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INTEGRATED HYPERSONIC RESEARCH AIRPLANE 

W i l l i a m  J .  Small, John P.  Weidner,  and P .  J .  Johns ton  
Langley Research Cente r  

SUMMARY 

The great p o t e n t i a l  expec ted  from f u t u r e  a i r - b r e a t h i n g  hyperson ic  a i r c ra f t  
systems is p r e d i c a t e d  on t h e  assumpt ion t h a t  t h e  p r o p u l s i o n  system can be e f f i -  
c i e n t l y  i n t e g r a t e d  w i t h  t h e  airframe. A s t u d y  o f  engine-nozz le airframe i n t e -  
g r a t i o n  a t  hyperson ic  speeds  h a s  been conducted by u s i n g  a high-speed research- 
a i rc ra f t  concep t  as a f o c u s .  Recen t l y  developed t e c h n i q u e s  f o r  a n a l y s i s  of 
sc ramje t -nozz le  exhaus t  f lows p rov ide  a r e a l i s t i c  a n a l y s i s  of complex forces 
r e s u l t i n g  from t h e  engine-nozz le airframe c o u p l i n g .  R e s u l t s  from these s t u d i e s  
show t h a t  by p r o p e r l y  i n t e g r a t i n g  t h e  engine-nozz le p r o p u l s i v e  system w i th  t h e  
airframe, e f f i c i e n t ,  c o n t r o l l e d  and s t a b l e  f l i g h t  r e s u l t s  o v e r  a wide speed 
r a n g e .  

I N T R O D U C T I O N  

S t u d i e s  o f  hyperson ic  a i r - b r e a t h i n g  a i rc ra f t  us ing .hyd rogen  f u e l  have 
shown them t o  have unique and d e s i r a b l e  character is t ics  as f u t u r e  f l i g h t  sys-  
tems ( re f s .  1 t o  5 ) .  The h i g h  speeds  t y p i c a l  o f  t h e s e  v e h i c l e s  make them 
a t t r a c t i v e  f o r  a v a r i e t y  o f  m i s s i o n s  such as long-range c i v i l  t r a n s p o r t s ,  
l aunch  v e h i c l e s  f o r  second-stage o r b i t e r s ,  and a v a r i e t y  o f  m i l i t a r y  a p p l i c a -  
t i o n s .  The expected f l i g h t  reg imes  o f  these a i r c r a f t  are i l l u s t r a t e d  i n  f i g -  
u r e  1 .  E f f i c i e n t  a i r - b r e a t h i n g  p r o p u l s i o n  sys tems  u t i l i z i n g  ramjet-scramjet 
eng ine  c y c l e s  a r e  c r i t i c a l  developmenta l  items and c o n s t i t u t e  a pac ing  item i n  
hyperson ic  a i r c ra f t  development.  The propuls ion-system i n s t a l l a t i o n  f o r  v e r y  
high-speed f l i g h t  w i l l  d i f f e r  from c o n v e n t i o n a l  c o n c e p t s  i n  t h a t  a h i g h e r  deg ree  
of commonali ty i s  r e q u i r e d  between a i r f r a m e  and eng ine  components. 

A s  i l l u s t r a t e d  i n  f igure 2 ,  t h e  e n t i r e  v e h i c l e  u n d e r s u r f a c e  i s  devoted t o  
t h e  p r o p u l s i o n  system. The f o rebody  a c t s  as an  i n l e t  compress ion ramp, a c e n t e r  
p o r t i o n  o f  t h e  body c o n t a i n s  eng ine  modules,  and t h e  complete a f t e r b o d y  forms an 
exhaust-nozz le s u r f a c e .  

P r e v i o u s  s t u d i e s  ( re f s .  6 t o  8 )  have found t h e s e  i n t e g r a t e d  c o n c e p t s  t o  
have b e n e f i c i a l  a s p e c t s  f o r  bo th  cruise and a c c e l e r a t i o n  a p p l i c a t i o n s .  Advan- 
t a g e s  t h a t  a c c r u e  from e f f i c i e n t  eng ine -a i r f rame i n t e g r a t i o n  i n c l u d e  forebody 
i n l e t  precompress ion,  which e f f e c t i v e l y  r e d u c e s  r e q u i r e d  eng ine  s i z e  and weight 
r e q u i r e m e n t s  as compared t o  a free-stream i n l e t ;  and because 'some o f  t h e  work o f  
i n l e t  compress ion h a s  been accompl ished by t h i s  fo rebody ,  o v e r a l l  eng ine  e f f i -  
c i e n c y  is improved. 
g r a t e d  concept  because t h e  large a f t e r b o d y  n o z z l e  area can  p o t e n t i a l l y  p rov ide  
v e r y  e f f i c i e n t  exhaust-gas expans ion  w i t h  minimal aerodynamic d r a g .  T h i s  l a r g e  

Exhaust-nozzle performance a l s o  b e n e f i t s  from t h i s  i n t e -  



exhaust  s u r f a c e  can a l s o  be used advantageous ly  t o  i n c r e a s e  f a v o r a b l e  l i f t  f o r  
c r u i s e  a i rc ra f t .  

I n t e g r a t i o n  of eng ine  and airframe i n  t h i s  h i g h l y  i n t e g r a t e d  manner, how- 
e v e r ,  is no t  t h e  o n l y  s o l u t i o n  t o  t h e  d e s i g n  o f  hyperson ic  p ropu ls ion  sys tems ,  
An a l t e r n a t e  concept  i n c o r p o r a t e s  ax isymmetr ic  eng ines  and n o z z l e s  con ta ined  
w i t h i n  discrete n a c e l l e s  i n  a manner similar t o  c u r r e n t  podded t u r b o j e t  eng ines .  
The s t u d y  of r e f e r e n c e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 s p e c i f i c a l l y  a d d r e s s e s  t h e s e  a l t e r n a t e  concep ts  and con- 
c l u d e s  t h a t  i n t e g r a t e d  sys tems such as t h o s e  s t u d i e d  i n  t h i s  paper  o f f e r  a much 
h ighe r  i n s t a l l e d  s p e c i f i c  impulse as compared t o  ax isymmetr ic  sys tems.  

It i s  apparen t  t h a t  t h e  large exhaust  s u r f a c e s  o f  h i g h l y  coup led ,  i n t e g r a t e d  
a i rc ra f t  can produce large t h r u s t  and moment f o r c e s ,  and i n  t h e  case o f  a n  
improper ly  des igned n o z z l e ,  a s s o c i a t e d  t r i m  drag p e n a l t i e s  may become e x c e s s i v e .  
Because nozz le  d e s i g n  i s  p r i m a r i l y  c o n t r o l l e d  by t h r u s t  and s t a b i l i t y  r e q u i r e -  
ments,  i t  is i m p e r a t i v e  t h a t  propuls ion-system pa ramete rs  be  examined a c r o s s  t h e  
e n t i r e  aircraf t  f l i g h t  enve lope.  Vehicle t r i m  c a p a b i l i t y  i n  t h e  power-off mode 
a l s o  assumes i n c r e a s e d  impor tance owing t o  t h e  p o s s i b l e  large s h i f t  i n  t h r u s t  
v e c t o r s  and r e s u l t i n g  t r i m  requ i remen ts .  T h e r e f o r e ,  one key t o  a s u c c e s s f u l  
h igh-performance v e h i c l e  i s  a s y s t e m a t i c  p rocedure  f o r  e f f e c t i v e l y  a s s e s s i n g  
t h e s e  i n t e r a c t i o n s  i n  t h e  e a r l y  stages o f  a d e s i g n  i f  any b e n e f i c i a l  coup l ing  
between the  eng ine ,  n o z z l e ,  and airframe i s  t o  be ach ieved .  

A s t u d y  o f  t h e  i n t e r a c t i o n s  between p ropu ls ion  and aerodynamics o f  a h i g h l y  
i n t e g r a t e d  v e h i c l e  was under taken i n  s u p p o r t  o f  a Langley Research Center  
research a i r p l a n e  conceptua l  des ign  e f f o r t  and i s  p a r t l y  d e s c r i b e d  i n  refer- 
ences  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 and 1 1 .  Its miss ion  was t o  ac t  as a test  v e h i c l e  f o r  key hyperson ic  
techno logy  items such as s t r u c t u r a l  and thermal pro tec t ion-sys tem c o n c e p t s ,  and 
p ropu ls ion  package o p e r a t i o n  under t r u e  f l i g h t  c o n d i t i o n s  th roughout  most o f  t h e  
hyperson ic  f l i g h t  regime o f  i n t e r e s t  ( f i g .  1 ) .  Propuls ion-system concep ts  and 
t r e n d s  developed d u r i n g  t h e  c o u r s e  o f  t h i s  s t u d y ,  because o f  t h e  h i g h l y  i n t e -  
grated n a t u r e  o f  t h i s  v e h i c l e  and t h e  l a r g e  range o f  f l i g h t  c o n d i t i o n s  t h a t  had 
t o  be e v a l u a t e d ,  shou ld  a p p l y  t o  a large c lass of hyperson ic  v e h i c l e s .  The 
r e s u l t s ,  concep ts ,  and techn iques  developed f o r  eng ine-nozz le -a i r f rame i n t e g r a -  
t i o n  as a r e s u l t  o f  t h i s  s t u d y  form t h a  s u b j e c t  o f  t h i s  paper .  

The o r g a n i z a t i o n  of t h e  paper is summarized as zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfollows: 

( 1 )  Genera l  s t u d y  c o n s i d e r a t i o n s :  Background material i s  presen ted  f o r  t h e  
research v e h i c l e  and scramje t -eng ine  module o f  t h i s  s t u d y .  Fundamental eng ine  
s i z i n g  c o n s t r a i n t s  are a l s o  d i s c u s s e d .  

( 2 )  A n a l y t i c a l  t echn iques :  Ground r u l e s  f o r  t h i s  s t u d y  and a n a l y t i c a l  
methods f o r  computing airframe and propuls ion-system components are summarized. 
Engine-a i r f rame fo rce -da ta  bookkeeping procedures  are o u t l i n e d .  

