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1 .0  INTRODUCTION AM) SUMMARY 

C r i t i c a l  hea t ing  on windward s u r f a c e s  of t h e  Space S h u t t l e  a r e  expected t o  
occur a t  a l t i t u d e s  between 61  and 76 k i lometers  (200,000 and 250,000 f e e t ) .  
A t  t h e s e  a l t i t u d e s ,  t h e  flow f i e l d  i s  expected t o  be i n  a nonequil ibr ium 
s t a t e  over  much of t h e  t o t a l  v e h i c l e  length .  A r ecen t  s tudy by Lordi  and 
Vida l  (Reference 1 )  has  i nd ica t ed  t h a t  t h e s e  e f f e c t s  may have a s i g n i f i c a n t  
e f f e c t  on boundary l a y e r  growth, s k i n  f r i c t i o n ,  and hea t  t r a n s f e r .  However, 
t he  work of Reference 1 d id  n o t  address  t h e  e f f e c t  of entropy swallowing 
by t h e  boundary l a y e r  and thus  d i d  not  provide a q u a n t i t a t i v e  assessment 
of t h e  phenomena. Analysis techniques a r e  not  a v a i l a b l e  t o  de f ine  an  exact  
windward f low f i e l d  f o r  t he  Space S h u t t l e  con f igu ra t ion ,  bu t  a r e  a v a i l a b l e  
f o r  more s imple geometries (e.g.  blunted cones) .  Flow f i e l d  v i s u a l i z a t i o n  
and aerodynamic hea t ing  d a t a  have ind ica t ed  t h a t  t h e  windward flow f i e l d  
on t h e  S h u t t l e  i s  e s s e n t i a l l y  con ica l  a t  t h e  r e e n t r y  angles  of a t t a c k  planned 
f o r  S h u t t l e .  Therefore ,  t o t a l  flow f i e l d s  were ca l cu la t ed  f o r  blunted cone 
conf igu ra t ions  t o  s imula te  t h e  S h u t t l e  flow f i e l d .  The ana lyses  cons i s t ed  
of d e f i n i n g  t h e  complete flow f i e l d  around blunted cones f o r  a s s p e d  
equi l ibr ium and r e a c t i n g  gas  cases .  I n v i s c i d  and v iscous  flow f i e l d s  were 
s e p a r a t e l y  computed and coupled. The a x i a l  l eng th  of t h e  blunted cones was 
assumed t o  be 30.5 meters  (100 f e e t ) .  . Two nose b luntnesees ,  corresponding 
t o  r a t i o s  of nose r a d i u s  t o  cone l eng th  of 0.01 and 0.02, were analyzed f o r  
cones having semivextex angles  of 0.524 and 0.698 rad ians  (30 and 40 degrees) .  
Four a l t i t u d e - v e l o c i t y  combinations were assumed t o  permit  d e f i n i t i o n  of t h e  
f l i g h t  r&me f o r  which chemical nonequilibrium e f f e c t s  a r e  important .  The 
nonequilibrium analyses  were made f o r  a n o n c a t a l y t i c  w a l l  a t  a temperature 
of 1365°K (2000°F). ,The r e s u l t s  i n d i c a t e d  t h a t  nonequilibrium e f f e c t s  i n  
t he  i n v i s c i d  f low f i e l d  become i n s i g n i f i c a n t  (except i n  t he  nose reg ion)  
a t  a l t i t u d e s  below 64 k i lometers  (210,000 f e e t ) ,  b u t . t h a t  t h e  boundary l a y e r  
i s  a f f e c t e d  and t h e  r e s u l t i n g  s k i n  f r i c t i o n  and h e a t  t r a n s f e r  a r e  s i g n i f i c a n t l y  
reduced below t h e  equi l ibr ium va lues .  The entropy swallowing phenomena 
(based on t h e  a x i a l  l o c a t i o n  a t  which equiva len t  sharp  cone boundary l a y e r  
edge v e l o c i t y  was achieved)  was only  s l i g h t l y  a f f e c t e d  by nonequilibrium 
e f f e c t s .  Boundary l a y e r  bulk parameters  (0 and 6*) and,boundary l a y e r  pro- 
f i l e s  were s t r o n g l y  a f f e c t e d  by nonequil ibr ium e f f e c t s .  However, t h e  l o c a l  
Reynolds numbers based on O and 6* were only  s l i g h t l y  a f f e c t e d .  

The degree  of s imula t ion  provided by wind tunnels  was a l s o  assessed .  This  
was accomplished by conducting equ iva l en t  ana lyses  on sca led  conf igu ra t ions  
f o r  f o u r  wind tunnels :  t h e  Mach 8 Langley Var iab le  Densi ty  Wind Tunnel, Mach 
20 Helium Tunnel, Mach 20 Nitrogen.Tunne1 and t h e  Mach.6 Freon (CFq) Tunnel. 
The r e s u l t s  showed t h a t  t h e  b e s t  s imu la t ion  of t h e  i n v i s c i d  flow f i e l d  (shock 
stand-off d i s t a n c e ,  edge Mach number) was provided by t h e  CF4 f a c i l i t y .  How- 
ever ,  t he  Reynolds numbers were low and tu rbu len t  hea t  t r a n s f e r  s imu la t ion  
would b e  poor. The laminar hea t ing  s imu la t ion  ( d i s t r i b u t i o n  of l o c a l  t o  
s t a g n a t i o n . p o i n t  hea t ing )  provided by a l l  f a c i l i t i e s  was equiva len t .  The 
laminar  h e a t i n g  d i s t r i b u t i o n  on t h e  nose f o r  t h e  wind tunne l  condi t ions  agreed 
we l l  w i th  laminar  equi l ibr ium c a l c u l a t i o n s ,  bu t  on t h e  cone s u r f a c e  b e t t e r  . 



agreement wi th  t h e  nonequilibrium v a l u e s  w a s  noted. Natura l  boundary l a y e r  
t r a n s i t i o n  i s  u n l i k e l y  except  i n  t h e  Var i ab le  Densi ty  Wind Tunnel. The wind 
t u n n e l s  provide  r e l a t i v e l y  poor s imu la t ion  of t he  boundary l a y e r  p r o f i l e s  and 
t h e  s c a l e d  boundary l a y e r  thiEkness  i s  smal le r  i n  f l i g h t  than  wind tunnel .  
Th i s  i s  due t o  t h e  lower wa l l  t o  edge temperature i n  f l i g h t  (compared t o  wind 
tunne l )  and t h e  Reynolds number l i m i t s  of t h e  f a c i l i t i e s .  

, 



.. . - .  
2.0 FLOW FIELD SOLUTION TECHNIQUES' 

. ~ 
. . 

The c a l c u l a t i o n s .  requi red  t o  d e l i n e a t e  chemical nonequilibrium e f f e c t s  
f o r  t h e  s h u t t l e  s p a c e c r a f t  w e r e  'made us ing  previous ly  developed computer codes 
t o  d e f i n e  i n v i s c i d  and v iscous  flow f i e l d s .  So lu t ions  were coupled a t  t h e  
boundary l a y e r  edge by i t e r a t i v e l y  a d j u s t i n g  boundary l a y e r  edge cond i t i ons  
u n t i l  t h e  mass f low i n  t h e  boundary l a y e r  was equal  t o  t h e  i n v i s c i d  m a s s  f low 
between t h e  w a l l  and t h e  i n v i s c i d  flow f i e l d  p o i n t  having t h e  p r o p e r t i e s  
(Pe, Ve, Te) corresponding t o  t h e  edge cond i t i ons .  A schematic of t h e  flow 
f i e l d  on a b lun ted  cone i s  shown i n  F igure  1. For t h e  example s t r eaml ine  
shown, t h e  m a s s  f low i n  t h e  boundary l a y e r  bounded by t h e  s t r eaml ine  and t h e  
edge cond i t i ons  a r e  t hus  uniquely defined.  

I n v i s c i d  Flow F ie ld  Solu t ions  - The i n v i s c i d  flow f i e l d  a n a l y s i s  programs 
a r e  w e l l  documented and have been proven s u c c e s s f u l  i n  numerous a p p l i c a t i o n s .  
De ta i l ed  shock l a y e r  p r o p e r t i e s  were computed i n  two s t e p s  consis;ing of sub- 
s o n i c  nose cap reg ion  s o l u t i o n s  and supersonic  a f t  body so lu t ions .  The flow 
f i e l d  p r o p e r t i e s  a long rays  normal t o  t h e  s u r f a c e  w e r e  ob ta ined  a t  s e l e c t e d  
s t a t i o n s  along t h e  body and were t h e  primary output  of t hese  programs t o  be  
used i n  d e f i n i t i o n  of boundary l a y e r  edge cond i t i ons .  The equi l ibr ium in -  
v i s c i d  flow c a l c u l a t i o n s  requi red  a  s e p a r a t e  computer program f o r  each reg ion ,  
subsonic and supersonic ;  t h e  nonequil ibr ium i n v i s c i d  flow ana lys i s  combined 
t h e  computer code f o r  each region.  

Equil ibr ium Blunt Body Solu t ion  - This  modified N~SAl~rnes computer 
program (Reference 2 )  was used t o  s o l v e  t h e  mixed subsonic/supersonic flow 
over  t h e  nose cap. The method is  an i n v e r s e  one; t h a t  i s ,  t h e  shock shape i s  
s p e c i f i e d  and t h e  gas p r o p e r t i e s  and body shape determined, Convergence i s  
obta ined  when a shock shape is  chosen which r e s u l t s  i n  t h e  des i r ed  body shape. 
The i n p u t s  i nc lude  the  f r e e  s t ream cond i t i ons ,  shock wave, and nose b lun tnes s .  
The ou tpu t  i nc ludes  s t a g n a t i o n  po in t  d a t a ,  shock shape coord ina tes ,  and flow 
f i e l d  p r o p e r t i e s  along t h e  r ays ,  Data on r ays  equal ly  spaced between th.e 
s t agna t ion  p o i n t  and t h e  son ic  po in t  were obta ined ,  inc luding  a  ray i n  t h e  
supersonic  flow f i e l d  t o  be used as a s t a r t i n g  l i n e  f o r  supersonic  c a l c u l a t i o n s .  

Supersonic Method of C h a r a c t e r i s t i c s  So lu t ion  - The flow f i e l d  p r o p e r t i e s  
on t h e  a f t  p a r t  o f  t he  veh ic l e  were determined by t h e  Method of  C h a r a c t e r i s t i c s  
program (MOC) developed by ~AsA/Ames. The p r i n c i p a l  d e t a i l s  o f  t h i s  w e l l  
known technique a r e  documented i n  Reference 3 .  Numerous modi f ica t ions  have 
been made t o  t h e  program but  t he  methods a r e  b a s i c a l l y  the  same. Some of  
t hese  modi f ica t ions  inc lude  t h e  a b i l i t y  t o  compute v e r t i c a l  c h a r a c t e r i s t i c s ,  
mesh p o i n t  c o n s t r a i n t s  t o  allow good d e f i n i t i o n  of p r o p e r t i e s  i n  t h e  shock 
l a y e r ,  and equ i l i b r ium chemical spec i e s  concen t r a t ions  a long  t h e  rays .  



For s t a t i o n s  "far"  downstream of t h e  s t agna t ion  po in t  where t h e  
en t ropy  l a y e r  i s  less than 1 /10  of  t h e  shock l a y e r ,  the  method of cha rac t e r -  
i s t i c s  s o l u t i o n  w a s  discont inued and a con ica l  flow f i e l d  computed. This  
w a s  accomplished f o r  reasons of  economy and accuracy of flow f i e l d  requi re -  
ments. I n  t h e  c o n i c a l  reg ion  t h e  nose b luntness  e f f e c t s  a r e  concent ra ted  i n  
very  t h i n  l a y e r s  n e a r  t h e  s u r f a c e  which l i e  i n s i d e  the  boundary l a y e r  and 
t h e r e f o r e  can b e  neg lec t ed  f o r  i n v i s c i d  computations. Reference 4 provided 
estimates o f  t h e  th i ckness  of  t h e  entropy l a y e r  a s  func t ions  of a x i a l  d i s t ance .  
f ie  results of t h e s e  c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  entropy l a y e r s  f o r  0.524 
r a d i a n  and 0.698 r a d i a n  cones are independent of f r e e  s t ream Mach numberand 
are 1 /20  of t h e  shock l a y e r  th ickness  a t  6 S/RN f o r  t h e  0.698 r ad ian  cone and a t  
1 5  S/% f o r  t h e  0.524 r ad ian  cone, which a t  these d i s t ances  should b e  swallowed 
by t h e  boundary l a y e r .  

Modified C u r t i s  and Strom Unif ied Noneqgilibrium Flow F i e l d  - A 
modif ied v e r s i o n  of t h e  C u r t i s  and Strom Unified Flow F ie ld  Program (Reference 
5) c a l c u l a t e s  t h e  inv i sc id /v i scous ,  nonequil ibr ium flow about b l u n t  axisym- 
metric bodies .  This  program uses an i t e r a t e d  inve r se  method i n  t h e  subsonic /  
t r a n s o n i c  r eg ion  and a  method of  c h a r a c t e r i s t i c s  i n  t h e  supersonic  region.  
The displacement  e f f e c t  of t h e  f rozen  boundary l a y e r  i s  accounted f o r  by 
matching v i scous  and i n v i s c i d  m a s s  f l u x e s  a t  t h e  edge of  t h e  v e l o c i t y  bound- 
a r y  l a y e r .  The b l u n t  body s o l u t i o n  i s  obta ined  by i n t e g r a t i n g  t h e  conserva t ion  
equa t ions  a long  r ays  from t h e  shock toward the  body. The process  i s  repea ted  
u n t i l  i n t e g r a t i o n  from the  i t e r a t e d  shock shape p r e d i c t s  t h e  des i r ed  body 
s u r f a c e .  Converged flow f i e l d  and stream composition d a t a  i n  t h e  supersonic  
s t ream a r e  t r a n s f e r r e d  t o  t h e  method of  c h a r a c t e r i s t i c s  s o l u t i o n .  The 
Har t r ee  method i s  used s o  t h a t  t h e  s o l u t i o n  may be def ined  along s t r eaml ines .  
Thus, when us ing  t h e  s i m i l a r  s o l u t i o n  boundary l a y e r  op t ion  wi th  the  charac te r -  
i s t i c  method, i t  i s  p o s s i b l e  t o  drop mesh po in t s  a s  i n v i s c i d  s t r eaml ines  e n t e r  
t h e  v i scous  boundary l a y e r .  This r e s u l t s  i n  a computational t ime saving  
dev ice  when determining the  flow f i e l d  over  long veh ic l e s .  

Viscous Flow F i e l d  So lu t ions  - Two viscous  computer codes were used i n  
t h i s  s tudy .  A l l  f l i g h t  c a l c u l a t i o n s  were made using a  modified v e r s i o n  of  
t h e  v i scous  r e a c t i n g  gas  computer code developed by B lo t tne r  and desc r ibed  i n  
Reference 6. This  program computes t h e  nonequilibrium f l u i d  p r o p e r t i e s  and 
chemical  s p e c i e s  p r o f i l e s  f o r  a multi-component gaseous mixture cons ider ing  
e i t h e r  b ina ry  o r  multi-component'transport p r o p e r t i e s  and f i n i t e  rate chemistry.  
Abla t ion  products  o r  o t h e r  added mass, varying i n  composition and f l u x  along 
t h e  v e h i c l e ,  may b e  included i n  t h e  so lu t ion .  The p a r t i a l  d i f f e r e n t i a l  
equa t ions  are rep laced  wi th  f i n i t e - d i f f e r e n c e  equat ions  i n  t h e  program. Only 
one dependent v a r i a b l e  e x i s t s  i n  each equat ion  and each dependent v a r i a b l e  is  
so lved  s e p a r a t e l y  us ing  an i m p l i c i t  technique s i m i l a r  . to t h e  Crank-Nicolson 
method . 

A d e s c r i p t i o n  of t he  modified code wi th  a check case  and u s e r ' s  manual (Ref- 
e r ence  7) i s  a v a i l a b l e  t o  q u a l i f i e d  r eques t e r s .  The major modi f ica t ions  made 
t o  t h e  computer s o l u t i o n s  included (1) a d d i t i o n  of eddy v i s c o s i t y  terms i n  t he  
boundary l a y e r  equa t ions  t o  a l low computation of t u rbu len t  boundary l a y e r s ,  and 



(2 )  a d d i t i o n  of  provis ions  f o r  computing an equ i l i b r ium boundary l a y e r  by by- 
pass ing  ' the r e a c t i o n  r a t e  subrout ine  and us ing  equi l ibr ium chemistry t a b l e s  
t o  de f ine  s p e c i e s  concent ra t ions .  The eddy v i s c o s i t y  model is d iscussed  in  
~ ~ ~ e h d i x  A. The equ i l i b r ium chemical composition t a b l e s  were generated wi th  
a modified ve r s ion  of t h e  computer program descr ibed  i n  Reference 8: A l l  non- 
equ i l i b r ium c a l c u l a t i o n s  were made f o r  a  n o n c a t a l y t i c  wal l .  For t h e  nonequi- 
l i b r ium c a l c u l a t i o n s  8 r eac t ions  were assumed. These r eac t ions  &d t h e  corre-  
sponding r e a c t i o n  r a t e  cons tan ts  a r e  summarized i n  Appendix B. 

The boundary l a y e r s  f o r  t h e  wind tunnel  condi t ions  were made wi th  t h e  
nons imi la r  t u rbu len t  v i scous  code developed by Cebeci f o r  i d e a l  gas  flow. 
(References 9 and 10) .  The program i s  capable  of computing laminar o r  
t u rbu len t  flows f o r  va r ious  i d e a l  gases .  The t r a n s p o r t  p roper ty  d a t a  f o r  
the.wind tunne l  gases  a r e  summarized i n  Table I. 

