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ABSTRACT, 

The solution of the steady three-dimensional inviscid flow about supersonic 

blunt cones at an angle of attack is obtained by coupling a direct time-dependent 

. solution for  the subsonic portion of the shock layer with a steady state numerical 

afterbody solution. An outline is given covering the coupling scheme and the 

use of the resulting Fortran computer code. 
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FOREWORD 

This report compiles the work of G. Moretti, M. J. Abbett, G. Bleich, 

and R. Fort done under a Sandia contract (No. 48-4014). 'i'he aim of the contract 

was to develop a Fortran program which would determine .the flow over a blunted 

cone in  supersonic flow at an angle of attack. The contents of this report, developed 

iq three sequential s tagesfrom ~ e b r u a r ~ ' l 9 6 6  to July 1968, art! prtsei~tecl hcrc 

in a set of three volumes. Volume I, entitled "A Numerical Technique for the 

Three-Dimensional Blunt-Body Problem, I '  develops the technique for handling 

three-dimensional flows. It includes a numerical ~rlodel (cylindrical coordinates) 

for the nose region of a blunt body at an angle of attack. Upon using the resulting 

Fortran program it  was found that the predicted pressure distributions were not 

accurate enough and the geometry of the downstream output surface ,was not easily 

adaptable to provide starting data for downstream supersonic solutions. In order 

to alleviate these problems, flow equations were re-derived using polar coordinates. 

 he reason for choosing the polar coordinate system is discussed in Volume 

I., "Improved Time-Dependent Techniques for the Blunt-Body Problem. " A 

mathematical outline for this development is given. The resulting polar frame 

flow field does indeed improve the accuracy of the resulting'flow properties and 

provides an output surface which can easily be used to start  the downstream 

supersonic solution. 

The development of the combined blunt body-afterbody solution is given in 

Volume DI. This is entitled "Coupled Subsonic and Supe~.sonic Frogr ams for Inviscid 
I t  Three-Dimensional Flow. In this volume the blunt-body soluti'on is lined with 

a,solution for the three-dimensional supersonic afterbody flow. It will calculate the 

flow over a blunted cone at an angle of attack. The solution, can be extended down- 

stream to approximately 20 to 30 nose radii and takes 40 to 60 minutes of CDC 3600 

computer time depending on the body geometry and mesh spacing. 

Roger R. Eaton - 9341 . 



SUMMARY 

The three-dimensional ideal gas flow in the shock layer of a blunted super- 

sonic cone at an angle of attack i s  calculated using two asymptotic solutions. The 

first solution calculates the steady state flow in the subsonic nose region by ob- 

taining a time-dependent solution of the hyperbolic equations using numerical 

techniques. Internal, nonboundary points are  calculated using a Lax-Wendroff 

numerical type technique. Boundary points, shock and body surface, a re  com- 

puted using a time-dependent method of characteristics. When a steady state 

solution is  reached the flow properties on a surface of constant 6,  (where the 

Mach number is everywhere > 1) are used for initial data for the afterbody solution. 

The afterbody solution, using polar coordinates (r, 6, 4 )  assumes at r an 
0 

arbitrary set of initial conditions provided by the nose region solution and computes 

the downstream flow as  a function of 8,4, and r until an asymptotic state inde- 

pendent of r develops. The interior mesh points a re  again calculated using a Lax- 

Wendroff type technique and the boundary points by a method of characteristics. 

This report covers the coupling of the time-dependent and radius (r) de- 

pendent solutions. Instructions a re  given for the operation of the resulting 

Fortran code. The type of input data required i s  detailed and sample output i s  

provided. Output data i s  given in two sets of coordinates. One is wind orientated; 

the other set is given in body orientated coordinates; The analytical transform- 

ation from one coordinate system to the other i s  given. 

iii 
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NOMENCLATURE 

s p e c i f i c  hea t  a t  constant  volume 

reference length 

d i s t ance  from-the o r ig in  of the  wind-oriented 
b lun t  body coordinate system t o  t h e  cone apex 

Mach number 

pressure  

rad ius  of t he  sphere 

b l u n t  body wind-oriented sphe r i ca l  po la r  
coordinate  system 

body-oriented sphe r i ca l  po la r  coordinate system wi th  
o r i g i n  a t  cone apex 

value of R on cone i n i t i a l  da t a  surface 

entropy 

time 

ve loc i ty  components i n  t he  ( r ,B ,@)  coordinate  system 

ve loc i ty  components i n  t h e  (R,@,@) ccordinate  system 

- - -  - - -  
( u ~ v ~ w )  ve loc i ty  components i n  t h e  ( ~ , y ,  Z) coordinate  system 

( u 2 # v 2 #  ve loc i ty  components i n  the  (x  z ) coordinate  system 
2'Y2' 2 

W2 ) 

XO d i s t ance  from e l l i p s o i d  (sphere)  cen te r  o r  paraboloid 
foca l  po in t  t o  the  cen te r  of t h e  (r,B,cp) coordinate  
system 



- - -  
( x , Y # z )  wind-oriented Cartes ian coordinate system whose 

o r i g i n   coincide,^ with t h a t  of t h e  ( r , @ , q )  system 

( ~ ~ ~ y ~ ~ z ~ )  body-oriented Car tes ian  frame centered a t  the  
cone apex 

a angle  of a t t a c k  

8 cone half-angle  

€ 
5 

parameter used f o r  determining (c) 
SHOCK 

parameter used f o r  determining the  i n i t i a l  cone 
da ta  sur face  ( R i  = (l+€ )Rimin) 

6 

Y r a t i o  of s p e c i f i c  hea t s  

IJ v i scos i ty  c o e f f i c i e n t  

P dens i ty  



I. INTRODUCTION 

I n  t h i s  r e p o r t  w e  are concerned wi th  t h e  numerical  compu- 

t a t i o n  of  t h e  i n v i s c i d  f low p a s t  a  b l u n t  nosed cone. The prob- 

l e m  i s  r e s t r i c t e d  i n  t h e  fo l lowing wayst 

body : axisymmetric 

b lun ted  nose fol lowed by a r i g h t  c i r c u l a r  cone* 

cone t i p  i s  an e l l i p s o i d  (sphere)  o r  paraboloid  
of  r e v o l u t i o n  

cont inuous  s l o p e  

g a s  : t he rmal ly  and c a l o r i c a l l y  p e r f e c t  

c o n s t a n t  s p e c i f i c  h e a t  r a t i o  

i n v i s c i d  (Euler  equa t ions )  

uniform 

aerodynamic: body f l i g h t  speed i s  superson ic  and s t eady  

ang le  of a t t a c k  n o t  t o o  l ' z g e  

F i g u r e  1 i l l u s t r a t e s  t h e  e s s e n t i a l  c h a r a c t e r i s t i c s  o f  t h e  

problem. The b l u n t n e s s  e f f e c t  r e s u l t s  i n  t h e  bow shock b e i n g  
- 

detached from t h e  nose (on t h e  s c a l e  be ing  cons ide red) .  A r e g i o n  

o f  subsonic  f low e x i s t s  i n  t h e  b i c i n i t y  of  t h e  nose where t h e  
I 

* The s o l u t i o n  i s  n o t  cont inued downstream of t h e  b a s e  of t h e  cone. 



Euler  equa t ions  are e l l i p t i c  i n  n a t u r e  and t h e  p roper ly  set 

problem i s  of  t h e  boundary va lue  t y p e  ( f o r  a  s t e a d y  f low) .  Some- 

what downstream ( a s  long a s  t h e  ang le  of a t t a c k  i s  not  t o o  l a r g e  

and t h e  Mach number i s  n o t  t o o  low) t h e  f low becomes e n t i r e l y  

superson ic ,  t h e  Euler  equa t ions  are h y p e r b o l i c ,  and t h e  i n i t i a l  

value-boundary v a l u e  t y p e  o f  fo rmula t ion  i s  a p p r o p r i a t e .  Because 

of  t h e  d i f f e r e n t  mathematical  and p h y s i c a l  n a t u r e  of t h e  two 

r e g i o n s  (but  p r i m a r i l y  because  of  t h e  mathematical  d i f f e r e n c e ) ,  

t h e  u s u a l  procedure  h a s  been t o  s p l i t  t h e  problem i n t o  two p i e c e s  

which o v e r l a p  where t h e  f low i s  t r a n s o n i c  (M - 1 b u t  a l s o  M > 1). 

I f  t h e  f low i s  two-dimensional o r  ax i symne t r i ca l ,  t h e r e  

a r e  good ways t o  compute b o t h  t h e  subsonic  and superson ic  r e g i o n s ,  

The subsonic  r e g i o n  can b e  handled i n  a  number of  ways, t h e  most 

s u c c e s s f u l  b e i n g  t h e  unsteady d i r e c t  method.* Th i s  s e t h o d ,  i n  

which the steady s o l u t i o n  i s  considered  t o  be the asynptctic t i m e  

l i m i t  o f  an uns teady f low w i t h  s t e a d y  boundary c a n d i t i o n s ,  h a s  

proven t o  b e  p a r t i c u l a r l y  s u c c e s s f u l  s i n c e  one can be c e r t a i n  

t h a t  a s  t h e  mesh s i z e  d e c r e a s e s ,  t h e  numerica l  s o l u t i o n  ~f  t 3 e  

d i f f e r e n c e  e q u a t i o n s ,  p rov id ing  t h e y  s a t i s f y  c e r t a i n  p r o p e r t i e s ,  

* I n  t h e  d i r e c t  problem, t h e  body shape i s  s p e c i f i e d  and t h e  shock 
shape i s  found. I n  t h e  i n d i r e c t  problem, one f i ~ d s  t h e  body which 
corresponds  t o  a  g iven  shock shape;  t h e n  t h e  r e q u i r e d  shock f o r  a  
g iven  body i s  determined by an i t e r a t i o n  procedure ,  



converges t o  t h e  s o l u t i o n  of  t h e  Euler  equations.* Usually t h e  

method of c h a r a c t e r i s t i c s  i s  used t o  compute t h e  supersonic  

r e g i o n  s i n c e  it i s  t h e  most a c c u r a t e  numerical  f i n i t e  d i f f e r e n c e  

technique  f o r  two-dimensional o r  axisymrnetric supersonic  flows. 

The pa tch ing  of  t h e  two r e g i o n s  does no t  p r e s e n t  any p a r t i c u l a r l y  

e x c r u c i a t i n g  problem. 

I n  t h e  c a s e  of  three-dimensional  superson ic  b l u n t  body 

f lows,  t h e  s i t u a t i o n  i s  cons ide rab ly  worse, t h e . b e s t  s o l u t i o n  

again  being based on t h e  unsteady method. 2** I n  t h e  supersonic  

r e g i o n ,  t h e  method of  c h a r a c t e r i s t i c s  can be  used,  though none 

o f  t h e  c u r r e n t l y  developed d i f f e r e n c i n g  schemes i s  completely 

Lcceptable. However, i.n 1965 Mnretti3 developed a t echn ique  

* Though t h i s  h a s  no t  been proven,  t h e r e  i s  every reason  t o  
b e l i e v e  t h a t  " c e r t a i n "  i s  a j u s t i f i a b l e  word. 

** 
2) S u s e r s c r i p t s  r e f e r .  t o  r e f e r e n c e s  l i s t e d  a t  t h e  end of  

t h e  r e p o r t  , 



f o r  computing t h e  three-dimensional  supersonic  i n v i s c i d  f low 

over a  r i g h t  c i r c u l a r  cone a t  an angle  of  a t t ack .*  Th i s  

t echn ique  can be used ve ry  w e l l  t o  analyze  t h e  superson ic  f low 

region of a b lun ted  r i g h t  c i r c u l a r  cone a t  an ang le  o f  a t t a c k .  

T h i s  i s  a r e p o r t  o n t h e  coupl ing  o f  t h e  th ree -d inens iona l  

b l u n t  body s o l u t i o n  of M o r e t t i  and Bleich** w i t h  M a r e t t f ' s  

cone a t  an  angle  of  a t t a c k  s o l u t i o n .  With t h e  r e s u l t i n g  code 

one can compute t h e  complete i n v i s c i d  f low over a  b lun ted  cone 

a t  an a n g l e  of a t t a c k .  

Before going i n t o  t h e  d e t a i l s  o f  t h e  coupl ing ,  it i s  

d e s i r a b l e  t o  have a b r i e f  review of t h e  ana lyses  of  t h e  s o l u t i o n  

t n  he used f o r  t h e  b l u n t  body and t h e  cone a t  ang le  of  a t t a c k  

problems. This  i s  done i n  S e c t i o n  11, DIRECTION. I n  S e c t i o n  

I11 a r e  t h e  a n a l y s e s  of t h e  coupl ing  and p e r t i n e n t  comments 

* A c t u a l l y ,  t h e  t e c h n i q u e  i s  n o t  r e s t r i c t e d  t o  r i g h t  c i r c u l a r  
cones b u t  i s  a p p l i c a b l e  t o  g e n e r a l  three-dimensional  smooth 
b o d i e s  having a p r e f e r r e d  d i r e c t i o n  i n  which t h e  f low component 
i s  supersonic .  I n  f a c t ,  it h a s  r e c e n t l y  been a p p l i e d  a t  GASL 
t o  o b t a i n  t h e  s o l u t i o n  of  t h e  i n v i s c i d  f low about  non-c i rcular  
quas i -con ica l  b o d i e s  a t  ang le  o f  a t t a c k .  

** Actua l ly  a  m o d i f i c a t i o n  of  t h e  computer program; s e e  Ref. 4. 



about  t h e  assumptions and r e s t r i c t i o n s  of t h e  a n a l y s i s  and computer 

codes. R e s u l t s  are given i n  Sec t ion  I V  along w i t h  a  d i s c u s s i o n  o f '  

t h e i r  s i g n i f i c a n c e ,  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  t h e  accuracy of 

t h e  s o l u t i o n .  For t h o s e  who would l i k e  t o  u s e  the code, an 

appendix i s  inc luded i n  which i n s t r u c t i o n s  and advice  a r e  given.  



11. DIRECTION* 

S ince  t h e  b l u n t  body s o l u t i o n  comes "before"  t h e  a f t e rbody  

s o l u t i o n ,  l e t ' s  d i s c u s s  it f i r s t .  We are concerned now w i t h  g e t t i n g  

a  good p i c t u r e  of  t h e  a n a l y s i s  used by More t t i  and Ble ich  t o  o b t a i n  

t h e  s o l u t i o n  of t h e  s t eady ,  i n v i s c i d  f low i n  t h e  nose r e g i o n  of an 

axisynunetr ic  b l u n t  body a t  an ang le  of a t t a c k .  

A s  p r e v i o u s l y  mentioned, i n  r e g i o n s  of  s ~ b s o n i c  f low, t h e  

s t e a d y  E u l e q , , - e ~ u a t i o n s - a r e  e l l i p t i c  and l ead  tu bocl:ld€a-y V ~ U C  

t y p e  problems. The boundary, i n  t h i s  c a s e ,  i s  composed of t h e  

body s u r f  a c e ,  t h e  s o n i c  s u r f  ace  (i . e ,  , t h e  's t i r  face crl! w l i i ~ l n  the 

f l u i d  v e l o c i t y  e q u a l s  t h e  l o c a l  sound v e l o c i t y ) ,  and t h e  detached 

bow shock wave. Unfor tuna te ly ,  n e i t h e r  t h e  shock wave shape nor 

t h e  s o n i c  s u r f a c e  shape a r e  known, a p r i o r i ,  s o  one i s  faced 

w i t h  s o l v i n g  a  th ree -d imens iona l  non l inea r  e l l i p t i c  boundary -- --- 
v a l u e  problem w i t h  f r e e  boundaries,,  . The manner i n  which t h i s  

problem was conquered was by a  d i v e r s i o n a r y  t a c t i c ;  t h e  s t eady  

f low was considered  t o  b e  t h e  asymptot ic  t i m e  i ixz i t  o f  an unsteady 

* I n  t h i s  r e p o r t  when r e f e r r i n g  t o  t h e  s o l u t i o n  of t h e  b l a n t  body 
problem and t h e  c o n i c a l  a f t e rbody  problem, we w i l l  always re.fer  
t h e  b l u n t  body s o l u t i o n  t o  a  s p h e r i c a l  p o l a r  c o o r d i n a t e  system 
( r ,  8, q )  w i t h  lower c a s e  l e t t e r s  and t h e  c o n i c a l  a f t e rbody  
s o l u t i o n  t o  a  s p h e r i c a l  p o l a r  c o o r d i n a t e  system (2 ,  .O, a) w i t h  
upper c a s e  l e t t e r s .  



flow. The reason  f o r  in t roduc ing  t h e  a d d i t i o n a l  coord ina te  

( four  independent v a r i a b l e s  i n s t e a d  of t h r e e )  i s  t h a t  t h e  un- 

s t e a d ~ u ~ ~ r ~ o n s  are hyperbo l i c  and lead  t o  i n i t i a l  value-  -.-. -- - 
boundary va lue  formula t ions .  The mathematical  and numerical  

t r ea tmen t  of such i n i t i a l  v a l u e  problems i s  i n  a  b e t t e r  s t a t e  

of development t h a n  it i s  f o r  e l l i p t i c  boundary va lue  problems, 

and t h e r e  a r e  s e v e r a l  ways of  formula t ing  a f i n i t e  d i f f e r e n c e  

r e p r e s e n t a t i o n  of  t h e  i n i t i a l  va lue  problem which a r e  amenable 

t o  numerical  computation. 

The main p o i n t  of  t h e  a n a l y s i s  under d i s c u s s i o n  i s  t h a t  

t h e  flow f i e l d  is  d iv ided  i n t o  t h r e e  r e g i o n s ;  t h e  shock wave, 

t h e  body s t ream s u r f a c e ,  and t h e  i n t e r i o r  .flow, inc lud ing  a l l  

o f  t h e  subsonic  and a p a r t  o f  t h e  superson ic  flow. Thus, t h e  

domain of  i n t e r e s t  i s  extended beyond t h e  s t eady  s t a t e  ' s o n i c  

s u r f a c e ' .  For a  d iscuss iorr  of  t h i s  p o i n t  see References 1, 2 

and 4 (F igure  2 ) .  

