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INLET PERFOREULNCE OF THE INTEGPATED LANGLEY SCRAMJET MODULE 

(MACH 2.3 TO 7.6) 

Carl A. T r e x l e r  

Hampton, V i r g i n i a  23665 
L NASA I.angley Research Cen te r  

A b s t r a c t  

The i n l e t  concept  f o r  t h e  Langley Scramjet 
klodulc h a s  becn developed and proven in Langley wind 
t u n n e l s  over  B Math number r a n g e  from 2.3 t o  6.0 
( f l i g h t  s i m u l a t i o n  of Mach 2.6 t o  7.6). 
modular eng ine  concept  is designed t o  i n t e g r a t e  
w i t h  t h e  a i r f r a m e ,  which r e s u l t s  in precompression 
o f  t h e  eng ine  a i r f l o w  by t h e  v e h i c l e  bow shock and 
a d d i t i o n a l  cxpansion of t h e  n o z z l e  exhaust  g a s  by 
t h e  s f t e r b o d y  of t h e  v e h i c l e .  With t h e s e  i n t e g r a -  
t i o n  advantages,  t h e  i n l e t  can b e  designed w i t h  
modest c o n t r a c t i o n  r a t i o s  and f i x e d  geometry. 
t h e  module n o z z l e  e x i t  a r e a  can b e  e q u a l  t o  t h e  
capcure  a r e a ,  which pe rmi t s  t h e  cowl t o  be d i n e d  
w i t h  t h e  l o c a l  f low producing minimum e x t e r n a l  d r a g .  
The in le t  l e a d i n g  edges and p l a n a r  compression 
s u r f a c e s  are swept a t  48', which p rov ides  s p i l l a g e  
a t  low Mach numbers f a r  s t a r t i n g  and which reduces 
t h e  p r e s s u r e  g r a d i e n t  on t h e  t o p  s u r f a c e  t o  permit  
i n g e s t i o n  of t h e  v e h i c l e  forebody boundary l a y e r  
i n t o  t h e  i n l e t  w i thou t  s e p a r a t i n g .  Three f u e l  
i n j e c t i o n  s t r u t s  p rov ide  f a r  t h e  use of a s h o r t  
combustor having low i n t e r n a l  c o o l i n g  r eqo i r emen t s .  
Schedules  f o r  mass c a p t u r e  r h t i o ,  c o n t r a c t i o n  
r a t i o ,  and t o t a l  p r e s s u r e  r ecove ry  are  w e l l  w i t h i n  
t h e  a c c e p t a b l e  range f o r  a good scramjet p ropu l s ion  
dev ice .  The f i x e d  geometry,  minimum e x t e r n a l  d r a g  
d e s i g n  ha4 proven t o  b e  a p r a c t i c a l ,  high- 
performance in l eL  concept .  
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X D i s t a n c e  downstream of f o r e p l a t e  
l e a d i n g  edge 
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x3 D i s t a n c e  downstream of s t r u t  l e a d i n g  
edge 

A Sweep a n g l e ,  d e s  
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S u b s c r i p t s  

m Vehic l e  f l i g h t  c o n d i t i o n s  

1 Cond i t ions  behind v e h i c l e  body shock 

K i n e t i c  energy e f f i c i e n c y  

o r  a t  i n l e t  f a c e  

T Cond i t ions  a t  i n l e t  t h r o a t  

t T o t a l  p r o p e r t y  

I n t r o d u c t i o n  

The a t t r a c t i v e  p o t e n t i a l  of hype r son ic  f l i g h t  
w i t h  a i r b r e a t h i n g  p ropu l s ion  has  been recognized and 
f i r m l y  e s t a b l i s h e d  by a number of s u c c e s s f u l  
r e s e a r c h - s c a l e  eng ine  demons t r a t ions  i n  t h e  
1960's.1-3 
f o r  hype r son ic  a i r b r e a t h i n g  eng ines  have gene ra t ed  
a broad technology base  and have demonstrated e n g i n e  
concep t s  w i t h  p r a c t i c a l  l g v e l s  of t h r u s t . 4  However, 
major advances in technology are still r e q u i r e d .  
and t h e  NASA Langley Research Cen te r  is a c t i v e l y  
engaged in a r e s e a r c h  and technology program t o  
d e f i n e  and deve1 .o~  a v i a b l e  a i r b r e a t h i n g  p r o p u l s i o n  
system f o r  hype r son ic  f l i g h t  a p p l i c a t i o n s .  The 
first a p p l i c a t i o n  w i l l  probably b e  in a s m a l l  
r e s e a r c h  a i r p l a n e  t o  demons t r a t e  performance under 
f l i g h t  c o n d i t i o n s  (Fig. 1). The l e a d i n g  c a n d i d a t e  
f o r  t h i s  system is t h e  s u p e r s o n i c  combustion r amje t  
( s c ramje t )  eng ine  shown i n  F i g u r e  2 which i l l u s -  
trates t h e  n e x t  l o g i c a l  s t e p  i n  s c r a m j e t  e v o l u t i o n ,  
t h e  i n t e g r a t i o n  o f  t h e  eng ine  w i t h  t h e  a i r f r a m e .  
I n t e g r a t i o n  i n c l u d e s  t h e  u s e  of t h e  v e h i c l e  forebody 
t o  precompress t h e  eng ine  a i r f l o w  b e f o r e  i t  e n t e r s  
t h e  in l . e t  and t h e  use o f  t h e  v e h i c l e  a f t e r b o d y  f o r  
a d d i t i o n a l  expansion and t h r u s t  v e c t o r i n g  of t h e  
n o z z l e  exhaus t  gas .  
f o r  hype r son ic  systems a r e  minimum eng ine  c o o l i n g  
r equ i r emen t s  t o  make p a r t  of t h e  h e a t  s i n k  of t h e  
hydrogen Cue1 a v a i l a b l e  f o r  a c t i v e  c o o l i n g  of t h e  
a i r f r a m c ,  f i x e d  geometry t o  reduce weight  and sys t rm 
complexi ty ,  and minimum e x t e r n a l  d rag .  

