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ABSTRACT 

I n  a r o u n d - r o b i n   a b l a t i o n   s t u d y   m o n i t o r e d   b y   S t a n f o r d   R e s e a r c h  
I n s t i t u t e   i n  1 9 6 4 ,  T e f l o n   a n d   h i g h - d e n s i t y   p h e n o l i c - n y l o n   m o d e l s  were 
e v a l u a t e d   a t   v a r i o u s   e n t h a l p i e s   a n d   h e a t i n g   r a t e s   u n d e r   s u p e r s o n i c   c o n d i -  
t i o n s .   T h e   r e s u l t s   o f   t h a t   s t u d y ,   p u b l i s h e d   i n  NASA C o n t r a c t o r   R e p o r t  
C R - 3 7 9 ,  s h o w e d   t h a t   t h e   b e s t   d e s c r i p t i o n   o f   t h e  t e s t  e n v i r o n m e n t s   f o r  
t w e l v e   d i f f e r e n t   p l a s m a   a r c ' h e a t e r   f a c i l i t i e s   w a s   g i v e n  by t h e  s t a g n a t i o n  
p o i n t   h e a t i n g   r a t e ,   a n d   p r e s s u r e .   T h e   m a s s   l o s s   r a t e s   f r o m   a l l   f a c i l i t i e s  
c o u l d   b e   c o r r e l a t e d  i n  t e r m s   o f   t h e s e   p a r a m e t e r s   w i t h  a s t a n d a r d   d e v i a t i o n  
o f   a p p r o x i m a t e l y  11 p e r c e n t  f o r  b o t h  t h e  T e f l o n   a n d   p h e n o l i c - n y l o n   m a t e r i a l  

T h e  s e c o n d   p h a s e   o f  t h i s  s t u d y ,   d e s c r i b e d   i n   t h i s   r e p o r t ,   a l s o   i n v o l v e d  
t w e l v e   f a c i l i t i e s ,   m o s t   o f   t h e m   t h e   s a m e   a s  i n  t h e   f i r s t   p h a s e .   T h e   s a m e  
t w o   h i g h - d e n s i t y   m a t e r i a l s ,   T e f l o n   a n d   p h e n o l i c - n y l o n ,   w e r e   e v a l u a t e d   a t  
s t a g n a t i o n   p r e s s u r e s   u p   t o  1 0  a t m o s p h e r e s  f o r  t h e  f o r m e r   a n d  30 a t m o s p h e r e s  
f o r  t h e  l a t t e r .  The e f f e c t   o f   m o d e l   s i z e   w a s   a l s o   e v a l u a t e d   u s i n g   b o t h  
h e m i s p h e r i c a l   a n d   f l a t - f a c e d   T e f l o n   m o d e l s   h a v i n g   e f f e c t i v e   r a d i i   v a r y i n g  
f r o m   o n e - q u a r t e r   t o   f o u r  t imes  t h e  r a d i u s   u s e d   p r e v i o u s l y .   T h e   m a s s   l o s s  
r a t e s   a g a i n   c o r r e l a t e d   w i t h   t h e   r e s u l t s   f r o m  t h e  e a r l i e r   s t u d y ,   e x c e p t  
t h a t   h i g h - d e n s i t y   p h e n o l i c - n y l o n   m o d e l s   s h o w e d  a r a p i d   i n c r e a s e   i n   a b l a t i o n  
a b o v e  a s t a g n a t i o n   p r e s s u r e   o f   a b o u t  2 . 5  a t m o s p h e r e s .   T h e s e   h i g h e r   r a t e s  
w e r e   a l s o   c o r r e l a t e d ,   a n d   f o u n d   t o   a g r e e ,  w i t h  l i t e r a t u r e   d a t a   f o r   t h i s  
s a m e   p r e s s u r e   r e g i m e .  

F i v e  new l o w - d e n s i t y   r n a t e r i a l s - L a n g l e y   p h e n o l i c - n y l o n ,   H u g h e s  
p h e n o l i c - n y l o n ,   A v c o a t   e p o x y - n o v a l a c - f i l l e d   h o n e y c o m b ,   L a n g l e y   s i l i c o n e  
e l a s t o m e r ,   a n d   G e n e r a l   E l e c t r i c   s i l i c o n e   e l a s t o m e r - w e r e   a l s o   s t u d i e d  
i n   t h e   s e c o n d   p h a s e   a t   e n t h a l p i e s   f r o m  2500 t o  3 4 , 0 0 0  B t u / l b   a n d   s t a g n a -  
t i o n   p r e s s u r e s   f r o m  0 . 0 0 4  t o  2 a t m o s p h e r e s .   M a s s   l o s s   r a t e s ,   f r o n t  
s u r f a c e ,   a n d   i n t e r n a l   t e m p e r a t u r e s   w e r e   m e a s u r e d   f o r   t h e s e   m a + . e r i a l s .  

Mass l o s s  r a t e   c o r r e l a t i o n s   s i m i l a r   t o   t h o s e   d e v e l o p e d   i n   t h e   f i r s t  
p h a s e   o f   t h e   s t u d y  were s a t i s f a c t o r y   e x c e p t   f o r   t h e   s i l i c o n e   m a t e r i a l s ,  
wh ich  may s u g g e s t   t h a t   t h e   a b l a t i o n   m e c h a n i s m   v a r i e s   f o r   t h e s e   i n   t h e  
r a n g e   o f   c o n d i t i o n s   s t u d i e d .   D i m e n s i o n a l   a n a l y s i s   w a s   u s e d   t o   d e v e l o p  
new c o r r e l a t i o n s   f o r   i n t e r r e l a t i n g   f r o n t   s u r f a c e ,   i n t e r n a l   t e m p e r a t u r e  
r i s e ,   a n d  t e s t  e n v i r o n m e n t .   T h e   r e s u l t i n g   r e l a t i o n s   s h o w   t h a t   d a t a   f r o m  
t h e   v a r i o u s   f a c i l i t i e s   c o u l d   b e   s a t i s f a c t o r i l y   c o m p a r e d .  

i i i  
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C o n s t a n t - d i f f e r s   f o r   e a c h   a b l a t i o n   m a t e r i a l  

S e n s i n g   a r e a - f t  ’ 
N o z z l e   t h r o a t   a r e a - f t  

C o n s t a n t - d i f f e r s   f o r   e a c h   a b l a t i o n  m a t e r i a l  

C o n s t a n t - d i f f e r s   f o r   e a c h   a b l a t i o n   m a t e r i a l  

C o n s t a n t - d i f f e r s   f o r   e a c h   a b l a t i o n   m a t e r i a l  

C o n s t a n t - d i f f e r s   f o r   e a c h   a b l a t i o n   m a t e r i a l  

C o n s t a n t - d i f f e r s   f o r   e a c h   a b l a t i o n   m a t e r i a l  

H e a t   c a p a c i t y - B t u / l b O F *  

T e m p e r a t u r e   a v e r a g e d   h e a t   c a p a c i t y - B t u / l b ° F  

C o n s t a n t - v a r i e s   f o r   e a c h   a b l a t i o n  m a t e r i a l  

M o d e l   d i a m e t e r - f t  

C o n s t a n t - d i f f e r s   f o r   e a c h   a b l a t i o n   m a t e r i a l  

C o n s t a n t - d i f f e r s   f o r  e a c h  a b l a t i o n  m a t e r i a l  

C o n v e r s i o n   c o n s t a n t ” 2 l l h   l b   f o ; c e / f t ’  a t m  

C o n s t a n t - d i f f e r s   f o r  e a c h  a b l a t i o n   m a t e r i a l  

C o n s t a n t - d i f f e r s   f o r   e a c h   a b l a t i o n   m a t e r i a l  

G r a v i t a t i o n a l   c o n s t a n t - 3 2 . 1 7   l b   f t / l b   f o r c e   s e c ’  

E n t h a l p y   p o t e n t i a l   ( h ,  - h w ) - B t u / l b  

S t a g n a t i o n   e n t h a l p y   o f   g a s - B t u / l b  . 

T o t a l   s t r e a m   e n t h a l p y - B t u / l b  

W a l l   e n t h a l p y - B t u / l b  

H e a t   o f   d i s s o c i a t i o n - B t u / l b  

O v e r a l l   h e a t   o f   d e c o m p o s i t i o n - B t u / l b  

E f f e c t i v e   h e a t   o f   a b l a t i o n  = q c w / i t - B t u / l b  

C o n v e r s i o n   c o n s t a n t - 7 7 8   f t   l b   f o r c e / B t u  

2 

* 
\ h e n  t h e  symbol “ l b ”  i s  u s e d  w l t h o u t  t h e  m o d i f y i n g  word “ f o r c e ” ,  i t  a l w a y s  means  p o u n d  m a s s .  
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C a t a l y t i c   s u r f a c e   a c t i v i t y - c m y s e c  

C o n v e r s i o n   c o n s t a n t ,  see  e q u a t i o n  ( E - 3 B )  

C o n s t a n t - d i f f e r s   f o r   e a c h   a b l a t i o n  m a t e r i a l  

Mass l o s s  r a t e - l b / f t 2  sec  

M a s s   p y r o l y s i s  r a t e ,  s,ee e q u a t i o n   ( 1 9 ) - l b / f t 2   s e c  

T o t a l   m a s s   l o s s   r a t e - l b / f t 2   s e c  

M a s s   o f . c a l o r i m e t e r   s l u g - l b  

C o n s t a n t - d i f f e r s   f o r   e a c h   a b l a t i o n   m a t e r i a l  

Lewis Number 

P r a n d t l  Number 

P r e s s u r e - a t m  

R e s e r v o i r ,   a r c   c h a m b e r ,  o r  p l e n u m   p r e s s u r e - a t m  

M o d e l   s t a g n a t i o n   p r e s s u r e - a t m  

H e a t   t r a n s f e r   r a t e -   - B t u / f t  * s e c  

H e a t   t r a n s f e r   r a t e   t o   f u l l y   c a t a l y t i c   s u r f a c e - B t u / f t 2  s e c  

C o n s t a n t - d i f f e r s   f o r   e a c h   a b l a t i o n   m a t e r i a l  

M o d e l   r a d i u s - f t  

E f f e c t i v e   m o d e l   r a d i u s - f t ,  see  e q u a t i o n  ( 1 5 )  

R a d i u s   o f   f l a t - f a c e   c y l i n d e r - f t  

R a d i u s   o f   h e m i s p h e r i c a l   s h a p e - - f t  

C o n s t a n t - v a r i e s   f o r   e a c h   a b l a t i o n   m a t e r i a l  

P r o p o r t i o n a l i t y   c o n s t a n t   i n   F a y - R i d d e l l   r e l a t i ~ n - f t ' * ~  
s e c   a t m 0 * 5 / l b ,   s e e   e q u a t i o n  ( 5 )  

t Time-sec  

A t  Run   t ime- sec  

TF s M o d e l   f r o n t   s u r f a c e   t e m p e r a t u r e - - O F  o r  -OR 
Ar  T e m p e r a t u r e  rise--Op 

AT/& S l u g   t e m p e r a t u r e  r i s e  ra te - -OF/sec  

U C o n s t a n t - d i f f e r s   f o r   e a c h   a b l a t i o n   m a t e r i a l  

V C o n s t a n t - d i f f e r s   f o r   e a c h   a b l a t i o n   m a t e r i a l  

W C o n s t a n t - d i f f e r s  f o r  e a c h   a b l a t i o n   m a t e r i a l  
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P 

71 
A 

71 
P 

71 
4 

P 

P V R  

Cooling  water  flow rate-lb/sec 

Gas  mass  flow rate-lb/sec 

Weight  of  ablation  material  per  unit  area-lb/ft2,  see  equation (40) 

Linear  distance  from  original  model surface-in. 

Linear  measurement  along  the  model axis-ft 

Constant-differs  for  each  ablation  material ' 

Constant-differs f o r  each  ablation  material 

Constant-heat  necessary  to  raise  the.materia1 to  the 
ablation  temperature  and  to  decompose it-Btu/lb 

. .  

Transpiration  shielding  factor 

Total  surface  emissivity 

Viscosity-lb/ft  sec 

Dimensionless  group,  involvimg  char  failure  stress,  see 
equation ( 1 2 )  

Dimensionless  group,  involving  density,  see  equation (49) ' 

Dimensionless  group  based  on  Fay-Riddell  relation,  see 
, 

equation ( E - 7 )  

Dimensionless  group,  involving  enthalpy  potential,  see 
equation ( 2 9 )  

Dimensionless  group,  involving  mass  loss  rate,  see 
equation ( E - 4 )  

Dimensionless  group,  involving  stagnation  pressure 
see  equation ( E - 5 )  

Dimensionless  group,  involving  heat  transfer  rate,  see 
equation ( E - 6 )  

Dimensionless  group,  involving  front  surface  temperature, 
see  equation ( 4 1 )  

Dimensionless  group,  involving  exposure  time,  see 
equation (48) 

Dimensionless  group,  involving  internal  temperature  rise, 
see  equation ( 4 7 )  

Dimensionless  group,  involving  position in model, 
see  equation ( 4 6 )  . 

Density-lb/ft 

Density  of  virgin  ablation material-lb/ft I 

x i i i  



(7 Stefan-Boltzmann  constant= 4 . 7 6  x Btu/ft2  sec OR4 

$ ( N L , )  Function o f  the  Lewis  Number  for  the  gas,  see  equation ( E - 2 )  

r Mechanical  stress  on char-lb force/ft 
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03 

Average  value 

Char  surface  location 

Calculated  value 

Cha'r thickness 

Cold  wall  condition 

Instrument  supplied  by  facility 

Measured  value 

High-density  phenolic-nylon  material 

Char  recession 

Phase I round  robin 
Stagnation  condition 

Instrument  supplied  by SRI 
Teflon  material 

Refers to 1.25-in.-diameter,  flat-faced  models  tested  during 
Phases I and I1 round  robins 
Internal  temperature  rise  of 250°F 
Free  stream  condition 
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I I NTRODUCT I ON 

T h e   O f f i c e   o f   R e s e a r c h   G r a n t s   a n d   C o n t r a c t s ,   N a t i o n a l   A e r o n a u t i c s   a n d  

S p a c e   A d m i n i s t r a t i o n ,  ( N A S A ) ,  i n  1963 a s k e d   S t a n f o r d   R e s e a r c h   I n s t i t u t e   t o  

a c t   a s  a p r o g r a m   m a n a g e r   o n  a r o u n d - r o b i n  t e s t  s t u d y   t o   d e t e r m i n e   w h e t h e r  

' a b l a t i o n  t e s t s  o f   r e p r e s e n t a t i v e   m a t e r i a l s   a t   d i f f e r e n t   p l a s m a   a r c   h e a t e r  

f a c i l i t i e s   w o u l d   y i e l d   s e l f - c o n s i s t e n t   r e s u l t s .  

