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SUMMARY 

A computer code has been developed t o  solve t h e  f u l l  Navier-Stokes equat ions i n  
a supersonic combustion ramjet ( sc ramje t )  i n l e t .  I n  o rder  t o  be ab le  t o  consider a 
general  i n l e t  geometry with embedded bodies zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, a numerical coordinate t rans format ion  i s  
used which genera tes  a set of boundary-f i t ted c u r v i l i n e a r  coordinates.  The phys i ca l  
domain is t ransformed i n t o  a rec tangu lar  computational domain with uniform mesh spac- 
i ngs .  Embedded bodies are transformed i n t o  slits. MacCormack's u n s p l i t ,  expl ic i t ,  
two-step, f i n i t e - d i f f e r e n c e  method is used t o  so lve  t h e  governing equat ions.  An 
a l g e b r a i c ,  two-layer eddy-viscosity model is used f o r  t h e  t u r b u l e n t  flow. The code 
can analyze both i n v i s c i d  and viscous flows with no s t r u t ,  one s t r u t ,  o r  mu l t i p le  
s t r u t s  i n  t h e  flow f i e l d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA b r i e f  desc r ip t i on  is given of how t h i s  two-dimensional 
a n a l y s i s  can be used i n  a quas i  three-dimensional form t o  analyze a c t u a l  sc ramje t  
i n l e t s .  De ta i l ed  r e s u l t s  are presented  f o r  one model i n l e t  problem and s e v e r a l  
a c t u a l  sc ramje t - i n le t  con f igura t ions .  The app l i ca t i on  of t h e  code i n  p re l im inary  
paramet r ic  design s t u d i e s  of a scramjet i n l e t  is d iscussed b r i e f l y .  

The Langley Research Center is c u r r e n t l y  engaged i n  developing an air f rame- 
i n t e g r a t e d ,  hydrogen-fueled, supersonic combustion ramjet (scramjet) engine f o r  
hypersonic speeds. (See r e f s .  1 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.) I n t e g r a t i o n  of t h e  veh ic le  and propu ls ion  
system provides t h e  use of t h e  veh ic le  forebody t o  precompress t h e  engine a i r f l o w  
before  it e n t e r s  t h e  i n l e t  and t h e  use of t h e  veh ic le  af terbody f o r  a d d i t i o n a l  expan- 
s i o n  of t h e  nozzle exhaust gas. Figure 1 shows t h e  bas i c  engine concept. It is seen 
t h a t  t h e  e n t i r e  under su r face  of t h e  veh ic le  is p a r t  of t h e  propuls ion system. A t  a 
high Mach number, t h e  need f o r  i n t e g r a t i o n  arises because almost a l l  of t h e  a i r f l o w  
between t h e  v e h i c l e  and i ts bow shock is requ i red  by t h e  engine f o r  good performance. 
This suggests  an i n l e t  cap ture  area with an annular shape. By s p l i t t i n g  t h e  annu lar  
area i n t o  smal ler  rec tangu la r  modules, t h e  primary engine becomes a system of iden- 
t i c a l  u n i t s  of s i z e  and shape appropr ia te  f o r  t e s t i n g  i n  ground f a c i l i t i e s .  One such 
rec tangu la r  module is shown i n  f i g u r e  2 w i th  a c ross -sec t i ona l  view a t  t h e  bottom of 
t h e  f i g u r e .  The module has a f ixed-geometry i n l e t  with wedge-shaped s idewa l l s .  
Sweep of t h e s e  s idewa l l s ,  i n  combination with a recess i n  t h e  cowl, a l lows s p i l l a g e  
t o  occur e f f i c i e n t l y  with f i xed  geometry of the  i n l e t .  I n l e t  compression i s  com- 
p l e t e d  by t h r e e  wedge-shaped s t r u t s  l oca ted  at  t h e  minimum-area sec t i on .  

Considerable aerodynamic t e s t i n g  over a per iod  of years has r e s u l t e d  i n  an i n l e t  
design which performs w e l l  over a wide Mach number range. The basic design f e a t u r e s  
of t h i s  i n l e t  are descr ibed i n  re fe rence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA problem, t h a t  has been shown t o  e x i s t  
by t h e  exper imental  work, is an i n t e r a c t i o n  between t h e  combustion-induced d i s t u r -  
bances and t h e  i n l e t  flow; t h i s  has r e s u l t e d  i n  e i t h e r  inc reased s p i l l a g e  from t h e  
i n l e t  o r  complete engine u n s t a r t .  Although t h i s  i n t e r a c t i o n  problem is being inves- 
t i g a t e d  i n  f u r t h e r  i n l e t  and engine tests,  it has not ye t  been addressed a n a l y t i c a l l y  
and w i l l  no t  be addressed here in .  However, with t h e  a v a i l a b i l i t y  of high-speed com- 
p u t e r s  and advanced computing techniques, it is now f e a s i b l e  t o  study t h e  flow ana- 
l y t i c a l l y  i n  an  i s o l a t e d  scramjet i n l e t .  This w i l l  not only he lp  i n  ana lyz ing  t h e  
problems observed exper imental ly but w i l l  a l s o  a l l o w  a parametr ic study i n  t h e  f u t u r e  
i n l e t  des igns  w i th  a s u b s t a n t i a l  reduct ion i n  cos t  and t i m e .  



