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A FOREBODY DESIGN TECHNIQUE FOR HIGHLY 

INTEGRATED BOTTOM-MOUNTED SCRAMJETS WITH 

APPLICATION TO A HYPERSONIC RESEARCH AIRPLANE 

C.L.W.Edwards 

Langley Research Center 

The e f f i c i e n c y  o f  f u t u r e  hypersonic a i r b r e a t h i n g  a i r c r a f t  w i l l  depend t o  

a great  ex ten t  on t h e  maximum i n t e g r a t i o n  o f  t h e  propu ls ion  system w i t h  the 

veh ic le  a i r f rame. A r a p i d  and s imple i n v i s c i d  technique f o r  designing f o r e -  

bodies which produce u n i f o r m l y  precompressed f lows a t  t h e  i n l e t  entrance f o r  

bottom-mounted scramjets has been developed so t h a t  geometric c o n s t r a i n t s  r e -  

s u l t i n g  from design t r a d e - o f f s  can be e f f e c t i v e l y  evaluated. The f l o w  f i e l d s  

r e s u l t i n g  from several  forebody designs generated i n  support o f  a hypersonic 

research a i r p l a n e  conceptual design study have been analyzed i n  d e t a i l  w i t h  

three-dimensional c h a r a c t e r i s t i c s  c a l c u l a t i o n s  t o  v e r i f y  t h e  un i fo rm f l o w  

condi t ions.  For t h e  designs analyzed, uni form f l o w  i s  mainta ined over a wide 

range o f  f l i g h t  cond i t i ons  corresponding t o  scramjet opera t ion  f l i g h t  

envelope o f  the research a i rp lane .  

INTRODUCTION 

A l a r g e  spectrum o f  promis ing f u t u r e  m i l i t a r y  and c i v i l  a p p l i c a t i o n s  o f  

hydrogen-fueled a i r b r e a t h i n g  a f r c r a f t  f o r  h igh  supersonic and hypersonic f l i g h t  

has been w e l l  documented i n  t h e  l i t e r a t u r e  ( r e f s .  1-5).  A common fea ture  o f  

these a i r c r a f t  i s  t h e  necess i ty  t o  c a r e f u l l y  i n t e g r a t e  t h e  p ropu ls ion  system 

w i t h  t h e  v e h i c l e  a i r f rame t o  o b t a i n  optimum o v e r a l l  performance. As shown 



i n  f i g u r e  1, t h e  s i z e  o f  t h e  propu ls ion  system r e l a t i v e  t o  a i r c r a f t  s i z e  

increases r a p i d l y  w i t h  increas ing  f l i g h t  Mach number and t h e  forces,  as d i s -  

cussed i n  reference 6, generated by the p ropu ls ion  system become l a r g e  

compared t o  aerodynamic forces. The mutual i n t e r a c t i o n s  between these l a rge  

fo rces  can be advantageous when the  p ropu ls ion  system i s  p rope r l y  i n teg ra ted  

w i t h  the  v e h i c l e  air frame. Thus, t h e  engine/a i r f rame i n t e g r a t i o n  process 

represents a  major  design oppor tun i t y  t o  maximize the  performance o f  hyper- 

sonic  a i r b r e a t h i n g  veh ic les .  

The h i g h l y  i n t e g r a t e d  a i r c r a f t  concepts dep ic ted  i n  f i q u r e  1  are  

a t t r a c t i v e  because they  prov ide  maximum i n l e t  capture area and nozzle ex- 

pansion area w h i l e  ma in ta in ing  minimum cowl drag. However, t o  take f u l l  

advantage of t h i s  arrangement, t h e  v e h i c l e  propulsion system must be p rope r l y  

i n t e g r a t e d  e a r l y  i n  t h e  design process. Some i n t e r a c t i v e  c o n s t r a i n t s  which 

must be considered i n  the  design o f  h i g h l y  i n t e g r a t e d  hypersonic systems are 

shown i n  f i g u r e  2. The s i z e  and number o f  t h e  engines must be s u f f i c i e n t  t o  

meet miss ion  requirements. The scramjet i n l e t  must be l oca ted  w i t h i n  t h e  

forebody compression f i e l d  t o  o b t a i n  maximum performance. An e f f e c t i v e  

precompression tends t o  reduce t h e  phys ica l  dimensions o f  t h e  i n l e t ,  i n  which 

t u r n  tends t o  reduce engine weight and cowl drag. I f  the  precompressed f l o w  

a t  t h e  i n l e t  face can a l s o  be made uniform, then the  increased complexi ty  i n  

i n l e t  design requ i red  f o r  e f f i c i e n t  opera t ion  i n  w ide l y  va ry ing  f lows can a lso 

be a l l e v i a t e d .  However, the  a v a i l a b l e  shock l a y e r  capture area decreases w i t h  

Mach number, so t h a t  i t  becomes necessary f o r  t h e  i n l e t  t o  capture most of the  

f low between the  body and t h e  bow shock across the e n t i r e  fuselage span. The 



engine s i z e  and t h e  f l o w  f i e l d  requirements are  n o t  the  o n l y  cons idera t ions  

necessary f o r  a good forebody design. Aerodynamic, s t r u c t u r a l  and i n t e r n a l  

volume requirements must a l so  be incorpora ted  as e a r l y  design c o n s t r a i n t s  t o  

achieve an optimum con f i gu ra t i on .  

The scramjet  nozzle design i s  p r i m a r i l y  governed by t h r u s t  and s t a b i l i t y  

requirements. Thus, t h e  l o c a t i o n  o f  the  scramjet ,  o r i e n t a t i o n  o f  t h e  t h r u s t  

vector ,  and t h e  r e s u l t i n g  t r i m  p e n a l t i e s  must be examined across t h e  e n t i r e  

f l i g h t  envelope ( r e f .  6 ) .  The s t rong  i n t e r a c t i o n  between the  nozzle exhaust 

and the  nonuniform f lows surrounding t h e  v e h i c l e  a f te rbody and ex terna l  cowl 

must a l so  be accounted f o r  i n  eva lua t i on  o f  nozzle performance. 