T h i s   w o r k   i n v o l v e d   d e f i n i t i o n   o f   t h e   e x t e n t   t o   w h i c h   r e a l i s t i c   e n -  . 
v i r o n m e n t a l   c o n d i t i o n s  a r e  s i m u l a t e d   b y   s u c h   d e v i c e s ;   c o n d u c t i o n   o f   c o m -  . 

p a r a t i v e   a b l a t i o n   t e s t s   o n   s t a n d a r d i z e d   m a t e r i a l s  a t  s e l e c t e d   o r g a n i z a t i p n s  

p o s s e s s i n g   s u i t a b l e   e q u i p m e n t ;   p r o v i s i o n   o f   t h e   s p e c i a l i z e d   i n s t r u m e n t a t i o n  

and  t e s t  m o d e l s   r e q u i r e d ;   . a n d   c o r r e l a t i o n   o f   t e s t   r e s u l t s   w i t h   a n a l y s e s   t o  

d e t e r m i n e   t h e   f e a s i b i l i t y   o f   d e v e l o p i n g  a s t a n d a r d i z e d   m e t h o d .  

T h e   t w e l v e   p a r t i c i p a t i n g   o r g a n i z a t i o n s ,   f i v e   g o v e r n m e n t   a n d   s e v e n  - 
i n d u s t r i a l ,   t e s t e d   o v e r   1 7 0   m o d e l s   a n d ,   i n   a d d i t i o n ,   p e r f o r m e d   n u m e r o u s  

c a l i b r a t i o n   e x p e r i m e n t s .   T h e   r e s u l t i n g   d a t a ,   p u b l i s h e d  i n  NASA C o n t r a c t o r  

R e p o r t  CR-379,l s h o w e d   t h a t  

1 .  A p r o c e d u r e  f o r  c o m p a r i n g   a b l a t i o n  t e s t  r e s u l t s   ( o n  a g i v e n  
m a t e r i a l )   a t   e a c h   s u p e r s o n i c   p l a s m a   a r c   h e a t e r   f a c i l i t y  i s  
f e a s i b l e   t h r o u g h   u s e   o f  a s t a n d a r d  mass l o s s  r a t e ,   h e a t i n g   r a t e  
( o r  c a l c u l a t e d   e n t h a l p y ) ,   a n d   s t a g n a t i o n   p r e s s u r e   c o r r e l a t i o n .  

2 .  T h e   a p p l i c a b i l i t y   o f   t h e   p r o c e d u r e   o u t s i d e  t h e  r a n g e   o f   m a t e r i a l s ,  
mode l  s i z e s ,  a n d   a r c   h e a t e r   o p e r a t i n g   c o n d i t i o n s   s t u d i e d   i n   t h e  . 

p r o g r a m   n e e d e d   f u r t h e r   i n v e s t i g a t i o n .  

T h e   p r o g r a m   w a s   s u b s e q u e n t l y   e x t e n d e d   t o   a s s e s s   t h e   v a l i d i t y   o f   t h e  

f i n d i n g s  o f  t h e   P h a s e  I s t u d y   a n d   t o   d e t e r m i n e   t h e i r   g e n e r a l i t y   b y   p r o v i d -  

i n g  a m o r e   d e t a i l e d   c o m p a r i s o n  o f  r e s u l t s  o v e r  a w i d e r   r a n g e  o f  a b l a t i o n  

v a r i a b l e s .   T h i s   i n v o l v e d   t h e   s t u d y  of more  s e v e r e  t e s t  c o n d i t i o n s ,   c h a n g e s  

i n   m o d e l   g e o m e t r y ,  new l o w - d e n s i t y , m a t e r i a l s ,   a n d   m o r e   e x t e n s i v e   m e a s u r e -  

m e n t s   o n   t h e   a b l a t i n g   m o d e l s .   T h u s ,   t h e   P h a s e  I1 r e s e a r c h ,   w h i c h   w a s  a l s o  

t o   i n v o l v e  a r o u n d   r o b i n ,   f e l l   n a t u r a l l y   i n t o   f o u r   m a j o r   c a t e g o r i e s - f a c i l i t y  

p a r a m e t e r s ,   m o d e l   p a r a m e t e r s ,   m e a s u r e m e n t s ,   a n d   a n a l y s i s   o f   r e s u l t s .   M o r e  

s p e c i f i c a l l y ,   t h e   f o l l o w i n g   s t u d i e s  we.re t o   b e   c o n s i d e r e d :  
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1. F a c i l i t y   P a r a m e t e r s  

a .   H i g h e r   s t a g n a t i o n   p r e s s u r e s  
b .  U n i f o r m l t y  o f  p l a s m a   s t r e a m  

2 .  M o d e l   P a r a m e t e r s  

a .   G e o m e t r y  
b .  New m a t e r i a l s  

3 .  M e a s u r e m e n t s  

a .  F r o n t  s u r f a c e   t e m p e r a t u r e  
b .   I n t e r n a l   t e m p e r a t u r e  r i s e  
c .  Mass a n d   l e n g t h   c h a n g e s  
d .  C h a r   b e h a v i o r  

4. A n a l y s i s   o f   R e s u l t s  

a .  C o m p a r i s o n  o f  m e a s u r e m e n t   t e c h n i q u e s  
b .  C o r r e l a t i o n   o f   d a t a  
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I I SUMMARY 

T h e   a b l a t i o n   c o n d i t i o n s   s t u d i e d   i n   P h a s e  I w i t h   t h e   h i g h - d e n s i t y  

T e f l o n   ( T I *   a n d   p h e n o l i c - n y l o n  ( P )  m a t e r i a l s  were e x t e n d e d   t o   h i g h e r  

s t a g n a t i o n   p r e s s u r e s   a n d  t o  m o d e l s   o f   d i f f e r e n t   s h a p e s   a n d   d i m e n s i o n s .  

I n   a d d i t i o n ,   f i v e  new l o w - d e n s i t y   m a t e r i a l s  were e v a l u a t e d   d u r i n g   P h a s e  I 1  
o f   t h e   r o u n d   r o b i n ,   a n d   m o r e   e x t e n s i v e   f r o n t   s u r f a c e   a n d   i n t e r n a l   t e m p e r a -  

t u r e   m e a s u r e m e n t s  were m a d e   w i t h   t h e   m o d e l s .   T h e   n e w   m a t e r i a l s  were 

0 L a n g l e y   p h e n o l i c   n y l o n   ( I ' L L ) ,   d e n s i t y  = 3 5 . 5  l b / f t 3  

0 H u g h e s  p h e n o l i c -   n y l o n   ( P L H ) ,   d e n s i t y  = 3 5 . 7   1 b / f t 3  

0 A v c o a t   e p o x y - n o v a l a c - f i l l e d   h o n e y c o m b   ( A ) ,   d e n s i t y  = 3 1   l b / f t 3  

0 L a n g l e y   s i l i c o n e   e l a s t o m e r  ( S P ) ,  d e n s i t y  = 3 3 . 5   l b / f t  

0 G e n e r a l   E l e c t r i c   s i l i c o n e   e l a s t o m e r  ( S G ) ,  d e n s i t y  = 3 6 . 8   1 b / f t 3  

I n s o f a r   a s   p o s s i b l e   t h e   s a m e  t e s t  f a c i l i t i e s  were u s e d   i n   t h e  new 

p r o g r a m .   S e v e r a l  new o r g a n i z a t i o n s   w e r e   a d d e d  t o  r e p l a c e   t h o s e   w h i c h   c o u l d  

n o t   b e   u s e d   a n d   t o   p r o v i d e   c a p a b i l i t i e s   a t   h i g h e r  t e s t  p r e s s u r e s  o r  l a r g e r  

m o d e l   d i m e n s i o n s .   T h e   t w e l v e   p a r t i c i p a n t s ,   s i x   g o v e r n m e n t   a n d   s i x   i n d u s -  

t r i a l ,   f i n a l l y   c h o s e n  were 

1. G a s  D y n a m i c s   B r a n c h ,  Ames Resea rch   Cen te r -NASA 

2 .  M a g n e t o   P l a s m a   D y n a m i c s   B r a n c h ,  A m e s  Resea rch   Cen te r -NASA 

3 .   A p p l i e d   M a t e r i a l s   a n d   P h y s i c s   D i v i s i o n ,   L a n g l e y   R e s e a r c h   C e n t e r -  

t 

N A S A  t 

4 .  E n t r y   S t r u c t u r e s   B r a n c h ,   L a n g l e y   R e s e a r c h   C e n t e r - N A S A  t 

5 .  M a n n e d   S p a c e c r a f t   C e n t e r ,   S u b s o n i c   F a c i l i t y - N A S A +  

6 .  M a n n e d   S p a c e c r a f t   C e n t e r ,   S u p e r s o n i c   F a c i l i t y - N A S A  

7 .  A e r o t h e r m   C o r p o r a t i o n  

8 .  AVCO C o r p o r a t i o n  

9 .  G i a n n i n i   S c i e n t i f i c   C o r p o r a t i o n  

t 

t 

1 0 .   M a r t i n   C o m p a n y t  

SRI d e s i g n a t e d   c o d e  f o r  t h e s e   m a t e r i a l s .  

P a r t i c i p a n t   i n  Phase I round r o b i n  
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11. S p a c e   G e n e r a l   C o r p o r a t i o n  

1 2 .  C o r n e l 1   A e r o n a u t i c a l   L a b o r a t o r y ,   I n c .  

C a l o r i m e t e r s   a n d   a b l a t i o n   m o d e l s ,   s o m e   i n s t r u m e n t e d   w i t h   i n t e r n a l  

t h e r m o c o u p l e s ,  were s u p p l i e d   t o   e a c h   p a r t i c i p a n t   f o r   u s e   i n   t h e   r o u n d -  

r o b i n  t e s t  p r o g r a m .   R a d i o m e t e r s  were a l s o   s u p p l i e d   f o r   d e t e r m i n i n g   f r o n t  

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

f a c i l i t y  w a s   a s k e d   t o   m a k e  a h e a t i n g   r a t e   a n d   s t a g n a t i o n   p r e s s u r e   t r a v e r s e  

o f   t h e   p l a s m a   s t r e a m .   T h e   r e s u l t s   s h o w e d   t h a t  a l l  t h e  t e s t  f a c i l i t i e s  

e x h i b i t e d   s o m e   n o n u n i f o r m i t y   o f   t h e   s t r e a m ,  w i t h  “ c o r i n g ”   o c c u r r i n g  i n  

s e v e r a l   c a s e s .   H o w e v e r ,   t h e   d e g r e e   o f   u n i f o r m i t y  i n  t h e   r e g i o n   o f   t h e   m o d e l  

was s a t i s f a c t o r y  i n  m o s t   c a s e s .  

. T h e  SRI a n d   f a c i l i t y   c a l o r i m e t e r s  when  compared i n  t h e  t e s t  e n v i r o n -  

m e n t   h a d  a s t a n d a r d   d e v i a t i o n   o f  1 2  p e r c e n t ,   w h i c h  i s  s l i g h t l y   b e t t e r   t h a n  

t h a t   f o u n d  i n  t h e  P h a s e  I r o u n d   r o b i n .  A s  i n  t h e  e a r l i e r  s t u d y ,  i t  was 

o b s e r v e d   t h a t  when t h e   p l a s m a   f l o w   t h r o u g h   t h e   s u p e r s o n i c   n o z z l e  i s  f a r  

r e m o v e d   f r o m   e q u i l i b r i u m ,   s u c h   a s  w i t h  h i g h   e x p a n s i o n   r a t i o s  o r  v e r y   l o w  

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

t h e   m e a s u r e d   h e a t i n g   r a t e .  

C o m p a r i s o n   o f   t h e   m e a s u r e d   e n t h a l p y   t o   t h a t   c a l c u l a t e d   f r o m  t h e  h e a t i n g  

r a t e   a n d   s t a g n a t i o n   p r e s s u r e ,   t h r o u g h   t h e   F a y - R i d d e l l   r e l a t i o n ,   w a s   n o t  

s a t i s f a c t o r y .  As i n   t h e   P h a s e  I s t u d y ,   t h o s e   f a c i l i t i e s   h a v i n g   q u i t e  

u n i f o r m   s t r e a m   t r a v e r s e s   s h o w e d   g o o d   a g r e e m e n t   b e t w e e n   t h e  two v a l u e s ,  

i n d i c a t i n g   t h a t   i n   t h o s e   c a s e s   t h e   c e n t e r - l i n e   e n t h a l p y  i s  p r o b a b l y   c l o s e  

t o   t h e   a v e r a g e   e n t h a l p y   b y   t h e   e n e r g y   b a l a n c e   m e t h o d .   S t r e a m   e n t h a l p y  i s  

a m o s t   i m p o r t a n t   v a r i a b l e  i n  m a t e r i a l   a b l a t i o n   s t u d i e s ,   y e t  i t  i s  t h e   m o s t  

d i f f i c u l t   t o   m e a s u r e   a c c u r a t e l y .  

The p r i m a r y   m e a s u r e m e n t s   m a d e   o n  t h e  m o d e l s   w e r e   w e i g h t   l o s s ,   r e c e s -  

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

t e m p e r a t u r e .   T h e s e   d a t a ,   a l o n g  w i t h  h e a t i n g   r a t e ,   s t a g n a t i o n   p r e s s u r e ,  

a n d   e n t h a l p y ,  were t h e   i n p u t s   f o r   c o r r e l a t i o n   o f   t h e   d a t a .  