The flow i n  t h e  scramje t  i n l e t  is highly t h r e e  dimensional, poss ib l y  t u r b u l e n t ,  
and has complex shock-expansion-wave i n t e r a c t i o n s .  It a l s o  invo lves  s t r o n g  shock- 
boundary-layer i n t e r a c t i o n s  which may r e s u l t  i n  separa ted  regions. To analyze such 
flows, it is necessary t o  use t h e  f u l l  Navier-Stokes equat ions  with proper tu rbu lence 
modeling. Previous a n a l y t i c a l  work f o r  t h e  scramjet  i n l e t  has been very l im i ted ,  
confined only t o  i n v i s c i d  two-dimensional f lows us ing  shock f i t t i n g  techniques. (See 
r e f s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 . )  The ob jec t i ve  of t h e  p resen t  work is  t o  develop a numerical computer 
code which can analyze the  viscous flow i n  t h e  scramjet  i n l e t .  A two-dimensional 
computer code has been developed i n i t i a l l y  t o  gain understanding of some f e a t u r e s  of 
t he  i n l e t  flow. 

The ana lys i s  as such uses t h e  two-dimensional Navier-Stokes equat ions i n  conser- 
va t i ve  law form t o  descr ibe  t h e  i n l e t  flow. A two-layer eddy-viscosi ty model due t o  
Baldwin and Lomax ( r e f .  5 )  is used f o r  t h e  tu rbu len t  flow. I n  o rde r  t o  f a c i l i t a t e  
the  usage of a genera l  i n l e t  geometry with embedded bodies,  a numerical coord ina te  
t ransformat ion i s  used which generates a set of boundary-f i t ted c u r v i l i n e a r  coordi- 
na tes .  (See refs. 6 and 7 . )  It t ransforms t h e  phys i ca l  domain i n t o  a rec tangu la r  
domain with uniform mesh spacing, and embedded bodies i n  t h e  flow f i e l d  are t r ans -  
formed i n t o  s l i ts .  The t rans format ion  al lows f o r  concen t ra t i ng  mesh l i n e s  i n  reg ions  
of high grad ien ts .  The transformed governing equat ions  are so lved by an u n s p l i t ,  
e x p l i c i t ,  two-step, f i n i t e - d i f f e r e n c e  method due t o  MacCormack. (See r e f .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.) This 
e x p l i c i t  method is highly e f f i c i e n t  on t h e  vector-processing Control  D a t a  CYBER 203 
computer f o r  which the  cu r ren t  computer code is w r i t t e n .  

The code, i n  i t s  presen t  form, can analyze two-dimensional i n v i s c i d  and viscous 
( laminar and t u r b u l e n t )  f lows with no s t r u t ,  one s t r u t ,  o r  mu l t i p le  s t r u t s  i n  t h e  
flow f i e l d .  In o rder  t o  explore t h e  p o t e n t i a l  of t h e  code, s e v e r a l  model i n l e t  prob- 
lems have been solved. The r e s u l t s  f o r  one such problem are presented  he re in .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 
b r i e f  desc r ip t i on  i s  given of how t h i s  two-dimensional a n a l y s i s  can be used i n  a 
quas i  three-dimensional form t o  analyze a c t u a l  scramjet i n l e t s .  De ta i l ed  r e s u l t s  f o r  
i n l e t s  having one, two, and t h r e e  s t r u t s  are presented  here in .  

SYMBOLS 

H 

h 

i , j  

J 

M 1  

8 N  
M 

M1 ,t 

Mm 

N 
Pr, R 

P r , t  
N 

t o t a l  en tha lpy  

s ta t i c  enthalpy 

x and y g r i d  i nd i ces ,  r e s p e c t i v e l y  

Jacobian determinant 

Mach number a t  face  of i n l e t  

component of M1 normal t o  s idewa l l  leading-edge sweep 

component of M1 t a n g e n t i a l  t o  s i d e w a l l  leading-edge sweep 

free-stream Mach number 

laminar P rand t l  number 

tu rbu len t  P rand t l  number 
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Reynolds number 

number of t ime-steps 

p ressu re  

p ressu re  a t  f ace  of i n l e t  

components of heat  f l ux  i n  x,y-system 

gas cons tan t  

temperature 

temperature a t  face  of i n l e t  

t i m e  

components of ve loc i t y  i n  x,y-system 

transformed v e l o c i t i e s  def ined i n  equat ion ( 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

Car tes ian  coord ina tes  

sweep ang le  of s idewal l  lead ing  edge 

e f f e c t i v e  v i s c o s i t y ,  

laminar v i s  cos it y 

t u r b u l e n t  v i s c o s i t y  

t ransformed coord ina tes  

d e n s i t y  

+ P t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r b  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIT components of stress tensor  i n  x,y-system 