I t i s  apparent, there fore ,  t h a t  one key t o  optimum v e h i c l e  performance 

i s  a systemat ic  procedure f o r  e f f e c t i v e l y  assessing the  i n t e r a c t i v e  con- 

s t r a i n t s  e a r l y  i n  t h e  design i f  any r e a l i s t i c  b e n e f i c i a l  coup l ing  between t h e  

engine and a i r f rame i s  t o  be achieved. A s i g n i f i c a n t  research e f f o r t  i s  be ing  

app l ied  a t  Langley Research Center t o  examine, develop, and v a l i d a t e  the  

technology necessary t o  per form such assessments dur ing  t h e  design process 

on a r o u t i n e  basis.  The engine-nozzle-vehicle i n t e r a c t i o n s  and design method- 

ology are presented i n  re fe rence 6. The pr imary ob jec t i ves  o f  t h i s  paper 

are t o  descr ibe recen t  progress i n  forebody design methodology, present  some 

r e s u l t s  from a v e h i c l e  design study, and t o  i n d i c a t e  some areas o f  research 

which cou ld  enhance o v e r a l l  design capabi 1 i ty. 

SYMBOLS 

A forebody c ross-sec t iona l  area 

Ac 
i n l e t  capture area 

D a x i a l  design l e n g t h  o f  cons tant  impact angle sur face 



i n l e t  h e i g h t  

u n i t  v e c t o r  components i n  x,y,z d i r e c t i o n s , r e s p e c t i v e l y  

Mach number 

outward u n i t  normal sur face v e c t o r  

d i r e c t i o n  cosines o f  outward u n i t  normal surface vec tor  

s t a t i c  pressure 

l o f t i n g  curve c o e f f i c i e n t s  f o r  forebody geometry 

r a d i u s  o f  equ iva len t  c i r c u l a r  forebody c ross-sec t ion  

su r face  tangent  v e c t o r  i n  Newtonian stream d i r e c t i o n  

v e h i c l e  re ference area 

v e l o c i t y  

v e l o c i t y  vec to r  

d i r e c t i o n  cosines o f  v e l o c i t y  vec to r  

u n i t  v e c t o r  i n  v e l o c i t y  d i r e c t i o n  

forebody re fer&ce coordinates 

ang le-o f -a t tack  referenced t o  lower sur face c e n t e r - l i n e  o f  

forebody a t  the i n l e t  entrance 

Newtonian impact angle 

lower forebody c e n t e r - l i n e  d e f l e c t i o n  angle 

d e n s i t y  

l o c a l  t o  f ree-st ream mass f l o w  r a t i o  

forebody c ross -sec t i on  mer id ian  angle 

- 1  1 Mach angle, s i n  (iri) 



Subscr ipts  

free-stream cond i t i ons  

l o c a l  cond i t i ons  

i n l e t  

i nd i ces  f o r  l o f t i n g  l i n e  c o e f f i c i e n t s  

Forebody Design Procedure 

The forebody design goals are i n d i c a t e d  i n  f i g u r e  3. The key f l o w  

parameters and t h e  reg ion  a t  t h e  i n l e t  entrance r e q u i r i n g  un i fo rm pre- 

compression are  a l s o  shown. The cross-sect ional  area ( l oca ted  a t  t h e  i n l e t  

face) i n  which t h e  f l o w  i s  t o  be t i g h t l y  constra ined i s  bounded by t h e  v e h i c l e  

sur face and two f u n c t i o n s  o f  engine geometry: (1 )  t h e  p o s i t i o n  o f  t h e  outboard 

engine module; and ( 2 )  the  p o s i t i o n  o f  the  cowl l i p  ( o r  bow shock as the  Mach 

number becomes la rge ) .  Th i s  c o n t r o l  area i s  represented by  t h e  cross-hatched - 
reg ion  on f i g u r e  3. An i d e a l  and probably una t ta inab le  design would render 

t h e  oncoming precompressed f l o w  p a r a l l e l  and un i fo rm i n  t h e  c o n t r o l  area and 

remain i n v a r i a n t  w i t h  changes i n  Mach number and angle o f  a t tack .  The 

p r a c t i c a l  goals f o r  t h i s  s tudy were t o  develop a s t r a i g h t f o r w a r d  design 

procedure which can be used e f f e c t i v e l y  t o  minimize grad ien ts  i n  key . f low 

parameters i n  t h e  reg ion  of t h e  i n l e t  entrance over  t h e  v e h i c l e  f l i g h t  envelope. 

The parameters which d i r e c t l y  i n f l u e n c e  i n l e t  and engine performance a r e  

t h e  mass f l o w  t o  be ingested, the  s t a t i c  pressure, l o c a l  Mach number and f l o w  

angu la r i t y .  These parameters are  s u f f i c i e n t  t o  de f i ne  t h e  s t a t e  o f  t h e  f l o w  

and i f  they  are un i fo rm then i t  fo l lows t h a t  t h e  remaining f l o w  va r iab les  w i l l  

a l so  be uniform. The most predominant o f  these parameters,which i s  a good 

approximate measure o f  forebody ef fect iveness,  i s  t h e  r e l a t i v e  mass f l ow .  A 



reduc t i on  i n  mass f l o w  would cause a corresponding r e d u c t i o n  i n  t h r u s t  ava i l ab le  

from a f i x e d  s i z e  engine and l a rge  grad ien ts  i n  mass flow would r e q u i r e  complex 

f u e l  schedul ing between engine modules t o  achieve maximum performance. 

Computational techniques.- There are  several numerical  techniques which are 

capable o f  c a l c u l a t i n g  supersonic i n v i s c i d  f lows over three-dimensional 

geometries ( r e f s .  7-10). I n  p r i n c i p l e ,  any o f  these techniques cou ld  be 

employed t o  d e r i v e  a geometry which produces un i fo rm f l o w  a t  the  i n l e t  entrance. 