I n i t i a l   i n t e r p r e t a t i o n   i n v o l v e d   f u r t h e r   e v a l u a t i o n   o f   t h e   d a t a   f r o m  

t h e   P h a s e  I r o u n d   r o b i n .   D i m e n s i o n a l   a n a l y s i s   s u g g e s t e d   t h e   f o l l o w i n g  

d i m e n s i o n l e s s   r e l a t i o n ,   i n v o l v i n g   g r o u p s   p r o p o r t i o n a l   t o   m a s s  l o s s  r a t e ,  

i t ,  h e a t i n g   r a t e ,  ; Icw,  a n d   s t a g n a t i o n   p r e s s u r e ,  P t 2 ,  a n d   a l s o   c o n t a i n i n g  

t h e   e f f e c t i v e   r a d i u s   o f   t h e   m o d e l ,  R e f f ,  a n d   t h e   o v e r a l l   h e a t   o f   d e c o m -  

p o s i t i o n ,  AH,, f o r   e a c h   m a t e r i a l :  
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I n   t h e   a b s e n c e  o f  a m e a n s   t o   d e t e r m i n e  AHD i n d e p e n d e n t l y ,   t h e   d i m e n -  

s i o n l e s s   c o r r e l a t i o n   w a s   e x p a n d e d   i n t o  a d i m e n s i o n a l   f o r m   s i m i l a r   t o   t h o s e  

d e s c r i b e d   i n   t h e   P h a s e  I r e p o r t  (NASA R e p o r t  No. C R - 3 7 9 ) ,  n a m e l y ,  

A c o n s i d e r a b l e   a m o u n t   o f   s u p e r s o n i c   a r c - j e t  t e s t  d a t a   o n   T e f l o n   a n d  

h i g h - d e n s i t y   p h e n o l i c - n y l o n   m a t e r i a l s  i s  a v a i l a b l e   i n   t h e   l i t e r a t u r e .  

I n c l u s i o n   o f   t h e s e   d a t a   f o r   T e f l o n ,   a l o n g   w i t h   t h e   P n a s e  I r o u n d - r o b i n  

r e s u l t s ,   l e a d s ,   b y   r e g r e s s i o n   a n a l y s i s ,  t o  t h e   f o l l o w i n g   v a l u e s   o f   b ,   n ,  

a n d  m :  

(it),,. = 0.0046(Reff)-0.21(q cw ) 0 * 5 5 ( P  ) 0 * 2 4  
t 2  

w i t h  a s t a n d a r d   d e v i a t i o n   o f  1 0  p e r c e n t .  P'or h i g h - d e n s i t y   p h e n o l i c - n y l o n ,  

t h e   r e l a t i o n  i s  

w i t h  a s t a n d a r d   d e v i a t i o n   o f  1 0  p e r c e n t .  

T h e  r e s u l t s  o f   t h e   P h a s e  1 1 ,  h i g h   s t a g n a t i o n   p r e s s u r e   e x p e r i m e n t s  

w e r e   i n t e r p r e t e d   i n  terms o f   t h e   a b o v e   d i m e n s i o n a l   c o r r e l a t i o n s .   T h e  

T e f l o n   d a t a  were f o u n d   t o   f i t   t h e   r e l a t i o n   u p  t o  t h e   h i g h e s t   p r e s s u r e   u s e d ,  

33 a t m .  On t h e   o t h e r   h a n d ,  a t  s t a g n a t i o n   p r e s s u r e s   a b o v e  2 . 7  a t m ,   t h e  

h i g h - d e n s i t y   p h e n o l i c - n y l o n   d a t a   s h o w e d   h i g h e r   m a s s   l o s s   r a t e s   t h a n   p r e -  

d i c t e d  by t h e   a b o v e   r e l a t i o n .   T h e s e   p h e n o l i c - n y l o n   d a t a ,   p l u s  l i t e r a t u r e  

d a t a   o b t a i n e d   u n d e r   s i m i l a r   c o n d i t i o n s ,   f i t  a s e c o n d   c o r r e l a t i o n :  

w h e r e  r i s  t h e   m e c h a n i c a l  s t r e s s ,  i n   p o u n d s   f o r c e   p e r   s q u a r e   f o o t ,   a t   w h i c h  

f a i l u r e   o f   t h e   c h a r   o c c u r s .   T h i s   r e l a t i o n ,   d e r i v e d   b y   d i m e n s i o n a l   a n a l y s i s ,  

p e r m i t s   d e t e r m i n a t i o n   o f r   f r o m   t h e   i n t e r c e p t  o f  t h e   n e w   c o r r e l a t i o n   l i n e .  
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The  s t r e s s  o f  t h e   c h a r   a t   f a i l u r e   w a s   f o u n d   t o   b e  5610 l b   f o r c e / f t . 2  

T h i s   a s s u m p t i o n   o f   c h a r   f a i l u r e   a p p e a r s   v a l i d   s i n c e   t h e   h i g h - d e n s i t y  

p h e n o l i c - n y l o n   m o d e l s   s h o w e d   a l m o s t   n o   c h a r   a f t e r   e x p o s u r e   t o   t h e   h i g h  

s t a g n a t i o n   p r e s s u r e   e n v i r o n m e n t s   a n d   t h u s   h a d   r e d u c e d   t h e r m a l   p r o t e c t i o n  

A l i m i t e d   n u m b e r   o f   s t u d i e s   w e r e p e r f o r m e d u s i n g   v a r i a b l e   r a d i i   m o d e l s a n d  

c a l o r i m e t e r s .   T h e   h e a t   t r a n s f e r   d a t a   s h o w e d t h e   p r o p e r   i n v e r s e   r e l a t i o n s h i p  

w i t h   s q u a r e   r o o t   o f   c a l o r i m e t e r   s h r o u d   r a d i i .   T h e   m a s s   l o s s d a t a   a l s o   s h o w e d  

t h e   p r o p e r   e f f e c t   o f   r a d i u s   b u t   e x h i b i t e d   g r e a t e r   s c a t t e r   t h a n   f o r   t h e   s t a n d a r d  

m o d e l s .   P l a s m a   c o r i n g   a n d s t r e a m   b l o c k a g e  may b e   p a r t i a l l y   r e s p o n s i b l e .  

T h e   l o w - d e n s i t y  m a t e r i a l s  a b l a t e d   s o m e w h a t   d i f f e r e n t l y   i n  terms o f  

c h a r   a p p e a r a n c e .   W i t h   t h e   l o w - d e n s i t y   p h e n o l i c - n y l o n   m a t e r i a l s   t h e   c h a r  

w a s   c r a c k e d   w i t h  a c o l u m n a r   s t r u c t u r e   o r i e n t e d   p a r a l l e l   t o  t h e  d i r e c t i o n  

o f   a b l a t i o n .   T h e   s i l i c o n e   c h a r s   h a d   t w o   t y p e s   o f   a p p e a r a n c e .  A t  l ow 

h e a t   f l u x e s ,   t h e y  were b l a c k ,   b u t   a t   h i g h e r   h e a t i n g   r a t e s   t h e   s u r f a c e  

showed a g r e y ,   f u s e d ,   i n o r g a n i c   c o a t i n g ,   a p p a r e n t l y   d u e   t o   t h e   f o r m a t i o n  

L‘ SiO,. T h e   A v c o a t   c h a r s   u s u a l l y   h a d  a d e p r e s s i o n   i n   t h e   h o n e y c o m b   f i l l e r  

m a t e r i a l ,   w i t h   t h e  web b e i n g   s l i g h t l y   r a i s e d   a n d  w i t h  f u s e d   d r o p l e t s   o f  

i n o r g a n i c   m a t e r i a l   a t   t h e   m o d e l   p e r i p h e r y .  

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

t h a n   t h o s e   o f   t h e   h i g h - d e n s i t y   m a t e r i a l s .   T h i s  i s  a l s o  t r u e  o f   t h e  

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

t o   m e a s u r e .  

T h e  m a s s  l o s s   r a t e   d a t a   f o r   t h e   f i v e   l o w - d e n s i t y   m a t e r i a l s   a l l   s h o w e d  

t h e   s a m e   f o r m   o f   c o r r e l a t i o n   a s   f o r   t h e   h i g h - d e n s i t y   m a t e r i a l s ,   n a m e l y ,  

T h e   e f f e c t i v e   r a d i u s  term h a s   b e e n   c o m b i n e d   w i t h  b i n   t h i s   c a s e   a n d  

r e p l a c e d   b y   “ a ”   s i n c e   n o   p l a n n e d   s t u d i e s   o f   t h e s e   m a t e r i a l s  were made 

w i t h   v a r y i n g   r a d i i   m o d e l s .   T h e   v a l u e s   o f   t h e   c o n s t a n t s   a r e  

STANDARD 
PERCENT 

MATERIAL a n m DEVIATION 
”- 

PI .I, 
PLH 

0.0047 0.36 0.26 15  
0.0039 0.36 0.19 14 

A 0.0036 0.47 0.33 16 
SP 0.00032 0.81 0.19  24 
SG 0.00019 1.03 0.28 36 
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N o t e   t h a t   t h e   s t a n d a r d   d e v i a t i o n  i s  h i g h e r   t h a n   t h a t   f o u n d  f o r  t h e   h i g h -  

d e n s i t y   m a t e r i a l s   i n   t h e   P h a s e  I r o u n d   r o b i n   o w i n g   t o  t h e  m o r e   d i f f i c u l t  

c h a r   m e a s u r e m e n t s .   T h e   c o r r e l a t i o n s   f o r   t h e   s i l i c o n e   m a t e r i a l s   a r e   p a r t i c -  
u l a r l y   p o o r ,   s u g g e s t i n g   t h a t   t h e   m e c h a n i s m s   o f   a b l a t i o n  may v a r y   i n   t h e  

r a n g e   o f   c o n d i t i o n s   s t u d i e d .   T h e r e f o r e ,  l e s s  c r e d e n c e   s h o u l d   b e   g i v e n   t o  

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

c o r r e l a t e   m a s s   l o s s   r a t e s   w i t h   o t h e r   v a r i a b l e s   w e r e   n o   m o r e   s u c c e s s f u l .  

F r o n t   s u r f a c e   t e m p e r a t u r e ,   a s   m e a s u r e d   w i t h   f a c i l i t y   o p t i c a l   p y r o m -  

e t e r s ,  c o r r e l a t e d  wel l  w i t h   p y r o l y s i s   r a t e   a n d   s t a g n a t i o n   p r e s s u r e ,   t h u s  

T h e   v a l u e s  o f  t h e   c o n s t a n t s   a r e  

STANDARD 
PERCENT 

MATER1 AL a V W DEVIATION 
"" 

PLH 
PLL 10,980  0 .031  0 .21   5  

10,710  0.044 0.20 
A 

6 
10,040 0.039  0.18 

SP 
6 

SG 
7,660  0.012  0.16  4 
5,210  0.028  0.072  5 

T h i s   r e l a t i o n  was  d e r i v e d  by d i m e n s i o n a l   a n a l y s i s   a n d   t h e n   e x p a n d e d   i n t o  

t h e  a b o v e   f o r m .  

T h e   i n t e r n a l   t e m p e r a t u r e   p r o f i l e s  were c o r r e l a t e d  i n  terms o f  h e a t i n g  

r a t e   a n d   s t a g n a t i o n   p r e s s u r e  by a d d i n g   t h e   p o s i t i o n   a n d  t ime a t  w h i c h  

a g i v e n   t e m p e r a t u r e   r i s e   o c c u r s .   T h e   c o r r e l a t i o n  i s  

T h e   v a l u e s   o f   t h e   c o n s t a n t s  a r e  

STANDARD 
PERCENT 

MATERIAL a b C d e DEVIATION 
""P 

PLL 0.034  0.053  0.30  0.63  -0.28 
PLH 0.056  0.035  0.15  0.58  -n.24 

13 
9 

A 0.037  0.018  0.27 0.60 -0.26 
sp 0.072  0.022  0.18  0.52 -0.30 

14 

SG 0.12  0 .031  0 .098  0 .54  -0 .28 
12 
8 
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a n d   t h e   c o n s t a n t s  a r e  

STANDARD 
PERCENT 

MATERIAL a b C d DEVIATION 
" " 

PLL 
PLH 0.017 0 .079  0 . 1 4  0.60 5 

0.014 0 . 0 8 3   0 . 1 8   0 . 6 1  8 

A 
SP 0.0082  0.016 0 . 2 6  0 . 5 4  9 

0.023 0.105 0 . 1 5   0 . 6 2  6 

SG 0.033 0 . 0 6 5  0.046 0 .55  2 

B o t h   o f   t h e   t e m p e r a t u r e  r i s e  c o r r e l a t i o n s  were d e r i v e d   b y   d i m e n s i o n a l  

a n a l y s i s .  

T h e   d a t a   o b t a i n e d   f o r   t h e   l o w - d e n s i t y  m a t e r i a l s  c a n   b e   u s e d  t o  

c o m p a r e   t h e i r   a b l a t i o n   p e r f o r m a n c e .  F o r  e n v i r o n m e n t s   l e a d i n g   t o   l o w  

f r o n t   s u r f a c e   t e m p e r a t u r e s ,   t h e   s i l i c o n e   m a t e r i a l s   s h o w   t h e  l o w e s t  mass 

l o s s  r a t e s .   H o w e v e r ,   a t   h i g h   f r o n t   s u r f a c e   t e m p e r a t u r e s ,   t h e   s i l i c o n e s  

p e r f o r m   m u c h  more p o o r l y   t h a n  t h e  l o w - d e n s i t y   p h e n o l i c - n y l o n   m a t e r i a l s .  

T h i s   m a r k e d   d i f f e r e n c e   u n d o u b t e d l y   r e l a t e s   t o   t h e   c h e m i c a l   r e a c t i o n s   i n -  

v o l v i n g   s i l i c o n ,   o x y g e n ,   a n d   c a r b o n .   B e l o w   t h e   m e l t i n g   p o i n t   o f   s i l i c a ,  

t h e   s u r f a c e  i s  p r o t e c t e d   b y   t h i s   m a t e r i a l   a n d  some s i l i c o n   c a r b i d e .  

A b o v e   t h e   m e l t i n g   p o i n t ,   h o w e v e r ,   t h e  s i l i c a  r e a c t s   w i t h   c a r b o n  t o  f o r m  

c a r b o n   m o n o x i d e   a n d   s i l i c o n   m o n o x i d e   w h i c h  a r e  r a p i d l y   l o s t  a s  vap0r . s .  

T h i s   c h a n g e   i n   a b l a t i o n   m e c h a n i s m   u n d o u b t e d l y   c a u s e s   t h e   d i f f i c u l t i e s   i n  

c o r r e l a t i n g   t h e   s i l i c o n e  mass  l o s s  d a t a .   T h e   i n t e r n a l   t e m p e r a t u r e  r i s e s  

s h o w   t h a t   t h e   b e s t   i n s u l a t o r ,   o n   b o t h  a v o l u m e   a n d  a w e i g h t   b a s i s ,  i s  t h e  

L a n g l e y   l o w - d e n s i t y   p h e n o l i c - n y l o n .  

a 
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I I I E X P E R  I M E N T A L   P R O G R A M  

T h e   P h a s e  I1 r o u n d - r o b i n   s t u d y  was o r g a n i z e d   a n d   u n d e r t a k e n   i n  a 

v e r y   s i m i l a r   m a n n e r  t o  t h e   P h a s e  I p r o g r a m .   T h e   f o l l o w i n g   s e c t i o n s   d e -  

s c r i b e   t h e   s t u d y   i n  more d e t a i l .  

