,000 

-1.067 
-.814 -. 7 53 
-.720 -. 769 
-.765 -. 792 
-.837 -. 887 

.ooo 
-1.373 

-0.01 68 
.0405 

-.0021 -. O i  65 
-.0616 
.0121 
.0159 
.0107 
.0066 
.0028 
.007 5 
.0028 
-.0027 -. 0040 
-.0044 
-.0224 
-.0023 
.0186 
.0395 
.0527 
.0111 -. 0007 

-0.041 5 
.3765 
.4962 
.6256 
.7941 
.5071 
.SO23 
.SO44 
.5077 
.5138 
.0070 
.0325 
,0485 
.OS59 
.0839 
.OS65 
.OS60 
.OS78 
.0613 
.0646 
.0121 
.0199 

-0.0243 -. 0298 
- .0248 -. 01 59 
-.0135 
.0079 

-.0163 -. 0367 
-.0642 -. 1091 
.0110 
.0036 
.002 1 
.0013 
.003 8 
.0040 
.0623 
.OOlO 

-.0677 
-.1 181 
-.1742 

-0.0097 -. 1 267 
-.I 200 
- a  1 229 
-.0870 -. 0982 
-.1319 -. 1 628 
-.1931 -. 2207 
-.0172 -. 01 55 
-.0118 
-.0116 
-.0174 
.0193 

-.0125 -. 0434 
-.0720 -. 0909 -. 0257 
-.0118 

0.0042 -. 0041 
-.0026 -. 0022 
- ,0020 -. 001 1 
-.0025 -. 0052 
-.0065 -. 01 07 
,0008 -. 0036 

-.0024 -. 0025 
-.0026 -. 0027 
,001 4 -. 0027 

-.0076 -. 01 48 
-.0196 

0.0053 -. 0230 
- .OS00 -. 0570 
-.0882 -. 051 1 
-.0605 -. 0681 
-.0697 -. 0758 
.0017 -. 0021 

-.0029 -. 0058 
-.0098 -. 0054 -. 0056 
-.0079 
-.0104 -. 0084 
.0038 -. 0046 
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TABLE 4.- Continued 

F - D  

-0.001 6 
-.0029 -. 0076 
-.0402 -. 0549 
-.0333 -. 0381 
-.0090 -. 01 79 
-.0220 

.0017 
-.0011 -. 0008 
-.0010 -. 0006 

.0004 -. 001 3 
-.0067 -. 0090 
-.0126 

.0033 
-.0040 -. 0059 
-.0029 

0.90 
.90  
.90 
.90  
.90 
.90 
.90 
.90  
.90 

1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 - 
- 
0.1 5 

.15 

.15  

.15 

. 15  

.15 

.15  

.15 

.15  

.15 

.60  

.60 

.60  

.60 

.60  

.60 

.60  

.60 

.60  

.60 

.90  

.90 

.90  

.90 1 

-0.06 -. 04 
.02 
.04 

-2.99 
.02 

2.99 
5.99 
9.01 -. 00 
-.01 
-.01 

.01 

.03  
-3.00 

.oo 

.oo 
2.97 
6.00 
8.98 

2.01 
3.01 
4.99 
7.01 
5.01 
5.01 
5.01 
4.99 
5.01 

.83 
3.02 
5.02 
7.01 
9.02 
7.00 
6.98 
7.02 
7.01 
7.01 
7.01 

-1.535 
-1.089 

-.802 -. 656 
-.824 -. 81 3 
-.839 -. 909 

-1.026 
.ooo 

-2.025 
-1.176 -. 867 -. 702 

-.951 -. 877 
-.875 -. 959 

-1.189 
-1.478 

11 Oo r e v e r s e r - p o r t  a n g l e  

-0.04 
-.04 -. 03 
-.03 -. 03 

-3.05 -. 03 
2.94 
5.97 
8.95 -. 06 
-.04 -. 06 
-.05 -. 05 

-3.05 -. 06 
2.93 
5.95 
8.96 -. 0 5  
-.03 -. 0 5  -. 06 

1.00 
1.99 
2.59 
3.00 
3.81 
2.61 
2.61 
2.61 
2.61 
2.61 
1.01 
2.01 
2.99 
3.50 
5.00 
3.51 
3. 50 
3.50 
3.49 
3.50 
1.05 
2.02 
3.00 
5.02 