~ n v i s c i d / V i ~ c o u s  Flow F i e l d  Matching - The procedure u t i l i z e d  i n  t h i s  
. 

s tudv decoupled the  two phases:. of flow f i e l d  computations,  t he  v iscous  phase 
(bouhdary l a y e r )  and the  i n v i s c i d  phase ( i n v i s c i d  flow f i e l d  p r o p e r t i e s )  and 
i n t e r f a c e d  t h e s e  two independent phases through a  v i scous / inv i sc id  mass f l u x  
matching i n  t h e  shock l a y e r  along p o i n t s  a t ' t h e  edge of the  boundary l a y e r .  
'Prel iminary s t u d i e s  on the  v i scous / inv i sc id  matching methods have ind ica t ed  
t h a t  t h e  bbundary l a y e r  th ickness  e f f e c t s  (displacement thickness  c o r r e c t i o n s  
t o  t h e  s u r f a c e )  a r e  smal l ,  and a t  l e a s t  f o r  t hese  cases ,  analyzed, t h e  d isp lace-  
ment t h i ckness  c o r r e c t i o n  need no t  be  considered i n  t he  i n v i s c i d  flow f i e l d  
computation. 

I n i t i a l  e s t i m a t e s  of  t he  edge cond i t i ons  f o r  t h e  boundary l a y e r  a r e  made 
and t h e  computations c a r r i e d  o u t .  The r e s u l t i n g  boundary l a y e r  mass flow i s  
then. used t o  i n t e r p o l a t e  along t h e  previous ly  computed i n v i s c i d  f i e l d  r a y s  
t o  determine flow condi t ions  i n  t h e  i n v i s c i d  f i e l d  a t  a po in t  corresponding 
t o  t h e  boundav  l a y e r  mass flow va lue  us ing  t h e  r e l a t i o n :  



Y6 av av 2nE r p  (U + - a~ dy) . d~ ] = Zn K r p  (U + - dy) dy] 
inv  ay v i s  

. . 

where 
> 1 

y6 normal d i s t ance  from sur face  t o  loca t ion  i n  i n v i s c i d  flow f i e l d -  . : 
. . 

corresponding to edge of the  boundary l a y e r  

P = l o c a l  dens i ty  
. . 

u, v = l o c a l  p a r a l l e l  and norual  v e l o c i t i e s  

6 = edge of boundary l ayer  (from boundary l a y e r  so lu t ion)  

r = dis tance  from a x i s  of symmetry t o  loca t ion  i n  the  boundary l a y e r  

i n v  a i n v i s c i d  so lu t ion  

v i s  = boundary l a y e r  s o l u t i o n  

Subsequent boundary l a y e r  i t e r a t i o n s  a r e  made u t i l i z i n g  t h e  " l a t e s t "  edge con- 
d i t i o n s ,  and the  process repeated u n t i l  successive i t e r a t i o n s  y i e l d  a change 
i n  mass flow of less than a spec i f i ed  convergence c r i t e r i o n .  , , .. . . 

I n i t i a l  estimates of the  boundary l a y e r  edge condit ions were obtained by 
var ious  means. For laminar equil ibrium f l i g h t  cases, the  i n i t i a l  est imates 
were determined from t h e  r e s u l t s  of a  specia l ized computer program which 
c a l c u l a t e s  the  v a r i a t i o n  of boundary l a y e r  edge conditions over spher ica l ly  
b lunted cones. The boundary l a y e r  so lu t ion  b u i l t  i n t o  the  nonequilibrium in- 
v i s c i d  flow f i e l d  program provided i n i t i a l  nonequilibrium laminar edge condit- 
ions  and i t e r a t e d  laminar edge condit ions were used a s  i n i t i a l  estimates f o r  
the  tu rbu len t  cases,  Surface condit ions determined from the  equilibrium invis-  
c id  flow f i e l d  ca lcu la t ions  provided i n i t i a l  est imates of the  edge condit ions 
f o r  t h e  i d e a l  gas tunnel  boundary l ayer  computations, 

I ,  



3.0 DELINEATION OF NONEQUILIBRIUM EFFECTS 

I n  order  t o  a s c e r t a i n  t h e  s i g n i f i c a n c e  of nonequilibrium chemistry on 
S h u t t l e  flow f i e l d s ,  ana lyses  were conducted f o r  r e p r e s e n t a t i v e  combinations 
of v e l o c i t y  and a l t i t u d e .  Four a n a l y s i s  cond i t i ons  were se l ec t ed  f o r  a l -  
t i t u d e s  between 61  and 76.2 km (200,000 and 250,000 f t )  a t  f r e e  stream 
v e l o c i t i e s  between 4.88 and 7.32 lan/sec (16 t o  24 thousand f t l s econd) .  
These . a re  shown i n  F igure  2. superimposed on t h e  f i g u r e  a r e  r e p r e s e n t a t i v e  
S h u t t l e  e n t r y  t r a j e c t o r i e s  corresponding t o  r e e n t r y  angles  of a t t a c k  of 
0.506 and 0.68 r a d i a n s  (29 and 39 degrees) .  To e s t a b l i s h  t h e  e f f e c t  of 
a l t i t u d e  on nonequilibrium chemistry a t  c r i t i c a l  laminar hea t ing ,  two p o i n t s  
a t  7.32 km/sec (24,000 f t l s e c )  were used. The corresponding a l t i t u d e s  were 
70.2 and 76.2 kn (230,000 and 250,000 f t ) .  The h igh  a l t i t u d e  poin t  i s  
i d e n t i c a l  t o  t h a t  used i n  t h e  s tudy by Lordi  and Vida l  i n  Reference 1. A s  
i nd ica t ed  i n  F igu re  2 ,  both t h e  shock l a y e r  flow f i e l d  and t h e  boundary 
l a y e r  a r e  expected t o  be  s i g n i f i c a n t l y  a f f e c t e d  by nonequilibrium chemistry 
f o r  t hese  two po in t s .  The remaining p o i n t s  were s e l e c t e d  t o  eva lua t e  t h e  
e f f e c t  of f r e e  s t ream v e l o c i t y  when t h e  nonequil ibr ium e f f e c t s  i n  t h e  in -  
v i s c i d  flow f i e l d  a r e  of second order  importaqce. For t hese  l a t t e r  two 
p o i n t s ,  a t  a n  a l t i t u d e  of 64.1 km (210,000 f t ) ,  l e s s  than  twenty percent  of 
t he  v e h i c l e  experienced nonequilibrium edge condi.t ions.  The poin t  a t  6 .1  km/ 
s e c  (20,000 f t / s e c )  corresponds approximately t o  peak tu rbu len t  hea t ing  
during r een t ry .  

The geometry used t o  s imu la t e  t he  S h u t t l e  lower s u r f a c e  was a  b l u n t  
axisymmetric cone. Ca lcu la t ions  were made f o r  two cone angles  and nose 
b luntnesses  t o  e v a l u a t e  t h e  s e n s i t i v i t y  of t h e  nonequilibrium phenomena t o  
these  two parameters.  A summary of t h e  c a l c u l a t i o n  mat r ix  i s  included i n  
Table 11. Both laminar  and tu rbu len t  v i scous  c a l c u l a t i o n s  were made f o r  
each p o i n t  us ing  t h e  methods descr ibed i n  Sec t ion  2.0. A cone a x i a l  l ength  
of 30.5 meters  (100 f  t )  was assumed. 

The p r i n c i p a l  e f f e c t s  of nonequilibrium chemistry on t h e  i n v i s c i d  flow 
f i e l d  i s  an  i n c r e a s e  i n  shock stand-off d i s t a n c e ,  an inc rease  i n  s t a t i c  
temperature and a r educ t ion  i n  Mach number a t ' t h e  edge of the  boundary l a y e r .  
The s u r f a c e  p r e s s u r e  and , l oca l  v e l o c i t y  were only s l i g h t l y  a f f ec t ed  by non- 
equi l ibr ium chemistry.  The major e f f e c t  of nonequilibrium chemistry occurred 
i n  the  boundary l a y e r  and brought about i n c r e a s e s  i n  t h e  peak s t a t i c  temper- 

' 

a t u r e  and mod i f i ca t ions  t o  t h e  v e l o c i t y  p r o f i l e .  This  r e s u l t s  i n  i n c r e a s e s  
i n  t he  boundary l a y e r  v e l o c i t y  and displacement th icknesses  and decreases  i n  
t he  l o c a l  hea t ing  r a t e  and s k i n  f r i c t i o n .  

De l inea t ion  of Nonequilibrium E f f e c t s  (Shock Shapes) - Inv i sc id  equi l tbr ium 
and nonequilibrium c h a r a c t e r i s t i c s  were computed f o r  b lunted  cones of 0.524 
r ad ian  (30 degrees)  and 0.698 r a d i a n  (40 degrees)  ha l f  angles .  The computa- 
t i o n s  were conducted f o r  t he  f l i g h t  condi t ions  a s  summarized i n  Table I1 t o  



d e f i n e  nonequilibrium chemistry e f f e c t s  on  the  shock shape and r e l a t e d  flow 
f i e l d  c h a r a c t e r i s t i c s .  F igure  3 p r e s e n t s  a  sample comparison of shock shape 
c h a r a c t e r i s t i c s  f o r  t h e  0.524 r a d i a n  h a l f  angle  cone w i t h  a  0.6096 meter nose 
r ad ius .  The sample shock shapes shown r e f l e c t  t h e  76.2 km maximum a l t i t u d e  
computation a t  a  v e l o c i t y  of 7.32 km/sec where nonequilibrium e f f e c t s  would 
be most prominent. The shock shapes a r e  very similar wi th  t h e  primary " 

chemistry s e n s i t i v i t y  d isp layed  i n  t h e  t h i c k e r  shock l a y e r  of t h e  nonequilib- 
rium case .  This  t y p i c a l  e f f e c t  can  b e  a t t r i b u t e d  t o  t h e  " s t i f f n e s s "  of t h e  
r e l a x i n g  gas  which produces a  sma l l e r  degree of compres s ib i l i t y  compared t o  
t h e  equ i l i b r ium case. The s tandoff  d i s t a n c e  a t  t he  s t a g n a t i o n  p o i n t  i s  shown 
t o  be  increased  by approximately 80 percent  due t o  nonequilibrium chemistry 
a t  t h e s e  f l i g h t  condi t ions .  Shock shapes f o r  t h e  e n t i r e  set of equ i l i b r ium 
i n v i s c i d  flow f i e l d s  a r e  t a b u l a t e d  i n  Appendix C. 

F igu re  4 p r e s e n t s  a summarization of shock s tandoff  d i s t a n c e  r a t i o ,  non- 
dimensional ized by equi l ibr ium chemistry r e s u l t s ,  f o r  t h e  f l i g h t  cond i t i on  
computations.  The s tandoff  d i s t a n c e  r a t i o  i s  presented a s  a  func t ion  of 
s t a g n a t i o n  p o i n t  d e n s i t y  r a t i o  and t h e  f i g u r e  shows the  s tandoff  d i s t a n c e  
r a t i o  t o  i n c r e a s e  wi th  decreas ing  d e n s i t y  r a t i o .  The h ighes t  s tandoff  d i s -  
tance  v a l u e s  i nd ica t ed  r e f l e c t  t h e  76.2 a l t i t u d e  computations wi th  nose r a d i i  
of 0.3048 and 0.6096 meters .  

P r e s s u r e  D i s t r i b u t i o n  - Nonequilibrium chemistry has  l i t t l e  e f f e c t . o n  
t h e  boundary l a y e r  edge p re s su re ,  A s  c an  be seen  i n  F igures  5 and 6 ,  p re s su re  
i s  only s l i g h t l y  a f f e c t e d  a t  t h e  h igh  a l t i t u d e  and only i n  t h e  nose region.  
The nonequil ibr ium p res su re  is  lower than  the corresponding equi l ibr ium 
p res su re .  On t h e  a f te rbody a t  t h e  high a l t i t u d e  and over t h e  e n t i r e  body 
a t  low a l t i t u d e  t h e  nonequilibrium p res su re  equals  t h e  equi l ibr ium va lue .  
Af t  of t h e  shock overexpansion, a s  i nd ica t ed  by t h e  minimum p o i n t  i n  t he  
p r e s s u r e  curves ,  nose b lun tnes s  e f f e c t s  disappear  and the  p re s su res  approach 
sharp  cone va lues .  Nonequilibrium e f f e c t s  a r e  experienced on t h e  f i r s t  t e n  
t o  f i f t e e n  percent  of t he  v e h i c l e  l eng th .  The nonequilibrium e f f e c t s  on the  
laminar  boundary l a y e r  edge p re s su re  a s  shown i n  the above f i g u r e s  a r e  
i d e n t i c a l  f o r  t h e  t u r b u l e n t  boundary l a y e r  p re s su re  d i s t r i b u t i o n .  

Ve loc i ty  D i s t r i b u t i o n  - Like t h e  p re s su re ,  t he  boundary l a y e r  edge 
v e l o c i t y  d i s t r i b u t i o n ,  shown i n  F igures  7 and 8,  i s  r e l a t i v e l y  unaf fec ted  by 
nonequil ibr ium flow. There a r e  some d i f f e r e n c e s ,  however, between laminar  
and t u r b u l e n t  f low i n  the  high entropy nose reg ion  forward of swallowing. 
I n  g e n e r a l ,  t he  nonequilibrium v e l o c i t y  f o r  t he  sharper '  nose laminar c a s e  
tends  t o  be  lower than  the  equi l ibr ium v e l o c i t y ,  and t h e  nonequilibrium 
v e l o c i t y  f o r  the  b l u n t e r  nose laminar c a s e  tends t o  be h igher  than  the  
equ i l i b r ium v e l o c i t y .  It appears  t h a t  t h e  t rend i s  reversed  f o r  t u rbu len t  
flow. Here, t h e  sharper  nose nonequilibrium v e l o c i t y  i s  g r e a t e r  than the  
equi l ibr ium va lue  and the  b l u n t e r  nose nonequilibrium v e l o c i t y  i s  l e s s  than  
the  equi l ibr ium value.  I n  t he  sharp  cone region of t h e  flow f i e l d ,  non- 
equ i l i b r ium v e l o c i t i e s  a r e  lower than ,  and tend t o  approach, the  equi l ibr ium 
sha rp  cone va lues .  



Entropy Layer - A s  shown i n  F igures  7 and 8 ,  t h e  boundary l a y e r  edge 
v e l o c i t y  reaches  t h e  sharp  cone v e l o c i t y  w i t h i n  the  . f i r s t  t e n  percent  of t h e  
v e h i c l e  f o r  laminar and w i t h i n  t h e  f i r s t  e i g h t  percent  f o r  t u rbu len t  flow. I f  
the  i n v i s c i d  entropy l a y e r  i s  defined a s  the  i n v i s c i d  reg ion  conta in ing  t h e  - 
gases  processed by t h e  h igh  entropy p o r t i o n  of t h e  curved nose shock, t h i s  . 
l a y e r  extends t o  t h e  l o c a t i o n  a t  which t h e  boundary l a y e r  edge v e l o c i t y  
f i r s t : becomes  equal  t o  t h e  sharp cone va lue .  Because of t h e  i n f l e c t i o n  i n .  
t he  shock system the  l o c a l  v e l o c i t y  a c t u a l l y  exceeds t h e  sharp cone va lue  fo r -  
some d i s t a n c e  before  cons tan t  cone v e l o c i t y  i s  reached. The l o c a t i o n s  a t  
which sharp  cone v e l o c i t y  i s  f i r s t  reached f o r  f l i g h t  a r e  summarized i n  
Table 111. A s  expected, t h e  percentage of t h e  v e h i c l e  experiencing h igh  
en t ropy-f low i s  increased  a s  nose diameter i s  increased  and/or a l t i t u d e  and 
cone angle  a r e  lowered. The e f f e c t  of nonequilibrium on t h i s  phenomena i s  
gene ra l ly  smal l  f o r  t h e  laminar ca ses  except f o r  t he  high a l t i t u d e  c a s e s  f o r  
which sharp.cone v e l o c i t y  i s  reached very  near t h e  nose-cone junc ture .  For 
t u rbu len t  boundary l a y e r  condi t ions  the  a x i a l  e x t e n t  of t he  entropy l a y e r  
f o r  nonequilibrium was g r e a t e r  than  o r  equal  t o  the  equi l ibr ium va lues .  

Temperature D i s t r i b u t i o n  - Boundary l a y e r  temperature i s  most a f f e c t e d  
by nonequilibrium chemistry.  Both a l t i t u d e  and nose b lun tnes s  e f f e c t s  f o r  
laminar  and tu rbu len t  flow a r e  compared i n  F igures  9 through 12. There is  
l i t t l e  d i f f e r e n c e  between t h e  laminar and t u r b u l e n t  temperatures a t  e i t h e r  
t h e  high o r  low a l t i t u d e s .  Nonequilibrium e f f e c t s  a t  t he  high a l t i t u d e  
p e r s i s t  f o r  t h e  e n t i r e  v e h i c l e  l eng th ,  a s  can b e  seen  i n  F igure  9. The 
sharper  nose produces nonequilibrium temperatures  i n  t h e  s t agna t ion  r eg ion  
which a r e  almost t h r e e  t imes as g r e a t  a s  t he  equi l ibr ium va lues ;  and t h e  
b lun te r  nose, approximately twice t h e  equi l ibr ium va lues  a t  t h e  s t a g n a t i o n  
po in t .  Nose b lun tnes s  e f f e c t s  a r e  r e l a t i v e l y  n i l  on t h e  a f te rbody,  wi th  
nonequilibrium temperatures  approximately 50 percent  g r e a t e r  than the  
equi l ibr ium value.  