Ox Y YX 

ANALYSIS 

Coordinate Transformation 

I n  o rde r  t o  f ac i l i t a te  t h e  usage of a general  i n l e t  geometry with embedded 
bod ies ,  a numerical coord ina te  t ransformat ion is employed which generates a set of 
boundary- f i t ted  c u r v i l i n e a r  coord ina tes ,  C(x,y)  and t ) ( x , y ) .  It t ransforms t h e  
p h y s i c a l  domain i n t o  a rec tangu la r  domain with uniform mesh spacings i n  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc- and 
v -d i rec t ions .  Embedded bodies i n  t h e  flow f i e l d  are transformed i n t o  slits. Fig- 
u r e  3 i l l u s t r a t e s  t h e  coord ina te  t ransformat ion.  F igure  3 ( a )  shows a two-dimensional 
geometry i n  t h e  phys i ca l  p lane, where a s t r u t  EFGH is seen s i t t i n g  i n  t h e  flow 
f i e l d .  F igure  3 ( b )  shows t h e  geometry i n  the  t ransformed plane. The ou te r  
boundary ABCD is transformed i n t o  a rec tang le  A ' B ' C ' D ' ,  and t h e  s t r u t  EFGH i s  
t rans formed i n t o  a slit; E ' G ' .  The upper sur face  of t h e  s t r u t  i s  made co inc ident  
wi th one of t h e  mesh l i n e s ,  and t h e  lower sur face  of t h e  s t r u t  is treated 
s e p a r a t e l y .  The t rans format ion  al lows f o r  concent ra t ing  t h e  mesh l i n e s  i n  reg ions  of 

3 



high gradients such a s  around t h e  s t r u t  o r  near boundary sur faces .  A t y p i c a l  g r i d  is 
shown i n  f i gu re  3 ( c )  downstream of l i n e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZ Z ' .  Every o the r  g r i d  po in t  is plot ted i n  
t h e  y-d i rect ion.  

The coord inates i n  t h e  present  ana lys i s  are obta ined by us ing  t h e  approach of 
Thompson et  a l .  ( r e f .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 )  i n  which c ( x , y )  and r , (x,y)  are s o l u t i o n s  of t h e  
equat ions  

where V2 i s  t h e  Laplac ian opera tor  (a2/ax2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ a2/ay2).  Both P ( c , r , )  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ(S,q) 
are t h e  source terms used t o  con t ro l  t h e  spacing of = Constant and T') = Constant 
l i n e s  i n  t h e  phys i ca l  p lane. I n  t h e  p resen t  ana lys i s ,  t h e s e  terms are i n  t h e  form 
descr ibed i n  re fe rence 6. The coord ina tes  C(x,y)  and r,(x,y) are s u b j e c t  t o  
D i r i c h l e t  boundary cond i t ions  a long boundar ies AC and BD and Neumann boundary 
cond i t ions  a long boundar ies AB and CD. The Navier-Stokes equat ions  are solved i n  
t h e  t ransformed p lane,  and t h e  i n l e t  flow f i e l d  i n  t h e  phys i ca l  p lane is obta ined by 
us ing  t h e  inverse  t rans format ion  x (c , r , )  and y(C,r,).  

The aforementioned t rans format ion  has  i n d i r e c t  g r i d  c o n t r o l  and requ i res  an 
i t e r a t i v e  procedure t o  solve t h e  set of two-dimensional e l l i p t i c  equat ions  which make 
it complex and t i m e  consuming. I ts extens ion  t o  three-dimensional  domains becomes 
even m o r e  complex and t i m e  consuming. I n  f u t u r e  a p p l i c a t i o n  of t h e  code developed 
he re in ,  an a lgeb ra i c  numerical t rans format ion  ( r e f .  7) w i l l  be used which allows f o r  
direct g r i d  cont ro l .  This t ransformat ion is s u i t a b l e  f o r  t h r e e  dimensions and i s  
very inexpensive s ince  it uses  a lgeb ra i c  r e l a t i o n s  t o  re la te t h e  phys i ca l  domain t o  
t h e  computational domain. 

Governing Equat ions 

Two-dimensional Navier-Stokes equat ions  i n  f u l l y  conserva t ive  form are used t o  
desc r ibe  t h e  i n l e t  f low. The transformed equat ions  can be w r i t t e n  as 

aU aM a N  - + - + - = o  a t  ar: ar, 

where 

U = J  [ PH zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA::I - P 



H e r e ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx denotes ax/a<, and so f o r t h ,  and 
C 

u = y u - x v  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
r) 

- 

I J = X Y  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr: tl xr)yr: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

CJ , and T are components of t h e  s t r e s s  t e n s o r  and are 
Ox‘ y YX 

The q u a n t i t i e s  
given by 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= p + 2 - - ! E *  2 au 
Y 3 ax 3 ay 

Yx 

The q u a n t i t i e s  qx and qy are components of t h e  heat  f l u x  and a r e  given by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 4 )  

( 5 a )  

5 



qY N ay 

I n  order t o  complete t h e  set of governing equat ions,  equat ion of s ta te  p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= pRT 
i s  used, where R is t h e  gas constant.  

I n  equations zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 1 ,  p is t h e  sum of laminar v i s c o s i t y  and t u r b u l e n t  v i s c o s i t y .  
The laminar v i s c o s i t y  f o r  a i r  is c a l c u l a t e d  from Su the r land ' s  formula. The tu rbu len t  
v i s c o s i t y  i s  c a l c u l a t e d  from an a lgeb ra i c ,  two-layer eddy-viscosi ty model developed 
by Baldwin and Lomax. (See r e f ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5. ) U s e  of t h i s  model does not requ i re  t h e  knowl- 
edge of t h e  boundary-layer th ickness ;  i ns tead ,  the  model uses  t h e  v o r t i c i t y  a t  each 
p o i n t  i n  t h e  flow f i e l d  t o  c h a r a c t e r i z e  t h e  scale of turbulence. The model as such 
c o n s i s t s  of an inner  l a w  and an ou te r  l a w .  The inner  l a w  is app l i cab le  from t h e  w a l l  
o u t  t o  t h e  loca t ion  i n  t h e  flow where the  eddy v i s c o s i t y  given by t h e  inner  l a w  is 
equal t o  t h a t  of t h e  ou te r  l a w .  The ou te r  l a w  then is  assumed app l i cab le  f o r  t h e  
remainder of t h e  flow. Deta i ls  of t h e  model are given i n  re fe rence 5 along with t h e  
values of var ious cons tan ts  used i n  t h e  model. 