0.000 
-.164 
-.185 
-.195 -. 208 
-.192 
-.193 
-.199 -. 200 
-.214 . 000 
-.387 
-.272 
-.253 
-.245 
- -266 -. 264 -. 306 -. 361 
-.443 

.ooo 
-.919 -. 51 1 
-.303 

0.0081 
.0067 

-.0004 -. 0045 
-.0139 

.0003 

.0114 

.0287 

.0611 -. 01 32 
-.0114 -. 01 1 1  
-.0120 
-.0137 
- .OS48 
-.0113 
-.0110 

.0430 

.0828 

.1198 

0.0194 
.0291 
.0411 
.0512 
.0426 
.0421 
.0435 
.0471 
.OS31 
.0258 
.0304 
.0343 
.0380 
.0414 
.0416 . 0 382 
.0383 
.0419 
.0522 
.0644 

-0.023 2 -. 021 6 -. 01 49 -. 01 23 
.0098 -. 01 52 

-.0338 -. 0592 
-. lo19 

.0106 

.0039 

.0026 

.0030 

.0046 

.0626 

.0023 

.0019 -. 0662 
- .1188 -. 1728 

-0.0037 -. 0022 
-.0016 -. 0029 
-.0011 -. 0026 
-.0053 -. 0058 
-.0093 

.0015 
-.0021 -. 001 0 
-.0012 -. 0027 

.0030 -. 001 6 
-.0020 -. 0070 
-.0142 -. 01 89 

( s h o r t  i n t e r n a l  pas sage  l e n g t h )  

0.0248 
-.0077 
-.0196 
-.0303 -. 0509 
-.0322 -. 0202 

.0029 

.0299 

.0505 

.0099 

.0081 

.0037 

.0019 -. 0042 
-.0194 

.0027 

.0290 

.0551 

.0810 

.0107 

.0156 

.0164 

.0077 

-0.021 2 
.0970 
.1 731 
.2274 
.3455 
.1804 
. I  822 
.1788 
.1784 
,1925 
.0084 
.0140 
.0192 
.0225 
.0354 
.0236 
.0235 
.027 2 
.0321 
.0392 
.0129 
.0143 
.0159 
,0193 

-0.01 62 
-.0158 -. 0209 
-.0207 -. 0267 

.009 4 
-.0188 
-.0539 -. 0906 
-.1315 -. 01 78 
-.0176 -. 01 36 
-.0124 -. 0081 

.0192 -. 01 29 
-.0483 -. 0805 
-.1179 -. 0228 
-.0296 -. 0309 
-.0206 



TABLE 4.- Continued 

M a, deg 
F - D  

NPR Fi cL '(D-F) cm 'm, n 

1 1  O' r e v e r s e r - p o r t  a n g l e  ( s h o r t  i n t e r n a l  pas sage  l e n g t h )  

0.15 
.I 5 
.15 

0.90 
.90 
.90 
.90 
.90 
.90 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 
1.20 

0.1 5 
.15 
.15 
9 1  5 
.15 
.15 
.15 
. I  5 
.15 
.15 
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60 

-0.04 1 .oo 0.000 0.0081 -. 02 1.99 -.486 -.0153 
-.02 2.60 -e483 -a0256 

-0.03 
-3.07 
-a06 
2.94 
5.96 
8.94 
-.06 -. 06 
-.06 -. 04 
-.06 
-3.05 
-.04 
2.95 
5.94 
8.94 

