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SUMMARY 

An exper imenta l  i n v e s t i g a t i o n  w a s  conducted i n  t h e  Langley 8-Foot High- 
Temperature Tunnel a t  Mach 6.7 t o  determine t h e  e f f e c t s  of f ree-s t ream u n i t  Reynolds 
number, a n g l e  of a t t a c k ,  and nose shape on t h e  aero thermal  environment of a 3 - f t  
base-diameter ,  12.5' h a l f - a n g l e  cone. The average t o t a l  tempera ture  w a s  3300°R, t h e  
f ree-s t ream u n i t  Reynolds number ranged from 0.4 x 1 O6 t o  1.4 x 10 
a n g l e  of a t t a c k  ranged from 0' t o  l o o .  Three nose c o n f i g u r a t i o n s  were t e s t e d  on t h e  
cone: a 3- in-radius  t i p ,  a 1- in-radius  t i p  on an  ogive  frustum, and a s h a r p  t i p  on 
a n  ogive  frustum. Surface-pressure  and co ld-wal l  ( r a t i o  of w a l l  t empera ture  t o  t o t a l  
tempera ture  of 0.16) h e a t i n g - r a t e  d i s t r i b u t i o n s  were o b t a i n e d  f o r  laminar ,  t r a n s i -  
t i o n a l ,  and t u r b u l e n t  boundary l a y e r s .  Shock shapes and prof i les  of Mach number and 
t o t a l  temperature i n  t h e  shock l a y e r  were obta ined .  

6 per f o o t ,  and t h e  

Surface-pressure  d a t a  were independent  of f ree-s t ream Reynolds number and 
r e q u i r e d  longer  d i s t a n c e s  t o  recover  from nose overexpansion as b l u n t n e s s  i n c r e a s e d .  
Windward pressure data were w e l l  p r e d i c t e d  by an  i n v i s c i d  f l o w - f i e l d  code f o r  t h e  
present range of a n g l e  of a t t a c k .  Laminar h e a t i n g  d a t a  normalized by t h e  s t a g n a t i o n -  
p o i n t  h e a t  t r a n s f e r  w e r e  independent  of f ree-s t ream Reynolds number and w e r e  w e l l  
p r e d i c t e d  on t h e  windward side. Turbulent  h e a t i n g  l e v e l s  w e r e  i n  agreement w i t h  a n  
empirical method. The l o c a t i o n  of t h e  s t a r t  of t r a n s i t i o n  moved forward on both t h e  
windward and leeward s i d e s  wi th  i n c r e a s i n g  f ree-s t ream Reynolds number, i n c r e a s i n g  
a n g l e  of a t t a c k ,  and d e c r e a s i n g  nose b luntness .  

INTRODUCTION 

A p p l i c a t i o n s  of c o n i c a l  shapes f o r  high-speed v e h i c l e s  have l e d  t o  a large aero- 
thermal  d a t a  base f o r  cones.  Although many exper imenta l  i n v e s t i g a t i o n s  have been 
done on cones i n  high-enthalpy hypersonic  flow, s e v e r a l  aspects of aero thermal  h e a t -  
i n g  are n o t  f u l l y  understood and a d d i t i o n a l  d a t a  are needed. 
are as follows: ( 1 )  The l o c a t i o n  of t h e  s tar t  of t r a n s i t i o n  on b l u n t  cones a t  a n g l e  
of a t t a c k  is n o t  w e l l  understood and, i n  fac t ,  c o n f l i c t i n g  t r e n d s  have been observed. 
(See, for  example, r e f s .  1 t o  3.) ( 2 )  Methods f o r  a c c u r a t e l y  p r e d i c t i n g  leeward 
h e a t i n g  are n o t  a v a i l a b l e  ( r e f s .  4 and 51, a l t h o u g h  p r o g r e s s  is be ing  made through 
t h e  u s e  of t h e  p a r a b o l i z e d  Navier-Stokes (PNS) e q u a t i o n s  (ref. 6). ( 3 )  Various t y p e s  
of slender-body nose shapes (ogives ,  f o r  example) are o f t e n  used on h y p e r s o n i c  
v e h i c l e s  and missiles; b u t  d e s p i t e  t h e  f r e q u e n t  use  of ogives, t h e r e  is  a lack  of 
h e a t i n g  d a t a  i n  t h e  open l i t e r a t u r e  a t  Mach 7 and above. Because of t h e s e  d e f i c i e n -  
cies i n  t h e  e x i s t i n g  data base, t h e  p r e s e n t  s t u d y  w a s  performed to  provide  a d d i t i o n a l  
exper imenta l  d a t a  on t r a n s i t i o n  l o c a t i o n ,  leeward h e a t i n g ,  and ogive  a e r o h e a t i n g .  

Some of t h e s e  aspects 

A 3 - f t  base-diameter,  12.5' h a l f - a n g l e  cone w i t h  t h r e e  i n t e r c h a n g e a b l e  nose con- 
f i g u r a t i o n s  w a s  t e s t e d  i n  t h e  Langley 8-Foot High-Temperature Tunnel (8-ft  HTT) a t  a 
f ree-s t ream Mach number of 6.7, a t o t a l  tempera ture  of 3300°R, free-stream u n i t  
Reynolds numbers from 0.4 x l o 6  to  1.4 x 10 
l o o .  The nose shapes  t e s t e d  were a 3- in-radius  t i p ,  a 1- in- rad ius  t i p  on an  ogive  
frustum, and a s h a r p  t i p  on an ogive  frustum. The large s i z e  of t h e  model e n a b l e d  
h i g h  local  Reynolds numbers p l u s  f l o w - f i e l d  s u r v e y s  from t h r e e  sets of retractable 
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rakes .  Sur face-pressure  and cold-wal l  ( r a t i o  of w a l l  temperature  to  t o t a l  tempera- 
t u r e  of 0.16) h e a t i n g - r a t e  d i s t r i b u t i o n s  were o b t a i n e d  f o r  laminar ,  t r a n s i t i o n a l ,  and 
t u r b u l e n t  boundary l a y e r s .  Shock shapes and p r o f i l e s  of Mach number and to ta l  tem- 
p e r a t u r e  i n  t h e  shock l a y e r  were obta ined .  

The p r e s s u r e  d a t a  and shock-layer  p r o f i l e s  are compared with p r e d i c t i o n s  from a n  
i n v i s c i d  three-dimensional  computer code r e f e r r e d  t o  as STEIN ( s u p e r s o n i c  t h r e e -  
d imens iona l  e x t e r n a l  i n v i s c i d ) .  (See r e f s .  7 and 8.) Laminar h e a t - t r a n s f e r  d a t a  are 
compared with t h e  code d e s c r i b e d  i n  r e f e r e n c e  9. Turbulent  h e a t i n g  l e v e l s  are com- 
p a r e d  w i t h  semiempir ica l  re fe rence- tempera ture  methods d e s c r i b e d  i n  r e f e r e n c e s  10 
t o  13 and wi th  the code d e s c r i b e d  i n  r e f e r e n c e s  14 and 15. 

SYMBOLS 

s p e c i f i c  h e a t ,  Btu/lb-OR 

k thermal  c o n d u c t i v i t y ,  Btu/f t - s e c - O R  

P C 

M Mach number 

P r a n d t l  number, ( c p p / k ) *  

free-stream u n i t  Reynolds number, 

NL 
NRe pmVa/pm, f t-’  

local Reynolds number based on r e f e r e n c e  tempera ture ,  p,*Ves/p * NrZe 

N& S t a n t o n  number based on r e f e r e n c e  tempera ture ,  4/[(Taw - Tw)pe *v e c * ]  

P p r e s s u r e ,  psia 

4 heat f l u x ,  B t u / f t  -sec 2 

r,cp,x c y l i n d r i c a l  c o o r d i n a t e s  (see f i g .  1 2 )  

r ,  cp, 8 s p h e r i c a l  c o o r d i n a t e s  (see f i g .  1 2 )  
- 

rb base r a d i u s ,  in .  

nose r a d i u s ,  i n .  ‘n 

S s u r f a c e  d i s t a n c e  from s t a g n a t i o n  p o i n t  (see f i g .  71, i n .  

s u r f a c e  d i s t a n c e  from s ta r t  of cone frustum (see f i g .  71, i n .  S C  

T temperature ,  O R  

t t i m e ,  sec 

V v e l o c i t y ,  f t / s e c  

Y d i s t a n c e  normal to  a x i s  of r e v o l u t i o n  (see fig. 7)‘ x, in .  

U a n g l e  of a t t a c k ,  deg 
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Y ra t io  of specif ic  h e a t s  

A d i f f e r e n c e  

rl d i s t a n c e  normal t o  s u r f a c e  (see f i g .  71, in .  

P v i s c o s i t y ,  lb/f  t-sec 

P d e n s i t y ,  lbm/f t3 

T s k i n  t h i c k n e s s ,  i n .  

S u b s c r i p t s :  

a w  a d i a b a t i c  w a  11 

e edge of boundary l a y e r  

S s t a g n a t i o n  p o i n t  

SPC s h a r p  cone 

t t o t a l  c o n d i t i o n  of t u n n e l  (combustor) 

tr s tar t  of t r a n s i t i o n  

W mode 1 w a l l  

01 f r e e  stream 

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

* c o n d i t i o n s  a t  E c k e r t ' s  r e f e r e n c e  tempera ture  (see eq. (5)) as d e s c r i b e d  i n  
r e f e r e n c e  10 

APPARATUS AND TESTS 

Mode 1 

The p r e s e n t  t e s t  program inc luded  a p o r t i o n  devoted t o  s t u d y i n g  f i l m  c o o l i n g  by 
i n j e c t i o n  of a c o o l a n t  through v a r i o u s  types  of noses .  Film-cooling d a t a ,  however, 
are n o t  r e p o r t e d  i n  t h i s  paper ,  b u t  t h e  c o o l i n g  aspect p l u s  t h e  requirement  t o  test  
t h e  model n e a r  r a d i a t i o n  e q u i l i b r i u m  d i d  i n f l u e n c e  t h e  s e l e c t i o n  of nose shapes and 
some model d e s i g n  f e a t u r e s .  

The model, shown i n  f i g u r e  1 mounted i n  t h e  tes t  s e c t i o n  of t h e  Langley 8-Foot 
High-Temperature Tunnel, c o n s i s t e d  of a cone f rus tum,  three i n t e r c h a n g e a b l e  nose 
t ips ,  t h r e e  shock-layer  f low survey  r a k e s ,  and a boa t t a i l  base. The s t r u c t u r e  of t h e  
model is  shown i n  f i g u r e  2. me cone f rus tum w a s  63.6 i n .  long  w i t h  a 3-f t -diameter  
b a s e  and a 1 2 . 5 O  hal f -angle .  This  f rustum c o n s i s t e d  of an  ou ter  0.060-in-thick 
(&0.003) Re& 41 s k i n  suppor ted  by an i n n e r  load-bear ing  s t r u c t u r a l  s h e l l .  
s k i n  w a s  a t t a c h e d  t o  t h e  i n n e r  s h e l l  on ly  a t  t h e  forward end of t h e  frustum, which 
was threaded  for  a t t a c h i n g  t h e  noses.  The o u t e r  s k i n  w a s  suppor ted  by t h e  i n n e r  
s h e l l  through f i v e  i n s u l a t e d  s u p p o r t  r i n g s  shown i n  figures 2 and 3. These s u p p o r t  

The o u t e r  
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r i n g s  were made of segmented i n s u l a t e d  pads i n t e r c o n n e c t e d  by a spr ing-loaded mecha- 
nism t h a t  allowed t h e  r i n g s  t o  expand as t h e  o u t e r  s k i n  expanded upon h e a t i n g .  (See 
i n s e r t  i n  f i g .  3.) This  mechanism was designed t o  a l l o w  t h e  o u t e r  s k i n  t o  reach  t e m -  
p e r a t u r e s  up to  about  2000'R w i t h o u t  buckl ing.  A l - i n - t h i c k  b l a n k e t  of i n s u l a t i o n  
w a s  s t r a p p e d  to  t h e  i n n e r  s h e l l  between t h e  r i n g s ,  as shown i n  f i g u r e s  2 and 3,  t o  
reduce h e a t  l o s s e s  from t h e  i n s i d e  of t h e  o u t e r  s k i n .  The s u r f a c e  contour  of t h e  
cone frustum w a s  measured, and t h e  maximum l o n g i t u d i n a l  waviness w a s  f0.050 in .  wi th  
local a n g u l a r  deformations up to  0.1'. The cone frustum was p a i n t e d  to  provide  a 
uniform e m i s s i v i t y  (0.8 f 0.1 ) surface. 

The b o a t t a i l  cover  shown i n  f i g u r e  2 had a 19.7' h a l f - a n g l e  cone frustum, w a s  
36.3 i n .  long, and w a s  made from 0.13-in-thick s t a in l e s s  s teel .  The purpose of t h e  
boa t ta i l  w a s  t o  protect t h e  i n s t r u m e n t a t i o n  w i r e s  and t h e  remote mul t ip lexed  d a t a  
system from t h e  base flow. The rear of t h e  boa t ta i l  w a s  a t t a c h e d  to  t h e  s t i n g ,  and 
t h e  f r o n t  w a s  suppor ted ,  bu t  n o t  r e s t r a i n e d ,  by an aluminum r i n g .  A 0.30-in. gap 
between t h e  b o a t t a i l  and t h e  cone frustum and a 0.15-in. backward-facing s tep  al lowed 
thermal  growth and v e n t i n g  of t h e  model d u r i n g  t h e  e n t i r e  test sequence. (See d e t a i l  
i n  f i g .  2.)  