A t  t h e  lowest  a l t i t u d e  cond i t i on  the nonequilibrium e f f e c t s  a r e  small, 
wi th  cons iderably  l e s s  nose b luntness  e f f e c t s  a t  t h e  s t a g n a t i o n  poin t .  
Nonequilibrium s t a g n a t i o n  temperatures a r e  about 30 percent  g r e a t e r  than  t h e  
equi l ibr ium va lues ,  bu t  t h e  nonequilibrium e f f e c t s  a r e  d i s s i p a t e d  i n  t h e  
v i c i n i t y  of t h e  hemisphere-cone tangency p o i n t ,  o r  shoulder .  

Mach Number - The range of l o c a l  Mach number f o r  t h e  two cone ang le s  over  
t he  e n t i r e  f l i g h t  regime-. is  presented i n  F igures  1 3  and 14. Equilibrium f low 
is  represented  by t h e  e n t i r e  band width, whi le  nonequilibrium occupies  a  
much narrower p o r t i o n  i n  t h e  lower p a r t  of t h e  same band. Mach numbers on 
t h e  a f te rbody of t h e  l a r g e r  cone l i e  between 3 and 4 ;  va lues  on t h e  a f t e r -  
body of t h e  smal le r  cone l i e  between 4 and 5.5. The hump i n  the  band cor res -  
ponds t o  t h e  v e l o c i t y  overshoot on t h e  a f te rbody.  



Local  Reynolds Number - The range of l o c a l  Reynolds number over  t h e  
e n t i r e  f l i g h t  regime f o r  t he  two cone angles  is presented i n  F igures  15 - - 

and 16. Here, nonequilibrium flow i s  represented by t h e  e n t i r e  band width, 
wi th  on ly  a  narrow s t r i p  not represent ing  a l s o  equi l ibr ium flow. , . 

Momentum Thickness D i s t r i b u t i o n  - Momentum th ickness  i s  important i n  
t r a n s i t i o n  ana lyses  and i s  presented i n  Figures  1 7  and 18.  A t  t h e  high 
a l t i t u d e  cond i t i on ,  nonequilibrium inc reases  the  momentum th ickness .  A t  t h e  
low a l t i t u d e  cond i t i on  however, t h e r e  a r e  no nonequilibrium e f f e c t s .  

Displacement Thickness D i s t r i b u t i o n  - The displacement t h i ckness  d i s -  
t r i b u t i o n s  f o r  t h e  a l t i t u d e  extremes a r e  presented i n  Figures  19  and 20. I n  
g e n e r a l ,  nonequil ibr ium e f f e c t s  tend t o  i nc rease  the  displacement th ickness  
a t  a l l  a l t i t u d e s ,  w i t h  t h e  except ion of t he  near  nose reg ion  a t  t h e  high 
a l t i t u d e  condi t ion . '  It appears  a l s o ,  t h a t  t he re  i s  an a d d i t i o n a l  nose b lun t -  
nes s  e f f e c t  a t  t h e  v e h i c l e  base f o r  t he  high a l t i t u d e  case .  

Momentum Thickness Reynolds Number - The l o c a l  momentum th ickness  Reynolds 
number d i s t r i b u t i o n  is  presented i n  F igures  2 1  and 22 .  Like t h e  momentum 
t h i c k n e s s  i t s e l f ,  t h i s  parameter i s  a l s o  important i n  t r a n s i t i o n  ana lyses .  
These d a t a  r e f l e c t  t h e  t r ends  of bo th  t h e  l o c a l  Reynolds number and t h e  
momentum th i ckness .  Nonequilibrium e f f e c t s -  a r e  p re sen t  a t ,  t h e  high a l t i t u d e  
c o n d i t i o n  and r e s u l t  i n  lower va lues .  A t  the low a l t i t u d e  cond i t i on ,  a s .  : 
w i t h  t h e  momentum th i ckness ,  t h e r e  a r e  no nonequilibrium e f f e c t s  on the  
mpmentum th i ckness  Reynolds number. 

Laminar Sublayer  - Comparisons of t h e  tu rbu len t  boundary l a y e r  laminar 
sub laye r  t h i ckness  w i t h  t h e  laminar  boundary l a y e r  t h i ckness  a r e  made i n  
F igu res  23 and 24. The sublayer  t h i ckness  i s  def ined  a s  t h e  p o i n t  i n  t he  
boundary l a y e r  where t h e  v e l o c i t y  is  equal  t o  10 percent  of  t h e  edge value. ' 

A s .  can b e  seen  from t h e s e  f i g u r e s ,  t h e  sublayer  growth fo l lows  t h e  same t r ends  
as does t h e  complete boundary l a y e r .  I n  t h e  nea r  nose region a t  t hese  a l t i t u d e  
cond i t i ons  t h e  boundary l a y e r  is  p r a c t i c a l l y  a l l  s u b l a y e r ,  i n d i c a t i n g  t h a t .  ' 

t r a n s i t i o n  probably r e a l l y  starts a f t  o f  t h i s  l o c a t i o n ,  a l though t h i s  s tudy 
w a s  c a r r i e d  ou t  assuming t u r b u l e n t  flow over  t h e  e n t i r e  veh ic l e .  Table IV 
compares t h e  nonequil ibr ium and equ i l i b r ium sublayer  th icknesses  a t  t h e  base 
f o r  a l l  f l i g h t  condi t ions  considered.  Nonequilibrium~'efifects i nc rease  wi th  
i n c r e a s i n g  a l t i t u d e  and tend t o  i n c r e a s e  the sublayer . - t f i ickness .  There is no 
apparent  e f f e c t  o f  nose r ad ius  f o r  t h e s e  cases.  



- .  
Heat T rans fe r  - The hea t ing  rate d i s t r i b u t i o n  f o r  laminar  and t u r b u l e n t  

flow a t  two a l t i t u d e s  is  presented i n  F igures  25 through 28. It may be 
seen  from the  f i g u r e s  t h a t  laminar and tu rbu len t  hea t ing  a r e  equal  i n  t h e  
s t agna t ion  r eg ion  where t h e  major p o r t i o n  of t h e  t u r b u l e n t  boundary l a y e r  i s  
laminar sublayer .  Turbulent  e f f e c t s  a r e  present  mainly on t h e  af terbody.  
Nonequilibrium e f f e c t s  a t  t h e  s t a g n a t i o n  po in t  may be  seen  from Table V ,  
which p re sen t s  t h e  r a t i o  of nonequilibrium t o  equi l ibr ium hea t ing  f o r  both 
nose b luntnesses .  . I t  is  apparent  t h a t  t h e r e  i s  a s i g n i f i c a n t  reduct ion  i n  
s t a g n a t i o n  po in t  hea t ing  due t o  nonequil ibr ium e f f e c t s ,  t h e  sma l l e r  nose be ing  
c l o s e r  t o  equi l ibr ium hea t ing  than  the  l a r g e r  nose. I n  genera l ,  t h e  non- 
equi l ibr ium hea t ing  tends  t o  approach equi l ibr ium w i t h  decreasing a l t i t u d e  
and v e l o c i t y  a l though t h e  nonequilibrium e f f e c t s  a r e  g r e a t e s t  a t  t h e  i n t e r -  
mediate a l t i t u d e . -  

. -. r 
There remains'ca s i g n i f i c a n t  r educ t ion  of hea t ing  due t o  nonequilibrium 

f low.on t h e  a f te rbody a t  a l l  a l t i t u d e s ,  a l though t h e r e  i s , l i t t l e  nonequil ib-  
rium e f f e c t  on t h e  edge p r o p e r t i e s  a t  t h e  lower a l t i t u d e s .  The nonequilibrium 
t o  equi l ibr ium hea t ing  r a t i o  a t  t h e  base is  presented  i n  Table V I .  It  can  be 
seen  t h a t  t h e  nonequilibrium hea t ing  r educ t ion  a t  t he  base  i s  g r e a t e r  i n  t he  
tu rbu len t  ca se  than  f o r  t h e  laminar  case.  This  can a l s o  be seen from Figure  29 
which p re sen t s  t h e  d i s t r i b u t i o n  of t h e  nonequilibrium t o  equi l ibr ium hea t ing  
r a t i o .  Table V I  f u r t h e r  shows a  nose b lun tnes s  e f f e c t  on t h e  laminar non- 
equi l ibr ium hea t ing  a t  t h e  base,  bu t  none on the  tu rbu len t  heat ing.  The 
laminar n o n e q ~ i l i b r i u m ~ h e a t i n g  a t  t h e  base i s  a f f e c t e d  by nose b luntness  and 
a l t i t u d e  i n  a  f a s h i o n  s i m i l a r  t o  t h e  s t a g n a t i o n  p o i n t  hea t ing  discussed above. 

Nonequilibrium e f f e c t s  on hea t ing  i n  t h e  near-nose r eg ion  a r e  shown i n  
F igure  29. Because the  boundary l a y e r  is  included i n  t h e  matching between 
t h e  v iscous  and i n v i s c i d  flow f i e l d s ,  t he  nonequilibrium edge l i e s  between 
t h e  s u r f a c e  s t r eaml ine  and t h e  shock, i n  a  h ighly  nonequil ibr ium flow region.  
A s  was pointed ou t  p rev ious ly ,  t h e  s t agna t ion  p o i n t  h e a t i n g  experiences a  
s i g n i f i c a n t  r educ t ion  caused by,nonequil ibr ium e f f e c t s .  Moving away from 
t h e  s t a g n a t i o n  p o i n t ,  nonequilibrium e f f e c t s  a r e  reduced,  thereby approaching 
equi l ibr ium values. .  I n  t h e  v i c i n i t y  of t he  shoulder  t h e  i n v i s c i d  f low becomes 
f rozen  i n  t h e  overexpansion reg ion  and nonequilibriurn e f f e c t s  a r e  more impor- 
t a n t  again.  Th i s  curve can  be compared t o  a  s i m i l a r  f i g u r e  prepared by Lordi  
i n  Reference 1, which assumes t h e  s u r f a c e  s t r eaml ine  i s  t h e  edge. The . 
referenced curve shows no,nonequil ibr ium e f f e c t s  a t  t h e  s t agna t ion  p o i n t ,  
f o r  t h e  reason explained above, b u t  does i n d i c a t e  nonequilibrium e f f e c t s  a t  
t h e  shoulder .  The f i r s t  peak i n  t h e  curve of F igure  29 probably corresponds 
t o  some p o i n t  on the  re ferenced  curve and the  curves a r e  similar t o  t h e  
shoulder ,  a l though Figure  29 shows a n  undershoot. The f i g u r e  a l s o  i n d i c a t e s  
l i t t l e  d i f f e r e n c e  i n  t h e  nonequilibrium hea t ing  r educ t ion  along the  a f t e r -  
body. 

F igure  30 i n d i c a t e s  t h e  ex t en t  of flow f i e l d  cond i t i on  on the  non- 
equi l ibr ium e f f e c t s  a t  t he  lowest a l t i t u d e .  Nonequilibrium hea t ing  d i s t r i b u -  
t i o n s  f o r  both laminar  and tu rbu len t  boundary l a y e r s  a r e  compared us ing  both 



a n  equ i l i b r ium and a nonequilibrium i n v i s c i d  flow f i e l d  edge. The nonequilib- 
rium hea t ing  i n  t h e  s t a g n a t i o n  reg ion  i s  g r e a t e r  f o r  t h e  nonequilibrium edge 
than  f o r  t he  equ i l i b r ium edge. Moving a f t  however, t h e  hea t ing  f o r  t h e  two 
converge u n t i l  a l l  d i f f e r e n c e s  d isappear  a t  20 f e e t .  It may be  concluded 
from t h i s  t h a t  nonequil ibr ium e f f e c t s  a r e  g r e a t e r  i n  t h e  boundary l a y e r  i t s e l f  
r a t h e r  than  r e s u l t i n g  from nonequil ibr ium e f f e c t s  i n  t h e  i n v i s c i d  flow 
f i e l d .  ~. . . -  . 

Boundary Layer T r a n s i t i o n  Parameters - The more s i g n i f i c a n t  e f f e c t s  of 
chemical nonequil ibr ium a r e  manifested i n  the  boundary l a y e r  and r e s u l t  i n  
h ighe r  peak tempera ture ,  lower peak d e n s i t y ,  smal le r  6* and l a r g e r  0  than.:_.: 
f o r  equ i l i b r ium f o r  t h e  laminar flow cases .  It is  t h e r e f o r e  expected t h a t  - . .  

boundary l a y e r  t r a n s i t i o n  from laminar t o  t u rbu len t  f low (o r  a t  l e a s t  t he  
v a l u e s  of t r a n s i t i o n  parameters) may d i f f e r  f o r  t h e  two cases .  Much r e sea rch  
has  been conducted t o  b e t t e r  understand and c o r r e l a t e  boundary-layer  t r a n s i -  
t i o n  d a t a  from both  f l i g h t  and ground t e s t .  However, fundamental under- 
s t and ing  of t h i s  phenomena is s t i l l  lacking  f o r  f l i g h t  and ( a t  b e s t )  l i m i t e d  ' . 
succes s  i n  c o r r e l a t i n g  compressible wind tunnel  d a t a  has  been obtained.  The 
f l u i d  dynamic parameters  which have been found t o  have a  major i n f luence  on . 

t h e  boundary l a y e r  t r a n s i t i o n  process  inc lude  t h e  Reynolds number, Mach 
number, and boundary l a y e r  p r o f i l e  parameters such a s  6* and 0. Cor re l a t ions  
f o r  S h u t t l e  con f igu ra t ions  have been made f o r  groupings of t h e  above para- 
meters by a  number of i n v e s t i g a t o r s  (References 11, 12,  and 13) .  

- 2  The c o r r e l a t i n g  forms included R ~ @ / M ~ ] ~  = cons t ;  R ~ @ / M L ( R ~ / R )  I T  = £ ( a ) ;  
ReLIT = f(ML); ReLIT = ~(ML,  T,/TT ) and Re&*]T = f(Re/R,Me). The co r re l a -  
t i o n s  were g e n e r a l l y  l imi t ed  t o  gr$und t e s t  d a t a  s i n c e  the  f l i g h t  d a t a  on 
l i f t i n g  e n t r y  v e h i c l e s  a r e  l imi t ed .  Ext rapola t ion  of t h e  va r ious  c o r r e l a t i n g  
forms t o  f l i g h t  has  been shown (Reference 11) t o  produce widely d i f f e r e n t  
t r a n s i t i o n  a l t i t u d e s .  This  suggested t h a t  a  number of c o r r e l a t i n g  forms be 
i n v e s t i g a t e d  i n  the  d e l i n e a t i o n  of nonequilibrium e f f e c t s .  This  was done by 
comparing the  a x i a l  l o c a t i o n  of boundary l a y e r  t r a n s i t i o n  onse t  pred ic ted  ' 

by t h e  v a r i o u s  c o r r e l a t i n g  forms f o r  t h e  equi l ibr ium and nonequilibrium 
c a l c u l a t i o n s  a t  each f l i g h t  po in t .  A summary of t he  predic ted  l o c a t i o n  of 
t r a n s i t i o n  f o r  t h r e e  c o r r e l a t i n g  froms: Reo/ML = cons t ;  R ~ ~ / M L  ( ~ e l R )  a2'f(a) ; 
and ReLIT = f  (ML, Tw/TT ) a r e  included i n  Table V I I .  

00 

s c o t t o l i n e  i n  Reference 12 ind ica t ed  t h a t  the .Shut , f le  wind tunnel  t r a n s i -  
t i o n  d a t a  cou ld .be  c o r r e l a t e d  i n  terms of ReO/MLIT = 27'2. For t h i s  va lue  of 
t r a n s i t i o n  parameter , ,boundary  l a y e r  t r a n s i t i o n  would not  occur f o r  t h e  
f l i g h t  cond i t i ons ,  included i n  t h i s  s tudy.  More r e c e n t  experiments have 
i n d i c a t e d  t h a t  lower s u r f a c e  c e n t e r l i n e  t r a n s i t i o n  may occur  on t h e  S h u t t l e  
a t  va lues  of R e O / ~ ~ I T  between 150 and 200, and p red ic t ed  l o c a t i o n s  of t r a n s i -  
t i o n  a r e  inc luded  i n  t he  t a b l e  f o r  both values.  A s  shown i n  the  t a b l e ,  
t r a n s i t i o n  i s  p r e d i c t e d  f o r  the  two low a l t i t u d e  t , r a j ec to ry  p o i n t s  only.  



The two o t h e r  c o r r e l a t i n g  forms used t o  f i t  t h e  wind tunnel  d a t a  (which 
have been repor ted  i n  Reference 11 used t o  p r e d i c t  t h e  l o c a t i o n  of t r a n s i t i o n  
a r e  : 

. . 

Re 
L = P m  2 = 2.3 x 10  I T  6 

0 . 7 9 ~  ~ e ~ / %  (Re/e) *.IT= PAR 1 = 10  and 
% 1 ' 0 5 ( ~ w ~ ~  1.04 

T, 

A major p o r t i o n  of t h e  cone would experience t r a n s i t i o n a l  o r  t u rbu len t  
boundary l a y e r  flow based on t h e s e  parameters f o r  a l t i t u d e s  below 70.2 km 
(230,000 f e e t ) .  