-0.0076 -. 0446 
-e0631 

7 .OO 
5.03 
5.01 
5.03 
5.02 
5.00 
.84 
3.02 
5.02 
7.01 
9.00 
7.02 
7.02 
7.00 
7.00 
7.04 

0.0028 -. 021 0 
-.0309 

~~ 

-0.268 -. 294 
- -308 -. 341 
-.426 
-.555 

.ooo 
-1.305 
-.651 -. 456 -. 348 -. 51 7 
-.462 -. 543 
-.730 -. 986 

0.0003 
-.0060 
,0081 
.0216 
,0452 
.0844 

-.0105 -. 01 01 -. 0080 -. 0082 
-.0103 -. 0534 
-.0065 
,0498 
.0889 
.1286 

0.0263 
.0189 
.0198 
.0217 
.0270 
.0354 
,0268 
.0229 
.0233 
.0250 
.0260 
.0285 
.0254 
.0299 
.0400 
.0538 

-0.01 25 -. 0002 
- -0209 -. 0404 
-.0770 -. 1 283 
.0103 
.0067 
.0017 
.0012 
.0043 
.0642 

-.0010 -. 0707 
-.1221 
-.1797 

0.0000 
.0002 

-.0026 -. 0055 
-.0075 -. 01 34 
.0001 -. 0027 

-.0033 -. 0025 
-.0016 
.0029 

-.0025 -. 0075 
-.0156 -. 0205 

1 1  Oo r e v e r s e r - p o r t  a n g l e  ( s h o r t  i n t e r n a l  pas sage  l e n g t h )  
w i t h  forward  and a f t  e x t e r n a l  door s  and s i d e w a l l s  

-0.00 
-.01 
-.01 
-901 
-.oo 
-2.99 

.oo 
3.01 
5.98 
9.01 

.oo 

.oo 
-.oo -. 02 
-.01 
-3.01 

.oo 
2.99 
6.01 
8.99 

1 .oo 
1.99 
2.60 
2.99 
3.80 
2.61 
2.61 
2.61 
2.61 
2.62 
.96 
2.04 
3.01 
3.51 
5.01 
3.49 
3.51 
3.51 
3.50 
3.49 

0.000 -. 493 
-.430 -. 403 
-.390 -. 442 
-.442 
- *  439 
-.443 -. 446 

.ooo -. 989 
-.734 -. 686 
-.498 -. 703 
-.696 -. 726 
-.764 -. 841 

0.0094 -. 0083 
-.0308 -. 0406 
-.0601 
-.0167 
-.0245 
-.0172 -. 0057 -. 0032 
.0155 
.0057 

-.0002 -. 001 4 
-.0050 -. 0222 
-.0026 
.0232 
.0406 
.0608 

-0.0077 
.2916 
.388 3 
.4523 
.6074 
,4053 
.4079 
.4022 
.4062 
.4119 
.0177 
.0382 
.OS28 
.0603 
.069 7 
,061 4 
.0609 
.0635 
.0674 
.0742 

-0.01 56 -. 0539 
-.0492 -. 0506 
-.OS46 
-.0323 
-.0535 -. 0864 
-.1215 
-.1 548 -. 0206 -. 01 56 
-.0128 -. 01 32 
-e01 23 
.0210 

-.0124 -. 0491 
-.0736 -. 1 048 

0.0049 -. 0262 
- -0563 -. 0609 
-.0747 -. 0576 
-.0591 
-.0345 
-.0392 -. 041 0 
-.0019 -. 0029 
-.0038 -. 0051 
-.0059 -. 0054 
-.0045 -. 0093 
-.0122 -. 01 23 

1 1  Oo r e v e r s e r - p o r t  a n g l e  ( s h o r t  i n t e r n a l  pas sage  l e n g t h )  
w i t h  a f t  e x t e r n a l  door s  and  s i d e w a l l s  