Method of Solut ion 

The governing equat ions are solved by an u n s p l i t ,  e x p l i c i t ,  two-step, f i n i t e -  
d i f f e r e n c e  method developed by MacCormack. (See r e f .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8.) This expl ic i t  method has 
second-order accuracy i n  both space and t i m e  and is h igh ly  e f f i c i e n t  on t h e  Control  
Data CYBER 203 vector-processing computer f o r  which t h e  cu r ren t  code i s  wr i t ten .  I f  
a s o l u t i o n  t o  equat ion ( 2 )  is known a t  some t i m e  t = n A t ,  t h e  s o l u t i o n  a t  t h e  next 
t ime-step, t = (n + 1 )  A t  can be ob ta ined from 

n n+l 
U i I j  = L ( A t )  u i , j  

f o r  each node po in t  ( i , j ) .  The f i n i t e - d i f f e r e n c e  opera to r  L c o n s i s t s  of a pre- 
d i c t o r  s t e p  and a c o r r e c t o r  s tep .  S p a t i a l  d e r i v a t i v e s  i n  t h e  p r e d i c t o r  s t e p  are 
c a l c u l a t e d  by forward d i f f e rences ,  whereas i n  t h e  c o r r e c t o r  s t e p  they are c a l c u l a t e d  
by backward d i f f e rences .  The shear  stress and hea t - f l ux  terms appear ing  i n  equat ions  
f o r  M and N a r e  backward d i f f e renced  i n  t h e  p r e d i c t o r  s t e p  and forward d i f f e r -  
enced i n  t h e  c o r r e c t o r  s t e p .  When t h i s  method w a s  a p p l i e d  t o  a two-dimensional, 
symmetric converging duct, it w a s  found t h a t  t h e  symmetry of t h e  flow f i e l d  is b e t t e r  
achieved by revers ing  t h e  order  of d i f f e r e n c i n g  f o r  t h e  p r e d i c t o r  and c o r r e c t o r  s t e p s  
from one t ime-step t o  t h e  next t ime-step; t h a t  is ,  i f  forward and backward d i f f e r -  
ences are used i n  t ime-step n, then  backward and forward d i f f e r e n c e s  should be used 
i n  t ime-step n+l. The order  of d i f f e r e n c i n g  i s  a l s o  reversed f o r  shear  and heat -  
f l u x  t e r m s .  Deta i l s  of t h e  method and express ions  f o r  t h e  p r e d i c t o r  and c o r r e c t o r  
s t e p s  are given i n  re fe rence 8. 

A fourth-order numerical damping, given i n  re fe rence  9, i s  used i n  t h e  p resen t  
a n a l y s i s  t o  damp the  o s c i l l a t i o n s  which occur i n  t h e  neighborhood of s t r o n g  shocks i n  
t h e  flow f i e l d .  



Boundary and I n i t i a l  Condi t ions 

The flow va r iab les  a t  t h e  inf low boundary a r e  he ld  f i xed  a t  given f ree-st ream 
values,  whereas f i r s t - o r d e r  ex t rapo la t i on  i s  used t o  ob ta in  t h e  flow va r iab les  a t  t h e  
outf low boundary. For v iscous flows, no-s l ip  and ad iabat ic -wa l l  condi t ions a r e  
app l ied .  Along t h e  lower wa l l ,  f o r  example, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

= o  ui, j= l  

= o  vi, j=1 

- T i ,  j = l  - T i ,  j=2 

The p ressu re  is determined from t h e  boundary cond i t ion  t h a t  t h e  normal 
of p vanishes,  which is approximated by ap/aq = 0 , r e s u l t i n g  i n  

- 
P i , j = 1  - Pi , j=2  

d e r i v a t i v e  

For i n v i s c i d  f lows, t h e  tangency condi t ion i s  s a t i s f i e d  on t h e  sur faces ;  t h a t  is, 
? = 0. The p ressu re  and temperature a r e  ex t rapo la ted  from t h e  i n t e r i o r  g r i d  p o i n t s ,  
and u i s  obta ined from t h e  t o t a l  enthalpy which is he ld  constant .  

The aforementioned boundary condi t ions are app l i ed  i n  both the  p red ic to r  and 
c o r r e c t o r  s t e p s .  I n i t i a l  condi t ions a r e  normally p resc r ibed  f o r  each set of ca lcu la -  
t i o n s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAby assuming t h a t  f ree-st ream condi t ions e x i s t  a t  a l l  t h e  g r id  po in ts  except a t  
t h e  boundar ies where proper boundary condi t ions a r e  appl ied.  