E f f ec t  of Nose Radius - The t r a n s i t i o n  l o c a t i o n s  predected by a l l  t h e  
parameters a r e  a f t  of t h e  entropy swallowing p o i n t s  on t h e  cone except  f o r  
t h e  b l u n t  nose l o w ' a l t i t u d e  condi t ions .   he Lse of PAR 1 as a  t r a n s i t i o n  cri- 
t e r i o n  wou ld 'p red ic t  t r a n s i t i o n  very near  t he  nose f o r  t hese  low a l t i t u d e  cases ,  
and r e s u l t s  from a 'near-nose peak i n  t h e  va lue  of  t h i s  parameter which is  caus- 
ed by t h e  combined e f f e c t s  of l o c a l l y  high momentum th i ckness  and low l o c a l  
Mach number and u n i t  Reynolds number. This v a r i a t i o n  f o r  two low a l t i t u d e  
cases  .is shown i n  F igure  31. S imi l a r  c h a r a c t e r i s t i c s  were found f o r  R e Q / ~ I T , ,  
b u t  t h e  va lues  were less than t h e  c r i t i c a l  value.  This  is shown i n  F igure  32. 
Thus, t h e  p red ic t ed  l o c a t i o n  of t r a n s i t i i n  is e s s e n t i a l l y  independent of nose 
r ad ius  f o r  t h e  major i ty  of condi t ions  considered. 

~ f f e c t  of Cone Angle - Based on t h e  r e s u l t s  shown i n  Table V I I ,  increas-  
i ng  t h e  cone ang le  (or equi'valent ang le  of a t t a c k  of  a  S h u t t l e  conf igura t ion)  
from 0.524 t o  0.698 r ad ians  (30 t o  40 degrees) would move t h e  t r a n s i t i o n  loca- 
t i o n  forward a t  t h e  same a l t i t u d e  and ve loc i ty .  This  i s  p r imar i ly  due t o  t h e  
reduced l o c a l  Mach number f o r  t h e  l a r g e r  cone angle .  It should be noted  t h a t  
t h e  l o c a l  Reynolds nymber is a l s o  lower f o r  t h e  l a r g e r  cone angle  b u t ,  s i n c e  
a l l  c r i t e r i a  assume Mach number dependence, t h e  n e t ' e f f e c t  i s  a forward move- 
ment of t r a n s i t i o n  onse t .  

E f f e c t  of Chemical Nonequilibrium - The p red ic t ed  e f f e c t  of chemical non- 
equi l ibr ium i s  found t o  b e  a f u n c t i o n  of t h e  c r i t e r i o n  used. Using  reg/^^ o r  
PAR 2 as c r i t e r i a ,  t h e  ,p red ic ted  l o c a t i o n  o f  t r a n s i t i o n  onse t  f o r  t h e  non- 
equi l ibr ium c a s e  i s  e q u a l . o r  a f t  of t h e  corresponding equi l ibr ium value.  Using 
PAR 1, on t h e  o t h e r  hand, t h e  nonequilibrium t r a n s i t i o n  l o c a t i o n  is  gene ra l ly  
p red ic t ed  forward of t h e  equ i l i b r ium case .  This  i s  due t o  l o w e r , l o c a l  u n i t  
Reynolds numbers f o r  t h e  nonequilibrium c a s e s  than  f o r  t h e  equi l ibr ium a t  t h e  
same phys i ca l  l oca t ion .  The e f f e c t  of nonequilibrium chemistry on t h e  va r ious  
t r a n s i t i o n  parameters  can  be  seen  by comparing t h e  r e s u l t s  of Table V I I I .  The 
t a b l e  con ta ins  t h e  r a t i o  of equi l ibr ium t o  nonequil ibr ium v a l u e s  of t h e  v a r i o u s  
t r a n s i t i o n  parameters  fo rX/L  = 1.0. PAR 1 and Re@& a r e  only  s l i g h t l y  
a f f e c t e d  by nonequilibrium chemistry whereas ReL and PAR 2 a r e  g r e a t l y  a f f e c t e d  
a t  a l t i t u d e s  above 70.2 km (230,000 f e e t ) .  



- Viscous / Invisc id  Flow F i e l d  P r o f i l e s  - The ana lyses  of  equi l ibr ium flow. 
f i e l d s  a l s o  inc luded  t h e  d e f i n i t i o n  of  p r o p e r t i e s  w i th in  t h e  shock l a y e r  it- 
s e l f .  Comparisons w e r e  made of t h e  flow p r o p e r t i e s  i n  t h e  hemispherelcone 
junc t ion  reg ion  (SIRN = 0.5) and a t  a  po in t  mid-way a f t  on t h e  cone (S/% = 20). 
Comparisons of equ i l i b r ium and nonequil ibr ium condi t ions  i n  t hese  region& in-  
c luded t h e  d e f i n i t i o n  o f  l o c a l  temperature,  v e l o c i t y ,  and e l e c t r o n  concentr* 
t i o n  p r o f i l e s  i n  t h e  shock l a y e r .  The r e s u l t s  a r e  summarized i n  F igures  33, 34 
and 35. The nonequil ibr ium e f f e c t s  on t e m p e r a t u r e  shown i n  Figure 33 a r e  
r e l a t i v e l y  small i n  t h e  nose reg ion  (SIRN = 0.5) wi th  a l a r g e  inc rease  i n  sen- 
s i t i v i t y  a t  t h e  downstream loca t ion .  The v e l o c i t y  comparisons o f  Figure 34 , 

show much l e s s  s e n s i t i v i t y  t o  n o n e q u i l i b r i m  chemistry wi th  t h e  l a r g e s t  i n f l u -  
ence  observed n e a r  t h e  body i n  t h e  nose region.  The e l e c t r o n  concent ra t ion  
comparisons of Figure 35 e x h i b i t  a s i m i l a r  behavior  s i n c e  t h e  e l e c t r o n  dens,i- 
t ies are d i r e c t l y  a f f e c t e d  by temperature.. The e l e c t r o n  conec t r a t ions  con- 
verge  towards zero  a t  t h e  shock f o r  t he  nonequil ibr ium flow s i n c e  i t  i s  assum- 
ed  t h a t  t h e  flow is frozen i n  t h e  shock i t s e l f .  P re s su re  d i s t r i b u t i o n s ,  a l -  
though no t  shown, were r e l a t i v e l y  i n s e n s i t i v e  t o  nonequilibrium inf luence .  

Boundary Layer P r o f i l e s  - The f i n i t e  d i f f e r e n c e  viscous s o l u t i o n  used t o  
d e l i n e a t e  nonequil ibr ium e f f e c t s  provided not  only t h e  l o c a l  hea t  t r a n s f e r ,  
s k i n  f r i c t i o n  and boundary l a y e r  i n t e g r a l  parameters,  b u t  a l s o  w e l l  defiried 
t h e  boundary l a y e r  p r o f i l e s  of ve loc i ty ,  temperature,  dens i ty  and spec i e s .  Ex- 
amples of t he  r e s u l t s  a r e  included i n  Figures  36 and 37,  The c a s e  s e l e c t e d  . 
f o r  t h i s  example i s  one f o r  which t h e  i n v i s c i d  flow f i e l d  is very nea r  equi- 
l i b r i u m  a t  t h e  edge of  t he  boundary l a y e r  and any d i f f e r e n c e s  i n  t h e  p r o f i l e  
a r e  due t o  boundary l a y e r  chemistry.  The laminar v e l o c i t y  p r o f i l e s  i n  Figure 
36 show t h a t  t h e  a x i a l  v e l o c i t y  a t  a  given he igh t  above t h e  cone s u r f a c e  i s  
g r e a t e r  f o r  t h e  equ i l i b r ium than t h e  nonequil ibr ium case  and t h a t  t h e  bound- 
a r y  l a y e r  is  s l i g h t l y  th inner .  I n  c o n t r a s t  t o  t h i s ,  t h e  t u rbu len t  boundary 
l a y e r  v e l o c i t y  p r o f i l e ,  shown i n  F igure  37, i s . e s s e n t i a 1 l y  unaf fec ted  by 
nonequil ibr ium e f f e c t s  . This f i g u r e  a l s o  i l l u s t r a t e s  t h e  change i n  p r o f i l e  
from t h e  nea r  laminar  shape a t  S/L = 0.01 t o  t he  f u l l e r  t u rbu len t  p r o f i l e  a t  
S/L = 0.67. 

The e f f e c t  o f  nonequil ibr ium chemistry on t h e  s t a t i c  temperature d i s -  
t r i b u t i o n  i s  shown i n  Figure 38 f o r  laminar  flow. For t h e  equi l ibr ium case ,  
t h e  peak temperature i n  t h e  boundary l a y e r  i s  approximately f i v e  percent  
g r e a t e r  than  t h e  edge temperature (except  i n  t h e  s t a g n a t i o n  reg ion)  and t h e  
v a l u e s  correspond c l o s e l y  t o  s i m i l a r  boundary l a y e r  s o l u t i o n  r e s u l t s .  I n  
' t h e  nonequi l ibr ium case,  on t h e  o t h e r  hand, t h e  peak temperature is  approx- 
ima te ly  t h i r t y  pe rcen t  h igher  than t h e  boundary l a y e r  edge value.    he t u r -  
b u l e n t  r e s u l t s  a r e  summarized i n  F igure  39. The peak temperatures occur  very 
n e a r  t h e  w a l l  and reach va lues  h igher  than  f o r  t he  laminar  ca se  (except a t  
S/L = 0.01 and 0.09 which are c l o s e  t o  t h e  laminar  va lues ) .  

These r e s u l t s  confirm the  importance of n o n e q u i l i b r i m  chemistry i n  t h e  
boundary l a y e r  a t  a l t i t u d e s  of 64 km (210,000 f t )  and below, even though t h e  
i n v i s c i d  flow f i e l d  i s  near  equi l ibr iwn.  



The d i f f e r e n c e s  a r e  even more pronounced a t  t h e  h i g h  a l t i t u d e  c o n d i t i o n  
s i n c e  t h e  i n v i s c i d  f low f i e l d  is a l s o  i n  a nonequi l ib r ium s t a t e .  For ex- 
ample t h e  peak nonequi l ib r ium tempera tu re  i n  t h e  boundary l a y e r  is 60 p e r c e n t  
g r e a t e r  t h a n  t h e  e q u i l i b r i u m  v a l u e  a t  76 .2  km ( s e e  F i g u r e s  33 and 34 f o r  t h e  - 

i n v i s c i d  f low f i e l d  p r o f i l e s )  f o r  a  t u r b u l e n t  boundary l a y e r  and 65 p e r c e n t  
h i g h e r  f o r  t h e  l aminar  c a s e .  

From a communications b l a c k o u t  and o b s e r v a b l e s  s t a n d p o i n t ,  t h e  e l e c t r o n s  
p r e s e n t  i n  t h e  f low f i e l d  a r e  i m p o r t a n t .  S i n c e  t h e  NO+ r e a c t i o n  was i n c l u d e d  
i n  t h i s  s t u d y ,  d a t a  a r e  a v a i l a b l e  t o  a s s e s s  t h e  e f f e c t  o f  nonequi l ib r ium 
chemis t ry  on t h e  e l e c t r o n s  i n  t h e  f low f i e l d .  An example o f  t h e s e  e f f e c t s  
( F i g u r e  40) shows t h e  f r e e  e l e c t r o n s  p r e s e n t  i n  t h e  boundary l a y e r  a s  a  func- 
t i o n  of  a x i a l  l o c a t i o n  a t  64 km. As  shown by t h e  dashed l i n e s ,  t h e  f r e e  
e l e c t r o n s  would be  reduced s h a r p l y  a s  t h e  boundary l a y e r  edge t empera tu re  
drop's from t h e  s t a g n a t i o n  v a l u e  t o  s h a r p  cone v a l u e s  ( a t  S/L = 0.1)  and t h e n  
i n c r e a s e  ( a s  t h e  boundary l a y e r  t h i c k n e s s  i n c r e a s e s )  toward t h e  r e a r  o f  t h e  
cone.  Th is  would s u g g e s t ,  f o r  example, t h a t  an a p p r o p r i a t e  p l a c e  t o  i n s t a l l  
a n t e n n a s  i s  n e a r  t h e  f r o n t  o f  t h e  cone and t h a t  t h e  number o f  f r e e  e l e c t r o n s  
would b e  n e a r l y  two o r d e r s  o f  magnitude less t h a n  a t  t h e  r e a r  ( o r  a t  t h e  
s t a g n a t i o n  p o i n t )  o f  t h e  cone. But,  a  complete ly  d i f f e r e n t  conc lus ion  is  
reached  i f  one c o n s i d e r s  t h e  r e s u l t s  of t h e  nonequi l ib r ium c a l c u l a t i o n s .  The 
f i n i t e  r e a c t i o n  r a t e s  produce a n e a r l y  c o n s t a n t  q u a n t i t y  o f  f r e e  e l e c t r o n s  - 
o n l y  a  s l i g h t  r e d u c t i o n  from s t a g n a t i o n  p o i n t  v a l u e  o c c u r s  w i t h  movement a f t  
on t h e  cone. The pr imary r e a s o n  f o r  t h i s  change i n  c h a r a c t e r i s t i c s  i s  t h e  
t h i c k e r  boundary l a y e r  f o r  t h e  nonequi l ib r ium c a s e  and reduced recombinat ion 
n e a r  t h e  w a l l  because  o f  t h e  f i n i t e  r e a c t i o n  r a t e s .  



4.0 ASSESSMENT OF WIND TUNNEL SIMULATION 

A v a r i e t y  of wind tunnels  a r e  a v a i l a b l e  and have been used i n  aerothermo- 
dynamic t e s t s  o f  S h u t t l e  conf igura t ions .  The degree of  s imula t ion  provided ,' 
by a number of t h e s e  f a c i l i t i e s  has  been assessed  by comparing p red ic t ed  f low'  
f i e l d  p r o p e r t i e s ,  s u r f a c e  h e a t  t r a n s f e r  and skin f r i c t i o n  wi th  f l i g h t  va lues .  
T o t a l  flow f i e l d s  were computed f o r  s c a l e d  cone conf igu ra t ions  i d e n t i a l  to' 
t hose  f o r  which f l i g h t  c a l c u l a t i o n s  were made f o r  seven tunne l  f r e e  s t ream 
cond i t i ons .  

The tunne l  f r e e  stream cond i t i bns  were based on t h e  ope ra t ing  range avail- 
a b l e  i n  fou r  Langley Research Center  wind tunnels :  The Mach 8 Var iab le  Density 
Air Tunnel, t h e  Mach 20 Nitrogen Tunnel, t h e  Mach 20 Helium Tunnel, and t h e  
Mach 6 Freon (CFq) Tunnel. A summary of t h e  twenty-eight cases  f o r  which ' 

c a l c u l a t i o n s  were made i s  inc luded  i n  Table I X .  It should be  poin ted  out  h e r e  
t h a t  t h e  CFq tunne l  f a c i l i t y  i s  capable of  ope ra t ing  a t  p re s su re s  a s  h igh  a s  
3000 p s i ,  a l though a  lower va lue  was used i n  t h e  p re sen t  a n a l y s i s .  A l l  tun- 
n e l  c a l c u l a t i o n s  were made assuming t h e  t e s t  gas behaved a s  an i d e a l  gas 

' 

<y = cons t )  and t h e  model temperature was assumed t o  be  3 3 8 O ~  (150°F). 

Blunt body and method of  c h a r a c t e r i s t i c  s o l u t i o n s  f o r  t h e  i n v i s c i d  flow 
f i e l d  were coupled w i t h  laminar  and tu rbu len t  v i scous  s o l u t i o n s  i n  t h e  manner 
desc r ibed  i n  Sec t ion  2. Comparison of  t h e  wind tunnel  c a l c u l a t i o n s  wi th  t h e  
corresponding f l i g h t  va lues  i n d i c a t e s  t h a t  t he  b e s t  s imula t ion  of t h e  shock 
shape and boundary l a y e r  edge Mach number i s  provided by t h e  Freon (CF ) 4 tunnel .  The laminar  hea t ing  d i s t r i b u t i o n s  ( re ferenced  t o  t h e  s t agna t ton  po in t  
va lue )  a r e  s i m i l a r  f o r  a l l  f a c i l i t i e s  and match the  equi l ibr ium f l i g h t  va lues  
n e a r  t h e  nose,  b u t  ag ree  more c l o s e l y  wi th  nonequil ibr ium f l i g h t  va lues  on 
t h e  a f t  p o r t i o n  of  t h e  cone. Natura l  t r a n s i t i o n  from laminar  t o  t u rbu len t  
flow is u n l i k e l y  f o r  t h e  s e l e c t e d  model s i z e s  except  f o r . t h e  h igh  p re s su re  a i r  
t e s t  cond i t i ons  (Cases T-5 through T-8). The r a t i o  of t u rbu len t  to  laminar  
S tan ton  number and s k i n  f r i c t i o n  c o e f f i c i e n t  c o r r e l a t e  we l l  wi th  l o c a l  
Reynolds number f o r  a l l  wind tunne l  c a l c u l a t i o n s .  However, a t  t h e  same l o c a l  
Reynolds number, t h e  S tan ton  number r a t i o  is l e s s  f o r  f l i g h t  than f o r  t h e  wind 
tunne l ,  and t h e  s k i n  f r i c t i o n  c o e f f i c i e n t  r a t i o  is  g r e a t e r  f o r  f l i g h t  than  f o r  
wind tunne l  condi t ions .  

The b e s t  s imu la t ion  o f  t h e  bo,undary l a y e r  p r o f i l e  parameters is  provided 
by t h e  a i r  wind tunne l ,  bu t  t h e .  r a t i o  of  wa l l  t o  edge temperature i s  h igher  
than f l i g h t  f o r  a l l  tunnel  condi t ions .  