-0.01 78 
.2682 
.4337 
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TABLE 4.- Continued 

F - D  I 
M I T -  CL I ' (D-F) 'm 'm, n 

1 1  Oo r e v e r s e r - p o r t  ang le  ( s h o r t  i n t e r n a l  passage  l e n g t h )  

0.15 
.15 
.15 
.15 
.15 
.15 
.15 
.15 
.15 
.15 

wi th  aft e x t e r n a l  doors  and s i d e w a l l s  

-0.02 1 .oo 
-.01 2.01 
-.oo 2.60 
-.01 3.00 
-.01 3.82 
-3.02 2.61 

.02 2.61 
3.01 2.61 
6.00 2.61 
9.01 2.61 

- 
1.1 5 
.15 
.15 
.15 
.15 
.15 
.15 
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60 
.60 

-0.02 
-.01 
-3.02 
-.03 
2.99 
5.99 
8.99 
-.01 -. 01 
-.01 -. 02 
.01 

-3.01 
-.01 
2.98 
5.99 
8.98 

3.1 5 
.15 
.15 
.15 
.15 
.15 
.15 
.15 
.15 
.15 

40 

0.01 
.03 
.Ol -. 05 -. 01 

-2.98 
.01 
3.02 
5.99 
9.01 

3.00 
3.79 
2.59 
2.60 
2.60 
2.60 
2.60 
1.07 
2.00 
3.00 
3.49 
4.48 
3.51 
3.51 
3.51 
3.51 
3. 51 

-0.51 4 
-.545 -. 491 
-.490 -. 496 
-.494 -. 500 

.ooo -. 999 
-.705 -. 692 
-.676 -. 700 -. 699 -. 727 -. 765 -. 837 

-0.0351 
-.0485 -. 0098 
-.0157 -. 0034 
.0048 
.0049 
.0104 
.0091 
.002 2 -. 001 4 

-.0020 -. 01 96 
-.0013 
.0207 
.0390 
.0613 

0.5831 
.8724 
.4 390 
.4382 
.4420 
.4418 
.4460 
.0153 
.0330 
.0487 
.0602 
.0834 
.0609 
.0608 
.0633 
,0670 
.0736 

-0.0748 -. 0964 -. 041 8 -. 0659 -. 1037 -. 1 449 -. 1753 
-.0127 -. 01 78 
-.0139 -. 01 20 
-.0174 
.0173 

-.0124 -. 0449 
-.0703 -. 1 039 

130" t o p / l  1 Oo bottom r e v e r s e r - p o r t  a n g l e s  

1.00 
2.00 
2.62 
3.01 
3.80 
2.61 
2.60 
2.60 
2.61 
2.60 

0.000 
-.825 -. 603 
-.575 -. 543 
-.605 
-.617 
-.625 -. 635 -. 646 

-0.001 7 
.604 3 
.0958 
.1182 
.0805 
.lo65 
.lo81 
.lo87 
.1167 
.1141 

0.0293 
.4319 
.4841 
.5711 
.7456 
.4853 
.4905 
.4977 
.SO81 
.5142 

-0.01 08 
-.8487 -. 2625 
-.3085 -. 2920 
-.2417 -. 271 3 
-.3122 -. 3498 
-.3810 

1 30" top / l  20" bottom reverser-port a n g l e s  

0.000 -. 853 -. 644 -. 624 
-.572 -. 650 
-.654 -. 661 
-e667 
-.675 

-0.0053 
.5324 
.0744 
.0928 
.0524 
.0738 
.0704 
.0733 
.0811 
.0693 

0.0090 
.4371 
.SO30 
.6028 
.7783 
.SO36 
.5049 
.5127 
.5169 
.5264 

-0.0071 -. 7938 
-.2178 -. 2643 
- .2480 -. 1 872 
-.2156 
-.2563 -. 2988 -. 3208 