E i t h e r  parametr ic  s tud ies  o f  several geometries o r  an inverse  approach us ing 

one o f  these techniques t o  d i r e c t l y  so lve f o r  t h e  appropr ia te  geometric 

boundary could be employed. The parametr ic  approach appears too r e s t r i c t i v e  

and t ime consuming f o r  t h e  p re l im ina ry  design process. The inverse  technique 

can, i n  p r i n c i p l e ,  be accomplished by spec i f y i ng  t h e  i n l e t  s t a t i o n  f l o w  

cond i t i ons  and performing an upwind numerical c a l c u l a t i o n  ( c h a r a c t e r i s t i c s  

o r  f i n i t e  d i f f e r e n c e )  t o  so l ve  f o r  a geometry which main ta ins  t h e  s p e c i f i e d  

f low. However, t h e  r e s u l t i n g  geometry could be very d i f f i c u l t  t o  cons t ra in  

so t h a t  r e q u i r e d  t r a d e - o f f s  could be performed on the bas i s  o f  o ther  m u l t i -  

d i s c i p l i n a r y  func t i ons  o f  m e r i t  which must be considered t o  achieve a r e a l i s t i c  

optimum. The complexi ty  requ i red  f o r  t h i s  procedure does not. seem warranted 

f o r  the  p r e l i m i n a r y  design task  s ince one o f  the  bas i c  study goals was t o  

develop a s t r a i g h t f o r w a r d  and r a p i d  prels'minary design t o o l .  Therefore, t h e  

approach taken i n  t h i s  study i s  a very s i m p l i f i e d  analogy t o  t h e  inverse  

technique where bas i c  hypersonic f l o w  r e l a t i o n s  are  u t i l i z e d  i n  l i e u  o f  

more exact numerical schemes t o  determine the  appropr ta te  forebody geometry. 

Design Method.- A t  hypersonic speeds, Newtonian Plow g ives  a good rep resen ta t i on  - 
of the  i n v i s c i d  cond i t i ons  on three-djmensional compression surfaces which do 

n o t  produce s t rong cross f l ows  o r  imbedded shocks. Slnce t h e  shock l a y e r  i s  



t h i n ,  the sur face cond i t ions  should a l s o  represent  the  cond i t i ons  i n  the  

f i e l d  i f  those sur face cond i t ions  are everywhere uni form over t h e  con t ro l  

area. I n  add i t i on ,  t h e  sur face geodesics (de f ined i n  the  c l a s s i c a l  sense 

as the  sho r tes t  sur face d is tance between two p o i n t s )  become st reaml ines 

when the  sur face pressure i s  constant.  Therefore, t h e  problem i s  one of 

c rea t i ng  a geometry from t h e  Newtonian stream d i r e c t i o n s  such t h a t  the  

Newtonian impact angle i s  a constant  ( fygure  4 ) .  

The c l a s s i c  equat ion f o r  the  Newtonian impact angle (6) i n  terms of t h e  

v e l o c i t y  vec to r  

2 

V = V x ~ + V y j + V z ~  
(1 

and t h e  outward nonnal t o  the  sur face 

> 

n = n  x ^ + n Y y + n z ;  i (2)  

I f  t h e  v e l o c i t y  vec to r  i s  a f u n c t i o n  o f  angle o f  a t tack  (a )  on l y  (no 

yaw), then a u n i t  vec to r  i n  t h e  v e l o c i t y  d i r e c t i o n  can be def ined by 

A A 

v = cos a j + s i n  a k 

and the  Newtonian impact angle becomes 

s in6  = - 
(nY 

cos a + nZ s i n  a) 



Solv ing  equat ion  ( 5 )  f o r  n and s u b s t i t u t i n g  i n t o  equat ion (2 ) ,  t h e  normal 
Y 

vec to r  i n  terms o f  nx and nZ becomes 

nz s i n  a + s i n  
n = n x ; -  ( cos a 

x can be determined from the  l o c a l  c ross-sec t ion  curve o f  the  v e h i c l e  by 

r e l a t i n g  i t s  s lope t o  the  surface normal 

n = -nZ tan  Q 
X ( 7 )  

where 

t a n  = ($), 

S u b s t i t u t i n g  ( 7 )  i n t o  ( 6 )  we get  

A n s i n  a + s i n  6 
n = -n  t a n  $ i - z A ( cos a 

and s ince  by d e f i n i t i o n  

z can be determined i n  terms o f  the  v e h i c l e  angle o f  a t tack ,  Newtonian 

impact angle, and c ross-sec t iona l  geometry from equations ( 9 )  and (10) .  

2  - - s i n  6 s i n  a - cos a J c o s 2  6 + (cos a - si-n2 ;)tan 2 $ n - z 2 2 
1 + cos a tan  Q 

The r e l a t i o n s  f o r  nx and n i n  terms o f  t h e  same parameters become 
Y 

2 2 2 - I s i n  6 s i n  a + cos a J c o s 2  6 + (cos a - s i n  6 ) tan  $1 tan$ n - 
X 

1 + cos2a tan2$ 



2 2 2 - - s i n  6 cos a + s i n  a 4 c o s  6 + (cos a - s i n  6 ) tan  2$ cos 2 
n - 

Y (13) 
cos2$ + cos2a s in2$ 

The geodesic d i r e c t i o n s  are mainta ined co inc iden t  w i t h  t h e  Newtonian 

stream d i r e c t i o n  ( 3 )  which can be determined by t a k i n g  successive vec to r  

products between the  sur face normal and the  wind vector  

as i l l u s t r a t e d  i n  t h e  vec tor  diagram o f  f i g u r e  4. Any number o f  geodesic 

d i r e c t i o n s  can be determined along a g iven cross sec t i on  and p r o j e c t e d  

upstream some a r b i t r a r y  d is tance,  Ay. The locus o f  these p ro jec ted  geodesics 

can then be used t o  de f i ne  a new upstream cross sec t i on  and t h e  process 

repeated u n t i l  the  des i red  sur face i s  f u l l y  determined. 

The p re l im ina ry  design method i l l u s t r a t e d  here was developed f o r  a r b i t r a r y  

forebody geometry; however, the  numerical  methods a v a i l a b l e  t o  v e r i f y  the  

f l o w  f i e l d s  are somewhat geometry r e s t r i c t e d .  Three-dimensional c h a r a c t e r i s t i c  

c a l c u l a t i o n s  us ing the  computer program o f  reference 7 were used i n  t h i s  

study t o  v e r i f y  the  design technique. This c h a r a c t e r i s t i c s  program i s  l i m i t e d  

t o  smooth continuous geometries w i t h  b i e l l i p t i c  cross sec t ions .  However, 

general v a r i a t i o n  i n  the  l o n g i t u d i n a l  d i r e c t i o n  i s  allowed, as i l l u s t r a t e d  

i n  f i g u r e  5, by d e f i n i n g  t h e  p r o j e c t i o n s  o f  t h ree  l o f t i n g  l i n e s  i n  the  

veh ic le  coord ina te  planes w i t h  a s e r i e s  o f  segments us ing the  general conic  