Assuming t h e  f low i n  t h e  nose r e g i o n  t o  b e  completely 

known a t  a  t i m e  t t h e  f low a t  a l a t e r  t i m e ,  tl = t + ~ t ,  i s  
0 ' 0 

obta ined a s  fo l lows.  I n  t h e  i n t e r i o r  r e g i o n  t h e  dependent 



v a r i a b l e s  are expanded i n  a  Tay lo r  s e r i e s  i n  t i n e  c e n t e r e d  a t  t . 
0 

Terms th rough  t h e  second o r d e r  are k e p t ,  l e a d i n g  t o  a cond i t i on -  

a l l y  s t a b l e  numer i ca l  scheme. The f i r s t  o r d e r  t i m e  d e r i v a t i v e s  

a r e  computed d i r e c t l y  from t h e  Eu le r  e q u a t i o n s .  The second 

o r d e r  t e r m s  a r e  o b t a i n e d  by d i f f e r e n t i a t i ~ g  t h e  Euler e q u a t i o n s  

w i t h  r e s p e c t  t o  t i m e .  When t h i s  i s  done,  n ixed  d e r i v a t i v e s  i n -  

v o l v i n g  t i m e  and one o f  t h e  space  c o o r d i n a t e s  a l s o  appear .  These 

mixed t ime-space  d e r i v a t i v e s  a r e  e v a l u a t e d  by d i f f e r e n t i a t i n g  

the E u l e r  e q u a t i o n s  w i t h  r e s p e c t  t o  t h a t  p a r t i c u l a r  space  v a r i -  

able. A t  t h e  shock and body p o i n t s  a  c l e v e r  c k a r a c t e r i s t i c  

method i s  used.  For f u r t h e r  d e t a i l s  o f  t h e  method o f  s s l u t i o n ,  

s e e  R e f e r e n c e s  1 and 2 ,  However, a coup le  of  eoments  are now 

i n  order . .  

Note t h a t  t h e  Tay lo r  s e r i e s  expans ion  i s  n o t  done on 

5-7 t h e  d i v e r g e n c e  form of t h e  Euler  equations. ' i ' l~io c!zould not 

b e  a  c a u s e  o f  worry s i n c e  t h e  v i r t u e  o f  t h e  d i v e r g e n c e  f c r n  i s  

i n  computing f lows  w i t h  d i s c o n t i n u i t i e s .  I n  k%at c a s e ,  t h e  

d i v e r g e n c e  form h a s  t h e  v i r t u e  o f  c o n c e n t r a t i ~ g  the  r e g i o n  of 

r a p i d ' c h a n g e  ove r  a  few mesh w i d t h s  w h i l e  main ta i r i ing  a  h i g h  

l e v e l  o f  accu racy  ( r e l a t i v e  t o  o t h e r  mesh d i f f e r e n c e  scliemes). 

S i n c e  t h e  c u r r e n t  a n a l y s i s  t r e a t s  t h e  shock a s  a  d i s c o n t i n u i t y ,  



it i s  n o t  necessary  t o  b e  p a r t i c u l a r l y  i n s i s t e n t  about  us ing t h e  

d ivergence  form of t h e  equat ions .  

The second p o i n t  t o  emphasize i s  t h a t  on t h e  e n t i r e  

o u t e r  boundary s u r f a c e  between t h e  shock and t h e  body, t h e  f low 

must b e  supersonic .  Th i s  i s  necessary  i n  o rde r  t o  o b t a i n  t h e  

b l u n t  body ( i n  a d d i t i o n ,  a s  w i l l  b e  shown below, 

it i s  necessary  i n  o r d e r  t o  couple  t h e  b l u n t  body s o l u t i o n  w i t h  

t h a t  o f  t h e  cone a t  an ang le  of a t t a c k ) .  

So now we a r r i v e  a t  t h e  d i s c u s s i o n  o f  t h e  a n a l y s i s  f o r  

t h e  superson ic  f low about  a  po in ted  cone a t  an angle  o f  a t t a c k  

and i t s  r e l a t i o n s h i p  t o  t h e  c u r r e n t  problem. The s t eady  in -  

v i s c i d  superson ic  f low about  a  po in ted  cone i s  con ica l .  Th i s  

enab les  one t o  e l i m i n a t e  one c o o r d i n a t e  i n  a  s p h e r i c a l  p o l a r  

c o o r d i n a t e  system (R,  0, 4) cen te red  a t  t h e  cone apex, t h e  

" ignorab le"  c o o r d i n a t e  be ing  t h e  r a d i a l  one. The Euler  equa t ions  

t h e n  a r e  cons ide rab ly  s i m p l i f i e d  and, i f  t h e  ang le  o f  a t t a c k  i s  

n o t  t o o  l a r g e ,  are e l l i p t i c  throughout  i n  t h e  two remaining i n -  

dependent v a r i a b l e s .  Again, w e  are faced w i t h  an e l l i p t i c  

boundary va lue  problem w i t h  a f r e e  boundary, t h e  shock. To 

make m a t t e r s  worse,  t h e r e  are two s i n g u l a r i t i e s  (on t h e  body i n  

t h e  windward and leeward symmetry p l a n e s )  and a "6xt . ical  



l a y e r  near  t h e  cone s u r f a c e .  The windward s i n g u l a r i t y  causes  no 

t r o u b l e ,  b u t  t h e  leeward s i n g u l a r i t y  and t h e  v o r t i c a l  l a y e r  are 

sources  o f  b i g  a n a l y t i c  d i f f i c u l t i e s .  The r e s u l t  i s  t h a t  t h i s  

problem, even a t  smal l  a n g l e s  of a t t a c k ,  h a s  no t  been so lved ,  

though many people  have made impor tant  c o n t r i b u t i o n s  t o  t h e  

problem. . 

I n  1965. N o r e t t i  f i r s t  pubPishcd* t h e  r e s u l t s  of an 

a n a l y s i s  which, though it does n o t . s o 2 v e  t h e  problem of t h e  

s i n g u l a r i t i e s ,  enab les  one t o  o b t a i n  a  s o l u t i o n  i n  t h e  e n t i r e  

f low f i e l d ,  excep t  i n  a  neighborhood of  t h e  leeward s i n g u l a r i t y . * *  

Because of  t h e  p a r t i c u l a r  n a t u r e  o f  t h e  leeward s i n g u l a r i t y ,  

M o r e t t i  was a b l e  t o  i g n o r e  it whi le  s t i l l  be ing  a b l e  t o  g e t  a s  

a c c u r a t e  a  s o l u t i o n  a s  d e s i r e d ,  w i t h i n  any g iven  d i s t a n c e  of  t h e  

s i n g u l a r i t y ,  by j u s t  r e f i n i n g  t h e  mesh.** The i d e a  i s  a  c h i l d  

of  t h a t  used t o  s o l v e  t h e  b l u n t  body problem: f a r  g e n e r a l  

non l inea r  problems,.  i n i t i a l  va lue  fo rmula t ions  a r e  o f t e n  nore  

* A s  o f t e n  happens,  t h e r e  i s  t h e  Sov ie t  c o c n t e r p a r t  t o  t h i s  
work. 8 

** Of course ,  t h e r e  are p r a c t i c a l  l i m i t a t i o n s  on t h e  r e f i n e -  
ment o f  t h e  mesh; e.g. computer memory and speed l i m i t a t i o n s .  
The g r o s s  r . e s u l t  i s  t h a t  t h e  person w i t h  o r d i n a r y  monetary and 
computing r e s o u r c e s  cannot  g e t  t h e  c o r r e c t  ent ropy d i s t r i b u t i o n  
n e a r .  t h e  body. 



des i rab le  (read solvable)  than those of t h e  boundary value type. 

Since t h e  flow i s  supersonic,  the  Euler equations a r e  hyperbolic 

with respect .  t o  t h e  r a d i a l  coordinate.  So, why not g e t  t h e  

conical  so lu t ion  a s  t h e  l i m i t ,  i n  R, of' a nonconical flow? 

That i s ,  we eliminated R t o  simplify t he  equations,  so  now put 

it back i n  so we can solve.them! And t h a t  i a  what Morett i  did.  

He divided t h e  shock layer  i n t o  t h r e e  p a r t s ;  t he  shock, t h e  

body stream sur face ,  and t h e  region between. The asymptotic 

so lu t ion  i s  obtained by marching from one constant R sur face  t o  

another. A t  each constant R surface,  t h e  region between t h e  

shock and t h e  body i s  covered by a cu rv i l i nea r  mesh i n  t h e  

(0, 4) coordinates.  The so lu t ion  for  t h e  i n t e r i o r  region i s  

obtained by expanding t h e  dependent va r i ab l e s  i n  a Taylor 

s e r i e s  i n  R. A t  t h e  shock and body poin ts  a method of charac- 

b e r i s t i c s  i s  used. 

The obvious quest ions  are8 where does one s t a r t ?  how 

a r e  t h e  i n i t i a l  condi t ions  obtained? The f i r s t  p a r t  i s  

s t ra ightforward;  t h e  flow i s  inv i sc id ,  so  t h e  length sca l e  

i s  e s s e n t i a l l y  a r b i t r a r y  and, so long a s  only t h e  conica l  

s o 1 u t i o n . i ~  of i n t e r e s t ,  it i s  only necessary t o  go f a r  enough 

downstream (from some i n i t i a l  d a t a  surface)  t o  g e t  t h e  desired 
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111. ANALYSIS 

A. General  Comments, w i t h  P a r t i c u l a r . A t t e n t i o n  t o  
.Layers and S i n q u l a r i t i e s  

I t  h a s  been mentioned t h a t  we a r e  concerned on ly  w i t h  

i n v i s c i d  flows. However, i t  should b e  noted t h a t  for  given 

Reynolds and Mach numbers, a f l o w  may be s a t i ~ f a e t o r i l y  treated 

a s  i n v i s c i d  f o r  z e r o  a n g l e  o f  a t t a c k  and f o r  smal l  ang le  of 

a t t a c k ,  b u t  n o t  fox l a r g e r  a n y l e s  u f  a t t a c k .  Of courcc ,  t h e  

q u e s t i o n  i s ,  what makes t h e  a n g l e  of a t t a c k  l a r g e 3  And t h e  

answer i s  a  f u n c t i o n  o f  many v a r i a b l e s ,  b u t  p r i m a r i l y  t h e  cone 

semi-angle and t h e  f r e e  s t ream Mach and Reynolds numbers (based 

on t h e  t y p i c a l  nose r a d i u s )  i n  t h e  c u r r e n t  case .  With t h i s  

o b l i q u e  warning,  v i scous  e f f e c t s  w i l l  n o t  b e  subsequent ly  men- 

t i o n e d .  

There a r e  two p o i n t s  t o  b e  cons idered  w i t h  r e s p e c t  

t o  t h e  i n v i s c i d  s o l u t i o n ,  and they invo lve  t h e  ent ropy behavior  

n e a r  t h e  body and t h e  b lun tness - l eng th  r a t i o .  .The ent ropy l a y e r  

and leeward s i n g u l a r i t y  a r e  what make ' the  po in ted  cone a t  an 

a n g l e  o f  a t t a c k  such a  d i f f i c u l t  problem. M o r e t t i  so lved ,  i n  

p r ' i nc ip le ,*  t h e  l a y e r  and bypassed t h e  s i n g u l a r i t y  i n  o b t a i n i n g  

* Because o f  computer l i m i t a t i o n s ,  h i s  s o l u t i o n  must be con- 
s i d e r e d  t o  a l s o  bypass  t h e  l a y e r ,  though, i n  p r i n c i p l e ,  h e  
can  o b t a i n  t h e  s o l u t i o n  t h e r e  ( s e e  s e c t i o n  11). 



the conical solution via a marchieg technique. The marching i s  

an a r t i f i c i a l  g lwlgk  with whjch the conica'l solution, which 

i s ,  of course, independent of the radia l  coordinate, i s  obtained. . 

B u t  in  our @roblem,the blunted cone, the marching technique i s  

real! . The blunt body solution generates physically meaningful 

i n i t i a l  data for the conical afterbody solution. In the vicini ty 

of the nose there a re  neikher s ingular i t ies  nor layers, as  there 

a re  in the pointed cone problem. So, when we couple the solutions 

to  the two unit  problems, a l l  the nastiness of the pointed cone a t  

an angle of at tack disappears. . . . ~. 

The second point concerns the formation of an entropy ' 1 .  

layer f a r  downstream of the nose region. One expects tha t  the flow I 

over a blunted cone w i l l  approach grussly, alr Idlye i l i s t a~~ccs  

from the nose, tha t  over a pointed cone, except, of course, for  

the entropy near the cone surface. The description of t h i s  behavior 

for  large distances from the nose, rea l ly  amounts to  a mesh-size 

problem. But it i s  not a t r i v i a l  problem since every d i g i t a l  

computer has speed and storage l imitat ions and we a r e  already feel- 

ing them. We a re  omitting any consideration of t h i s  so r t  of be- 

havior a t  large distances, a s  t h i s  solution i s  meant t o  be a tool  

t o  be used for re la t ively  short  bodies, probably on the order of 

3 0 A  50 typical  nose r ad i i  (or l e s s )  long. 
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I n  a d d i t i o n  t o  t h e  mesh s i z e  i n  t h e  @ d i r e c t i o n  ( w i t h  

A@ = c o n s t a n t  = n/MACO, MACO a n  i n t e g e r  2 2 ) ,  it i s  

n e c e s s a r y  t o  d i v i d e  t h e  s p a c e  between t h e  shock and t h e  

cone  i n t o  a  number o f  s t r i p s ,  say NACO o f  them. For a given ' 

v a l u e  o f  (0, say  (O t h e  6 mesh i n t e r v a l  in met as m ' 

?9hOCk 
- 8 

A@ = cone  
NACO 

,Thus A 0  v a r i e s  w i t h  4. The r e s u l t i n g  mesh on t h e  R = c o n s t a n t  = 

R i  s u r f a c e  l o o k s  l i k e  t h i s  ( i t  i s ' o n l y  n e c e s s a r y  t o  c o n s i d e r  

0 @ s n). 

m i n c r e a s i  

i n c r e a s i n g  



Now it is necessary  t o  g e t  t h e  flow v a r i a b l e s  a t  each mesh 

po in t .  S ince  we k n o w ( ~ , @ , @ ) a t  each mesh p o i n t  on t h e  R = Ri 

s u r f a c e ,  t h e  corresponding c o o r d i n a t e  ( r , e , q )  i n  t h e  b l u n t  body 

s o l u t i o n  can b e  computed d i r e c t l y .  Then t h e  b l u n t  body f low 

f i e l d  i s  searched t o  f i n d  t h e  ' c u b e '  i n  which t h e  computed 

( r ,  8 , q )  a r e  t o  b e  found. A s imple  l i n e a r  i n t e r p o l a t i o n  between 

t h e  g iven  p o i n t  and t h e  d a t a  a t  t h e  v e r t i c e s  of  t h e  cube then  

y i e l d s  t h e  flow v a r i a b l e s  a t  t h e  p o i n t  i n  ques t ion .  The 

v e l o c i t y  components, o f  course ,  must a l s o  b e  transformed.  

Now t h a t  t h e  e n t i r e  flow f i e l d  on t h e  cons tan t  Ri 

s u r f a c e  h a s  been determined,  it i s  necessary  t o  b e  c e r t a i n  t h a t  

it is superson ic  everywhere. To this end a t e s t  is made a t  

each p o i n t  i n  t h e  f i e l d ,  inc lud ing  t h e  boundary p o i n t s .  I f  t h e  

flow i s  subsonic  a t  a  p o i n t  ( a c t u a l l y  i f  M~ < 1.1)  we i n c r e a s e  

R = Ri t o  ( R i ) l  = 1.2(Ri)o and r e p e a t  t h e  above process .  

While we a r e  sea rch ing  t h e  b l u n t ' b o d y  s o l u t i o n  f o r  

t h e  p o i n t s  on t h e  c o n s t a n t  R s u r f a c e ,  a check is  made t o  b e  

c e r t a i n  t h a t  t h e  s u r f a c e  R = R .  i s  n o t  even p a r t i a l l y  o u t s i d e  
1 

t h e  volume inc luded i n  t h e  b l u n t  body s o l u t i o n .  I f  it is ,  

then t h e r e  was n o t  computed a l a r g e  enough volume i n  t h e  b l u n t  

body s o l u t i o n .  The computation o f  t h a t  c a s e  i s  t e rmina ted  and 

t h e  d a t a  f o r  t h e  nex t  c a s e  i s  read.  



Suppose t h e  i n i t i a l  d a t a  s u r f a c e  h a s  been determined 

and t h e  flow i s  everywhere s u f f i c i e n t l y  supersonic .  It is  then  

I necessa ry  t o  de termine  t h e  shock d e r i v a t i v e s  on t h e  R = 
Ri 

s u r f a c e ,  i . e . ,  we must g e t  

The te,r:~il on the  l e f t  is  ob ta ined  from t h e  known values 

Of @shock 
on t h e  R = R s u r f a c e  by a c e n t r a l  d i f f e r e n c e .  The 

i 

term on t h e  r i g h t  i s  t aken  by £ ind ing  t h e  6 d i s t r i b u t i o n  o f  

0 
shock f o r  R = (1 + C5)Ri and R = (1 - C5)Ri, C - 0.05. Then, 5 

a  c e n t r a l  d i f f e r e n c e  of  t h e s e  va lues  g i v e s  t h e  d e s i r e d  terin. 

Now we have a l l  t h e  d a t a  rlecessary t o  make t h e  co~nputa- 

t i o n  o f  t h e  flow about  t h e  c o n i c a l  a f t e rbody .  And t h a t  i s  what 

is  done next .  

C. Some Program Informat ion  

F i n i t e  d i f f e r e n c e  mesh: I n  o b t a i n i n g  t h e  b l u n t . b o d y  

s o l u t i o n  it i s  necessa ry  t o  s p e c i f y  a mesh, t h a t  i s ,  t o  de termine  

how many i n t e r v a l s  a r e  t o  be used i n  the  r , 8 , c p  d i r e c t i o n s .  A 

. t y p i c a l  s i t u a t i o n  is  to  take f i v e  ( 5 )  i ~ l l e ~ v a l s  between t h e  shoclr 

and t h e  body, t e n  (10 )  i n t e r v a l s  i n  t h e  8 coord ina te  ( f o r  each 



(P = constant p lane) ,  and about e ight  (8)  meridional planes 

( f o r  0  s (P n since,  because of symmetry, we need t o  

compute only :ha'lf the nose region) .  For such a  mesh, 

approximately 6  minutes computing time a re  required on the .  