A .  S c o p e   a n d   P a r t i c i p a n t s  

T h e  t e s t  e n v i r o n m e n t s ,   m o d e l   r e s p o n s e s ,   a n d   a b l a t i o n   m a t e r i a l s  t o  b e  

s t u d i e d   a r e   o u t l i n e d   i n   t h e   s c o p e .   C h o i c e   o f   t h e   o r g a n i z a t i o n s   t o   p a r t i c -  

i p a t e   i n   t h e   r o u n d   r o b i n  were b a s e d  o n  s o m e w h a t   s i m i l a r  c r i t e r i a  t o   t h o s e  

u s e d   i n   t h e   e a r l i e r   s t u d y .  

1.  S c o p e   o f   P r o g r a m  

R e p r e s e n t a t i v e s   o f   t h e  Ames R e s e a r c h   C e n t e r ,   L a n g l e y   R e s e a r c h   C e n t e r ,  

M a n n e d   S p a c e c r a f t   C e n t e r ,  J e t  P r o p u l s i o n   L a b o r a t o r y ,   A d v a n c e d   R e s e a r c h   P r o -  

g r a m s   O f f i c e   o f  NASA, a n d   S t a n f o r d   R e s e a r c h   I n s t i t u t e  met e a r l y   i n   t h e   P h a s e  I1 
p r o g r a m   t o   d e t e r m i n e   t h e  t e s t  c o n d i t i o n s ,   m o d e l   d i m e n s i o n s ,   a n d   m a t e r i a l s   t o   b e  

e v a l u a t e d .  I t  w a s   a g r e e d   t h a t   t h r e e   s e p a r a t e   a r e a s   s h o u l d   b e   s t u d i e d   i n   t h e  

n e w   p r o g r a m ,  a s  f o l l o w s :  

1. E x t e n s i o n   o f   p r e v i o u s  t e s t  c o n d  

2 .  V a r i a t i o n   f r o m   p r e v i o u s   m o d e l  d 

i t i o n s  

i m e n s i o n s  

3 .  A d d i t i o n   o f  new l o w - d e n s i t y   m a t e r i a l s  

I n   t h e   f i r s t   a r e a ,   t h e   m a j o r   i n t e r e s t   w a s   i n   i n c r e a s e d   s t a g n a t i o n  

p r e s s u r e s .   I n   o r d e r   t o   m i n i m i z e   c h a n g e s   i n   o t h e r   v a r i a b l e s ,   m o d e l   d i m e n -  

s i o n s  were k e p t   t h e   s a m e  a s  i n   P h a s e  I ,  a n d   t h e   s a m e   m a t e r i a l s  were u s e d  

f o r   t h e   s t u d y ,   n a m e l y ,  

0 T e f l o n ,   t y p e  TFE 7 ,  w h i t e   v a r i e t y ,   d e n s i t y  = 1 3 5 . 6  l b / f t 3  

P h e n o l i c - n y l o n  ( S O - S O % ) ,  d e n s i t y  = 7 4 . 3  l b / f t 3  

,I 

T h e   s e c o n d   a r e a   i n v o l v e d   c h a n g e s   i n   e f f e c t i v e   d i a m e t e r ,   a n d   b o t h  

l a r g e r   a n d  s m a l l e r  [ m o d e l s   t h a n   u s e d   p r e v i o u s l y  were c o n s i d e r e d .  T e s t  
c o n d i t i o n s  were k e p t   t h e   s a m e  a s  i n   P h a s e  I ,  a n d   T e f l o n   w a s   u s e d  a s  o n e  

o f   t h e   m a t e r i a l s .   H o w e v e r ,   b e c a u s e  o f  a n   i n s u f f i c i e n t   q u a n t i t y   o f  
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h i g h - d e n s i t y   p h e n o l i c - n y l o n   p o l y m e r  f rom t h e   p r e v i o u s   p r o g r a m ,  a low- 

d e n s i t y   v e r s i o n  was u s e d   i n s t e a d ,   n a m e l y ,  

0 L o w - d e n s i t y   p h e n o l i c - n y l o n   ( H u g h e s  5 ) ,  d e n s i t y  = 3 5 . 7  l b / f t 3  

T h e   m a j o r   p u r p o s e   o f   t h e   t h i r d   a r e a  o f  t h e   p r o g r a m  was t o   c o m p a r e  

z e r t a i n   l o w - d e n s i t y ,   c h a r r i n g   a b l a t o r s .  Fo r  t h i s   r e a s o n ,  t e s t  c o n d i t i o n s  

3 n d   m o d e l   d i m e n s i o n s  were k e p t   t h e   s a m e  a s  i n   P h a s e  I ,  b u t   m o r e   e x t e n s i v e  

n e a s u r e m e n t s  were t a k e n   o n   t h e   m o d e l s .   I n   a d d i t i o n   t o   t h e   H u g h e s   l o w - d e n s i t y  

I h e n o l i c - n y l o n   ( n o t e d   a b o v e ) ,   t h e   n e w   m a t e r i a l s   i n v o l v e d  were 

0 L o w - d e n s i t y   p h e n o l i c - n y l o n   ( L a n g l e y   S c o u t  R/4B)  
d e n s i t y  = 3 5 . 5  l b / f t 3  

0 E p o x y - n o v a l a c - f i l l e d   h o n e y c o m b   ( A v c o a t   5 0 2 6 - 3 9  HC/G) 
d e n s i t y  = 31 l b / f t 3  

0 S i l i c o n e   e l a s t o m e r   ( L a n g l e y   M o d i f i e d   P u r p l e   B l e n d   E 4 A 1 )  
d e n s i t y  = 3 3 . 5  l b / f t 3  

0 S i l i c o n e   e l a s t o m e r   ( G . E .  ESM 1 0 0 4 A P ) ,   d e n s i t y  = 3 6 . 8   l b / f t 3 .  

P h a s e  I1  o f   t h e   r o u n d   r o b i n   t h u s   c o n s i s t e d   o f   t h e   e x p o s u r e   o f   t h e   a b o v e  

~ o d e l s   u n d e r   t h e   a p p r o p r i a t e   c o n d i t i o n s  a t  v a r i o u s   a r c - h e a t e d   p l a s m a  j e t  f a c i l -  

. t i e s .  T h e   p a r t i c i p a n t s   s u p p l i e d   i n f o r m a t i o n   a b o u t  t e s t  c o n d i t i o n s   a n d   t h e  

[ n s t i t u t e   m e a s u r e d   t h e   p h y s i c a l   a n d   c h e m i c a l   c h a n g e s   i n   t h e   m o d e l s .  

2 .   S e l e c t i o n   o f   P a r t i c i p a t i n g   O r g a n i z a t i o n s  

S e v e r a l   f a c t o r s   g o v e r n e d t h e   s e l e c t i o n   o f   s u p e r s o n i c   t e s t i n g   f a c i l i t i e s   t o  

I a r t i c i p a t e   i n   t h e   n e w   r o u n d - - r o b i n   p r o g r a m .   T h e s e  were: ( 1 )   t h a t   t h e  t e s t  m o d e l s  

: o u l d   b e   a c c o m o d a t e d i n t h e   p l a s m a   s t r e a m ,   ( 2 )   t h a t   t h e   f a c i l i t y   o p e r a t e   i n   t h e  

- a n g e  o f  t e s t  c o n d i t i o n s   d e s i r e d ,   a n d   ( 3 )   t h a t   i n s o f a r   a s   p o s s i b l e   t h e   f a c i l i t i e s  

 sed were e i t h e r   p a r t i c i p a n t s   i n   t h e   P h a s e  I r o u n d   r o b i n  o r  w o u l d   b r i n g   a n e w  

: a p a b i l i t y   t o   t h e   s t u d y .  

A l l  t w e l v e  o f  t h e   o r g a n i z a t i o n s   u s e d   i n   t h e   P h a s e  I r o u n d   r o b i n  were 

: o n t a c t e d   a n d   a s k e d   t o   i n d i c a t e   t h e i r   i n t e r e s t   i n   f u r t h e r   w o r k .   L a c k  o f  

f a c i l i t y  time o r  h i g h   p r e l i m i n a r y   c o s t  e s t i m a t e s  e l i m i n a t e d   f i v e   o f   t h e  

; w e l v e .  O t h e r   o r g a n i z a t i o n s  were t h e n   c o n t a c t e d   a n d   t h e i r   f a c i l i t i e s  

~ s s e s s e d ,   u s i n g   t h e  c r i t e r i a  m e n t i o n e d   i n   . t h e   P h a s e  I r e p o r t .   I n s p e c t i o n  

; r i p s  were made t o   t h e  new f a c i l i t i e s .  
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I 

Of p a r t i c u l a r   i n t e r e s t   w a s   t h e   a b i l i t y   o f   s u p e r s o n i c   p l a s m a   a r c  j e t s  

t o  t e s t  m o d e l s   a s   l a r g e   a s  5 i n c h e s   i n   d i a m e t e r  o r  a t   s t a g n a t i o n   p r e s s u r e s  

up  t o  30 a t m .   T h e s e   f a c i l i t i e s   w o u l d   b e   u s e d   t o   e x t e n d   t h e   P h a s e  I s t u d i e s  

o n   T e f l o n   a n d   h i g h - d e n s i t y   p h e n o l i c - n y l o n   m a t e r i a l s .  

As i n   t h e   P h a s e  I r o u n d   r o b i n ,   a v a i l a b i l i t y   o f   f u n d s   d e t e r m i n e d   t h e  

n u m b e r   o f   c o m m e r c i a l   p a r t i c i p a n t s .  Two o f   t h e s e   h a d   h i g h   s t a g n a . t i o n  

p r e s s u r e   c a p a b i l i t i e s  (AVCO C o r p o r a t i o n   a n d   C o r n e l l   A e r o n a u t i c a l   L a b o r a -  

t o r y ) ,  a n d   o n e   h a d  a c a p a b i l i t y   f o r   t e s t i n g   l a r g e   m o d e l s   ( M a r t i n   C o m p a n y ) .  

A f t e r   i n c l u d i n g   t h e s e   o r g a n i z a t i o n s   i n   t h e   p r o g r a m ,   t h e   r e m a i n i n g   f u n d s  

p e r m i t t e d   t h e   s e l e c t i o n   o f   f o u r   p a r t i c i p a n t s   f o r   t h e   s t u d i e s   o n   t h e  

a b l a t i o n   o f   l o w - d e n s i t y   m a t e r i a l s ,   n a m e l y  

0 A e r o t h e r m   C o r p o r a t i o n  

e G i a n n i n i   S c i e n t i f i c   C o r p o r a t i o n  

0 M a r t i n   C o m p a n y  

0 S p a c e   G e n e r a l   C o r p o r a t i o n  

T h r e e  o f  t h e   c o m m e r c i a l   o r g a n i z a t i o n s   h a d   p a r t i c i p a t e d  i n  t h e  P h a s e  I 
r o u n d   r o b i n :  G i a n n i n i ,  M a r t i n ,   a n d  AVCO. 

F i v e   g o v e r n m e n t   o r g a n i z a t i o n s  a l s o  a g r e e d   t o   p a r t i c i p a t e   i n   t h e  

s t u d i e s   o n   t h e   a b l a t i o n  o f  l o w - d e n s i t y   m a t e r i a l s ,   n a m e l y ,  

0 G a s  D y n a m i c s   B r a n c h ,  Arnes Resea rch   Cen te r -NASA 

e M a g n e t o   P l a s m a  D y n a m i c s  B r a n c h ,  AmesResearch  C e n t e r -  
NASA 

0 A p p l i e d  M a t e r i a l s  a n d   P h y s i c s  % v i s i o n ,  L a n g l e y  
R e s e a r c h  Center-NASA 

0 E n t r y   S t r u c t u r e s   B r a n c h ,   L a n g l e y   R e s e a r c h   C e n t e r - N A S A  

e M a n n e d   S p a c e c r a f t   C e n t e r -  -NASA 

T h e   l a s t   o f   t h e s e ,   M a n n e d   S p a c e c r a f t   C e n t e r ,   h a s  a s u b s o n i c   f a c i l i t y   w h i c h  

w a s   i n c l u d e d  t o  p r o v i d e  a c o m p a r i s o n   w i t h   s u p e r s o n i c   f a c i l i t y   r e s u l t s .  

T h e   E n t r y   S t r u c t u r e s   B r a n c h   h a d  a h i g h e r   e n t h a l p y   f a c i l i t y   u n d e r  

c o n s t r u c t i o n   a n d   h a d   p l a n n e d  t o  u s e  i t  a s  we l l  a s  t h e   l o w   e n t h a l p y   a r c  

j e t  u s e d   i n   t h e   P h a s e  I r o u n d   r o b i n .  D e l a y  i n   c o m p l e t i n g   t h e  new f a c i l i t y  

p r e v e n t e d   t h e   p e r f o r m a n c e   o f   a n y  t e s t s  o n  i t .  T h e   A p p l i e d   M a t e r i a l s   a n d  

P h y s i c s   D i v i s i o n   a l s o   h a d  a c a p a b i l i t y  f o r  t e s t i n g   l a r g e   m o d e l s   a n d   t h e r e -  

f o r e   p a r t i c i p a t e d   i n  t h a t  p o r t i o n   o f   t h e   p r o g r a m .  



B. M o d e l s   a n d   I n s t r u m e n t a t i o n  

A p p r o x i m a t e l y   t h i r t y   a b l a t i o n   m o d e l s ,   o n e   c a l o r i m e t e r ,   a n d   o n e   t o t a l  

r a d i a t i o n   p y r o m e t e r  were f u r n i s h e d   b y   S R I   t o   e a c h   p a r t i c i p a n t .   E a c h  

f a c i l i t y   a l s o   p r o v i d e d   i n s t r u m e n t a t i o n   t o   m o n i t o r   t h e  t e s t  e n v i r o n m e n t s .  

1. M o d e l s  

I n   g e n e r a l ,   t h e   m o d e l s   h a d   t h e   s a m e   c o n f i g u r a t i o n   a s   i n   t h e  e a r l i e r  

s t u d y .   T h e   n e w   m a t e r i a l s   i n t r o d u c e d   a d d i t i o n a l   f a b r i c a t i o n   p r o b l e m s   a n d  

t h e   n e e d   f o r   t h e r m o c o u p l e   i n s t r u m e n t a t i o n .  

a .  F a b r i c a t i o n  

T h e   a b l a t i o n   m o d e l s   u s e d   i n   t h e   s e c o n d  NASA r o u n d ' r o b i n  were 

m a c h i n e d   f r o m   t h e   m a t e r i a l s   l i s t e d   i n   T a b l e  I .  