where R = 1, number o f  segments 

and m=l, 6 corresponding t o  t h e  s i x  p r o j e c t i o n s  o f  t h e  th ree  l o f t i n g  curves 



on t h e  coordinate planes . 
Constant impact angle i s  no t  necessary over t h e  e n t i r e  undersurface o f  

the  forebody s ince  i n f l u e n c e  a t  t h e  i n l e t  s t a t i o n  from upstream geometry i s  

n o t  g e n e r a l l y  f e l t  pas t  a  p o i n t  where a  Mach wave from the body i n t e r s e c t s  

the  cowl l i p .  This  d is tance i s  i l l u s t r a t e d  i n  f i g u r e  5 and i s  the  upstream 

boundary f o r  which the  forebody must be c l o s e l y  t a i l o r e d .  Since i t  i s  l i k e l y  

t h a t  the  f l o w  w i l l  no t  be e n t i r e l y  un i fo rm between body and bow shock, t h e  

l a r g e s t  f r e e  stream Mach number i n  the  veh ic le  f l i g h t  envelope i s  used t o  

s p e c i f y  t h e  upstream boundary t o  ensure adequate design length ,  D, t o  

develop un i fo rm f low a t  t h e  i n l e t  face. 

D = 
H 

tan (Bo + $) - tan  €Jo 

where go i s  determined by the  c e n t e r - l i n e  s lope 

and $ i s  t h e  f ree-st reamMach angle 

-1 1 
) = s i n  jK) 

The lower c e n t e r - l i n e  geodesic i s  kept  s t r a i g h t  over t h e  design length  

b u t  i s  a1 lowed t o  curve upstream o f  t h i s  p o i n t  t o  meet aerodynamic and 

vo lumet r i c  c o n s t r a i n t s .  However, care must be taken t o  avo id  r a p i d  ex- 

pansions i n  t h e  fo rward  p o r t i o n  s ince  t h e  Newtonian concept w i l l  n o t  account 

f o r  s t rong  overexpansion which could a l t e r  t h e  f l o w  a t  the  i n l e t  entrance. 

Uni form Newtonian impact angle need n o t  be imposed over t h e  e n t i r e  

undersurface span s ince  t h e  spanwise c o n t r o l  boundary i s  i n i t i a l  l y  de f i ned  

by t h e  w i d t h  o f  t h e  engines, where the  engine w i d t h  i s  determined from 
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pre l im ina ry  i n l e t  capture requirements and the  cowl o r  shock he igh t .  The 

sur face geodesics d e f i n e  the  spanwise boundary upstream o f  t he  i n l e t  s t a t i o n  

( f i g u r e  5 ) .  However, note t h a t  t h e  o v e r a l l  forebody p lanform i s  u n r e s t r i c t e d .  

The assumptions used t o  e s t a b l i s h  the boundaries over  which the  surface must 

be t a i l o r e d  are q u i t e  adequate f o r  bottom mounted engines, and v a r i a t i o n s  of 

t h i s  technique cou ld  be expected t o  produce u n i f o r n ~ l y  precompressed f lows 

f o r  siderllounted o r  d i sp laced  i n l e t s .  However, a t  lower Mach numbers (e.g. 

M 3 ) ,  a more s o p h i s t i c a t e d  procedure such as l i n e a r  theory  may be requ i red  

t o  determine the  Mach l i n e s  which de f i ne  the  body sur face and i n l e t  cowl 

boundaries. 

RESULTS AND DISCUSSION 

This forebody design method has been app l i ed  t o  a hypersonic research 

a i rp lane  design study and the  r e s u l t i n g  f l o w  f i e l d s  were v e r i f i e d  by three-  

dimensional c h a r a c t e r i s t i c s  c a l c u l a t i s n s .  The bas i c  v e h i c l e  i l l u s t r a t e d  

i n  f i g u r e  6 emphasized severa l  advanced and promis ing new concepts f o r  h i g h  

performance a i r b r e a t h i n g  hypersonic a i r c r a f t .  F i xed  geometry scramjets were 

f u l l y  i n t e g r a t e d  w i t h  t he  v e h i c l e  a i r f r ame  where the  forebody was used t o  

u n i f o n n l y  precompress the  i n l e t  f l o w  and t h e  e n t i r e  a f te rbody  was used as an 

exhaust nozz le.  S t rqc tu res ,  p ropu ls ion ,  aerodynamics and systems requirements 

were considered t o  produce a v e h i c l e  capable o f  s y s t e m a t i c a l l y  f l i g h t  t e s t i n g  

several  o f  t h e  most promis ing advanced concepts f o r  hypersonic f l i g h t  ( r e f .  

11).  The payloads and o v e r a l l  f l i g h t  c a p a b i l i t y  o f  t h i s  v e h i c l e  are beyond 

the  scope o f  t h i s  paper; however, several  f ea tu res  which a f f e c t  t h e  forebody 

design are presented here. Th i s  v e h i c l e  was t o  be a i r - launched and r o c k e t  

acce le ra ted  t o  a t  l e a s t  Mach 4 .  Scramjet  a c c e l e r a t i o n  and c r u i s e  c a p a b i l i t y  



was r e q u i r e d  a t  a l l  speeds between Mach 4 and 10. The scramjet engine employed 

was a  hydrogen-fueled f ixed-geometry modular concept which i s  c u r r e n t l y  under 

development a t  Langley ( r e f s .  12,13). I d e n t i c a l  modules were imposed as a  

ground r u l e  i n  t h e  research a i rp lane  design study t o  min imize the  comple'xity 

and cos t  o f  t h e  research scramjet  p ropu ls ion  system. The v e h i c l e  forebody 

geometry was t i g h t l y  constra ined by t h e  l a r g e  forward volume requirements 

i n  the  payload bay t o  accommodate t h e  hydrogen f u e l  tank, and t h e  s i z e  

l i m i t a t i o n s  imposed by t h e  c a r r i e r  v e h i c l e  (8-52). 