CDC 6600 d i g i t a l  computer. Now, the  mesh t o  be used for  the 

cone solut ion should be of the same order of accuracy* a s  

t h a t  used f o r  the b lunt  body program (e.g., 5 i n t e rva i s  in  

the  @ d i rec t ion ,  6-10 in t e rva l s  i n  the @ di rec t ion  fo r  . the 

above case) .  Under these conditions the cone computation 

w i l l  take considerably l e s s  time than t h a t  of the nose region. . 

Thus, i n  deciding what mesh s i z e  t o  use, one should d i r e c t  

h i s  e f f o r t s  t o  the b lunt  body program, pa r t i cu la r ly  i f  time i s  

a concern ( the  blunt body program i s  a l s o  more r e s t r i c t e d  due 

t o  s torage l imi t a t ions ) .  

The exceptional cases: Under c e r t a i n  circumstances 

i t  may be impossible f o r  the computer program t o  obtain the 

complete solut ion.  For instance,  the b lunt  body so lu t ion  may ' 

not be completed because too small a  region was spec i f ied  and 

the  flow goes subsonic on p a r t  of the outer surface between the  

* o r  higher;  see the  comments i n  Section I V .  



shock and the body. Or, i f  an extremely rough mesh were 

spec i f ied ,  pa r t i cu la r ly  a.t  very high o r  very low Mach numbers, 

t he re  may be numerical t roubles ,  In such a case,  the  blunt  

body computation w i l l  f a i l  somewhere. Then the program i s  

ins t ruc ted  t o  p r i n t  out  an indicat ion of the nature of the  

d i f f i c u l t y  and, when possible ,  t o  proceed t o  the next case. 

suggested remedies a r e  t o  be found i n  the ~ppend ix .  

Shape of the nose: Currenkly the computer-program 

is  r e s t r i c t e d  t o  configurat ions which a r e  e i t h e r  e l l i p so ids  

of revolut ion (including a sphere) o r  paraboloids of revolution, 

smoothIy joined t o  the cone. The program cannot accept data  

spec i f ied  pointwise. 

Surface entropy: Moretti and Bleich assign t o  the 

body stream surface the entropy behind the steady normal shock, 

neglecting the  f a c t  t h a t  i n  the  asymmetric case the  streamline 

which wets the  body surface general ly  i s  not the  one which 

passes normally through the bow shock, but ,  r a the r ,  one near it. 

D. Coordinate System  rans sf or mat ions 

Here we put on record the  formulae used t o  t r ans fe r  

data  from the b lunt  body so lu t ion  t o  the  i n i t i a l  data  surface 

f o r  the  conical  af terbody solut ion.  



In ~ i g u r e  4 a schematig gepresenkation of the  two 

p r inc ipa l  coordinate systems is given. The (R,@,@) system i s  

a body-oriented spher ica l  polar  system centered a t  the  cone 

o r ig in ,  0. The ( r , e , @ )  system i s  a wind-oriented spherical  

polar  frame centered a t  o ,  on the body ax i s  a dis tance L > 0 

from the  cone apex. L must be la rge  enough so t h a t  o is ins ide  

the  body. The ang1.e -of a t t ack  i s  denoted by a. 

Let 2 ,  ?, Z be a r i g h t  handed Cartesian coordinate 

system centered a t  o with the  ?, ax i s  aligned with the wind 

d i r ec t ion ,  the 22 plane corresponding t o  p i t ch  plane, 2 pos i t ive  

on the leeward s ide ,  and the  ? ax i s  i n  the  2% d i rec t ion ,  and l e t  

x2, y2 ,  z2 ,  be a body-oriented Cartesian system centered a t  0, 

the  cone apex, with the z a x i s  aligned with the  body ax i s ,  the 
2 

x ax i s  i n  the  p i t ch  plane, pos i t ive  on the leeward s ide ,  and 2 
! 

the y ax i s  i n  the z x d i rec t ion .  Furthermore, l e t  the veloci ty  
2 2 2 

components i n  each system be deonoted a s  follows: 

Coordinate System 

R,O,@ 

r , @ , v  

Velocity Components 



Then, t h e  t r a n s f o r m a t i o n  from t h e  r , 8 , ~  ( b l u n t  body) system t o  

the R ,  0 , @  (cone )  system i s  g i v e n  by  r 

x = r ( s i n  8 c o s ~ c o s  a + c o s  8 s i n a )  1 I Y* = r s i n  fl s i n  Q 

[ z = r ( -  s i n  8 c o s  Q s i n  + case coe  a )  + L 
2 

u . =  u s i n  8 c o s  cp + v c o s  8 c o s  cp - w s i n  Q 

v = u s i n  8 s i n  Q + v c o s  8 s i n  cp + w c o s  cp 

w = u c o s  8 - v s i n  8 

- 
= u c o s  a + w  s i n a  

- 
v = v  

- 
w = -  

" I : u s i n  a + w  cos a 

u = u s i n  O c o s  9 + v s i n  Q s i n  (I, + w c o s  O 
2 2 2 

c o s  O c o s  4 + v c o s  O sin (I, - w s i n  O 
0 2 2 

W = -  u s i n  6 + v c o s  O 
0 2 2 



To go from t h e  R,O,@ . (cone)  system t o  t h e  r , e , 9  ( b l u n t  body) 

system, u s e  t h e  fo l lowing formulae: 

- 
X = R s i n  6 c o s  @ c o s  a - ( R  cos 6 - L)  s i n  a 

. . 
? = R s i n  6 s i n  @ 

- 
Z = R s i n  O cos  @ s i n  U + (R cos  O - L) c o s  a 

. = J? + ?=+ za 

i t a n  e = JP + P/E 

t a n  cp = ?/Z 

s i n  O cos  + v cos  O cos  - w s i n  9 
0 0 0 

8 = u s i n  O s i n  + v cos  O s i n  + w cos  9 0 0 

W - u2 s i n  U + w c o s  a I --  2 

I u = 5 s i n  8 c o s  cp + v s i n  8 s i n  + W cos 8 

10) v = U cos 8 cos 9 + V c o s  0 s i n  9 - i s i n  8 

( w  = - 5  sin^+ B c o s  9 



I V .  RESULTS AND DISCUSSION 

I n  t h i s  s e c t i o n  we want t o  examine some r e s u l t s .  The c e n t e r  

o f  our  a t t e n t i o n  is on t h e  accuracy o f  t h e  flow f i e l d  ca lcu la -  

t i o n s ,  no t  on t h e  p h y s i c a l  i n t e r e s t  of t h e  s o l u t i o n .  Some e f f o r t  

t o  a s s e s s  t h e  accuracy i s  impor tant  i f  t h i s  i s ,  i n  f ac t ,  t o  b e  a  

u s e f u l  t o o l .  

I n  our  problem, t h e  three-dimensional ' f low f i e l d  f o r  super- 

s o n i c  b l u n t  nosed cones a t  an  a n g l e  of a t t a c k ,  the s o l u t i o n  i s  

ob ta ined  by coup l ing  a  s o l u t i o n  of  t h e  "b lun t -  body problem" w i t h  

a  s o l u t i o n  of  t h e  "pointed-cone problem." ~ y p i c a l  r e s u l t s  f o r  

t h e  s e p a r a t e  s o l u t i o n  o f  t h o s e  two problems a r e  g iven  i n  Refer- 

ences  1-4. Here, i n s t e a d ,  we a r e  p r i m a r i l y  i n t e r e s t e d  i n  t h e  

r e s u l t s  of t h e  coupl ing .  C l e a r l y  t h e - c o u p l e d  s o l u t i o n  depends 
. , 

n o t  on ly  on t h e  a t t r i b u t e s  o f  t h e  two u n i t  problems, b u t  a l s o  on 

how they  have been joined.  For i n s t a n c e ,  i n  o b t a i n i n g  i n i t i a l  

d a t a  f o r  t h e  a f t e r b o d y  s o l u t i o n ,  it is necessa ry  t o  do e x t e n s i v e  

i n t e r p o l a t i n g  on t h e  b l u n t  body s o l u t i o n .  The accuracy o f  t h e s e  

i n t e r p o l a t i o n s  depends, a s  w e  s h a l l  soon s e e ,  no t  on ly  on how 

t h e y  are done b u t  a l s o  where. And, of  course ,  t h e  s o l u t i o n  of  

t h e  a f t e rbody  flow f i e l d  depends on t h e  accuracy o f  t h i s  i n i t i a l  

d a t a .  So we w i l l  pay p a r t i c u l a r  a t t e n t i o n  t o  t h e  manner i n  which 

t h i s  i n i t i a l  d a t a  is genera ted .  The reg ion  which w i l l  show most 



of these e f f e c t s  is on and immediately downstream of (say 20 nose 
. . 

r a d i i  o r  l e s s )  the cone i n i t i a l  data  surface,  and tha t  is 'where our 

a t t en t ion  is focused. 

A. Parameters, Introduced by the  Numerics, 
i n t o  the Coupled Solution 

The parameter, . c 6: In Section 111.-B, we mentioned 

t h a t  the  i n i t i a l  data  surface must be a t  a value of Ri 2 RMIN 

where R i s  the value of R a t  which the sphere i s  attached t o  . M I N  

the  cone. (Recal l  t h a t  ( ~ , 0 , @ )  i s  a body-oriented spherical  

polar  coordinate system centered a t  the cone apex,) In the 

v i c i n i t y  of R = RMIN the' body curvature changes very rapidly,  a s  

do, i n  general ,  the  flow f i e l d  var iables .  We might expect, there- 

fore ,  t h a t  t h i s  would be a region i n  which in terpola t ions  on the 

b lunt  body mesh a r e  a t  t h e i r  worst. And, i n  f a c t ,  we expect the 

so lu t ion  i t s e l f  t o  be the  l e a s t  accurate  i n  t h i s  region. Further- 

more, the  s i t u a t i o n  can be expected t o  improve rapidly a s  Ri i s  

increased from 
%IN 

. Thus, i n  picking a value of Ri 2 RMIN, we 

should expect thit it would be wise t o  take Ri = (1 + C6)RMXN 

where c i s  a pos i t ive  constant which i s  bounded above by the  
6 

f a c t  t h a t  R must be small enough so t h a t  t h e  i n i t i a l  data  surface 

i s  included e n t i r e l y  ins ide  the  volume computed i n  the blunt-body 

solut ion.  In addi t ion ,  because of the extrapolat ions made i n - t h e  



blunt-body we should t r y  not t o  g e t  too close t o  

the  edge surface of the b lunt  body solut ion domain. So, we see 

t h a t  the choice of R i s  not t o  be made too l i g h t l y  i f  you a r e  
i 

in te res t ed  i n  re ta in ing  a s  high a l eve l  of accuracy a s  i s  

poss ib le  i n  the  immediate v i c in i ty  of the i n i t i a l *  data  surface. 

To get  an idea of the e f f e c t  of Ri on the inaccuracies due 

t o  l i nea r  in te rpola t ion ,  we consider the foilowing case: a 1.5:1 

0 
e l l ip so id  attached t o  a 20 half-angle  cone; Mach = 8; Y = 1.4; 

0 
incidence = 15 ; blunt  body mesh has 5 x 10 x 8 i n t e rva l s  i n  

r,e,cp d i r ec t ions ,  respectively.  Needless to  say, the @ component* 

of veloci ty  (on the i n i t i a l  da ta  surface)  on the  body surface 

should be zero for  a l l  Ri 2 RMIN. In Figure 5 a r e  p lo t ted  the 

maximum of the absolute  value of t h i s  veloci ty  component. 

1 V' max 
@=cone 4 4 

a s  a function of € where 
6 ' 

Ri (1 + c ~ ) R ~ ~ ~ -  

* R,@,@ i s  the  coordinate system centered a t  the cone apex 



It i s  clear  that  you .should take, fo r  the mesh and body under 

consideration, t 2 6 where 6 !- 0.05. 
6 

The parameter C In preparing the data for the after-  
.5 ' 

body soluti,on, it i s  necessary t o  obtain the value of 

( a@ shock ( R , @ ) / ~ R )  The most reasonable way to  do t h i s  i s  R=Ri ' 

to  get  @(R,@) a t  R = (1 + f 5 ) R i  and compute the pa r t i a l  deri- 

vative by central  differences.   he question is,  what i s  the 

best  value of € i n  order t o  get  the derivatives as  well as 
5 

possible, o r  does it make much difference?. The answer varies, 

of course, with Mach number, body shape, angle of at tack,  mesh 

size,  e tc . ,  so it i s  impossible t o  give a comprehensive answer. 

However, l e t  us look a t  Figure 6 where a@ / a R  i s  plotted 
shock 

for several values of € and for € = 0.05. The case i s  the same 
5 6 

as  in  the preceding paragraph. 

I t  i s  easy t o  see tha t  there i s  s ignif icant  sca t te r ,  though 

not surprisingly so. The maximum deviation i s  about 15% a t  

@ = oO, . ( leeward plane) and 40% a t  @ = 180O (windward plane) . 
Though t h i s  may a t  f i r s t  s ight  seem . l ike an intolerably large 

deviation, it real ly  i s  not. O f  course, you may go t o  a f iner  

mesh i f  a higher degree of accuracy i s  desired. But. there a r e  

.l imitations as  f a r  a s  computer storage and computing time a re  

concerned, so we must seriously examine our present resu l t s  to  



see i f  they a r e  acceptable. This is  done a t  the end of t h i s  

sect ion.  A s  you w i l l  see ,  the r e s u l t s  a r e  very pleasing and 

ind ica te  t h a t  such var ia t ions  i n  the i n i t i a l  shock slope 

a r e  quickly damped out  and have ins ign i f i can t  e f f e c t s  on  the  

solut ion.  

B. Comparison with Other Methods, a t  Least i n  
Degenerate Cases 

I n  o r d e r  t o  compare our rcoul tc  we need something with 

which t o  compare them. I t  would be nice i f  Babenko's cone 

so lu t ion  were attached t o  a blunt-body solut ion,  but t o  our 

knowledge t h i s  has not been done. SO it seems tha t ,  unfortunately,  

there  i s  no o ther  general three-dimensional flow f i e l d  solut ion 

ava i l ab le  with which our r e s u l t s  can be compared. So our compari- 

son w i l l  be done on a problem which has a x i a l  symmetry. 

For our comparison problem we w i l l  use a 

0 
spher ica l ly  tipped 12$ cone, 

f r e e  stream Mach = 6, 

zero incidence. 

The r e s u l t s  obtained using the  so lu t ions  of Moretti  and Bleich, 214 

and Moretti3 w i l l  be compared with those obtained '"hen the super- 

sonic afterbody so lu t ion  i s  computed by the method of character- 

i s t i c s .  We know t h a t  t he  method of c h a r a c t e r i s t i c s  i s  the most 



accurate  numerical method fo r  in tegra t ing  the Euler equations 

f o r  two-dimensional flow, and t h e  same i s  t r u e  i n  most cases  

where t he  flow i s  axisymmetric. So the  comparison of the  

~ o r e t t i  technique with the  c h a r a c t e r i s t i c  computation w i l l  be 

of value i n  determining, i n  p a r t i c u l a r ,  t he  mesh s i z e  necessary 

f o r  M o r e t t i ' s  technique t o  achieve the  same accuracy obtained 

by c h a r a c t e r i s t i c s  with a  given mesh. 

seen i n  t h i s  gene ra l i t y ,  t he  comparison looks s t r a igh t -  

forward, and seems t o  sharply br ing  out  j u s t  the  d i f fe rence  

between the  c h a r a c t e r i s t i c  and f i n i t e  d i f f e r ence  marching solu- 

t ions .  Things a r e ,  however, complicated by the  following th ree  

points .  

We do not  have exac t ly  comparable b lun t  body computa- 

t i ons ,  unfor tunately ,  i n  t he  comparison. The cu r r en t  b lun t  body 

so lu t ion  i s  obtained using a  sphe r i ca l  po la r  coordinate  system 

centered on the  body (sketch A ) .  The program ava i l ab l e  t o  us t o  

compute t h e  supersonic flow by the  method of c h a r a c t e r i s t i c s  

uses a d i f f e r e n t  coordinate  system, a quas i -cy l indr ica l  po la r  

one (sketch B). 



Sketch A Sketch B 

Fini te  di'f f  erence grid for Fini te  difference grid for 
spherical polar coordinate quasi-cylindrical polar 
system - current program coordinate system - af te r  body 

solution by method of character- 
i s t i c s  

In sp i t e  of t h i s  difference, the two grids are near enough 

the same in  the t e s t  case t o  consider the i r  accuracy t o  be 

essent ia l ly  equivalent. * .Naturally, we expect the biggest d i s -  

agreement near or  on the body where the cone attaches to  the 

spherical 'cap, i .e . ,  i n  the region where the i n i t i a l  data i s  ob- 

tained by interpolation. Clearly, without the same blunt-body 

solution, we cannot have exactly the same i n i t i a l  data. Further- 

more, the i n i t i a l  data for  the eharaeter is t ics  sululion is obtained 

di f ferent ly  than i a  the i n i t i a l  surface data for  the conical 

* c. f .  Ref. 4 for  a discussion of the merits of the polar frame, 
in  part icular  with respect to  highly blunt bodies and axi- 
symmetric bodies a t  an angle of attack. 



afterbody solution. However, a s  you can see below, the pro- 

cedure for  generating i n i t i a l  data for the characterist ics 

solution i s  comparable to  tha t  being used in  the coupling of 

.the three-dimensional solutions. 

we ran the axisymmetric blunt-body program (Reference 1) 

w i t h '  the quasi-cylindrical coordinate system u n t i l  the solu- 

tion had se t t led  down to  a steady state.  Then, in  the 

supersonic par t  of the flow f ie ld ,  a second family character- 

i s t i c  was constructed from the shock to the body (see sketch) . 
  his was done without averaging the character is t ic  slope 

between mesh lines. 