T h e   L a n g l e y   l o w - d e n s i t y   p h e n o l i c - n y l o n   w a s   s u p p l i e d   a s   t w o   1 2 - i n . -  

d i a m e t e r  X 4 - i n . - t h i c k   b i l l e t s ,   a n d   t h e   H u g h e s   p h e n o l i c - n y l o n  was f u r n i s h e d  

i n   t h e   f o r m   o f   f i v e   1 2 - i n . - d i a m e t e r  X 1 . 5 - i n . - t h i c k   p i e c e s .   O n e - q u a r t e r  

i n c h   o f   m a t e r i a l   w a s   d i s c a r d e d   f r o m   t h e   p e r i p h e r y   o f   a l l   l o w - d e n s i t y  

p h e n o . l i c - n y l o n   b i l l e t s   t o   e n s u r e   u n i f o r m   m o d e l s .  

T h e   A v c o a t   m a t e r i a l   w a s   s u p p l i e d   a s   t w o   1 2  X 1 2  X 2 - i n .   s h e e t s ,  

a n d   m o d e l   c o r e s   o f   t h i s   m a t e r i a l  were c u t   w i t h  a s i n g l e   h o n e y c o m b   c e n t e r e d  

i n   t h e   c o r e   f a c e .   T h e   A v c o a t   a n d   l o w - d e n s i t y   p h e n o l i c - n y l . o n   m a t e r i a l s  were 

f a b r i c a t e d   w i t h   h i g h - s p e e d   c u t t i n g   t e c h n i q u e s .  

T h e   M o d i f i e d   P u r p l e   B l e n d   m o d e l s  were m a c h i n e d   a p p r o x i m a t e l y   t e n  

p e r c e n t   o v e r s i z e   f r o m  a 1 6 - i n . - d i a m e t e r  X 4 - i n .   b i l l e t ,   a n d   t h e n   c u r e d  a t  

1 0 0 ° C   f o r   f o u r   h o u r s .   T h e   h e a t - u p   r a t e   b e f o r e   t h e   s t a r t   o f   c u r e  was 15OoC 

p e r  h o u r ,  a n d   t h e   c o o l - d o w n   r a t e   a f t e r   c u r e   w a s   7 5 ° C   p e r   h o u r .   A f t e r   c u r e ,  

t h e   m o d e l s  were m a c h i n e d   t o  s i z e  b y   h i g h - s p e e d   c u t t i n g   a n d   g r i n d i n g .  

T h e   G e n e r a l   E l e c t r i c   s i l i c o n e   m a t e r i a l   w a s   s u p p l i e d   i n   t h e   f o r m  

o f   t w o   2 4  X 2 4  X 1 - i n .   s h e e t s .   M o d e l s  o f  t h i s   m a t e r i a l  were f a b r i c a t e d   b y  

r o u g h ,   h i g h - s p e e d   c u t t i n g   f o l l o w e d   b y   h i g h - s p e e d   g r i n d i n g .  

T h e   1 . 2 5 - i n . - d i a m e t e r   T e f l o n   a n d   h i g h - d e n s i t y   p h e n o l i c - n y l o n  

m o d e l s  were f a b r i c a t e d   f r o m   t h e  same m a t e r i a l   u s e d   i n   t h e   P h a s e  I r o u n d -  

r o b i n   t e s t s ,  a s  d e s c r i b e d   i n   t h e   r e p o r t   o n   t h a t   s t u d y .  ' T h e   l a r g e - d i a m e t e r  

T e f l o n   m o d e l s  were p r e p a r e d   f r o m   t h e   i d e n t i c a l   g r a d e   o f  m a t e r i a l  p r o v i d e d  

b y   t h e  same s u p p l i e r   u s e d   i n   t h e   f i r s t   r o u n d   r o b i n .  
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T a b l e  I 

ABLATION  MATERIALS EVALUATED 

rION 
IDENTIFICATION 

CODE 

SRI I I I ORGAN I ZE 

MATER1 AL 
Manuiacturer  

PREF,X MODEL I ~ ~ ~ ~ I t T 3 y ]  1 APPROXIMATE COMPOSITION 
DESIGNATION' Suppl l e r  

L a n g l e y  S c o u t  R/4B FB/30 AM/30 
S c o u t  R/4B  FB/31 AM/31 

Low-Densi ty  
P h e n o l i c - N y l o n  

L a n g l e y  PLL P h e n o l i c   r e s i n ,   2 5 % ;   p h e n o l i c  
M i c r o b a l l o o n s , 2 5 % ;   n y l o n  

Arnes Hughes 5 - No.  3 
Hughes 5 - No. 4 
Hughes 5 - No. 5 
Hughes 5 - No. 6 
Hughes 5 - No.  7 

p h e n o l i c   M i c r o b a l l o o n s ,   2 3 % ;  I 
PLH 3 5 . 6   n y l o n   p o w d e r ,  40% 
PLH 1 3 5 . 8  1 
PLH 3 5 . 6  

Manned 
S p a c e c r a f t  
C e n t e r  

K5-1 3 0 0 2 - 7  
N5-80070 

p h e n o l i c   M i c r o b a l l o o n s ;  i n  
F i b e r g l a s s   h o n e y c o m b  

L a n g l e y  E4A1 E l a s t o m e r ,  
RDY 150,  H3365 B l e n d   S i l i c o n e  

M o d i f i e d   P u r p l e   L a n g l e y  

G e n e r a l   E l e c t r i c  
S i l i c o n e  

G e n e r a l  
E l e c t r i c  

SP S y l g a r d   1 8 2   s i l i c o n e ,   7 5 % ;   3 3 . 5  
E c c o s p h e r e s ,  15%; p h e n o l i c  
M i c r o b a l l o o n s ,  10% 

SG M e t h y l p h e n y l   s i l i c o n e   e l a s t o m e r ;  3 6 . 8  
a l u m i n u m   s i l i c a t e   f i b e r s ,   1 2 % ;  
s m a l l   a m o u n t   o f   i r o n   o x i d e  

J e t  
Propulsion 
L a b o r a t o r y  

~~ 

n. S. Hughes 

Arne s 

TFE 7 ,   T e f l o n  

rnl, PI2 

T e f l o n  h P o n t  

H i g h - D e n s i t y  
P h e n o l i c - N y l o n  

* 
These l e t t e r  symbols w i l l  be used   hereaf ter   in   t ex t ,   tab les ,   f i gures ,  and appendices   to   denote   the   mater ia ls   invest igated.  



A l l  m o d e l s  were c o n s t r u c t e d   w i t h   r e m o v a b l e   c o r e s   t o   s i m u l a t e  

o n e - d i m e n s i o n a l   h e a t   f l o w   t o   t h e   m o d e l   s t a g n a t i o n   r e g i o n .   S i n c e   t h e  

l o w - d e n s i t y   m a t e r i a l s   b e i n g   e v a l u a t e d  were p o r o u s   i n   s t r u c t u r e ,   t h e   b a c k  

f a c e   o f   t h e   c o r e   a n d   t h e   i n s i d e   s u r f a c e   o f   t h e   s h r o u d  were c o a t e d   w i t h  a 

t h i n   l a y e r   o f  RTV s i l i c o n   t o   p r e v e n t   h o t   g a s   f r o m   p a s s i n g   t h r o u g h   t h e  

m a t e r i a l .   T h i s   s i m u l a t e s   h a v i n g   t h e   m a t e r i a l   b o n d e d   t o  a s u b s t r a t e .   T h e  

c o r e   d i a m e t e r   w a s   o n e   h a l f  o f  t h e   t o t a l   m o d e l   d i a m e t e r   f o r   a l l  s i z e s .  

b .   ' T h e r m o c o u D l e   I n s t r u m e n t a t i o n  

T h e   c o r e s   o f   a p p r o x i m a t e l y   s i x t y   m o d e l s   w e r e   i n s t r u m e n t e d   w i t h  

f o u r   3 6 - g a u g e   C h r o m e l - A l u m e l   t h e r m o c o u p l e s   s p a c e d   a t   0 . 1 - i n .   i n t e r v a l s  

b a c k   f r o m   t h e   m o d e l   f r o n t   s u r f a c e .  The t h e r m o c o u p l e s  were f o r m e d  w i t h  a 

D y n a t e c   t h e r m o c o u p l e   w e l d e r .  

I n  t h e   c a s e   o f   t h e   t w o   e l a s t o m e r i c   m a t e r i a l s ,   t h e   t h e r m o c o u p l e s  

w e r e   i n s e r t e d   i n t o   t h e   m o d e l   c o r e s   w i t h  a h y p o d e r m i c   n e e d l e   u s i n g  a p o s i -  

t i o n i n g  j i g .  T h e   l o w - d e n s i t y   p h e n o l i c - n y l o n   a n d   A v c o a t   c o r e s   w e r e  i n s t r u -  

m e n t e d   b y   d r i l l i n g   0 . 0 0 7 - i n . - d i a m e t e r   l o n g i t u d i n a l   h o l e s   a n d   d r a w i n g   i n  

t h e   t h e r m o c o u p l e s .   A f t e r   a s s e m b l y ,   t h e   i n s t r u m e n t e d   m o d e l s  were X - r a y e d  

a t  90"  p l a n e s ,   a n d   t h e   t h e r m o c o u p l e   p o s i t i o n s   m e a s u r e d   o n  t h e  X - r a y   f i l m s  

w i t h  a T e l e r e a d e x  v i e w e r .  

S k e t c h e s   o f   t h e   i n s t r u m e n t e d   a n d   u n i n s t r u m e n t e d   m o d e l s   a r e   s h o w n  

i n  F i g .  1. T h e   a s s e m b l e d   1 . 2 5 - i n . - d i a m e t e r   m o d e l s ,  w i t h  t h e i r   p l a s t i c  

s h i p p i n g   c o n t a i n e r s ,   a r e   s h o w n   i n   F i g .   2 .   T h e   u n i n s t r u m e n t e d   T e f l o n   a n d  

l o w - d e n s i t y   p h e n o l i c - n y l o n   m o d e l s  w i t h  d i a m e t e r s   r a n g i n g   f r o m  a I - i n .  

h e m i s p h e r e   t o  5 i n c h e s   f l a t   f a c e   a r e  shown i n   F i g .   3 .  

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

Two i n s t r u m e n t s ,  a c a l o r i m e t e r   a n d  a r a d i o m e t e r ,   w e r e   s u p p l i e d  by 

SRI f o r  u s e  i n   t h e   e x p e r i m e n t s .  A l l  o t h e r   i n s t ' r u m e n t a t i o n   a t   t h e   t e s t  

f a c i l i t y  w a s   m a d e   a v a i l a b l e   b y   t h e   p a r t i c i p a t i n g   o r g a n i z a t i o n .  

a .  SRI C a l o r i m e t e r  

The SRI c a l o r i m e t e r   s u p p l i e d   t o   e a c h   f a c i l i t y   w a s   i d e n t i c a l   i n  

d i m e n s i o n s   a n d   s h a p e   t o   t h e   c a l o r i m e t e r   u s e d   d u r i n g   t h e   P h a s e  I r o u n d  

r o b i n .   T h e   c a l o r i m e t e r   w a s  a t r a n s i e n t ,   s l u g   t y p e   b a s e d   o n  a d e s i g n   d e -  

v e l o p e d   a t  Ames R e s e a r c h   C e n t e r ,  N A S A .  T h e   s l u g   w a s   o x y g e n - f r e e   c o p p e r  

w i t h  a 0 .  5 m i l -  t h i c k   n i c k e l   p l a t i n g   o n   t h e   f r o n t   f a c e .   T h e  s l u g  was 

i s o l a t e d   f r o m   t h e   c o p p e r   s h r o u d   b y   t h r e e   s a p p h i r e   b e a r i n g s ,   a s   s h o w n   i n  

F i g .  4. T h e   s l u g   d i a m e t e r   w a s  0 .  6 2 5   i n . ,   w h i c h   w a s   e q u a l   t o   t h e   s a m p l e  
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THERMOCOUPLE JUNCTIONS 
LOCATION OF 

ALL DIMENSIONS  IN  INCHES 

FIG. 1 DIMENSIONS OF MODELS 
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FIG. 2 MODELS FABRICATED FROM LOW-DENSITY MATERIALS 
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FIG. 3 MODELS OF VARIABLE RADIUS 
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COPPER  SHROUD 
OXYGEN-FREE 
COPPER  SLUG 

0 . 6 2 5  d i a m  X 0.312 
THICK,  WITH  0.5-mil 
NICKEL  PLATE 

SET  SCREW\ 

0.097-diam SAPPHIRE, 
BEARINGS (THREE,  AT 
I2O0 SEPARATION 1 

- 1 . 2 5 N  

- R = 0.125 

STAINLESS  STEEL 
POSITIONING  RING 

36-go Ch-AI THERMOCOUPLE 

SET  SCREW 

ALL  DIMENSIONS IN .INCHES 
ELECTRICAL 

CONNECTION PLUG 

TA-4512-6R 

FIG. 4 DESIGN AND DIMENSIONS OF SRI CALORIMETER 
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c o r e   d i a m e t e r   i n   t h e   1 . 2 5 - i n .   - d i a m e t e r   m o d e l s .   T h e   a v e r a g e   s l u g   t e m p e r -  

a t u r e  w a s   s e n s e d   b y   t w o   p a r a l l e l ,   3 6 - g a u g e   C h r o m e l - A l u m e l   t h e r m o c o u p l e s  

p e e n e d   i n t o   h o l e s   i n   t h e   s l u g   b a s e .  