I 

(3 )  Parametric s t u d y  o f  nozz le :  Nozzle geometry and l o n g i t u d i n a l  engine-  
nozz le  l o c a t i o n s  are p a r a m e t r i c a l l y  v a r i e d  t o  de termine t h e i r  e f fec t  on nozz le  
o p e r a t i o n  and t h e  r e s u l t i n g  i n t e g r a t e d  tr immed v e h i c l e  per formance,  

2 



( 4 )  P ropu ls ion  ef fects  on v e h i c l e  performance: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA c a n d i d a t e  n o z z l e  d e t e r -  
mined t o  be near  optimum from t h e  p rev ious  pa ramet r i c  s t u d y  i s  used t o  i n v e s t i -  
gate v e h i c l e  s t a b i l i t y  and a c c e l e r a t i o n  per formance.  

SYMBOLS 

A 

A i  

A4 

CL 

'm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CS 

cT 

'Te 

cTS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
C 

T W  

ctY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
D 

FX 

F 
Y 

*2 

hC 

hi 

area 

i n l e t  area 

i n l e t  c a p t u r e  area 

i d e a l  one-d imensional  exhaus t  a r e a  

L i f t  
l i f t  c o e f f i c i e n t ,  - 

qmSref 

P i t c h i n g  moment 

Vehicle l e n g t h  
pitching-moment c o e f f i c i e n t ,  

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

T 
t h r u s t  c o e f f i c i e n t  i n  f l i g h t  d i r e c t i o n ,  - 

qwsr e f 

Engine t h r u s t  
eng ine  t h r u s t  c o e f f i c i e n t  i n  p l a n e  o f  eng ine ,  

qmSref 

Cowl f o r c e  

qwsr e f 
cowl t h r u s t  c o e f f i c i e n t ,  

Wall f o r c e  

qmSref 
nozz le-wal l  t h r u s t  c o e f f i c i e n t ,  

i s o l a t e d - n o z z l e  t h r u s t  c o e f f i c i e n t  

d rag  

a x i a l - i n l e t  s p i l l a g e  f o r c e  

no rma l - i n le t  s p i l l a g e  f o r c e  

hydrogen 

combustor e x i t  h e i g h t  

i n l e t  h e i g h t  
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L/D zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

M 

P 

9 

'ref zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T 

V 

vs 

Xac zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a 

'e 

e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
@ 

spec i f i c  impulse 

l i f t - d rag  r a t i o  

l e n g t h  

Mach number 

p r e s s u r e  

dynamic p r e s s u r e ,  P a  ( l b f / f t 2 >  

v e h i c l e  r e f e r e n c e  area 

t h r u s t ;  t empera tu re ,  K 

v e l o c i t y ,  m/sec 

s a t e l l i t e  v e l o c i t y  

aerodynamic-center l o c a t i o n  

a n g l e  o f  a t t a c k ;  i n c i d e n c e ,  deg 

e levon d e f l e c t i o n  a n g l e ,  p o s i t i v e  when t r a i l i n g  edge i s  down, deg 

s u r f a c e  i n c i d e n c e ,  deg 

ang le  between engine-nozz le a x i s  and f l i g h t  d i r e c t i o n  

equ iva lence  r a t i o ,  pe rcen t  o f  s t o i c h i o m e t r i c  f u e l - t o - a i r  r a t i o  

S u b s c r i p t s  : 

C combustor e x i t  

e engine 

i i n l e t  

m moment 

n nozz le  

S cowl 

V v e h i c l e  

W wall 

X a x i a l  d i r e c t i o n  
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

normal d i r e c t i o n  

a i r f l o w  p r o p e r t i e s  p r i o r  t o  i n l e t  en t rance  

combus t o r -  e x i  t c o n d i t i o n s  

free stream 

GENERAL STUDY CONSIDERATIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A Langley Research Cen te r  des ign  s t u d y  o f  concep tua l  h igh-speed research 

a i r p l a n e s  i n v e s t i g a t e d  a series o f  a l t e r n a t e  c a n d i d a t e  concep ts .  From t h e s e  con- 
c e p t s  a h i g h l y  i n t e g r a t e d  hydrogen- fue led d e s i g n  was s e l e c t e d  as  t h e  f o c u s  f o r  
t h i s  p ropu ls ion  i n t e g r a t i o n  s t u d y  because i t  i n c o r p o r a t e d  many o f  t h e . s i g n i f i c a n t  
f e a t u r e s  o f  f u t u r e  hyperson ic  a i r c ra f t ,  such as l a r g e  a f t e r b o d y  areas f o r  nozz le  
expans ion .  Th is  v e h i c l e  and i ts  a s s o c i a t e d  scramjet propu ls ion  package are nex t  
summari ly d e s c r i b e d .  

Hydrogen-Fueled Hypersonic Research Aircraft 

The hyperson ic  research a i r c ra f t  used as t h e  b a s i s  f o r  t h e  engine-nozz le-  
v e h i c l e  i n t e g r a t i o n  a n a l y s i s  d e s c r i b e d  i n  t h i s  paper  ( f i g s .  2 and 31, i s  
24.38 meters l ong  and i s  powered by f o u r  r o c k e t  eng ines  f u e l e d  w i th  l i q u i d  hydro- 
gen and l i q u i d  oxygen, S u f f i c i e n t  p r o p e l l a n t  is con ta ined  w i t h i n  t h e  a i rc ra f t  
f o r  r o c k e t  a c c e l e r a t i o n  t o  Mach 8 from an  a i r  l aunch a t  Mach 0 .8 ,  wi th  a d d i t i o n a l  
p r o p e l l a n t  f o r  Mach 10 boost  prov ided by e x t e r n a l  t a n k s  t h a t  would j e t t i s o n  a t  
about  Mach 2. A s  i l l u s t r a t e d  i n  f igures 2 and 3 ,  s i x  research scramjet modules 
can be i n t e g r a t e d  w i th  t h e  b a s i c  a i r c ra f t .  With e f f i c i e n t  i n t e g r a t i o n  t h e  scram- 
j e t s  can prov ide  a c c e l e r a t i n g  t h r u s t  between Mach zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 and 10 w i thou t  r o c k e t  power. 

LRC Fixed-Geometry Scramje t  

The b a s e l i n e  r e s e a r c h  scramjet employed i n  t h i s  s t u d y  i s  t h e  f ixed-geometry 
concept  c u r r e n t l y  under development a t  Langley Research Center  ( r e f s .  9 ,  I O ,  12,  
and 13) .  T h i s  i s  a r e c t a n g u l a r  modular eng ine  t h a t  at taches  d i r e c t l y  t o  t h e  
v e h i c l e  undersu r face .  T h i s  concept  u s e s  swept compression surfaces and f u e l -  
i n j e c t o r  s t r u t s  t o  p rov ide  i n l e t  s t a r t i n g  a t  low speed and good i n t e r n a l  per -  
formance th roughout  t h e  scramjet o p e r a t i n g  speed range .  The s w e p t  compression 
s u r f a c e s  a l s o  p rov ide  l o c a l i z e d  p r e s s u r e  re l ie f  a long  t h e  t o p  s u r f a c e  o f  t h e  
eng ine  t o  enab le  t h e  scramjet t o  i n g e s t  t h e  v e h i c l e  fo rebody boundary l a y e r ,  t h u s  
e l i m i n a t i n g  t h e  need f o r  boundary- layer  d i v e r s i o n  o r  b leed .  I ns t ream f u e l  i n j e c -  
t i o n  is used t o  minimize t h e  combustor l e n g t h  and heat f l u x  t o  t h e  i n t e r n a l  s u r -  
faces. The eng ine  o p e r a t e s  i n  a s u p e r s o n i c  combust ion mode a t  speeds  above 
Mach 5. C a l c u l a t i o n s  show the rma l  choking w i t h i n  the  combustor may occur  below 
Mach 5 i f  s u p e r s o n i c  combust ion were a t tempted  and may r e s u l t  i n  a mode o f  opera-  
t i o n  i nvo l v ing  bo th  subson ic  and superson ic  combust ion.  
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Engine S i z e  C o n s t r a i n t s  

A pr imary o b j e c t i v e  o f  t h e  concep tua l  r e s e a r c h  a i rc ra f t  s t u d y  was t o  d e f i n e  
an i n t e g r a t e d  v e h i c l e  a i r - b r e a t h i n g  p ropu ls ion  system capab le  o f  demonst ra t ing  
a c c e l e r a t i o n  and high-component performance th roughout  a w i d e  hyperson ic  speed 
range .  
th roughout  t h e  scramjet o p e r a t i n g  range  was o f  paramount impor tance.  Accord- 
i n g l y ,  t h e  eng ine  i n l e t  was always s i z e d  t o  t a k e  f u l l  advantage o f  t h e  maximum 
u s a b l e  area w i t h i n  t h e  fo rebody shock l a y e r .  I n l e t s  des igned t o  ex tend th rough 
t h e  shock l a y e r  i n t o  free-stream f l ow  are cons ide red  u n l i k e l y  p o s s i b i l i t i e s  from 
t h e  s t a n d p o i n t  o f  reduced eng ine  performance and i n c r e a s e d  we igh t  requ i remen ts  
and were no t  cons ide red .  I nc reased  Mach number g e n e r a l l y  r e q u i r e s  a n  i n c r e a s i n g  
eng ine  s i z e  as a r e s u l t  o f  reduced a i r  d e n s i t y  and s p e c i f i c  impu lse .  A t  t h e  
same time i nc reased  Mach number decreases t h e  dep th  of  t h e  fo rebody lower  s u r -  
face shock l a y e r  such t h a t  t h e  i n l e t  must be l o c a t e d  a t  a more rearward body 
s t a t i o n  where s u f f i c i e n t  a i r f l o w  i s  a v a i l a b l e .  The v e h i c l e  fo rebody h a s  a major 
i n f l u e n c e  on t h e  s i z e  eng ine  t h a t  can be i n s t a l l e d  a t  any g i ven  body s t a t i o n  
through minimizing f low a n g u l a r i t y  and maximizing a v a i l a b l e  mass f l ow  a v a i l a b l e  
f o r  p rocess ing  a t  t h e  i n l e t  face. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA good fo rebody d e s i g n  a l l o w s  a maximum u t i l i -  
z a t i o n  of  t h e  a v a i l a b l e  area w i t h i n  t h e  body shock l a y e r .  Details o f  t h e  f o r e -  
body des ign  and a n a l y s i s  are d i s c u s s e d  i n  r e f e r e n c e  10. 