These r e s e a r c h  and development programs 

Other p r i n c i p a l  d e s i g n  c r i te r ia  

C u r r e n t l y ,  r e s e a r c h  work is focused on an  
in-house-conceived, hydrogen-burning, a i r f r ame-  
i n t c g r a t a b l e ,  eng ine  module (Langley Scram Module, 
shown in Figure 3 and disc.ussed i n  Ref. 5). and 
i n t e n s i v e  t h c o r c t i c a l .  a n a l y t i c a l ,  and exprrimmenLn1 
e f f o r t s  a r e  underway toward t h e  p r a c t i c a l  d e f i n i t i o n  
of t h c  engine module's  b a s i c  components, Such as t h e  



i n l e t ,  combustor,  and n o z z l c ,  8 s  w e l l  iis toward t h e  
p r a c t i c a l  i n t e g r a t i o n  O C  t h e  b a s k  componcnts. Wtth 
vchiclc-cngino i n t e g r a t i o n  advoiitnges,  t h e  !module 
nozz le  c x i c  a r e a  can be cqunl  t o  t h e  i n l c t  c a p t u r e  
area  w h i c h  pe rmi t s  t h e  cowl t o  be a l i n c d  w i t h  t h e  

'- l o c a l  flow producing minimrim e x t e r n a l  d rag .  This 
pnpcr d e a l s  w i t h  t h e  d e s i g n  a n d  performance evnlua- 
t i o n  of t h e  i n l e t  p o r t i o n  of t h e  ~t@ne  module. 
Again,  vclr ic le-engine i n t c e r n t i o n  pe rmi t s  t h e  i n l e t  
t o  be designed wi th  a modest c o n t r a c t i o n  r a t i o  and 
f i x e d  geometry. Low i n t e r n a l  c o o l i n g  r equ i r emen t s  
p r h l r i l y  r e s u l t  from t h e  s h o r t  combustor d e s i g n  
made p o s s i b l e  by tho use of t h r e e  f u e l  i n j e c t i o n  
s t t - u t s ,  which a lso c o n t r i b u t c  t o  the i n l e t  f low 
compression. 

- Experimental  Prograni 

S e v e r a l  d c s i g n  i t e r a t l o n s  have r e s u l t e d  i n  t h e  
i n l e t  c o n f i g u r a t i o n  of F i g u r e  3 ,  and a d d i t i o n a l  
des ign  phi losophy concerning sweep angle, con t r ac -  
t i o n ,  height-to-width r a t i o ,  and i n l e t  s t a r t i n g  can 
be found i n  Reference 6,  which d e s c r i b e s  t h e  
r e s u l t s  of t e s t i n g  t h e  i n l e t  a t  a l o c a l  Mach number 
of 6.0 (summarized i n  Ref.  7 ) .  The i n l e t  model 
shown in Figure  4 had a p r o j e c t e d  geometr ic  c a p t u r e  
a r e a  measuring 19.05 cm h igh  by 15.24 cm wide, 
r e s u l t i n g  i n  a p r o j e c t e d ,  r e c t a n g u l a r  c a p t u r e  area 
of 290 cm2. T h e  l e a d i n g  edges of t h e  s i d e w a l l  corn- 
p r e s s i o n  s u r f a c e s  and a l l  downstream s t a t i o n s  were 
swept a t  48' t o  p rov ide  s p i l l a g e  a t  low Mach num- 
b e r s  f o r  s t a r t i n g .  
t h e  open window upstream o f  t h e  cowl l e a d i n g  edge,  
which is bathed by shocks produced by t h e  s i d e w a l l s .  
Nominal compression s u r f a c e  angles of 6' (measured 
i n  a p lane  p a r a l l e l  t o  t h e  f o r e p l a t e )  reduced t h e  
r i s k  of boundary-layer s e p a r a t i o n  from i n c i d e n t  and 
r e f l e c t i n g  shock waves gene ra t ed  by t h e  s i d e w a l l s  