The t h r e e  nose shapes are shown i n  f i g u r e  4. The nose shown i n  f i g u r e  4 ( a )  h a s  
a 3- in-radius  s p h e r i c a l  t i p ,  which i s  a t t a c h e d  t o  a 12. 5' h a l f - a n g l e  cone-frustum 
a d a p t e r ,  and is made from 0.9-in-thick mild steel .  This  nose c o n f i g u r a t i o n  is  
r e f e r r e d  t o  h e r e i n  as nose R-3 (where t h e  "R" d e s i g n a t e s  r a d i u s  and t h e  "3" d e s i g -  
n a t e s  the nose r a d i u s  i n  i n c h e s ) .  The nose shown i n  f i g u r e  4 ( b ) ,  and referred to  as 
nose R-1, has a s o l i d  l - in - rad ius  s p h e r i c a l  tip of s ta in less  s t ee l  and a 20' h a l f -  
a n g l e  cone frustum. This  nose is a t t a c h e d  t o  a 0.083-in-thick s t a i n l e s s - s t e e l  og ive  
frustum t h a t  h a s  a 74.15-in. r a d i u s .  The f i n e n e s s  r a t io  of t h e  f u l l  og ive  i s  2.50. 
(The f i n e n e s s  r a t io  is t h e  l e n g t h  of t h e  ogive ,  with i t s  f r o n t  extended to  a s h a r p  
t i p  and its base extended to  a z e r o  s l o p e ,  d i v i d e d  by t h e  base d iameter . )  The t h i r d  
nose ( f i g .  4 ( c ) ) ,  r e f e r r e d  to  as nose R-SI has  a 20' h a l f - a n g l e ,  s o l i d  s h a r p  t i p  
(ac tua l  nose r a d i u s  w a s  approximately 0.02 i n . )  a t t a c h e d  t o  t h e  same ogive  f rus tum as 
i n  f i g u r e  4 ( b ) .  The t ips  on the ogive  frustum were i n t e r n a l l y  s p r i n g  mounted to  t h e  
base of t h e  ogive  t o  a l l o w  thermal  growth. High-temperature i n s u l a t i o n  w a s  p l a c e d  
a g a i n s t  t h e  i n s i d e  of t h e  ogive  s h e l l  t o  reduce h e a t  l o s s e s  from t h e  s k i n  t o  the 
i n t e r i o r  of t h e  model. All j u n c t i o n s  between each of t h e  model segments w e r e  smooth 
e x c e p t  for  t h e  ogive  frustum, i n  which t h e  base w a s  o v e r s i z e d  and r e s u l t e d  i n  a 
rearward- fac ing  s t e p  about 0.005 i n .  high. 

Three sets of rake  assembl ies  w e r e  used to  survey  t h e  flow w i t h i n  the shock 
l a y e r  a t  t h r e e  a x i a l  s t a t ions .  Photographs of a rake  assembly extended from t h e  s u r -  
face and r e t r a c t e d  are shown i n  f i g u r e  5. Each r a k e  c o n s i s t e d  of t h r e e  s t r u t s ,  a 
cover  plate  wi th  a s h a r p  beveled edge, and a f l o o r  p l a t e  wi th  t w o  s t a t i c - p r e s s u r e  
o r i f i c e s  between t h e  s t r u t s .  (See f i g .  6 . )  Each s t r u t  conta ined  e i t h e r  f i v e  p i t o t -  
p r e s s u r e  t u b e s ,  f i v e  s h a r p  c o n i c a l - t i p  s t a t i c - p r e s s u r e  probes ,  or f i v e  s t a g n a t i o n -  
tempera ture  probes.  The h e i g h t s  of t h e  probes above t h e  s u r f a c e  were 0.20, 0.45, 
0.82, 1.25, and 1.75 i n .  The p i t o t  probes w e r e  0.50 i n .  long  from t h e  s t r u t  t o  t h e  
o r i f i c e  and had a 0.060-in. o u t s i d e  d iameter  (O.D.)  and a 0.040-in. i n s i d e  d iameter  
( I . D . ) .  The s t a t i c - p r e s s u r e  probes had a 7.1' h a l f - a n g l e  c o n i c a l  t i p ,  w i t h  an over-  
a l l  l e n g t h  of 1.38 i n .  and an  O.D. of 0.060 i n .  Four 0.020-in-diameter o r i f i c e s  
spaced 90' apart  and s t a g g e r e d  0.020 i n .  a x i a l l y  were a mean d i s t a n c e  of 0.87 i n .  
from t h e  s t r u t .  Thermocouple w i r e  beads (p la t inum v e r s u s  plat inum 13-percent 
rhodium) w i t h  s i n g l e  s h i e l d i n g  plat inum t u b e s  were used f o r  t h e  tempera ture  probes.  
These plat inum s h i e l d s  had a 0.090-in. O.D. and a 0.072-in. I.D.,  and t h e  end of each 
s h i e l d  w a s  0.5 i n .  from t h e  edge of t h e  s t r u t .  Each rake  w a s  i n j e c t e d  i n t o  t h e  f low 
f i e l d  of t h e  cone by a double-ac t ing  pneumatic p i s t o n .  Because d i s t u r b a n c e s  i n  t h e  
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f low f i e l d  due to  t h e  cover  plate  w e r e  cons idered  a p o s s i b i l i t y ,  a f ixed- rake  assem- 
b l y  w i t h o u t  a cover  plate w a s  also t e s t e d .  The f i x e d - r a k e  assembly c o n s i s t e d  of a 
s i n g l e  s t r u t ,  a f l o o r  plate,  and f i v e  p i t o t  probes spaced t h e  same as on t h e  movable 
rake  assembly. 

The r a k e  assembly had c l e a r a n c e  gaps of about  0.003 i n .  between t h e  cover  plate  
and frame. (See f i g .  5 . )  The frame of t h e  rake  assembl ies  w a s  a t t a c h e d  t o  t h e  o u t e r  
s k i n  of t h e  cone frustum t h a t  w a s  f r e e  t o  grow thermal ly .  Despite t h e  c l e a r a n c e  
gaps, local thermal  d i s t o r t i o n s  of t h e  rake  assembly sometimes prevented  a rake  from 
f u l l y  ex tending  i n t o  t h e  flow; thus  rake  d a t a  were n o t  o b t a i n e d  f o r  s e v e r a l  model 
runs .  A l s o ,  when t h e  rake  w a s  q e t r a c t e d ,  as s e e n  i n  f i g u r e  5 ( b ) ,  an  open s l o t  w a s  
formed between t h e  l o w e r  beveled edge of t h e  cover  plate  and t h e  unders ide  of t h e  
a d j a c e n t  frame. The s l o t  w a s  about  0.06 i n .  h igh  by a b o u t  2.75 i n .  long.  The gaps 
and s l o t  allowed some possible v e n t i n g  between t h e  e x t e r i o r  and i n t e r i o r  of t h e  cone. 
Even though t h e  c a v i t y  beneath t h e  rake  assembly w a s  enc losed  t o  p r e v e n t  h o t  g a s  from 
e n t e r i n g  t h e  i n t e r i o r  of t h e  model, v e n t i n g  could s t i l l  occur  through i n s t r u m e n t a t i o n  
h o l e s  a t  t h e  bottom of t h e  rake  assembly. I n  a d d i t i o n  t o  t h e  gaps and backward- 
f a c i n g  s l o t ,  t w o  o t h e r  s o u r c e s  of roughness around t h e  rake  assemblies w e r e  t h e  
s l i g h t  s t e p s  between t h e  rake  frames and t h e  o u t e r  s k i n  of t h e  cone and t h e  screw- 
heads t h a t  w e r e  on ly  somewhat smoothed by ceramic cement. 

I n s t r u m e n t a t i o n  

The o u t e r  s k i n  of t h e  cone frustum w a s  ins t rumented  w i t h  101 chromel-alumel 
30-gage thermocouples and 30 s u r f a c e - p r e s s u r e  o r i f i c e s .  The c i r c u m f e r e n t i a l  a n g u l a r  
p o s i t i o n  cp and t h e  s u r f a c e  d i s t a n c e  s ,  measured from t h e  s t a g n a t i o n  p o i n t ,  are 
used t o  locate s u r f a c e  o r i f i c e s  and thermocouples.  (See f i g .  7.) The d i s t a n c e  s 
t o  a n  i n s t r u m e n t  on t h e  cone s u r f a c e  t h u s  i s  d i f f e r e n t  f o r  each nose. Tables  I 
and I1 g i v e  t h e  c o o r d i n a t e s  f o r  t h e  i n s t r u m e n t a t i o n  on t h e  cone frustum and on t h e  
noses ,  and t h e  thermocouple l o c a t i o n s  are shown s c h e m a t i c a l l y  i n  f i g u r e  8. The 
thermocouples (denoted by TI are l o c a t e d  a t  cp increments  of 22.5O, and t h e  
pressure o r i f i c e s  (denoted  by P )  are a t  cp increments  of 45'. The i n d i v i d u a l  
thermocouple w i r e s ,  w i t h  expansion bends, w e r e  spot-welded t o  t h e  i n s i d e  s u r f a c e .  
S p e c i a l  p r o v i s i o n s  were taken  t o  ensure  t h a t  each thermocouple l e a d  w a s  secured  t o  
p r e v e n t  s h o r t i n g  and er roneous  r e a d i n g s .  Thermocouple a t tachment  p o i n t s  w e r e  a 
minimum of 1- in .  d i s t a n c e  from any lumped mass t o  minimize conduct ion e r r o r s .  

The pressure t u b e s ,  0.090-in. O.D. and 0.060-in. I .D . ,  were welded t o  t h e  i n s i d e  
of t h e  s k i n  of t h e  cone frustum and connected t o  s t ra in-gage- type  p r e s s u r e  t r a n s -  
d u c e r s  l o c a t e d  w i t h i n  t h e  model. Each tube w a s  l e a k  checked a f t e r  i n s t a l l a t i o n .  Two 
pressure t u b e s ,  one on t h e  most windward r a y  and one on t h e  most leeward ray ,  were 
a t t a c h e d  t o  t h e  boa t t a i l  s k i n  3 i n .  from t h e  base of t h e  cone t o  measure t h e  base  
pressure of t h e  model. A d d i t i o n a l  thermocouples and pressure gages were mounted 
i n s i d e  t h e  cone a t  v a r i o u s  l o c a t i o n s  to  monitor  t h e  i n t e r n a l  environment.  

Nose R-3 had s u r f a c e - p r e s s u r e  o r i f i c e s  a t  seven l o c a t i o n s  ( f i g .  9 ( a ) ) .  Unfortu- 
n a t e l y ,  t h e  o r i f i c e s  w e r e  n o t  i n  t h e  p i t c h  p l a n e  of t h e  model because of an  a l ignment  
problem. The p r e s s u r e  gages used f o r  t h e s e  seven o r i f i c e s  were small s o l i d - s t a t e  
t r a n s d u c e r s  w i t h  an  opera t ing- tempera ture  l i m i t  of 860OR. The gages were mounted 
i n s i d e  t h e  nose i n  a r e g i o n  where t h e  tempera ture  remained low. 

The ogive  f rus tum used f o r  noses  R-1 and R-S conta ined  24 chromel-alumel 
30-gage thermocouples spot-welded t o  t h e  i n s i d e  s u r f a c e  a l o n g  t h r e e  l o n g i t u d i n a l  r a y s  
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( f i g .  9 ( b ) ) .  N o s e  R-1 a lso had a s i n g l e  p r e s s u r e  o r i f i c e  a t  t h e  a x i s  of symmetry of 
t h e  t i p .  Nose R-S conta ined  no p r e s s u r e  o r i f i c e s .  

T e s t  F a c i l i t y  

The Langley 8-Foot High-Temperature Tunnel ( f o r m e r l y  t h e  Langley 8-Foot High- 
Temperature S t r u c t u r e s  Tunnel) is  a l a r g e  blowdown t u n n e l  t h a t  s i m u l a t e s  aerodynamic 
h e a t i n g  and p r e s s u r e  l o a d i n g  f o r  a nominal Mach number of 7 a t  a l t i t u d e s  between 
80  000 and 120 000 f t .  (See f i g .  10.)  The h igh  energy needed f o r  s i m u l a t i o n  is 
obta ined  by burning a mixture  of methane and a i r  under p r e s s u r e  i n  t h e  combustor and 
expanding t h e  p r o d u c t s  of combustion through a conica l -contoured  nozz le  i n t o  t h e  
open- je t  t e s t  chamber. The f low e n t e r s  a s u p e r s o n i c  d i f f u s e r  where it is pumped by 
a n  a i r  ejector through a mixing tube  and exhausted t o  t h e  atmosphere through a sub- 
s o n i c  d i f f u s e r .  The t u n n e l  o p e r a t e s  a t  t o t a l  tempera tures  from 2400'R t o  3600°R, 
f ree-s t ream dynamic p r e s s u r e s  from 250 to  1800 p s f ,  f ree-s t ream u n i t  Reynolds numbers 
from 0.3 x 10 to  2.2 x 10 p e r  f o o t ,  and has  a maximum run t i m e  of 120 sec. 6 6 

The model is s t o r e d  i n  t h e  pod below t h e  t e s t  stream to  p r o t e c t  it from a d v e r s e  
t u n n e l  s t a r t - u p  loads .  Once t h e  d e s i r e d  f low c o n d i t i o n s  are e s t a b l i s h e d ,  t h e  model 
i s  i n s e r t e d  i n t o  t h e  t e s t  stream on a h y d r a u l i c a l l y  a c t u a t e d  e l e v a t o r .  I n s e r t i o n  
t i m e  from t h e  p o s i t i o n  where t h e  top of t h e  cone e n t e r e d  t h e  f low u n t i l  t h e  nose w a s  
a t  t h e  nozz le  c e n t e r l i n e  w a s  t y p i c a l l y  1.5 sec. The model p i t c h  system p r o v i d e s  an  
angle-of-attack range t o  2 0 ° .  M o r e  d e t a i l ed  i n f o r m a t i o n  about  t h e  t u n n e l  can be 
found i n  r e f e r e n c e  16. A s i n g l e - p a s s  on-axis s c h l i e r e n  system c o n s i s t i n g  of 2-f t -  
d iameter  mirrors, a h o r i z o n t a l  k n i f e  edge, a 5-psec-duration xenon-arc lamp, and a 
70-mm camera, which o p e r a t e d  up to  20 frames per second, w a s  used for o b t a i n i n g  
e i t h e r  s c h l i e r e n  or shadowgraph images. 