Some o f  t h e  p o t e n t i a l  performance payo f f s  which can be achieved through 

forebody design, a re  i l l u s t r a t e d  through t h e  key cons t ra in t s  and f l o w  requ i re -  

ments imposed i n  t h i s  design study. The volume o f  the  forebody i s  genera l l y  

determined w i t h o u t  cons ider ing  t h e  i n l e t  f l o w  cond i t i ons  and i s  p r i m a r i l y  a  

f u n c t i o n  o f  the  i n t e r n a l  system requirements, center  o f  g r a v i t y  contro1,and 

v e h i c l e  aerodynamics. A perspect ive  o f  the volume requirements imposed i n  

t h i s  s tudy i s  i n d i c a t e d  i n  f i g u r e  7 where the  c ross-sec t iona l  area and rad ius  

o f  an equ iva len t  axisyrnmetric body f o r  t h e  design veh ic le  are presented as a  

f u n c t i o n  o f  d is tance from the  nose. The d i s t r i b u t i o n s  f o r  a cone and an 

o g i v ~  c y l i n d e r  are shown f o r  comparison. The l eng th  o f  the  c y l i n d e r  on the  

og ive  c y l i n d e r  was determined from equat ion (16) us ing the  i n i t i a l  cowl he igh t  

and c e n t e r - l i n e  precompression requirements f o r  the  research a i r p l a n e  concept. 

The cone which gives t h e  c l o s e s t  approximation t o  t h e  planform and p r o f i l e  

l i m i t a t i o n s  o f  t h e  v e h i c l e  has a  5" h a l f  angle. These t h r e e  bodies form a  

boundary o f  p o t e n t i a l  axisyrnmetric forebody designs. 

Mach 10 Forebody Flows 

If we consider  t h e  f l o w  f i e l d  about the  th ree  bounding forebodies 

( f i g u r e  7) a t  f l i g h t  cond i t i ons  corresponding approximately t o  Mach 10 cru ise.  
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i t  i s  apparent from f i g u r e  8 t h a t  the  f l o w  a t  t h e  i n l e t  entrance i s  

n o t  uni form. The angle o f  a t t a c k  o f  each body was determined such t h a t  t h e  

l o c a l  angle between t h e  lower c e n t e r - l i n e  and t h e  wind vec tor  was 10 degrees 

a t  the  i n l e t  entrance. The l o c a l  Mach number, pressure r a t i o ,  and r e l a t i v e  

mass f l o w  are  presented near t h e  body sur face and a t  a  spec i f i ed  cowl he igh t  

as a f u n c t i o n  o f  percent  body semispan. These data  were obta ined from t h e  

three-dimensional c h a r a c t e r i s t i c s  program o f  reference 7. Each of these 

bodies e x h i b i t s  a  s t rong  spanwise v a r i a t i o n  i n  each o f  the  f l o w  parameters, 

and except f o r  the  cone the re  i s  a  s i g n i f i c a n t  v a r i a t i o n  between body and 

cowl l i p  a t  each spanwise l o c a t i o n .  

Thje de t r imenta l  e f f e c t  t h a t  such f lows can have on engine performance 

can be bead i l y  seen by examining the  v a r i a t i o n  i n  r e l a t i v e  mass f l ow  across 

the  veh ic le  span. For the veh ic le  d isp layed i n  f i g u r e  6, the  mass f l o w  

requirements t o  meet miss ion goals were i n i t i a l l y  based on design center - l ine  

(sur face p lane o f  symmetry) values and engine i n s t a l l a t i o n  across 80 percent  

o f  the body semispan. An examinat ion o f  the  average Inass f l o w  across the  

span o f  these th ree  bodies,as i l l u s t r a t e d  i n  f i g u r e  8, i nd i ca tes  a  25 percent  

d rop -o f f  f rom t h e  c e n t e r - l i n e  design value t o  the  most outboard p o s i t i o n  (80 

percent semispan), and a  corresponding engine performance p o t e n t i a l  rough ly  

25 percent l ess  than t h e  i n i t i a l  design value.  

This i s  n o t  an exact  representa t ion  o f  performance p o t e n t i a l  because 

t h e  shock s tando f f  d is tance increases from the  cen te r - l i ne  out  across the  

span and more i n l e t  capture cou ld  be u t i l i z e d  i f  nons imi la r  modules were em- 

ployed. However, as s t a t e d  e a r l i e r ,  i d e n t i c a l  engine modules was a  ground 

r u l e  f o r  t h i s  study. 



The forebody design procedure based on Newtonian impact angle was used 

t o  c rea te  a geometry w i t h i n  the  forebody volume cons t ra in t s  o f  the  research 

a i r p l a n e .  The spanwise area o f  i n t e r e s t  inc luded 80 percent  o f  t h e  semispan 

and t h e  upstream boundary was detetmined from Mach 10 c r u i s e  cond i t ions .  

Maximum e f f e c t i v e  i n l e t  capture becomes i n c r e a s i n g l y  important  w i t h  i nc reas ing  

Mach number and the re fo re  the  bow shock was taken as t h e  v e r t i c a l  boundary 

a t  the  i n l e t  face. The f l o w  a t  the  i n l e t  f ace  f rom t h i s  forebody design i s  

superimposed ( f i g u r e  9 )  on t h e  prev ious r e s u l t s  f o r  the  ax isynmetr ic  

equ iva len t  (based on c ross-sec t iona l  area d i s t r i b u t i o n )  t o  t h e  research 

a i r p l a n e  forebody. The cross-hatched regions, denote t h e  axisymmetric f o re -  

body r e s u l t s  o f  f i g u r e  8b. Both t h e  spanwise and v e r t i c a l  v a r i a t i o n s  i n  

a l l  parameters are markedly decreased; however, t h e  most graphic improvement 

occurs i n  t h e  a v a i l a b l e  mass f l o w  across t h e  80 percent  semispan o f  i n t e r e s t .  

The average c e n t e r - l i n e  value o f  mass f l o w  f o r  the  t a i l o r e d  forebody i s  

increased by approximately 25 percent over t h a t  o f  t h e  axisymmetric equ iva len t  

even though the  l o c a l  sur face cen te r - l i ne  i n c l i n a t i o n  a t  the  i n l e t  entrance 

i s  10" f o r  both forebodies.  The i n teg ra ted  average mass f l ow  across 80 

percent  o f  the semispan o f  the  t a i l o r e d  forebody i s  approximately 33.5 per- 

cent  h ighe r  than t h a t  o f  t h e  axisylnmetric equ iva len t .  The angle o f  a t t a c k  

of t h e  axisynimetric equ iva len t  could be increased u n t i l  t h e  average center-  

l i n e  values o f  mass f l o w  were equal on the  two forebodies; however, the  

i n t e g r a t e d  average mass f l o w  on the  t a i l o r e d  forebody would s t i l l  be approxi -  

mate ly  7 percent l a r g e r  than the  axisymmetric equ iva len t .  This 

d i f fe rence w i l l  be a m p l i f i e d  by the  increased f l o w  nonun i fo rmi ty  t h a t  i s  

bound t o  occur on the  axisymmetric forebody as t h e  angle o f  a t t a c k  i s  

increased. These comparative advantages o f  t a i l o r e d  forebodies are  s i g n i f i -  



cant;  however, a more o b j e c t i v e  eva lua t i on  o f  t h e  design technique can be 

made by analyz ing i n l e t  entrance f l ows  i n  l i g h t  o f  t h e  forebody design goals 

l i s t e d  on f i g u r e  3. 