r e l i e v e d  i n  areas of shock-wave c o n c e n t r a t i o n s  a t  
h i g h  Mach n m b e r  c o n d i t i o n s .  The combination o f  
t h e  sweep a n g l e ,  t h e  s i d e w a l l  d e s i g n ,  and t h e  cowl 
leading-edge l o c a t i o n  were s e l e c t e d  t o  produce 
near-maximum mass c a p t u r e  r a t i o s  as a f u n c t i o n  o f  
Mach number. Boundary l a y e r  gene ra t ed  on t h e  veh i -  
c l e  forebody was expected t o  be inges t ed  by t h e  
i n l e t  s a f e l y  because t h e  swept shock system reduces  
t h e  p r e s s u r e  g r a d i e n t s  on t h e  topwall .  The model 
was 90.2 cm long,  no t  i n c l u d i n g  t h e  46-cm f o r e p l a t e .  
T h i s  f o r e p l a t e  had l a r g e  boundary-layer t r i p s  near 
t h e  l e a d i n g  edge to p rov ide  a c h i c k  boundary l a y e r  
e n t e r i n g  t h e  i n l e t ,  which p a r t i a l l y  s imulated t h e  
boundary l a y e r  on t h e  forebody of a hype r son ic  
v e h i c l e .  

S p i l l a g e  would occur through 

* -~  and s t r u t s .  The s i d e w a l l s  and s t r u t s  were a l s o  

The model was h e a v i l y  instrumented as d e s c r i b e d  
i n  Reference 6 t o  o b t a i n  bo th  w a l l  and su rvey  pres- 
sure measurements f o r  a d e t a i l e d  performance evalua-  
t i o n .  P i t o t  and s t a t i c  p r e s s u r e  r a k e s  surveyed t h e  
t h r o a t s  of t h e  model t o  o b t a i n  t o t a l  p r e s s u r e  
r ecove ry  and Mach number, and a c o n s t a n t  area 
s e c t i o n  downstream of t h e  s t r u t s  was also surveyed 
t o  de t e rmine  t h e  i n l e t  c a p t u r e .  

The aerodynamic performance over  t h e  e n t i r e  
o p e r a t i o n a l  Mach number r ange  of t h e  aLr - induc t ion  
system ( t h e  i n l e t )  is an impor t an t  f a c t o r  i n  
e s t a b l i s h i n g  t h e  v i a b i l i t y  o f  a n  a i r b r e a t h i n g ,  
supersoniclIrypersonic  eng ine  ( sc ramje t )  d e s i g n .  
The Laneley Scram i n l e t  test program had proven t h e  
s u c c e s s f u l  o p e r a t i o n  of t h e  i n l e t  i n  t h e  L a n ~ l e y  
20-Inch Tunnel a t  u Mach number of 6 (Reynolds 
number = 9 . 8  x 1 0 6  per  meter  and 3 . 3  x 106 .pe r ,me te r )  

2 

a t  t h e  face of t h e  i n l e t .  T h i s  r e p r e s e n t s  a f l i g h t  
Mwh number of approximately 7 . 6  when 8' of two- 
d imens iona l  f low t u r n i n g  is  a t t r i b u t e d  t o  t h e  vch i -  
cle body shock. Howcver, i n  o r d e r  t o  c o i p l e t e  t h e  
i n l e t  t c s t  program, t h e  f i x r d  geometry i n l e t  had KO 
be proven a t  lower Mach numbcrs and s e v e r a l  ob jec -  
t i v e s  were s e t .  

(1) Firs t  t o  de t e rmine  if t h e  i n l e t  would. 
Star t  a t  n Mach nrmber a t  l e a s t  as  low as 3.0, which 
is t h e  lower boundary of t h e  proposed o p e r a t i n g  
range.  

(2) To de te rmine  t h e  inlet c a p t u r e  schedu le ,  
because i n l e t  o p e r a t i o n  a t  low Mach numbers r e q u i r e s  
l a r g e  amounrs of s p i l l a g e .  

(3 )  To de te rmine  t h e  i n l e t  c o n t r a c t i o n ,  
r ecove ry ,  and t h r o a t  Mach number t o  v e r i f y  that  they  
a r e  adequa te  f o r  s u c c e s s f u l  eng ine  performance. 

( 4 )  To i n s u r e  t h a t  t h e  swept 3-0 shock waves 
do  n o t  pose a problem as they  move a long  t h e  s i d e -  
walls and s t r u t s .  