SONIC LINE 

2nd FAMILY 
CHARACTERISTIC 



The da ta  a t  mesh poin ts  on t h i s  i n i t i a l  2nd family character- 

i s t i c  a r e  obtained by l inea r  in te rpola t ion  between adjacent 

mesh points  on the ' v e r t i c a l '  g r id  l i n e s  i n  the  b lunb  body 

so lu t ion .  Thus, i f  t he re  a r e  N mesh in t e rva l s  i n  the  x 

d i r e c t i o n  i n  the  blunt-body proqram, there w i l l  be N + 1 

poin ts  on the i n i t i a l  cha rac te r i s t i c .  In order t o  r e f i n e  

t h e  characteristic mesh w e  divide each i n l t l a l  i n t e rva l  In to  

a number of subintervals .  However, t h i s  i s  not a l l .  There 

i s  another d i f fe rence  which we record here fo r  completeness, 

even though it should not a f f e c t  the comparison we a r e  seeking. 

The solut ion of the  blunt- body problem was obtained using 

the  type of mesh shown on sketch B on page32.  his mesh 

has very poor d e f i n i t i o n  near the attachment point  ( t h a t  i s  

one reason why the  polar  coordinate system was l a t e r  adopted). 

In  addi t ion,  t h a t  computer program obtains  the  loca l  body cur- 

vature by 'd i f fe renc ing  the  loca l  slopes. The r e s u l t  i s  t h a t  one 

usual ly obtains  wiggles i n  the shock shape due t o  nonsmooth data  
. . 

prepared in  a crude manner and t o  the  idiosyncracies of the  

coordina.te system. It was found t h a t  these numerical d i f f i c u l t i e s  

could be eliminated by smoothing the  t r a n s i t i o n  from the sphere 

t o  the  cone, i . e . ,  by smoothing the curvature near the  attachment 

point .  This was done by modifying the slope of the  body a s  



i n d i c a t e d  i n  t h e  fol lowing sketch .  . Of course ,  

c o t  (cone 1 / 2  4 ) 

- o r i g i n a l  .slope 

--- modified s l o p e  

r * 
i n  o r d e r  t o  be  c o n s i s t e n t  it was necessary t o  then modify 

x ( r )  f o r  x > x* where t h e  a s t e r i s k  s i g n i f i e s  t h e  p o i n t  a t  which 

t h e  smoothing i s  i n i t i a t e d .  The r e s u l t  i s  a modified body a s  shown 

i n  t h i s  sketch .  

\ -, 

modified body 

o r i g i n a l  body 

. . 
I - x 

x* 



The modification to the body significantly alters the solution. 

The modified body introduces errors as high as 85% in the 

pressure and 19A in the Mach number, downstream of x*, in the 

comparison case. It was found that this method of modifying the 

body gave very good results on the unmodified part. This was 

particularly the case when x* was somewhat downstream of the 

sonic point on the body. 

If x* is even downstream of the limiting characteristic, 

in the steady case the modification has no influence on the sub- 

sonic part. This is true for the exact analytical solution. It 

is expected to be well satisfied also for the steady numerical 

solution which is built up with the unsteady technique. In the 

current check case, x* is, in fact', downstream of the limiting 

characteristic so, in the steady case, it should have no influence 

on the subsonic part. x* 1s also downstrea~~~  uL L l ~ e  initial 

characteristic and thus, by returning to the unmodified body in 

the characteristic computation, we are able to make the complete 

solution without the influence of the modified body, since the 

characteristics solution recomputes the region affected by the 

modified part ot the body. 



A s  a  by-product of the comparison we can a l s o  very nicely 

see what the  e f f e c t  of the smoothing was. And, f i n a l l y ,  we have 

a  good way of evaluating the accuracy of the polar  coordinate 

system blunt-body program which does not have any s o r t  of smooth- 

ing but which does give p r e t t y  good de f in i t ion  near the attachment 

point.  A l a s t  point  on how we s e t  up the comparison; remember 

t h a t  the c h a r a c t e r i s t i c  mesh is not f ixed,  so we w i l l  character- 

i z e  the c h a r a c t e r i s t i c  mesh s i z e  by i t s  value on the i n i t i a l  data 

l i n e  generated by the blunt- body solut ion.  

A note of comfort is  ce r t a in ly  i n  order.  There a r e ,  of 

course, many l i t t l e  d i f f i c u l t i e s  i n  s e t t i n g  up t h i s  comparison. 

But, the r e s u l t s  can be read and the  comparison made. To be f a i r  

we must have comparable mesh s i zes  and a  proper reading of the 

r e s u l t s .  

So here i s  how we chose the mesh s i zes  for  the  two blunt-  

body so lu t ions ,  the  quas i -cy l indr ica l  coordinate system f i r s t .  

The b lunt  body mesh s i z e  we have used i s  constant i n  the  v e r t i c a l  

A 1 - d i rec t ion ,  - -  - = 0.2 where rn i s  the radius  of the sphere. 
r 
n  

5 

There a r e  5 mesh i n t e r v a l s  between the shock and the body. We 

took a  t o t a l  of 6 in t e rva l s  in the r d i r ec t ion  so t h a t  the max- 

imum ordina te  i s  r /r = 1.20. The r e s u l t s  of t h i s  program 
max n  

w i l l  be labeled BBCMOC (Blunt Body Cylindrical-Method of 

Charac te r i s t i c s ) .  



Now l e t ' s  look a t  the setup f o r  the current  program. In  

t h i s  case the b lunt  body solut ion i s  obtained i n  a  spherical 

polar  coordinate system. The coordinate system was centered on 

the body ax i s  a t  x  = 0.5 r  downstream of the  center of the 
n 

sphere. We took a  mesh of 5 i n t e rva l s  i n  the r a d i a l  d i rec t ion  

and 10 in t e rva l s  i n  the 6 d i rec t ion ,  with he = 9' = .I5708 rad. 

S 
This gives a  typ ica l  mesh spacing on the body of - = (1+.5)A@ r n 

= 0.236 i n  the 8 di rec t ion .  There are the same riurnber of 

i n t e r v a l s  between the  shock and the  body i n  the  two cases. So 

we can consider the  two cases run with the two programs t o  

have e s e n t i a l l y  comparable mesh s izes .  The r e s u l t s  of t h i s  pro- 

gram, the cur rent  one, w i l l  be labeled BBPMAB (Blunt Body Polar- 

Moretti  ~ f t e r b o d y ) .  

In t h i s  comparison we have not ref ined the  blunt  body mesh 

but  have concentrated our a t t en t ions  on the afterbody flow f i e l d  

solut ions.  

Now l e t ' s  look a t  the comparison between the current  a f t e r -  

body flow f i e l d  so lu t ion  and the method of c h a r a c t e r i s t i c s  fo r  

axisymmetric flow. In making the comparison we w i l l  concentrate 

our a t t e n t i o n  on four 'a reas :  

i)  the body surface near the  attachment poin t ;  



ii) the  body surface fur ther  downstream; 

i i i )  the bow shock wave near the i n i t i a l  data  surface; 

i v )  the shock wave fur ther  downstream. 

~ i r s t  we w i l l  consider the e f f e c t  of mesh s i z e  on i) - i v ) .  

i) The body surface near the  attachment point.  

This i s  the region i n  which the  streamlines have t h e i r  

maximum curvature and where things change the  most rapidly 

(except,  of course, a c r o s s ' t h e  shock wave). So t h i s  w i l l  be a 

pa r t i cu la r ly  good check of the  current  solut ion.  The compari- 

sons a r e  shown i n  Figures 7 and 8. In order t o  read the 

f igures ,  remember t h a t  the two programs a r e  referred to  a s  

BBPMAB (cur rent  technique) and BBCMOC (com,parison problem) . It 

i s  c l e a r  tha t :  

t he  blunt-body solut ion using the polar  

coordinate system (current  program) gives 

very accurate  r e s u l t s ,  even in  the immediate 

v i c i n i t y  of t h e  attachment point.  In f a c t ,  

the  b lunt  body so lu t ion  (polar  coordinate 

system) disagrees by only a maximum of 3% i n  

the Mach number and 2-3% i n  the  pressure with 



the c h a r a c t e r i s t i c  solut ion which has f i v e  

times a s  many poin ts  between the shock and 

the body. 

ii) The body surface fur Lllei dwnstreom. 

The purpose of t h i s  comparison i s  t o  g e t  an idea of the 

accuracy of the  computation on the  cone using the technique , 

3 
of Moretti . W e  w i l l  pay  pa r t i cu la r  a t t en t ion  to  the e f f e c t  of 

the number of mesh in t e rva l s  between the shock and the body, 

keeping i n  mind the following two points:  

a )  there  a r e  q u i t e  la rge  pressure gradients  

between the  shock and the  body immediately 

downstream of the attachment point ,  

b )  fu r the r  downstream the entropy layer  

begins t o  form ncar the cone surface.  

The current  program was compared aga ins t  two character- 

i s t i c  computations, orie having f i v e  arid t11e oL11er twenty- f i v e  

mesh in t e rva l s  on each rightrunning cha rac te r i s t i c .  The 

BBPMAB program was run with the cone solut ion obtained with 5,  

10 and 20 in t e rva l s  between the shock and the body. In a l l  the 

following cases ,  € = 0.04 and € = 0.10. The r e s u l t s  a r e  
5 6 

presented i n  Figures 9 and 10 where i t  can be seen t h a t  the 10- 

i n t e r v a l  mesh agrees q u i t e  wel l  with the solut ion of the  



2 0 - i n t e r v a l  mesh. The Mach number and p r e s s u r e  d i s t r i b u t i o n  

f o r  t h o s e  two meshes ag ree  t o  w i t h i n  2% of t h e  c h a r a c t e r i s t i c s  

s o l u t i o n .  

iii) The bow shock wave nea r  t h e  i n i t i a l  d a t a  s u r f a c e .  

~ i g u r e s  11 and 12 g i v e  t h e  shock shape and s t a t i c  p r e s s u r e  

immediately behind t h e  shock f o r  t h e  f i v e  runs  we have been 

d i s c u s s i n g .  AS might  b e  expected ,  t h e  agreement between t h e  

two techniques  i s  even b e t t e r  than it was on t h e  body. Th i s  

i s  a l s o  t r u e  f o r  

i v )  t h e  bow shock wave f u r t h e r  downstream, a s  can b e  

observed i n  F i g u r e s  13 and 14. 

C. F u r t h e r  R e s u l t s  on t h e  E f f e c t  o f  € and € 6 5 

We have seen t h a t  w e  can have q u i t e  l a r g e  i n t e r -  

p o l a t i o n  e r r o r s  when c 6  i s  smal l .  I n  o r d e r  t o  s e e  how t h e s e  

i n t e r p o l a t i o n  e r r o r s  a f f e c t  t h e  s o l u t i o n  downstream, we have 

ob ta ined  s o l u t i o n s  t o  t h e  c u r r e n t  program w i t h  C 6  = 0 and 

€ = 0.1.  lie b l u n t  body mesh was t h e  same a s  b e f o r e ,  and.we 
6 

have taken 10 i n t e r v a l s  between t h e  shock and t h e  body i n  t h e  

cone program and € = 0.04. The r e s u l t s  a r e  shown i n  F i g u r e s  
5 

15-17. Note, i n  p a r t i c u l a r ,  t h e  d r i f t i n g  of  t h e  p r e s s u r e  

behind t h e  shock i n  t h e  r e g i o n  6 < R/rn < 14. T h i s  i s  a r e s u l t  

of  i n t e r p o l a t i o n  i n a c c u r a c i e s ,  b u t  i n  t h e  i n t e r i o r  f i e l d ,  n o t  



a t  t h e  body! Th i s  was seen  by no t ing  t h a t  t h e  l e f t  running 

c h a r a c t e r i s t i c s  t h a t  i n t e r s e c t  t h e  shock i n  t h e  v i c i n i t y  

R "  6 o r i g i n a t e ,  no t  a t  t h e  body, b u t  i n  t h e  i n t e r i o r  of t h e  

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

( a ~ / a  .a) i s  a maximum. The maximum d r i f t i n g  i n  p r e s s u r e  
R=K I 

I 

behind t h e  shock i s  about  24/o' and i n  shock a n g l e  i s  about  0.5%. 

These e f f e c t s  of  i n t e r p o l a t i o n s  on t h e  i n i t i a l  d a t a  s u r f a c e  

can b e  reduced,  i f  it i s  necessa ry ,  by t ak ing  a f i n e r .  mesh i n  

t h e  b l u n t  body and t h e  cone programs. I t  j u s t  c o s t s  money! 

wt a l s o  have vapicd c Iceoping q 6  = 0.n E. cnns t .an t . .  
5  

The r e s u l t s  of t h e  same c a s e  f o r  C = 0.04 and 0.08 a r e  shown 
5 

i n  F igures  18 and 19 where it can b e  seen t h a t  t h e  r a t h e r  

l a r g e  d i s c r e p a n c i e s  (2%) i n  (ad / a ~ )  a s  computed f o r  
shock R=R 

i 
t h e  two va lues  o f  c d i e :  o u t  q u i t e  qu ick ly .  A t  R = 4.74 

5 

where t h e  shock d e r i v a t i v e s  a g r e e  t o  w i t h i n  0.0% t h e  shock 

a n g l e s  a g r e e  t o  w i t h i n  .15%. 

F i n a l l y ,  remember t h a t  t h e  accuracy we a r e  t a l k i n g  

about  i s  f o r  t h e  s o l u t i o n  of three-dimensional  flow f i e l d s !  

D.  Conclusion 

From t h e  r e s u l t s  p resen ted  it is  c l e a r  t h a t  t h i s  

s y n t h e s i s  o f f e r s  a  ve ry  u s e f u l  means of o b t a i n i n g  three-  

d imensional  i n v i s c i d  f low f i e l d  s o l u t i o n s  about  b l u n t  ax i -  



symmetric cones a t  an angle of a t tack.  The solut ions a r e  

accurate ,  easy t o  obtain (see the ~ p p e n d i x )  and inexpensive, 

pa r t i cu la r ly  considering the accuracy a t ta inable .  



V. APPENDIX - PROGRAM USER'S MANUAL 

A .  How t o  Use t h e  Proqram 

This appendix i s  dedicated t o  the  user and i s  

devoted t o  the  proposition t h a t  every po ten t i a l  user of t h e  

program ought t o  have, without going through too  much discom- 

f o r t ,  the answers t o  t h e  following questions: 

a. What does the program do? 

b. What a re  the  assumptions, r e s t r i c t i o n s ,  
I and l imi ta t ions?  

c.  What a re  the  da ta  required by physics? 

d. Are addi t iona l  or redundant data  required 
t o  make the.program work? 

e. What form does ' t he  da ta  take i n  the  
pr ogr am? 

f .  What w i l l  I g e t  i n  r e tu rn  ( i .e . ,  what a r e  
the  outputs) ? 

g. How do I read t h e  output? 

h.  What might go wrong? What can I do about 
i t ?  

i. .How much must 3 pay t o  ge t  t he  r e s u l t s  I 
need? 

j. What e l s c  can you t e l l  m e  t o  minimize my 
discomfort? 

I n  c e r t a i n  instances we w i l l  r e f e r  t o  previous 

discussions i n  order not t o  be redundant. In sect ion B a  



d e t a i l e d  o u t l i n e  o f  t h e  input-output  formats  i s  given.  

1. Ques t ions  and Answers 

a. What does t h e  proqram do? I t  computes 

i n v i s c i d  f low f i e l d  about  a  b lun ted  r i g h t  

c i r c u l a r  cone a t  bn ang le  o f  a t t a c k .  

b. What are t h e  assumptions,  r e s t r i c t i o n s  

and l i m i t a t i o n s ?  

body: axisymmetr i c  

b lun ted  nose followed by a  r i g h t  
c i r c u l a r  cone - t h e  b lun ted  nose 
i s  e i t h e r  a  sphere ,  e l l i p s o i d ,  o r :  
pa rabo lo id  of  r e v o l u t i o n ,  

cont inuous  s l o p e  

gas:  i n v i s c i d  ( p  = 0) ; Euler  equa t ions  

uniform, c o n s t a n t  s p e c i f i c  h e a t  
r a t i o ,  the rmal ly  and c a l o r i c a l l y  
p e r f e c t  

aerodynamic: body f l i g h t  speed i s  s t eady  and 
s u f f i c i e n t l y  superson ic  s o  t h a t  
t h e  subson ic  f low i s  l i m i t e d  t o  
t h e  nose r e g i o n  

ang le  of  a t t a c k  

I n  a d d i t i o n ,  t h e  r e s t r i c t i o n  on t h e  d i s t a n c e  down- 

s t r eam of t h e  nose r e g i o n  ( a s  noted i n  111) 

sho.uld b e  noted.  See a l s o  t h e  comments on t h e  

body s t r eam s u r f a c e  ent ropy d i s t r i b u t i o n  i n  t h e  

same s e c t i o n .  



c. What a r e  t h e  d a t a  r e q u i r e d  by physics?  

The p h y s i c a l  problem, under t h e  above l i m i t a t i o n s ,  

r e q u i r e s  t h e  fo l lowing d a t a :  

body geometry ( inc lud ing  P I  t h e  cone 

semi-angle) 

y ,  t h e  s p e c i f i c  h e a t  r a t i o  

M , t h e  f r e e  s t ream Mach number 
rn 

8 .  Is a d r l l t i u ~ l a l  UL redundant informakion 

r e q u i r e d  t o  make the proqr am work? 