T e s t  Condi t ions  and Procedures  

The model w i t h  t h e  t h r e e  nose c o n f i g u r a t i o n s  w a s  tested i n  a t o t a l  of 17 r u n s ,  
as summarized i n  table 111. The a n g l e  of a t t a c k  w a s  v a r i e d  from Oo t o  10'. (The 
model w a s  p i t c h e d  down f o r  a n g l e  of a t t a c k . )  Unit  Reynolds number w a s  v a r i e d  o n l y  
w i t h  nose R-3. The h i g h e s t  Reynolds number c o n d i t i o n  w a s  s e l e c t e d  f o r  t h e  o t h e r  t w o  
c o n f i g u r a t i o n s  t o  p r o v i d e  t h e  h i g h e s t  h e a t i n g  rates. Table  IV g i v e s  t h e  t e s t  condi-  
t i o n s  f o r  each run. The t o t a l  temperature Tt w a s  measured i n  t h e  combustor. The 
f ree-s t ream u n i t  Reynolds number and Mach number w e r e  c a l c u l a t e d  by u s i n g  measured 
p r e s s u r e s  and tempera tures  from f ree-s t ream s u r v e y s  (a t y p i c a l  survey  is  r e p o r t e d  i n  
r e f .  1 6 )  and t h e  thermal ,  t r a n s p o r t ,  and f l o w  properties of methane-air  combustion 
p r o d u c t s  as r e p o r t e d  i n  r e f e r e n c e  17. 

The t e s t  procedure c o n s i s t e d  of f i r s t  e s t a b l i s h i n g  s t e a d y  flow c o n d i t i o n s  i n  t h e  
tunnel ;  n e x t ,  t h e  model w a s  p i t c h e d  t o  t h e  d e s i r e d  a n g l e  of a t t a c k  and i n s e r t e d  i n t o  
t h e  t e s t  stream. (The model w a s  l e f t  i n  t h e  stream f o r  t i m e s  up t o  40 sec to  o b t a i n  
h igh  s u r f a c e  tempera tures  f o r  a f u t u r e  comparison w i t h  tests made w i t h  a c o o l a n t . )  
R e p r e s e n t a t i v e  t i m e  h i s t o r i e s  of s e v e r a l  t u n n e l  parameters are shown i n  f i g u r e  11. 
The model s ta t ic  p r e s s u r e  sometimes showed a s l i g h t  o v e r s h o o t  because of a t r a n s i e n t  
a d j u s t m e n t  of t h e  test-chamber p r e s s u r e  w i t h  model e n t r y  and e x i t .  Cold-wall h e a t i n g  
rates w e r e  c a l c u l a t e d  from t h e  thermocouple o u t p u t s  a f t e r  t h e  model p r e s s u r e  had 
s t a b i l i z e d .  The three shock f l o w - f i e l d  survey  r a k e s  were u s u a l l y  extended from t h e  
model a f te r  t h e  f l o w  w a s  e s t a b l i s h e d  about t h e  model. For runs  4, 5, and 12, t h e  
r a k e s  were f i x e d  i n  t h e  o u t  p o s i t i o n  prior t o  model i n s e r t i o n ,  and h e a t i n g  r e s u l t s  
are n o t  p r e s e n t e d  f o r  t h e s e  runs.  
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R e m o t e  Mult iplexed System and Data P r o c e s s i n g  

An advanced f i b e r - o p t i c - l i n k e d  d a t a  system, t h e  remote mul t ip lexed  system (RMS), 
w a s  housed i n  t h e  model base area. (See f ig .  2.) The advantages  of t h e  RMS are 
( 1 )  it t r a n s m i t t e d  d a t a  from 192 channels  through a simple fiber-optic cable, t h u s  
p r o v i d i n g  more room i n  t h e  s t i n g  for a d d i t i o n a l  c o n v e n t i o n a l  i n s t r u m e n t a t i o n  l e a d s ;  
and ( 2 )  it provided d a t a  w i t h  reduced e lec t r ica l  n o i s e  because of t h e  fiber-optic 
t r a n s m i s s i o n  l i n e .  Each RMS d a t a  channel  w a s  sampled 20 times per second, and a l l  
192 d a t a  channels  were scanned i n  9.6 msec. The RMS t r a n s m i t t e d  d a t a  through t h e  
f iber-optic cable to  a main c o n t r o l  u n i t ,  located o u t s i d e  t h e  wind tunnel ,  which w a s  
hard  wired to  a minicomputer where t h e  d a t a  from t h e  RMS p l u s  d a t a  t r a n s m i t t e d  by 
c o n v e n t i o n a l  w i r i n g  w e r e  processed. A l l  data s i g n a l s  from the RMS w e r e  f i l t e r e d  a t  
6 Hz; data n o t  going through t h e  RMS were f i l t e r e d  a t  10 Hz. A d d i t i o n a l  i n f o r m a t i o n  
on the RMS and d a t a  p r o c e s s i n g  can be found i n  r e f e r e n c e  18. 

D a t a  Reduction and U n c e r t a i n t i e s  

P r e s s u r e  d a t a  were o b t a i n e d  wi th  s t r a i n - g a g e  t r a n s d u c e r s  having  an  accuracy of 
0.25 t o  0.40 p e r c e n t  of f u l l  scale. Gage ranges  w e r e  s e l e c t e d  t o  be compatible w i t h  
a n t i c i p a t e d  measurements. Thermocouples f o r  measuring model tempera ture  were 
premium-grade chromel-alumel thermocouple w i r e  which is a c c u r a t e  t o  w i t h i n  *2.0°R; 
t h e  thermocouple re ference- tempera ture  j u n c t i o n  w a s  a c c u r a t e  t o  w i t h i n  f2.0°R. 

The overall  accuracy  of t h e  s i g n a l  p r o c e s s i n g  and r e c o r d i n g  equipment is es t i -  
mated t o  be w i t h i n  f l  percent .  Some f e a t u r e s  of t h e  equipment t h a t  a s s u r e  d a t a  
accuracy  are: ( 1 )  The pressure-gage data are computer compensated for reduced 
a p p l i e d  v o l t a g e  a t  t h e  s t r a i n - g a g e  c i r c u i t  because of l i n e  losses; ( 2 )  t h e  p r e s s u r e  
gages are a u t o m a t i c a l l y  spanned with a p r e c i s i o n  resistor j u s t  b e f o r e  and after d a t a  
are o b t a i n e d  as a check a g a i n s t  any d r i f t ;  and ( 3 )  t h e  computer performs an a u t o m a t i c  
c a l i b r a t i o n  of t h e  d a t a - c o n d i t i o n i n g  equipment by u s i n g  a secondary v o l t a g e  s t a n d a r d  
and making any n e c e s s a r y  c o r r e c t i o n s .  This  c a l i b r a t i o n  a l s o  w a s  performed on thermo- 
couple  data. (Only ( 2 )  w a s  a p p l i e d  to  d a t a  o b t a i n e d  through t h e  remote mul t ip lexed  
system. 

Heat ing  rates w e r e  c a l c u l a t e d  from the temperature-time slope by u s i n g  t h e  one- 
d imens iona l  t r a n s i e n t  hea t -ba lance  equat ion:  

. 
= ( p c  1 T(ATW/At) 

‘T,w P W  

The temperature- t ime slope ATw/At w a s  calculated e v e r y  1/20 sec w i t h  t i m e  steps A t  
of 1.0 sec by u s i n g  a c e n t r a l  d i f f e r e n c e  method. More s o p h i s t i c a t e d  d i f f e r e n c e  meth- 
ods ,  such as a 5-point  c e n t r a l  d i f f e r e n c e  approximation used i n  r e f e r e n c e  19 on a 
model also t e s t e d  i n  t h e  8-ft HTT, were n o t  found t o  be any more a c c u r a t e  for t h e  
p r e s e n t  tests. The w a l l  t empera ture  Tw of the model w a s  g e n e r a l l y  above ambient  
tempera ture  (540OR) by t h e  t i m e  t h a t  t h e  model got to  t h e  f l o w  c e n t e r l i n e  and t h e  
model p r e s s u r e s  had s t a b i l i z e d .  (See f i g .  11. ) The maximum Tw reached b e f o r e  
e q u a t i o n  ( 1 )  could  be a p p l i e d  w a s  72O0R. ( T h i s  w a s  on t h e  windward s ide a t  
a = l o o . )  
i s o t h e r m a l  ( c o l d )  w a l l  temperature of 540°R by u s i n g  t h e  f o l l o w i n g  equat ion ,  based on 
t h e  assumption of a c o n s t a n t  h e a t - t r a n s f e r  c o e f f i c i e n t :  

I 

The c a l c u l a t e d  v a l u e s  of t h e  h e a t - t r a n s f e r  rate were e x t r a p o l a t e d  t o  t h e  
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Tt - 540°R 
;I = 4T,w 

t - Tw 

The mean combustor tempera ture  
t u r e  Taw as a s i m p l i f i c a t i o n ;  t h i s  gave a maximum error of about  - 1 . 5  p e r c e n t .  

Tt w a s  used i n  place of t h e  adiabat ic  w a l l  tempera- 

The p h y s i c a l  p r o p e r t i e s  of t h e  ogive  and cone frustums are given i n  table V. 
Heat ing- ra te  errors caused by t h e  d i f f e r e n t  r a d i i  of c u r v a t u r e  between i n n e r  and 
o u t e r  s u r f a c e s  w e r e  estimated by the method of r e f e r e n c e  20 t o  be no g r e a t e r  than  
2 . 7  p e r c e n t ,  and no c o r r e c t i o n s  w e r e  made on the  d a t a .  The t i m e  responses  of t h e  
ogive- and cone-frustum s k i n s  were estimated to  be less than the t i m e  r e q u i r e d  f o r  
model e n t r y  and f low s t a b i l i z a t i o n ;  t h i s  means t h a t  for t h e  t i m e s  a t  which h e a t i n g  
rates w e r e  c a l c u l a t e d ,  t h e  i n n e r  s u r f a c e  of the s k i n  w a s  f u l l y  responding t o  t h e  
h e a t i n g  rate. Heat ing- ra te  errors due t o  c i r c u m f e r e n t i a l  conduct ion errors i n  t h e  
s k i n  w e r e  estimated, by fo l lowing  the procedure of r e f e r e n c e  21,  and w e r e  found to  be 
about  -1  p e r c e n t  a t  t h e  t i m e s  t h a t  t h e  h e a t  rates w e r e  c a l c u l a t e d .  The o n l y  s i g n i f i -  
c a n t  e r r o r  i n  c a l c u l a t i n g  h e a t i n g  rates from the measured temperature- t ime rates w a s  
i n  conduct ion i n  t h e  thermocouple w i r e s .  This  error w a s  estimated to  be a b o u t  
-7  p e r c e n t  accord ing  t o  the methods of r e f e r e n c e  22. N o  c o r r e c t i o n s  were made f o r  
t h e  s k i n  and thermocouple-wire conduct ion errors. The aforementioned errors p l u s  
o t h e r  u n c e r t a i n t i e s  such as material properties, s k i n  t h i c k n e s s ,  and so fo r th  g i v e  a 
most probable  (root-mean-square) overall  error i n  measured h e a t - t r a n s f e r  ra te  of 
- 5 . 8  f 3.1 percent .  

Shock shapes were obta ined  from p r i n t s  of shadowgraph or s c h l i e r e n  images by 
r e a d i n g  t h e  p r i n t s  wi th  a magnifying l e n s  having  p r e c i s i o n  g r i d  marks. Errors i n  
r e a d i n g  the p r i n t s  are about  f 5  percent .  For nose R-3, the shock shape w a s  o b t a i n e d  
from s c h l i e r e n  p r i n t s ;  and f o r  t h e  o t h e r  nose c o n f i g u r a t i o n s ,  measurements were made 
from shadowgraph p r i n t s .  Because a collimated l i g h t  beam w a s  used i n  t h e  t e s t  sec- 
t i o n ,  no r e l a t i v e  d isp lacement  errors i n  shock s t a n d o f f  d i s t a n c e  o c c u r r e d  between 
s c h l i e r e n  and shadowgraph images. 

Shock-layer Mach numbers were c a l c u l a t e d  from measured static- and p i to t -  
p r e s s u r e  measurements by t h e  Rayleigh p i t o t  formula.  The survey-rake s t a t i c  p r e s -  
s u r e s  w e r e  compared w i t h  those from a p r e c i s i o n  low-pressure gage (mounted i n  t h e  
t u n n e l  pod) prior t o  model i n s e r t i o n ,  and t h e  p r e s s u r e s  w e r e  a c c u r a t e  t o  w i t h i n  
f 2  percent .  P o s s i b l e  s o u r c e s  of error for  s t a t i c  p r e s s u r e s  a f t e r  model i n s e r t i o n  
were i n v e s t i g a t e d .  The f irst  w a s  overexpansion of t h e  f l o w  past t h e  cone-cyl inder  
s h o u l d e r  of t h e  probes. For t h e  p r e s e n t  probes, t h e  orifices w e r e  s i x  tube  d i a m e t e r s  
downstream from t h e  shoulder .  Convent ional  d e s i g n  would have t h e  o r i f i c e  10 diam- 
e ters  from t h e  s h o u l d e r  (ref.  2 3 ) .  Numerical r e s u l t s  from r e f e r e n c e  24 i n d i c a t e d  
t h a t  f o r  t h e  p r e s e n t  probe d e s i g n  and Mach number range,  t h e  s t a t i c  p r e s s u r e s  were, 
a t  most, 8 p e r c e n t  l o w  because of overexpansion,  and t h e  error decreased w i t h  lower 
Mach numbers. A second possible s t a t i c - p r e s s u r e  error is t h e  induced p r e s s u r e  from 
t h e  boundary-layer d i sp lacement  t h i c k n e s s  of t h e  probe. The induced p r e s s u r e  w a s  
e s t i m a t e d  from r e f e r e n c e  23 t o  g i v e  a maximum p r e s s u r e  error of a b o u t  4 p e r c e n t .  The 
n e t  r e s u l t  of t h e  aforementioned two errors is an  error i n  Mach number of a b o u t  
2 p e r c e n t .  N o  c o r r e c t i o n s  for t h e s e  errors were made i n  t h e  data. The error due t o  
s e p a r a t i o n  a t  t h e  probe s t r u t s  w a s  n o t  cons idered  s i g n i f i c a n t  because the o r i f i c e s  
are fa r  ( 1 4  diameters) from t h e  s t r u t s  and t h e  s t r u t s  have a sharp edge. Thermo- 
molecular  e f fec ts  ( ref .  2 5 )  on s t a t i c  and p i t o t  p r e s s u r e s  were e s t i m a t e d  b u t  found to  
be n e g l i g i b l e .  
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PREDICTION METHODS 