The re fo re ,  t o  o b t a i n  t h e s e  o b j e c t i v e s ,  t h e  
model was t e s t e d  i n  t h e  h igh  Mach number leg of  t h e  
U n i t a r y  P l a n  Wind Tunnel ,  which h a s  a Mach number 
range of 2 . 3  t o  4 . 6 .  When coupled w i t h  t h e  Mach 6 
tests; t h e  t e s t e d  f l i g h t  Mach number r ange  is 2.6 
t o  7.6. The u n i t  Reynolds number f o r  t h e  2 . 3  t o  4 . 6  
t e s t s  was 6.6  x 106 per  meter ( 2 . 0  x 106 pe r  f o o t ) .  

D i scuss ion  o f  R e s u l t s  

Shock-Wave Systems 

The computed shock-wave systems f o r  the i n l e t  
are shown i n  F i g u r e  5 f o r  t h e  Mach numbers t e s t e d  
and i l l u s t r a t e  what was expected t o  occur i n  t h e s e  
t e s t s .  A computer program u t i l i z i n g  a normal com- 
ponent method t o  c a l c u l a t e  an i n v i s c i d ,  swept-shock- 
wave t r a i n  can b e  found i n  Refe rence  6. The d i ag rams  
are  i n  a p lane  p a r a l l e l  t o  t h e  cowl and no end 
e f f e c t s  from the t o p  s u r f a c e  or cowl are cons ide red .  
A t  t h e  lower Mach numbers, t h e  shock waves become 
de tached  b e f o r e  t h e  i n l e t  t h r o a t s  are r eached ,  as 
i n d i c a t e d  by t h e  l e t t e r  D. These de t ached  shock 
waves are curved and p rov ide  t h e  a d d i t i o n a l  s p i l l a g e  
necessa ry  for  supe r son ic  low Mach number o p e r a t i o n  
wi thou t  i n l e t  choking. The shock waves become 
a t t a c h e d  a t  t h e  i n l e t  t h r o a t  a t  abou t  Mach 5. For - 
t h e  c u r r e n t  c o n f i g u r a t i o n ,  a t  a Mach number of about  
4 .5 ,  t h e  r e f l e c t e d  s i d e w a l l  shock wave combines w i t h  
t h e  s i d e  s t r u t  shock wave a t  t h e  s i d e  s t r u t  l e a d i n g  
edge. Fo r  an  e a r l i e r  c o n f i g u r a t i o n ,  t h i s  cha rac t e r .  
i s t i c  occur red  a t  Mach 6; t h e  combined shock waves 
provided too  much c o n t r a c t i o n  and p a r t i a l  choking 
r e s u l t e d  near t h e  cowl. A t  t h e  lower Mach numbers 
w i t h  t h e  c u r r e n t  d e s i g n ,  t h e  detached shock waves 
~ u r e  expected t o  p reven t  t h i s  c o n d i t i o n .  

S c h l i e r e n  photographs f o r  l o c a l  Mach numbers o f  
2 .3  and 4 . 6  a r e  g i v e n  i n  F i e u r c  6 .  Because t h e  
swept shock waves are  skewed r e l a t i v e  to t h e  p l a n e  
of t h e  s c h l i e r e n ,  i n t e r p r e t a t i o n  of t h e  r e s u l t s  is 
d i f f i c u l t .  The shock waves on t h e  top  o f  t h e  model 
are t h e  r e s u l t  o f  t h e  s u p p o r t  a p p a r a t u s  which 
r educes  t h e  major r e g i o n s  of i n t e r e s t  t o  t h e  Mach 
waves ex tend ing  from t h e  l e a d i n g  edge of t h e  f o r e -  
p l a t e  and t o  t h e  shock waves a t  t h e  bottom of t h e  
model i n  f r o n t  o f  t h e  cowl. A l a r g e  number o f  
"detached"'  shock waves extend from t h e  bottom of t h e  



model f o r  t h e  Mach 2.3 t e s t  c o n d i t i o n ,  which is  
synonymous wi th  l a r g e  amounts of s p i l l a g e .  A t  a 
Mach number of 4.6, most of t h e  Waves are absen t  
and t h e  most n o t i c c a b l e  c h a r a c t e 1 i s t i . c  is t h e  s t e e p  
wave l o c a t e d  s l i g h t l y  ahead o f  t h e  cowl l e a d i n g  
edge. A s  t h e  flow p a s s e s  through t h e  swept shock 
waves, i t  is turned away from t h e  top  s u r f a c e  and 
toward t h e  cowl,  c r e a t i n g  a l o c a l  i n c r e a s e  i n  con- 
t r a c t i o n .  The s c h l i e r e n s  i n d i c a t e  subson ic  f low 
may e x i s t  ncx t  t o  t h e  cowl du r ing  low Mach number 
o p e r a t i o n  of t h e  i n l e t ,  even though t h e  shock waves 
may bc computod t o  be a t t a c h e d  a t  t h e  1eadi.ng edges 
o f  t h e  s t r u t s .  The e f f e c t  of t h i s  small subson ic  
f l a w  reg ion  on t h e  combustor and enginc performance 
is y e t  t o  be eva lua ted :  a l though  no p i c t u r e s  were 
a v a i l a b l e ,  s t a t i c  pressure d a t a  i n d i c a t e d  t h a t  t h i s  
c o n d i t i o n  d i d  no t  e x i s t  f o r  t h e  Mach 6 t e s t .  