Comparisons of Wind Tunnel wi th  F l i p h t  Shock Standoff Distance - The 

geometr ic  c h a r a c t e r i s t i c  of t h e  flow f i e l d  which d i f f e r s  most between wind 
tunne l  and f l i g h t  i s  t h e  shock stand-off d i s t ance .  For a  M = 8  a i r  wind tunnel  
t h e  s c a l e d  s t a n d o f f  d i s t a n c e  is between 2 and 3 t imes t h e  equi l ibr ium f l i g h t  



value.  The r e s u l t s  of  t h e  i n v i s c i d  flow f i e l d  c a l c u l a t i o n s  f o r  f l i g h t  and 
wind tunnel  a r e  compared i n  Figure 41. A reasonable  c o r r e l a t i o n  of  t h e  s tand-  
o f f  d i s t a n c e  was achieved i n  terms of t h e  s t a g n a t i o n  d e n s i t y  behind t h e  
normal shock a t  t h e  s t a g n a t i o n  po in t .  This  curve  shows t h a t  t he  Freon tunne l  
provide  b e s t  s imula t ion  of t h i s  parameter.  I n  a l l  o t h e r  tunnels ,  t h e  shock 
i s  loca t ed  w e l l  outboard of t h e  expected f l i g h t  l o c a t i o n  and use of  t h e s e  
tunnels  t o  e s t a b l i s h  t h e  l o c a t i o n  of noselwing shock i n t e r s e c t i o n  of  more 
complex conf igu ra t ions  i s  l i k e l y  t o  be misleading s i n c e  t h e  wind tunnel  shock 
i n t e r s e c t i o n  would b e  loca t ed  outboard of t h e  shock p re sen t  i n  the  f l i g h t  
s i t u a t i o n .  

, I .  Local  &ch Nbrhljer -, D i r e c t  comparis'ons of wind tunne l  and f l i g h t  
boundary l a y e r  edge c o n d i t i o n s . f o r  similar conf igu ra t ions  i n d i c a t e s  t h a t  t h e  
l o c a l  Mach number d i s t r i b u t i o n  i n  f l i g h t  i s  b e s t  matched i n  t h e  CF4 tunnel .  
I n  f a c t ,  a f t  of t h e  l o c a t i o n  where t h e  gases  i n  t h e  h igh  en t ropy  shock l a y e r '  
are swallowed, t he  agreement w i th  t h e  nonequilibrium c a l c u l a t i o n s  i s  ex- 
c e l l e n t  f o r  t h e  0.698 r ad ian  (40°) cone. The l o c a l  Mach number f o r  a l l  o t h e r  
t e s t  gases  is lower than t h e  p red ic t ed  f l i g h t  va lues .  This  i s  shown f o r  t h e  
b l u n t e r  con f igu ra t ions  (RN/L = 0.02) i n  F igures  42 and 43. 

Edge Entropy - It can be seen  by comparing t h e  Mach number d i s -  
t r i b u t i o n s  i n  F igures  42 and .43  t h a t  a l a r g e r  f r a c t i o n  of t h e  cone i s  a£- 
f e c t e d ' b y  t h e  h igh  entropy shock l a y e r - f o r  wind tunne l  condi t ions  than i s  ex- 
pected i n  f l i g h t .  This  i s  shown even more c l e a r l y  i n  F igures  44 and 45. 
which compare t h e  a x i a l  ex-tent  of h igh  .entropy i n v i s c i d  flow f o r  wind tunnel  
wi th  t h e  f l i g h t  va lues ,  .as a  func t ion  of b luntness  Reynolds number based on 
f r e e  s t ream p r o p e r t i e s .  The curves.  show t h a t  t h e  sharp  cone v e l o c i t y  would . ' 

be reached'  a f t  of the  p red ic t ed  f l i g h t  l oca t ion '  i n ,w ind  tunne l  t e s t s  i f  t he  ' ' . 
f r e e  s t ream Reynolds number- i s  's imulated.  An i n t e r e s t i n g  c h a r a c t e r i s t i c  of 
t h e  f i g u r e s  i s  - the apparent  i n s e n s i t i v i t y  t o  wina tunnel  t e s t  gas  and a  Mach 
number s e n s i t i v i t y .  This  sugges t s  t h a t  b e t t e r  c o r r e l a t i o n  could be achieved 
i f  a  Mach number dependent Reynolds number were used; e.g. ,. Reynolds number 
behind t h e  normal shock. ' Figure  46 shows t h e  r e s u l t s  f o r  t h e  0.524 radian . 
(30°) cones. Good c o r r e l a t i o n  of t he  . a i r ,  n i t rogen , '  and helium r e s u l t s  i s  
achieved,  bu t  t h e  Freon 'da ta  f a l l  below the  o t h e r  r e s u l t s .  This  parameter , 

seems , to  ove rco r rec t  . the  f l i g h t  r e s u l t s ,  which l i e  above t h e  wind tunne l  ' -  

va lues  f o r  t h i s  form of c o r r e l a t i o n .  . . 

Boundary Layer P r o f i l e  Par'ameters - . ' A  comparison of t h e  sca led  d i s -  
placement th ickness  t o  t he  f l i g h t  va lues  i s  shown f d r  one c 'onfigurat ion i n  
Figures 47 and 48. Reasonably good s imula t ion  o f  t he  t u r b u l e n t  displacement 
t h i ckness  i s  provided by the  a i r  wind tunnel  on the cone s u r f a c e ,  but f o r  a l l  
o t h e r  f a c i l i t i e s  t h e  displacement th ickness  i s  g r e a t e r  than t h e  f l i g h t  va lues .  
This  i s  due t o  t he  lower Reynolds numbers f o r  these  t e s t  condi t ions  and e f f e c t  
of h ighe r  wa l l  t o  boundary l a y e r  edge temperature than f o r  f l i g h t .  - It can b e , .  
noted t h a t  the  n ~ n e ~ u i l i b r i u m  f l i g h t  va lues  (I) fol low a  d i f f e r e n t  t rend  wi th  
Reynolds number than the  wind tunnel  and equi l ibr ium f l i g h t  values.  and (2)  
a r e  g r e a t e r  than  the  equ i l i b r ium f l i g h t  values.  



Dif fe ren t  c h a r a c t e r i s t i c s  were found f o r  t h e  momentum thickness. Figures 
49 and 50 show t h a t  a  good cor re la t ion  exists between the  momentum thickness 
and l o c a l  Reynolds number. Only the  turbulent  helium wind tunnel  results and 
the  laminar a i r  wind tunnel r e s u l t s  f a l l  off  the  c o r r e l a t i o n  l i n e s .  ,This good 
c o r r e l a t i o n  suggests  t h a t  s imulat ion of l o c a l  Reynolds number i s  the  only nec; 
e s sa ry  condi t ion  t o  match the  f l i g h t  momentum thickness. Table X compares the  
sublayer  th icknesses  a t  the  base f o r  a l l  tunnel  condit ions considered. As with 
t h e  f l i g h t  condi t ions ,  the re  i s  no apparent e f f e c t  of nose radius.  The s+ed 
thicknesses are, i n  general,  g r e a t e r  than those predicted f o r  f l i g h t .  It 
appears t h a t  the  va r iab le  densi ty  air tunnel b e s t  s imulates the nonequilibrium 
sublayer  thickness.  

Heating Rate Simulation - The laminar heating rate simulat ion provided by 
t h e  wind tunnels  i s  shown i n  Figure 51. Superimposed i n  t h e  f igure  a r e  
laminar equil ibrium and nonequilibrium d i s t r i b u t i o n s  of l o c a l  t o  equil ibrium 
s tagna t ion  point  heat ing f o r  f l i g h t  and wind tunnel  ca lcu la t ions  f o r  t h e  0.698 
radian (40') cone configurat ion.  The d i s t r i b u t i o n  on t h e  nose cap f o r  wind 
tunnel  condit ions is  i n  good agreement with the equil ibrium f l i g h t  values. 
L i t t l e  e f f e c t  of t e s t  gas o r  Mach number i s  present .  Aft of the hemisphere- 
cone juncture  the  various wind tunnel points  show a s e n s i t i v i t y  t o  test gas 
and Reynolds number. This is  due to  the  d i f ference  i n  entropy swallowing 
f o r  t h e  various condit ions.  A t  the r e a r  of the cone, c lose  correspondence 
i n  t h e  wind tunnel  heat ing is  again noted; but  the  wind tunnel  values a r e  a l l  
lower than the  equil ibrium f l i g h t  values and approach t h e  lower nonequilibrium 
f l i g h t  r e s u l t s .  The c lose  agreement between t h e  var ious  wind tunnel d is -  
t r i b u t i o n s  was s u r p r i s i n g  s ince  the  v i s c o s i t y  r e l a t i o n s  and surface  pressures 
d i f f e r  considerably.  

A summary of t h e  r a t i o  of l o c a l  t o  s tagnat ion point  heating a l l  wind - . 

tunnel  cases a t  four  se lec ted  loca t ions  i s  summarized i n  Table X I  f o r  t h e  
0.524 radian  (30") cone and Table X I 1  f o r  the  0.698 radian (40") cone. Eval- 
ua t ion  of these  r e s u l t s  suggests tha t  b e t t e r  s imulat ion of equilibrium f l i g h t  
heat ing on a 0.524 radian (30°) cone i s  achievable by t e s t i n g  a t  a higher - 

cone angle. As a  test of t h i s  hypothesis the  wind tunnel r e s u l t s  f o r  the  . 
0.698 radian (40°) cone were compared with the equil ibrium f l i g h t  predic t ions  
f o r  t h e  0.524 radian (30") cone. On the  a f t  60 percent of the  cone excel lent  
agreement occurred, but  very poor simulat ion was provided i n  the entropy l ayer .  

The turbulent  heat ing r a t e  d i s t r i b u t i o n s  f o r  the  tuiinel conditions pro- 
duced a number of  i n t e r e s t i n g  r e s u l t s .  The laminar and turbulent  heating 
rates were near ly  i d e n t i c a l  f o r  the  low Reynolds number ni trogen condit ions;  
whereas t h e  tu rbu len t  heating was near ly  s i x  times t h e  laminar values f o r  the  
a i r  ca lcu la t ions .  This can be seen by comparing t h e  r e s u l t s  of Figures 52 and 
53. This  phenomena r e s u l t s  from t h e  s e n s i t i v i t y  of t h e  boundary l ayer  eddy 
v i s c o s i t y  t o  Reynolds number. A t  t he  low Reynolds numbers f o r  the  n i t rogen 
test condit ions the  eddy v i scos i ty  is  small compared t o  the  dynamic v i scos i ty ,  
thus the  "turbulent1'  flow is  r e a l l y  "laminar". A s  shown i n  Figure 54, the 
r a t i o  of turbulent  t o  laminar heating a t  the a f t  end of the  cones cor re la ted  



. . . . 

with  i p c a l  ~ e y n o l d 4  number' and is  independent of t e s t  gas ,  nose diameter  and 
cone ang le .    or comparison, corresponding f l i g h t  va lues  a r e  included i n  t he  . 

f i g u r e .  The f l i g h t '  va lues  "(at t h e  same Reynolds number) are lower thai t he  
tvri*el r e s u l t s ,  a r e  a . f i n c t i o n  of t he  cone  'angle, and a r e  lower f o r  t he  non- 
e q 6 i l i b r i . w  casks  than fqr ' equi l ibr ium.  S imi l a r  r e s u l t s  a r e  shown f o r  s k i n  
f r ' i c t i o n  i n . F i g u r e  55. Again; good c o r r e l a t i o n  o f  t h e  tunne l  r e s u l t s  i s  
achieGgd. '~o"eve'r, t he  r a t i o  .of ' skin f r i c t i o n  c o e f f i c i e n t s  i n  f l i g h t  i s  
a c t u a l l y  h ighe r  than predic ted  f o r  wind tunnel  condi t ions .  

. , r, . . *  . . ; 

Boundary Layer T rans i t i on  Parameters - The a x i a l  d i s t r i b u t i o n  of  parameters 
used t o  p r e d i c t  the  l o c a t i o n  of boundary l a y e r  t r a n s i t i o n  onse t  were computed 
f o r  a k l  the.lamin'ar wind tunne l  cases .  Assuming t h a t  t h e  c r i t i c a l  va lue  of 
t h e  parameters i s  t h e  same a s  used i n  t he  f l i g h t  eva lua t ion ,  i t  was found 
t h a t  t h e  t r a n s i t i o n  parameters do no t  exceed c r i t i c a l  va lues  f o r  t h e  major i ty  
of  t unne l  condi t ions .  This is shown i n  Table X I I I .  For t h e  model s i z e s  
s e l e c t e d  i n  t h i s  a n a l y s i s ,  t he  l o c a l  Reynolds numbers a t  t h e  a f t  end of t he  
v e h i c l e  a r e  less than 1.5- m i l l i o n  f o r  a l l  wind tunne l  cases  except t h e  h igh  
p re s su re  a i r  cases .  In much t h e  same manner a s  f l i g h t ,  t he  var ious  parameters 
p r e d i c t  t r a n s i t i o n  a t  d i f f e r e n t  l o c a t i o n s  f o r  t h e  same conf igura t ion  and t e s t  
condi t ion .  However,- t h e  d i f f e r e n c e s  a r e  smal le r .  For  t he  h igh  p re s su re  a i r  
case ,  i nc reas ing  b-luntness appears  t o  move the  t r a n s i t i o n  l o c a t i o n  a f t  and 
e a r l i e r  t r a n s i t i 0 n . i ~  p red ic t ed  f o r  t h e  0.698 r ad ian  (400) cone than t h e  
0.524 rad ian . (300)  cone. An i n v e s t i g a t i o n  was made t o  e v a l u a t e  i n  more d e t a i l  
t h e  e f f e c t  of nose b lun tnes s  on c r i t i c a l  t r a n s i t i o n  parameters.  I n  t h i s  com- 
p a r i s o n - t h e  r e s u l t s  of an independent r e sea rch  and development a n a l y s i s  f o r  
a b l u n t e r  RN/L = 0.06 cone were compared wi th  t h e  r e s u l t s  of t h e  a i r  cases  f o r  
t h e  0.698 r ad ian  cone. The l o c a l  Reynolds number a t  t h e  a f t  end of  t h e  cone 
was e s s e n t i a l l y  independent of nose r a d i u s  s i n c e  a l l  cones had the  same a x i a l  
l ength .  However, t h e  high entropy shock l a y e r  extended over a  g r e a t e r  po r t ion  
of  t h e  cone a s  nose b lun tnes s  increased .  This r e s u l t s  i n  lower l eng th  Reynolds 
numbers and Mach numbers on t h e  forward h a l f  of t he  cone. For the  very b l u n t  
nose, .configurat ion i t  was found t h a t  the  displacement th ickness  on t h e  nose 
cap was much lower than  t h e  sha rpe r  con f igu ra t ions  f o r  t h e  same s u r f a c e  
d i s t ance .  This  would make a b l u n t  nose conf igu ra t ion  more s e n s i t i v e  t o  rough- 
nes s  induced boundary l a y e r  t r a n s i t i o n .  Table XIV summarizes t h e  displacement 
t h i ckness  a t  t he  s o n i c  po in t  f o r  t h e s e  cases .  A t  t h i s  l o c a t i o n  the  b l u n t e r  
nose has  a g r e a t e r  displacement th ickness  s i n c e  t h e  s u r f a c e  d i s t a n c e  t o  t h e  
s o n i c  p o i n t  s c a l e s  d i r e c t l y  wi th  nose diameter.  The v a r i a t i o n  of momentum 
th i ckness  a t  t he  s o n i c  po in t  w i t h  nose r ad ius  is  shown f o r  t h e  two test 
Reynolds numbers i n  F igure  56. The values a r e  below t y p i c a l  b l u n t  body 
c r i t e r i a  (Reg = 150 t o  200) and n a t u r a l  t r a n s i t i o n  on the  nose would n o t  be  
expected f o r  t h e s e  t e s t  condi t ions .  

An es t ima te  of t h e  a b i l i t y  of t h e  tunnels  t o  s imu la t e  t h e  f l i g h t  va lues  
of t h e  t r a n s i t i o n  parameters can  be  made by comparing t h e  r e s u l t s  shown i n  
Table I n  t h i s  t a b l e  t h e  range i n  t h e  va lues  of t he  parameter is 
s u m a r i z e d  f o r  t h e  a f t  end of t h e  cones. These r e s u l t s  show t h a t  t h e  l o c a l '  
Reynolds number and R ~ ~ I M ~  f o r  h igh  a l t i t u d e s  can be  s imulated i n  t he  helium 
and.Freon  tunne l s ,  b u t  PAR 1 and PAR 2 a r e  not  s imulated,  The a i r  t unne l  



i s  t h e  only  f a c i l i t y  which f i t s  t he  f l i g h t  range of t r a n s i t i o n  parameters 
a t  t h e  a f t  end of t h e  cone f o r  a l l  parameters.  

Boundary Layer P r o f i l e s  - A s  was shown i n  F igures  49 and 50, r ea sonab ly :  
good- s c a l i n g  o f  t h e  momentum th ickness  could be achieved i n  t h e  wind tunnel's, 
b u t  t h e  bo&idary . layer  v e l o c i t y  and displacement th icknesses  d id  no t  co r r e - '  
l a t e  d i r e c t l y  w i th  t h e  f l i g h t  va lues .  The reason f o r  t h e  d i f f e r e n c e  can b e  
seen  by comparing t h e  boundary l a y e r  p r o f i l e s  f o r  t h e  wind tunnel  condi t ions  
w i t h  equ iva l en t  f l i g h t  p r o f i l e s .  This has  been done f o r  a  l o c a t i o n  midway 
on t h e  cones. In.-Figures 57 through 60, t he  r a t i o  of boundary l a y e r  s t a t i c  
temperature t o  edge s t a t i c  temperature is p l o t t e d  a s  a  func t ion  of s c a l e d  
h e i g h t  above t h e  cone.-surface f o r  laminar  boundary l a y e r s  i n  a i r ,  n i t rogen ,  
hel ium and Freon, r e spec t ive ly .  1r:cluded on each curve a r e  corresponding . 
va lues  f o r  f l i g h t  condi t ions  encompassing t h e  range . s tud ied .  Both equi1ib.- 
rium and nonequi l ibr ium r e s u l t s  a r e  included.  The f i g u r e s  show t h a t  t h e . b e s t  
s imu la t ions  of  t h e  p r o f i l e s  a r e  provided by t h e  a i r  cases .  A l l  o t h e r  wind 
tunne l  cond i t i ons  produce boundary l a y e r s  much t h i c k e r  than the  a i r  case.  
The r a t i o  of  peak t o  edge temperature,  on the  o t h e r  hand, was s imulated 
b e t t e r  by t h e  n i t r o g e n  and Freon f a c i l i t i e s  than  the  a i r  f a c i l i t y ,  except f o r  
t h e  low a l t i t u d e  nonequil ibr ium f l i g h t  condi t ion .  