Several a l t e r n a t e  designs were generated du r ing  t h i s  study and 

add i t i ona l  f l o w  parameters such as shock s tand-o f f  d is tance and f l o w  a n g u l a r i t y  

were examined t o  assess t h e i r  r e l a t i o n s h i p  t o  the  fo rebody - in le t  i n t e r a c t i o n .  

Three forebodies w i t h  v a r i a t i o n s  i n  f ineness r a t i o  (volume) and cross- 

sec t iona l  shape are  shown i n  f i g u r e  10. As s ta ted  e a r l i e r ,  t h e  forebodies 

presented i n  t h i s  paper are cons t ruc ted  from b i e l l i p t i c  cross-sect ions so t h a t  

the f low f i e l d s  cou ld  be v e r i f i e d  w i t h  three-dimensional c h a r a c t e r i s t i c s  

ca l cu la t i ons  us ing the  method o f  re fe rence 7 .  The major t o  minor a x i s  r a t i o s  

f o r  t h e  lower surfaces o f  forebodies 1, 2, and 3 are 7 ,  3.5, and 2, respec t i ve l y .  

The spanwise c o n t r o l  boundary f o r  each o f  these bodies was a t  80 percent  o f  

the body semispan. The design angle o f  a t tack  was 10" r e l a t i v e  t o  t h e  lower 

surface center  l i n e  and the boundary he igh t  perpendicular  t o  the  sur face was 

taken as the  shock he igh t  a t  t h e  Mach 10 and a = 10" f l i g h t  cond i t ions .  The 

body l i s t e d  as forebody 1 i s  the  same forebody presented i n  f i g u r e  9. The 

f l ow  cond i t i ons  a t  the  i n l e t  face ( c o n t r o l  area)  which are generated by 

these forebodies are shown i n  f i g u r e  11. The spanwise v a r i a t i o n s  o f  each 

parameter a re  smal l  as are t h e  v a r i a t i o n s  from body t o  cowl l i p  (o r  bow 

shock). The magnitudes o f  these v a r i a t i o n s  w i l l  be discussed more f u l l y  

l a t e r  i n  t h e  paper. The main p o i n t  i l l u s t r a t e d  i n  f i g u r e  11 i s  t h e  

c lose s i m i l a r i t y  between these f l ows  even though the  f ineness r a t i o s  and 

cross-sect ional  shapes are  q u i t e  d i f f e r e n t  (e.g. the  average l o c a l  cross-  

sec t iona l  curva ture  of forebody 3 i s  approximately tw ice  t h a t  o f  forebody 

1) .  



A more complete  r e p r e s e n t a t i o n  o f  t h e  f l ow a t  t h e  i n l e t  f a c e  i s  i l l u s t r a t e d  

b y  i n l e t  s t a t i o n  isograms i n  f i g u r e s  12 t h r o u g h  14. These isograms c l e a r l y  

i n d i c a t e  t h e  v a r i a t i o n s  i n  pressure,  l o c a l  Mach number, f l o w  sidewash angle  

r e l a t i v e  mass f l o w ,  as w e l l  as t h e  shock s t a n d - o f f  d i s t a n c e s .  The l a t e r a l  

bound o f  t h e  c o n t r o l  a rea  i s  i n d i c a t e d  i n  each f i g u r e  by a dashed l i n e  normal 

t o  t h e  s u r f a c e .  The maximum pressure  d e v i a t i o n  o v e r  t h e  c o n t r o l  area f o r  a l l  

t h r e e  bod ies  i s  l e s s  t h a n  10 percen t .  The l o c a l  v a l u e s  and g r a d i e n t s  a r e  

s i m i l a r  f o r  each o f  t h e  t h r e e  f o r e b o d i e s .  The maximum Mach number d e v i a t i o n  

i s  5 p e r c e n t  o r  l e s s .  The predominant  f l o w  parameter  i s  mass f l o w  which 

changes i n  d i s t r i b u t i o n  f o r  these f o r e b o d i e s  f r o m  a s l i g h t l y  v e r t i c a l l y  

b i r i d r e a  i i o w  f o r  f o r e ~ o a y  des ign  I t o  a s l i g h t l y  spanwise s t r i a t e d  f l o w  

f o r  fo rebody  d e s i g n  3. The maximum spanwise d e v i a t i o n  i s  l e s s  than  4 p e r c e n t  

f o r  each forebody.  The maximum o v e r a l l  d e v i a t i o n  i n  mass f l o w  i s  10 percent ,  

wh ich  occurs  between body and shock f o r  fo rebody  1. 

The d e v i a t i o n  i n  sidewash f low ang le  o v e r  t h e  c o n t r o l  area c o u l d  a f f e c t  

i n l e t  per formance and t h e  maximum d e v i a t i o n  i s  4 . 5 "  which  occurs  on fo rebody  

3 as expec ted  because o f  i t s  i n c r e a s e d  c r o s s - s e c t i o n a l  c u r v a t u r e .  However. 

t h e  e f f e c t  o f  t h i s  f l o w  a n g u l a r i t y  can be reduced t o  a c c e p t a b l e  l e v e l s  w i t h -  

o u t  a d d i t i o n a l  fo rebody  t a i l o r i n g  because of  t h e  modular  d e s i g n  o f  t h e  sc ramje t .  

F i v e  eng ine  modules were used across t h e  t o t a l  span and i f  each module i s  

a l i g n e d  w i t h  t h e  average d i r e c t i o n  of t h e  f l o w  b e i n g  captured,  t h e n  t h e  

maximum f l o w  a n g u l a r i t y  exper ienced b y  any one module i s  l e s s  than  go. 