T h e   w e i g h t   o f   e a c h   s l u g   i n   p o u n d s   w a s   s t a m p e d   o n   t h e   c a l o r i m e t e r  

b a s e ,   a n d   e a c h   f a c i l i t y   w a s   p r o v i d e d   w i t h  a g r a p h   o f   t h e   s l u g   s p e c i f i c  

h e a t   v e r s u s   t e m p e r a t u r e .   T h e   h e a t   f l u x   w a s   c a l c u l a t e d   b y   t h e   f a c i l i t y ,  

u s i n g   t h e   f o l l o w i n g   r e l a t i o n s h i p :  

where  

M = m a s s  o f  t h e   c a l o r i m e t e r   s l u g - l b  

A = c a l o r i m e t e r   s e n s i n g   a r e a - 0 . 0 0 2 1 3   f t 2  

LpA" = t e m p e r a t u r e   a v e r a g e d   h e a t   c a p a c i t y  o f  c o p p e r - B t u / l b ' F  

A T  
A t  
- = s l u g   t e m p e r a t u r e   r i s e   r a t e - ' F / s e c  

b .  SRI R a d i o m e t e r  

I n  an e f f o r t   t o   m i n i m i z e  t h e  s c a t t e r  i n  f r o n t   s u r f a c e   t e m p e r a t u r e  

d a t a   t h a t  w a s   o b s e r v e d  i n  t h e   P h a s e  I r o u n d   r o b i n   w h e n   e a c h   f a c i l i t y   h a d  

i t s  o w n  s p e c i a l   p y r o m e t e r ,   e a c h   f a c i l i t y   w a s   p r o v i d e d  w i t h  an i d e n t i c a l  

r e f e r e n c e   p y r o m e t e r   f o r   m e a s u r i n g   t h e   f r o n t   s u r f a c e   t e m p e r a t u r e   o f   t h e  

m o d e l .   T h e   s e l e c t i o n  of t h i s  p y r o m e t e r   w a s   g o v e r n e d   b y   t h e   n e c e s s i t y   f o r  

a m o d e r a t e   c o s t ,   d u r a b l e   i n s t r u m e n t ;   a n d  a r a d i o m e t e r ,  o r  t o t a l   r a d i a t i o n -  

t y p e   p y r o m e t e r ,   w a s   c h o s e n   a s   b e s t   s a t i s f y i n g   t h e s e   r e q u i r e m e n ' s .   T h e  

i n s t r u m e n t   s e l e c t e d ,   w h i c h  will l a t e r  b e   r e f e r r e d   t o   a s   t h e  SRI r a d i o m e t e r ,  

was a H o n e y w e l l   R a d i a m a t i c   D e t e c t o r ,   M o d e l   R 1 2 - 3 5 4 5 4 6 - 7 .   T h i s   i n s t r u m e n t  

h a d  a f u s e d   s i l i c a   l e n s  an'd v i e w e d  t h e   t o t a l   r a d i a t i o n   o v e r   t h e   r a n g e   o f  

w a v e l e n g t h s   f r o m  0 . 3  t o  3 . 9  m i c r o n s .  The i n s t r u m e n t   r e q u i r e d  a 0 . 5 - i n . -  

d i a m e t e r   t a r g e t   w i t h  a 2 4 - i n .   s i g h t i n g   d i s t a n c e   t o   t h e   t a r g e t ;  i t  r e q u i r e d  

a l a r g e r   s i z e   t a r g e t  f o r  g r e a t e r   s i g h t i n g   d i s t a n c e s .  

T h e   m i l l i v o l t   o u t p . u t   o f   t h e  SRI r a d i o m e t e r s   w a s   c a l i b r a t e d   o v e r  

a r a n g e   o f   t e m p e r a t u r e s   f r o m  2000  t o   4 6 0 0 ' F   b y   v i e w i n g   a n   i n d u c t i v e l y  

h e a t e d   g r a p h i t e   b l a c k   b o d y .   T h e   b l a c k   b o d y   c a v i t y   w a s  1 . 5  i n .  i n t e r n a l  
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d i a m e t e r  X 2 . 0  i n .   h e i g h t ,   w i t h   a n   0 . 7 5 - i n - d i a m e t e r   t o p   v i e w i n g   p o r t .   T h e  

v i e w e d   b o t t o m  o f  t h e   c a v i t y   w a s   c o v e r e d   w i t h  a l a y e r   o f  lamp b l a c k .   T h e  

e n t i r e   g r a p h i t e   b l o c k  was s u r r o u n d e d   b y  two m o l y b d e n u m   r a d i a t i o n   s h i e l d s  

a n d   a n   a r g o n - f i l l e d   c h a m b e r   w i t h   t h e  g l a s s  v i e w i n g   p o r t   r e m o v e d .   T h e  

c a v i t y   t e m p e r a t u r e   w a s   m o n i t o r e d   w i t h  a Micro  O p t i c a l   P y r o m e t e r  No. 95 
a n d  a L e e d s - N o r t h r u p   o p t i c a l   p y r o m e t e r .   E a c h   f a c i l i t y   w a s   p r o v i d e d   w i t h  

p l o t s   o f   t h e   r a d i o m e t e r   o u t p u t   v e r s u s   t e m p e r a t u r e   p l u s   i n s t r u c t i o n s   f o r  

m o u n t i n g   t h e   r a d i o m e t e r .  

c .   F a c i l i t y   I n s t r u m e n t s  

T h e   e q u i p m e n t   a n d   i n s t r u m e n t s   t h a t  were u s e d   b y   e a c h   f a c i l i t y  

f o r   t h e   P h a s e  I1 r o u n d - r o b i n   a b l a t i o n  t e s t s  a r e  s u m m a r i z e d   i n   A p p e n d i x  A .  
T h i s   i n f o r m a t i o n  w a s  b a s e d  on d a t a   c o l l e c t e d   a t   t h e  t i m e  t h e   m o d e l  t e s t s  

were w i t n e s s e d .  A d e t a i l e d   d e s c r i p t i o n   o f   e a c h   f a c i l i t y  i s  b e y o n d   t h e  

s c o p e   o f   t h i s   r e p o r t ,   a n d   t h e   i n f o r m a t i o n   c o n t a i n e d   i n   A p p e n d i x  A i s  i n -  

t e n d e d   o n l y   a s  a b r i e f   s u m m a r y   o f   t h i s   e q u i p m e n t .  

C.  E x p e r i m e n t a l   P r o c e d u r e s  

E a c h   p a r t i c i p a t i n g   f a c i l i t y   r e c e i v e d  a r u n   p l a n ,   s p e c i f y i n g   t h r e e  

t u n n e l  t e s t  c o n d i t i o n s   a n d   t h e  t e s t  r u n  t i m e s .  T u n n e l  t e s t  c o n d i t i o n s  

were s e l e c t e d   t h a t   w o u l d   b e   w i t h i n   t h e   c a p a b i l i t y   e n v e l o p e  f o r  e a c h  

f a c i l i t y   a n d   a t   t h e  same t ime  p r o v i d e   t e s t i n g   o f   t h e   a b l a t i o n   m a t e r i a l s  

o v e r   t h e   w i d e s t   r a n g e   o f   c o n d i t i o n s .   T h e   t u n n e l   c o n d i t i o n s   s p e c i f i e d  

were e n t h a l p y ,   h e a t i n g  r a t e ,  a n d   s t a g n a t i o n   p r e s s u r e .   T h e   r a n g e   o f  t e s t  

p a r a m e t e r s   a n d   t h e   n u m b e r   o f   m o d e l s   i n v o l v e d   i n   t h e   P h a s e  I1 r o u n d   r o b i n  

a r e   g i v e n  j.n T a b l e   1 1 .  

T h r e e   m o d e l s  were t e s t e d  a t  v a r y i n g   r u n  t i m e s  a t   t h e   t u n n e l   c o n d i -  

t i o n   g i v i n g   t h e  l o w e s t  h e a t i n g   r a t e .   T h e   r u n  t i m e s  were  s e t  t o   g i v e  

t o t a l   h e a t   l o a d s  (,,,y&) o f  1 5 0 0 ,  3 0 0 0 ,  a n d   5 0 0 0   B t u / f t 2 .  Two o f   t h e  

t h r e e   m o d e l s  were u n i n s t r u m e n t e d ,   a n d   t h e   r e m a i n i n g   m o d e l   w a s   i n s t r u m e n t e d  

w i t h   f o u r   t h e r m o c o u p l e s .   T h e   i n s t r u m e n t e d   m o d e l   w a s   u s u a l l y   r u n   a t   t h e  

h i g h e s t   h e a t   l o a d   c o n d i t i o n .  

T h e   t w o   u n i n s t r u m e n t e d   m o d e l s  were t e s t e d   a t   v a r y i n g   r u n  t i m e s  f o r  

e a c h   o f   t h e   o t h e r   t w o   t u n n e l   c o n d i t i o n s .   T h e   t o t a l   h e a t   l o a d s  f o r  t h e s e  

c o n d i t i o n s  were 2 0 0 0  a n d  5 0 0 0  B t u / f t 2 .  
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T a b l e  I1 

TEST PARAMETERS FOR NASA ROUND-HOBIN  ABLATION PROGRAM 

__ "" ~ . - . 
lUNNEL CoMlITIONS 

En tha lpy   Range   (B tu / lb )  

H e a t i n g   R a t e   R a n g e   ( B t u / f t 2   s e c )  

Model S t a g n a t i o n   P r e s s u r e  Range 
( a tm)  

Model R e f f  ( f t )  