Static-Pressure D i s t r i b u t i o n s  

S t a t i c - p r e s s u r e  d i s t r i b u t i o n s  a r e  provided i n  
F i g u r e s  7-14 f o r  t h e  top  s u r f a c e ,  cowl, s t r u t s ,  and 
s i d e w a l l s  of t h e  i n l e t .  Three of t h e  Mach number 
tests (M1 = 6.0,  4 .6 ,  and 2.3) are compared and 
r e p r e s e n t  v a r i o u s  s t a g e s  of i n l e t  o p e r a t i o n .  Each 
p r e s s u r e  has been nondimensional ized by t h e  t u n n e l  
s t a t i c  p r e s s u r e  i n  f r o n t  of t h e  model.. The 
expected low s t a t i c  pressure near  t h e  top  surface 
(FIg.  7 )  is r e a l i z e d  because t h e  Swept compression 
surfaces turned t h e  flow away from t h i s  r eg ion .  
These low p r e s s u r e s  pe rmi t t ed  t h e  boundary l a y e r  
gene ra t ed  on t h e  f a r e p l a t e  t o  e n t e r  t h e  i n l e t ,  and 
should l i k e w i s e  allow t h e  boundary l a y e r  on t h e  
forebody of a hypersonic  v e h i c l e  t o  p a s s  through 
t h e  i n l e t  without  s e p a r a t i n g .  Concur ren t ly ,  t h e  
s t a t i c  p r e s s u r e  near t h e  cowl (Fig. 8) is high due 
t o  t h e  flow be ing  turned i n t o  t h i s  Kegion. The 
Mach 2 .3  t e s t s  show a d e c r e a s e  i n  s t a t i c  p r e s s u r e  
i n d i c a t i n g  subsonic  f low nex t  t o  t h e  cowl. Far  a - Mach number of 4.6 t h e  p r e s s u r e  a s s o c i a t e d  w i t h  t h e  
s t r o n g  shock wave is p r e s e n t ,  p a r t i c u l a r l y  i n  t h e  
c e n t e r  passage.  For t h e  Mach 6 tests, t h e  pressure 
l e v e l  c o n t i n u e s  t o  rise a long  t h e  cowl sur face  as 
would be expected f o r  s u p e r s o n i c  flow. 

The s t a t i c - p r e s s u r e  d a t a  measured f o r  t h e  
c e n t e r  passage :*t Y/H = 0.43 and 0.88 and a t  t h e  
t h r o a t  (Figs .  9 ,  10 ,  and 11) were ob ta ined  frbm 
o r i f i c e s  l o c a t e d  on t h e  s i d e  s t r u t .  For a Mach 
number of 2.3, t h e  detached shock waves and a l a r g e  
amount of s p i l l a g e  g r e a t l y  reduced t h e  amount of 
i n l e t  compression. Near t h e  Center  of t h e  i n l e t  
( Y / H  = 0.43) t h e  s t a t i c  p r e s s u r e  i n c r e a s e  f o r  
M 1  = 4.6 and 6.0 
e f f e c t s  of t h e  inc reased  cowl p r e s s u r e s  a t  
Y/H = 0.88 a r e  e v i d e n t  f o r  
p r e s s u r e  ex tends  up about  20% of t h e  s t r u t  as shown 
in F i g u r e  11. Three-dimensional end e f f e c t s  as a 
f u n c t i o n  of Mach number are c l e a r l y  seen i n  Fig- 
ure 11. For M l  = 6 . 0  t h e  low-pressure r e g i o n  
near t h e  top  s u r f a c e  extends down t h e  s t r u t  u n t i l  
Y / I I  = 0.4. The value of Y / I 1  i n c r e a s e s  t o  about  
0 .5  f o r  PI1 = 4 .6 ,  and t h i s  e f f e c t  is enhanced by 
t h e  detachcd shock waves f o r  M 1  = 2 .3  and ex tends  
t h e  e n t i r e  l c n g t h  of t h e  s t r u t .  The up-and-down 
p a t t e r n  o f  s t a t i c  pressure d o n s  t h e  c e n t e r  passage 
t h r o a t  f o r  MI = 6.0 is also a t t r i b u t c d  t o  end 
e f f e c t s  where a shock wave gene ra t ed  by t h e  f i l l . e t  
on t h e  top surface s l i e h t l y  moves t h e  concen t r a t ed  
swept shock-wave system near t h e  row o f  s t a t i c -  
p r e s s u r e  orifices whlch are l o c n t r d  a t  t h e  minimum 
ares  of t h c  c e n t e r  passage.  