F igu res  61  through 64 show equ iva l en t  r e s u l t s  from t h e  tu rbu len t  boundary 
l a y e r ~ c a l c u l a t i o n s .  I n  gene ra l ,  boundary l a y e r  p r o f i l e  s imula t ion  was no t  
good even though t h e  p r o f i l e  parameter ~ / t  and b*/L c o r r e l a t e d  reasonably 
w e & l  w i t h  l o c a l  Reynolds number. This  i s j o f  cou r se -due  t o  t h e  f a c t  t h a t  poor 
Reynolds number s imu la t ion  is  provided by a l l  f a c i l i t i e s  (except t h e  Mach 8 
a i r  tunnel )  f o r  t h e  model s c a l e  l i m i t s  provided. 



5.0 CONCLUSIONS AND RECOMMENDATIONS 

The conclusions a r r i v e d  a t  i n  t h i s  s tudy  are l o g i c a l l y  d iv ided  i n t o  two 
ca t egor i e s :  (1) d e l i n e a t i o n  of  nonequil ibr ium e f f e c t s  f o r  f l i g h t  cond i t i ons  
and (2)  f l i g h t  aerothermodynamic s imula t ion  provided by wind tunnel  test 
f a c i l i t i e s .  

  on equilibrium ~f f e c t s  f o r  F l i g h t  Condit ions - 
1. The nonequilibrium i n v i s c i d  shock i s  geometr ica l ly  similar t o  t h e  

equ i l i b r ium flow f i e l d ,  b u t  t h e  stand-off d i s t a n c e  a t  t h e  shock i s  g r e a t e r  
f o r  t h e  nonequilibriirm than f o r  t h e  equi l ibr ium case .  The stand-off d i s t a n c e  
was found t o  c o r r e l a t e  w i th  d e n s i t y  r a t i o  a c r o s s  t h e  normal shock and w a s  less 
then twice  t h e  equi l ibr ium stand-off d i s t a n c e  f o r  t h e  f l i g h t  v e l o c i t y - a l t i t u d e  
range considered.  

2. A t  t h e  lowest a l t i t u d e  cond i t i on ,  64.1 km (210,000 f e e t ) ,  t h e  i n v i s c i d  
f l o w . f i e l d  was e s s e n t i a l l y  i n  chemical equi l ibr ium over  t h e  ma jo r i t y  of t h e  
cone. 

3. The entropy l a y e r  extended over  l e s s  t h a n 1 5  percent  of t h e  
cone s u r f a c e ,  and t h e r e  w a s  no s i g n i f i c a n t  e f f e c t  of chemical nonequil ibr ium 
on t h e  l o c a t i o n  where sharp  cone v e l o c i t y  was reached. Entropy l a y e r  e f f e c t s ,  
as expected,  were l e s s  s i g n i f i c a n t  f o r  t h e  t u r b u l e n t  than f o r  t he  laminar  
f l i g h t  cases .  

4 .  The boundary l a y e r  edge Mach number and Reynolds number were lower 
f o r  nonequil ibr ium than equi l ibr ium.  This  was due t o  t h e  h igher  edge temper- 
a t u r e  f o r  t h e  nonequilibrium case .  

5. The s t a t i c  p re s su re  a t  t h e  boundary l a y e r  edge w a s  e s s e n t i a l l y  un- 
a f f e c t e d  by nonequil ibr ium chemistry.  

6 .  The aerodynamic h e a t i n g  and s k i n  f r i c t i o n  were found t o  be  a f f e c t e d  
by nonequil ibr ium chemistry f o r  a l l  f l i g h t  condi t ions  ( f o r  t h e  assumed non- 
c a t a l y t i c  w a l l  boundary cond i t i on ) .  F i n i t e  wa l l  c a t a l y c i t y  would i n c r e a s e  
the  nonequil ibr ium hea t ing  so  t h a t  nonequilibrium va lues  would be c l o s e r  t o  
t h e  equ i l i b r ium p red ic t ions .  

7. Because of t h e  low Reynolds numbers on t h e  nose, t h e  eddy v i s c o s i t y  
w a s  low and laminar  and tu rbu len t  hea t ing  on the  nose were t h e  same f o r  t h e  
76.2 km (250,000 f e e t )  and 70.2 km (230,000 f e e t )  a l t i t u d e  condi t ions .  



8. The h e a t i n g  r educ t ion  caused by nonequil ibr ium chemistry was g r e a t e r  
f o r  t h e  t u r b u l e n t  boundary l a y e r  c a l c u l a t i o n s  t h a n  f o r  the.  laminar  ca se .  A t  
t h e  cone base  t h e  reduct ion  w a s  between l 0 . a n d  30 pe rcen t  fo; l aminar  f low'  
while .  t h e  r educ t ion  was between 35 and 40 percent  f o r  t h e  . tu rbulen t  . c a l c ' ~ i a ' t , i o ~ ~ .  . 

. . . . . . 

: : 
9.  he e f f e c t  o f  nonequ i l i b r iqu  on r e p r e s e n t a t i v e  boundary l a y e r  t ran-  . 

s i t i o n  parameters  w a s  found t o  be a  func t ion  of t h e  parameter'. parameters  ,' - .' , 
u t i l i z i n g  R ~ ~ / M ~  w e r e  found t o  b e  r e l a t i v e l y  i n s e n s i t i v e ,  whereas those  
con ta in ing  Res were found t o  i n d i c a t e  delayed t r a n s i t i o n  when nonequ i l i b rhk i  
e f f e c t s  are cons idered .  

' , , , . (. . 
' 10. P red ic t ed  t r a n s i t i o n  l o c a t i o n s  w e r e  found t o  b e  & s s e q t i a l l y  in-  

, ; . 
dependent o f  nose diameter  f o r  f l i g h t ;  b u t  i n c r e a s i n g  cone ang le  (from 0.,524 

' 

I '  

t o  0.698 r ad ians )  produced a forward .movement o f ,  , the transition . . ' l oca t ion .  _ ,  , 

. .. 

11. Boundary l a y e r  p r o f i l e s  f o r  laminar  flow ind ica t ed  a t h i c k e r  boundary 
l a y e r  and h ighe r  peak temperature i n  t h e  nonequi,librium,case.: .Considerably 
lower v e l o c i t i e s  e x i s t e d  a t  a f i x e d  he igh t  i n  t h e  boundary l a y e r  f o r ,  t h e  non- 
equ i l i b r ium case .  Only s l i g h t  d i f f e r e n c e s  i n  v e l o c i t y  were, noted i n  t h e  : " ' 
t u r b u l e n t  ca ses ,  b u t  t h e  peak temperature was much h ighe r  . f b r  . ndnequil ibr ium . . ., . . -. 
flow. . % :  . . . . ,  

12. More e l e c t r o n s  were produced n e a r , t h e  .. . forward end of the, cone, 
b u t  fewer a t  t h e  base  f o r  nonequil ibr ium flow., . - , T i  . . . :  

Aerothemodynamic Simulat ion C a p a b i l i t i e s  - Conclusions der ived  by 
comparing t h e  f l i g h t  c a l c u l a t i o n s  wi th  equival.ent~calculations f o r  f o u r  wind 
tunne l s ;  t h e  Mach 8 Variable  Densify Air Wind Tunnel, Mach 20. ~ i t r o g e n ,  ~ k n e l , .  . . 
Mach'20 H e l i u m  Tunnel, and t h e  Mach 6 Freon. (CF4) Tunnel are': 

..: 7 L 

1, Shock s tand-off  d i s t a n c e  when sca l ed  t o  nose r ad ius  i s  g r e a t e r  than 
f l i g h t ,  f o r  a l l  t unne l s  b u t  t h e  Freon tunnel .  . . . . . . .  

. . 

2.  The ' e x t e n t  of entropy l a y e r  e f f e c t s  is  g i - ea t e r ; fo r , ' t he  wind tunnel  . . 
than  f l i g h t  a t  s c a l e d  f r e e  s t ream Reynolds number. , ~ o w e r :  . ~ e y n o l d s  number 
t e s t i n g  i s  r equ i r ed  t o  match the  en t ropy  l a y e r s .  

3 .  There i s  minimal e f f e c t  of t e s t  gas on t h e  laminar  a x i a l  hea t ing  r a t e  
(q/q,) d i s t r i b u t i o n  except  i n  t h e  entropy l a y e r .  . The' wind' , tunnel '  d i s t r i b u t i o n s  
ag ree  wi th  t h e  equ i l i b r ium f l i g h t  d i s t r i b u t i o n s  o n  t h e  nose and 'w i th  t h e  non- '  
equ i l i b r ium v a l u e s  on t h e  a f te rbody.  . In  a l l  ca ses ,  t h e  r a t i o  of  l o c a l  t o  
s t a g n a t i o n  p o i n t  hea t ing  a t  t h e  cone base  i s  l e s s  than predic ted  f l i g h t  va lues .  



4. The r a t i o  of  t u rbu len t  t o  laminar  hea t ing  s c a l e s  wi th  l o c a l  Reynolds 
number f o r  t h e  wind tunnel  c a l c u l a t i o n s .  A t  t h e  same Reynolds number t he  
. r a t i o  obta ined  from the  f l i g h t  c a l c u l a t i o n s  i s  lower than wind tunnel  va lues .  
To match t h i s  r a t i o  i t  would b e  necessary  t o  test a t  a  lower Reynolds number. 
By s o  doing, bo th  t h i s  r a t i o  and t h e  entropy l a y e r  would b e t t e r  match t h e  
f l i g h t  va lues .  However, a poorer  match of s k i n  f r i c t i o n  would r e s u l t  s i n c e  
the  p red ic t ed  f l i g h t  values of t he  r a t i o  of t u rbu len t  t o  laminar s k i n  
f r i c t i o n  is h ighe r  than t h e  c o r r e l a t e d  tunnel  va lues .  

5. Natura l  t r a n s i t i o n  from laminar t o  t u rbu len t  flow i s  (1) u n l i k e l y  i n  
t h e  n i t r o g e n  and Freon tunnels ,  (2)  margina l ly  poss ib l e  i s  t h e  helium tunnel ,  
and (3) l i k e l y  f o r '  t he  high Reynolds number a i r  tunnel  condi t ions .  I f  t he  
r e l a t i v e l y  s m a l l  model s i z e s  (0.153 m (0.5 f e e t )  f o r  t he  n i t rogen  tunne l  and 
0.2155 m (0.7 f e e t )  ' fo r  t h e  o t h e r  wind tunne l s )  were increased ,  n a t u r a l  
t r a n s i t i o n  i s  p o s s i b l e  i n  t he  helium and Freon tunnels .  

6.  A s  w i t h  t he  f l i g h t  c a l c u l a t i o n s ,  nose diameter i s  predic ted  t o  have a 
s l i g h t  e f f e c t  on cone t r a n s i t i o n ,  bu t  a l a r g e r  nose may be more prone t o  rough- 
ness  induced t r a n s i t i o n .  However, i n  c o n t r a s t  t o  f l i g h t  p r e d i c t i o n s ,  
t r a n s i t i o n  on t h e  0.524 rad ian  (30°) cone is p red ic t ed  t o  be f a r t h e r  forward 
than  f o r  t h e  0.69 8 r ad ian  (40°) cone. 

7. Scaled boundary l a y e r  v e l o c i t y ,  displacement and momentum th i ckness  
are g r e a t e r  i n  ground t e s t  than f l i g h t  (except  f o r  t h e  Mach 8 , a i r  tunnel ) .  Both 
tunne l  and f l i g h t  s ca l ed  momentum th i ckness  a t  t he  veh ic l e  base c o r r e l a t e  
w e l l  w i t h  l o c a l  Reynolds number. 

Based on t h i s  study, i t  is  recommended t h a t  a d d i t i o n a l  research  b e  conducted 
t o  meet t h r e e  major objec t ives :  (1) v e r i f i c a t i o n  of t h e  a n a l y t i c  results,, (2) 
i nco rpora t ion  of  t h e ' e f f e c t  of f i n i t e  c a t a l y c i t y  on t h e  s tudy  r e s u l t s ,  and (3) 
eva lua t e  va r ious  boundary l a y e r  t r a n s i t i o n  c r i t e r i a .  

V e r i f i c a t i o n  of  t he  a n a l y t i c  r e s u l t s  ( f o r  nonequil ibr ium chemistry)  i s ,  
a t  b e s t ,  d i f f i c u l t .  However, plasma tunne l s  can provide a  gross  v e r i f i c a t i o n  
f o r  laminar  flow. For t u rbu len t  flow, wind tunne l  t e s t s  can a s s i s t  i n  ve r i -  
fy ing  t h e  eddy v i s c o s i t y  model. I n v e s t i g a t i o n s  o f  two ' types would b e  re- 
quired:  (a) b a s i c  i n v e s t i g a t i o n ~  of  boundary l a y e r  p r o f i l e s  combined wi th  
s k i n  f r i c t i o n  and h e a t  t r a n s f e r  measurements on r e l a t i v e l y  s imple c y l i n d r i c a l  
shapes,  and (b) aerodynamic.heat ing tests o f  b l u n t  cone conf igura t ions  of  t h e  
type analyzed t o  v e r i f y  t h e  r e s u l t s  p red ic t ed  wi th  var ious  eddy v i s c o s i t y  
models. Larger  s c a i e  models o r  z r t i f i c a l  t r i p s  would be  requi red  t o  o b t a i n  
t r a n s i t i o n  i n  t h e  helium and Freon f a c i l i t i e s .  These latter group of 
t e s t s  could a l s o  provide an  empi r i ca l  assessment of var ious  ' t r a n s i t i o n  
c r i t e r i a .  A s  noted i n  t h i s  s tudy ,  t h e  r e l a t i o n s h i p s  between edge Reynolds 



number, displacement t h i ckness ,  momentum th ickness ,  edge Mach number, and 
w a l l  t o  edge temperature a r e  uniquely d i f f e r e n t  f o r  t he  var ious  f a c i l i t i e s ,  
Thus, a broader  base  of  d a t a  would be  provided t o  v e r i f y  va r ious  c o r r e l a t i n g  
approaches. These d a t a  should be supplemented by a c o u s t i c  measurements i n  t he  
tunnel  t o  v e r i f y  t h a t  t h e  r e s u l t s  a r e  not  uniquely due t o  tunnel  f r e e  s t ream 
d i s tu rbances .  

The r e s u l t s  of  t h i s  s tudy i n d i c a t e  a  l a r g e  e f f e c t  of nonequilibrium 
chemistry on t u r b u l e n t  hea t ing  f o r  t h e  nonca ta ly t i c  w a l l  assumption. ~ e w ' .  
s u r f  a c e s  a r e  t r u l y  n o n c a t a l y t i c  . I n v e s t i g a t i o n s  have shown t h a t  c a t a l y t i c  
e f f i c i e n c i e s  of  s i l i c a / s i l i c o n  ca rb ide  m a t e r i a l s  may be between 10'3 and 10-2. 
The corresponding reduct ion  i n  hea t ing  from equi l ibr ium va lues  f o r  laminar .  
boundary l a y e r s  has  been shown t o  be  l e s s  than ha l f  t he  amount p red ic t ed  f o r  
a n o n c a t a l y t i c  w a l l ,  b u t  no ana lyses  a r e  a v a i l a b l e  t o  p r e d i c t  t h e ' . e f f e c t  f o r  
t he  t u r b u l e n t  case .  This  can be accomplished by a d d i t i o n a l  c a l c u l a t i o n s  wi th  
t h e  tu rbu len t  viscous code with a changed wa l l  boundary condi.t ion. 
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7.0 LIST OF SYMBOLS 

CF sk in  f r i c t i o n  coe f f i c i en t  

C s p e c i f i c  heat  
P 

L 

M 

P 

PAR 1 

PAR 2 

Q 

QSTAG, EQUIL 

r 

enthalpy 

veh ic le  o r  model a x i a l  length 

Mach number 

pressure  

t r a n s i t i o n  parameter 1 

t r a n s i t i o n  parameter 2 

heat ing  r a t e  

laminar equil ibrium heating r a t e  a t  t h e  s tagnat ion  point  

d i s t ance  from a x i s  of symmetry t o  loca t ion  i n  the  boundary 
l a y e r  

nose radius  

Re Reynolds number 

momentum thickness Reynolds number 

u n i t  Reynolds number (m-l) 

su r face  d is tance  

Stanton number 

temperature 

l o c a l  streamwise ve loc i ty  

l o c a l  normal ve loc i ty  

v e l o c i t y  

a x i a l  d i s t ance  

a x i a l  shock swallowing length 

3 a x i a l  loca t ion  of t r a n s i t i o n  

Y r a d i a l  d is tance  from a x i s  o r  d i s t ance  through boundary l a y e r  

Yd d i s t ance  normal from surface  t o  l o c a t i o n  i n  inv i sc id  flow f i e l d  
corresponding t o  boundary l a y e r  edge . 