Miss-ion a n a l y s i s  s t u d i e s  i n d i c a t e d  t h a t  good ai rcraf t  a c c e l e r a t i o n  

While t h e  ef fect  o f  h i g h e r  Mach numbers i s  t o  move t h e  eng ine  l o c a t i o n  
rearward t o  maximize eng ine  s i z e ,  a t  t h e  same time t h e  l a r g e r  n o z z l e  expansion 
areas needed t o  maximize t h r u s t  a t  h igher  Mach numbers have t h e  effect  o f  
i n c r e a s i n g  nozz le  l e n g t h  and f o r c i n g  t h e  eng ine  forward.  F igu re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 i l l u s t r a t e s  
t h e  i dea l  expansion area r e q u i r e d  f o r  f u l l y  expanded n o z z l e s  f o r  t h e  case o f  
i s e n t r o p i c a l l y  expanding hydrogen-a i r  combust ion p roduc ts .  The i s e n t r o p i c  con- 
d i t i o n s  shown r e p r e s e n t  uni form para l l e l  e n t r a n c e  and e x i t  nozz le  f lows expanding 
t o  a s i n g l e  s p e c i f i e d  e x i t  p r e s s u r e .  P r a c t i c a l l y ,  however, such a n o z z l e  i s  t o o  
long f o r  most hyperson ic  a i r c ra f t  a p p l i c a t i o n s ,  and t r u e  n o z z l e  e x i t  c o n d i t i o n s  
are far  from uni form.  T h i s  nonun i fo rmi ty  r e s u l t s  from t h e  f a c t  t h a t  t h e  nozz le  
upper wall h a s  t h e  c a p a b i l i t y  t o  expand t o  near -s t ream pressure b e f o r e  over-  
expanding,  y e t  t h e  nozz le  i n t e r i o r  cowl wal l  p r e s s u r e  can on ly  expand t o  t h e  
higher e x t e r n a l  cowl p r e s s u r e  be fo re  i t  overexpands.  Nonethe less ,  t h e  manner i n  
which ideal  exhaust-expansion-area requ i remen ts  tend t o  i n c r e a s e  w i th  Mach num- 
b e r  i s ,  i n  g e n e r a l ,  i n d i c a t i v e  o f  t h e  t rer id o f  p r a c t i c a l  n o z z l e s .  

ANALYTICAL TECHNIQUES 

A complete a n a l y s i s  o f  t h e  impact o f  propuls ion-system v a r i a b l e s  on t o t a l  
a i rc ra f t  performance i n v o l v e s  a large spect rum o f  f l i g h t  c o n d i t i o n s  f o r  each 
propuls ion-system v a r i a b l e  cons ide red .  
however, con f ined t h e  engine-nozz le-a i r f rame d e s i g n  s t u d y  t o  a 71 820-Pa 
( 1500- lb f / f t 2 )  a c c e l e r a t i o n  f l i g h t  pa th  from Mach 4 ( s c r a m j e t  i g n i t i o n )  t o  
Mach 10 (maximum a i r c ra f t  Mach number). The eng ine-nozz le -a i r f rame combinat ion 
was analyzed a t  an a i r c ra f t  a n g l e  of a t t a c k  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 O ,  which was r e p r e s e n t a t i v e  o f  
t h e  71 820-Pa f l i g h t  p a t h ,  and t o t a l - t r i m m e d - a i r c r a f t  t h r u s t  margin was t h e  p r i -  
mary c r i t e r i o n  f o r  e v a l u a t i n g  t h e  engine-nozz le combina t ions .  The propu ls ion  
system was ana lyzed a t  t h e  discrete Mach numbers of 4 ,  6 ,  and I O ,  and t h e  

The p r e l i m i n a r y  a n a l y s i s  r e p o r t e d  h e r e i n ,  
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f o l l ow ing  Mach number-fuel-air  r a t i o  schedu le  was determined t o  be near  o p t i -  
mum from miss ions  s t u d i e d :  

S e v e r a l  a n a l y t i c a l  methods were r e q u i r e d  t o  compute t h e  major a i r f r a m e ,  e n g i n e ,  
and nozz le  f o r c e s ,  and t h e  e s s e n t i a l  e lements  o f  t h e s e  techn iques  are now 
summarized. 

Airframe Analys is  

Aerodynamics o f  t h e  b a s i c  v e h i c l e  and e x t e r n a l  eng ine  cowl s u r f a c e s  were 
eva lua ted  us ing  t h e  hyperson ic  a r b i t r a r y - b o d y  program o f  r e f e r e n c e  14 by select-  
i n g  t h e  f o l l ow ing  program o p t i o n s .  Body and cowl compression s u r f a c e  p r e s s u r e s  
were computed u s i n g  tangent-cone methods, and compress ion s u r f a c e  p r e s s u r e s  on 
wings, t a i l s ,  and c o n t r o l  s u r f a c e s  were computed us ing  tangent-wedge methods. 
A l l  p r e s s u r e  on aerodynamic s u r f a c e s  i n  expans ion  was determined by Prandtl-Meyer 
expans ion  from f ree stream. Turbu len t  s k i n  f r i c t i o n  was c a l c u l a t e d  by t h e  method 
o f  Spa ld ing  and Chi .  

Engine Ana lys i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
j Engine-module per formance was ana lyzed by u s i n g  one-dimensional  t echn iques  

f o r  e i ther  a pure scramjet c y c l e  ( re f s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 and 13)  o r  pure ramjet c y c l e  ( re f .  1 5 ) .  
Sc ramje t  ( s u p e r s o n i c  combust ion)  eng ine  performance was c a l c u l a t e d  a t  d i s c r e t e  
Mach numbers o f  4, 6 ,  and I O ,  and ramjet ( subson ic  combust ion)  engine-module 
performance was c a l c u l a t e d  a t  Mach 4 .  Miss ion a n a l y s i s  s t u d i e s  f o r  t h i s  v e h i c l e  
i n d i c a t e d  t h a t  f u e l - t o - a i r  r a t i o s  nea r  s t o i c h i o m e t r i c  were r e q u i r e d  t o  produce 
a c c e p t a b l e  a c c e l e r a t i o n  performance a t  Mach 4 .  A f u e l - t o - a i r  r a t i o  n e a r  s t o i -  
ch iomet r i c  could no t  be ob ta ined  i n  a pure sc ramje t  c y c l e  a t  t h i s  low Mach number 
because o f  thermal chok ing .  T h e r e f o r e ,  f o r  t h e  purposes  o f  t h i s  s t u d y ,  ramjet 
eng ine  performance was used a t  Mach 4 and scramjet eng ine  performance was used 
a t  Mach 6 and 10. These c a l c u l a t i o n s  were used n o t  on l y  t o  assess i n t e r n a l  

r. eng ine  performance bu t  a l s o  t o  p rov ide  t h e  i n i t i a l  c o n d i t i o n s  f o r  t h e  n o z z l e  
c a l c u l a t i o n s ,  I n l e t - e n t r a n c e  and combustor-ex i t  c o n d i t i o n s  are p resen ted  i n  
t a b l e  1 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

Nozzle Ana lys is  

S i x  d i s c r e t e  scramjet modules were combined t o  'form the .comp le te  eng ine  
system f o r  t h e  a i rcraf t  as shown i n  f i g u r e s  2 and 3. Uniform two-dimensional  
f low exhaus t ing  from a s i n g l e  combustor e x i t  was assumed t o  r e p r e s e n t  t h e  eng ine  
package; t h u s ,  f o r  purposes  o f  t h i s  s t u d y  t h e  assumpt ion was made t h a t  combustor- 
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exit geometry, instead of forming a series of six discrete rectangular com- 
bustor exits exhibiting three-dimensional flow, would be modified to a single 
rectangular two-dimensional exit spanning the entire width of the engine pack- 
age, In order to preserve exit area with this greater width, the two-dimensional 
combustor-exit height was reduced from the three-dimensional case. In all cases 
presented in this paper, the resulting two-dimensional ratio of combustor-exit 
height to engine-inlet height is held constant. 

Nozzle forces were analyzed by using a recently developed three-dimensional 
reference-plane characteristics computer program in a two-dimensional mode of 
operation (refs. 16 and 17). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs stated previously, engine-cycle calculations 
were used to obtain initial conditions, and thereafter exhaust-gas properties 
were internally generated by the nozzle program for proper hydrogen-air combus- 
tion product mixtures in local chemical equilibrium. The interaction between 
nozzle flow and external flow was computed for all cases of nozzle underexpan- 
sion. Nozzle geometry was assumed strictly two-dimensional from the combustor- 
exit plane rearward (fig. 5). Nozzle-wall contours were linear segments joined 
by small radii to insure surface slope continuity. Note that combustor-exit 
conditions are assumed to begin in a vertical rather than the sweptback plane 
typical of this engine concept. It is realized that three-dimensional effects 
are of importance in nozzle design; however, in this preliminary effort emphasis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
was placed on major trends in nozzle design that could be discerned without the 
additional complexity of three dimensionality. Subsequent analysis should 
investiga.te three-dimensional effects to the limit of available theoretical and 
experimental methods. 