P r e d i c t i o n s  w e r e  ob ta ined  by us ing  a series of computer codes which compute t h e  
o u t e r  i n v i s c i d  f l o w  f i e l d  independent  of t h e  boundary l a y e r .  P e r f e c t  gas  thermo- 
dynamic and t r a n s p o r t  p r o p e r t i e s  f o r  a i r  a t  y = 1.4 w e r e  used i n  t h e  a n a l y s i s .  
A d d i t i o n a l  c a l c u l a t i o n s  were made f o r  y = 1.275 and are d i s c u s s e d  i n  l a t e r  sec- 
t i o n s .  For t h e  nominal f l o w  c o n d i t i o n ,  NRe = 1 . 4  x 10 p e r  f o o t ,  t h e  c a l c u l a t e d  
f ree-s t ream Mach number, s ta t ic  p r e s s u r e ,  and s t a t i c  tempera ture  w e r e  6.7, 0.29 p s i a ,  
and 400°R, r e s p e c t i v e l y .  P r e s s u r e s  and h e a t i n g  r a t e s  w e r e  nondimensionalized by t h e  
s t a g n a t i o n - p o i n t  va lues .  The s t a g n a t i o n - p o i n t  h e a t i n g  ra te  w a s  c a l c u l a t e d  from t h e  
theory  of Fay and R i d d e l l  ( r e f .  26) by us ing  p r o p e r t i e s  f o r  methane-air  combustion 
products .  The t o t a l  e n t h a l p y  (1000 Btu/lbm) used i n  t h e  a n a l y s i s  corresponded t o  
t h a t  f o r  methane-air  combustion products  a t  a t o t a l  t empera ture  of 3300OR. 
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The f i r s t  s tep i n  computing the flow about the model w a s  t o  d e f i n e  t h e  body 
geometry. This  w a s  done by u s i n g  a computer code ( r e f .  27) which combines a n a l y t i c a l  
curves to  form a cont inuous  body s u r f a c e .  T h e o r e t i c a l  p r e s s u r e  d i s t r i b u t i o n s  on t h e  
model were then  o b t a i n e d  by f i r s t  computing t h e  i n v i s c i d  s u b s o n i c - t r a n s o n i c  f l o w  o v e r  
t h e  nose of the model by u s i n g  a t ime-asymptotic technique  to  i n t e g r a t e  t h e  three-  
d imens iona l  time-dependent Euler  e q u a t i o n s  ( ref .  28). The s o l u t i o n  w a s  cont inued  
downstream where t h e  local f low is s u p e r s o n i c  by u s i n g  a f i n i t e - d i f f e r e n c e  marching 
technique ,  referred to  as STEIN ( s u p e r s o n i c  three-dimensional  e x t e r n a l  i n v i s c i d ) ,  to  
i n t e g r a t e  t h e  three-dimensional ,  s t e a d y - s t a t e  Fhler e q u a t i o n s  (refs. 7 and 8). 

The c o o r d i n a t e  system used i n  t h e  computat ions is  shown i n  f i g u r e  12. Only h a l f  
o f  the f low f i e l d  is  computed, as i n d i c a t e d  i n  f i g u r e  12, because of symmetry. For 
t h e  R-3 and R-1 c o n f i g u r a t i o n s ,  a subsonic- t ransonic  code ( r e f .  28) w a s  used from t h e  
s t a g n a t i o n  po in t  to 
sonic .  
+direct ions,  r e s p e c t i v e l y .  A t  x / rn  = 0.7, a 11 x 19 p o i n t  s t a r t i n g  p lane  g r i d  i n  
t h e  r- and + d i r e c t i o n s  w a s  s p e c i f i e d  f o r  t h e  supersonic i n v i s c i d  s o l u t i o n .  The g r i d  
w a s  changed to  21 p o i n t s  i n  t h e  r - d i r e c t i o n  a t  and to  60 p o i n t s  i n  t h e  
P-direction a t  x/rn = 2.0. 
c a l c u l a t i o n  to  e n s u r e  a smooth s o l u t i o n .  

x/rn = 0.7 where the a x i a l  Mach number w a s  s u f f i c i e n t l y  super-  
The g r i d  s p e c i f i e d  i n  t h i s  r e g i o n  w a s  1 1 x 1 9  x 19 i n  t h e  f- ,  e-, and 

x/rn = 1.5 
A small amount of smoothing w a s  a p p l i e d  t o  t h e  i n v i s c i d  

H e a t - t r a n s f e r  d i s t r i b u t i o n s  on t h e  cone were o b t a i n e d  by u s i n g  t w o  separate 
codes for t h e  laminar  and t u r b u l e n t  c a l c u l a t i o n s .  S u r f a c e  p r e s s u r e s  and v e l o c i t y  
v e c t o r s  from t h e  i n v i s c i d  a n a l y s i s  w e r e  used as i n p u t  t o  a code which c a l c u l a t e d  
laminar  h e a t i n g  rates ( r e f .  9 )  by u s i n g  a method based on t h e  axisymmetr ic  analogue 
developed by Cooke ( r e f .  29).  Boundary-layer edge p r o p e r t i e s  f o r  t h e  h e a t - t r a n s f e r  
c a l c u l a t i o n  w e r e  o b t a i n e d  by assuming i s e n t r o p i c  f low from t h e  s t a g n a t i o n  p o i n t .  The 
i n v i s c i d  v e l o c i t y  vectors w e r e  used t o  c a l c u l a t e  streamlines and metric c o e f f i c i e n t s  
a l o n g  t h e  body. Heat ing rates w e r e  c a l c u l a t e d  a l o n g  s t r e a m l i n e s  by u s i n g  t h e  a x i -  
symmetric analogue. Rather  than s o l v i n g  t h e  complete axisymmetr ic  boundary-layer 
e q u a t i o n s ,  an  approximation technique  d e s c r i b e d  i n  appendix C of r e f e r e n c e  9 w a s  used 
t o  o b t a i n  laminar  h e a t i n g  rates. S i n c e  t h e s e  relations apply  only  to  laminar  bound- 
a r y  l a y e r s ,  a second code described i n  r e f e r e n c e s  14 and 15 w a s  used t o  calculate  
t u r b u l e n t  h e a t i n g  rates. This  code s o l v e d  t h e  complete t u r b u l e n t  axisymmetr ic  
boundary-layer e q u a t i o n s  by u s i n g  t h e  edge c o n d i t i o n s  and metric c o e f f i c i e n t s  
o b t a i n e d  from t h e  i n v i s c i d  s o l u t i o n .  A l s o ,  t h e  code ( r e f s .  14 and 15)  w a s  used to  
c a l c u l a t e  boundary-layer t h i c k n e s s  for  both  laminar  and t u r b u l e n t  c o n d i t i o n s .  

The f o l l o w i n g  t w o  e q u a t i o n s  w e r e  used t o  calculate laminar- and t u r b u l e n t - f l o w  
h e a t i n g  rates on t h e  12.5O cone f rus tum f o r  each a n g l e  of a t t a c k  by assuming a s h a r p  
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cone a t  an e q u i v a l e n t  a n g l e  t o  t h e  f low (i .e. ,  no c r o s s f l o w ) .  The laminar  and 
t u r b u l e n t  e q u a t i o n s  are, r e s p e c t i v e l y ,  

-2/3 -1 /2 
= (0.575) ( N i r )  (N;e N S t  

-2/3 -1 /5 N S t  = (2.25)’/5(0.0296)(N;r) 1 

The * s i g n i f i e s  tha t  t h e  gas  p r o p e r t i e s  w e r e  e v a l u a t e d  a t  E c k e r t ’ s  r e f e r e n c e  
tempera ture  T*, which is given by 

T* = Te + 0.50(Tw - Te) + 0.22(Taw - Te) 

( 3 )  

( 4 )  

( 5 )  

and is d i s c u s s e d  as e q u a t i o n  (35)  i n  c h a p t e r  13 of r e f e r e n c e  10. The parameters  
and N* w e r e  c a l c u l a t e d  by us ing  o b l i q u e  shock r e l a t i o n s  f o r  methane-air  N;’ r R e  

combustion products .  Equat ion ( 3 )  is presented  as e q u a t i o n  (30) i n  r e f e r e n c e  1 1 ,  b u t  
i n  t h e  form of a N u s s e l t  
follows : 

N Nu 
- - 

NSt NPrNRe 

The c o e f f i c i e n t  0.575 i n  
t r a n s f o r m a t i o n  from f l a t  

number NNu. The NSt i s  r e l a t e d  t o  N u s s e l t  number as 

e q u a t i o n  ( 3 )  i n c l u d e s  t h e  f a c t o r  ( 3 ) 1 / 2 ,  which is a 
plate to  c o n i c a l  laminar-flow c o n d i t i o n s ;  t h i s  f a c t o r  i s  

d i s c u s s e d  i n  r e f e r e n c e  11 and was d e r i v e d  i n  r e f e r e n c e s  12 and 13. Equation (41 ,  
w i t h o u t  t h e  factor (2.25)1/5, is p r e s e n t e d  as e q u a t i o n  (22)  i n  r e f e r e n c e  11, b u t  
a g a i n  i n  t h e  form of N u s s e l t  number. 
from f l a t  p la te  to  c o n i c a l  tu rbulen t - f low c o n d i t i o n s ,  w a s  d e r i v e d  i n  appendix C of  
r e f e r e n c e  13. 

The f a c t o r  (2 .25I1I5,  which is a t r a n s f o r m a t i o n  

For  convenience i n  t h e  p r e s e n t  report, e q u a t i o n s  ( 3 )  and ( 4 )  are r e f e r r e d  to  as 
t h e  semiempirical methods ( r e f .  11 1. 

DISCUSSION OF RESULTS 

The r e s u l t s  i n  t h e  p r e s e n t  paper  c o n s i s t  p r i m a r i l y  of model pressures and h e a t -  
i n g  rates. However, shock shapes and shock-layer  f l o w - f i e l d  surveys  were a lso 
o b t a i n e d  i n  o r d e r  t o  c h a r a c t e r i z e  t h e  f l o w  f i e l d  around t h e  model, and t h e s e  d a t a  are 
p r e s e n t e d  f i r s t .  Next, pressure and h e a t i n g - r a t e  d a t a  are given i n  an  overview 
format  t o  c h a r a c t e r i z e  d a t a  t r e n d s  and t o  make comparisons wi th  p r e d i c t i o n s .  N o t  a l l  
model pressure and h e a t i n g  d a t a  are d i s c u s s e d  i n  t h e  report; however, a l l  model d a t a  
are t a b u l a t e d .  The p r e s s u r e  d a t a  are g iven  i n  table V I ,  and t h e  h e a t - t r a n s f e r  d a t a  
are  g iven  i n  table VII. D e t a i l e d  r e s u l t s  of effects of free-stream u n i t  Reynolds 
number, angle of a t t a c k ,  nose shape,  and t r a n s i t i o n  l o c a t i o n  are d i s c u s s e d  i n  later 
s e c t i o n s .  

1 0  



Shock Flow F i e l d  

Shock shape.- S c h l i e r e n  and shadowgraph photographs of t h e  shock shape o v e r  t h e  
t h r e e  nose c o n f i g u r a t i o n s  are shown i n  f i g u r e  13 for a = Oo and a nominal u n i t  
Reynolds number of 1.4 x 1 0  per f o o t .  I n  f i g u r e  1 3 ( a ) ,  weak shocks o r i g i n a t i n g  a t  
t h e  s u r f a c e  j u n c t i o n s  are present. The shock coming o f f  t h e  backward-facing step a t  
t h e  ogive/cone j u n c t i o n  can be seen  i n  f i g u r e s  1 3 ( b )  and 1 3 ( c ) .  A shock o r i g i n a t i n g  
a t  t h e  20° frustum/ogive j u n c t i o n  for  nose R-S is  s e e n  i n  f i g u r e  1 3 ( c ) ,  bu t  no shock 
is v is ib le  for nose R-1 ( f i g .  1 3 ( b ) ) .  N o  estimate of t h e  e f f e c t s  of t h e s e  j u n c t i o n  
shocks  w a s  made; b u t ,  as d i s c u s s e d  la ter ,  p r e s s u r e  measurements w e r e  i n  good agree-  
ment w i t h  p r e d i c t i o n s ,  thus  i n d i c a t i n g  t h a t  t h e  shocks w e r e  weak and had l i t t l e  
effect .  
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Measured and p r e d i c t e d  shock shapes are compared i n  f i g u r e  14. The p r e d i c t i o n s  
were o b t a i n e d  from t h e  codes d e s c r i b e d  i n  references 8 and 28 by u s i n g  y = 1.4, 
which is w i t h i n  f l  pe rcen t  of t h e  f ree-s t ream y f o r  t h e  8-ft  HTT. I n  g e n e r a l ,  
p r e d i c t e d  shock s t a n d o f f s  are i n  f a i r  agreement w i t h  b u t  exceed t h e  measurements. 

Normalized shock-standoff  va lues  are p r e s e n t e d  i n  f i g u r e  15 for t h e  nose R-3 
a t  a = Oo. A t  t h e  s t a g n a t i o n  p o i n t ,  measured shock s t a n d o f f  i s  x / rn  = -0.114. The 
same value w a s  o b t a i n e d  for a 6- in-radius  nose t e s t e d  a t  M = 6.85 i n  t h e  8-ft  HTT 
(ref. 30). For y = 1.4, t h e  p r e d i c t e d  v a l u e  of -0.144 i s  26 p e r c e n t  g r e a t e r  t h a n  
t h a t  measured a t  t h e  s t a g n a t i o n  p o i n t .  Downstream from t h e  s t a g n a t i o n  p o i n t ,  t h e  
p e r c e n t a g e  agreement improves t o  about 5 p e r c e n t  a t  Previous  s t u d i e s  
have shown t h a t  t h e  shock s t a n d o f f  d e c r e a s e s  f o r  a real gas  compared w i t h  an i d e a l  
gas  and t h a t  normal-shock d e n s i t y  ra t ios  are h i g h e r  f o r  real  gases .  (See ref. 31, 
f o r  example.) Miller ( r e f .  32) h a s  shown t h a t  idea l -gas-cons tan t  y i n v i s c i d  codes 
( y  w a s  k e p t  c o n s t a n t  i n  u s i n g  t h e  codes of r e f s .  8 and 28) can p r e d i c t  t h e  shock 
s t a n d o f f  provided y i s  c a l c u l a t e d  from t h e  correct normal-shock d e n s i t y  ratio. I n  
order to  approximately assess rea l -gas  e f f e c t s  on shock s t a n d o f f ,  a n  e s t i m a t e d  
normal-shock d e n s i t y  r a t io  
e q u a t i o n  ( w i t h  M, = 6.7) t o  calculate a y of 1.275: 

x / r n  = 2.9. 

ps/p, of 7.12 w a s  used i n  t h e  f o l l o w i n g  normal-shock 

+ct PS -2) 

Shock-standoff p r e d i c t i o n s  made wi th  y = 1.275 g i v e  x/rn = -0.109 a t  t h e  s t a g -  
n a t i o n  p o i n t ,  which is  w i t h i n  *4 p e r c e n t  of t h e  measured value.  A s  shown i n  f i g -  
u r e  15, the p r e d i c t e d  shock-standoff d i s t a n c e  f o r  y = 1.275 i s  i n  e x c e l l e n t  agree- 
ment w i t h  measured va lues  downstream of t h e  s t a g n a t i o n  p o i n t .  This  agreement i n  
shock s t a n d o f f  u s i n g  a lower y is  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  a l though t h e  free- 
stream y i n  t h e  8-ft HTT is close to  1.4 (about 1.381, r e a l - g a s  e f f e c t s  cause  a 
lower y i n  t h e  s t a g n a t i o n - r e g i o n  shock l a y e r .  