Computational G r i d  and Time Requirements 

A l l  t h e  computations are made on t h e  Control  D a t a  CYBER 203 vector-process ing 
computer (an upgraded vers ion  of t h e  Contro l  Data STAR 100 computer) by us ing t h e  
64-b i t  a r i t hmet i c .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA g r i d  of 51 x 51 is used i n  t h e  c a l c u l a t i o n s  which requ i res  
approximately 200 K computer s torage.  The so lu t i on  advances about 20 t ime-steps per  
sec  fo r  t h e  v iscous f l m  and about 30 t ime-steps pe r  sec  f o r  t h e  i n v i s c i d  flow. When 
t h e  change i n  t h e  dens i t y  over two t ime-steps is of t h e  order  of t h e  s o l u t i o n  
is assumed converged. A t y p i c a l  so lu t i on  is obta ined i n  2 t o  5 min, depending upon 
t h e  number of t ime-steps requ i red  f o r  convergence. 

D I S C U S S I O N  OF RESULTS 

Th is  s e c t i o n  b r i e f l y  descr ibes  how t h e  two-dimensional ana lys i s  can be used f o r  
three-d imensional  scramjet  i n l e t s  under c e r t a i n  assumptions. Deta i led  r e s u l t s  a r e  
p resen ted  f o r  one model i n l e t  problem and fo r  s e v e r a l  sc ramje t - i n le t  con f igura t ions .  
A l l  t h e  r e s u l t s  p resented  he re in  a r e  f o r  a i r  under t h e  p e r f e c t  gas assumption. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Model I n l e t  Problem 

The geometry of t h e  model i n l e t  problem is  shown i n  f i g u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. The i n l e t  l eng th  
is 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcm w i t h  an i n i t i a l  he igh t  of 1.5 cm. The ca l cu la t i ons  are made i n  t h e  region 
s t a r t i n g  1 c m  ahead of t h e  i n l e t ,  thus  br ing ing  t h e  t o t a l  leng th  t o  11 cm. The t o p  
su r face  produces a loo compression a t  x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 1 cm and then a 20° expansion a t  
x = 6 cm. The cowl p l a t e  is  loca ted  i n  such a way t h a t  t h e  shock from t h e  top  sur-  
f a c e  does not h i t  it, thus  al lowing a f r a c t i o n  of t h e  flow t o  s p i l l  ou t  of t h e  i n l e t .  
The dimensions i n  t h e  model problem have been f i xed  on t h e  b a s i s  of c e r t a i n  f e a t u r e s  
of t h e  engine i n l e t  f low, such as s p i l l a g e ,  but  are not  t y p i c a l  of t h e  a c t u a l  engine 
dimensions. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs w i l l  be seen, t h e  problem c l e a r l y  br ings ou t  t h e  importance of t h e  
v iscous e f f e c t s  which are normally neglected o r  accounted f o r  approximately. C a l -  
cu la t i ons  a re  made f o r  t h e  i n v i s c i d ,  laminar,  and tu rbu len t  f l o w  by us ing  t h e  fol low- 
i n g  condi t ions a t  t h e  inf low boundary of t h e  i n l e t :  
and T1 = 293 K. 

M1 = 5.0 , p1 = 101 325 Pa, 

F igures  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 and 6 show t h e  ve loc i ty-vector  f i e l d  and pressure  contours,  respec- 
t i v e l y ,  downstream of l i n e  ZZ ' .  For c l a r i t y ,  t hese  p l o t s  a r e  shown i n  t h e  reg ion 
downstream of t h e  expansion corner  from x = 6 cm t o  t h e  end of t h e  i n l e t .  U p s t r e a m  
of the  expansion corner ,  t h e  shock from t h e  top  sur face  t u r n s  t h e  flow downward by 
about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl o o .  Because of t h i s ,  some flow sp i l l s  ou t  of t h e  i n l e t  ahead of t h e  cowl 
plate. The ve loc i ty-vector  f i e l d s  i n  f i g u r e  5 are p l o t t e d  f o r  t h e  laminar and turbu-  
l e n t  f lows only. Every o ther  g r i d  po in t  is p l o t t e d  i n  t h e  y-d i rect ion.  I t  i s  seen 
t h a t  t he  l a m i n a r  boundary l aye r  on t h e  top  su r face  separates because of t h e  i n te rac -  
t i o n  of t h e  cowl shock with the  boundary layer  on t h e  top  sur face .  The separa t i on  
completely d isappears f o r  t h e  tu rbu len t  flow under t h e  aforementioned f low condi- 
t i o n s ,  s ince  the  tu rbu len t  boundary l aye r  is ab le  t o  accept h igher  adverse flow grad- 
i e n t s  wi thout separa t ing .  

The pressure  contours i n  f i g u r e  6 are shown f o r  i nv i sc id ,  laminar, and t u r b u l e n t  
f lows. These contour p l o t s  c l e a r l y  show t h e  i n t e r a c t i o n  of t h e  cowl shock with t h e  
expansion waves from t h e  top  sur face.  Due t o  t h i s  i n t e r a c t i o n ,  t h e  shock h i t s  t h e  
top  su r face  e a r l i e r  than it would have without t h e  i n t e r a c t i o n .  The expansion waves 
go through the shock and a t t e n u a t e  t h e  pressure  on t h e  cowl plate,  whereas t h e  shock 
is r e f l e c t e d  from t h e  top  sur face.  It is  a l s o  seen t h a t  t h e  p o i n t ,  a t  which t h e  cowl 
shock h i t s  the top  sur face ,  moves upstream wi th  i nc reas ing  v iscous e f f e c t s .  Thus, it 
is necessary t o  inc lude viscous e f f e c t s  i n  t h e  i n l e t  a n a l y s i s  t o  l o c a t e  t h e  waves i n  
t h e  flow f i e l d  proper ly .  