However, a sma l l  e x t e r n a l  cowl drag p e n a l t y  i s  i n c u r r e d  when t h e  modules a r e  

c a n t e d  i n b o a r d .  Thus, t h e  optimum o r i e n t a t i o n  o f  t h e  eng ine  modules must 

be determined t h r o u g h  t r a d e - o f f s  between cowl d r a g  and i n l e t  performance. 

Maximum e f f e c t i v e  i n l e t  c a p t u r e  i s  a l s o  a fo rebody  d e s i g n  goa l  and 
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occurs when the forebody bow shock i s  co inc iden t  w i t h  the cowl l i p  f o r  t h e  

i n t e g r a t i o n  concept i n  t h i s  study. Un i fo rmi ty  o f  shock s tand -o f f  d is tance 

i s  the pr imary c r i t e r i o n  o f  m e r i t  i n  achiev ing t h i s  goal w i t h i n  the  i d e n t i c a l  

engine module c o n s t r a i n t .  For  these bodies t h e r e  i s  a  s l i g h t  decrease i n  

shock s tand -o f f  d is tance across the  body semispan w i t h  the  minimum h e i g h t  

occur r ing  a t  t h e  outboard c o n t r o l  area boundary. A l l  th ree  forebodies providec 

approximately 90 percent  e f f e c t i v e  capture of t h e  a v a i l a b l e  precompressed 

flak, when constra ined t o  the  l a r g e s t  constant  he igh t  i n l e t s  t h a t  cou ld  be 

acco~nmodated between the  body and bow shock. 

For the  th ree  forebody designs i l l u s t r a t e d  i n  f igures  12 through 14, 

t h e  shock s tand -o f f  d is tance a t  t h e  design Mach number and angle o f  a t tack  

was approximately equal t o  one-hal f  the  body semispan. Therefore, forebody 

1  w i l l  have h igher  drag due t o  i t s  lower f ineness r a t i o  and the f i n a l  choice 

w i l l  be a  t r a d e - o f f  between aerodynamic and i n l e t  capture e f f i c i e n c i e s .  I n  

t h i s  s tudy the  volume c o n s t r a i n t  tended t o  d r i v e  the  optimum choice toward 

forebody 1. The n e a r l y  l i n e a r  v a r i a t i o n  o f  shock s tand-o f f  d is tance 

w i t h  forebody semispan f o r  these bodies a l so  a l lows r a p i d  est imates o f  i n l e t  

capture e f f i c i e n c y  w i t h i n  moderate changes i n  l o n g i t u d i n a l  engine l oca t i on ,  

which i s  a  key parameter i n  nozz le  i n t e g r a t i o n  ( r e f .  6 ) .  

Off-Design Forebody Flows 

The i n l e t  entrance f l o w  a t  o f f -des ign  f l i g h t  cond i t ions  r e s u l t i n g  from 

t a i l o r e d  forebodies a l so  p lays  an impor tan t  r o l e  i n  the  o v e r a l l  measure o f  

forebody e f fec t i veness  s ince  the  v e h i c l e  must per form e f f i c i e n t l y  a t  Mach 

numbers and angles o f  a t tack  o t h e r  than those encountered a t  c ru i se .  The 

scramjet acce le ra t i on  po r t i ons  o f  the  f l i g h t  envelope o f  t h i s  veh i c le  r e s u l t e d  

i n  approximate forebody angles o f  a t t a c k  o f  6" across the  Mach number range. 



The pr imary f l o w  parameters, l o c a l  Mach number, pressure, and r e l a t i v e  mass 

f l o w  f o r  t h e  th ree  forebodies are presented i n  f i g u r e  15 as f u n c t i o n s  o f  

percent  body semispan f o r  Mach 10 acce lera t ions .  

Again, the  r e l a t i v e  mass f l o w  i s  a  key parameter i n  determin ing forebody 

e f fec t i veness .  The average mass f l o w  f o r  each forebody design was reduced 

because o f  t h e  lower angle of a t tack ;  t he re fo re ,  t h e  r e a l  c r i t e r i a  o f  m e r i t  

are the  v e r t i c a l  and spanwise mass f l o w  v a r i a t i o n s  across the  i n l e t  face. 

A s l i g h t  p o s i t i v e  spanwise g rad ien t  occurs a t  Mach 10 a t  t h e  6" acce le ra t i on  

angle o f  a t t a c k .  Th is  i s  most no t i ceab le  i n  the  sur face values fo r  forebody 

1; however, the maximum spanwise v a r i a t i o n  f o r  each forebody occurs near 

t h e  80 percent  semispan l o c a t i o n  and dev ia tes  l e s s  than 6 percent  from the 

c e n t e r - l i n e  value. These grad ien ts  a re  s l i g h t l y  p o s i t i v e  i n  con t ras t  t o  t h e  

l a r g e  negat ive grad ien ts  shown f o r  t h e  axisymmetric bodies i n  f i g u r e  8. 

The s l i g h t  p o s i t i v e  grad ien ts  could be b e n e f i c i a l  i f  an increase i n  f u e l  

schedul ing complex i ty  were acceptable. The v e r t i c a l  g rad ien ts  i n  mass f l o w  

are  almost i d e n t i c a l  w i t h  those shown i n  f i g u r e  11 f o r  the c r u i s e  cond i t ions  

and are w i t h i n  the  design goals.  

The v a r i a t i o n s  i n  i n l e t  f l ow  cond i t i ons  w i t h  f l i g h t  Mach number are  

shown f o r  forebody 1  i n  f i g u r e  16. The same th ree  f l o w  parameters are again 

presented as t h e  bas i c  measure o f  m e r i t  f o r  Mach numbers 4, 6, and 8  a t  

acce le ra t i on  angles of a t tack .  A t  the  lower Mach number, a  negat ive spanwise 

g rad ien t  i n  bo th  pressure and r e l a t i v e  mass f l o w  occurs s l i g h t l y  inboard 

of t h e  80 percent  senlispan c o n t r o l  boundary. However, the spanwise grad ien ts  

shown i n  f i g u r e  16 from Mach 4 t o  Mach 8  a r e  l ess  than the v e r t i c a l  g rad ien t  

il: mass f l o w  f o r  forebody 1  a t  c r u i s e  design cond i t i ons .  The magnitudes of 

these off-design v a r i a t i o n s  are w i t h i n  t h e  i n i t i a l  forebody design goals. 
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FUTURE STUDY AREAS 

The r e s u l t s  o f  t h i s  study represent  a f i r s t  s tep i n  developing t h e  

technology base necessary t o  e f f i c i e n t l y  i n t e g r a t e  scramjets w i t h  the  

veh ic le  a i r f rame by i d e n t i f y i n g  some major t rends r e s u l t i n g  from forebody- 

i n l e t - a i r f r a m e  i n t e r a c t i o n s .  However, much remains t o  be done be fo re  

optimum i n t e g r a t i o n  can r e a l i s t i c a l l y  be achieved. L i s t e d  below are some 

fo rebody- in le t  i tems which are amenable t o  s t a t e - o f - t h e - a r t  a n a l y t i c  tech2 

niques and are c u r r e n t l y  under i n v e s t i g a t i o n .  