External Cowl Surfaces 

Sidewall surfaces of the engine cowling were approximately alined with the 
flow under the body. The cowling lower surface, on the other hand, is inclined 
into the flow with an angle determined by the nozzle-cowl-wall geometry (fig. 5). 
Changes in this nozzle-cowl-wall geometry thus necessarily involve changes in 
exterior-cowl aerodynamic forces, which were accounted for in all integrated 
vehicle calculations. As a result of the forebody analysis of reference IO, the 
engine-inlet cowling was designed to subtend approximately 80 percent of the 
body lower surface width as shown in figure 3. For this vehicle, this is the 
maximum engine width commensurate with reasonably uniform flow within the fore- 
body shock-layer flow, 

Engine Spillage 

Engine spillage is a design feature of this fixed-geometry engine that 
allows operation at low Mach numbers. The spillage schedule was taken from ref- 
erence I 3  (fig. 6(a)) and was used in computing engine performance. Spillage 
forces are caused by the deflection of spillage air by the engine-inlet external 
shock system and are presented in figure 6(b). These values were computed 
through a theoretical evaluation of integrated forces along the engine-spillage 
stream tube. It was assumed that engine spillage did not affect engine-cowl 
pressures. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

? 
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D e f i n i t i o n  o f  Forces  

For purposes  of a n a l y s i s  and p r e s e n t a t i o n  o f  d a t a ,  t h e  propuls ion-system 
f o r c e s  were subd iv ided i n t o  s e v e r a l  c a t e g o r i e s ,  which were s e p a r a t e l y  calcu lated 
and t h e n  used i n  t h e  t o t a l - v e h i c l e  f o r c e  i n t e g r a t i o n s .  One o f  t h e s e  c a t e g o r i e s ,  
t h e  engine-module forces,  c o n t a i n s  a l l  i n t e r i o r  f o r c e s  o f  t h e  p ropu ls ion  system 
from t h e  beg inn ing  o f  t h e  module i n l e t  th rough t h e  combustor.  The component o f  
eng ine  t h r u s t  i n  t h e  f l i g h t  d i r e c t i o n  i s  denoted as n e t  engine-module t h r u s t .  
Note t h a t  t h e  eng ine  module deve lops  n e t  l i f t  and p i t c h i n g  moments,.which are 
accounted f o r  i n  t o t a l - i n t e g r a t e d  veh ic le - fo rce  summations. 

The second g e n e r a l  c a t e g o r y  o f  propuls ion-system f o r c e s ,  t h e  nozz le  f o r c e s ,  
i n c l u d e s  a l l  s u r f a c e  f o r c e s  (upper  nozz le  w a l l  and i n t e r i o r  cowl w a l l )  ex tend ing  
rearward from t h e  combustor e x i t .  Nozz le- force summations do n o t  i n c l u d e  n e t  
engine-module f o r c e s  nor  e x t e r n a l  cowl f o r c e s .  Nozzle t h r u s t  c o e f f i c i e n t s  pre-  
sen ted  i n  t h i s  paper  are c a l c u l a t e d  i n  t h e  f l i g h t - a x i s  d i r e c t i o n  u n l e s s  o the rw ise  
no ted ,  and t h e  n o z z l e  moments are taken  about  t h e  v e h i c l e  center of g r a v i t y  
(64 .5  percen t  o f  body l e n g t h ) .  T h i s  c e n t e r - o f - g r a v i t y  l o c a t i o n  i s  he ld  c o n s t a n t  
throughout  t h e  s t u d y  f o r  a l l  nozz le  and eng ine  l o c a t i o n s .  Nozzle l e n g t h s  are 
nondimensional ized by combustor-ex i t  h e i g h t  because t h i s  l eng th - to -he igh t  r a t i o  
c h a r a c t e r i z e s  t h o s e  p a r t s  o f  t h e  nozz le  geometry af fected by expansion f a n s  
emanat ing from e i ther  t h e  n o z z l e  w a l l  o r  cowl s u r f a c e s ,  Nozzle f o r c e s  and 
moments used i n  t h i s  s t u d y  are presen ted  i n  t a b l e  2 .  

The l a s t  c a t e g o r y  o f  propuls ion-system f o r c e s ,  e x t e r n a l  f o r c e s ,  i n c l u d e s  
sp i l l age  and e x t e r n a l  cowl aerodynamic f o r c e s ,  which are accounted f o r  i n  a l l  
f o r c e  summations. 

Aerodynamic f o r c e s  are computed over  t h e  e n t i r e  v e h i c l e  s u r f a c e  no t  sub- 
tended by t h e  propu ls ion-sys tem components ( i n l e t ,  e x t e r i o r  cowl ing ,  and n o z z l e ) .  
Note t h a t  t h e  f o r c e s  on t h e  v e h i c l e  fo rebody ahead o f  t h e  i n l e t  e n t r a n c e  are no t  
i nc luded  as p a r t  o f  t h e  p ropu ls ion  s y s t e m  b u t  r a t h e r  as  an  i n t e g r a l  p a r t  of  t h e  
airframe aerodynamics.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

I 

PARAMETRIC STUDY OF NOZZLE 

The purpose of t h e  n o z z l e  o p t i m i z a t i o n  a n a l y s i s  was t o  assess t h e  ef fects  
o f  nozzle-geometry m o d i f i c a t i o n s  ( f i g .  5 )  on a i r c ra f t  performance ( p r i m a r i l y  
t h r u s t  margin and t r i m  c o n t r o l )  and t o  de termine optimum combinat ions o f  t h e  
nozz le  v a r i a b l e s  f o r  t h e  research a i r p l a n e  c o n f i g u r a t i o n .  The l o n g i t u d i n a l  loca-  
t i o n  of  t h e  scramjet, upper nozz le-wal l  a n g l e ,  i n t e r i o r  cowl a n g l e ,  and cowl 
l e n g t h  measured from t h e  combustor e x i t  were t h e  pr imary independent  nozz le  
v a r i a b l e s  used t o  op t im ize  t h e  eng ine-nozz le  combinat ion and i t s  e f f e c t  on veh i -  

by t h e  i n t e r i o r  cowl a n g l e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO s  and cowl l e n g t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1,. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

6, c l e  performance. Note t h a t  t h e  lower  cowl e x t e r i o r - s u r f a c e  a n g l e  was determined 

I n  p r i n c i p l e ,  g l o b a l  optimums f o r  these v a r i a b l e s  cou ld  be  found by us ing  
a parameter  min imiza t ion  techn ique .  Such a procedure  was i m p r a c t i c a l  f o r  t h i s  
s t u d y  because o f  t h e  mass o f  data  process ing  r e q u i r e d  t o  e s t a b l i s h  a s i n g l e  v a r i -  
a t i o n  from a g iven r e f e r e n c e  p o i n t .  I n s t e a d ,  v a r i a t i o n s  i n  nozz le  geometry were 
made from a b a s e l i n e  n o z z l e  s e l e c t e d  e a r l y  i n  t h e  s t u d y  on t h e  b a s i s  o f  good 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
performance c h a r a c t e r i s t i c s  a t  Mach 10, as d e s c r i b e d  subsequen t l y  i n  t h e  s e c t i o n  
e n t i t l e d  "Scramjet  Locat ion . "  The use of  t h i s  b a s e l i n e  n o z z l e  o f f e r s  a conven- 
i e n t  r e f e r e n c e  t o  gage t h e  re la t ive merits o f  t h e  paramet r ic -nozz le  v a r i a t i o n s  I 

presen ted .  The base l i ne -nozz le  upper wall was c h a r a c t e r i z e d  by an upper w a l l  I 

expans ion  a n g l e  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20' and a l e n g t h  18.54 times t h e  combustor h e i g h t .  
z le  lower  cowl opened a t  an expansion a n g l e  o f  6' and was 3.12 t imes as l ong  
as t h e  combustor-ex i t  h e i g h t .  The geomet r ic  p r o p o r t i o n s  o f  t h i s  n o z z l e  are 

1 

The noz- 

d e p i c t e d  i n  t h e  s k e t c h  o f  f i g u r e  5.  1 

Scramjet  Locat ion 

E a r l y  i n  t h e  s t u d y ,  sc ramje t -eng ine  l o n g i t u d i n a l  l o c a t i o n  on t h e  a i r c ra f t  
a t  Mach 10 was found t o  be one o f  t h e  most c r u c i a l  v a r i a b l e s  t o  be de termined.  
A t  t h i s  high-speed end o f  t h e  f l i g h t  t r a j e c t o r y ,  eng ine  t h r u s t  marg ins  d e c l i n e  
owing t o  reduced eng ine  performance. Also, v e h i c l e - c o n t r o l  requ i remen ts  can be 
very  s e v e r e  owing t o  reduced s t a t i c  margins a t  t h e s e  h igh  Mach numbers. Any 
large c o n t r o l  d e f l e c t i o n s  a t  Mach 10 imply l a r g e  e levon d rag  and h e a t i n g  l o a d s .  

The method used i n  s i z i n g  t h e  propuls ion-system package a s  a x i a l  l o c a t i o n  
changed ( f i g .  7 )  was t o  i n c r e a s e  e n g i n e - i n l e t  area as t h e  eng ine  was moved rear- 
ward so as t o  c a p t u r e  t h e  maximum a v a i l a b l e  shock- layer  f low.  T h i s  s i z i n g  was 
accompl ished by assuming a c o n s t a n t  eng ine  width o f  app rox ima te l y  80 percen t  of  
body span and a l i n e a r  v a r i a t i o n  i n  shock h e i g h t  w i th  l o n g i t u d i n a l  p o s i t i o n .  
These assumpt ions were shown t o  be reasonab le  from t h e  fo rebody des ign  s t u d y  o f  
r e f e r e n c e  10. The nozz le  was he ld  t o  a maximum geomet r i c  expans ion  a r e a  by 
always t e r m i n a t i n g  t h e  nozz le  upper wall j u s t  below t h e  af t -mounted r o c k e t  
eng ine  ( f i g .  3.). Under t h e s e  c o n s t r a i n t s  t h e  a x i a l  l o c a t i o n  o f  t h e  eng ine  
de te rm ines  t h e  nozz le  upper w a l l  expansion a n g l e .  