is w e l l  behaved, w h i l e  t h e  

MI = 4.6.  Th i s  cowl 

.- 

Except f o r  M1 = 2.3 t h c  m a x i m u m  p r c s s u r c  
l e v e l s  i n  t h e  s i d e  passage (F igs .  12 ,  13, and 14) 
arc approximately one-half of t h o s e  of t h e  c r n t e r  
passage.  The rise i n  s t a t i c  p r e s s u r e  a t  M i  = 6.0 
downstream of t h e  s i d e  passage t h r o a t  (Fig.  13) i s  
due  t o  t h e  shock wave from t h e  cowl s t r i k i n g  t h e  
s i d e w i l l  downstream o f  t h e  expansion f a n  c r e a t e d  by 
t h e  b reak  i n  t h e  s i d e  strut a t  t h e  t h r o a t .  The 
s t a t i c - p r e s s u r e  o r i f i c e s  f o r  t h e  s i d e  pas sage  t h r o a t  
(Fig.  14) were l o c a t e d  on t h e  s t r u t  0 .30 cm ahead 
of t h e  b reak  on t h e  s t r u t .  The smaller number o f  
shock waves and lower p r e s s u r e s  i n  t h e  s i d e  pas sage  
r educes  t h e  appcarance o f  three-dimensional  e f f e c t s  
from t h e  top  s u r f a c e ,  even though they  may s t i l l  
exist. 

Throat  Mach Number and T o t a l  P r e s s u r e  Recovery 

Surveys of a c e n t e r  pas sage  and a s i d e  pas sage  
t h r o a t  were made w i t h  a p i t o t  probe a t  f i v e  d i f f e r -  
e n t  s t a t i o n s  a long  t h e  struts. Also,  a s p e c i a l l y  
des igncd ,  s h o r t ,  s t a t i c  probe8 surveyed a c e n t e r  
pas sage  t h r o a t ,  which l e f t  t h e  s i d e  pas sage  s t a t i c -  
pressure d i s t r i b u t i o n  t o  be ob ta ined  from wal l  
v a l u e s  a t  t h e  t h r o a t .  The survey d a t a  were proces-  
sed and analyzed by a d i g i t a l  computer program 
which by a c u r v e - f i t t i n g  i n t e r p o l a t i o n  procedure 
expanded t h e  d a t a  i n t o  a network of approx ima te ly  
1000 g r i d  p o i n t s ,  cove r ing  t h e  e n t i r e  t h r o a t  f low 
a r e a .  Bes ides  performing numerical  i n t e g r a t i o n s ,  
Mach number, t o t a l  pressure, and u n i t  mass f low were 
c a l c u l a t e d  f o r  each g r i d  p o i n t ;  and con tour  maps o f  
each parameter  were p l o t t e d  by t h e  computer 's  
g r a p h i c s  system. 

The r e s u l t i n g  Mach number c o n t o u r s  and t o t a l  
p r e s s u r e  r e c o v e r i e s  are g iven  in F i g u r e s  15-20 f o r  
t h e  M 1  c o n d i t i o n s  of 6 .0 ,  4 .6 ,  and 2.3.  The wid th  
of each passage  is shown s i x  t imes  its unswept 
h e i g h t  t o  b e t t e r  d i s t i n g u i s h  t h e  con tour  l i n e s ;  
however, t h i s  d i s t o r t i o n  t e n d s  ta  e x a g g e r a t e  t h e  
s ign i f i canc ' e  of the '  corners when r e l a t e d  t o  t h e  
t o t a l  f low a r e a .  Most of t h e  ver t ical  wal l s  were 
r e l i e v e d  nea r  t h e  cowl s u r f a c e  t o  p a r t i a l l y  coun te r -  
act  t h e  e x c e s s  compression produced by t h e  cowl 
shock;  however, t h e  scale d i f f e r e n c e s  a l s o  exagger- 
a t e  t h i s  r e l i e f  on t h e  f i g u r e s .  For b o t h  pas sages ,  
t h e r e  was some rounding of t h e  f low Contours  a t  t h e  
c o r n e r s ,  w i t h  t h e  boundary l a y e r s  be ing  t h i c k e r  on 
t h e  s i d e w a l l  and t o p  s u r f a c e s  than  on t h e  s t r u t s ,  
b u t  no f low separation w a s  d e t e c t e d .  The d i s c r e t e  
shock wave gene ra t ed  by t h e  cowl is smeared by t h e  
i n t e r p o l a t i o n  p rocess  producing t h e  appearance of a 
t h i c k  boundary l a y e r  nea r  t h e  cowl f o r  
4.6. 