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

6 baoundary l a y e r  thickness 

INNER t u rbu len t  boundary l a y e r  inne r  l a y e r  thickness 



P 

S u b s c r i p t s  

D 

e  

E 

EDGE 

i n v  

L 

LAM 

NE 

r e f  

S  - 
s o n i c  

TURB 

vis  

S u p e r s c r i p t  
t 

t u r b u l e n t  boundary l a y e r  laminar sublayer  th ickness  

displacement th ickness  

shock s t andof f  d i s t ance  

momentum th ickness  

v i s c o s i t y  

d e n s i t y  

nose diameter 

boundary l a y e r  edge 

equ i l i b r ium 

boundary l a y e r  edge 

i n v i s c i d  s o l u t i o n  

l o c a l  condi t ions  

laminar  

nonequi l ib  rim 

re fe rence  condi t ions  

s t a g n a t i o n  

s o n i c  po in t  

t urb d e n t  

boundary l a y e r  s o l u t i o n  

f r e e  s t ream 

behind shock 

behind shock 



TABLE I 
TRANSPORT PROPERTIES FOR WIND TUNNEL GASES 

** href eva lua ted  a t  s t a t i c  temperature behind normal shock 

" r e f  x 10' = 0.07783 T + 59.30 - 4.2222 X 1 0 - 3 ~ 2  + 1.5810 T + 3292.42 
. . 

GAS 

A1 R 

NITROGEN 

HELIUM 

FREON 
(cF4) 

v 

Y 

1.4 

1.4 

1.67 

1 . I 2  

PRANDTL 
NUMBER 

0.70 

0.70 

0.69 

0.65 

C~ 
( j ~ u l e s / ~ O ~ )  

1.01 
u 

1.05 

5.19 

0.88 

2 
IJ (N  sec/cm ) 

. 
' r e f  (ei ) [hre f  + 1 .I949 X l o 6  

h + 1.1949 X 10b 

5.03 (TI 0.649 

I 
1.0 x (T)0*5/[0.64626 + 101.0/7 - 3.42714/T2] 



TABLE I1 

CALCULATION MATRIX FOR FLIGHT 



'TABLE 'III 
.s.. AXIAL EXTENT OF HdGH ENTROPY INVISCID FLOW1 . 

:ALTITUDE 
; (km) 

76.2 

VELOCITY 
(km/sec) 

7.32 

64.0 6.10 

64.0 4.88 

L,RN 

5 0 

76.2 

70.1 

64.0 

64.0 

76.2 

70.1 

64.0 

64.0 

CONE 
ANGLE 

(radians) 

0.524 

0.063 

0.127 

0.140 

0.0177 

0.03 

0.039 

0.045 

0.025 

0.035 

0.055 

0.063 

0.008 

0.01 3 

0.022 

0.023 

0.076 

0.127 

0.143 

0.0177 

0.0265 

0.039 

0.043 

0.032 

0.038 

0.055 

0.063 

0.013 

0.016 

0.022 

0.023 

0.058 

0.068 

0.075 

0.014 

0.024 

0.030 

0.034 

0.0185 

0.029 

0.038 

0.045 

0.007 

0.01 2 

0.01 5 

0.01 6 

XS/L 

76.2 7.32 100 

70.1 

64.0 " 6.10' 

64.0 4.88 

7.32 

7.32 

6.10 

4.88 

7.32 

0.047 

0.062 

0.070 

0.014 

0.019 

0.027 

0.031 

0.015 

0.029 

0.038 

0.045 

0.007 

0.01 2 

0.015 

0.01 6 
L 

LAMINAR 

0.06& 

' 

LAMINAR 

0.06 

EQUILIBRIUM 

TURBULENT 
I 

0.035 

NONEQUILIBRIUM 

TURBULENT 

0.052 

6.10 

4.88 

100 

I 
5 0 

I 
0.698 



TABLE I V  

INNER. LAYER THICKNESS FOR FLIGHT TURBULENT BOUNDARY LAYERS . .  , .  

TABLE V 
NONEQUILIBRIUM HEATING 

AT THE STAGNATION POINT 

C 

ALTITUDE 
(km) 

76.2 

70.1 

64 .O 

64.0 

76.2 

70.1 

64.0 

64 .O 

VELOCITY 
(km/sec) 

7.32 

7.32 

6.10 

4.88 . 

7.32 

h 

ALTITUDE 
(km ) 

76.2 

70.1 

64.0 

64.0 
I 

CONE ANGLE 
(RADIANS) 

0.524 

1 
0.698 

VELOCITY 
(km/sec) 

. . .  

7.32 

. 7.32 

6.10 
.. . .. -2.- . .,.. . 

4.88 

7.32 4.0 

6.10 2.1 

4.88 2.6 

6.2 

3.8 

3.9 

"NNER/L X lo5 

Q N E ~ Q E  . 

EQUILIBRIUM 
8.9 ' 

5.0 

3.2 

3.7 

6.5 

L/RN = 100 

0.59 

0.51 

0.69 
. . ..2. * ;. 

0.83 

NONEQUILIBRIUM - 

19.5 

10.0 

5.4 

5.6 

14.2 

L/RN = 50 
I 

0.49 

0.44 

0.66 

0.77 



~ ,. TABLE V I .  

RATIO OF NONEQUILIBRIUM TO EQUILIBRIUM HEATING AT BASE 

ALTITUDE 
(km) 

76.2 

70.1 

64 .O 

64.0 
J 

VELOCITY 
(km/sec) 

. 
7.32 

7.32 

6.10 

4.88 

QNE/QE - LAM1 NAR 

RN/L = 0.01 

0.75 

0.72 

0.86 
- 

0.92 

QNE/QE - TURBULENT 

RN/L = 0.02 

0.72 

0.70 

0.80 

0.83 
I 

RN/L = 0.01 

0.62 

0.59 

0.60 

0.65 

RN/L = 0.02 

0.60 

0.58 

0.60 

0.65 
I 



TABLE V I I  

PREDICTED FLIGHT TRANSITION LOCATION 

ALTITUDE 
(km) 

76.2 

70.1 

64.0 

64.0 
76.2 

70.1 

64.0 

64.0 

76.2 

70.1 

64.0 

64.0 

76.2 

70.1 - 

64.0 

64.0 

VELOCITY 
(km/sec) 

CONE ANGLE 
(RADIANS) 

L / R ~  

6.10 

4.88 

7.32 0.1/4 

7.32 

6.10 

4.88 

7.32 

6.10 

4.88 

7.32 0.698 

7.32 

6.10 

4.88 

XT/L 

NONEnlJILIBRIUM 

> 1 

> 1 

0.95 

0.94 

> 1 

> 1 

0.91 

0.97 

> 1 

> 1 

0.50 

0.51 

> 1 

> 1 

0.50 

0.51 

Reg/ML=150 

EQUIL.IBRIIJM 

> 1 

> 1 

0.94 

0.93 

> 1 

> 1 

0.89 

0.91 

> 1 

1,OO 

0.47 

0.49 . 
> 1 

> 1 

0.48 

0.48 

> 1 

> 1 

> 1 

> 1 

> 1 

> 1 

> 1 

> 1 

> 1 

> 1 

0.87 

0.89 

> 1 

> 1 

0.90 
0.90 

Re,/ML=150 KeO/ML=200 

> 1 

> 1 

> 1 

> 1 

> 1 

> 1 

> 1 
> 1 

> 1 

> 1 

0.84 

0.86 

> . I  . .- 
> 1 

0.86 

0.86 

0.65 

0.39 

0.06 

0.054 

0.63 

0.38 

0.28 

0.27 

0.34 

0.20 

0.02 

0.02 

0.34 

0.192 

0.12 

0.138 

Reo/ML=200 

0.82 

0.33 

0.19 

0.34 

0.82 

0.33 

0.18 

0.34 

0.72 

0.28 

0.13 

0.24 

0.72 

. 0.29 

0.13 

0.24 

PAR 1=10 

0.69 

0.38 

0.155 

0.135 

0.69 

0.39 

0.24 

0.24 

0.37 

0.21 

0.115 

0.02 

0.37 

0.21 5 

0.12 

0:13 

PAR 2= 
2.3 x 106 

0.61 

0.24 

0.18 

0.34 

0.61 

0.24 

0.18 

0.34 

0.57 

0.23 

0.155 

0.24 

0.57 

0.23 

0.155 

0.24 

PAR 1 =10 PAR 2- 
2.3 x l o 6  



TABLE V I I I  

RATIO OF NONEQUILIBRIUM TO EQUILIBRIUM VALUE OF TRANSITION 

PARAMETERS AT END OF CONE 

ALTITUDE 
(km) 

76.2 

70.1 

64.0 

64.0 

76.2 

70.1 

64.0 

64.0 

76.2 

70.1 

64.0 

64.0 

76.2 

70.1 

64.0 

64.0 

VELOCITY 
(km/sec 

7.32 

7.32 

6.10 

4.88 

7.32 

7.32 

6.10 

4.88 

7.32 

7.32 

6.10 

4.88 

7.32 

7.32 

6.10 

4.88 

CONE ANGLE 
(RADIANS) 

0.524 

I 
0.524 

I 
0.698 

1 
0.698 

L/RN 

5r 
'1 
5i 

0.80 

1 .O 

1 .O 

PAR]NE / 
 re^ 
0.64 

1 .O 

1 .O 

1 .O 

0.64 

0.71 

1 .O 

1 .O 

0.73 

0.80 

1.0 

1 .O 

0.69 

0.99 

0.97 

0.97 

Re,/ML 

0.87 

0.89 

0.97 

0.98 

0.86 

0.89 

0.96 

0.98 

0.95 

0.96 

0.97 

0.98 

0.97 

1.03 

0.97 

0.98 

0.94 

1 .O 

1 .O 

PAR 1 

0.93 

0.93 

0.96 

0.95 

1 .O 

0.96 

1 .O 

0.95 

1 .O1 

1.01 
0 '95 

0.98 

1.04 

J 

PAR 2 

0.75 

0.82 

1 .O 

1 .O 

0.75 

0.82 

1 .O  

1 .O 

0.85 

0.94 

1 .O 

1 .O 

0.85 



* MODEL LENGTH 0.214111 (0.7 FT) ** MODEL LENGTH 0.153111 (0.5 FT)  



TABLE X 

GAS 

A1 R 

NITROGEN 

HELIUM 

FREON 
2. 

PRE5SIJRE 
( N/m2 

3.45x106 

2 . 0 7 ~ 1  o7 

1 .38x1 o7 

5 . 5 2 ~ 1  o7 

6.89x106 

2 . 2 8 ~ 1  o6 

1 .32x1 o7 

4 

aSUB/L x 10  
5 

0.524 rad 

14.0 

2.8 

336.0 

95.0 

57.0 

70.0 

14.0 

0.698 rad 
I 

11.4 

2.1 

270.0 

77.0 

46.0 

54.0 

11.0 



, . - -- 
TABLE X I  

WIND TUNNEL HEATING RATE DISTRIBUTION F'OR 0.524 RADIAN (30') CONES 

TABLE X I I .  , ,, . . , . .' . - .* .- 

WIND TUNNEL HEATING RATE DISTRIBUTION FOR 0.698 RADIAN (40') . J CONES 

w 

GAS 

I 

A 1  R 

NITROGEN 

HELIUM 
FREON 

A1 R 

NITROGEN 

HELIUM 
FREON 

L / R ~  

100 

I 

50 

I 

PRES URE I (N/m 1 

3 . 4 5 ~ 1 0 ~  
2 .07~1  O7 
1 . 3 8 ~ 1 0 ~  
5 .52~1  O6 
6 . 89~1  O6 
2 .28~1  O7 
1 .32~10 

6 3 . 4 5 ~ 1 0 ~  
2 .07~1  O7 
1 .38x1 O7 
5 . 52~1  O6 
6 . 89~1  O6 
2 . 2 8 ~ 1 0 ~  
1 .32x10 

L/RN 

100 

I 

sb 

L 

A1 R 

NITROGEN 

HELIUM 
FREON 

A I R  

NITROGEN 

HELIUM 
FREON 

. 919s , 

Q/Qs 

'PRESSURE 
( ~ / m 2 )  

3 .45~1  O7 
2 .07~1  O7 
1 .38x1 O7 
5 . 52~1  o6 
6 . 8 9 ~ 1 0 ~  
2 . 2 8 ~ 1  O7 
1 .32x10 

3 . 4 5 ~ 1 0 ~  6 *  
2 . 0 7 ~ 1  O7 
1 .38~1  O7 
5 52x1 o6 
6 .89X1O6 
2 . 2 8 ~ 1 0 ~ -  
1 .32x10 

X/L=O.O02 

0.73 
0.71 
0.76 
0.74 
0.70 
0.74 
0.72 

0.84 
0.84 
0.84 
0.82 
0.845 
0.82 
0.825 

I 

; X / I - = l  . 
0.055 

. 0.05 
0.042 
0.045 
0.42 
0.038 

+ 0.045 

0.065 
0.065 
0.06 
0.065 
0.055 
0.055 

' 0.065 

X/L=O.O02. 

0.715 
0.71 
0.76 
0.74 
0.765 
0.735 
0.715 

0.85 
0.86 
0.84 
0.84 
0.84 
0.825 
0.83 

X/L=O.O06 

0.40 
0.40 
0.47 
0.435 
0.39 
0.395 
0.415 

0.55 
0.57 
0.635 
0.595 
0.558 
0.565 
0.555 

X /L=0 .006  

0.325 
0.32 
0.465 
0.39 
0.3 
0.355 
0.315 

0.56 
0.58 
0.63 - 
0.595 
0.56 
0.56 
0.56 

X /L=O.1  

0.15 
0.165 

- .  0.14 
0.155 
0.144 
0.1 32 
0.1 55 

0.24 
0.20 
0.19 
0.205 
0.195 
0.18 
0.203 

Y./I.=n.l 

0.152 
0.15 
0.125 
0.14 
0.145 
0.114 
0.13 

0.19 
0.17 
0.18 
0.20 
0.172 
0.150 
0.195 

I 

X / L = 1  

0.05 
0.055 
0.045 
0.05 
0.045 
0.045 
9.05 

0.07 
0.075 
0.065 
0.07 
0.065 
0.06 
0.07 



TABLE XI11 
. . .  

PREDICTED TUNNEL TRANSITION LOCATION 

w * NOSE RADIUS EFFECTS IMPORTANT FOR HIGH PRESSURE A I R  CASES ONLY. 

GAS 

L 

A1 R 

NITROGEN 

HELIUM 

FREON 

J 

PRESSURE 
(~ / rn2 )  

3 . 4 5 ~ 1  o6 

2 . 0 7 ~ 1 0 ~  

1 . 3 8 ~ 1 0 ~  

5.52x107 

6 . 8 9 ~ 1  o6 

2 . 2 8 ~ 1  o6 

1.32x107 

CONE ANGLE 
(RADIANS) 

0.524 

0.698 

0.524 

0.698 

0.524 

0.698 

0.524 

0.698 

0.524 

0.698 

0.524 

0.698 

0.524 

0.698 

* L/RN 

100 

50 

100 

50 

d 

XT/ L 

Reg/ML = 150 

0.98 

0.56 

0.18 

0.19 

0.10 

0.098 

> 1 

I 
> 1 

> 1 

> 1 

PAR 1 = 10 

> 1 

0.70 

0.46 

0.53 

0.22 

0.26 

'1' 
> 1 

0.89 

Reg/ML = 200 

> 1 

> 1 

0.27 

0.34 

0.15 

0.21 

'1 
> 1 
> 1 

PAR 2 = 2 . 3 ~ 1 0  6 

> 1 
> 1 

0.32 

0.32 

0.29 

0.28 

'i 
> 1 
> 1 



.. . . .. . . - . . 

TABLE X I V  

, DISPLACEMENT THICKNESS -AT SONIC POINT ON NOSE 

b. 

GAS 
L 

A1 R 

I 

PRESSURE 
( ~ 1 ~ 2 )  , , 

3 . 4 5 ~ 1  o6 

I . , '  

2 . 0 7 ~ 1  o7 

- 

L / R ~  

. . 100' , . 

50 

16.67 

'1'00 

50 

16.67 

. . 

6 * s o ~ ~ ~ / L  

4 . 0 3 ~ 1  o - ~  

5 .7x10-~  

9 . 7 ~ 1  o ' ~  

1 .7x1 o - ~  

2 . 3 7 ~ 1  o - ~  

4.1x10-' 

s s o ~ ~ ~ / L  

6. 8x1 o - ~  

1 3 . 8 ~ 1 0 - ~  . 

41 .1x10 -~  

6 . 8 ~ 1  o - ~  
1 3 . 8 ~ 1  o - ~  
41 .1x10-~  



TABLE XV 

COMPARISON OF TRANSITION PARAMETERS AT 

END OF CONE 

b 

CONDITION/GAS 

A1 R 

NITROGEN 

HELIUM . 
. . 

FREON 
. . . . . .  , ,. '. 

FLIGHT 
(EQUILIBRIUM) 

FLIGHT 
(NONEQUILIBRIUM) 

1 

A I R  -- *- . 

NITROGEN ' :'. 
HELIUM y.':. 

FREON > . 

, 

FL I GHT 
(EQUILIBRIUM) 

FLIGHT 
(NONEQUILIBRIUM) 

R ~ L  
. (MILLIONS) 

1.46-8.8 

9.023-0.11 

0.49 

0.17-1.04 
C . . L .  

1.02-3.3 

0.65-3.3 

1.12-6.7 

0.023-0.079 

0.33 

0.18-1.1 
. .- .. 

0.8-3.4 

0-55-3.8 

CONE ANGLE 
(RADIANS . 

' - 0.524 

PAR 1 

' . ' 8 .4 -14 .4  

2.3-3.4 
. . . .  

7 . 0  
. 
3.4-.5.8 

. . . .  ..la. : ...... - 

12.6-21-2 

12.2-21 

12-19.9 

3.5-4.95 

10.6 

. . . . . . . . . . .  
4.6-7.8 

16.5-29.7 

. 17-28.6 

Re3/? 