-0.0748 
-.lo33 -. 0607 
-.0337 -. 0426 
-.0498 -. 0534 
-.0010 -. 0033 
-.0032 -. 0041 
-.0083 -. 0057 
-.0045 -. 0079 
-.0108 -. 01 08 

0.0027 
-.2394 -. 1734 
-.2073 -. 2062 
-.1661 -. 1 805 -. 1780 -. 1898 
-.1941 

0.0079 
-.l 605 
-.1222 -. 1 526 
-.1628 -. 1 106 
-.1123 -. 1 277 -. 1381 -. 1 389 



TABLE 4.- Concluded 

F - D  
Fi 

M a, deg NPR ‘L ‘(D-F) ‘m ‘m, n 

0.15 -0.00 
.15  .Ol 
.15 -.01 
.15  .oo 
.15 -.oo 
.15  -3.00 
.15 .02 
.1 5 3.01 

.15  9.01 

.15 6.02 

0.1 5 
.15 
. 15  
.15 
. 15  
.15 
.15  
.15 
.15  
.15 - 

1 .oo 
2.00 
2.60 
2.99 
3.81 
2.61 
2.60 
2.60 

2.61 
2.61 

~ ~~ 

0.00 
-.oo -. 00 

.01 -. 00 
-3.01 -. 01 

3.01 
5.99 
9.00 

0.000 -. 663 
-.572 -. 543 
-.518 -. 583 -. 569 -. 561 
-.554 -. 548 

0.0087 -. 401 2 -. 0907 
-.1 306 -. 1 446 -. 0838 
-.0895 -. 091 3 
-.lo25 -. 1 045 

0.0003 
.3 346 
.456 3 
.5 340 
.7178 
.4669 
.4547 
.4493 
.4437 
.4375 

-0.021 1 
.5832 
.0805 
.1247 
. lo58  
. l o10  
.0734 
.0442 
.0234 -. 0056 

0.0044 
.1238 
.066 3 
.0900 
.0679 
,0663 
.0509 
.0484 
.0457 
.0452 

I 1 20° top/130° bot tom r e v e r s e r - p o r t  angles 
~ 

1.00 
2.00 
2.61 
3.01 
3.80 
2.61 
2.60 
2.60 
2.61 
2.61 

~~ ~ 

0.000 
-.714 -. 636 -. 607 -. 566 
-.636 -. 630 
-.625 -. 61 9 
-.614 

~~ 

0.01 88 -. 3264 -. 0475 
-.0835 -. 1 170 
-.0367 -. 0458 
-.0521 -. 0573 
-.0722 

0.0088 
.3640 
.5130 
.5969 
.7695 
.4938 
.4927 
.4866 
.4 799 
.479 8 

-0.0222 
.4713 -. 0034 
.0408 
.0563 
,0127 -. 0098 

-.0419 -. 0682 
- .0902 

0.0009 
.0767 -. 0031 
.e227 
.0201 
.0084 -. 01 05 -. 0096 

-.0155 
.0126 
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TABLE 5. - NOZZLE PRESSURE RATIO VARIATION 
W I T H  MACH NUMBER 

4 2  



-4 
3 
4J 

43 



I 
' I  

44 



'\ 

4 5  



_. 

Vert ica l - ta i l  chord  plane 

BL 0.0 

11 ~ ~ ~ _ _  +---- - - t - E L  10.03 

FS 122.68 

--EL 33.66 

WL 32.15 

F S  122 68 

Horizontal ta l l  
chord  plane 

WL 6 15 

F igure  4.- Locat ion of h o r i z o n t a l  and  v e r t i c a l  t a i l s .  Cutaway view of t h e  
100-percent deployment n o z z l e  i s  d e p i c t e d  i n s t a l l e d  on a i r c r a f t  mode 1. 
All l i n e a r  dimensions i n  cen t ime te r s .  
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FS 168.40 

Pressure or i f ice locations for 

0.163 

. 875 
,163 
,608 

Figure  

25-oercent deployment 

.84 

6 

50-percent deployment 

J. 