Addi t iona l  - yes. 
Redundant - no: 

I n  a d d i t i o n  t o  t h a t  i n d i c a t e d  under ( c ) ,  it i s  

necessary  t o  supply t h e  fo l lowing d a t a :  

i. a  t i t l e  card  of  up t o  72  alphanumeric 
c h a r a c t e r s  (may be l e f t  b l a n k ,  but n o t  
l e f t  o u t )  

ii. t h e  da te  and r u n  number ( o p t i o n a l )  

iii. c e r t a i n  i n t e g s r s  f i x i n g  t h e  mesh i n  each 
p r  ogr am 

i v .  i n t e g e r s  f i x i n g  t h e  number of t ime  s t e p s  
i n  t h e  b l u n t  body program and t h e  maxi- 
mum number of r a d i a l  s t e p s  i n  t h e  cone 
proyr  am 



v. i n t e g e r s  c o n t r o l l i n g  output  

v i .  i t e r a t i o n  t o l e r a n c e s  and €,and €., 

( s e e  111-A) 

v i i .  t h e  maximum d i s t a n c e  downstream t o  
b e  computed i n  t h e  cone program 

v i i i .  s t a b i l i t y  c o e f f i c i e n t s  

i x .  maximum 8 c o o r d i n a t e  i n  blunt-body pro- 
g r  am 

x. p o s i t i o n  of c o o r d i n a t e  system o r i g i n  f o r  
blunt-body program 

A step-by-step journey through t h e  d a t a  c a r d s  i s  

g iven  i n  p a r t  B of t h i s  Appendix. 

e. What form does t h e  d a t a  t a k e i n  t h e  pro-  

m? A l l  d a t a  are r e a d  from s tandard  IBM c a r d s .  

The c h a r a c t e r s  a r e  alphanumeric.  ~ n t e g e r  s a r e  

r e a d  w i t h  I formats ,  f l o a t i n g  p o i n t  numbers w i t h  

f .  What w i l l  I s e t  i n  r e t u r n  (what a r e  t h e  

o u t p u t s ) ?  A t  t h e  beginning of each c a s e ,  a l l  i n -  

p u t  d a t a . a r e  p r i n t e d  o u t .  Then t h e  i n i t i a l l y  

assumed f low f i e l d  for t h e  blunt-body program i s  

w r i t t e n .  A t  t h e  end of  t h e  blunt-body computat ion,  

t h e  e n t i r e  f low f i e l d  i n  t h e  nose r e g i o n  i s  p r i n t e d .  



The blunt-body s o l u t i o n  i s  g iven i n  bo th  wind-and 

body-oriented s p h e r i c a l  p o l a r  coord ina te  systems. 

( I f  d e s i r e d ,  it i s  p o s s i b l e  t o  g e t  ou tpu t  a t  

i n t e r m e d i a t e  t imes  a l s o . )  Then t h e  d a t a  on t h e  

i n i t i a l  d a t a  s u r f a c e  f o r  t h e  cone program i s  
/ 

p r i n t e d .  During t h e  subsequent computation of 

the flow ,lie111 about t h e  c o n i c a l  a f t e rbody ,  you 

may p r i n t o u t  a s  o f t e n  i s  d e s i r e d ,  inc lud ing  

every  s t e p .  There a r e  no p r o v i s i o n s  t o  p r i n t -  

o u t  a t  s p e c i f i e d  t imes  i n  t h e  blunt-body program 

o r  s p e c i f i e d  s t a t i o n s  i n  t h e  cone program. A l l  

ou tpu t  i s  c o n t r o l l e d  by s t e p  coun te r s .  

A l l  r e a d i n g  and p r i n t i n g  i s  done w i t h  

s tandard  FORTRAN 4 s t a t ements .  The inpu t  t a p e  

i s  l o g i c a l  t a p e  5 ,  t h e  ou tpu t  t a p e  i s  l o g i c a l  

t a p e  6. No o t h e r  t a p e s  a r e  r e q u i r e d  o r  used 

( o t h e r  t h a n  s t andard  system t a p e s ) .  

g. How do I read  t h e  ou tpu t?  For step-by- 

s t e p  journey, s e e  p a r t  C of t h e  Appendix. I n  

p a r t  B ,  INPUT, of  t h e  Appendix, a  complete l i s t  

of  t h e  i n p u t  parameters ,  inc lud ing  t h e i r  FORTRAN 



symbols and, where a p p r o p r i a t e ,  recommended v a l u e s ,  

are given.  The f i r s t  pages of  t h e  ou tpu t  c o n t a i n  

t h e  i n p u t  d a t a ,  and t h e r e  should b e  l i t t l e  

d i f f i c u l t y  i n  i n t e r p r e t i n g  t h i s  informat ion .  , 

The fo l lowing pages g i v e  t h e  geometry d a t a  

i n  t h e  wind- o r i e n t e d  p o l a r  s p h e r i c a l  frame, f o r  

each mesh p o i n t  on t h e  body s u r f a c e .  The d a t a  i s  

i n  groupings  which correspond t o  d i f f e r e n t  

mer id iona l  p l a n e s  i n  t h e  wind axes system. I n  t h e  

r e p o r t ,  mer id iona l  p lanes  a r e  p lanes  r e f  e r r e d  t o  

m e a n k . n r & ~ . i d i o m L - U .  Thus, i n  t h e  ( r ,  8 ,  9 )  

wind-oriented system, p l a n e s  of  cons tan t  Q a r e  

r e f e r r e d  t o  a s  mer id iona l  p l a n e s ,  though t h e y  a r e  

no t  mer id iona l  p l a n e s  o f  t h e  body. The va lue  of  

8 = 0 correeponds t o  t h e  d i r e c t i o n  " i n t o  t h e  wind." 

The nex t  o u t p u t  i e  t h e  i n i t i a l  d a t a  f o r  the '  

blunt-body program. Thie  i e  e e e e n t i a l l y  a r b i t r a r y  

and i s  p r i n t e d  o u t  more f o r  completeness t h a n  any 

o t h e r  r eason .  Do no t  t r y  t o  g i v e  t h i s  d a t a  a  

p h y s i c a l  s i g n i f i c a n c e .  The meaning of most of  t h e  



/ 

symbols should b e  ev iden t  ( see  s e c t i o n  C ) .  Then 

t h e r e  may b e  a  number of o u t p u t s  of t h e  unsteady 

b l u n t  body computat ion,  i f  t h e  user  s o  s p e c i f i e s .  

When t h e  b l u n t  body computation i s  f i n i s h e d ,  t h e  

f i n a l  s t eady  s t a t e  va lues  w i l l  be  p r i n t e d  o u t .  

Then t h e  coord ina te  system t rans fo rmat ion  i s  made --.--...-*--...------------ "-..a- ..-. ...-* .,------..-..--- -.,.-*-,-. 

t o  f i n d  t h e  i n i t i a l  d a t a  f o r  t h e  cone program. 
.IU*UV...'C*O.-"?"--*--.>*-&* ,.-. N N N N  . . .L - . rU l r r . r r *~& .u . .  -*.-. ,... *-.. - 

Subsequently,  t h i s  i n i t i a l  d a t a  i s  p r i n t e d  ou t  

followed by t h e  o u t p u t  of  t h e  s o l u t i o n  a t  v a r i o u s  

cons tan t  R s u r f a c e s  downstream of t h e  i n i t i a l  

d a t a  s u r f a c e .  When t h e  computation h a s  exceeded 

t h e  maximum va lue  of R (an ' i n p u t )  t o  be  computed, 

o r  i f  t h e  maximum number of  s t e p s  i n  t h e  R d i r e c t i o n  

i s  exceeded, t h e  f low v a r i a b l e s  a t  t h e  l a s t  s t e p  

'are p r i n t e d  o u t  and t h e  nex t  c a s e  i s  begun ( i f  

t h e r e  i s  ano the r )  . 
h.  What miqht qo  wronq? What can I do 

about  it? There a r e  b a s i c a l l y  only two problems 

t h a t  may a r i s e  ( s o  long a s  t h e  proper d a t a  i s  

i n p u t ) .  The f i r s t  i s  t h a t  t h e r e  may b e  

f a i l u r e s  i n  i t e r a t i o n s  a t  boundary p o i n t s  i n  



e i t h e r  program. I n  such a  c a s e ,  u s u a l l y  t h e  

d i f f i c u l t y  i s  t h a t  e i t h e r  t h e  mesh i s  t o o  rough 

f o r  t h e  c a s e  cons ide red ,  o r  t h e  flow i n  t h e  

blunt-body s o l u t i o n  h a s  become subsonic  on t h e  

o u t e r  ' su r face  between t h e  shock and t h e  body. 

I n  t h e  former c a s e ,  i n c r e a s i n g  t h e  number of  

mesh p o i n t s  - i s  t h e  s o l u t i o n ;  i n  t h e  l a t t e r  c a s e  

it i s  necessary  t o  i n c r e a s e  t h e  s i z e  of  t h e  

domain be ing  .computed. - 

A second t y p e  of problem is '  t h a t  t h e  b l u n t -  

body s o l u t i o n  domain i s  no t  - l a r g e  enough t o  

a l l o w  t h e  de te rmina t ion  of an i n i t i a l  d a t a  su r -  

f a c e  f o r  t h e  cone program ( s e e  s e c t i o n  111-C). 

I n  t h i s  c a s e ,  it i s  aga in  necessary  t o  i n c r e a s e  

t h e  s i z e  of  t h e  domain be ing  computed by t h e  

b l u n t -  body program. 

i. How much must I pay t o  g e t  t h e  r e s u l t s  

I need? Of course ,  t h e  anewer t o  t h i s  q u e s t i o n  

depends on many v a r i a b l e s ,  i n c l u d i n g  t h e  

computer be ing used,  t h e  r a t e  a t  which conputer  

t i m e  i s  charged,  and t h e  accuracy r e q u i r e d .  W e  

EI 



w i l l  supply t h e  informat ion  needed t o  make a  

f a i r l y  good computation of  t ime requ i rements ,  and 

t h e  rest i s  up t o  you. 

Consider a 2 : l  e l l i p s o i d  w i t h  t h e  major a x i s  

0 
i n c l i n e d  15 t o  t h e  normal t o  t h e  f r e e  s t ream 

0 
d i r e c t i o n .  Let  t h e  e l l i p s o i d  b e  followed by a 20 

ha l f -ang le  r i g h t  cisci.11.ar cone. Taking a  mesh of 

5 by 10  by 8 i n t e r v a l s  ( i n  t h e  r ,  8 ,  @ d i r e c t i o n s ,  

r e s p e c t i v e l y )  f o r  t h e  b lun t -  body solution, t h e  

computing t ime  t o  go 300 t ime s t e p s ,  inc lud ing  

program compi la t ion ,  i s  about  5 minutes on t h e  

CDC 6600. The c o n i c a l  a f t e rbody  flow f i e l d  com- 

p u t a t i o n  i s  an o rde r  of  magnitude f a s t e r  f o r  

comparable mesh s i z e  and w i l l  no t  b e  cons idered  

he re .  Usual ly ,  300-600 t ime s t e p s  a r e  s u f f i c i e n t  

t o  r e a c h  a  s a t i s f a c t o r y  l e v e l  of s t e a d i n e s s  f o r  

t h i s  degree  of  mesh f ineness .  The r e q u i r e d  t i m e  

d e c r e a s e s  somewhat a s  t h e  Mach number i n c r e a s e s  

and a s  t h e  mesh s i z e  i n c r e a s e s .  

Note t h a t  i f  one h a l v e s  t h e  mesh i n t e r v a l  

i n  e a c h ' d i r e c t i o n ,  t h e  computing t i m e  w i l l  be  



3 
i nc reased  roughly by a f a c t o r  of  Z4, no t  2 . The 

a d d i t i o n a l  f a c t o r  comes i n  because t h e  maximum 

p e r m i s s i b l e  t i m e  s t e p  i s  determined by a s t a b i l i t y  

c r i t e r i o n  which i s  a l i n e a r  f u n c t i o n  o f  t h e  mesh 

i n t e r v a l s .  S ince  t h e  impor tant  parameter i n  

r each ing  a l e v e l  of s t e a d i n e s s  i s  e lapsed t ime  

(no t  t h e  number of  s t e p s ) ,  a  dec rease  i n  t h e  t ime 

s t e p  l e a d s  t o  more s t e p s  t o  r e a c h  a g iven t ime.  

j. What e l s e . s h o u l d  I know when usinq t h i s  

proqram? Cur ren t ly  t h e  program occupies  about 

106,000 o c t a l  l o c a t i o n s  on t h e  CDC 6600 d i g i t a l  

computer. The maximum number of  mesh i n t e r v a l s  

are: 

b l u n t  body ( 5 x 1 0 ~ 9 )  i n '  (r , t3 , Q )  d i r e c t i o n s ,  

c o n i c a l  a f t e rbody  (30x18) i n  (el@) d i r e c t i o n s .  

, Remember, t h e r e  i s  no automat ic  t e s t  t o  d e t e r -  

mine when t h e  b l u n t  body s o l u t i o n  h a s  reached a 

s p e c i f i e d  l e v e l  of  s t e a d i n e s s .  You must s p e c i f y  t h e  

number o f  t ime  s t e p s  t o  b e  computed. 

B. ~ n p u t  

Th i s  s e c t i o n  on program i n p u t  i s  d i v i d e d  i n t o  t h r e e  

p a r t s :  g e n e r a l  comments, a list of  t h e  i n p u t  w i t h  conp le te  



i n s t r u c t i o n s  on how t o  p r e p a r e  i t ,  and a sample case  w i t h  appro- 

p r i a t e  comments. 

1. General  Conunents 

There are a number of t h i n g s  t o  b e  d i scussed  

h e r e  and t h e y  come under two subheadings ; problem- 

o r i e n t e d  and program- o r i e n t e d  comments. 

a, Prob lem o r i e n t e d  comments 

i )  Data t o  be  s p e c i f i e d  - A minimum 

amw.~nt nf d a t p  i s  r ~ q i i i r ~ i i  frnm t h ~  physi ral p n i n t .  

o f  view. They are: 

f r e e  s t ream Mach number, 

r a t i o  of s p e c i f i c  heats ,  

body geometry, s u i t a b l y  scaled.  

Note t h a t  you need n o t ,  i n  f a c t  a r e  

n o t  allowed t o ,  p i c k  r e f e r e n c e  cond i t ions .  

i i )  Geometry o f  t h e  nose r e q i o n  - A s  

p r e v i o u s l y  mentioned, t h e  b l u n t  nose can e i t h e r  be 

an  e l l i p s o i d  of  r e v o l u t i o n  ( inc lud ing  a sphere  a s  

a s p e c i a l  c a s e )  o r  a pa rabo lo id  of  r e v o l u t i o n .  The 

nose i s  followed by a r i g h t  c i r c u l a r  cone which merges 

smoothly w i t h  t h e  nose c o n f i g u r a t i o n  (F igure  3 ) .  



b. Proqram-oriented comments 

i) Nondimensionalization and scalinq - 

The nondimensionalization has been fixed in the pro- 

gram, and you do not have the choice of specifying 

reference quantities. The free stream pressure, 

density, and entropy have been chosen as reference 

quantities, along with a length. If the nose is an 

ellipsoid (sphere), the reference length is the semi- 

axis "normal" to the free stream. If the nose is a 

paraboloid, it is one-half the semi-latus rectum 

(one-half the distance from 'the focal point to the 

vertex) . In summary, let y be the ratio of specific 

heats. Then the nondimensionalization is: 

lengths are di.vided by 4 ( 4  is the refer- 
0 

O .  ence length) 

pressures " I I Il 

Pm 

densities " I, ,I 

Pm 

velocities " I, I I YP,/ P, 

times 

entropies 
(S-s II ,I I1 c ' 

a0 v 



ii) S t a b i l i t y  c o e f f i c i e n t s  - The 

numerical  a n a l y s i s  r e s u l t s  i n  t h e  s o l u t i o n  being 

obta ined by a n o n d i t i ~ n a l l y  s t a b l e  e x p l i c i t  f i n i t e  
I 

d i f f e r e n c e  scheme. The i n t e g r a t i o n  s t e p  s i z e  must 

b e  k e p t  below some maximum va lue  which cannot be  

e x p l i c i t l y  determined due t o  t h e  n o n l i n e a r i t y  of 

t h e  problem. An e .s t imate  of t h e  upper bound i s  

ob ta ined  from t h e  l i n e a r i z e d  equa t ions  and t h a t  

e s t i m a t e  i s  used t o  de termine  t h e  maximum s t e p  s i z e  

allowed by t h e  program. I n  o rde r  t o  provide  f o r  a  

l i t t l e  f l e x i b i l i t y  i n  t h i s  d i r e c t i o n ,  you a l s o  have 

t h e  o p t i o n  of  m u l t i p l y i n g  t h e  computed s t e p  s i z e  

l i m i t  by a  f a c t o r  which w i l l  f u r t h e r  l i m i t  ( i f  . t h e  

f a c t o r  < 1) t h e  s t e p  s i z e .  It i s  recommended t h a t  

t h i s  f a c t o r  be  t aken  as u n i t y ,  meaning t h a t  t h e  

l i n e a r  l i m i t  i s  used. 

iii) Coordinate  system o r i q i n  l o c a t i o n  - 
I n  us ing  t h i s  program t h e r e  are good reasons  ( s e e  

Sec t ions  11, I11 and References  1 and 4 )  f o r  t a k i n g  

c a r e  i n  s p e c i f y i n g  t h e  domain t o  b e  computed by 

t h e  b l u n t  body program. For t h i s  r e a s o n ,  not  only 

do you have t h e  p l e a s u r e  (and du ty )  of  s p e c i f y i n g  



t h e  maximum varue  of  8 f o r  each q = cons tan t  

p lane  (it i s  t h e  same f o r  each p lane  ) ,  you 

a l s o  must s p e c i f y  t h e  l o c a t i o n  of t h e  coord ina te  

system o r i g i n .  Th i s  i s  done by s p e c i f y i n g  t h e  

va lue  of a  parameter ,  XO, which i s  t h e  d i s t a n c e  

from t h e  e l l i p s o i d  (sphere)  c e n t e r  o r  paraboloid  

f o c a l  p o i n t  t o  t h e  c o o r d i n a t e  system o r i g i n ,  

measured p o s i t i v e  " i n  t h e  f r e e  s t r eam flow d i r e c -  

t i o n .  " When XO # 0 it i s  impera t ive  t h a t  it be 

nondimensionalized i n  t h e  manner i n d i c a t e d  i n  (i) . 
The c o o r d i n a t e  system o r i g i n  f o r  t h e  cone 

program i s  located a t  t h e  oone apex'. 