(1 )  The e f f e c t s  o f  boundary - layer displacement and o the r  viscous : 

ef fects must be inc luded i n  the  forebody t a i l o r i n g  scheme. 

( 2 )  The e f f e c t  o f  veh i c le  yaw on forebody f l o w  f i e l d s  must be assessed. 

( 3 )  Forebodies employing hard chines a t  maximum span should pe rm i t  

the  h ighest  percent  span u t i l i z a t i o n  and should be inc luded i n  a n a l y t i c  capa- 

b i l i t y .  

(4) A t  lower Mach numbers, more exact techniques f o r  determin ing the  

forebody i n f l uence  boundaries must be app l ied  f o r  sidemounted i n l e t s  o r  

i n l e t s  which are s i g n i f i c a n t l y  d isp laced from the  v e h i c l e  surface. 

CONCLUDING REMARKS 

The geometric shape o f  forebodies on h i g h l y  i n t e g r a t e d  hypersonic 

veh ic les  has a s i g n i f i c a n t  e f f e c t  on t h e  o v e r a l l  veh i c le  performance. When 

the  f l ow  a t  the  i n l e t  entrance has been un i fo rm ly  precompressed, t h e  engine 

s ize,  weight, and drag can be more e a s i l y  minimized. I n  add i t i on ,  un i fo rm 

f low has a b e n e f i c i a l  e f f e c t  on t h e  r e q u i r e d  complexi t ies i n  i n l e t  design 

and f u e l  schedul ing between engine modules. 



A forebody design procedure has been developed t o  generate surfaces 

which produce n e a r l y  un i fo rm f l ows  a t  t h e  entrance of bottom mounted i n l e t s .  

The procedure has been v e r i f i e d  i n  a v e h i c l e  design s tudy  where several 

forebodies were generated which e x h i b i t e d  minimum v a r i a t i o n s  i n  key f l o w  

parameters b o t h  across the  v e h i c l e  span and across t h e  shock l a y e r .  The bow 

shock s tand -o f f  d is tance i s  a l so  rendered n e a r l y  u n i f o n  so t h a t  a t  hypersonic 

c r u i s e  cond i t i ons  a near-maximum e f f e c t i v e  i n l e t  capture schedule can be 

achieved. Flow a n g u l a r i t i e s  were examined, and a l though they were n o t  nu l led ,  

they were found t o  be o f  acceptable l e v e l s  ( l e s s  than across any s i n g l e  

engine module en~ployed i n  the  design study) .  The bas i c  na ture  o f  t h e  forebody 

<ln. - , V W  i j  i ~ ~ a i r ~ i a i n e d  across the  normal scramjet p o r t i o n  o f  t h e  design v e h i c l e  f l i g h t  

envelope which i nc luded  a Mach number range from 4 t o  10 and angles o f  a t t a c k  

from 6' t o  10". 

These s tud ies  i n d i c a t e  t h a t  good i n l e t  f low can be achieved by t a i l o r i n g  

o n l y  the  p o r t i o n  o f  t h e  v e h i c l e  surface which has d i r e c t  i n f l u e n c e  upon t h e  

i n l e t  capture area. Therefore, reasonable geometries can be generated t o  

meet c o n s t r a i n t s  which a r e  imposed by o ther  d i s c i p l i n e s  such as aerodynamics, 

s t ruc tu res ,  and i n t e r n a l  systems. 
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Figure 1 .- Required i n l e t  capture.  
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F i g u r e  3.- F o r e b o d y  d e s i g n  g o a l s .  
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F i g u r e  4.- R e l a t i o n  between body geometry and wind v e c t o r  f o r  Newtonian impact  a n g l e .  
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F igure  5.- Geometry d e f i n i t i o n  f o r  b i e l l i p t i c  forebody design 
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Figure 6 . -  Basic elements o f  h i g h  speed research airplane (HSRA) 



Figure  7.- Volumetr ic  requirements o f  t he  h i g h  speed research a i r p l a n e  (HSRA) forebody 
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F i g u r e  8.- Comparison of f l ow a t  t h e  i n l e t  en t rance  generated by ax isymmet r i c  
a l t e r n a t i v e s  t o  t h e  H igh  Speed Research A i r p l a n e  foretrody, 
Mm = 10, cr = l o o  
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F igure  9.- Comparison o f  i n l e t  entrance f low condi t ions between constant 
Newtonian impact angle  forebody and i t s  a x i s m e t r i c  e q u i v a l e n t .  



Figure 10.- Forebody designs producing uniform precompressed flow a t  the 
i n l e t  entrance. 
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F igu re  11.- Flow cond i t ions  a t  t he  i n l e t  f o r  t h ree  forebody designs a t  
Mach 10 w i t h  10' of precompression 



Figure 12.- Flow isograms at the inlet entrance produced by forebody 1 at 
Mach 10 and a = 10' 
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Figure 13.- Flow isograms a t  the i n l e t  entrance produced by forebody 2 a t  
Mach 10 and a = 10'. 



AREA BOUiiUARY 

Figure 14.- Flow isograms at the i n l e t  entrance produced by forebody 3 a t  
Mach 10 and CY = 10' 
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Figure 15. - Inlet entrance flow conditions corresponding to acceleration 
angle-of-attack (a=6") at Mach 10. 
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F i g u r e  16.- Of f -des ign f l o w  a t  t h e  i n l e t  en t rance  produced by fo rebody  1 a t  
a c c e l e r a t i o n  ang le -o f - a t t ack  (a=6") 