150-370 

19.2-37.8 

101' ' 

. 
35.3-97 

77.4-174 

66.5-168 

197-483- 

26-51.3 

137 

52.5-129 

94-230 

91 -222 

. . :. - . 

& 

J 

PAR 2 
(MILLIONS) 

1.18-7.2 

0.04-0.16 

0.35 

0 $09-0.54 
. . 

3175-12.5 

2.8-112.5 

1.3-7.8 

.1.04-0.173 

0.37 

0.12-0.72 
. I 

4.04-14.6 

3.4-14.6 

. 

. . . 
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F i g u r e  1. - Blunt Cone Flow F ie ld .  
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Figure 2. - Analysis Conditions Within the Shuttle Flight Envelope. 
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Figure 3. - Comparison of Equilibrium and Nonequilibrium Shock Shapes. 
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Figure.4. - Nonequilibrium Effects on Shock Standoff Distance. 



Figure 5.  - Boundary Layer Edge Static Pressure Distribution at 7 6 . 2  km. 
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F i g u r e  6. - Boundary Layer  Edge S t a t i c  P r e s s u r e  D i s t r i b u t i o n  a t  64.0 km. 
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Figure 8. - Turbulent Boundary Layer Edge Velocity Distribution a t  7 6 . 2  km. 
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Figure 9 .  - Laminar Boundary Layer Edge Temperature Dis tr ibut ion  a t  7 6 . 2  km.' 



Figure 10. - Turbulent Boundary Layer Edge Temperature Distribution a t  7 6 . 2  km. 
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Figure  11. - Laminar Boundary Layer Edge Temperature D i s t r i b u t i o n  a t  64.0 km. 
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Figure 13. - Fl ight  Boundary Layer Edge Mach Number Range for  0 . 5 2 4  rad Cones. 
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F i g u r e  1 4 .  - F l i g h t  Boundary Layer  Edge Mach Number Range f o r  0.698 r a d  Cones. 



Figure 15. - Flight Local Reynolds Number Range f o r  0.524 rad Cones. 



Figure 16. - Flight Local Reynolds Number Range for 0.698 rad Cones. 



Figure 17. - Laminar Boundary Layer Momentum Thickness at 76.2 km. 



Figure 18.. - LamXnar Boundary Layer Momentum Thickness at 64 .0  km. 



F i g u r e  19.  - Laminar Boundary Layer  Displacement Th ickness  a t  76 .2  km. 
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Figure 22.  - Laminar Momentum Thickness Reynolds Number at 64.0 km. 



Figure 23. - Boundary Layer Inner Layer Thickness a t  7 6 . 2  km. 



Figure 24. - Boundary Layer Inner Layer Thickness a t  64 .0  km. 
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Figure 25. - Laminar Heating Distribution at 76.2 km. 



Figure 26. - Turbulent Heating Distribution at 76.2 km. 



F i g u r e  27. 1 Laminar Hea t ing  ~ i s t r i b u t i d n  a t  64.0 km. 
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F i g u r e  28. - Turbulen t  Heat ing D i s t r i b u t i o n  a t  64.0 km. 
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Figure 29. - Heating Reduction Due to Nonequilibrium Chemistry. 
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F i g u r e  30. - E f f e c t  of Edge Chemistry on Heating Rate. 
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Figure 31. - Effect of Chemical Nonequilibrium on Transition Parameter 1. 



Figure 32. - Effect of Chemical Nonequilibrium on R / . ee 5, 



DISTANCE I N  THE SHOCK LAYER-Y/AS 

Figure 33. - Effect  of Chemical Nonequilibrium on Shock Layer Temperature 
Distribution. 
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Figure 34'..;., - ~ f f , e c t - . o n  Chemical Nonequilibrium on Shock Layer 
Velocity ~ i e t r i b u t i o n .  



DISTANCE I N  THE SHOCK LAYER - Y/AS SHOCK 

Figure  35. - E f f e c t  of Chemical Nonequilibriurn on Shock Layer 

Elec t ron  Densi ty  D i s t r i b u t i o n .  
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Figure 36. - Laminar Boundary Layer Velocity Profiles a t  64.0 km. 
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Figure 37. - Turbulent Boundary Layer Velocity Profiles a t  64.0 km. 
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Figure 38. - Turbulent Boundary Layer Temperature Profiles at  6 4 . 0  
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. F i g u r e  39. - Laminar Boundary Layer  Temperature P r o f i l e s  a t  64.0 km. 



Figure 40. - Effect  of Chemical Nonequilibrium on Free Electrons 

i n  the Boundary Layer. 
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Figure 41. - Comparison of Tunnel and Flight' Shock Standoff Distance. 



X/L - NONDIMENSIONAL AXIAL DISTANCE 
Figure 42. - Tunnel Simulation of Flight Boundary Layer Edge Mach Number for 0 .524  rad Cones. 
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F i g u r e  43. - Tunnel S i m u l a t i o n  of F l i g h t  Boundary Layer Edge Mach Number f o r  0.698 r a d  Cones. 
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Figure 44.  - End of High Entropy Inviscid Flow Region for Laminar 0.524 rad Cones. 
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Figure.45. - End of-High Entropy. Inviscid Flow Region >for  Laminar 0.698 rad Cones. . 



REYNOLDS NUMBER BEHIND NORMAL SHOCK - R e t D  

Figu re  4 6 .  - End of High Entropy I n v i s c i d  Flow Region f o r  Laminar 0.524 rad  Cones - 
Cor re l a t ed  by Reynolds NurnbeYBehind Normal Shock. 



LOCAL REYNOLDS NUMBER 
Figure 47. - Correlation of Laminar Boundary Layer Displacement Thickness for 0 ,524  rad Cones. 
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Figure 48. '- Correlation of Turbulent Boundary Displacement Thickness for  0 .524 rad C0ne8. 
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Figure 49. - Correlation of Laminar-<.Boundary Layer Momentum Thickness f 0 r ~ 0 . 5 2 4  r a d  -Cones: 



Figure 50. - Correlation of Turbulent Boundary Layer Momentum Thickness for 0 .524  rad Cones. 
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Figu re  51. - Laminar Heat ing Ra te  S imula t ion .  
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Figu re  53. - Heating Rate  D i s t r i b u t i o n  i n  High P r e s s u r e  A i r  Wind Tunnel.  
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Figure 54. - Cor re l a t ion  of Turbulent  t o  Laminar Stanton Number Ratio.  



LOCAL REYNOLDS NUMBER 
Figure 55.  - Correlation of Turbulent t o  Laminar Skin Friction Coefficient Ratio. 



NOSE RADIUS - cm 
Figure 56. - Variation of Momentum Thickness Reynolds Number at Nose Tip Sonic Point. 



F i g u r e  57. - A i r  Wind Tunnel S i m u l a t i o n  o f  F l i g h t  Laminar Boundary 
Layer  Temperature P r o f i l e s .  



Figur:e.58..- Nitrogen Wind Tunnel Simulation of Flight Laminar Boundary 
Layer Temperature prof qles. 



Figu re  59. - Helium Wind Tunnel S imula t ion  of F l i g h t  Laminar Boundary 
Layer Temperature P r o f i l e s .  



F i g u r e  60. - Freon  (CF4) Wind Tunnel  S i m u l a t i o n  of F l i g h t  Laminar Boundary Layer  
Temperature  P r o f i l e s .  



Figure  61. - ~ i r ' w i n d  Tunnel ~ i m v l a t i o n  o f  F l i g h t  ~ h r b u l e n t  ~ o b k d a r ~  
Layer Temperature P r o f i l e s .  



Figure 62.  - Nitrogen Wind Tunnel Simulation of Flight Turbulent Boundary 
Layer Temperature Prof i l e s .  



Figure 63. - H e l i u m  Wind Tunnel Simulation of Flight Turbulent Boundary 
Layer ~emperature Prof I l e s .  



Figure 64. - Freon (CFq) Wind Tunnel Simulation of )?light Turbulent Boundary 
Layer Temperature Prof i l e s .  



Appendix A 

EDDY VISCOSITY MODEL FOR TURBULENT BOUNDARY LAYERS 

'The eddy v i s c o s i t y  formulation used i n  t h e  nonsimilar ,  compressible 
v iscous  flow f i e l d  code f o r  turbulent  f l i g h t  condit ions is  modeled a f t e r  the  
formulat ion of Cebeci and found i n  Reference 9. The turbulent  boundary l aye r  
is  charac ter ized  by two d i s t i n c t  regions:  (1) an inner  l aye r  based on Prand t l ' s  
mixing l e n g t h  theory,  and (2)  an ou te r  l a y e r ,  based on a cons tant  eddy v i s c o s i t y  
modified by an in termi t tency fac to r .  The expression f o r  t h e  eddy v i s c o s i t y  in;-, 
t h e  inner  l a y e r  is given by 

r i = ( 0 . 4 ~ ) ~  [ I  - exp ( - t i ) ] 2  lgl 

where : 

and. 
. . 

u = streamwise component of ve loc i ty  . . 

y = dis tance  through boundary l a y e r  normal t o  w a l l  

d~ = pressure  g rad ien t  
dx 

r = kinematic eddy v i s c o s i t y ,  inner  region 
i 

v = kinematic v i s c o s i t y  

p = densi ty  

T = shear  stress a t  the  w a l l  
W 

The expression f o r  t h e  eddy v i s c o s i t y  i n  the  ou te r  region is  given by 

S *  Y i n c  

where : 



;I ' 

' : 

and . 
u = streamwise v e l o c i t y  a t  boundary l a y e r  edge e 

y = i n t e r m i t t e n c y  f a c t o r  

6* = incompressible  form o f  displacement  t h i cknes s  
i n c  

6 = boundary l a y e r  t h i cknes s  

E - = kinematic  eddy v i s c o s i t y ,  o u t e r  reg ion  
0 

A t y p i c a l  eddy v i s c o s i t y  v a r i a t i o n  a c r o s s  t h e  boundary l a y e r  is  presen ted  
i n  F igure  A-1. The p l o t t e d  va lues  a r e  p s ,  i .e .  t h e  dynamic eddy v i s c o s i t y .  
The switch-over from t h e  i n n e r  l a y e r  fo rmula t ion  t o  t h e  o u t e r  l a y e r  formula t ion  
occurs  a t  t h e  p o i n t  where t h e  two curves c r o s s ,  a t  approximately TI = 1 f o r  t h i s  
case.  The. laminar  v i scos ' i ty  i s  included i n  t h e  f i g u r e  f o r  comparison. 



- NORMALIZED BOUNDARY LAYER THICKNESS 

Figure A-1. - Turbulent Boundary Layer Eddy Vi scos i ty  Prof i l e .  



Appendix B 

\ CHEMICAL REACTIONS FOR SHUTTLE NONEQUILIBRIUM EFFECTS 

\ 
- The. chemical . r e a c t i o n s  used . . i n < . t h e  nonequil ibr ium por t ion  of t h e  p re sen t  1 s&dy, both i n v i s c i d  a n d  v iscous  flow f i e l d s ,  a r e  l i s t e d  i n  Table 8-1. It i s  

f e l t  t h a t  t hese  p a r t i c u l a r  r e a c t i o n s  a r e  t h e  most important r eac t ions  i n  
determining the  nonequil ibr ium e f f e c t s  i n  t h e  S h u t t l e  flow f i e l d  a t  t y p i c a l  
e n t r y  condi t ions .  The forward r a t e  cons t an t s ,  a l s o  l i s t e d  i n  Table B-1, b e s t  
desc r ibe  t h e  r e a c t i o n  r a t e s  over  t h e  temperature range encountered i n  t h e  
' a l t i t u d e - v e l o c i t y  regime s e l e c t e d  f o r  t h e  s tudy.  The r e a c t i o n  r a t e s  a r e  given 
by t h e  fol lowing express ion  : 

'. 

3 0 where u n i t s  a r e  gram moles, cm , s e c ,  and K. Reverse r e a c t i o n  r a t e  cons t an t s  
were determined from t h e  forward va lues  and t h e  equi l ibr ium cons tan t  f o r  each 
rkac t ion ,  f i t t i n g  the  cons t an t s  a t  t h r e e  temperatures  : 1 0 0 0 ~ ~ ~  6 0 0 0 ~ ~ ~  and 
1 2 0 0 0 ~ ~ .  



TABLE B-I  
. . 

CHEMICAL REACTIONS FOR SHUTTLE NONEQUILIBRIUM EFFECTS 

REACTION FORWARD REACTION RATE CONSTANTS REVERSE REACTION RATE C~NSTANTS 
a b E a b E 

1. 0 2 + M  + 2 0 + M  6.30 E l 8  -1 .O 59357 8.5982 E l 6  -0.7954 0.00 

-1 .o 113200 2 .  N 2 + M  + 2 N + M  2.46 E l 9  3.2489 E l  9 -1.3509 609.68 

3. NO + M + 0 + N + M 5.50 E20 -1.5 75483 1 .2083 E20 -1.4801 0.00 
, . 

4. 0 + N O  + N + 0 2  3.20 E9  1.0 1 9676 6.5504 E l 2  0.3115 '491:5.60- 

5. O + N 2  + N + N O  7.34 E l l  0.5 37950 4.4495 E l 2  0 . 1 2 8 3 . % ; :  845.02' 

3 . )  .. . 
(UNITS ARE GRAM MOLES, cm SEC, AND OK) ... .,. (-! . - , , .,.. . . 

. . . 



Appendix C 
. 7  - . .. . . . .  

. . INVISCID n o w  FIELD SHOCK SHAPES ' 

The shock shapes f o r  t h e  equil ibrium i n v i s c i d  flow f i e l d s  generated f o r  
t h i s  study a r e  presented i n  this 'appendix.  Both f l i g h t  condit ion cases  and 

, i d e a l  gas wind tunnel  cases are included. Data a r e  i n  t abu la r  form, l i s t i n g  
t h e  coordinates o f  the  shock i n  a body-coordinate system. Each en t ry  is  
normalized by nose radius ,  thus enabling the  user  t o  determine the shock shape 
f o r  o the r  nose r a d i i  than those used f o r  t h i s  study. 



SHOCK SHAPES FOR EQUILIBRIUM FLIGHT CONDITIONS 

CASE 1 CASE 2 CASE 3 
H = 76.2 km (250 KFT) H = 70.1 km (230 KFT) H = 64.0 km (210 KFT) 

V- = 7.315 km/sec (24000 PS) Vm = 7.315 km/sec (24000 FPS) v.. = 6.096 km/sec (20000 P S )  

ec " 30" eC = 30' 6, = 30' 
fl,, = 0.6096 rn (2 FT) q,. 0.6096 m (2 FT) 

RN = 0.6096 m (2 FT) 
.. - > 



SHOCK SHAPES FOR E Q U I L I B R I U M  F L I G H T  C O N D I T I O N S  

CASE 4 
CASE 5 

H = 76.2 km (250 KFT) CASE 6 
H = 64.0 km (210 KFT). H = 70.1 km (230 FT) 

V, = 4.876 km/sec (16000 FPS) 
YW = 7.315 km/sec (24000 FPS) V- = 7.315 km/sec (24000 FPS) 

= 30' Oc = 30' = 30' 

= 0.6096 m (2 n )  , $, = 0.3048 m (1 FT) = 0.3048 m (1 n) . - 



SHOCK SHAPES FOR EQUILIBRIUM FLIGHT CONDITIONS 

CASE 7 CASE 8 CASE 9 
H = 64.0 km (210 KFT) H = 64.0 km (210 KK) H = 76.2 km (250 KFT) 

V, = 6.096 kmlsec (2000 FPS) V, = 4.876 krnlsec (16000 FPS) V = 7.315 kmlsec (24000 FPS) 
8, = 3 0 0 .  ec = 300 6; = 400 : . .  

R,, a 0.3048111 (1 FT) R,, = 0.3048 m (1 FT) I$ = 0.6096 m (2 FT) 



,-CASE10 , . 
CASE 11 CASE 12 

H = 70.1 km (230 KFT) H = 64.0 km (210 KFT) H = 64.0 km (210 KFT) 
V, = 2;315 krn/sec (24000 .FPS) V, = 6.096 krn/sec (20000 FPS V, = 4.876 krn/sec (16000 FPS) 
ec = 40" eC = 40' eC = 40" 
RN = 0.6036 m (2 FT) R, = 0.6096 rn (2 FT) RN = 0.6096 m (2 FT) 



SHOCK SHAPES FOR EQUILIBRIUM FLIGHT CONDITIONS 

CASE 14 
CASE 15 CASE 13 H = 70.1 km (230 KFT) 

H = 76.2 km (250 KFT) H = 64.0 km (210 KFT) 
Vm = 7.315 km/sec (24000 FPS) VOD = 6.096 km/sec (20000 FPS) V_ = 7.315 km/sec (24000 FPS) eC = 40" 0 = 40" Bc = 40" 

RN = 0.3018 m (1 F T )  R~ = 0.3048 m (1 FT) $ = 0.3048 n (1 n) 



SHOCK SHAPES FOR EQUILIBRIUM FLIGHT CONDITIONS 

CASE 16 
H = 64.0 km (210 KFT) 

V, = 4.876 km/sec (16000 FPS) 

: :Pi648 m (1 FT) 



SHOCK SHAPES FOR WIND TUNNEL CASES 

A I R  
Y = 1.4 
M .=  8.0 
Tt = 810" K (1460" R) 
OC = 30" 

A I R  
Y = 1.4 
M = 8.0 



SHOCK SHAPES FOR WIND TUNNEL CASES 



SHOCK SHAPES FOR WIND TUNNEL CASES 



SHOCK SHAPES FOR WIND TUNNEL CASES 

rtU.S. GOVERNMENT PRINTING OFFICE: l9E-W&8 / 62 