' i v )  Coordinate  systems - There a r e  

a number of comments t o  b e  made which ought  t o  

c l e a r  up any doubts  about  what c o o r d i n a t e  systems 

are used and where t h e  axes  a r e  loca ted .  These 

comments a r e  on ly  concerned w i t h  t h e  in fo rmat ion  

necessa ry  f o r  t h e  use  o f  t h e  program. Thus, we 

w i l l  d i s c u s s  two c o o r d i n a t e  systems. 

Blunt  body program - The s o l u t i o n  

o f  t h e  b l u n t  body r e g i o n  i s  ob ta ined  i n  a wind 



o r i e n t e d  s p h e r i c a l  p ~ l a r  c o o r d i n a t e  system 

cen te red  on t h e  body symmetry a x i s .  The reasons  

f o r  us ing  a  wind-oriented system a r e  g iven i n  

Reference 4 and w i l l  not  b e  gone i n t o  he re .  Of 

course ,  a  wind-or iented  system i s  not  t h e  most 

convenicnt  from t h e  s t a n d p o i n t  of t h e  person who 

uses  t h e  program. So p r o v i s i o n s  have been made t o  
--,,-- .----.----. -. . - .--- .. , , ,. -- -..-- 

w r i t e  a l l  o u t p u t  i n  a  body-oriented s p h e r i c a l  p o l a r  
------.j-.--- _,-,-...--. * ..,.,.... ..- ........a.-- .... ,.%... _ .- -......-. . . . . -.,.. ". - .-._ 

c n o r d i n a t e  svs tem cen te red  a t  t h e  cone apex. Note, .I-....---I l-..d^-.-^.l-----lrr-. .I.* -l_lilA.u.a.xam"."m---.- : , 

however, t h a t  i n  t h e  body- o r i e n t e d  system t h e  mesh 

p o i n t s  a r e  not  g iven  on a  number of mer id ional  

p l a n e s ,  and t h e  spacing i n  t h e  a and @ d i r e c t i o n s  
-..--....-.....-I_- --_N__ 

i s  n o t  c o n s t a n t .  

Tn t h e  wind-or iented  system, f o r  ou tpu t  

purposes  o n l y ,  t h e  8 = 0 d i r e c t i o n  i s  taken t o  be 

p o s i t i v e  i n t o  t h e  wind. Q = 0 i s  i n  t h e  p i t c h  

p l a n e  on t h e  leeward s i d e .  Q i s  p o s i t i v e  i n c r e a s -  

i n g  i n  t h e  co.unter c lockwise  d i r e c t i o n  when f a c i n g  

inOo t h e  wind. 

Note t h a t  t h e  program a c t u a l l y  works 'with a  

wind-or iented  system wi th  8 = O i n  t h e  downstream 
n 



d i r e c t i o n ,  and t h e  t r ans fo rmat ion  equa t ions  g iven  i n  

Sec t ion  111-D have 8 = 0 and Q = 0 i n  t h e  downstream 

d i r e c t i o n .  However, f o r  your convenience,  t h e  wind- 

o r i e n t e d  b l u n t  body ou tpu t  i s  r e f e r r e d  t o  a  system 

w i t h  6 = 0 upstream. 

The body-oriented system i s  t h e  same a s  t h a t  f o r  

t h e  cone program which fo l lows.  

Cone Proqram - The c o n i c a l  a f t e rbody  s o l u t i o n  

i s  r e f e r r e d  t o  a  b o d y - o r i e n t e d ,  s p h e r i c a l  p o l a r  

c o o r d i n a t e  system cen te red  a t  t h e  cone apex ( i f  t h e  

cone' were sharp)  . The @ = 0 d i r e c t i o n  i s  along t h e  

body a x i s  i n  t h e  downstream d i r e c t i o n .  Thus, t h e  cone 

s u r f a c e  i s  g iven  by @ = c o n s t a n t  = 6 ,  t h e  cone s e m i -  

angle .  @ = 0 i s  t h e  leeward s i d e  of t h e  p i t c h  p l a n e ,  

4 = ~r i s  t h e  windward s i d e  of t h e  p i t c h  p lane .  Q i s  

p o s i t i v e  i n c r e a s i n g  i n  t h e  coun te r  clock~i.~,-di..r,e.g-- 

t i o n  when f a c i n g  i n t o  t h e  wind. --,..- 

v) Mesh s i z e  - Since  t h e  s o l u t i o n  i s  

obta ined by a  f i n i t e  d i f f e r e n c e  method over a g r i d  

de f ined  by a  number of  p o i n t s ,  it i s  necessa ry  t o  

s p e c i f y  t h e  number of  mesh p o i n t s  ( a c t u a l l y  mesh . 



i n t e r v a l s  are s p e c i f i e d )  t o  b e  used i n  each  

c o o r d i n a t e  d i r e c t i o n .  The d e c i s i o n  i s ,  a s  u s u a l ,  

one i n  which a  compromise between accuracy  and 

c o s t  h a s  t o  be made. ' F o r t u n a t e l y ,  t h e  program 

g i v e s  q u i t e  good r e s u l t s  even w i t h  a  rough mesh. 

Cons i s t ency  i n  accuracy  should b e  main ta ined  when 

p i c k i n g  t h e  mesh for  the I > l u ~ i L  body and t h e  a f t e r -  

body computa t ions .  I n  a d d i t i o n ,  t h e  comments 

( S e c t i o n s  111, IV) r e l a t i n g  t o  t h e  s i z e  o f  t h e  

r e g i o n  t o  b e  computed should  r e c e i v e  due 

c o n s i d e r  a t  ion .  

2 .  I n p u t  L i s t  and how t o  P repa re  t h e  I n p u t  

The d a t a  f o r  each  c a s e  c o n s i s t s  'of s i x  d a t a  

c a r d s .  There  i s  no f l e x i b i l i t y  i n  t h i s  number. 

It  c a n  be n e i t h e r  g r e a t e r  no r  less t h a n  s i x .  

1' On a l l  t h e  c a r d s ,  excep t  t h e  f i r s t ,  t h e  

f i r s t  s e v e n t y  (70) columns a re .  used ( n o t  a l l  w i l l  

have  e n t r i e s ,  t hough) .  71  and 72 may b e  used on 

t h e  f i r s t  c a r d .  A l l  i n t e g e r s  a r e  r e a d  w i t h  an  I 5  

format  and must b e  r i g h t  a d j u s t e d .  A l l  f l o a t i n g  

p o i n t  numbers are . r ead  w i t h  an  E10.4 format .  



Floating numbers having e x p l i c i t l y  specif ied 

exponents must be r i g h t  adjusted. In addi t ion,  

there  i s  a  t i t l e  card which i s  read with an A 

format. The input tape i s  log ica l  tape 5. The 

output tape i s  logica l  tape 6. The data ,  card 

by eard, are  as follews. (The capi ta l ized  sym- 

bols  a re  the  program FORTRAN symbols used for the  

var iab les  i n  question.)  

C a r d  #1 - This i s  a  t i t l e  card. Any t i t l e  com- 

posed of alphanumeric symbols may be 

,entered i n  Cols. 1-72.  The da ta  a re  

read with a  12A6 format and a r e  immedi- 

a t e l y  wr i t ten  out.  

Card #2 - T h i s  card has only in tegers ,  They must 

a l l  be r i q h t  adjusted . 
Cols. 1-5 NRUN a r e  for the run ncmber ; 

you may enter any 

integer  of 5 or 

fewer d i g i t s .  



Cols.  6-10 MONTH a r e  f o r  t h e  number 

of  t h e  month (May = 

05) (two d i g i t s  only)  

Cols .  11-15 MDAY are f o r  t h e d a y  of  t h e  

month (two d i g i t s  

on ly  

Cols.  16-20 MYEAR are f o r  t h e  l a s t  two 

d i g i t s  of  t h e  year  

(two d i q i t s  only)  

The fo l lowing  d a t a  on t h i s  ca rd  a l l  r e f e r  t o  

t h e  b l u n t  body program. 

Cols.  21-25 NA c o n t a i n  the number o f  

mesh i n t e r v a l s  i n  t h e  

r d i r e c t i o n  (maximum 

Cols.  26-30 MA c o n t a i n  t h e  number of  

, mesh i n t e r v a l s  i n  the 

8 d i r e c t i o n  (maximum 

Cols.  31-35 LA c o n t a i n  t h e  number of  

mesh i n t e r v a l s  i n  t h e  . , 



. Q d i r e c t i o n  (maximum 

of 9 ) .  

Cols.  36-40 KA c o n t a i n  t h e  number of  

t ime s t e p s  t o  b e  t aken  

i n  t h e  b l u n t  body 

p r  ogr am. 

Cols. 41-45 J A  c o n t a i n  t h e  ou tpu t  

contr.01 f o r  t h e  b l u n t  

body program. 

The t i m e -  dependent 

s o l u t i o n  w i l l  b e  

w r i t t e n  ou t  every  JA 

t ime s t e p s .  

Cols. 46-50 LB c o n t a i n  t h e  p a r t i a l  

ou tpu t  c o n t r o l .  I f  

LB = 0 ,  t h e r e  i s  no 

p a r t i a l  ou tpu t .  

I f  LB # 0,  t h e  pa r t . i a1  

ou tpu t  w i l l  b e  w r i t t e n  

a t  every  t ime  s t e p ,  

The p a r t i a l  ou tpu t  

c o n s i s t s  of  i t e n s  



Cols.  51-55 LE 

l i s t e d  i n  Sec t ion  C 

of  t h i s  appendix. 

c o n t a i n  t h e  nose 

geometry code. I f  

LE = 1, t h e  nose i s  

an e l l i p s o i d  (spheroid)  

of  r e v o l u t i o n .  

I f  LE = 2 ,  t h e  nose 

i s  a  p a r a h n l n i i l  n f  . 

r svo lwt ion .  LO must 

b e  e i t h e r  1 o r  2 .  

Card #3 - T h i s  ca rd  c o n t a i n s  f i v e  p i e c e s  of d a t a ,  t h e  

f i r s t  three o f  which are i t e r a t i o n  t o l e r -  

ances.  

The t o l e r a n c e s  a r e  r e l a t i v e  t o l e r a n c e s ,  and a 

-4 
suggested va lue  i s  10 . There i s  o r d i n a r i l y  

no need t o  have a t i g h t e r  t o l e r a n c e .  

Cols .  1-10 EPS (1) Tolerance  f o r  i t e r a -  

t i o n  i n  shock compu- 

t a t i o n  i n  b l u n t  body 

-4 
s o l u t i o n  (10 ) .  

Cols- 1 1 - 2 0  E P S ( ~ )  Tolerance  f o r  i t e r a -  

t i o n  i n  body 



computation i n  b l u n t  

body s o l u t i o n  . \ 

Cols. 21-30 EPS(3) Tolerance f o r  i t e r a -  

t i o n  i n  shock and 

body computation i n  

-4 cone s o l u t i o n  (10 ) .  

Cols. 31-40 EPs(4) Th i s  datum i s  not  

used. 

Cols. 41-50 EPS (5)  I n  computing 

f o r  t h e  i n i t i a l  sur -  

f a c e ,  t h e  shock shape 

f o r  

R =[I E P S ( ~ ) ] ' - R ~  

i s  computed and 

a O / a ~  obta ined by 

c e n t r a l  d i f f e r e n c e .  

Recommended va lue  f o r  

EPS (5) i s  from 0.02 

t o  0.05. 



Cols. 51-60 EPS(6) (Ri)min i s  t h e  va lue  of 

R a t  t h e  i n t e r s e c t i o n  of 

cone w i t h  t h e  b l u n t  nose. 

I f  Ri = (Ri)min i s  t aken ,  

i n t e r p o l a t i o n  on t h e  

body w i l l  be poor due 

t o  t h e  c u r v a t u r e  of t h e  

nose reg ion .  Hence, 

f o r  i n i t i a l  R we t a k e  

Ri 
= [ 1 + EPS (6) ] (Ri)min. 

Recommended va lue  - 0.1. 

Cols. 61-70 EPS(7) Th i s  datum i s  n o t  used. 

Card #4 - This  card  and t h e  f i r s t  two d a t a  on Card #5 

c o n t a i n  t h e  p h y s i c a l  flow f i e l d  d a t a ,  body 

nose in fo rmat ion ,  and c o o r d i n a t e  syst.em 

l o c a t i o n .  

Cols .  1-10 ACH M , t h e  free s t r e a m  Mach 
B 

number. 

Cols. 11-20 GAMMA t h e  s p e c i f i c  h e a t  r a t i o ,  

y = c / c .  
P  v  



Cols .  21-30 STAB s t a b i l i t y  c o e f f i c i e n t  

f o r  t h e  b l u n t  body 

computa t ion ;  recom- 

mended v a l u e  = 1.0 

C O ~ S .  31-40 THEMAX emax; i n  t h e  b l u n t  body 

s o l u t i o n ,  t h e  maximum 

v a l u e  o f  8 ,  i n  d e g r e e s ,  

t o  b e  u sed ,  where 8  i s  

z e r o  i n t o  the  wind i n  

t h e  wind a x i s  system. 



C0lS. 41-50 ELL A x i s  rat io  i f  the body 

i s  an e l l i p s e .  

Distance from para- 

bola focal point or 

e l l i p s e  center t o  the 

coordinate system 

center measured pos i t ive  

"downetream" . (See 

Appendix-B-1-b-i) . 

t' Xo 4 
e l l i p s e  



C o l s .  61-70 ANGLE B , t h e  h a l f  a n g l e  o f  t h e  

c o n i c a l  a f t e r b o d y  

( d e g r e e s )  

C a r d  #5 - C o l s .  1-10 ALPHA a, t h e  a n g l e  o f  a t t a c k  

i n  d e g r e e s  (mus t  b e  

2 0 ) .  

C o l s .  11-20 STABCO t h e  s t a b i l i t y  c o e f f i -  

c i e n t  i n  t h e  c o n e  

s o l u t i o n ;  r e c o r m e n d e d  

v a l u e  = 1.0 .  

C o l s .  21-30 RTMAX t h e  maximum v a l u e  o f  R 

t o  be computed  i n  t h e .  

c c n e  p r o g r a m .  S e e  

A p p e n d i x  -B- 1-b .-i and  

S e c t i o n  111. 



Card #6 - This card contains t h e  control  in tegers  and 

mesh spec i f ica t ion  for  the  conical afterbody 

progra.m. D o  not forget t .hat  t h e  .i.nt,egers 

must be r i g h t  adjusted . 
cols .  1-5 MAC0 the  number of O mesh 

in t e rva l s  

(maximum of 30) . 
Cols. 6-10 m c 0  the  number of  mesh 

in t e rva l s  i n  the  9 

d i rec t ion  for 

0  s 9 s n (maximum 

of 18). 

Cols. 11-15 KACO the  maximum number of 

s teps  t o  be taken by 

t h o  o o n i o a l  aftorbody 

pr ogr am. 

Cols. 16-20 JACO output every JACO s teps  

in t he .  cone. program. 

And t h a t  completes the  input data .  Remember, 

a l l  i n t ege r s  are read with an I 5  format and a l l  

f l o a t i n g  point numbers with an E10.4 format. 



F l o a t i n g  p o i n t  numbers w i t h  exponents and i n t e g e r s  

must b e  r i g h t  ad jus ted ,  

A schematic i n p u t  t a b l e  i s  on t h e  fo l lowing 

pages. 

Sample d a t a  are g iven  i n  t h e  next  s e c t i o n .  



SHORT SUMMARIZATION TABLE OF INPUTS 

CARD NO. COLUMNS FORMAT FORTRAN SYMBOL 

NRUN 

MONTH 

MDAY 

MYEAR 

N A 

MA 

E 1 0 . 4  ers ( 1 )  

E P S  ( 2 )  

E P S  ( 3 )  

E P S ' ( 4 )  

( N o t  used by p r o g r a m )  

E P S  ( 5 )  

1 E P S  ( 6 )  v 



SHORT SUMMAFtIZATION TABLE O F  I N P U T S  ( c o n t ' d )  

CARD NO. COLUMNS FORMAT FORTRAN SYMBOL 

E P S  ( 7 )  

( N o t  used by psogr a m )  

ACH 

GAMMA 

STAB 

( 1 . 0  r e c o m m e n d e d )  

THEMAX 

E L L  

XO 

ANGLE 

ALPHA 

STABCO 

( 1 . 0  r e c o m m e n d e d )  

RTMAX 

NACO 

KACO 

JACO 



c .  Sample Inpu t  with:  :comments 

Following a r e  t h e  d a t a  f o r  a  twen ty  

degree  h a l f - a n g l e  cone t ipped  by a  1.5: l  e l l i p s o i d  

of r e v o l u t i o n  wi th  t h e  major a x i s  a g a i n s t  t h e  wind. 

0 
The ang le  of a t t a c k  i s  20 . The phys ica l  d a t a  a re :  

0 
1 .5 : l  e l l i p s o i d  followed by 20 h a l f  angle  cone 

Card #1 - This  i s  a  t i t l e  card  g i v i n g  t h e  d e s i r e d  

informat ion.  

Card # Z  - The r u n  number i s 1 , (NRUN = I. ., t h e  

d a t e  i s  6  /18/68 (MONTH = 6 MDAY = 18, 

MYEAR = 68) . I n  t h e  blunt-body pr.uyL-am 

t h e r e '  a r e  5 .mesh i n t e r v a l s  between t h e  

shock and t h e  body (NA = 5), 10 i n t e r v a l s  

i n  t h e  13 d i r e c t i o n  f o r  each mer idional  

p lane  (MA = l o ) ,  and 8 meridional  i n t e r -  

v a l s  (LA = 8) .  The nuniber of t ime s t e p s  

t o  be  taken a r e  300 (KA = 300), t h e  

s o l u t i o n  i s  t 0 . b . e  ou tpu t  every 300 s t e p s  



(JA = 300) , no p a r t i a l  o u t p u t s  a r e  de- 

s i r e d  (LB = o ) ,  and t h e  nose i s  an 

e l l i p s o i d  (LE = 1) . 
-4 

Card #3 - The i t e r a t i o n  t o l e r a n c e s  are a l l  10  

( ~ p S ( 1 )  through EPS(3) = l.E-4); t h e  
, 

spacing of t h e  R = cons tan t  p lanes  from 

which ( aOshock / a ~ )  . t o  b e  computed i s  
R=R 

i 
& = 0.04R; (EpS(5) = 0.02) ; and t h e  

i n i t i a l  d a t a  s u r f a c e  i s  a t  Ri = l . l(R)min 

c a r d  #4 - Ma = 8.0 (ACH = 8 . 0 ) ;  y = l o 4  (GAMMA = 

1. -4 )  ; b l u n t  body s t a b i l i t y  c o e f f i c i e n t  

0 
= 1.0 (STAB = 1.0) ; maximum 8 .= 90 f o r  

each meridj-onal p l a n e  i n  t h e  b l u n t  body 

s o l u t i o n  (THEMAX =. 90.0);  t h e  nose i s  a  

1 .5 : l  e l l i p s o i d ,  major a x i s  " v e r t i c a l "  

(ELL = 1.5) ; t h e  b l u n t  body coord ina te  

system c e n t e r  i s  l o c a t e d  on t h e  body axis  

a t  a  d i s t a n c e  of 0.5 major semi-axes down- 

str eam of  t h e  e l l i p s o i d  c e n t e r  (xO = 0-5)  ; 

t h e  a f t e rbody  is. a 20O h a l f -  a n g l e  cone 

(ANGLE = 20.0). 