The optimum l o n g i t u d i n a l  engine-module-nozzle p o s i t i o n  depends on i n l e t  
mass-f low ra tes ,  nozz le  e f f i c i e n c y ,  and t r i m  drag  p e n a l t i e s  induced by t h e  pro- 
pu l s ion  system. Rearward propuls ion-system l o c a t i o n  w i l l  i n c r e a s e  i n l e t  a r e a  
(and ,  consequen t l y ,  mass-flow r a t e s  through t h e  eng ine  modules) and w i l l  d i r e c t l y  
i n c r e a s e  engine-module t h r u s t .  Nozzle t h r u s t ,  on t h e  o t h e r  hand,  i s  no t  a s i m -  
p l e  f u n c t i o n  o f  mass-flow ra tes because ,  as t h e  eng ine  i s  moved l o n g i t u d i n a l l y ,  
nozz le  geometry and,  consequen t l y ,  e f f i c i e n c y  v a r y .  T r i m  d r a g  p e n a l t i e s  can be 
induced by both eng ine  l o c a t i o n  and nozz le  c o n f i g u r a t i o n .  Nozzle e f f i c i e n c y ,  
o r  t h e  a b i l i t y  t o  conver t  nozz le -en t rance momentum i n t o  u s e f u l  t h r u s t ,  i s  p r i -  
m a r i l y  a complex f u n c t i o n  o f  nozz le  geometry.  I n  o r d e r  t o  c l a r i f y  t h e  i n f l u e n c e  
o f  t h i s  nozz le  geometry on t h r u s t  e f f i c i e n c y ,  i s o l a t e d  n o z z l e s  w i t h  c o n s t a n t  
nozz le -en t rance c o n d i t i o n s  t y p i c a l  o f  a scramjet eng ine  o p e r a t i n g  w i th  8 O  o f  
forebody precompress ion are f i rst  examined. Cowl l e n g t h s  and t h e  nozz le  e x i t -  
t o -en t rance  area r a t i o  are a l s o  held c o n s t a n t .  Thus ,  t h e  o n l y  v a r i a b l e s  a r e  
upper wall expansion ang le  and l e n g t h .  The g e o m e t r i c a l  v a r i a t i o n s  i n  t h e s e  
i s o l a t e d  n o z z l e s  are seen from t h e  u p p e r  p a r t  o f  f i g u r e  8 t o  be q u i t e  s imi lar  
t o  t h e  v a r i a t i o n s  encountered i n  p o s i t i o n i n g  a nozz le  i n  v a r i o u s  l o n g i t u d i n a l  
l o c a t i o n s  as shown i n  f igure 9 ,  but  u n l i k e  t h e  t r ue  f l i g h t  c a s e  these i s o l a t e d  
nozz les  are f ree from v a r i a t i o n s  i n  mass f low and nozz le  e x i t - t o - i n l e t  area 
v a r i a t i o n s .  

I 
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T y p i c a l l y ,  ax isymmetr ic  rocket o r  t u r b o j e t  eng ine  n o z z l e s  have a c l e a r l y  
d e f i n e d  n o z z l e  e x i t ,  and t h e  t h r u s t  v e c t o r  l i e s  i n  t h e  p l a n e  o f  t h e  n o z z l e  a x i s .  
The h i g h l y  i n t e g r a t e d  scramjet n o z z l e ,  on t h e  o t h e r  hand,  a s  shown i n  t h e  f o r c e  
diagram o f  f i g u r e  8 ,  may have v e r y  l a r g e  asymmetr ic components normal t o  t h e  
c o n v e n t i o n a l  n o z z l e  a x i s  ( d e f i n e d  as p a r a l l e l  t o  t h e  nozz le -en t rance  f l o w ) .  
Note t h a t  as a r e s u l t  o f  w a l l  r a d i i  and a n g u l a r i t y ,  nozz le - fo rce  v e c t o r s  do n o t  
l i e  normal t o  t h e i r  a s s o c i a t e d  wal l  i n c l i n a t i o n  a n g l e s .  I f  n o z z l e  e f f i c i e n c y  is 
e v a l u a t e d  on t h e  b a s i s  o f  t h r u s t  ,Tenerated a l o n g  t h e  n o z z l e  a x i s ,  t h e  smallest 
expansion a n g l e  ( l o n g e s t  n o z z l e )  deve lops  t h e  l a r g e s t  t h r u s t .  T h i s  i s  t o  be  
expec ted  (assuming i n v i s c i d  f low)  because small upper wall  a n g l e s  reduce  t h e  
s t r e n g t h  o f  t h e  upper w a l l  expans ion  f a n  and t h u s  i n c r e a s e  n o z z l e  upper w a l l  
p r e s s u r e s .  However, the  t h r u s t  i n  t h e  f l i g h t  d i r e c t i o n  d e t e r m i n e s  v e h i c l e  
a c c e l e r a t i o n  c h a r a c t e r i s t i c s  and t h e  f l i g h t  a x i s  o f  t h e  r e s e a r c h  a i r c r a f t  used 
i n  t h i s  s t u d y  is i n c l i n e d  8"to t h e  n o z z l e  a x i s .  
i n  t h e  f l i g h t  d i r e c t i o n  depend upon bo th  t h e  magnitude and o r i e n t a t i o n  o f  t h e  
forces g e n e r a t e d  on t h e  n o z z l e  upper wa l l ,  t h e  optimum n o z z l e  f o r  p roduc ins  
t h r u s t  i n  t h e  f l i g h t  d i r e c t i o n  i s  n o t  t h e  l owes t  expansion-angle ( l o n g e s t )  n o z z l e  
b u t  i s  s h o r t e r  and h a s  a g r e a t e r  upper w a l l  expansion a n g l e  as  i n d i c a t e d  i n  
f i g u r e  8. 

Because n o z z l e - t h r u s t  l e v e l s  

For a c o n d i t i o n  of c o n s t a n t  mass f low and i n  t h e  absence  o f  t r i m  d r a g ,  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
20' nozz le  would be s e l e c t e d  as an  optimum from an i n s t a l l e d  t h r u s t  s t a n d p o i n t .  
The t r u e  s i t u a t i o n  i n  r e g a r d  t o  l o n g i t u d i n a l l y  p l a c i n g  t h e  e n g i n e  n o z z l e ,  how- 
e v e r ,  is  compl icated by t h e  f ac t  t h a t  as t h e  eng ine  is moved rearward from t h e  
most e f f i c i e n t  n o z z l e  p o s i t i o n ,  t h e  n o z z l e  assumes a l ess  e f f i c i e n t  s h a p e ,  i n l e t  
mass flow i n c r e a s e s ,  and a i r c ra f t  t r i m  r e q u i r e m e n t s  change.  T h i s  s i t u a t i o n  can 
be b e s t  exp la ined  by r e f e r e n c e  t o  f igures  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 and I O ,  which s c h e m a t i c a l l y  and 
g r a p h i c a l l y  i l l u s t r a t e  engine-nozz le behav io r  w i th  a x i a l  l o c a t i o n .  A s  t h e  n o z z l e  

p o r t i o n  t o  i n g e s t e d  mass f low.  Upper w a l l  f o r c e s ,  however, d e c r e a s e  as t h e  noz- 
z l e  s h i f t s  rearward and a l s o  i n c l i n e  more i n t o  t h e  d i r e c t i o n  o f  t h e  f l i g h t  a x i s .  
The n e t  r e s u l t  of eng ine  module p l u s  n o z z l e  f o r c e s  i s  seen  ( f i g .  I O )  t o  i n c r e a s e  
i n  n e t  t h r u s t  l e v e l s  as t h e  n o z z l e  i s  moved rearward t o  t h e  70-percent  body sta- 
t i o n  w i t h  o n l y  small i n c r e a s e s  p a s t  t h a t  p o i n t .  Thus, i n c r e a s e d  mass f l ow  a t  
t h e  rea rmos t  engine-nozz le a x i a l  l o c a t i o n s  was more t h a n  a b l e  t o  compensate f o r  
t h e  poor e f f i c i e n c y  o f  t h e  larSe wal l  a n g l e  n o z z l e s .  T r i m  d r a g  p e n a l t i e s  on t h e  
i n t e g r a t e d  a i r c ra f t  are a f u n c t i o n  o f  n o z z l e  t h r u s t  and l i f t - i n d u c e d  p i t c h i n g  
moments and can s t r o n g l y  i n f l u e n c e  t h e  s e l e c t i o n  o f  an  optimum n o z z l e .  The 
magnitude o f  wal l  and cowl f o r c e s  p r e s e n t e d  i n  f i g u r e s  9 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 shows t h a t  f o r  
the  eng ine  module l o c a t e d  a t  0.694 o f  body l e n g t h ,  n o z z l e  moments are n e a r l y  
cance led  by n e t  engine-module moments. A s  t h e  eng ine  i s  moved a f t  o f  t h i s  l oca -  
t i o n ,  l a r g e  p o s i t i v e  moments are i n t r o d u c e d  as a r e s u l t  o f  t h e  reduced n o z z l e  
upper w a l l  and i n c r e a s e d  cowl p r e s s u r e s ,  a c o n d i t i o n  which i s  aggrava ted  by an 
i n c r e a s i n g  moment arm t o  t h e  v e h i c l e  c e n t e r  o f  g r a v i t y .  I n  a c t u a l  p r a c t i c e  t h e  
a i rc ra f t  c e n t e r  of g r a v i t y  may move somewhat rearward w i t h  a f t  movement o f  t h e  
eng ine  and a s s o c i a t e d  changes i n  v e h i c l e  i n t e r n a l  packaging and s t r u c t u r a l  
a r rangements .  Such a c e n t e r - o f - g r a v i t y  t r a v e l  may b e  l i m i t e d ,  however, because 
it a g g r a v a t e s  an  a l r e a d y  marg ina l  s t a b i l i t y  problem a t  t h e  h i g h e s t  Mach numbers. 
(See s e c t i o n  e n t i t l e d  " L o n g i t u d i n a l  S t a b i l i t y . " )  Ref ined t r -ea tment  o f  t h e  pro- 
p u l s i o n  i n t e g r a t i o n  problem must of c o u r s e  i n c l u d e  rea l i s t i c  c e n t e r - o f - g r a v i t y  
t r a v e l  i n  t h e  d e s i g n  t r a d e s .  