75-percent deployment 

140.00 
Sideplate contour  

100-percent deployment 

5 

L 3 . 7 3 A  L,95 rad. 

100-percent deployment 
ie rna l  I n t e r n a l  

y / (bn /21  x / l ,  y / ( b n / 2 )  

0.070 0.0 

:E 
,230 1 
.070 ,836 
,167 
,167 -. 836 

'i r 
- 836 
j. 
I 1 1 I 

10.- Thrus t - r eve r se r  por t  deployment n o z z l e s .  Nozzle wid th  i s  7.77 c m .  
A l l  l i n e a r  dimensions i n  c e n t i m e t e r s .  
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L- 82-1 294 
( a )  V i e w  upstream. 

L-82-1298 
(b) V i e w  duwnstream. 

F igu re  1 1  .- Thrus t - r eve r se r  nozz le  deployed 100 p e r c e n t  i n s t a l l e d  on  
a i r c r a f t  model. 
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FS 168.40 k 10.40- 

Figure  12.-  Reverser  deployed 50 p e r c e n t  w i th  1 So t h r u s t  v e c t o r i n g .  
All l i n e a r  dimensions i n  centimeters. 



F S  168.40 

b = - l  

x / Z n  

0.200 

8, de9 

1.22 

y / (bn /2)  

0.00 

e = 1100 

6, = i i u G  

Y/(bn/2) 

0.098 0.00 

1.30 
1 .88  

0 = 120" 
x/Zn y / (bn /2)  

0.128 0.00 

.098 

.226 
- 2 2 6  

e = 1200 \ >  2. 

.128 J.836 .331  $896 
-.a36 .331 -.836 

7P"  I nternal pressure orif ice locations 
i 

contour 

s/ wv 

0.81 
1. 15 
1.66 

6 = 130" 
x/Zn y/(bn/2) 

.164 

.460 

.460 

Figure  13.- Thrus t - r eve r se r -po r t  a n g l e  c o n f i g u r a t i o n s .  Nozzle width i s  7.77 c m .  
A l l  l i n e a r  dimensions i n  cen t ime te r s .  
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FS 168.40 

v + 

S I  wv 
V 

V I  w hb Doors and S W sidewal Is  v 
None 0.09 0.92 1.13 2.67 0.03 0.82 
A l l  1.61 1.05 1.13 2.67 1.42 .93 

Forward external  door - Sidewall 

r n a l  door 

Figure 15.- Reverser w i t h  short  i n t e r n a l  pas sage  l e n g t h  and  wi th  e x t e r n a l  doors and  
s i d e w a l l s  i n s t a l l e d .  8 = l l O o .  A l l  l i n e a r  dimensions i n  cen t ime te r s .  
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FS 168.40 k--- 10.40 t 

I 12no 

Figure  16.- Reversers  w i t h  d i f f e r e n t i a l  por t  ang le s .  A l l  l i n e a r  d imens ions  
i n  c e n t i m e t e r s .  
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1.02 

.98 

.94 

.90 

Figure 17.- S t a t i c  performance and d i s c h a r g e  c o e f f i c i e n t  of b a s e - l i n e  
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Figure 21 .- Aeropropulsive performance of r e v e r s e - t h r u s t  nozz les  a t  va r ious  
percentages  of deployment. Arrw denotes  t y p i c a l  o p e r a t i n g  NPR. 
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Figure 27. - S t a t i c  performance and d ischarge  c o e f f i c i e n t  of r e v e r s e - t h r u s t  
nozzles  a t  var ious  r eve r se r -po r t  angles .  
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Figure  28.- Aeropropulsive performance of r eve r se - th rus t  nozzles  f o r  va r ious  
r eve r se r -po r t  angles .  Arrow denotes t y p i c a l  NPR. 
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(c) M = 1.20. 