M i  = 6 . 0  and 

The s i d e  pas sage  Mach number c o n t o u r s  are 
r e l a t i v e l y  symmetr ical ,  u n l i k e  t h e  c e n t e r  pas sage  
because of  t h e  g r e a t e r  number o f  shock waves i n  t h i s  
passage.  Very s l i g h t  s h i f t s  i n  t h e  p o s i t i o n  of t h e  
swept shock waves a l t e r  t h e  survey d a t a  a t  t h e  t h r o a t  
s t a t i o n  i s  well as magnify t h e  error a s s o c i a t e d  w i t h  
de t e rmin ing  t h e  e x a c t  p o s i t i o n  of t h e  su rvey  probes.  
However, t h e  mass weighted ave rage  Mach number con- 
t o u r  fo r  t h e  c e n t e r  pas sage  e n c l o s e s  t h e  major por- 
t i o n  of t h e  t o t a l  f l a w  a r e a .  The M1 = 2.3 c o n t o u r s  
i n d i c a t e  that s u p e r s o n i c  f low d i d  e x i s t  a t  t h c  t h r o a t  
w i t h  t h e  ave rage  t h r o a t  Mach number be ing  1.-28. 
Mach number f o r  
f o r  t h e  s i d e  passage and 1 .6  f o r  c e n t e r  passage.  
Thc subson ic  p o r t i o n  is, f o r  t h e  most p a r t ,  in t h c  
top  surface boundary l a y e r  and r e p r e s e n t s  abou t  18% 

The 
M1 = 2.3 rcached a v a l u e  of 1.4 



of t h c  f low f o r  t h e  two pnssag r s .  'This area was 
l a r g e s t  a t  this low Mach numbcr ticcause the 
boundary-layer flow f i l l 4  t h e  vo id  area c r e a t e d  by 
t h e  l a r g e  m o u n t  of s p i l l a g e .  Froiu t h e  s t a t i c -  
p r c s s u r c  d i s t r i b u t i o n s  a long  t h e  cowl (Fig.  8) f o r  
low Mach number o p e r a t i o n ,  i t  is suspected t h a t  t h e  
f low becomes subson ic  nex t  t o  t h e  cowl and then 
returil.5 s u p e r s o n i c  a t  t h e  swept t h r o a t .  The e f f e c t  
of t h i s  c h a r a c t e r i s t i c  on combustor o p c r n t i o n  is  as 
y e t  undetermined, b u t  i t  does have a s t a b i l i z i n g  
ef( .ct  0" t h e  i n l e t .  

__ I" t e g r a  ted Perf  Or- 

Mass weighted averages are given in Figures 21- 
24 f o r  f o u r  i n t e g r a t e d  parameters  s i g n i f i c a n t  t o  
eng ine  c y c l e  performance. For  t h e  t h r o a t  Mach num- 
b e r  and c o n t r a c t i o n  cu rves ,  t h e  c i r c l e s  a t e  f o r  t h e  
s i d e  passage and t h e  s q u a r e s  f o r  t h e  c e n t e r  passage.  
The s o l i d  l i n e s  and t h e  c i r c l e s  on t h e  c a p t u t c  and 
t o t a l  p r e s s u r e  r ecove ry  cu rves  are mass averaged 
w i t h  approximately two-thirds  of t h e  cap tu red  f low 
pa,ssing through t h e  tw c e n t e r  pas sages .  Th i s  f low 
s p l i t  was determined a n a l y t i c a l l y  t o  be a s m a l l  
f u n c t i o n  of Mach number and depends p r i m a r i l y  on 
t h e  l o c a t i o n  of t h e  s i d e  s t r u t  l e n d i n g  edges.  

The p r e d i c t e d  c a p t u r e  on F i g u r e  2 1  was d e t e r -  
mined by two-dimensionally matching flow d i r e c t i o n  
and p r e s s u r e  behind t h e  shock waves i n  f r o n t  of t h e  
cowl and n e g l e c t i n g  v i s c o u s  and three-dimensional  
end e f f e c t s .  . A d d i t i v e  d r a g  a s s o c i a t e d  w i t h  t h e  
s p i l l a g e  of t h e  i n l e t  a t  l o w  Mach numbers may b e  
s i g n i f i c a n t l y  important  and w i l l  hove t o  be d e t e r -  
mined expe r imen ta l ly  becaus.6 of t h e  d i f f i c u l t y  i n  
ana lyz ing  t h e  sp i . l l ed  three-dimensional  f low. The 
l a r g e  amount o f  s p i l l a g e  a t  t h e  low Mach numbers 
(38% c a p t u r e  a t  
ing  aerodynamic c o n t r a c t i o n  (Fig.  22), enabled t h e  
i n l e t  t o  bc s t a r t e d  a t  very low Mach numbers. The 
t h r o a t  Mach number d a t a  (P ig .  23) i n d i c a t e  s t a r t i n g  
and o p e r a t i o n  t o  v a l u e s  of M1 probably below 2.0.  
T h i s  wide o p e r a t i n g  range is unique f a r  a hype r son ic  
i n l e t .  The i n l e t  recovery (Fig.  24) is shown t o  be 
85% a t  Mach 3 and 60% a t  Mach 6,  which was q u i t e  
good. Corresponding v a l u e s  of k i n e t i c  energy 
e f f i c i e n c y  are also shown on t h e  f i g u r e .  