Card #5 - The angle of a t tack  i s .  15O (ALPHA = 15O); 

the  s t a b i l i t y  coe f f i c i en t  for  the  cone 

program i s  unity ( S T A B C ~  = 1 .0 ) ;  compute 

a maximum of 20 major,semi-axes down- 

stream i n  the  conical  afterbody solut ion 

(RTMAX = 16 - 0) . 
Ca.c.13 &G - I n  the  conical afterbody so lu t ion  these are 

10 mesh in t e rva l s  between the  shock and 

t h e  body (NACO = 10) : ,tell i i i t~h i n t o r v ~ l  s 

i n  . t he  9 .coordinate (MAC0 = 10) ; a max- 

imum of .20 a x i a l  s teps  a r e  t o  be taken 

(KACO = 2 0  ) ; and o u t p u t  i s  t o  be given 

every 2 a x i a l  s teps  ( J A C O  = 2 ) . 

A p ic tu re  of the  actua.1 data  cards i s  shown on 

the  following page. Sample output and a discussion 

t h e r e o f  i s  given i n  t h e  fo l lowing s e c t i o n .  



1 61 18 4 1 I 2i 
a1 

WORD 5" WORD WORD 7 1 WORD 8 

ol 21 0: 
-----.- - -- - - . ... . . ... . . .!. ... . . ... . . .!. .., . . ... . . . 

SAMPLE DATA 

1 1 I 
o Oi D 

4 
0 ! 

3 
0 

01 
WORD 6 WORD 7 1 WORD 8 

0' 
i 

WORD 4 1 WORD 5 
0 0 



C .  Output 

1. Desc r ip t ion  of Sample Output 

I n  t h i s  Sec t ion  we d i s c u s s  t h e  ou tpu t .  

I n  p a r t  b )  o f  t h i s  s e c t i o n ,  sample ou tpu t  

corresponding t o  t h e ' s a m p l e  i n p u t  g iven i n  t h e  

preceding s e c t i o n  a r e  presented .  We w i l l  no t  

spend e x t r a  t ime on exp la in ing  t h o s e  i tems which 

should by now be e v i d e n t .  For i n s t a n c e ,  t h e  

f i r s t  page of  ou tpu t  should b e  p r e t t y  c l e a r  i n  

t h a t  it i s  j u s t  t h e  i n p u t  data w l L 1 1  Ll ie appro- 

p r i a t e  n o t a t i o n .  

The s e t  o f  d a t a  fo l lowing t h e  f i r s t  page 

g i v e  t h e  body geometry d a t a  f o r  each wind-ori-  

ented mer id iona l  p lane  i n  t h e  b l u n t  body system. 

Th i s  d a t a  i s  computed a n a l y t i c a l l y .  The coor- 

d i n a t e  system (r, 8 ,  q )  i s ,  of course ,  t h e  wind- 

o r i e n t e d  one cen te red  on t h e  body a x i s  a d i s -  

t a n c e  XO (semi-major axes)  downstream of t h e  

body c e n t e r ,  The d a t a  i s  i n  groups correspond- 

i n g  t o  a  c o n s t a n t  va lue  o f  9,  beginning w i t h  

0 
q = 0 (leeward p i t c h  p l a n e )  and ending w i t h  

0 
q = 180 (windward p i t c h  p lane )  . In tcr rnedia te  



0 p l a n e s - a r e  a t  i n t e r v a l s  A @  = 180 /LA. L i s  a 

0 r u n n i n g  index  f o r  0, and L=2 a t  q = C . For 

e a c h  v a l u e  o f  cp, t h e  d a t a  i s  g i v e n  a s  a  f u n c t i o n  

o f  8 a t  i n t e r v a l s  A0 = 8 /MA = THEMAX/MA. 
max 

e = 0  i s  t h e  wind a x i s ,  p o i n t i n g  i n t o  t h e  wind. 

The parameter  M i s  a  runn ing  index  f o r  8 ,  and 

M =  2 a t  8 = 0. Thus 8 = ( M  - 2 )  A@. The 

columns, from l e f t  t o  r i g h t ,  a r s ,  f o r  g i v e n  q: 

M I  8  , r , a r / a e ,  a a r / aea  , a r / aq ,  a2r/aq2 , 

aar/aeacp. Fol lowing  t h e  body d a t a  o u t p u t ,  we 

w r i t e  t h e  i n i t i a l  f low f i e l d  d a t a  assumed f o r  

t h e  b l u n t  body s o l u t i o n .  D o  11oL a t t e m p t  t o  

a t t a c h  a p h y s i c a l  meaning t o  t h i s  d a t a ,  it h a s  
* - 

none. 

A t  t h e  t o p  o f  t h e  page  t h e  s t e p  number, 

the nondimens ional  t i m e ,  t h e  t h r e e  i n d i c e s  

i d e n t i f y i n g  t h e  mesh p o i n t  which gove rns  t h e  

s t a b i l i t y  s t e p  s i z e ,  and t h e  s t e p  s i z e  a r e  

w r i t t e n .  Subsequen t ly  t h e  f low f i e l d  d a t a  f o r  

e a c h  wind-o r i en t ed  m e r i d i o n a l  p l a n e  i s  w r i t t e n .  



Firs t ' ,  t h e  plane number, L ,  and the  meridional 

angle,  q,  are pr in ted .  These a r e  followed by the  da t a  

of t h e  shock i n  t h a t  meridional plane,  namely r 
shock ' 

ar shock'at ahock /ae a s  funct ions  of 8 for' given q. 

Now, r e c a l l  the manner i n  which t h e  flow f i e l d  

i s  pa r t i t i oned  i n t o  a mesh and you w i l l  r e a l i z e  t h a t  

i n  a  meridional plane t h e  mesh looks l i k e  t h i s  

BODY AXIS 

Mesh f o r  given meridional plane L ,  
n 

where 9 = ( C - 2 )  i n  radians  

With t h i s  sketch t h e  next block of da t a  should be 

p r e t t y  easy t o  follow. For t h e  given meridional 

plane,  whose meridional angle i s  



a mesh p o i n t  i s  s p e c i f i e d  by 

and 
r 

shock ( 8 , ~ )  - rbody ( O I d  
r = (n-2) 

W e  a l s o  p r e s e n t  t h e  v a l u e s  o f  p r e s s u r e ,  ( P ) ;  d e n s i t y ,  

( R H O ) ;  r v e l o c i t y  component,  ( u ) ;  8 v e l o c i t y  com- 

p o n e n t ,  (v) ; q v e l o c i t y  component,  (W) ; e n t r o p y  (S)  ; 

Mach number, M ; r , (R) ; and (H-HBO )/ H , (DH/HST) . ~ l l  
w 

t h e s e  v a r i a b l e s  are nond imens iona l i zed  a s  s t a t e d  i n  

t h i s  append ix ,  p a r t  B - 1 - b - i. The f a r  l e f t  

column, headed b y  M I  i s  j u s t  t he  r u n n i n q  index  f o r  

8  i n c r e a s i n g .  The column (H-H=)/H= might  look  s u r -  

p r i s i n g  a t  f i r s t  s i n c e  we a r e  c o n s i d e r i n g  f l ows  which 

a r e  i n v i s c i d  and have  c o n s t a n t  f r e e  s t r e a m  t o t a l  

e n t h a l p y .  However, i n  making t h e  i n i t i a l  f low f i e l d  

d i s t r i b u t i o n  (which i s  a r b i t r a r y )  no a t t e m p t  i s  made 

t o  f o r c e  t h e  l o c a l  H t o  e q u a l  H . Thus ,  t h e  q u a n t i t y  
P 



(H-H-)/H t e l l s , h o w  much of t h e  i n i t i a l  "garbage" 
w 

h a s  been' washed downstream; t h a t  i s ,  it i s  one way 

o f  e v a l u a t i n g  t h e  s t e a d i n e s s  of t h e  flow. 

T h i s  completes t h e  o u t p u t  of  t h e  b l u n t  body 

s o l u t i o n  i n  t h e  wind- o r i e n t e d  coord ina te  system. 

S ince  peop le  u s u a l l y  p r e f e r  body c o o r d i n a t e s ,  t h e  
j 

e n t i r e  f low f i e l d  i s  subsequent ly  w r i t t e n  ou t  in 

t h e  body-or iented  s p h e r i c a l  p o l a r  system, R, $, 0, 

cen te red  a t  t h e  cone apex. I n  t h e  body-or iented  

system, 0 = (3 i s  on t h e  budy a x i s  "downatroam,." 

@ = 0 i s  i n  t h e  p i t c h  p lane  on t h e  leeward s l d e  and 

i s  p o s i t i v e  i n  t h e  c lockwise  d i r e c t i o n .  Note t h a t  

i n  t h e  body-or iented  system t h e  mesh p o i n t s  do not  

group i n t o  @ = c o n s t a n t  p lanes .  For a g iven  q = 

c o n s t a n t ,  a s  9 and r va ry  t h e  corresponding coord i -  

n a t e s  ( R ,  O, Q) i n  t h e  body-oriented system a l l  vary 

(i .e.,  @ does  n o t ,  i n  g e n e r a l ,  remain c o n s t a n t )  . 
The v e l o c i t y  co~ t~ponen t s ,  (U, V, W ) ,  r e f e r ,  o f  c o u r s e ,  

t o  t h e  (R ,  3, 6) d i r e c t i o n s .  With t h e s e  comments 

t h e r e  should b e  no d i f f i c u l t y  i n t e r p r e t i n g  t h e  d a t a  * 

f o r  t h e  body- o r i e n t e d  system. 



Now, a s  t h e  b l u n t  body s o l u t i o n  proceeds i n  

t ime ,  you w i l l  o r d i n a r i l y  ou tpu t  only t h e  i n i t i a l  

( t h i s  i s  always done and you have no cho ice  i n  t h e  

m a t t e r )  and f i n a l  v a l u e s  of t h e  s o l u t i o n ,  w i t h  per- 

haps o u t p u t  a t  a  few i n t e r m e d i a t e  s t a t i o n s .  For 

example, on a  400 t ime  s t e p  r u n  you may want t o  oc t -  

p u t  every  100 s t e p s ,  o r  even only t h e  400th s t e p .  

S ince  each ou tpu t  t a k e s  many pages (about  35 f o r  a  

5 x 10 x  8 mesh) you may want t o  keep t h i s  ou tpu t  

t o  a  minimum. However, a  p r o v i s i o n  i s  inc luded so  

t h a t  you can.  have t h e  fo l lowing informaf ion a t  every  

s t e p :  

t i m e  

minimum shock s t andof f  d i s t a n c e  i n  pitch plat;e 

maximum shock v e l o c i t y  (W ) = ( a r  
max shock Iat) max 

minimum shock v e l o c i t y  (W ) 
m i  n  

i 
maximum range  of  t h e  shock v e l o c i t i e s  1 W - 

I w.au W m i i l  / 
maximum s t a t i c  p r e s s u r e  

' e  

All t h e  above d a t a  are, of  c o u r s e ,  non-dimensiozal.  I f  

you want t h i s  p a r t i a l  ou tpu t  at' every  s t e p ,  s e t  LB = 1; 

i f  n o t ,  s e t  LB = 0. 



So now we h a v e  gone  t h r o u g h , t h e  e n t i r e  b l u n t  

body o u t p u t .  Next t h e  program e n t e r s  the r o u t i n e  which 

f i n d s  a n  i n i t i a l  d a t a  s u r f a c e  f o r  t h e  c o n i c a l  a f t e r b o d y  

s o l u t i o n  and o b t a i n s  ' t h e  r e q u i r e d  d a t a  on  t h a t  s u r f a c e .  

I f  e v e r y t h i n g  p r o c e e d s  as d e s i r e d ,  you w i l l  n e x t  r e a d  

the data on that  i n i t i a l  d a t a  surfac-:e. Now the  d a t a  
. . 

are r e f e r r e d  t o  t he  R ,  0, 9 sys tem.  

The uutpul.: io l -  t h e  c o n e  program i s  patterned 

s i m i l a r l y  t o  t h a t  o f  t h e  b l u n t  body. The d a t a  i s  o u t -  

p u t  on  c o n s t a n t  R s u r f a c e s .  

A t  t h e  t o p  of t h e , , p a y e ' . i s ' - t h e  s t e p  number 

(remember,  t h i s  program marches  i n  R,  t h e  z e r o  s t e p  

c o r r e s p o n d s  t o  t h e  i n i t i a l  d a t a  s u r f a c e  ge-r~erated from 

t h e  b l u n t  body s o l u t i o n )  ; t h e  s t e p  s i z e  LW, (DR) ; t h e  

i n t e g e r s  i n d i c a t i n g  t h e  mesh p o i n t  which  i s  c o n t r o l l i n g  

AR, (N,M) ; and t h e  v a l u e  o f  R (RADIUS). R e m e m b e r  t h a t  

R i s  non-d imens iona l .  

Then t h e r e  are t h r e e  p i e c e s  o f  i n f o r m a t i o n ,  

two  of which  are p a r t i c u l a r l y  i n , t e r e s t i n g .  EXTZRNAL 

MASS FLOW i s  t h e  f r e e  stream mass f l o w  i m p i n g i n g  on  

the s h o c k  and i s  o b t a i n e d  b y  p r o j e c t i n g  t h e  f r e e  s t r e a m  

v e l o c i t y  on  t h e  c r o s s  s e c t i o n  o f  t h e  shock  wave. 



INTERNAL MASS FLOW i s  t h e  mass flow c ross ing  t h e  R = 

cons tan t  s u r f a c e  between the  body and t h e  shcck,  azd 

i s  obta ined by t r a p e z o i d a l  i n t e g r a t i o n  ~f t h e  f i o ; ~  

f i e l d  s o l u t i o n .  These mass flows are nor<dinensional 

and, i n  a d d i t i o n ,  d iv ided  by x g .  Their  d i f fe rence  is 

a measure o f  t h e  error i n  t h e  s o l u t i o n  and i n  t h e  

i n t e g r a t i o n s .  Though it is  n o t  p o s s i b l e  t o  r e a i l y  

s e p a r a t e  t h e  two e r r o r s ,  t h e s e  d a t a  are  resented 

because they  a r e  i n t e r e s t i n g ,  i n  s p i t e  of  tke ~ c -  

c e r t a i n t y  i n  t h e  e r r o r .  The t h i r d  d a t ~ ~ r n  i n  t h i s  

group i s  t h e  range  o f  t h e  r a d i a l  devi6ti-i.-c of  t h e  

shock shape;  it is,: 

This  i s  a measure o f  t h e  c o n i c i t y  nf t\e: Elow. 

Obviously, t h i s  number ought  t o  texd to . z a r o  a3 the 

c o n i c a l  s o l u t i o n  i s  approached ( i t  does : ) . 
Following i s  a b lock of d a t a  wl.~liPc:: g i v e s  Lr.fr,r- 

mation about  t h e  shock. The co1urr.r. of f!:'cc..gcrz 

i s  t h e  running index f o r  a. Then t h e r c  is 

a column of 
'shock ' (SHB2K SIiAPE), i n  r a d i i ,  



"shock a (DS/DPHI ) ; and aeshock/a~,  (DS/DR) . 
The f i n a l  blocks of da ta  give t h e  so lu t ion  of 

t h e  Lluw f i e l d  i n  t h e  shock layer a t  each mesh point  

on the  R = constant  surface.  For c l a r i t y ,  observe 

t h e  following sketch of t h e  meah on the  constant R 

surface projected on a plane. 

m i n c r e a s i n g  

- 

i n c r e a s i n g  



The d a t a  i s  g iven  i n  b locks  corresponding t o  

n = c o n s t a n t ,  beginning a t  t h e  cone s u r f a c e .  There 

i s  a s t a t ement  i n d i c a t i n g  t h e  va lue  of  n (LINE = N). 

For each va lue  of  n t h e  d a t a  i s  g iven  a t  each mesh 

p o i n t  beginning on the .  leeward p i t c h  p lane .  F i r s t  

t h e r e  i s  a column, M, which i s  t h e  running index f o r  

9. Then, f o r  t h a t  mesh p o i n t  we have,  r ead ing  a c r o s s  

t h e  page; p r e s s u r e ,  ( P ) ;  d e n s i t y ,  ( R H O ) ;  R v e l o c i t y  

component, ( u ) ;  @ v e l o c i t y  component, ( V ) ;  @ v e l o c i t y  

component, ( w )  ; en t ropy  ( S )  ; Mach number, ( M )  ; @ 

(THETA). Again, t h e s e  v a r i a b l e s  a r e  a l l  nondimensianal .  

THETA is i n  r a d i a n s .  

And t h a t  ends t h i s ,  d i s c u s s i o n  of t h e  d a t a  ou tpu t .  

There should  be l i t t l e  d i f f i c u l t y  i n t e r p r e t i n g  t h e  

d a t a .  