F i g u r e  45. - Concluded. 

1 2 2  

0 .5 

NPR 
o .8Lf 

3.02 
0 5.02 
A 7.01 
tl 9.00 

80 



.5 1 .o 

NPR 
0 1.07 
0 2.00 
0 3.00 
a 3.Y9 
L q.Y8 

F i g u r e  46. - E x t e r n a l  p r e s s u r e  d i s t r i b u t i o n  of 11 Oo r e v e r s e r - p o r t  a n g l e  nozz le  
w i t h  short  i n t e r n a l  passage  l e n g t h  with s i d e w a l l s  and a f t  e x t e r n a l  doors .  
M = 0.60. 

123  



1 Report No 2 Government Accession No 
NASA TP-2306 

4 Title and Subtitle 
AEROPROPULSIVE CHARACTERISTICS O F  NONAXISYMMETRIC- 
NOZZLE THRUST REVERSERS AT MACH NUMBERS FROM O TO 1-20  

7 Authar(s) 
George T. Carson, Jr.,  F r a n c i s  J. Capone, 
and Mary L. Mason - 

9 Performing Organization Name and Address 

3 Recipient's Catalog NO 

5 Report Date 
May 1984 

6 performlng orpnlzatlon a d e  

505-43-93-07 

8 Performing Organization Report N o  

L- 1 5724 

10 Work Unit No 

14 Sponsoring Agency Code 

N A S A  Langley Research C e n t e r  
Hampton, VA 23665 

12. Sponsoring Agency Name and Address 

1 
15. Supplementary Notes 

1 1 .  Contract or Grant No.  

13. Type of Report and Period Covered 

T e c h n i c a l  Paper  

16. Abstract 

17 Key Words (Suggested by Author(s)) 

Nonaxisymmetric n o z z l e s  
I n - f l i g h t  t h r u s  t r e v e r s i n g  
T h r u s t  v e c t o r i n g  

An i n v e s t i g a t i o n  w a s  conducted i n  t h e  Langley 16-Foot T r a n s o n i c  Tunnel  t o  de termine  
t h e  performance of nonaxisymmetric-nozzle t h r u s t  r e v e r s e r s  i n s t a l l e d  on a g e n e r i c  
twin-engine f i g h t e r  a i r c r a f t  model. Test d a t a  were o b t a i n e d  a t  s t a t i c  c o n d i t i o n s  an(  
a t  Mach numbers from 0.15 t o  1.20 wi th  j e t  e x h a u s t  s i m u l a t e d  by h i g h  p r e s s u r e  a i r .  
R e s u l t s  showed t h a t  r e v e r s e - t h r u s t  l e v e l s  of g r e a t e r  t h a n  50 p e r c e n t  a t  s t a t i c  condi .  
t i o n s  and g r e a t e r  t h a n  30 p e r c e n t  a t  i n - f l i g h t  c o n d i t i o n s  c o u l d  be achieved .  I n t e r -  
n a l  r e v e r s e r - p o r t  passage  l e n g t h  w a s  found t o  be very i m p o r t a n t  i n  improving r e v e r s e :  
performance. I n c r e a s i n g  t h e  r e v e r s e r - p o r t  passage  l e n g t h  improved r e v e r s e - t h r u s t  
performance by as much as 2 8  p e r c e n t  a t  s t a t i c  c o n d i t i o n s  and  by as much as 
17  p e r c e n t  a t  Mach 1.20. 

18 Distribution Statement 

U n c l a s s i f i e d  - Unlimited 

S u b j e c t  Category 02 

19 Security Classif. (of this report) 20 Security Classif (of this pagel 21. NO. of Pages 

Unc l a s s  i f i e  d U n c l a s s i f i e d  124 

For Sale by the National Technical Information Service, Springfield, Virginia 22161 
NASA-Langley 9 1 

22 Price 

A0 6 