F igure 7 shows the  pressure  d i s t r i b u t i o n  on t h e  top  su r face  of t h e  i n l e t  f o r  t h e  
i n v i s c i d  flow. The pressure  is seen t o  i nc rease  because of t h e  compression a t  
x = 1 cm. It remains constant  u n t i l  it is decreased because of t h e  expansion a t  
x = 6 cm. It again remains cons tan t  u n t i l  t h e  cowl-plate shock h i t s  t h e  t o p  s u r f a c e  
which inc reases  the  pressure.  The gradual  decrease i n  t h e  su r face  p ressu re  toward 
t h e  end of the  i n l e t  is due t o  t h e  expansion waves which h i t  t h e  top  su r face  a f t e r  
be ing r e f l e c t e d  from t h e  cowl p l a t e .  The p ressu re  d i s t r i b u t i o n  from t h e  exact  
shock-expansion-wave theory is  a l s o  shown i n  f i g u r e  7 f o r  comparison with t h e  
p resen t  ca l cu la t i ons .  The exact  r e s u l t s  are shown only up t o  t h e  po in t  where t h e  
cowl shock h i t s  t h e  top  sur face.  It is seen t h a t  t h e  p resen t  r e s u l t s  are i n  
e x c e l l e n t  agreement with t h e  exact  ca l cu la t i ons .  

As mentioned e a r l i e r ,  t h e  geometry of t h e  problem is such t h a t  some flow s p i l l s  
o u t  of t h e  lower boundary. The s p i l l a g e ,  as c a l c u l a t e d  by t h e  p resen t  a n a l y s i s ,  is 
29.8 percent  f o r  t h e  i n v i s c i d  flow, 3 6 . 3  percen t  f o r  t h e  laminar f low, and 43.2 per- 
cen t  f o r  t h e  tu rbu len t  flow. The exac t  va lues  f o r  t h e  i n v i s c i d  flow are 31.4 percent  
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for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl oo  compression, 36.7 percent for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA10.5O compression, and 42.3 percent for 1 l 0  
compression. This implies that the effective change in the body compression angle 
due to viscous effects is approximately 0.5O for the laminar flow and l o  for the 
turbulent flow, which compares well with the estimates based on the boundary-layer 
displacement-thickness calculations. 

The results of the model problem show that the present code predicts the complex 
supersonic flow very well. In the following section, the code is used to analyze 
actual scramjet-inlet configurations under certain assumptions. 

Quasi Three-Dimensional 

In this section a brief description is given 
analysis may be used in a quasi three-dimensional 
The technique is verified by calculating the flow 
which experimental results are available. 

Technique 

to explain how the two-dimensional 
sense to analyze scramjet inlets. 
field for a three-strut inlet for 

The following sketch shows the side view of a scramjet module: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Sidewall 
leading edge zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A l l  the compression surfaces are swept back at an angle A, and the Mach number at 
the face of the inlet is 
the end effects are neglected, the component of the velocity parallel to sidewall 
sweep should remain unchanged, and the flow disturbances should occur in the plane 
ZZ' normal to the sidewall leading edge. The flow can, therefore, be solved by 
using the two-dimensional code in the plane ZZ' with Mach number M1,N. The solu- 
tion in the ZZ' plane can be projected to the plane of the cowl, and the velocity 
distribution in the plane of the cowl can be obtained by superimposing the constant 
velocity component over the aforementioned solution. In case of viscous flows, an 
approximate boundary-layer profile has to be prescribed for the constant tangential 
velocity component before superimposing it. By knowing the velocity and density 
distributions it is possible to estimate the flow spillage from this class of three- 
dimensional inlets as a function of cowl location. Thus, the two-dimensional anal- 
ysis may be used in preliminary parametric design studies of the scramjet inlet to 
determine the effects of various parameters such as sweep of the sidewalls, number of 
Struts and their locations and shapes, cowl location and its shape, and others. As 
will be seen, the analysis can also give an indication as to whether the inlet will 
operate for a given set of flight conditions. 

MI. If the shock waves in the inlet do not detach and if 
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By us ing  t h i s  approach t h e  two-dimensional code i s  used t o  analyze t h e  th ree-  
s t r u t  sc ramje t - in le t  con f igura t ion ,  d e t a i l s  of which a r e  given i n  re fe rence  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. The 
i n l e t  s idewal ls  are swept a t  an angle of 48O. Figure 8 shows a comparison of t h e  
tu rbu len t  s idewal l  p ressu re  d i s t r i b u t i o n .  The exper imental  measurements have been 
made i n  a plane p a r a l l e l  t o  t h e  cowl which is  loca ted  a t  about ha l f  of t h e  i n l e t  
he igh t .  This p a r t i c u l a r  p lane is  chosen f o r  comparison purposes so t h a t  t h e  c o w l  
shock does not a f f e c t  t h e  measured s idewal l  p ressures  up t o  t h e  p o i n t  of comparison 
i n  t h e  a x i a l  d i rec t i on .  (The p resen t  a n a l y s i s  cannot account f o r  t h e  c o w l  shock 
d i s tu rbances . )  It is seen from f i g u r e  8 t h a t  t h e  p resen t  c a l c u l a t i o n s  are i n  very 
good agreement wi th t h e  measured va lues.  The presen t  a n a l y s i s  estimates an i n l e t  
cap tu re  of about 97 percent  which i s  s l i g h t l y  h igher  than t h e  exper imenta l ly  measured 
value of 94 percent .  This is  expected because t h e  end e f f e c t s ,  which are n o t  
accounted f o r  i n  t h e  p resen t  ana lys i s ,  i nc rease  t h e  flow s p i l l a g e .  