M1 = 2 . 3 ) ,  combined w i t h  t h e  vary-  

Concluding Rema* 

The i n l e t  concept  f o r  t h e  Langley Scramjet  
Module has  bcen developed and proven i n  wind tun- 
ne l s  over a Mach number range from 2 .3  t o  6 .0  
( f l i g h t  s i m u l a t i o n  of 2.6 t o  7 . 6 ) ,  as p a r t  of a 
r e s e a r c h  and technology program focused on t h e  
development of a concept  f o r  a n  a i z f r ame- in t eg ra t ed  
s c r a m j e t  Engine. The swept compression s u r f a c e s  
and downstream l o c a t i o n  of t h e  cdwl enabled t h e  
hype r son ic ,  f i x e d  geometry i n l e t  t o  s p i l l  f low and 
s ta r t  a t  a low Mach number. Low-pressitre g r a d i e n t s  
near t h e  top  of t h e  i n l e t  should permit  t h e  
boundary l a y e r  on t h e  forebady of B hyper son ic  
v e h i c l e  t o  e n t e r  t h e  i n l e t  witl iout s e p a r a t i n g .  
t h r e e  f u e l - i n j e c t i o n  s t r u t s  s h o r t e n  t h c  combustor 
and reduce eng ine  c o o l i n g  r equ i r emen t s .  With 
v e h i c l e  i n t e g r a t i o n ,  a modest c o n t r a c t i o n  r a t i o  made 
s t a r t i n g  e a s i e r ,  also reduced cooling r equ i r emen t s ,  
and sti.11 enabled t h e  i n l e t  t o  c x h i b i t  good perform- 
ance  over t h e  wide Mach number range.  Schedules  f o r  

The 

mass c a p t u r e  r a t i o ,  c o n t r e c t i o n  r a t i o ,  and rota: 
p r e s s u r e  r ecovc ry  are t i t h e r  e q u a l  to  o r  s l i g h t l y  
less than ear l ier  p r e d i c t i o n s .  b u t  well w i t h i n  t h e  
a c c e p t a b l e  range f o r  n good s c r a m j e t  p ropu l s ion  
dev lce .  

A minimum of e x t e r n a l  d r a g  h a s  bccn designed 
i n t o  t h e  inlet  w i t h  t h e  cowl p a r a l l e l  t o  t h e  v e h i c l e  
underbody and t h e  u t i l i z a t i o n  of t h e  v e h i c l e  a f t e r -  
body f o r  a d d i t i o n a l  expansion of t h e  nozzle f low.  
The a d d i t i v e  d r a g  pena l ty .  becnusc o f  t h e  l a r g e  
amount of s p i l l a g e  a t  low Mach numbers, m u s t  be  
determined.  However. t h i s  f low is s p i l l c d  downward 
p rov id ing  n l i f t  increment  t o  t h e  v e h i c l e .  O v e r a l l ,  
t h e  swept,  niodular d e s i g n  has  proven t o  be a p r a c t i -  
cal high-performance i n l e t  concep t ,  and p rov ides  a n  
e x c e l l c n t  b a s e l i n e  f o r  f u t u r e  work i n  i n t e e r a t e d  
hype r son ic  i n l e t s .  
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Figure 1 .  Hypersonic research a i r p l a n e .  
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Figure 2 .  Airframe-scramjet-engine i n t e g r a t i o n .  
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Figure  3 .  Scramjet modules. 
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Figure 5 .  I n l e t  shock-wave systems, s!reeP 
ang le  = 48‘. 
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Figure 10. Center passage s t a t i c  pressure 
( Y / I I  = 0.88). 
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Figure 8. Cowl s t a t i c  pressure. 
Figure 11. Center passage throat  s t a t i c  pressure 

( X 3 / H  = 0.33). 
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Figure 9 .  Center passage s t a t i c  pressure Figure 12 .  Sidewall  s t a t i c  pressure (Y/II  = 0 . 4 3 ) .  
( Y l l l  = 0 . 4 3 ) .  
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Figure 13. S i d e w a l l  s t a t i c  pressure (Y/H = 0.88). 
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Figure 16. Throa t  Mach number con tour s  (M = 4 . 6 ) .  
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Figure 14. Side passage t h r o a t  s t a t i c  pressure. 

Figure 17.  Throa t  Mach nunlber con tour s  (M = 2 . 3 ) .  
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Figure 15. Throat Mach nurnbrr contours (N = 6 . 0 ) .  
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Figure 18. Recovery con tour s  (PI1 = 6 . 0 ) .  
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Figure 21. Inlet capture.  
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Figure 22. Inlet contrnctlon. 
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Figure 23. Throat Mach number. 