l is s h i f t e d  rearward, n e t  eng ine  module and cowl f o r c e s  i n c r e a s e  i n  d i r e c t  pro- 
I 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The n e t  ef fect  of scramjet l o c a t i o n  on t h r u s t  margin and e levon d e f l e c t i o n s  
r e q u i r e d  f o r  t r i m  i s  shown i n  f i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11 f o r  t h e  research a i r p l a n e .  A s  p rev i -  
o u s l y  shown, the  decrease i n  nozz le  e f f i c i e n c y  w i th  t h e  more rearward eng ine  
l o c a t i o n s  t e n d s  t o  coun te rba lance  t h e  b e n e f i c i a l  ef fects  o f  i n c r e a s e d  mass f low 
such t h a t  on ly  s l i g h t  i n c r e a s e s  i n  untrimmed t h r u s t  marg ins are ob ta ined  f o r  
eng ine  l o c a t i o n s  a f t  of 
moments a s s o c i a t e d  w i t h  t he  rearward eng ine  l o c a t i o n  r e q u i r e  large p o s i t i v e  ele- 
von t r i m  c o n t r o l ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs shown, t r i m  drag a s s o c i a t e d  w i t h  these p o s i t i v e  e levon 
d e f l e c t i o n s  p reven ts  t h e  most rearward nozz le  from producing a maximum i n t e -  
grated t h r u s t  marg in,  d e s p i t e  t h e  l a r g e r  i n l e t  c a p t u r e  area a s s o c i a t e d  w i t h  t h i s  
l o c a t i o n .  Elevon d e f l e c t i o n s  are e s s e n t i a l l y  z e r o ,  and t h e  t h r u s t  margin is a 
maximum a t  an eng ine  p o s i t i o n  0.052, a f t  o f  t h e  c e n t e r  o f  g r a v i t y  ( i e / Z v  = 0 . 7 ) .  
Here nozz le  f o r c e s  approx imate ly  c a n c e l  engine-module moments, and t h e  a i r c ra f t  
is n e a r l y  se l f - t r imming.  A t  t h e  more forward eng ine  p o s i t i o n s  t h e  n e t  n e g a t i v e  
p i t c h i n g  moments genera ted  by t h e  p ropu ls ion  system are cance led  o u t  by n e g a t i v e  
e levon d e f l e c t i o n s ,  which cause  a n e g l i g i b l e  drag p e n a l t y  f o r  t h i s  a n g l e  of  
at tack  of 2'. Thrust  marg ins ,  however, decrease f o r  these l o n g e r  n o z z l e s  owing 
t o  large asymmetr ica l  nozz le  f o r c e s  developed a l o n g  t h e  n o z z l e  upper  w a l l  s u r -  
face. For example, as shown i n  f i g u r e  9 ,  t h e  more forward n o z z l e s  (smaller wall 
a n g l e s )  deve lop  t h e  la rgest  upper w a l l  f o r c e s  b u t  a c t u a l l y  produce l ess  t h r u s t  
i n  t h e  f l i g h t  d i r e c t i o n  than  t h e  more rearward n o z z l e s  ( larger w a l l  a n g l e s ) .  

le/lV = 0.7.  However, t h e  large p o s i t i v e  p i t c h i n g  

Miss ion s t u d i e s  have shown t h a t  t h e  assumed a n g l e  o f  a t tack  of  2' c l o s e l y  
approx imates a c o n s t a n t  71 820-Pa ( 1 5 0 0 - l b f / f t 2 )  t r a j e c t o r y  f o r  t h i s  a i r c ra f t ;  
however, nozz les  w i t h  large e levon t r i m  changes can be expected  t o  d e v i a t e  some- 
what from t h i s  ang le  o f  a t tack  t o  ma in ta in  c o r r e c t  l i f t  a t  a c o n s t a n t  dynamic 
pressure.  However, moderate changes i n  a n g l e  o f  a t tack  would n o t  a l t e r  t h e  
basic comparisons shown i n  f i g u r e  1 1 ,  as i s  shown i n  a subsequent  s e c t i o n  o f  
t h i s  p a p e r  e n t i t l e d  "Acce le ra t i on  Performance."  

Parametric cowl- length v a r i a t i o n s  are reviewed i n  a subsequent  s e c t i o n  o f  
t h i s  paper ,  but  a t  t h i s  p o i n t  a br ie f  d i s c u s s i o n  o f  cowl- length ef fec ts  on noz- 
z l e s  at  va r ious  l o n g i t u d i n a l  l o c a t i o n s  seems i n  o r d e r ,  L i f t  f o r c e s  genera ted  
on upper nozz le  wal ls and t h e  lower cowl are each approx ima te l y  th ree  times t h e  
nozz le  t h r u s t  l e v e l ,  and i t  might be suspec ted  t h a t  v a r i a t i o n s  i n  cowl l e n g t h  
would p rov ide  a powerfu l  means o f  c o n t r o l l i n g  t r i m  d r a g  p e n a l t i e s  and t h u s  
g r e a t l y  i n f l u e n c e  t h e  t h r u s t  margins presented  i n  f i gu re  1 1 .  I n  p a r t i c u l a r ,  a 
r e d u c t i o n  i n  cowl l e n g t h  f o r  t h e  most rearward n o z z l e  (2 , /2 ,  = 0.775)  shou ld  
reduce t r i m  drag and t h e r e b y  i n c r e a s e  t h e  e f f e c t i v e n e s s  o f  t h i s  nozz le .  However, 
as i n d i c a t e d  i n  f i g u r e  12 ,  v a r i a t i o n s  i n  cowl l e n g t h  a t  tliis rearward l o c a t i o n  
have l i t t l e  or  no ef fect  on t o t a l - v e h i c l e  t h r u s t  marg ins because decreases i n  
t r i m  drag are counterba lanced by t h r u s t  l o s s e s  because o f  s h o r t e n i n g  t h e  cowl.  
A t  t h e  more forward scramjet p o s i t i o n s ,  s h o r t e n i n g  t h e  cowl s i g n i f i c a n t l y  reduces  
o v e r a l l  nozz le  t h r u s t  l e v e l s ,  I n c r e a s e s  i n  cowl l e n g t h  a t  forward scramjet l oca-  
t i o n s  beyond t h a t  of  t h e  b a s e l i n e  nozz le  (2, /hc = 3.0)  tend  t o  r e s u l t  i n  o n l y  
s l i g h t  improvements i n  t h r u s t  margin.  Thus, optimum scramjet l o c a t i o n  i s  n e a r l y  
independent  o f  cowl l e n g t h  and occu rs  a t  approx imate ly  70 pe rcen t  o f  t h e  l e n g t h  
f o r  t h e  r e s e a r c h  v e h i c l e  concep t .  

12 
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Propulsion-System'Analysis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf o r  B a s e l i n e  Nozzle 

From t h e  p reced ing  d i s c u s s i o n  o f  engine-nozz le a x i a l  l o c a t i o n  a t  Mach zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10, an 
optimum l o c a t i o n  w a s  found a t  0.694 o f  body l e n g t h .  The nozz le  cor respond ing  t o  
t h i s  l o c a t i o n  was s e l e c t e d  as t h e  b a s e l i n e  nozz le  f o r  pa ramet r i c  v a r i a t i o n s  t h a t  
f o l l o w  i n  t h i s  paper .  A t  t h i s  p o i n t ,  however, a b r i e f  a n a l y s i s  o f  p ropu ls ion-  
system f o r c e s  and e f f i c i e n c i e s  f o r  t h i s  b a s e l i n e  nozz le  i s  presen ted  ove r  t h e  
o p e r a t i o n a l  Mach number r a n g e ,  

Computed i n t e g r a t e d  v e h i c l e  f o r c e s  and moments are p resen ted  i n  f igure  I 3  f o r  
, Mach numbers of 4 t o  IO. 

dominant ly  due t o  n o z z l e  and eng ine  components. Nozzle t h r u s t  i s  s e e n  t o  p l a y  
an i n c r e a s i n g l y  c r i t i c a l  r o l e  as t h e  Mach number i n c r e a s e s ,  and above Mach 6 noz- 
z l e  t h r u s t  exceeds n e t  engine-module t h r u s t .  S p i l l a g e  and cowl f o r c e s  produce 
n e t  d rag  but are r e l a t i v e l y  i n s i g n i f i c a n t  compared t o  n o z z l e  and engine-module 
t h r u s t ;  these are n o t  a g a i n  p resen ted  i n  f o r c e  breakdowns i n  t h i s  p a p e r ,  a l t hough  
they  have been accounted f o r  i n  a l l  i n t e g r a t e d  v e h i c l e  f o r c e  and moment 
c a l c u l a t i o n s .  

Pr imary p ropu ls ion-sys tem f o r c e s  and moments are pre-  

< 

The r a t i o  o f  propuls ion-system s p e c i f i c  impulse t o  t h e  Mach 10 v a l u e  i s  
presented  f o r  t h e  b a s e l i n e  nozz le  i n  f i g u r e  14 .  T h i s  impulse i n c l u d e s  n e t  
propuls ion-system f o r c e s  i n  t h e  f l i g h t  d i r e c t i o n  from t h e  engine-module i n l e t  
f a c e  t o  t h e  nozz le  e x i t  w i th  a l l  p r e s s u r e s  invo lved i n  t h e  t h r u s t  c a l c u l a t i o n  
re fe renced  t o  free-stream c o n d i t i o n s .  Resu l t s  shown i n  f i g u r e  14 are v e r y  s i m i -  
l a r  t o  t h o s e  p resen ted  i n  r e f e r e n c e s  9 and 13 which were der i ved  from more ide-  
a l i z e d  c o n s i d e r a t i o n s .  

Nozzle Expansion Area 

In t h i s  s e c t i o n ,  n o z z l e  geomet r ic  expansion area i s  v a r i e d  by changing 
I 

nozz le  upper wall a n g l e  8 a t  c o n s t a n t  scramjet l o c a t i o n  0.72,, i n  c o n t r a s t  
t o  a prev ious  s e c t i o n  e n t i t l e d  "Scramjet  Locat ion"  where w a l l  a n g l e  was v a r i e d  
and geomet r ic  expans ion  area remained c o n s t a n t .  The nozz le  s k e t c h  shown i n  
f igure 1 5 ( a )  i l l u s t r a t e s  t h i s  geomet r ic  v a r i a t i o n .  An i n s p e c t i o n  o f  t h e  nozz le -  
wall  p r e s s u r e  d i s t r i b u t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(M = I O )  r e v e a l s  t h a t ,  as  cou ld  be expec ted ,  i n c r e a s -  

c o n s t a n t  because t h e  cowl t r a i l i n g  edge t e r m i n a t e s  forward o f  any f i n a l  expansion 
wave emanat ing from t h e  upper wal l -combustor-exi t  j u n c t u r e .  T y p i c a l l y ,  t h o s e  
nozz les  w i th  small upper s u r f a c e  expans ion  a n g l e s  g e n e r a t e  l a r g e  n e g a t i v e  p i t c h -  
i n g  moments owing t o  t h e  s u b s t a n t i a l  l i f t  f o r c e s  invo lved a c r o s s  t h e  o p e r a t i o n a l  

I 

I i n g  w a l l  expansion a n g l e  d e c r e a s e s  upper w a l l  p r e s s u r e s .  Cowl p r e s s u r e s  remain zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 Mach number range o f  t h e  eng ine .  