4 
5 
6 
7 

Parametr ic  Study 

P1 T1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, NRe per M1 ,N MPa K 

3.43 2.88 0.00963 322 5.43 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx lo6 
4.29 3.60 .00648 328 4.57 
5.18 4.34 .00456 329 3.88 
6.00 5.032 ,00355 335 3.49 

Preceding r e s u l t s  show t h e  d i r e c t  app l i ca t i on  of t h e  two-dimensional code i n  
analyz ing t h e  a c t u a l  i n l e t  con f igura t ions .  The type of agreement ob ta ined f o r  t h e  
t h r e e - s t r u t  i n l e t  g ives c r e d i b i l i t y  t o  t h e  code i n  i ts  use as a t o o l  f o r  parametric 
s t u d i e s  i n  i n l e t  design. I n  t h e  p resen t  s tudy,  t h i s  i s  done by ana lyz ing  one- and 
two-st ru t  i n l e t s  over a range of Mach numbers. The s idewal l  leading-edge sweep f o r  
t hese  i n l e t s  is presc r ibed  a s  33". R e a l i s t i c  flow cond i t ions  a r e  used i n  t h e  ana l -  
y s i s  and are shown i n  t h e  fo l lowing table: 

Figure 9 shows t h e  geometry of a one-s t ru t  i n l e t  i n  a p lane normal t o  t h e  s ide -  
w a l l  leading-edge sweep. The i n i t i a l  width of t h e  i n l e t  i s  15 c m  and o t h e r  dimen- 
s ions  and angles are shown i n  t h e  f i g u r e .  Figure 10 shows t h e  p ressu re  contours f o r  
t h e  i n v i s c i d  flow a t  t h r e e  Mach numbers. N o  s o l u t i o n  could be obta ined a t  t h e  lowest 
Mach number, M1 (M, = 4), f o r  which t h e  shock waves detached i n  t h e  i n l e t .  
For t h i s  case,  a f te r  a s u f f i c i e n t  number of t ime-steps,  a normal shock formed j u s t  
downstream of t h e  inf low boundary r e s u l t i n g  i n  a l a r g e  m a s s  imbalance. The m a s s  
imbalance occurs when t h e  governing equat ions  f a i l  t o  produce a s o l u t i o n  f o r  t h e  
prescr ibed inf low boundary cond i t ions ;  t h a t  is, t h e  i n l e t  minimum-area s e c t i o n  cannot 
pass  t h e  inf low mass and t h e  f l o w  chokes. It is seen from t h e  contour p l o t s  i n  f i g -  
u re  10 t h a t  the shock wave from t h e  s idewa l l  coa lesces  wi th  t h e  shock wave from t h e  
s t r u t  lead ing  edge t o  form a s t ronger  shock. For t h e  laminar f low, t h e  s t r o n g  shock, 
formed by t h e  shock-wave coalescence, caused a l a r g e  separa ted  reg ion on t h e  s idewa l l  
which produced an induced shock i n  f r o n t  of t h e  separa ted  region. The induced shock 
choked t h e  flow i n  a manner s i m i l a r  t o  t h a t  descr ibed e a r l i e r ,  and aga in  no meaning- 
f u l  s o l u t i o n  could be obta ined a t  any of t h e  Mach numbers considered here.  For t h e  
tu rbu len t  f low, t h e  so lu t i on  could be obta ined a t  t h e  h i g h e s t  Mach number, bu t  t h e  

= 2.88 
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flow choked aga in  a t  lower Mach numbers. The fo l low ing  t a b l e  summarizes t h e  condi- 
t i o n s  f o r  which t h e  s o l u t i o n s  could or could not be ob ta ined ( i n d i c a t e d  by "yes1' and 
"no, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'I r e s p e c t i v e l y )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 

Mach number, 

M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
03 

7 

6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 
4 

Type o f  flow 

I n v i s c i d  Laminar Turbulent 

Yes N o  Y e s  
Yes N o  N o  
Yes N o  N o  
N o  No No 

Figure 11 shows t h e  v a r i a t i o n  of inviscid-f low s p i l l a g e  as a func t ion  of cowl 
l o c a t i o n  f o r  M = 7.0.  S p i l l a g e  is ca lcu la ted  by assuming t h a t  t h e  i n l e t  he igh t  i s  
equa l  t o  i ts  i n y t z a l  width. 
i s  a second-order numerical s o l u t i o n  of t h e  supersonic i n v i s c i d  flow, are a l s o  shown 
i n  t h i s  f i gu re .  It is seen t h a t  t h e  p resen t  c a l c u l a t i o n s  agree very w e l l  with those 
obtained from t h e  code of re fe rence 4.  