Flow-field surveys.-  Flow-field survey  r e s u l t s  are p r e s e n t e d  i n  f i g u r e s  16, 17,  
and 18. I n  f i g u r e s  16 and 17 the Mach number is p l o t t e d  as a f u n c t i o n  of t h e  d i s -  
tance normal to  t h e  cone s u r f a c e  for t h r e e  r a k e  l o c a t i o n s  w i t h  t h e  model a t  a = Oo 
f o r  noses  R-3 and R-I , r e s p e c t i v e l y .  Measurements are compared w i t h  cor responding  
p r e d i c t i o n s  f o r  the STEIN code ( r e f .  8) €or y = 1.4 and 1.275. The measured Mach 
numbers w e r e  o b t a i n e d  from t h e  Rayleigh p i t o t  formula by u s i n g  t h e  measured r a t io  of 
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s t a t i c  p r e s s u r e  t o  p i t o t  p r e s s u r e .  Data i n  f i g u r e  16 w e r e  c a l c u l a t e d  only  f o r  
y = 1.4. The e f f e c t  o f  y = 1.275 on t h e  d a t a  can be s e e n  i n  f i g u r e  17. E s t i m a t e s  
of boundary-layer t h i c k n e s s e s  a t  t h e  rake  l o c a t i o n s  were obta ined  from boundary-layer 
c a l c u l a t i o n s  by u s i n g  t h e  method d e s c r i b e d  i n  r e f e r e n c e  15. ( I n  t h e  p r e s e n t  esti-  
mates, t u r b u l e n t  f l o w  w a s  assumed to  s tar t  a t  t h e  s t a g n a t i o n  p o i n t . )  I n  g e n e r a l ,  t h e  
Mach number d a t a  a g r e e  best  wi th  t h e  lower y p r e d i c t i o n s  from STEIN. 

The measured d a t a  a t  0 = 1.75 i n .  appear  t o  be d i v e r g i n g  from t h e  p r e d i c t i o n s .  
(See f i g .  1 6 ( a ) . )  For nose R-3, p i t o t - p r e s s u r e  d a t a  o b t a i n e d  a t  sc = 14.8 i n .  
( r u n  5 d a t a )  w i t h o u t  t h e  cover  p l a t e  w e r e  about  11 p e r c e n t  lower a t  0 = 1.75 in . ;  
t h i s  reduced t h e  Mach number by about  6 percent. ( S t a t i c  p r e s s u r e s  from run 4 w i t h  
t h e  cover  p l a t e  w e r e  used.)  This  s u g g e s t s  that  t h e  cover  plate  d i d  cause  a small 
flow d i s t u r b a n c e  on t h e  probes a t  0 = 1.75 i n .  However, t h i s  f low d i s t u r b a n c e  does 
n o t  f u l l y  e x p l a i n  t h e  d ivergence  of t h e  Mach number d a t a  from t h e  p r e d i c t i o n s .  
Cleary ( r e f .  33) p r e d i c t e d  peaks (which exceed sharp-cone v a l u e s )  i n  t o t a l  p r e s s u r e  
and Mach number i n  t h e  shock l a y e r  f o r  b l u n t  cones due t o  overexpansion e f f e c t s  i n  
t h e  shock l a y e r .  H e  a l s o  measured p i t o t - p r e s s u r e  peaks.  It is s p e c u l a t e d  t h a t  t h e  
p r e s e n t  d a t a  a t  0 = 1.75 i n .  are i n d i c a t i v e  of such peaks,  which were n o t  p r e d i c t e d  
by STEIN. 

The r e s u l t s  i n  f i g u r e  16 f o r  t h e  Reynolds number ranges  i n d i c a t e  t h a t  t h e  Mach 
number p r o f i l e s  are independent  of Reynolds number over t h e  range t e s t e d .  A com- 
p a r i s o n  b e t w e e n  the R-3  and R-1 r e s u l t s  ( f i g s .  16 and 17, r e s p e c t i v e l y )  shows lower 
Mach numbers near  t h e  cone (wi th  nose R-3) s u r f a c e  because of h i g h e r  e n t r o p y  e f f e c t s  
of  t h e  b l u n t e r  nose. 

As w i l l  be shown l a t e r  from t h e  h e a t i n g  d a t a ,  t h e  boundary l a y e r s  a t  r a k e s  1 ,  2, 
and 3 w e r e  l aminar ,  t r a n s i t i o n a l ,  and t r a n s i t i o n a l ,  r e s p e c t i v e l y ,  for nose R-3; and 
t r a n s i t i o n a l ,  t r a n s i t i o n a l ,  and t u r b u l e n t ,  r e s p e c t i v e l y ,  f o r  nose R-1 . This  informa- 
t i o n ,  t o g e t h e r  w i t h  boundary-layer t h i c k n e s s  estimates noted i n  f i g u r e s  16 and 17,  
i n d i c a t e s  t h a t  the probes a t  11 = 0.2 i n .  f o r  t h e  t h i r d  r a k e  w e r e  w e l l  i n t o  a 
t u r b u l e n t  boundary l a y e r .  

The cor responding  t o t a l - t e m p e r a t u r e  p r o f i l e s  a t  u = 0' are p r e s e n t e d  i n  f i g -  
u r e  1 8  wi th  t h e  measured tempera ture  normalized by t h e  combustor t o t a l  tempera ture .  
The p r o f i l e s  are f l a t  a t  e x c e p t  near t h e  model s u r f a c e ,  which i n d i c a t e s  
t h a t  no appreciable loss occurred  i n  t o t a l  tempera ture  i n  t h e  shock l a y e r  for e i t h e r  
nose b l u n t n e s s .  

T/Tt = 1.0 

P r e s s u r e  D i s t r i b u t i o n s  

The p r e s s u r e  d i s t r i b u t i o n s  normalized t o  s t a g n a t i o n  v a l u e s  f o r  t h r e e  r u n s  w i t h  
nose R-3 f o r  i d e n t i c a l  c o n d i t i o n s  a t  a = 0' are given i n  f i g u r e  19. These d a t a  
show t h e  good r e p e a t a b i l i t y  i n  l o n g i t u d i n a l  and c i r c u m f e r e n t i a l  p r e s s u r e  d i s t r i b u -  
t i o n s  o b t a i n e d  i n  t h e  p r e s e n t  tests. Measured and p r e d i c t e d  l o n g i t u d i n a l  and circum- 
f e r e n t i a l  p r e s s u r e  d i s t r i b u t i o n s  are g iven  f o r  t h e  t h r e e  nose c o n f i g u r a t i o n s  a t  
NRe = 1.4 x 1 O6 per f o o t  (nominal v a l u e )  i n  f i g u r e s  20, 21, and 22. On t h e  windward 
r a y ,  cp = O o ,  t h e  p r e d i c t i o n s  from STEIN (ref. 8)  are i n  agreement wi th  t h e  d a t a  f o r  
a l l  t h r e e  nose shapes  for  the p r e s e n t  range of a n g l e  of a t t a c k .  Data on t h e  windward 
r a y  converge t o  t h e  sharp-cone va lues  ( r e f .  34)  f o r  y = 1.4. A l l  p r e d i c t i o n s  shown 
from STEIN are f o r  y = 1.4, e x c e p t  f o r  one p r e d i c t i o n  u s i n g  y = 1.275 ( f i g .  20(a) 
w i t h  cp = 0 ' )  which gave lower pressures by up t o  10 p e r c e n t  when compared w i t h  
y = 1.4 values. From t h e  l i m i t e d  p r e s s u r e  d a t a  o b t a i n e d  on t h e  leeward r a y ,  
c P =  180°, it appears t h a t  t h e  STEIN code ( r e f .  8 )  o v e r p r e d i c t e d  t h e  pressure 
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immediately downstream of t h e  nose and p r e d i c t e d  t h e  measured p r e s s u r e s  near  t h e  rear 
of t h e  cone t o  w i t h i n  exper imenta l  accuracy.  

The l o n g i t u d i n a l  p r e s s u r e  d i s t r i b u t i o n s  f o r  noses  R-1 and R-S, shown i n  f i g -  
u r e s  2 1 ( a )  and 2 2 ( a ) ,  r e s p e c t i v e l y ,  i n d i c a t e  t h e  same t r e n d s  as f i g u r e  2 0 ( a ) .  The 
STEIN code p r e d i c t s  t h e  d a t a  f o r  nose R-1 bet ter  a t  a = 0' and 5' than  a t  a = I O o ,  
where STEIN o v e r p r e d i c t s  t h e  p r e s s u r e  w i t h  i n c r e a s i n g  error down t h e  l e n g t h  of t h e  
model. The probable  reason is  t h a t  as t h e  e n t r o p y  l a y e r  t h i n s ,  f a r  downstream of t h e  
s t a g n a t i o n  p o i n t ,  s u f f i c i e n t  p o i n t s  cannot  be k e p t  i n  t h e  e n t r o p y  l a y e r .  The v e r s i o n  
of  STEIN used i n  the a n a l y s i s  does n o t  a d j u s t  or c lus te r  t h e  g r i d  spac ing ,  and 
i n c r e a s i n g  t h e  number of g r i d  p o i n t s  t o  improve accuracy  would have been cumbersome. 
The d a t a  shown i n  f i g u r e  22 for nose R-S are compared w i t h  p r e d i c t i o n s  from t h e  STEIN 
code for nose R-1 . 

C i r c u m f e r e n t i a l  pressures f o r  nose R-3 are shown i n  f i g u r e  2 0 ( b )  a t  t w o  longi -  
t u d i n a l  s t a t i o n s .  The uniform d i s t r i b u t i o n s  a t  a = 0' a t  both  s t a t i o n s  i n d i c a t e  
t h a t  t h e  model w a s  i n  a l ignment  wi th  t h e  t u n n e l  flow. The STEIN code p r e d i c t e d  t h e  
p r e s s u r e s  e x c e p t  n e a r  t h e  leeward s i d e  f o r  a = 5' and 10'. For noses  R-1 and R-S, 
c i r c u m f e r e n t i a l  p r e s s u r e  d i s t r i b u t i o n s  s imilar  t o  t h o s e  f o r  nose R-3 are shown i n  
f i g u r e s  21 (b)  and 2 2 ( b ) ,  r e s p e c t i v e l y .  

H e  a ti ng-Ra t e  D i  s t r  i bu ti ons 

The cold-wal l  h e a t i n g  rates w e r e  normalized by t h e  c a l c u l a t e d  s t a g n a t i o n - p o i n t  
h e a t i n g  ra te  o b t a i n e d  by t h e  method of Fay and R i d d e l l  ( r e f .  26) .  For the R-S 
( s h a r p )  nose c o n f i g u r a t i o n ,  t h e  local h e a t i n g  rates were normalized by t h e  s t a g n a t i o n  
value of t h e  1- in-radius  nose. Laminar h e a t i n g  rates are compared with t h e  t h e o r y  of 
Hamilton ( r e f .  91, and t u r b u l e n t  h e a t i n g  rates are compared w i t h  t h e  method of r e f e r -  
ence  15 and w i t h  t h e  semiempir ica l  t u r b u l e n t  method described i n  r e f e r e n c e  11. 
Sharp-cone pressures were used i n  t h i s  method s i n c e  t h e  purpose of comparison w a s  t o  
e s t a b l i s h  t h e  magnitude of t u r b u l e n t  h e a t i n g .  The d e t a i l e d  r e s u l t s  of f ree-s t ream 
u n i t  Reynolds number, a n g l e  of a t t a c k ,  nose shape, and t r a n s i t i o n  l o c a t i o n  are  
d i s c u s s e d  i n  later s e c t i o n s .  

H e a t - t r a n s f e r  d a t a  are given i n  table V I 1  and windward-side d a t a  are p r e s e n t e d  

(nominal v a l u e ) ,  and a t  a n g l e s  of a t t a c k  
i n  f igures  23 to 26 €or the three model configurations a t  the h ighest  Reynolds number 
t e s t  c o n d i t i o n ,  
of O o ,  2.5O, 5O, and I O o .  The h e a t i n g  d i s t r i b u t i o n s  f o r  t h r e e  r u n s  wi th  nose R-3 a t  
i d e n t i c a l  c o n d i t i o n s  a t  a = 0' are g iven  i n  f i g u r e  23. The l o n g i t u d i n a l  d i s t r i b u -  
t i o n s  i n  f i g u r e  2 3 ( a )  repeat f o r  t h e  t h r e e  r u n s  and show t h a t  t r a n s i t i o n a l  f low i s  
experienced a t  this c o n d i t i o n .  