On t h e  fo l lowing  pagee a r e  erne of  t h o  o u t p u t  f o r  

t h e  c a e e  used a e  t h e  example f o r  t h e  i n p u t .  
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1.5 T O  I F L L I P S E -  2 0  OFG.  COh!Ee LO=;SrALPUA=I5 S DECK 

SAMPLE OUTPUT 
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r y r  F~3LLO*IN6 I S  I M  THE WIND ORIENTED SYSTEM 

MFSIDIOMAL PLIhIE NL~NHEQ 2 P H l I D E G I a  0. 
T H E T A  SHOCK VELOCITY STM s p n  

2 ;. . 3 . 0 .  0. 
3 F . ~ I ~ J O O E * O O  0. - r .51406€-03 01  
o I . I ~ ~ ~ O O E + O ~  o .  - Z . Z ~ S ~ ~ E - O Z  0. 
5 Z.7OQOOE*Ol 0. , -6.16801E-02 0. 
c 3 . ~ n 4 1 0 n ~ * 0 1  1 1 .  -1 .26096E-.O1 0. 
7 u . S n l o n F * O l  o. -2.1 6 6 4 4 ~ - 0 1  0. 
c ~ . b ~ ~ o o o ~ ~ n i  n. - 3 . 3 5 6 9 6 ~ - 0 1  0. 
9 h . 3 1 1 0 0 b E r 0 1  0. -4.A934OE-01 0. 

I Q  7 . 7 0 0 0 u ~ + n 1  0 .  - r . 8 9 5 8 8 ~ - 0 1  n. 
1 1  H . I O O O O F * ~ ~  0. -9.57599E-01 0. 
12 0.CO000F101 0. -1.32979E*00 0. 

kHG U V w S M 
t . n 0 & 7 a ? . ~ n  n. -n. , 0. 1.90765E*00 D. 
5 . 9 6 3 c l F r 3 n  - l . b 3 * 3 3 ~ - 0 2  - 6 . 2 6 4 8 0 ~ - 0 1  U. 1.90765E*OO 1.42857E-01 
6 . 7 h h u J F * ~ l 0  1.04351E-02 - l . ? b 5 6 3 F * 0 0  b.  1.90765E*00 ?.85?14E-01 
5 . l k h . : d ~ . q f i  H . O ~ T ~ V F - ~ ?  - l . ~ b ~ 3 b € * n ~ 1  ' 0 .  1.90765E*00 b.28571E-01 
5 .1?635"* "9  ! . 5 h l o 3 k - n l  -?.b2P41F*00 0. 1.90765€*01l 5.71429E-01 
L. 7 n 9 7 4 ~  1.1r I . ~ 7 3 9 3 ~ - n i  - 2 . Q ~ 4 8 5 ~ * 0 0  C. 1.90765E*nO 7.142AbE-01 
L.Zh73$)Fl l l i ,  T.R4113E-1)2 -3.51?04E*OO C. 1.90765E*nO R.57143E-01 
3 . ~ 0 h < 4 6 4 3 *  - 3 . 2 b 3 b s ~ - q i  - 1 . 9 9 ~ 3 5 ~ 6 n n  0. 1 . 9 0 7 6 s ~ * n o  ~ I . O O O O O E * C ~ O  
3 .5P l  I ? F l . X f l  -F.S537hF-01 -4 .13PlQE*00 0. 1 .9076SF*nO 5 .O7143E*QO 
3..3/-179t 4 " i .  - 3 . l ? r ~ ? l F - . l l  -4.0h711E.00 0. 1.9076SE*nn P.I*28hE*CO 
3 .1470. rL  4 lr? r .oR7u?F-n1 -4 .67252c+00 (1. 1.90765E*flO D.21429E*CO 



MEDlOIO'JbL PLANE "Jll*RER 2 
THE14 SMOCK VELOCITY 

1' . 3.03047E-03 
o.onoonE*oo 3 . 9 2 0 3 5 ~ - 0 3  
I . B ~ O U O F * F ~  3 . ~ 1 7 6 1 ~ - 0 3  
i?.7UOUOF*Ol 2 . ~ 1 9 2 7 E - 0 3  
~ . b n o n o ~ ~ o i  ~ . Z L O S ~ E - O ~  
4.5JI lOOE*bl -b.32625E-03 
s . 4 n o n o ~ ~ o 1  7 . ~ ~ 7 7 9 ~ - 0 3  
* . 3 n o n o ~ * o i .  1 . 5 ~ 8 r t . ~ - 0 2  
7.20OUOE*01 -6.P4714E-03 
h. 11100OE*01 -7.5955UE-03 
~ . o n o o o ~ * n i  - n . ? r 4 n i ~ - o 3  



TRANSFORMEn M E R I 3 I O N A L  PLAYE NUMBER 2 
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A T  STEP I, 

mu.. 

I.hlA4,'RF-nI 
7 . 9 5 1 9 s ~ - n l  
~ , 7 n ~ ~ n ~ - q i  
9.9PAr-5F-l1l 
1 .l?@.fbF.nn 
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? . s 9 ? 5 * ~  +no 

skncK swrPE os /nPn l  
2 5 .67nbb~-n i  o. 
3 ~ . 6 2 3 n i ~ - n i  -2 .5b416~-02 
4 5 . 5 o v s 3 ~ - n i  -4.1+7,70~-02 
5 5.36320E-01 -5.21486E-02 
6 5.16147E-01 -5.87043C-02 
I 4 . 9 9 6 3 s ~ - n i  -5 .752?0~-02 
A 4.82OblE-01 -5.lb380E-02 
Q 4.6699OE-01 -4.1010lC-02 

16 4.56274E-01 .-Z.77708€-02 
11 4.bVSblE-01 -1.41597E-02 
IZ  4 . 4 7 3 1 7 ~ - n i  0. 

A T  LINE 

u v u 
7.379526*00 -1.138V9E-02 -7.54604E-17 
7.30973E*00 1.65460t-02 -5.87979E-01 
7.141Q7E*00 1.8hh67E-02 -1.09987E*00 
~ . R ~ z ? ~ E I ~ o  6.9bb+s~-n4 - i . 4 7 2 3 3 ~ + 0 0  
r.S7?YnE*OF -7.27750F-03 - l .h7262€*00 
6 . ? I  C i  3f.00 -5.9027hF-03 -1.7720ZE*00'~ 
S.C?37bF+00 -1.16977F'-02 -1.64473E*00 
5 . c n r ? * ~ * n o  - 1 . 3 7 7 3 n ~ - o z  -1 .35932~*00  
5 . . 3 5 7 r ~ f + 0 0  3.n7477f-n3 - ~ . A ~ B ? ~ E - o I  
2.77.37hE.tlO 3.534196-03 -5.60907E-01 
5.77C37C.00 6.09348F-03 2.72316E-13 

A T '  LINE 
U v # 

7.33nuRF +Oft 5.26204F.-O2 1 .R2393E-16 
7.7h154C*P~1 9.0h3bCE-02 -5.7837QE-01 
7.109409E+fl0 9.lnOOOF-0? -l.O7893E*00 
r.r5319€.On 4.917YOF-02 -1.blA787E*00 
F.5VI~*hF+OO -J.?3FbOF-02 -l.h57SRE*00 
C ,?~LSIF . I~O -?.h5?09E-F? -1.75700E*00 
5.9b575Eo'~O -1.119Q77F-nl -1.63373E*OO 
6.h79051 en0 -I.367bOF-nl -1.35799€*00 
5.r56.49F.OC -1.hlF77Y-nl -9.93822E-01 
h..-,c312f..nn - I . L ~ Q ~ z F - ~ ~  - s .h2b79~-01  
4.3CC2PI * O f ,  -1 -691 33F-n l  2.777h7E-13 

AT L lNt '  
u v w 

7 . 7 " ~ 3 ~ 1 $  * S O  1.24ho2F-"l 4.4n902E-16 
7.?16.$3Fri;O L.hn l61F- i l l  -5.h450bE-01 
~ . ~ ~ Q L c E + o ~  1 . c o 5 9 0 ~ - n i  - I . O ~ ~ ~ O E * O O  
+ . r ? ? ; : 3 t t c o  1 .n119n f -n i  -1 .4?3?3~*00  
6 .+nuu7F .OII -h .  1'*1576 -92 -1 .64247F*00 

THETA 
3.70066E-01 
3.70391E-01 
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F I G U R E  2 : 'SCEEMATIC O F  THE REG ION COMPUTED BY T E E  BLUNT BODY 
SOLTJTION ( I N  P I T C H  PLANE) 
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i n  t h i s  Region 

s o n i c  S u r f a c e  



FIGUKK 3: BLUNT BODY FOLLOWED BY A RIGHT CIRCULAR CONE 



FIGURE 4 : COORDINATE SY S T E S  
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FIGURE 6: DEPFXDENCE OF (a@iHmx/b(R/~o)) R=Ri ON THE PARRMETER C 5  



4.0 4.2 4.4 4.6 4.8 5 .0  
x/rn 

FIGURE 7: PRESSURE COMPARISON IN THE VICINITY OF THE ATTACHMENT POINT - 
12% DEGREE HALFANGLE SPHERICALLY TIPPED CONE 



FIGURE 8: SURFACE MACH NUMBER COMPARISON NEAR THE ATTACHMENT POINT - 
1235 DEGREE HALF- ANGLE SPHERICALLY TIPPED CONE, ZERO 

INC JDENCE 



FIGURE 9: SURFACE PRESSURE COMPARISON DOWNSTREAM OF ATTACHElEbFP POINT - SPHERICALLY 
TIPPED 124 DEGREE H A P A H G L E  CONE, ZERO INCXDENCE 



FIGURE 10: SURFACE MACH NUMBER COMPARISON DOWNSTREAM OF ATTACHNENT POINT - 
SPHERICALLY TIPPED 12% DEGREE CONE - ZERO INCIDENCE 



FIGURE 11: SHOCK POSITION NEAR THE INITIAL DATA SURFACE - 
SPHERICALLY TIPPED 12% DEGREE HALF-ANGLE CONE - 

ZERO INCIDENCE 



4.4 4.6 5.0 5.2 5.4 4*8  x /m 
12 : PRESSURE BEHIND THE SHOCK NEAR THE INITIAL DATA 

SURFACE - SPHERICALIY T I P P m  124 DEGREE HALF- 
ANGLE CONE - ZERO INCIDENCE 



FIGURE 13 : SHOCK SERPE D O W N S T R W  OF I.E3X'PX2iL DATA SURFACE - SPHERICALLY 
TIPPED 12% DEGREE mLF-ANGLE CONE - ZERO 3XElDENCE 



4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 
x/r, 

FIGURE 143 PRESSURE BJSHIM[) I H W K  DOWNSTREAM OF INITIPcL DAFA SURFACE SPHERICALLY 
TIPPED 12% D B ~ ~ B  HALEI-ANGLE CONE - ZERO ~C"S]EBCE 



FIGURE 15: EFFECT OF E 6  ON PRESSURE BEHIND SHOCK - SPHERfCALXIY TIPPED 12% DEGREE 

RALFANGLE CONE - ZERO INCIDENCE 



FI- 16: EFFECT OF E6 ON @HOCK POSITION - SPHERICALLY TIPFED m4 DEGREE H k W A N G L E  
CONE - ZERO INCIDENCE 



F I G U R E  l i : EYPRCT OF C ON SURFACE PRESSURE - SPIIEKICALLY TIPPED 1215 DEGREE 
HALF ANGLE WNE - ZERO INCIDENCE 



FIGURE 18s D E P ~ ~ E  OF 
SHOCK 

SPRIERICAUY TIPPED 12% DEGRRE HALP ANGLE CONE- 

ZERO INCDELYCE 



4.0 6.0 10.0 12.0 14.0 16.0 
~ l ' r ~  

FIGURE 19: DEPENDENCS OF SHOCK ANGLE 0fi IN'ITIAL VAWE OF aBSlfOCJ3R - 
SPHERICALLY TIPPED 12% DEG-WE HALF ANGLE CONE - ZERO XNCnIENCE 



fi1STRIBUTION: 
U. S. Atomic Energy Cvnlnlission 
Division of Technical Information 
Reports Section 
Hq. Libraiy, G-017 
Washington, D. C. 20545 

U. S .  Atomic Energy Commission 
Albuquerque Operations Office 
P.O. Box 54Q0 
Albuquerque, New Mexico 87 115 

U. S. Atomic Energy Commission 
andia Area Office 
.O. Box 5400 
lbuquerque, New Mexico 87 11 5 

Los Alamoo Scientific Laboratory 
P. 0. Box-16 63 
h s  Alamos, New Mexico 87544 

Hq. F'ie3d Comm.and/nASA 
Sandirr. Base 
Albuquerque, New Mexico 87 11 5 (53) 

Director 
Air Force Weapons Laboratory 
(WLIL/ E. Lou Bowman) 
Kirtland AFB, New Mexico 87117 

Attn: Major W. M. Hart (2) 

University of California 
Lawrence Radiation Laboratory 
P. 0. Box 808 
Livermore, California 9455 1 

Clearinghouse for Federal Scientific 
m d  Technical Information 

National Bureau of Standards 
U. S. Department of Commerce 
Springfield, Virginia 22 15 1 (40) 

Defense Documentation Center 
Cameron Staliotl 
Alexandria, Virginia 223 1 4 

Technical Information Service 
AIAA Inc. 
750 Third Avenue 
New York, New York 10017 

STAR 
NASA Scientific and Technical 

Information Facility 
P.O. Box 30 
College Park, Maryland 20740 

Aerotherm Corporation (3) 
460 California Avenue 

Northrop Norair 
39C1 West Broadway 
Hawthorne, California 

Attn: S. A. Powers 

The Boeing Company 
Airplane Group Library 
P. 0. Box 707 
Renton, Washington 

Attn: L. K. Montle (1) 
J. M. MacDonald (1) 

P. R. de Tonnancour 
Chief Librarian 
General Dynamics 
Fort Worth Division 
Fort Worth, Texas 76101 

Ricado Bas tianon - 
Org 5512 , Bldg 102 
Lockheed Missile and Space Company 
e. o. uox 504 
Sunnyvale, California 94088 

Hedstone Scieniltic Wormation Center 
U. S. Army Missile Command 
Redstone Arsenal, Alabama 35809 

Attn: Mrs. Clara T. Rogers 

Ralph Boericke 
Aerodynamic techno lo,^ Company 
GE Reentry Systems Depprtraent 
VFSTC Room U-3225 
P. 0. Box 8555 
Philadelphia, Pennsylvania 

NASA Library 202 - 3 
Anles Research Center 
Moflell Figld, CaliTol.lria 9403 5 

NASA Scie~itific and Technical Inforrrlalioll 
Facility 

P.0,  Box 33 
College Park, Maryland 20741) 

Attn: Sylvia Bakcr 

B. C. Hardy 
Queen Mary College (University of ~ondon)  
Mile End Road 
London 

Research Library 
AVCO Missile Sys tems Division 
2101 Lowell Street 
Wilmington, Massachusetts 01887 

V. Skogland 
Mechanical Engineering Department 
University of New Mexico 
Albuquerque, New Mexico 87 106 



DISTRI33UT1ON: (continued) Dr. Samuel  J. Cowan 
Cathryn C. J.,yon Roeing Space r>:i.vi s inn  
Head Libra r ian  Box 3865 
U. S. Naval. Weapons L,abora,tory (NIAL) Seattle, Washington, 98 124 
Dahlgren, Virginia 22448 

Standard Acro -Thermodynamic 5 

Jet Propuls ion Laboratory  Disti-ibution (1 9G) 
4800 Oak Grove Drive 
Pasadena,  California 91 103 

Attn: Dr .  Zen011 Popinski 

Aero -Phys ics  Department 
Raytheon Corporation 
Bedford, n lassachuset ls  0173 0 

Attn: F r e d  P e t r i  

Dr. Gino Morett i  (5) 
Polytechnic Institute of Brooklyn 

G~eacluale CeuLel. - Ruule  110 
Farmingdale ,  New York 11735 

Ames Research  Center  
Moffett Field, California 94035 

Attn: John V. R.a.kich 

Aero -Engineering Department 
Wichita State Universi ty 
Wichita, Kansas 67200 

Attn: Dr .  Glen Zumwalt 

Mike- Abbett (5) 
General  Applied Science Laboi-ator-ies, Inc. 
M e r r i c k  and Stevrart Avenues 
Westbury, Long Island, New'York 11590 

D e p a r t m e ~ ~ t  .of the  Ai r  F o r c e  
Air F o r c e  Aero Propuls ion Laboratory  (AFSC) 
Wright -Pa t t e r son  Ai r  F o r c e  Base  
Ohio 45433 

Attn: APO-4/STINFO Office 

Phys ics  1nternatj.onal Company 
2700 Merced Street  
San Leandro,  California 9,457 7 

Attn: Helen Smith, L i b r a r i a n  

Knud Kindler 
DVL-Institut f u r  Angewandte Gasdynamik 
505 P u r z  - Wahn 
Linder Hol~e,  Gerinany 

J. A. Hornbeck, 1 
D. 13. Shuster,  12.00 
0. M. Stuetzer,  1220 
L. D. Smith, 2300 
H. S. Claasen,  2600 
G. W. Rodgers,  2620 
C. D. Ouverson,  2624 
C'. S. Will iams, 2625 
A ,  Narath,  5100 
L. C. Hebel, 5200 
C. R. Mehl, 5230 
F. W. Neilson, 5240 
E. H. Beckner,  5242 
J. R. Ean is tc r ,  5270 
L. D. Smith, 5500 
G. W. ~ n d e r s o n ,  8330 
G. A. Fowler,  9000 
J. H. Scott, 9200 
A. Y. Pope,  9300 
R. C., Maydew, 9320 
W. IT. Curry,  9322 
D. I?. McVey, 9323 
K. -J. Touryan,  9340 
J. K.  Cole, 9341' 

Attn: A .  J. Russo 
R. 'R .  Eaton, 9341 (5) 
W. F. Cars tens ,  3410 

Attn: VV. J. Wagoner, 3413 
F o r :  USAEC'/'TI ( 3 )  

M. S. Gol.dstein (1) ' 

B. R. Allen, 3421 
33. F. Hefley, 8232 
C. H. .Sproul, 3428-2 (10) 

Tec hnion 
I s r a e l  Institute of .'I'echnology 
Centra l  L ib ra ry  
Technion City-Haifa, I s rae l  

Attn: Mrs .  A. Zedoks, O r d e r  L ibra r ian  