VUME3ER TESTED 

Langley P-N Scout  R/4B 

Hughes  P-N  H-5 

Avcoat  5026-39 HC/G 

Modi f i ed   Pu rp le   B lend  E4A1 

G.E. S i l i c o n e  ESMl004AP 

Tef lon  

High-Dens i ty   Phenol ic -Nylon  
~ ~ _ _ _ _ _ _ _  

IENSITY 
W F ~ ~  

3 5 . 5  

35 .7  

31 

33 .5  

3 6 . 8  

135 .6  

7 4 . 3  
~ 

~~ 

PHASE I - ROUND ROBIN 

1500-16 ,000  

40-700 

0 .006-1 .0  

0-172 

76 

97 
~~~ - ~~ 

PARTICIPANTS 

PHASE I 1  - ROUND ROBIN 

TASK A 
HIGH 

PRESSURE 

1700-7000 

500-3300 

0 .3 -30  

0 .172  

7 

8 

VARYING 
TASK B 

R e f f  

9500-12 ,000  

75-450 

0 .02  

0 .0416-0 .688  

16 

16 

TASK C 
NEW 

MATERIALS 

3000-34 ,000  

50-1100 

1.004-1.0 

0 .172  

65 

73 

70 

56 

55 

5 

5 

GDB, Ames - I ,  I1 C 
hlPDB,  Ames - 11 c 
AMPD, Langley - I ,  11 B,  I1 C 
ESB, Langley  - I ,  11 c 
MSC, H o u s t o n  ( s u p e r s o n i c )  - I 1  C 
K C ,  Hous ton   ( subson ic )  - I ,  I1 C 
FMD, W r i g h t - P a t t e r s o n  AFB - I 
Aerotherm - I1 C 
AVCO - I ,  I1 A ,  I1 C 

Boeing - I 
General  Dynamics - I 
G e n e r a l   E l e c t r i c  - I 
G iann in i  - I ,  I1 C 
Mart in  - I ,  I1 B, I1 C 
North  American - I 
Space   Gene ra l  - I1 C 
C o r n e l l  - I1 A 
I = Phase I ,  I1 A = Phase  I1 - Task A 

1 
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T h e   p a r t i c i p a t i n g   o r g a n i z a t i o n   t h e n   ' p r o v i d e d   i n f o r m a t i o n   o n   t h e  

t e s t  e n v i r o n m e n t   a n d  t h e  m o d e l   r e s p o n s e .   E a c h   f a c i l i t y  was a l s o   r e q u e s t e d  

t o  make a h e a t i n g   r a t e   a n d   p r e s s u r e   p r o f i l e   s u r v e y   o f   t h e  j e t  s t r eam f o r  

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

1. M e a s u r e m e n t   o f  T e s t  E n v i r o n m e n t  

T h e   t u n n e l   o p e r a t i n g   c o n d i t i o n s   t h a t  were u s e d   f o r   e a c h   a b l a t i o n  

t e s t  a r e   t a b u l a t e d   i n   A p p e n d i x  B. T h e   t a b l e s   c o n t a i n  a l l  d a t a   r e p o r t e d  

b y   t h e   f a c i l i t i e s   i n   t h e i r   o r i g i n a l   f o r m ;   t h a t  i s ,  i f   t h e   f a c i l i t y   r e p o r t e d  

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

A p p e n d i x  B. Some f a c i l i t i e s   w i t h   l i m i t e d   i n s e r t i o n   c a p a b i l i t y   c o m b i n e d  

c a l i b r a t i o n   a n d   r u n   d a t a ,   a l t h o u g h   t h e s e  were o b t a i n e d  a t  d i f f e r e n t  t imes.  

T h e   t a b l e s   c o n t a i n   p e r t i n e n t   f o o t n o t e s   o n   t h e   f a c i l i t y   m e a s u r e m e n t  t e c h -  

n i   q u e s .  

A l t h o u g h   t h e   t u n n e l   c o n d i t i o n s   a n d   r u n  t imes were  s p e c i f i e d   b y   S R I ,  

a n   e f f o r t   w a s   m a d e   n o t   t o   i n f l u e n c e   t h e   m e a s u r e m e n t   t e c h n i q u e s   a n d   m e t h o d s  

u s e d   b y   e a c h   f a c i l i t y .   T h e   o n l y   i n s t r u c t i o n s   i s s u e d   b y   t h e   I n s t i t u t e  

c o v e r e d   t h e  u s e  o f   t h e  SRI c a l o r i m e t e r   a n d   r a d i o m e t e r .  

a .  E n t h a l p y  

E i g h t   o f   t h e   t w e l v e   p a r t i c i p a t i n g   f a c i l i t i e s   m e a s u r e d   t h e   a v e r a g e  

t o t a l   e n t h a l p y   o f   t h e   F l a s m a  s t r e a m  w i t h  a s i n g l e   t e c h n i q u e ;   t h r e e   o r g a n -  

i z a t i o n s   u s e d   t w o   m e t h o d s ;   a n d   o n e   g r o u p   u s e d   t h r e e   m e t h o d s .  

T e n  o f  t h e   f a c i l i t i e s   m e a s u r e d   t h e  mean e n t h a l p y   o f   t h e   p l a s m a  

s t r e a m   b y   t h e   e n e r g y   b a l a n c e   m e t h o d ;   t h r e e   g r o u p s   u s e d   t h e   s o n i c   f l o w  

m e t h o d ;   a n d   t w o   g r o u p s   c a l c u l a t e d  a l o c a l   e n t h a l p y   f r o m   t h e   h e a t   t r a n s f e r  

d a t a .   C o r n e l 1   c a l c u l a t e d   t h e   e n t h a l p y   o f   t h e  t e s t  g a s   i n   t h e  Wave S u p e r -  

h e a t e r   f r o m   t h e   t e m p e r a t u r e   a n d   p r e s s u r e   o f   t h e   h e l i u m   d r i v e r   g a s .  

N o n e   o f   t h e   g r o u p s   u s e d   a n   e n t h a l p y   p r o b e   t o   d e t e r m i n e   l o c a l i z e d  

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

r e s u l t s   t o   d a t e   h a v e   b e e n   s o m e w h a t   d i s c o u r a g i n g .   T h e   l o c a l   e n t h a l p y   i n  

t h e   v i c i n i t y   o f   t h e   m o d e l   c a n   b e   i n f e r r e d   f r o m   t h e   F a y - R i d d e l l   r e l a t i o n  

w h e n   f l o w  i s  s u p e r s o n i c ,   a n d  i t  w a s   c a l c u l a t e d   f r o m   t h e   h e a t i n g   r a t e   a n d  

s t a g n a t i o n   p r e s s u r e   t r a v e r s e s   t h a t  were made a t   e a c h   f a c i l i t y .   T h e s e  

t r a v e r s e s   a r e   r e p o r t e d   i n   S e c t i o n  I V - A .  
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Some o f   t h e   p r o b l e m s   a n d   d i f f i c u l t i e s   e n c o u n t e r e d   w h e n   m e a s u r i n g  

e n t h a l p y   b y   v a r i o u s   m e t h o d s   a r e   d e t a i l e d   b e l o w .  

(1) E n e r g y   B a l a n c e   E n t h a l p y .   T h e   m a j o r i t y   o f   p a r t i c i p a n t s  

p r e f e r r e d  t h e  e n e r g y   b a l a n c e   m e t h o d  of  m e a s u r i n g   e n t h a l p y .   T h e   a v e r a g e  

e n t h a l p y   o f   t h e   p l a s m a  s t r e a m  w a s   c a l c u l a t e d   b y   s u b t r a c t i n g   t h e   h e a t   l o s s e s  

i n   t h e   a r c   g e n e r a t o r   a n d   n o z z l e   f r o m   t h e   t o t a l   i n p u t   p o w e r   a n d   d i v i d i n g  
t h e   r e s u l t i n g   n e t   p o w e r   b y   t h e   m a s s   g a s   f l o w .   T h e   p o w e r   l o s s e s  were d e -  

t e r m i n e d   b y   m e a s u r i n g   t h e   c o o l i n g   w a t e r   f l o w  r a t e s  a n d   t h e   s m a l l   t e m p e r -  

a t u r e  r i s e  o f   t h e   w a t e r   a s  i t  p a s s e s   t h r o u g h   t h e   a p p a r a t u s .  Some f a c i l -  

i t i e s  u s e d  a t h e r m o p i l e   a r r a n g e m e n t   o f   t h e   t h e r m o c o u p l e s   t o   i n c r e a s e   t h e  

a c c u r a c y   o f   t h e   w a t e r   t e m p e r a t u r e   r i s e   m e a s u r e m e n t s .   T h e   e n e r g y   b a l a n c e  

m e t h o d  i s  s i m p l e  i n  c o n c e p t   b u t  may r e q u i r e   f r o m   f i v e  t o  t e n   s e p a r a t e  

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

b e   c o n s i d e r a b l e .  

( 2 )  S o n i c  Flow E n t h a l p y .   T h e  mean t o t a l   e n t h a l p y ,  h t ,  o f   t h e  

j e t   c a n  b e   c a l c u l a t e d   f r o m   t h e   g a s   m a s s   f l o w   r a t e ,  W ,  t h e  r e s e r v o i r   p r e s -  

s u r e ,  P t  , and n o z z l e  t h r o a t   a r e a ,  A * ,  a c c o r d i n g   t o   t h e   f o l l o w i n g   r e l a t i o n -  

s h i p :  
1 

t 
= ( 2 8 0 P t  A * / W ) 2 * 5  ( 2 )  

1 

O n e  p r o b l e m   e n c o u n t e r e d  w i t h  t h i s  me thod  i s  t h e   d i f f i c u l t y   o f   m e a s u r i n g  a 

t r u e  s t a t i c  c h a m b e r   p r e s s u r e ,   s i n c e  m o s t  a r c  h e a t e r s  a r e   v o r t e x  o r  m a g n e t -  

i c a l l y  s t a b i l i z e d .   w h i c h  c a n  r e s u l t  i n  a d y n a m i c   p r e s s u r e   c o m p o n e n t .  A n y  

m e a s u r e m e n t   e r r o r  i s  m a g n i f i e d  w h e n  r a i s e d  t o  t h e  p o w e r   i n d i c a t e d  i n  e q u a -  

t i o n  ( 2 ) .  A n o t h e r   d i f f i c u l t y   a r i s e s  when t h e   s t r e a m  i s  n o t   i n   c h e m i c a l  

a n d   t h e r m o d y n a m i c   e q u i l i b r i u m .  A c o r r e c t i o n  f o r  f r o z e n  f l o w  t h a t   i n c r e a s e s  

w i t h   i n c r e a s i n g   e n t h a l p y   m u s t   t h e n   b e   a d d e d  t o  t h e   a b o v e   r e l a t i o n s h i p .  

A m o d i f i c a t i o n   o f   t h e   s o n i c  f l o w  m e t h o d   w a s   d e v e l o p e d   b y   R . P o p e 3  

o f  t h e G a s   D y n a m i c s   B r a n c h   a t   A m e s R e s e a r c h   C e n t e r   w h e r e b y   t h e   t e m p e r a t u r e   o f  
t h e   g a s   i n   t h e   r e s e r v o i r   p r i o r   t o   e x p a n s i o n  i n  t h e   n o z z l e  i s  c a l c u l a t e d .  

T h e   c a l c u l a t i o n   t h e n   p e r m i t s   t h e   e n t h a l p y   o f   t h e   p l a s m a   s t r e a m   i n   t h e  

c e n t e r - l i n e   a r e a   o f   t h e   m o d e l   t o   b e   d e t e r m i n e d . 4 6  

( 3 )  H e a t   F l u x   E n t h a l p y .  A l o c a l   e n t h a l p y  o f  t h e   p l a s m a   s t r e a m  

c a n   b e   c a l c u l a t e d   f r o m   t h e   c o l d   w a l l   h e a t   f l u x   u s i n g   t h e   r e l a t i o n s h i p s   o f  

F a y - R i d d e l 1 7  o r  L e e s . 8   T h i s   m e t h o d   h a s   t h e   a d v a n t a g e   o f   i n d i c a t i n g  an 

e n t h a l p y   i n   t h e   s a m e   a r e a   o f   t h e   s t r e a m  a s  t h e  a b l a t i n g   s a m p l e s   a r e  
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e x p o s e d   t o   a n d  will b e   d e s c r i b e d   i n   S e c .  IV-A. I t s  d i s a d v a n t a g e s   a r e  

v a r i a t i o n s   i n   t h e   h e a t   f l u x   m e a s u r e m e n t   r e s u l t i n g  f r o m  g e o m e t r y   a n d  r e -  

c o m b i n a t i o n   e f f e c t s ;   t h e s e  w i l l  b e   d i s c u s s e d   l a t e r .  

b .   H e a t   F l u x  

T h e   c a l o r i m e t e r s   t h a t  were u s e d  by t h e   v a r i o u s   f a c i l i t i e s   a r e  

d e s c r i b e d   i n   A p p e n d i x  A a n d  i n  t h e   f o o t n o t e s   t o   A p p e n d i x  B. T h e   d e t a i l s  

o f  t h e s e  c a l o r i m e t e r s   a r e   s u m m a r i z e d  i n  T a b l e  111. F i v e   o f   t h e   c a l o r i m -  

e t e r s   w e r e   c o m m e r c i a l l y   a v a i l a b l e   d e s i g n s ,   p r i m a r i l y  o f  t h e   G a r d o n   t y p e ,  

a n d   s e v e n  were ‘ * i n - h o u s e ”   d e s i g n s .   F i v e   o f   t h e   c a l o r i m e t e r s   w e r e   h e m i -  

s p h e r i c a l l y   s h a p e d   a n d   s e v e n   w e r e   f l a t   f a c e d .  A w i d e   r a n g e   o f   t o t a l  

d i a m e t e r   a n d   s e n s i n g   a r e a   d i a m e t e r s   w a s   p r e s e n t  i n  t h e   f a c i l i t y   c a l o r i r i -  

e t e r s .   T h e   c a l o r i m e t e r   s e n s i n g   a r e a s   w e r e   c o n s t r u c t e d  o f  f o u r  d i f f e r e n t  

m e t a l s .  

T a b l e  I11 

FACILITY CALORIMETER DESCRIPTION 

FACILITY 

SRI 

Ames Resea rch   Cen te r -  
GDB 

Ames Resea rch   Cen te r -  
MPDB 

Langley   Research   Center -  
AMPD 

Lang ley   Resea rch   Cen te r -  
ESB 

Manned S p a c e c r a f t   C e n t e r  

Aerotherm  Corp. 

AVCO Corp. 

G i a n n i n i   S c i e n t i f i c   C o r p .  

Mar t in  Co. 

Space  General   Corp.  

C o r n e l 1   A e r o n a u t i c a l   L a b .  

CALORIMETER TYPE 

T r a n s i e n t   s l u g  

T r a n s i e n t  slug 

T r a n s i e n t   s l u g  

T r a n s i e n t ,   t h i n - s h e l l  
m u l t i p l e   T C ’ s  

T r a n s i e n t ,   t h i n - s h e l l  
m u l t i p l e  TC’ s 

Hy-Ca l ,   a sympto t i c  

Hy-Cal ,   asymptot ic  

T r a n s i e n t ,   l o n g   s l u g  

S t e a d y   s t a t e  

Thermogage, 
a s y m p t o t i c  

Hy-Ca l ,   a sympto t i c  

T r a n s i e n t   s l u g  

CALORIMETEF 
SHAPE 

F l a t   f a c e  

Hemisphere 

Hemisphere 

Hemisphere 

Hemispher; 

F l a t   f a c e  

F l a t   f a c e  

F l a t   f a c e  

Hemi s p h e r e  

F l a t   f a c e  

F l a t   f a c e  

Hemis h e r e  
w i  tE 
c o n i c a l  
s k i r t  

SURFACE 
MATER1 AL 

N i c k e l  
p l a t e  on 
coppe r  

Tef  1 on 
c o a t i n g  
on  copper  

G o l d   p l a t e  
on  copper  

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

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

Cons tan tan  

Cons tan tan  

Copper 

Copper 

Constantan 

Zons tan tan  

,opper ?. 

IIAMETER 
TOTAL 

( i n .  ) 

1 . 2 5  

0 . 7 5  

1. 25 

2 ..o 

1 . 5  

1 . 2 5  

1 . 5  

1 .25  

0.625 

1 . 2 5  

1 . 2 5  

0 .6  

SENSING 
D I  AhlETER 

( i n .  ) 

0 . 6 2 5  

0 .313  

0 . 3 7 5  

2 . 0  

1 . 5  

0 . 1 5  

0 . 2 0  

0 .375  

0 . 6 2 5  

0.10 

0 . 1 0  

0 .090  
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A s  p o i n t e d   o u t   e a r l i e r ,  e a c h   f a c i l i t y   c o n d u c t e d   h e a t   f l u x   t r a -  
v e r s e s  f o r   e a c h   t u n n e l   c o n d i t i o n ;  t h e  r e s u l t s  a r e   r e p o r t e d   i n   S e c .  I V - A .  

(1) T r a n s i e n t   C a l o r i m e t e r s .   T h e   m a j o r i t y   o f   t h e   t r a n s i e n t  

c a l o r i m e t e r s   u s e d   d u r i n g   t h i s   s t u d y   c o u l d   b e   c a t e g o r i z e d   a s   “ m e d i u m - l e n g t h ”  

s l u g   c a l o r i m e t e r s ,   i . e . ,   s l u g   l e n g t h  o f  o n e - h a l f   t o   o n e  t imes t h e   s l u g  

d i a m e t e r .   T h e s e   c a l o r i m e t e r s   w e r e   e x p o s e d   t o   t h e   p l a s m a   s t r e a m  f o r  a 

f‘ew s e c o n d s ;   t h e   h e a t   f l u x   w a s   d e t e r m i n e d   f r o m   t h e  s l u g  t e m p e r a t u r e  r i s e  