The r e s u l t s  obtained from t h e  code of re fe rence 4, which 

Mach number, 

MOD 

7 

6 
5 
4 

I n  o rder  t o  e l im ina te  t h e  problem of shock-wave coalescence in khe one-s t ru t  
i n l e t ,  a two-strut  i n l e t  is considered. The geometry of t h i s  i n l e t  is shown i n  f i g -  
u r e  12. The i n i t i a l  width of t h e  i n l e t  is again 15 cm. Other dimensions and ang les  
are shown i n  t h e  f i g u r e .  The s t r u t  su r face ,  on which t h e  shock from t h e  s idewa l l  
s t r i k e s ,  is kep t  p a r a l l e l  t o  t h e  oncoming flow so t h a t  no shock is produced by t h i s  
sur face .  This avoids t h e  p o s s i b i l i t y  of shock-wave coalescence. Figure 13 shows t h e  
p ressu re  contours f o r  t h e  laminar flow a t  t h ree  Mach numbers. The corresponding 
ve loc i ty -vec tor  f i e l d s  are shown i n  f i g u r e  14. N o  viscous-flow s o l u t i o n  could be 
obta ined f o r  t h e  lowest Mach number because of t h e  choking of t h e  flow caused by t h e  
boundary-layer separa t i on .  The so lu t i ons  could be ob ta ined a t  a l l  Mach numbers f o r  
t h e  i n v i s c i d  flow. The fol lowing t a b l e  summarizes t h e  cond i t ions  f o r  which t h e  solu- 
t i o n s  could o r  could no t  be ob ta ined ( i nd i ca ted  aga in  by "yes" and "no," 
r e s p e c t i v e l y )  : 

Type of flow 

I n v i s c i d  Laminar Turbulent 

Y e s  Y e s  Y e s  
Y e s  Y e s  Y e s  
Y e s  Y e s  Y e s  
Y e s  N o  N o  

I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

The t a b l e  c l e a r l y  shows t h e  improvement i n  the  performance of t h e  two-strut  i n l e t  
over  t h e  one-s t ru t  i n l e t .  

The preced ing  paramet r ic  study i nd i ca tes  t h a t  t h e  numerical computer code devel- 
oped h e r e i n  can be used t o  modify o r  e l im ina te  some of t h e  designs o r  flow cond i t ions  
which are not  expected t o  perform w e l l  and, thus ,  can he lp  i n  reducing t h e  exper i -  
mental t e s t i n g  requ i red  f o r  i n l e t  design. 
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CONCLUDING zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAREMARKS 

Two-dimensional Navier-Stokes equat ions have been used t o  analyze t h e  f low i n  a 
superson ic  combustion ramjet  (scramjet) i n l e t .  The a n a l y s i s  uses a numerical  coordi-  
na te  t ransformat ion which generates a set of boundary- f i t ted c u r v i l i n e a r  coord ina tes .  
The embedded bodies i n  t h e  f low f i e l d  are t ransformed i n t o  slits. MacCormack's 
u n s p l i t ,  e x p l i c i t ,  two-step, f i n i t e - d i f f e r e n c e  method is used t o  solve t h e  governing 
equat ions.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA two-layer eddy-viscosi ty model is used for  t h e  t u r b u l e n t  f low. The 
numerical computer code can analyze both i n v i s c i d  and v iscous f lows wi th  no s t r u t ,  
one s t r u t ,  o r  mu l t ip le  s t r u t s  i n  t h e  flow f i e l d .  

Resu l t s  a re  presented f o r  one model i n l e t  problem and for  s e v e r a l  a c t u a l  
sc ramje t - in le t  con f igura t ions .  I n  a l l  t h e s e  cases, t h e  code p red ic ted  t h e  complex 
wave i n t e r a c t i o n s  and shock-boundary-layer i n t e r a c t i o n s  very w e l l .  The a p p l i c a t i o n  
of t h e  two-dimensional a n a l y s i s  i n  t h e  pre l iminary parametr ic  design s t u d i e s  of a 
scramjet in let .  is discussed b r i e f l y .  It is shown t h a t  t h e  two-dimensional a n a l y s i s  
can g ive an ind ica t ion  as t o  whether t h e  i n l e t  w i l l  opera te  for a given set of f l i g h t  
cond i t ions .  

Langley Research Center 
Nat iona l  Aeronautics and Space Administrat ion 
Hampton, VA 23665 
October 6, 1981 
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(a) Physical plane. 
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(b) Transformed plane. 
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(c) Grid downstream of line zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZ Z ' .  

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 . -  An example of numerical coordinate transformation. 



Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.- G e o m e t r y  of the  model i n l e t  p r o b l e m .  
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Figure 5.- Veloci ty-vector f i e l d  downstream of l i n e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 2 ' .  



I NVI SCI  D FLOW 

LAMINAR FLOW 

TURBULENT FLOW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Figure 6.- Pressure  contours downstream of l i n e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXZ ' . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 13.- Pressure  contours zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor laminar flow a t  t h r e e  Mach numbers. 
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F igu re  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA14.- Veloc i ty-vector  f i e l d s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfor laminar f l o w  a t  t h r e e  Mach numbers. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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