NRe = 1.4 x lo6 per f o o t  

C i r c u m f e r e n t i a l  h e a t i n g  d i s t r i b u t i o n s  a t  s = 65.95 i n . ,  where t h e  boundary 
l a y e r  i s  t r a n s i t i o n a l ,  are g e n e r a l l y  r e p e a t a b l e  f o r  a range of q from -68.5' 
t o  112.5', which is behind t h e  t w o  r e t r a c t e d  r a k e s  i n d i c a t e d  i n  the f i g u r e  by t h e  
arrows. However, t h e  h e a t i n g  v a r i e d  over  t h e  rest of t h e  model for  t h e  t h r e e  r u n s ,  
t h u s  i n d i c a t i n g  a randomness of t h e  beginning  of t r a n s i t i o n .  A l s o ,  no te  t h a t  t h e  
i n c r e a s e d  h e a t i n g  l eve l  behind rake  1 ( V  = -4S0, s = 23.5 i n . )  ex tends  over  a 
b r o a d e r  area than  tha t  f o r  rake  2 ('4' = 90°, s = 47.0 in .  1. The i n d i c a t e d  s p r e a d i n g  
effect  w i t h  l o n g i t u d i n a l  d i s t a n c e  i s  c h a r a c t e r i s t i c  of t h e  t u r b u l e n t  wedge produced 
by t r i p p i n g  of the f low by t h e  r e t r a c t e d  rakes.  A r a k e  assembly, even when 
r e t r a c t e d ,  p rovided  enough of a d i s t u r b a n c e  to  t r i p  t h e  flow, probably because of  
s u r f a c e  roughness  from t h e  screwheads and t h e  beveled l e a d i n g  edge of t h e  cover plate 
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t h a t  formed a spanwise rearward-facing step. Mass f low rates through t h e  rake- 
assembly gaps (see f i g .  5 )  due t o  p o s s i b l e  v e n t i n g  w e r e  e s t i m a t e d  by u s i n g  p r e s s u r e  
d a t a ,  b u t  no p a t t e r n  of blowing or s u c t i o n  w a s  found t h a t  i n d i c a t e d  v e n t i n g  w a s  t h e  
reason  t h e  r e t r a c t e d  r a k e s  t r i p p e d  t h e  flow. 

, 

The method of Hamilton ( r e f .  9) is  i n  good agreement wi th  the laminar  data f o r  
a = O o ,  as s e e n  i n  f i g u r e  2 4 ( a )  f o r  nose R-3. A t  a = 10' t h e  f low a t  t h e  rear of 
t h e  cone w a s  f u l l y  t u r b u l e n t ,  as shown i n  f i g u r e s  2 4 ( a )  and 2 4 ( d ) ;  t h e  semiempirical 
t u r b u l e n t  method p r e d i c t e d  t h e  t u r b u l e n t  h e a t i n g  l e v e l s  w i t h i n  about  15 p e r c e n t .  
However, t h e  t u r b u l e n t  method of r e f e r e n c e  15 c o n s i d e r a b l y  underpredic ted  t h e  turbu-  
l e n t  h e a t i n g  l e v e l s .  None of t h e  aforementioned t h r e e  p r e d i c t i o n  methods inc lude  
e n t r o p y  swallowing i n  t h e  boundary l a y e r .  Lack of e n t r o p y  swallowing w i l l  r e s u l t  i n  
u n d e r p r e d i c t i o n  of h e a t i n g ,  and g r e a t e r  errors w i l l  occur  i n  t u r b u l e n t  f low than  i n  
laminar  flow. Experimental  t u r b u l e n t  h e a t i n g  d a t a  f o r  a t a n g e n t  ogive a t  Mach 6, 
when compared w i t h  p r e d i c t i o n s  ( p r e s e n t e d  i n  r e f .  35 1 ,  i n d i c a t e d  t h a t  n e g l e c t i n g  
e n t r o p y  swallowing r e s u l t e d  i n  an error of about  -35 p e r c e n t ,  b u t  i n c l u d i n g  e n t r o p y  

of  e n t r o p y  swallowing may account  f o r  t h e  u n d e r p r e d i c t i o n  by t h e  t u r b u l e n t  method of 
r e f e r e n c e  15. S i m i l a r  measured l o n g i t u d i n a l  h e a t i n g  t r e n d s  f o r  noses  R-1 and R-S are  

good agreement wi th  t h e  laminar h e a t i n g  d a t a  o v e r  t h e  ogive  p o r t i o n s  of t h e s e  con- 
f i g u r a t i o n s .  For nose R-S, t h e  laminar  h e a t i n g  p r e d i c t i o n  shown is for nose R-1. 

I 

I 

I swallowing reduced t h e  error to  -15 p e r c e n t  o r  less. Thus, i t  i s  p o s s i b l e  t h a t  l a c k  

, s e e n  i n  f i g u r e s  2 5 ( a )  and 2 6 ( a ) ,  r e s p e c t i v e l y .  The laminar  t h e o r y  of Hamilton is  i n  

C i r c u m f e r e n t i a l  h e a t i n g  d i s t r i b u t i o n s  f o r  nose R-3 are shown i n  f i g u r e s  2 4 ( b )  
t o  2 4 ( d ) .  The semiempirical method ( r e f .  11)  w a s  used t o  i n d i c a t e  t h e  level of 
t u r b u l e n t  h e a t i n g  expected.  The c i r c u m f e r e n t i a l  d i s t r i b u t i o n s  a t  a = O o  f o r  t h r e e  
body s t a t i o n s  are shown i n  f i g u r e  2 4 ( b ) ;  a t  s = 16.87 i n .  t h e  h e a t i n g  cor responds  
to  laminar  f low around t h e  body and i s  i n  good agreement w i t h  t h e  method of Hamilton 
( r e f .  9 ) .  A d d i t i o n a l  angle-of -a t tack  d a t a  and f u r t h e r  d i s c u s s i o n  are g iven  i n  a 
subsequent  s e c t i o n  e n t i t l e d  " E f f e c t s  of Angle of At tack  .'I 

E f f e c t s  of Reynolds Number 

The effects of free-stream u n i t  Reynolds number on t h e  p r e s s u r e  and h e a t i n g  are 
shown i n  f i g u r e  27 for a = Oo. A s  s e e n  i n  f i g u r e  2 7 ( a )  a t  cp = O o ,  both the nor- 
mal ized l o n g i t u d i n a l  pressure data and t h e  normalized laminar  h e a t i n g  d a t a  are inde-  
pendent  of Reynolds number, and t r a n s i t i o n  moves forward w i t h  i n c r e a s i n g  Reynolds 

as shown f o r  s = 66.73 in .  i n  f i g u r e  2 7 ( b ) .  However, t h e  c i r c u m f e r e n t i a l  h e a t i n g  
d i s t r i b u t i o n  shows t h a t  t h e  lowest Reynolds number ( t h i c k e r )  boundary l a y e r  is less 

boundary l a y e r  a t  cp = -45'. 

I number. The c i r c u m f e r e n t i a l  pressure d i s t r i b u t i o n  is independent  of Reynolds number, 

, s e n s i t i v e  t o  t r i p p i n g  by t h e  r e t r a c t e d  r a k e s ,  as s e e n  where r a k e  1 d i d  n o t  t r i p  t h e  

I I n  f i g u r e  28, t h e  l o n g i t u d i n a l  h e a t i n g - r a t e  d i s t r i b u t i o n s  a t  a = l o o  for  t w o  
Reynolds numbers are p r e s e n t e d  for  nose R-3. The l o c a t i o n  of t h e  s ta r t  of t r a n s i t i o n  
on t h e  windward plane, cp = O o ,  moves forward w i t h  i n c r e a s i n g  Reynolds number as 
t r a n s i t i o n  d i d  f o r  a = Oo.  On t h e  leeward s i d e ,  cp = 180°, t h e  l o c a t i o n  of t r a n s i -  
t i o n  moves forward for  t h e  h i g h e r  Reynolds number b u t  n o t  t o  t h e  same e x t e n t  as on 
t h e  windward s i d e .  
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E f f e c t s  of Angle of At tack  

P r e s s u r e  data.- The e f f e c t s  of a n g l e  of attack on the windward p r e s s u r e  are 
shown i n  f i g u r e s  2 0 ( a ) ,  2 1 ( a ) ,  and 2 2 ( a )  f o r  t h e  t h r e e  nose shapes.  A s  t h e  a n g l e  of 
attack is i n c r e a s e d ,  t h e  measured p r e s s u r e  d i s t r i b u t i o n  reaches the  sharp-cone pre- 
d i c t i o n s  ( r e f .  34) closer to  t h e  nose of the model, t h u s  i n d i c a t i n g  t h a t  t h e  f l o w  
overexpansion a t  t h e  nose d e c r e a s e s  wi th  i n c r e a s i n g  a. On t h e  leeward s ide,  
'4' = 180°, of t h e  model n o t  enough d a t a  were o b t a i n e d  t o  d e f i n e  t h e  p r e s s u r e  
d i s t r i b u t i o n .  

The c i r c u m f e r e n t i a l  p r e s s u r e  d i s t r i b u t i o n s  f o r  noses  R-3 and R-1 show a g r a d i e n t  
reversal n e a r  t h e  leeward side a t  the h i g h e s t  a n g l e  of a t t a c k  n e a r  t h e  base. (See 
f i g s .  2 0 ( b )  and 2 1 ( b ) ,  r e s p e c t i v e l y . )  The cause  of t h e  r e v e r s a l  is n o t  known b u t  
there are three possibil i t ies:  ( 1 )  The base p r e s s u r e  w a s  h i g h e r  t h a n  t h e  most rear- 
ward cone p r e s s u r e  on t h e  leeward s i d e ,  e x c e p t  f o r  run  10 which w a s  t h e  lowest 
Reynolds number run. The h igh  base-pressure  c o n d i t i o n s  can be seen  by a comparison 
of base p r e s s u r e  and most leeward s u r f a c e  (P25) p r e s s u r e s  i n  table V I ( c ) ;  t h i s  h i g h  
base p r e s s u r e  could  c a u s e  the i n c r e a s e d  p r e s s u r e  a t  cp = 180'. ( 2 )  A t  a n g l e  of 
a t t a c k  t h e  f l o w  overexpanded to  a minimum p r e s s u r e  and then  recovered  a t  t h e  most 
leeward r a y ,  cp = 180O. The p r e s s u r e  d a t a  from S t e t s o n  (ref. 36) for a s h a r p  5.6O 
h a l f - a n g l e  cone a t  a = 2' showed a minimum i n  p r e s s u r e  a t  a b o u t  9 = 160° pr ior  t o  
any f l o w  s e p a r a t i o n .  Rakich and Cleary  (ref. 37) i n d i c a t e  that  i n v i s c i d  c a l c u l a t i o n s  
for b l u n t  cones p r e d i c t  a p r e s s u r e  minimum n e a r  cp = 150' w i t h  a recompression of 
t h e  f l o w  approaching cp = 180° even f o r  an  a n g l e  of a t t a c k  g r e a t e r  than  t h e  cone 
ha l f -angle .  The minimum p r e s s u r e  f o r  cp less than  180' p r e d i c t e d  by t h e  STEIN code 
i s  probably  q u a l i t a t i v e l y  correct b u t  n o t  a c c u r a t e  because of l i k e l y  numerical  l i m i -  
t a t i o n s  a t  t h e  l o w  p r e s s u r e s  on t h e  leeward s i d e  (ref. 371, and because t h e  f low 
f i e l d  i s  i n f l u e n c e d  more by v iscous  effects on t h e  leeward s i d e  than on t h e  windward 
side. (3) The most l i k e l y  p o s s i b i l i t y  for t h e  p r e s s u r e  i n c r e a s e  a t  cp = 180° is  
f l o w  s e p a r a t i o n  w i t h  subsequent  rea t tachment .  S e p a r a t i o n  h a s  been observed on 
s l e n d e r  s h a r p  cones a t  a n g l e s  of a t t a c k  less than  t h e  body h a l f - a n g l e  ( r e f .  36) .  
However, p r e s s u r e  d a t a  by i t s e l f  are n o t  s u f f i c i e n t  to  v e r i f y  s e p a r a t i o n .  

Heat ing  data .- Figure  29 p r e s e n t s  t h e  l o n g i t u d i n a l  d i s t r i b u t i o n s  of h e a t i n g  f o r  
noses  R-3 and R-1 for t h r e e  a n g l e s  of at tack. The e f f e c t  of a n g l e  of a t t a c k  on t h e  
l o n g i t u d i n a l  h e a t i n g  d i s t r i b u t i o n  on t h e  windward s i d e  is to  move t h e  s tar t  of 
t r a n s i t i o n  forward. T h i s  e f fec t  can be s e e n  for  noses  R-3 and R-1 i n  f i g u r e s  2 9 ( a )  
and 2 9 ( b ) ,  r e s p e c t i v e l y ,  and for nose R-S i n  f i g u r e  2 6 ( a ) .  The forward movement of 
t r a n s i t i o n  for  t h e  R-3 nose shape w a s  g r e a t e r  t h a n  f o r  t h e  R-1 nose shape between 
a = Oo and 5 O ,  whereas t h e  movement for a = 5' t o  l o o  w a s  a b o u t  t h e  same. S imi l a r  
t r e n d s  are seen  on t h e  leeward side, a l t h o u g h  a n g l e  of a t t a c k  does n o t  a f f e c t  t h e  
movement of t r a n s i t i o n  as much. The possible e f f e c t  of f l o w  s e p a r a t i o n  and r e a t t a c h -  
ment h e a t i n g  on the leeward r a y ,  9 = 180°, a t  a = l o o  can be s e e n  i n  f i g u r e  2 9 ( b )  
pas t  s = 65 i n . ,  where t h e  h e a t i n g  data i n c r e a s e  above t h e  a p p a r e n t  f u l l y  t u r b u l e n t  
level  e s t a b l i s h e d  between s = 35 and 65 i n .  For t h i s  run ( r u n  141, t h e  base pres- 
s u r e  w a s  h i g h e r  t h a n  t h e  cone p r e s s u r e  on t h e  leeward s i d e  a t  t h e  rear of t h e  model 
(see table V I ( c ) ) ,  and t h e  h i g h  base p r e s s u r e  could  have caused s e p a r a t e d  f low w i t h  
possible rea t tachment .  It i s  n o t  known i f  t h e  h i g h  base p r e s s u r e  led to  t h e  observed 
i n c r e a s e  i n  h e a t i n g  s i n c e  s e p a r a t i o n  and r e a t t a c h m e n t  can also be r e l a t e d  t o  a n g l e  o f  
a t t a c k  independent ly  of base p r e s s u r e .  (See r e f .  36.) However, it is  well-known 
t h a t  rea t tachment  of separated f low i n c r e a s e s  t h e  h e a t i n g  a l o n g  t h e  r e a t t a c h m e n t  
l i n e .  