The largest expansion-area nozz le  t h a t  could be i n s t a l l e d  i n  t h e  r e s e a r c h  
#, a i r p l a n e  (19.8O) developed t h e  smallest n e g a t i v e  moment and g e n e r a l l y  counter -  

ba lanced n e t  eng ine  moments ( f i g .  1 5 ( b ) ) .  Th is  large expans ion  nozz le  a l s o  cpn- 
s i s t e n t l y  developed t h e  largest t h r u s t  ove r  t h e  speed range.  F igu re  16 shows 
t h e  effect  of i n t e g r a t i n g  these n o z z l e s  w i t h  t h e  t o t a l  v e h i c l e .  The la rgest  
nozz le  opening t h a t  cou ld  be f i t t e d  t o  t h e  v e h i c l e  (19.8' r e f e r e n c e  n o z z l e )  i s  
s u p e r i o r  t o  any smaller n o z z l e  opening a n g l e  a t  a l l  Mach numbers, and undoubtably  
a somewhat larger opening a n g l e  would improve v e h i c l e  performance t o  some e x t e n t  
a t  t h e  h igh  Mach number end of t h e  f l i g h t  regime. 

13 
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The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19 .8O nozz le  a l s o  produces minimum t r i m  drag ( f i g .  16) .  T h i s  n o z z l e  
r e q u i r e s  on ly  a 6' e levon  s e t t i n g  v a r i a t i o n  from Mach 4 t o  10 and r e q u i r e s - t h e  
least  e levon change t o  t r a n s i t i o n  from trimmed power-on t o  trimmed power-off 
f l i g h t  c o n d i t i o n s ,  The effects o f  a f u e l  shutdown (power-of f  c o n d i t i o n s )  are 
c h a r a c t e r i z e d  by engine-module drag i n s t e a d  o f  t h r u s t  and decreased nozz le  upper  
and lower  wal l  p r e s s u r e s ,  which f o r  t h e  19.8' n o z z l e  n e a r l y  compensate f o r  one 
a n o t h e r .  

Nozzle Cowl Angle 
% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A p a r t  o f  the  a n a l y s i s  was devoted t o  an  examinat ion  of t h e  effect  o f  i n t e -  
r i o r  cowl-angle v a r i a t i o n s  ( f i g .  1 7 ) .  Because o f  t h e  large p r e s s u r e s  developed 
over  t h e  r e l a t i v e l y  s h o r t  cowl ,  i t s  a n g u l a r i t y  might be expected  t o  have s i g n i f -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

i c a n t  ef fects on v e h i c l e  t h r u s t  and t r i m .  A s  cowl expans ion  a n g l e  i s  i n c r e a s e d ,  
lower p r e s s u r e s  are genera ted  over  both cowl and upper w a l l  nozz le  s u r f a c e s ,  
and as a r e s u l t  t h e  nozz le  t h r u s t  i s  somewhat degraded ( f i g .  1 7 ( a ) ) .  The most 
n o t a b l e  effect  of  cowl-angle v a r i a t i o n  i s  i n  the  n o z z l e  pitching-moment charac- 
ter is t ics  a t  t h e  h i g h e r  Mach numbers. A s  t h e  cowl a n g l e  i s  i n i t i a l l y  i n c r e a s e d ,  
reduced pressures on the  upper w a l l  and cowl s u r f a c e  are e s s e n t i a l l y  compensat ing 
and c a n c e l  pitching-moment v a r i a t i o n s .  
however, lower cowl p r e s s u r e s  w i thout  a cor respond ing  change on upper w a l l  s u r -  
f a c e s  and resu l t  i n  a n e t  p o s i t i v e  p i t c h i n g  moment ( f i g .  1 7 ( b ) ) .  I n t e g r a t i o n  o f  
these nozz le  f o r c e s  w i t h  t h e  v e h i c l e ,  however, shows t h a t  s u p e r i o r  performance 
l e v e l s  over  most o f  t h e  Mach number range are ach ieved w i t h  t h e  cowl a n g l e  
of  6O, which most n e a r l y  ba lances  n e t  eng ine  moments ( f i g .  1 8 ) .  
t r i m  c o n d i t i o n s  are r e f l e c t e d  i n  t h e  minimal e levon  d e f l e c t i o n s  r e q u i r e d  f o r  
t h e  cowl ang le  of 6' when compared wi th  larger o r  smaller cowl a n g l e s .  

F u r t h e r  expans ions  o f  t h e  cowl t o  1 2 O ,  

These f a v o r a b l e  

Nozzle-Cowl Length V a r i a t i o n  

The l e n g t h  o f  t h e  b a s e l i n e  nozz le  cowl (ZS/hc = 3 .12 )  ex tends  t o  a pos i -  
t i o n  somewhat beyond t h e  i n i t i a l  expansion wave from t h e  upper wall c o r n e r .  A s  
shown i n  f i g u r e  l g ( a ) ,  t h e  p o s i t i o n  a t  which t h i s  expans ion  f a n  st r ikes t h e  cowl 
s u r f a c e  r e s u l t s  i n  a sudden d rop  i n  cowl p r e s s u r e  approx imate ly  th ree  t h r o a t  
h e i g h t s  (Zs /h  
( Z s / h C . E  3.127 was v a r i e d  by s h o r t e n i n g  t h e  cowl such t h a t  i t  d i d  n o t  ex tend t o  
the  i n i t i a l  expansion f a n  and a l s o  by l eng then ing  i t  t o  extend far ther i n t o  t h e  
expansion-fan p r e s s u r e  f i e l d .  A s  seen  i n  f i g u r e  1 9 ( b ) ,  t h e  p e n a l t y  f o r  n o t  con- 
t a i n i n g  a l l  o f  t h e  h igh-pressure  f low as a r e s u l t  o f  u s i n g  a s h o r t  cowl was a 
d ras t i c  r e d u c t i o n  i n  nozz le  t h r u s t  brought  about  by lowered cowl t h r u s t  f o r c e s  
and by reduced upper  wall p r e s s u r e s  induced by a premature expansion fan  from 
the  cowl t r a i l i n g  edge. For t h i s  case nozz le  upper  w a l l  l i f t  f o r c e s  are much 
larger than t h e  s h o r t  cowl n e g a t i v e  l i f t  f o r c e ,  and a large n e g a t i v e  nozz le  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2 3 )  downstream o f  t h e  nozz le  t h r o a t .  The b a s e l i n e  nozz le  cowl 

1 

p i t c h i n g  moment i s  induced a t  Mach I O .  Extending t h e  n o z z l e  cowl,  however, h a s  I 

a b e n e f i c i a l  ef fect  on n e t  nozz le  t h r u s t  th roughout  t h e  Mach number range and l 
1 
I 

produces a n e t  p o s i t i v e  nozz le  pitching-moment inc rement  compared w i t h  t h e  ref- 
erence  nozz le .  

It was shown i n  t h e  s e c t i o n  e n t i t l e d  "Scramjet Locat ion f f  t h a t  i n c r e a s i n g  I 

cowl l e n g t h  p a s t  t h e  r e f e r e n c e  nozz le  cowl l e n g t h  o f  3.12 does s l i g h t l y  i n c r e a s e  
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nozzle-thrust and vehicle-thrust margin capability at Mach zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIO. The fact that 
the same trend extends through Mach zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 is shown in figure 20. Differences between 
power-on and power-off trim elevon deflections also decrease for the longer cowl 
length. More detailed trade-offs between cowl weight, cooling requirements, and 
propulsion efficiency are ultimately required to select the optimum cowl length. 
However, in view of the small performance gains, which result from increased 
cowl lengths, the final cowl length may be relatively short. 

PROPULSION EFFECTS ON VEHICLE PERFORMANCE 

The previous sections, which focused on parametric variations of nozzle 
geometry and engine location, determined that for the research vehicle of this 
study the baseline nozzle was near optimum under all conditions studied. This 
baseline nozzle is now used to assess briefly propulsion effects on vehicle sta- 
bility and acceleration. Results reflect integrated totals of forebody inlet 
compression, spillage, engine-module and nozzle efficiency, and trimmed aircraft 
aerodynamics through changes in angle of attack. 

Longitudinal Stability 

The addition of scramjet modules for power on or power off has a mixed 
although small effect on vehicle stability as shown in figure 21 for trimmed 
accelerating flight; for example, engine-power effects on stability at Mach zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10 
have a destabilizing influence at low angles of attack and a stabilizing effect 
at higher angles, Basic airframe stability parameters (aerodynamic-center loca- 
tion) were computed as previously described by using simplified methods, which 
generally predict aerodynamic centers forward of their true position. However, 
the implications of this stability analysis are that, for a well-designed engine- 
nozzle combination, longitudinal characteristics of this type of basic airframe 
are not seriously affected by the addition of scramjet-engine modules, either 
power off or power on. 

Elevon deflections required for trim at angle of attack are shown in fig- 
ure 22. The maximum elevon deflection needed from power-on to power-off condi- 
tions is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 O ,  which should be within acceptable limits; however, the dynamic 
behavior of such a vehicle in an engine shutdown situation is unknown and war- 
rants further study. 

Acceleration Performance 

The nozzle parametric investigations of the preceding sections of this paper 
have led to the conclusion that, for accelerating flight, a large expansion noz- 
zle with moderate cowl lengths and cowl deflection angles correctly located aft 
of the aircraft center-of-gravity position provides superior acceleration per- 
formance at an angle of attack of 2'. Realistic acceleration trajectories will 
deviate somewhat from such a constant angle of attack. 