15 



, E f f e c t s  of Nose Shape 

I The e f f e c t s  of nose shape on t h e  l o n g i t u d i n a l  and c i r c u m f e r e n t i a l  p r e s s u r e  and 
I h e a t i n g  d i s t r i b u t i o n s  are p r e s e n t e d  i n  f i g u r e s  30 to  33 f o r  t h e  nominal test  condi- 

6 t i o n  a t  NRe = 1.4 x 10 per f o o t .  The d a t a  are p l o t t e d  a g a i n s t  s which is t h e  
s u r f a c e  d i s t a n c e  measured from t h e  s ta r t  of t h e  cone frustum, to  a l i g n  a l l  t h e  d a t a  
s t a t i o n s .  The l o n g i t u d i n a l  normalized p r e s s u r e  d i s t r i b u t i o n s  f o r  a l l  t h r e e  model 
c o n f i g u r a t i o n s  are p r e s e n t e d  i n  f i g u r e  30. I n c r e a s e d  b l u n t n e s s  de layed  t h e  model 
p r e s s u r e s  from r e a c h i n g  t h e  sharp-cone v a l u e s  because of overexpansion of t h e  f low 
from the model nose as t h e  f low a d j u s t e d  t o  t h e  cone s e c t i o n .  The r e s u l t s  p r e s e n t e d  
i n  f i g u r e  31 show t h a t  t h e  e f f e c t  of nose shape on t h e  c i r c u m f e r e n t i a l  p r e s s u r e  d i s -  
t r i b u t i o n  decreased  w i t h  i n c r e a s i n g  d i s t a n c e  from t h e  nose. 

c' 

I The e f f e c t s  of nose shape on t h e  l o n g i t u d i n a l  h e a t i n g  d i s t r i b u t i o n  are p r e s e n t e d  
i n  f i g u r e  32 i n  which t h e  measured va lues  are normalized by t h e  c a l c u l a t e d  s t a g n a t i o n  
va lue  f o r  rn = 1 i n .  The a c t u a l  magnitudes of t h e  laminar  and t u r b u l e n t  h e a t i n g  
ra tes  a t  given s t a t i o n s  were independent  of nose shape e x c e p t  on t h e  leeward s i d e .  
The most prominent  e f f e c t  of i n c r e a s i n g  b l u n t n e s s  is to  move t h e  s t a r t  of t r a n s i t i o n  
rearward. This  movement of t r a n s i t i o n  l o c a t i o n  f o r  a n  a n g l e  of a t t a c k  greater than  
Oo is more s e n s i t i v e  t o  nose shape on t h e  leeward s i d e  than  on t h e  windward s i d e .  
The p r e c i s e  s t a r t  of t r a n s i t i o n  i s  d i f f i c u l t  t o  de te rmine  f o r  nose R-S a t  a = l o o ,  
since it a p p a r e n t l y  occurred  very  near t h e  s h a r p  t i p .  The s t e p l i k e  i n c r e a s e  i n  lee- 
w a r d  h e a t i n g  t h a t  o c c u r s  n e a r  t h e  base €or a l l  t h r e e  nose shapes was probably due t o  
r e a t t a c h m e n t  of separated f low as d i s c u s s e d  earlier.  

The c i r c u m f e r e n t i a l  h e a t i n g  d i s t r i b u t i o n s ,  shown i n  f i g u r e  33, i n d i c a t e  t h a t  a t  
a = Oo t h e  boundary l a y e r  is t u r b u l e n t  f o r  t h e  R-S and R-1 nose shapes  and t r a n s i -  
t i o n a l  f o r  t h e  R-3 nose shape. The d i s t r i b u t i o n  f o r  nose R-3 i l l u s t r a t e s  t h e  e f f e c t s  
of t h e  rake  cover  plate i n  t r i p p i n g  t h e  f l o w .  From t h e  d i s t r i b u t i o n  a t  a = l o o ,  it 

b l u n t n e s s .  Apparent ly ,  t h e  nose shape s i g n i f i c a n t l y  affected t h e  s t r u c t u r e  of t h e  
leeward flow, thus c a u s i n g  t h e  d i f f e r e n c e s  i n  s u r f a c e  h e a t i n g  seen  i n  f i g u r e  3 3 ( b ) .  

I a p p e a r s  t h a t  on ly  a narrow band n e a r  cp = 180° w a s  a f f e c t e d  by t h e  v a r i a t i o n  i n  nose 

The l o n g i t u d i n a l  h e a t i n g  d i s t r i b u t i o n  on t h e  ogive  f rus tum for  both noses  R-1 
and R-S i s  given a t  t h r e e  c i r c u m f e r e n t i a l  l o c a t i o n s  i n  f i g u r e  34. A t  a = Oo 
( f i g .  3 4 ( a ) ) ,  t h e  l o n g i t u d i n a l  h e a t i n g  i s  independent  of VI which i n d i c a t e s  t r u e  
z e r o  angle of a t t a c k .  A t  a = 10' ( f i g .  3 3 ( b ) ) ,  t h e  l o n g i t u d i n a l  h e a t i n g  f o r  noses  
R-1 and R-S a g r e e s  for  both  cp = 0' and cp = -goo. However, f o r  cp = leOO ( t h e  
most leeward r a y ) ,  t h e  d a t a  d i v e r g e  down t h e  l e n g t h  of t h e  ogive  because of t r a n s i -  
t i o n a l  f l o w  for nose R-St whereas t h e  boundary l a y e r  f o r  nose R-1 remains laminar.  

I 

L o n g i t u d i n a l  laminar  and t u r b u l e n t  h e a t i n g  d a t a  f o r  t h e  R-S and R-1 nose shapes  
are p r e s e n t e d  i n  terms of N* p l o t t e d  a g a i n s t  N* i n  f i g u r e  35 a t  a = Oo for  

S t  R e  
t h e  purpose of comparing w i t h  similar data from r e f e r e n c e  3. (The t w o  dashed- l ine  
curves  r e p r e s e n t  t h e  band of d a t a  from ref. 3.)  Overall agreement of t h e  p r e s e n t  
data w i t h  data from reference 3 is good f o r  t h e  laminar  and f u l l y  t u r b u l e n t  h e a t i n g  

curve  by about 15 p e r c e n t ,  whereas t h e  d a t a  of r e f e r e n c e  3 show better agreement. 
The p r e s e n t  laminar  d a t a  are lower than t h e  cor responding  p r e d i c t i o n  curve  by about  
17  percent and are i n  agreement with t h e  d a t a  of r e f e r e n c e  3. The d i f f e r e n c e  i n  t h e  
r a t io  of w a l l  t empera ture  to  t o t a l  temperature and i n  t h e  f ree-s t ream u n i t  Reynolds 
numbers between t h e  present and t h e  test  c o n d i t i o n s  of r e f e r e n c e  3 is accounted f o r  
by t h e  correlation method. 

I levels. The p r e s e n t  f u l l y  t u r b u l e n t  d a t a  are lower than  t h e  cor responding  p r e d i c t i o n  
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Locat ion of S t a r t  of T r a n s i t i o n  

Several i n v e s t i g a t o r s  have s t u d i e d  t h e  e f f e c t  of a n g l e  of a t t a c k  on t r a n s i t i o n .  
(For  example, see refs. 1 t o  3.) However, t h e  q u e s t i o n  of t r a n s i t i o n  movement w i t h  
a n g l e  of a t t a c k  s t i l l  appears to  be open. Based on t h e  g e n e r a l  agreement between 
t h e o r y  and experiment  among r e s e a r c h e r s ,  S t e t s o n  (ref. 1)  i n d i c a t e d  t h a t  i n c r e a s i n g  
t h e  a n g l e  of a t t a c k  for a s h a r p  cone causes  a rearward movement of t r a n s i t i o n  on t h e  
windward r a y  and a forward movement on t h e  leeward ray.  However, t h e  e f f e c t  t h a t  
nose b l u n t n e s s  h a s  on t r a n s i t i o n  movement w i t h  a n g l e  of a t t a c k  h a s  n o t  been w e l l  
e s t a b l i s h e d .  As noted ear l ie r ,  t h e  e f f e c t s  of i n c r e a s i n g  a n g l e  of attack and 
d e c r e a s i n g  nose b l u n t n e s s  r e s u l t e d  i n  moving t r a n s i t i o n  forward on t h e  model for t h e  
p r e s e n t  data. These effects are summarized i n  f i g u r e  36 i n  a form used i n  o t h e r  
s t u d i e s .  The l o c a t i o n  of t h e  start  of t r a n s i t i o n  ( s u r f a c e  d i s t a n c e  from t h e  s t a g n a -  
t i o n  p o i n t )  normalized by t h e  s t a r t  of t r a n s i t i o n  f o r  a s h a r p  t i p  a t  a = Oo is  
p l o t t e d  a g a i n s t  a n g l e  of a t t a c k .  I n  t h i s  f i g u r e ,  an  i n c r e a s i n g  va lue  of normalized 

str means a rearward movement of t h e  s t a r t  of t r a n s i t i o n .  

The p r e s e n t  d a t a  are given i n  f i g u r e  3 6 ( a ) ,  and t h e  d a t a  from r e f e r e n c e s  1,  2,  
and 3 are g iven  i n  f i g u r e s  3 6 ( b ) ,  ( c ) ,  and ( a ) ,  r e s p e c t i v e l y .  The p r e s e n t  sharp-nose 
data of f i g u r e  3 6 ( a )  i n d i c a t e  t h a t  t r a n s i t i o n  moved forward w i t h  a n g l e  of a t t a c k  on 
b o t h  the windward and leeward s i d e s  of t h e  model. The d a t a  from a l l  t h r e e  r e f e r e n c e s  
shown i n  f i g u r e  36 a g r e e  wi th  t h i s  t r e n d  for  t h e  leeward s i d e ,  b u t  t h e y  do n o t  a g r e e  
fo r  t h e  windward s i d e .  The p r e s e n t  d a t a  may d i f f e r  from t h e  o t h e r  d a t a  because of a 
b l u n t n e s s  effect  of t h e  ogive  frustum even though t h e  t i p  w a s  sharp .  A l l  b l u n t  data 
i n  f i g u r e  36 show, i n  g e n e r a l ,  t h a t  i n c r e a s i n g  b l u n t n e s s  moves t r a n s i t i o n  rearward on 
both  t h e  windward and leeward s i d e s .  The p r e s e n t  d a t a  on t h e  windward side a t  
a = l o o  show l i t t l e  e f f e c t  of b l u n t n e s s ;  t h i s  is i n  c o n t r a s t  t o  t h e  data i n  f i g -  
u r e s  3 6 ( b )  and 3 6 ( d ) ,  b u t  i n  agreement w i t h  f i g u r e  3 6 ( c ) .  The b l u n t  leeward-side 
data of r e f e r e n c e s  1 to  3 show t h a t  t r a n s i t i o n  moves forward as a n g l e  of a t t a c k  
i n c r e a s e s ;  however, t h e  t r e n d  of t h e  present d a t a  is  s i g n i f i c a n t l y  more g r a d u a l  t h a n  
t h e  o t h e r  da ta .  

O v e r a l l ,  t h e  movement of t r a n s i t i o n  on t h e  windward s i d e  w i t h  i n c r e a s i n g  a n g l e  
of attack does n o t  show a c o n s i s t e n t  t r e n d  among t h e  f o u r  sets of b l u n t  d a t a  i n  
f i g u r e  36. The p r e s e n t  data t r e n d s  of forward movement are i n  g e n e r a l  agreement w i t h  
d a t a  from r e f e r e n c e s  1 and 2 a t  larger a n g l e s  of a t t a c k ,  b u t  i n  disagreement  w i t h  
data from r e f e r e n c e  3. S t e t s o n ' s  data (ref. 1 )  on the windward side is i n  disagree- 
ment w i t h  h i s  earlier data ( r e f ,  2); moreover, he w a s  unable  i n  r e f e r e n c e  1 to 
e x p l a i n  t h e  d i f f e r e n c e .  Muir and T r u j i l l o  (ref. 3)  q u e s t i o n e d  the v a l i d i t y  of the 
d a t a  from r e f e r e n c e  2 ( f i g .  3 6 ( c ) )  on t h e  basis of i n c o r r e c t  i n t e r p r e t a t i o n  (by 
S t e t s o n )  of the start  of t r a n s i t i o n .  Their d a t a  ( f i g .  3 6 ( d ) )  show a g e n e r a l  rearward 
movement of t r a n s i t i o n  on t h e  windward side. 

I t  h a s  been w e l l  e s t a b l i s h e d  t h a t  t h e  s ta r t  of  t r a n s i t i o n  is  i n f l u e n c e d  by 
t u n n e l  no ise .  Y e t ,  it is  n o t  clear i f  t u n n e l  n o i s e  could  be r e s p o n s i b l e  for t h e  
d isagreement  i n  data shown i n  f i g u r e  36. C l e a r l y ,  a d d i t i o n a l  data are needed to  
r e s o l v e  t h e  windward-side movement of t h e  t r a n s i t i o n  dilemma. 

CONCLUDING REMARKS 

A 12.5O ha l f -angle  cone having a 3-ft-base d iameter  w a s  tested i n  t h e  Mach 6.7 
stream of  t h e  Langley 8-Foot High-Temperature Tunnel a t  a n g l e s  of a t t a c k  from 0' 
to  loo .  The t o t a l  tempera ture  w a s  3300°R, and nominal free-stream u n i t  Reynolds 
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6 numbers ranged from 0.4 x lo6 t o  1.4 x 10 Three nose c o n f i g u r a t i o n s  were 
t e s t e d  on t h e  cone: a 3-in-radius t i p ,  a 1- in-radius  t i p  on an  ogive  frustum, and a 
s h a r p  t i p  on an ogive  frustum. Cold-wall ( r a t i o  of w a l l  t empera ture  t o  t o t a l  temper- 
a t u r e  of 0.16) h e a t i n g - r a t e  d i s t r i b u t i o n s ,  s u r f a c e - p r e s s u r e  d i s t r i b u t i o n s ,  shock 
shapes ,  and shock-layer  p r o f i l e s  were measured and compared with p r e d i c t i o n s .  

per f o o t .  

Shock-shape p r e d i c t i o n s  by i n v i s c i d  f l o w - f i e l d  codes u s i n g  a r a t i o  of s p e c i f i c  
h e a t s  y of 1.4 showed f a i r  agreement w i t h  measured shock shapes.  Agreement w a s  
shown to  improve t o  w i t h i n  k4 p e r c e n t  i n  t h e  s t a g n a t i o n  r e g i o n  by u s i n g  a lower y 
of  1.275 to  account  f o r  real-gas e f f e c t s .  The shock-layer  Mach number prof i les ,  
which were independent  of f ree-stream Reynolds number, showed t r e n d s  and l e v e l s  t h a t  
were g e n e r a l l y  i n  agreement wi th  p r e d i c t i o n s .  Better agreement w a s  ob ta ined  for 
y = 1.275 than f o r  y = 1.4. Measured shock-layer  tempera ture  p r o f i l e s  i n d i c a t e d  
good t o t a l - t e m p e r a t u r e  recovery  w i t h i n  t h e  shock l a y e r .  

Sur face  p r e s s u r e s  normalized by t h e  s t a g n a t i o n  p r e s s u r e  behind a normal shock 
were independent  of f ree-s t ream Reynolds number, f o r  t h e  present f l o w  c o n d i t i o n s ,  and 
r e q u i r e d  longer  d i s t a n c e s  t o  recover to  sharp-cone p r e s s u r e s  as t h e  nose b l u n t n e s s  
increased .  Windward p r e s s u r e  d i s t r i b u t i o n s  w e r e  p r e d i c t e d  to  w i t h i n  exper imenta l  
accuracy  f o r  t h e  p r e s e n t  range of a n g l e  of a t t a c k .  

The cold-wall h e a t i n g  d a t a  i n d i c a t e d  t h a t  laminar ,  t r a n s i t i o n a l ,  and t u r b u l e n t  
boundary layers w e r e  exper ienced  i n  the p r e s e n t  s tudy .  Laminar  h e a t i n g  data normal- 
i z e d  by c a l c u l a t e d  s t a g n a t i o n - p o i n t  h e a t  t r a n s f e r  were independent  of f ree-s t ream 
u n i t  Reynolds number. Laminar h e a t i n g  on t h e  ogive  f rus tum w a s  independent  of nose 
b l u n t n e s s  up to  90° off t h e  windward r a y  for  angles of a t t a c k  u p  to  l o o .  Good agree- 
ment between measured and p r e d i c t e d  laminar  h e a t i n g  w a s  observed on t h e  windward s i d e  
of t h e  model ( * g o o  from the most windward r a y )  over  t h e  p r e s e n t  range of a n g l e  of 
a t t a c k .  Turbulent  h e a t i n g  l e v e l s  were i n  agreement wi th  a semiempirical method. The 
l o c a t i o n  of t h e  start  of t r a n s i t i o n  moved forward, bo th  on t h e  windward and leeward 
s i d e s ,  w i t h  i n c r e a s i n g  f ree-s t ream Reynolds number, i n c r e a s i n g  a n g l e  of a t t a c k ,  and 
d e c r e a s i n g  nose b luntness .  A comparison of t h e s e  t r e n d s  w i t h  those  from o t h e r  
s t u d i e s  showed g e n e r a l  agreement on t h e  leeward s i d e  b u t  n o t  on t h e  windward s i d e .  
However, d i sagreement  on the windward s i d e  i s  n o t  s u r p r i s i n g  s i n c e  d i f f e r e n t  t r e n d s  
of windward-side t r a n s i t i o n  movement e x i s t  among t h e  o t h e r  s t u d i e s .  

Langley Research Center  
N a t i o n a l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
September 27, 1984 
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TABLE 11.- LOCATION OF PRESSURE ORIFICES~ 

Orif ice Q, deg 8 ,  deg s, in. 

P31 0 0 0 
P32 0 0 0 
P33 -58 25 1.31 
P34 -58 50 2.62 
P35 -58 77.5 4.06 
P36 -58 6.26 
P37 122 -77.5 4.06 
P38 122 6.26 

P1 
P2 
P3 
P4 
P5 
P6 
P7 
P8 
P9 
P10 
P11 
P12 
P I  3 
P14 
P15 
P16 
P17 
P18 
P19 
P20 
P21 
P22 
P23 
P24 
P25 
P26 
P27 
P28 
P29 
P30 

Nose 

R- 1 
R- 3 
R- 3 
R- 3 
R- 3 
R- 3 
R- 3 
R- 3 

Orifice 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

45 
90 
90 

135 
135 
180 
180 

-1 35 
-90 
-90 
-45 
-45 

sc, in., €or - 

12.5O cone 
9, deg . 

1 

(b) 12.5O cone frustum 

Nose R-1 Nose R-S 

0.73 
2.83 
5.03 
7.03 
9.06 

11.60 
14.14 
16.52 
18.90 
24.38 
27.79 
31.23 
36.70 
42.62 
48.12 
52.64 
58.00 
62.19 

9.06 
9.06 

58.00 
9.06 

58.00 
9.06 

58.00 

9.06 
58.00 

9.06 
58.00 

9.06 

Nose R-3 

9.46 
11.56 
13.76 
15.76 
17.79 
20.33 
22.87 
25.25 
27.63 
33.11 
36.52 
39.96 
45.43 
51.35 
56.85 
61.37 
66.73 
70.92 
17.79 
17.79 
66.73 
17.79 
66.73 
17.79 
66.73 
17.79 
17.79 
66.73 
17.79 
66.73 

12.80 
14.90 
17.10 
19.10 
21.13 
23.67 
26.21 
28.59 
30.97 
36.45 
39.86 
43.30 
48.77 
54.69 
60.19 
64.71 
70.07 
74.26 
21.13 
21.13 
70.07 
21.13 
70.07 
21.13 
70.07 
21.13 
21.13 
70.07 
21.13 
70.07 

14.12 
16.22 
18.42 
20.42 
22.45 
24.99 
27.53 
29.91 
32.29 
37.77 
41.18 
44.62 
50.09 
56.01 
61.51 
66.03 
71.39 
75.58 
22.45 
22.45 
71.39 
22.45 
71.39 
22.45 
71.39 
22.45 
22.45 
71.39 
22.45 
71.39 

aPressure-orif ice numbers are designated by the notation "P-. " 



a, 
deg 

0 

2.5 

5 

10 

TABLE 111.- RUN NUMBERS FOR NOMINAL TEST CONDITIONS 

Run numbers for noses a t  NRe per foot of - 

24 



TABLE 1V.- 'I'EST CONDITIONS 

T e s t  Model tes t  f t - "  M ps, psia iSI B t u / f t  2 -sec ar  deg Run T t t  OR NRe, t i m e ,  sec 

N o s e  R-3 

6.6 
6.4 
6.7 
6.6 

98-9 
98-1 0 
98-6 
98-5 
98-1 1 
98-1 2 

17.92 
17.80 
18.1 
18.16 

10 
15 
40 

4 
4 

40 
40 
30 
15 
40 

98-18 
98-19 
98-21 

3320 
3460 
3260 
3430 
3450 
3320 
31 70 
3230 
3180 
3030 

15 5 3110 1.50 x l o 6  6.5 17.96 b119.9 0 
16 15 3520 1.29 6.8 17.65 b143.8 0 
17 10 3430 1.35 6.8 17.84 bl 39.6 10 

1.42 x I O 6  
1.34 
1.45 
1.36 
1.35 

.88 

.40 
1.46 
1.48 

.42 

6.7 
6.8 
6.6 
6.8 
6.8 
6.9 
6.8 
6.6 
6.6 
6.7 

Nose R-1 

I I 1 I 

98-1 5 

Nos e 

17.95 
18.10 
17.80 
18.00 
18.10 
10.74 

18.00 
18.27 
4.74 

79.4 
82.4 
74.6 
80.8 
82.0 
59.6 
36.6 
74.0 
72.8 
33.6 

i 10 0 

10 

I I 
129.2 
115.0 
133.4 
126.1 

-S 

0 
0 
2.5 

10  

25 



TABLE V.- PHYSICAL PROPERTIES OF OGIVE-FRUSTUM AND 
12.5' CONE-FRUSTUM SKINS 

P h y s i c a l  p r o p e r t y  

Material . . . . . . . . . . . . . 
Thickness ,  i n .  . . . . . . . . . . 

3 Densi ty ,  l b / i n  . . . . . . . . . 
S p e c i f i c  h e a t ,  Btu/lb-OR . . . . . 
Thermal c o n d u c t i v i t y  a t  640°R, 

B t u 4  n /f t 2-hr - OR . . . . . . . . 

Ogive f r u s  turn 

S t a i n l e s s  s t ee l  

0.083 

0.29 

0.12 

112.0 

12.5" cone f rus tum 
~ 

Rend 41 

0.060 

0.30 

0.11 

71 .O 

26 
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, 1 2 . 5 O  

( a )  Nose R-3. 3 - in- rad ius  t i p  
on 12.5O cone f rus tum.  

(b) Nose R-1. 1 - in - r ad ius  
t i p  on og ive  f rus tum.  

( C )  Nose R-S. Sharp  t i p  
on ogive  f rus tum.  

r rn 3.00 G 

7.875 
d i  am 

Figure  4.- Nose shapes  f o r  a t t achmen t  t o  12.5O cone frustum. Dimensions 
are g iven  i n  i n c h e s  un.less o the rwise  specified. 
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Figure 8.- Thermocouple and p r e s s u r e - o r i f i c e  l o c a t i o n s  on cone frustum. 
Front  view. 
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Figure  11  .- Nominal test  t i m e  h i s t o r i e s .  
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L-84- 1 00 
( a )  Schl ie ren  photograph of nose R-3. Run 3.  

Figure 13.- Representat ive photographs of 6 shock shape over nose. 
a = 0 ' ;  nominal NRe = 1 .4 x 10 per foo t .  



L-84-101 
(b) Shadowgraph of nose R-1 . Run 12.  

Figure 1 3 .  - Continued. 
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(c) Shadowgraph of nose R-S. Run 16. 

Figure 13.- Concluded. 
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y, in. 

Measured 
Theory: 0 

/ 
- _ - _  

0 
/ 

0 
Nose region (ref .  28) 
P a s t  nose (ref .  8 )  / 

0 

X 

( a )  Nose R - 3 .  a = 0'. 

Figure 14.- Measured and p r e d i c t e d  shock shapes.  
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y, i n .  

-Measured - - - - Theory : 
Nose region (ref. 28) 
Past nose (ref. 8) 
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x ,  in. 

(b) N o s e  R - 3 .  a = 5". 

Figure  14.- Continued. 



- Measured 
T heo ry : _ _ _ _  

Nose reg ion  ( re f .  28) 
Past nose ( r e f .  8 )  

"m 
_ic 

I I l l l l l l l l l  
-2  0 2 4 6 8 10 1 2  14  

x ,  i n .  

(c) Nose R-1. a = Oo. 

Figure  14 .- Continued. 
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I l l  I I I I I  l 1 1 1 1 1 1 1  
-2 0 2 4 6 8 10 12 14 

x, i n .  

( d )  N o s e  R-I. a = 2.5' .  

Figure 14 .- Continued. 
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Figure 14.- Continued. 
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Figure  14 .- Concluded. 
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Present data 
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7 STEIN d e  (ref. 81 Run NRe. ft-' 
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Boundary-layer thickness (ref. 151 
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I I I I I I I 

(b) Rake 2. sc = 38.3 in. 

Distance normal to surface.n, in. 

(c) Rake 3. sc = 58.6 in. 

Figure 16.- Mach number p r o f i l e s  f o r  nose R-3 a t  a = 0'. 
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Boundary-layer thickness (ref. 151 
Laminar 

/ F T u * u l e n t  

2.0 

SKIN code 
(ref. 81 Present data 

I Run NRe,  R -' 
1.4 - 0 12 1.51 x lo6 
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-0- -D - - - - 

Shock ltypl 

I I I I I I I I I I I . 5  1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5 .0  5.5 J 6.0 0 
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Distance normal to rurface.q. in 

(a) Rake 1 .  sc = 14.8 i n .  

(b) Rake 2. sc = 38.3 i n .  

7.0 

6.0 

5.0 

4.0 

3.0 

2.0 

1.0 

I I  

I I I I I I I I I I 1 I 
.5  1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 

Distance normal to rurface,q,in. 

( C )  Rake 3. sC = 58.6 i n .  

F igure  17.- Mach number profiles for  nose R-1 a t  a = Oo. 
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Run Nose N R e y  ft-' 
6 0 4 R-3 1.36 x 10 

n 12 R-1 1.51 

- - - TITt  = 1 

I I I I I I I I 

I I I I I I I I I 0 
1 7 
1 L 

Dis tance  normal t o  sur face,  rl i n .  

(a) Rake 1. sc = 14.8 in.; C P =  45O. 

(b) Rake 2. sc = 38.3 in.; c P =  90'. 

I I I I 1 I I I 1 
1 2 

0 

D is tance  normal t o  sur face,  rl i n .  

(c) Rake 3. sc = 58.6 in.; CP = -135O. 

Figure 18.- Total-temperature profiles at a = 0'. 
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. 01 
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Run 
0 3  
0 2  
0 1  

-0  

0 10 20 30 40 50 60 70 80 

s, in. 

(a )  Longitudinal pressure d is tr ibut ion.  cp = O o .  

1.0 

P - 
P, .1 

1 

. 01 
-180 - 90 0 90 180 

' P I  deg 

(b )  Circumferential pressure d is tr ibut ion.  s = 66.73 i n .  

Figure 19.- Surface-pressure repeatab i l i ty  for blunt cone a t  a = Oo 
for nose R-3 .  
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Run 
0 3  
0 2  
0 1  

4 
q, a ' -  
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.01 

1.0- 
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%@@8&4 8 g+ 0 8 f%l 

I I 1 I I 1 I 

Rake I; s = 23.5 in. 

.01 

A 
Rake 2: s = 47.0 in. 

-180 - 90 0 90 180 
C P I  deg 

(b) Circumferential heating distributions. s = 65.95 in. 

Figure 23.- Cold-wall heat-flux repeatability for blunt cone at a = 0' 
for nose R-3. NRe = 1.4 x 10 6 per foot. 
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0 Present data - Ref. 9 Ilarninar) 
- - Ref. 11 (turbulent) 

Ref. 15 llurbulentl 
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.01 -180 I -90 c p .  0 deg 90 180 

(b) a = O o ;  run 3. 

Figure 24.- Longitudinal and circumferential heating-rate distributions 6 at 
various angles of attack for nose R-3. NRe = 1.4 x 10 per foot. 
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F igure  24.- Concluded. 
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o Present data - Ref. 9 (laminar) 
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0-------- 
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(b) a = Oo; run 1 1 .  

Figure 25.- Longitudinal and circumferential heating-rate distributions 
for 12.5O cone frustum at various angles of attack for nose R-1 . 
NRe - 

6 - 1.4 x 10 per foot. 
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( c )  a = 2.5O; run 13. ( d )  a = 10'; run 14. 

Figure  25 .- Concluded. 
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