The ability to resolve total-vehicle forces into orthogonal lift and drag 
(thrust) vectors allows an investigation of acceleration performance through an 
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ang le -o f -a t tack  range by u s i n g  as a f i r s t - o r d e r  c r i t e r i o n  t h e  f o l l ow ing  r e l a t i o n  
de r i ved  from a simple v e h i c l e  f o r c e  a n a l y s i s  a t  small f l i g h t - p a t h  a n g l e s :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

t 
Thrus t  and drag v e c t o r s  are or thogona l  t o  the  l i f t  v e c t o r ,  and K i s  a c o n s t a n t  
of p r o p o r t i o n a l i t y .  The f i rst component o f  t h i s  e q u a t i o n ,  t h e  t h r u s t  margin 

ef fects  on t h r u s t  and drag components f o r  t h e  tr immed r e s e a r c h  v e h i c l e  a t  
Mach zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIO. A s  a n g l e  of at tack  i n c r e a s e s ,  nozz le  and engine-module t h r u s t  i n c r e a s e  
p r i m a r i l y  as a resul t  o f  i nc reased  mass f l ow  i n g e s t e d  by t h e  eng ine  i n l e t  and 
s e c o n d a r i l y  because of t h e  greater c y c l e  e f f i c i e n c y  a s s o c i a t e d  w i t h  reduced i n l e t  
Mach numbers. A i r c r a f t  drag t y p i c a l l y  i n c r e a s e s  w i t h  a n g l e  o f  a t t a c k  owing t o  
i nc reased  v e h i c l e  wave d rag .  Thrus t  margin ( T  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- D ) / D ,  however,  peaks  near  an  
a n g l e  of  a t tack  o f  2' as a r e s u l t  o f  t h e  i n t e r p l a y  between i n c r e a s e d  eng ine  and 
nozz le  t h r u s t  a t  a n g l e  of  a t tack  v e r s u s  i n c r e a s i n g  aerodynamic drag a t  these 
h igher  a n g l e s .  T h i s  resul t  is shown by t h e  t h r u s t  margin cu rves  a t  t h e  t o p  o f  
f igure 24. Note t h a t  a t  lower  Mach numbers maximum t h r u s t  margins a l s o  peak a t  
low a n g l e s  of  at tack .  

( T  - D ) / D ,  is examined i n  some d e t a i l  i n  f i g u r e  23, which shows ang le -o f -a t tack  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

F igu re  24 a l s o  p r e s e n t s  t h e  l i f t - d r a g  r a t i o  terms con ta ined  i n  t h e  accel- 
e r a t i o n  e a u a t i o n .  These i n t e g r a t e d  l i f t - d rag  r a t i o s  are summations o f  aerody-  
namic and a l l  propu ls ion  f o r c e s  i n  t h e  l i f t  d i r e c t i o n  and are c o r r e c t e d  f o r  
c e n t r i f u g a l  ef fects .  These r a t i o s  tend t o  peak a t  h igher  a n g l e s  o f  a t tack  t han  
t h e  t h r u s t  marg ins.  A s  shown i n  t h e  lower p a r t  o f  f igure 24 ,  maximum accelera- 
t i o n  occu rs  at  low a n g l e s  o f  a t tack  ( h i g h  dynamic p r e s s u r e s )  where minimum-drag 
c o e f f i c i e n t s  and good t h r u s t  margins occu r .  The p r a c t i c a l  l i m i t  o f  t h i s  t r e n d  
must be commensurate w i t h  h e a t i n g  and s t r u c t u r a l  l i m i t a t i o n s  on dynamic pres- 
s u r e ,  which correspond t o  a 71 820-Pa ( 1 5 0 0 - l b f / f t  ) a c c e l e r a t i o n  t r a j e c t o r y  
f o r  t h i s  research a i r p l a n e  concept .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 

CONCLUDING REMARKS 

A pre l im ina ry  s t u d y  was conducted of  scramjet eng ine-nozz le  i n t e g r a t i o n  a t  
hyperson ic  s p e e d s ,  and t h e  r e s u l t s  o f  t h e  a n a l y s i s  were a p p l i e d  t o  a h i g h l y  i n t e -  
grated hyperson ic  research a i r c ra f t .  A s  a r e s u l t  o f  t h e  p e r t u r b a t i o n  o f  major L 

eng ine-a i r f rame des ign  parameters ,  s e v e r a l  encouraging conc lus ions  r e g a r d i n g  
scramjet-airframe i n t e g r a t i o n  have r e s u l t e d .  Foremost of these is t h a t ,  w i t h  
proper  d e s i g n ,  an e f f i c i e n t  f ixed-geometry  engine-nozz le combinat ion us ing  t h e  
a i rc ra f t  a f t e r b o d y  as an exhaust  nozz le  p rov ides  c o n t r o l l e d  and s t a b l e  f l i g h t  
over  a wide  range of  Mach numbers. The r e l a t i v e  s i m p l i c i t y  i n h e r e n t  i n  f i xed -  
geometry nozz le  concep ts  combined w i t h  f ixed-geometry  eng ine  modules as compared 
wi th  v a r i a b l e  geometry systems shou ld  f a c i l i t a t e  f u t u r e  scramjet propu ls ion-  
system development.  Also s i g n i f i c a n t  from a t o ta l - veh ic le -pe r fo rmance  s tand -  
p o i n t  was t h e  r e s u l t  t h a t  nozz le  d e s i g n s ,  which op t im ize  a t  t h e  high-speed end 

I 
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r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
o f  t h e  f l i g h t  enve lope ,  a lso g e n e r a l l y  show s u p e r i o r  performance a t  t he  low-speed 
end o f  t he  scramjet o p e r a t i n g  range.  Thus, o n l y  a small p e n a l t y  must b e  p a i d  i n  
nozz le  performance a t  any Mach number f o r  t h e  f ixed-geometry concept .  For veh i -  
c le  t y p e s  similar t o  t h e  one s t u d i e d  i n  t h i s  paper ,  o n l y  s l i g h t  changes i n  basic 
a i r c ra f t  s t a b i l i t y  are a n t i c i p a t e d  w i t h  t he  a d d i t i o n  o f  eng ine  modules t o  t h e  
v e h i c l e  undersu r face  and no  major  effect  on power-on c o n d i t i o n s  was noted  on 
l o n g i t u d i n a l  s t a b i l i t y .  

Owing t o  t h e  p r e l i m i n a r y  n a t u r e  o f  t h e  s t u d y  on ly  major  d e s i g n  t r e n d s  were 
deve loped,  and many impor tan t  though second-order  parameters  were n o t  cons ide red .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 I n  p a r t i c u l a r ,  t h e  s e n s i t i v i t y  o f  nozz le  des ign  t o  th ree-d imens iona l  f l ow  v a r i a -  
t i o n s  was no t  assessed bu t  shou ld  be i nc luded  i n  more de ta i l ed  f u t u r e  i n v e s t i -  
g a t i o n s .  F u t u r e  work must a l s o  be carr ied o u t  i n  t h e  area o f  v e h i c l e  dynamic 
behav io r  and c o n t r o l  e f f e c t i v e n e s s  d u r i n g  an  eng ine  shutdown s i t u a t i o n .  Although 
t h i s  s t u d y  showed o n l y  moderate changes i n  e levon t r i m  requ i remen ts  between 
power-on and power-off eng ine  c o n d i t i o n s ,  the  o v e r a l l  v e h i c l e  dynamic performance 
under such t r a n s i e n t  c o n d i t i o n s  i s  unknown. 
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 . -  ENGINE-INLET AND COMBUSTOR-EXIT CONDITIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
[. = 2'; 9, = 71 820 Pa]  
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.- ISOLATED LIFT, DRAG, AND zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMOMENT COEFFICIENTS 
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Figure 1 . -  Hypersonic f l i g h t  envelope. 



Figure 2.- Hydrogen-fueled research a i r p l a n e .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Iu 
w 



Length, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1, = 24.38 m (80 ft)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n 

Span = 10.67 m (35 ft)  

I I 

E levon zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure  3.- Hydrogen-fueled r e s e a r c h  a i r p l a n e  concept .  
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Figure 4.- Ideal nozzle-area-expansion hydrogen-air combust'on-products 5 
chemical equilibrium. q, = 71 820 Pa (1500 lbf/ft 1.  
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r - 7  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
zc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-r7 

0 = - =  

7-- -7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure  5.- Key nozz le  op t im iza t i on  v a r i a b l e s .  



0 '  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

2 4 6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

M1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(a) Capture efficiency. 
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(b)  Spillage forces. 

Figure 6.- LRC scramjet-inlet capture-performance estimates, 
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1.80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Nozzle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaxis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Thrust zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Ca = 
9Ai 

= 28.7' O W  = 19.8' O W  = 14.8' 

I c 

L . -  1. .. - I I I I 

10 14 18 22 26 30 

Nozzle length, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI n/hc 

Figure 8.- Isolated-nozzle-fo ce characteristics. M, = 10; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
q = 71 820 Pa (1500 lbf/ft zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 1; 4 = 1.5; I s h c  = 3 - 1 2 ;  
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Figure  9.- Propu ls ion  f o r c e s ;  a x i a l  sc ramje t  l oc  t i o n .  M, = I O ;  2'; 9 q = 71 820 P a  (1500 l b f / f t  1. 
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Figure 10.- Variation of  scramjet location. M, = 10; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = 2'; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8)  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq = 71 820 Pa (1500 lbf/ft2>. . 
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Figure 11.- Engine-axial-location (integ ated)  effects. M, = 10; 
q = 71 820 Pa (1500 lbf/ft 5 1; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2'. 
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Figure 12.- Engine a x i a l  l o c a t i o n  (cowl- length e f f e c t s ) .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM, = 10; 9 = 1.5. 
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F igu re  13.- Engine-nozzle t h r  s t  components. 
q = 71 820 Pa (1500 l b f / f t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 ) ;  o = 2.0'. 
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F igu re  1 4 . -  Propuls ion-system e f f i c i e n c y .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
q = 71 820 P a  (1500 l b f / f t 2 ) ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = 2 . 0  0 . 
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( a )  Nozzle p r e s s u r e  d i s t r i b u t i o n s ;  M, = 10. 

F igure  15.- Nozzle-wall a n g l e  v a r i a t i o n .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq = 71 
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F igure 17.- Nozzle-cowl-angle v a r i a t i o n .  q = 71 820 Pa (1500 l b f / f t 2 ) ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa = 2'. 
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