r a t e  by a r e l a t i o n   a n a l o g o u s   t o   e q u a t i o n  ( 1 ) .  

T h e   t w o   L a n g l e y   f a c i l i t i e s   u s e d  a t h i n - w a l l e d ,   s l u g - t y p e  

c a l o r i m e t e r   c o n t a i n i n g  a t h i n ,   s t a i n l e s s   s t e e l   h e m i s p h e r e   i n s t r u m e n t e d  

w i t h  a n u m b e r   o f   t h e r m o c o u p l e s .  T h i s  a r r a n g e m e n t   p e r m i t t e d   d e t e r m i n a t i o n  

o f   t h e   h e a t   f l u x   d i s t r i b u t i o n   n o t   o n l y   a t   t h e   s t a g n a t i o n   p o i n t   b u t   a l s o  

o v e r   t h e   h e m i s p h e r e .   T h e  AVCO c a l o r i m e t e r   w a s  a s p e c i a l l y   d e s i g n e d ,  

l o n g - s l u g   c a l o r i m e t e r ,   i n   w h i c h   t h e   t h e r m o c o u p l e   w a s   m o u n t e d  i n  a 1 . 5 - i n . -  

l o n g   c o p p e r   s l u g ,  0 . 0 2 0  i n .  f r o m   t h e   f r o n t   s e n s i n g   s u r f a c e .   T h e   t e m p e r -  

a t u r e   r i s e   r a t e  w a s   e v a l u a t e d  w i t h  a c o m p u t e r   p r o g r a m   t o   c a l c u l a t e   t h e  

c o l d   w a l l   h e a t  f l u x .  

( 2 )  S t e a d y - S t a t e   C a l o r i m e t e r s .   T h e   s t e a d y - s t a t e   c a l o r i m e t e r  

u s e d  by G i a n n i n i   w a s  a w a t e r - c o o l e d ,   t e m p e r a t u r e - r i s e   t y p e .   T h e   h e a t  

f l u x   w a s   c a l c u l a t e d  w i t h  t h e   r e l a t i o n :  

w h e r e  

W 

c P  

AT  

A 

S i n c e   t h e  

c o o l i n g   w a t e r   f l o w   r a t e - l b / s e c  

h e a t   c a p a c i t y   o f   w a t e r - B t u / l b O F  

t e m p e r a t u r e  r i s e  o f   t h e   c o o l i n g   w a t e r - O F  

s e n s i n g   a r e a - F t 2  

s e n s i n g   a r e a   c o v e r e d   t h e   e n t i r e   h e m i s p h e r e ,   t h e y   c o r r e c t e d   t h e  

a v e r a g e   h e a t   f l u x   t o   c e n t e r - l i n e   s t a g n a t i o n   c o n d i t i o n s   w i t h   t h e   s p e c i a l  

r e l a t i o n  4 c w  = 2 . 1 4  . 
A V  
c \v 
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T h e   m a j o r i t y  o f  t h e   s t e a d y - s t a t e   c a l o r i m e t e r s   u s e d   d u r i n g   t h i s  

s t u d y  were o f   t h e   G a r d o n  o r  a s y m p t o t i c   t y p e s   m a n u f a c t u r e d   b y   e i t h e r   H y - C a l  

o r  T h e r m o g a g e .   T h e   h e a t   f l u x   w a s   d e t e r m i n e d   b y   m e a s u r i n g   t h e   t e m p e r a t u r e  

d i f f e r e n c e   b e t w e e n   t h e   c e n t e r   a n d   t h e   c o o l e d   p e r i p h e r y   o f  a t h i n   c o n s t a n t a n  

d i s c .  A s m a l l - d i a m e t e r   c o p p e r  w i r e  w a s   c o n n e c t e d   t o   t h e   c e n t e r   o f   t h e  

d i s c   a n d   t h e   d i s c   p e r i p h e r y  was w e l d e d   t o   t h e   c o o l e d   c o p p e r   s h r o u d ,   f o r m -  

i n g   t h e   h o t   a n d   c o l d   t h e r m o c o u p l e   j u n c t i o n s .   T h e   r a d i a l   t e m p e r a t u r e  

d i f f e r e n c e   o n   t h e   d i s c  i s  a f u n c t i o n   o f   h e a t   f l u x ,   d i s c   t h i c k n e s s ,   d i a m -  

e t e r ,  a n d   t h e r m a l   p r o p e r t i e s .   S i n c e   t h e  l a s t  t h r e e   f a c t o r s  a r e  c o n s t a n t  

f o r  a g i v e n   i n s t r u m e n t ,   t h e   h e a t   f l u x   c a n   b e   c a l c u l a t e d   f r o m   t h e   m i l l i v o l t  

d i f f e r e n c e   b e t w e e n   t h e  t w o  t h e b m o c o u p l e   j u n c t i o n s .  

c .  P r e s s u r e  

B e c a u s e   t h e   P h a s e  I s t u d y   r e v e a l e d  a g o o d   c o r r e l a t i o n   b e t w e e n  

t h e  SRI u n c o o l e d   p i t o t   p r o b e   a n d   t h e   v a r i o u s   f a c i l i t y   p r o b e s ,  i t  was  

d e c i d e d   n o t  t o  i n c l u d e   a n  SRI p r e s s u r e   p r o b e   i n   t h i s   s t u d y .   T h e r e f o r e ,  

a l l  m o d e l   s t a g n a t i o n   v a l u e s   l i s t e d   i n   A p p e n d i x  A were  m e a s u r e d   w i t h   t h e  

f a c i l i t y   p i t o t   p r o b e s   a n d   p r e s s u r e   g a u g e s  o r  t r a n s d u c e r s .   T h e   m a j o r i t y  

o f   t h e   p i t o t   p r o b e s  were w a t e r - c o o l e d ,   f l a t - f a c e d   c y l i n d e r s   r a n g i n g   i n  

s i z e   f r o m  0 . 3 7 5  t o  0 . 7 5  i n .   i n   d i a m e t e r .   T h e   s t a g n a t i o n   p r e s s u r e  P t  , 

was m e a s u r e d   w i t h  a w i d e   v a r i e t y   o f   g a u g e s   a n d   t r a n s d u c e r s ,   a s   d e s c r i b e d  

i n  A p p e n d i x  A .  S t a g n a t i o n   p r e s s u r e   t r a v e r s e s   o f   t h e   p l a s m a  j e t  were 

m a d e   a t   e a c h   f a c i l i t y   f o r   e a c h   t u n n e l   c o n d i t i o n ;   t h e  r e s u l t s  a r e  r e p o r t e d  

i n   S e c t i o n  I V - A .  

2 

T h e   e x p a n s i o n   o f   t h e  j e t  t h r o u g h   t h e   n o z z l e  was c o n t r o l l e d   a t  

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

vacuum l i n e .  Some f a c i l i t i e s   m o n i t o r e d   t h e  j e t  e x p a n s i o n   b y   m a t c h i n g   t h e  t e s t  

c h a m b e r   p r e s s u r e   t o t h e   n o z z l e   e x i t   p r e s s u r e ,   a n d   t h e   r e m a i n d e r   o f t h e   g r o u p s  

m o n i t o r e d   t h e  s t r e a m  v i s u a l l y .  

2 .  M e a s u r e m e n t   o f   M o d e l   R e s p o n s e  

M e a s u r e m e n t s   o f   m o d e l   r e s p o n s e  were m a d e   b o t h   d u r i n g   t h e   r u n   a n d  

a f t e r  i t s  c o m p l e t i o n .   T h e s e   i n c l u d e   m o d e l   t e m p e r a t u r e s  a s  w e l l  a s   p h y s -  

i c a l   c h a n g e s   i n   t h e   m o d e l .  
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a .   F r o n t   S u r f a c e   a n d   I n t e r n a l   T e n i D e r a t u r e  

T o   r e d u c e   t h e   s c a t t e r   o f   f r o n t   s u r f a c e   t e m p e r a t u r e   d a t a   t h a t .  

w a s   e x p e r i e n c e d   d u r i n g   t h e   f i r s t   r o u n d   r o b i n ,   e l e v e n   f a c i l i t i e s  were 

s u p p l i e d   w i t h   i d e n t i c a l ,   c a l i b r a t e d   t o t a l   r a d i a t i o n   p y r o m e t e r s .   . T h e y  

were a l s o   s e n t   s u g g e s t i o n s   f o r   m o u n t i n g   t h e   p y r o m e t e r   i n   t h e   t u n n e l   a n d  

i n s t r u c t i o n s   f o r   t h e   u s e   o f   t h e   i n s t r u m e n t .  

I n   m o s t .   c a s e s ,  a f a c i l i t y   p y r o m e t e r  was u s e d   i n   a d d i t i o n   t o   t h e  

SRI r a d i o m e t e r ;   h o w e v e r ,  Ames-GDB a l s o   u s e d  a t o t a l   r a d i a t i o n   p y r o m e t e r .  

M o s t   f a c i l i t y   i n s t r u m e n t s  were e i t h e r   . m a n u a l  o r  a u t o m a t i c   m o n o c h r o m a t i c  

o p t i c a l   p y r o m e t e r s .  A l l  t h e   i n s t r u m e n t s   m e a s u r e d   t h e   b r i g h t n e s s   t e m p e r a t u r e  

o f   t h e   m o d e l   s u r f a c e , '   a n d   t h e  r e s u l t s  w e r e   r e p o r t e d   a s s u m i n g   a n   e m i s s i v i t y  

o f   u n i t y .  

T h e   L a n g l e y - A M P D   g r o u p   u s e d  a p h o t o g r a p h i c   p y r o m e t e r   t h a t   v i e w e d  

t h e  e n t i r e   m o d e l   s u r f a c e   a n d   m a d e   e x p o s u r e s   a t   f r e q u e n t   i n t e r v a l s .   T h e  

s u r f a c e   t e m p e r a t u r e s   w e r e   t h e n   m e a s u r e d   f r o m   d e n s i t o m e t e r   t r a c e s   o f   t h e  

d e v e l o p e d   f i l m .   I n t e r n a l   t e m p e r a t u r e s  were m e a s u r e d   a t   e i g h t   f a c i l i t i e s  

w h i c h   h a d  t h e  c a p a b i l i t y  o f  c o n n e c t i n g   t h e   m o d e l   t h e r m o c o u p l e s   t o  i n s t r u -  

m e n t  l e a d s  i n  t h e   i n s e r t i o n   p r o b e .   T h e   o u t p u t   o f  t h e  t h e r m o c o u p l e s  was 

t h e n   f e d   i n t o  a c o n t i n u o u s   m u l t i c h a n n e l   r e c o r d e r .  . 

T h e s e   m o d e l   t e m p e r a t u r e s   w e r e   r e c e i v e d   f r o m   t h e   f a c i l i t i e s   i n t h e  

f o r m  o f  g r a p h s  o f  t e m p e r a t u r e   v e r s u s   t i m e .   S i n c e   r e p r o d u c t i o n  o f  t h e s e  

g r a p h s  i n  t h e i r  e n t i r e t y  w a s  i m p r a c t i c a l ,   s u f f i c i e n t   d a t a  were t a k e n  

f r o m  t h e m  t o  a l l o w  r e d r a w i n g   o f   t h e   o r i g i n a l   c u r v e s .   T h e s e   d a t a   a r e  

t a b u l a t e d  i n  A p p e n d i x  C .  

b .  Mass a n d   L e n g t h   C h a n g e s  

A p r e l i m i n a r y   c h e c k   i n d i c a t e d   t h a t  t h e  m o d e l   c o r e   w e i g h t s   o f  

t h e   l o w - d e n s i t y   m a t e r i a l s  were n o t   c o n s t a n t   u n d e r   v a r y i n g   a m b i e n t   c o n d i -  

t i o n s .   C o n s e q u e n t l y ,  a s t u d y  was m a d e   o f   t h e   e q u i l i b r i u m   w a t e r   c o n t e n t  

o f  t h e   f i v e   l o w - d e n s i t y   m a t e r i a l s   a t   v a r i o u s   r e l a t i v e   h u m i d i t i e s ;  

t h e   r e s u l t s  a r e  shown i n   F i g .  5 .  As a , r e s u l t   o f   t h e   s t u d y ,  i t  w a s   d e -  

c i d e d   t o   e q u i l i b r a t e   t h e   m o d e l   c o r e s   t o  50 p e r c e n t   r e l a t i v e   h u m i d i t y  

b e f o r e   a n d   a f t e r   t e s t i n g .   T h e   l e n g t h   a n d   d i a m e t e r   o f   a l l   m o d e l   c o r e s  

were m e a s u r e d   a n d   t h e   c o r e s   c o n d i t i o n e d  f o r  2 4  h o u r s  a t  50 p e r c e n t , r e l a t i v e  

h u m i d i t y   a n d   7 0 - 7 5 ° F   b e f o r e   w e i g h i n g   o n   a n   a n a l y t i c a l   b a l a n c e .   T h e   m o d e l  

w a s   t h e n   a s s e m b l e d ,   r e w e i g h e d ,   a n d  i t s  t o t a l   l e n g t h   d e t e r m i n e d   w i t h  a 

d i   a 1   m i c r o m e t e r .  
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T h e   f a c i l i t y   d e t e r m i n e d   t h e   m o d e l   r e c e s s i o n   a n d   t h e  t o t a l  m o d e l  

w e i g h t  l o s s  a f t e r  c o m p l e t i o n   o f   t h e  t e s t .  T h e   m o d e l s  were r e t u r n e d  t o  t h e  

I n s t i t u t e ,   a n d   t h e  t o t a l  m o d e l   w e i g h t  l o s s  a n d   f r o n t   s u r f a c e   r e c e s s i o n  were 

a g a i n   m e a s u r e d .   M o d e l   b a s e   p l a t e s  were r e m o v e d   a n d   t h e  r e c e s s i o n  o f  t h e  

f r o n t   s u r f a c e   o f   t h e  c o r e  r e c h e c k e d .   T h e   m o d e l  c o r e  w a s   p r e s s e d   o u t   o f  

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

c o r e   d e t e r m i n e d .   T h e   c o r e   c h a r   c a p   w a s   r e m o v e d   a n d   t h e   s u b s t r a t e   s c r a p e d  

b a c k  t o  t h e  s t a r t  o f   t h e   p y r o l y s i s   z o n e .   T h e  c o r e s  were r e w e i g h e d   a n d  

m e a s u r e d  s o  t h a t   c h a r   w e i g h t ,   t h i c k n e s s ,   a n d   d e n s i t y   c o u l d   b e   c a l c u l a t e d .  

T h e   m e a s u r e m e n t s   m a d e   a t  SRI o n   t h e   m o d e l s  a r e  l i s t e d   i n   t h e  

l a s t   f i v e   c o l u m n s   o f   t h e   t a b l e s   i n   A p p e n d i x  B. T h e   w e i g h t s   l i s t e d   i n   t h e  

t a b l e s   a r e  f o r  t h e   0 . 6 2 5 - i n . - d i a m e t e r   ( 0 . 0 0 2 1 3   f t 2   c r o s s - s e c t i o n e d  a r e a )  

c o r e s ,   e x c e p t   w h e r e   n o t e d .  Mass l o s s   r a t e s  were d e t e r m i n e d   f o r   e a c h  

m a t e r i a l   a n d   e a c h   t u n n e l   c o n d i t i o n   a n d   a r e   l i s t e d   i n   A p p e n d i x  D w i t h  

o t h e r   d e r i v e d   i n f o r m a t i o n .  F o r  c a s e s  w h e n   t w o   m o d e l s   w i t h   v a r y i n g   r u n  

t i m e s  were t e s t e d ,   t h e  mass  l o s s   r a t e   w a s   c a l c u l a t e d   a s   t h e   s l o p e   b e t w e e n  

t h e   t w o   d a t a   p o i n t s .  When t h r e e  o r  more s a m p l e s  were r u n ,   t h e  m a s s  l o s s  

r a t e  w a s   d e t e r m i n e d   f r o m   t h e   s l o p e   o f   t h e   b e s t   s t r a i g h t   l i n e   t h r o u g h   t h e  

d a t a .   I n  a v e r y   f e w   i n s t a n c e s - t h e   m a s s   l o s s   r a t e   w a s   d e t e r m i n e d   f r o m  a 

s i n g l e   r u n ,   a n d   f o r   t h e s e   c a s e s   t h e   s l o p e  was a s s u m e d   t o   p a s s   t h r o u g h  

z e r o .  

c .   C h a r   D e n s i t y  

T h e   v a r i a t i o n   i n   c h a r   d e n s i t y   f r o m   t h e   f r o n t   s u r f a c e   t o   t h e  

v i r g i n - m a t e r i a l   i n t e r f a c e   w a s   m e a s u r e d   o n  a f e w   s a m p l e s   u s i n g   a n  X - r a y  

m e a s u r e m e n t   t e c h n i q u e   t h a t   w a s   d e v e l o p e d   a t  SRI. A 0 . 5 - i n .   - w i d e  x 0 . 1 - i n . -  

t h i c k   s a m p l e   i n c l u d i n g   t h e   c h a r   w a s  c u t  a l o n g   t h - e   c e n t e r   l i n e   f r o m   t h e  

f r o n t   t o   t h e   b a c k   o f   t h e   a b l a t e d   m o d e l   c o r e .   T h e   c h a r   l a y e r   w a s   t h e n  

s c a n n e d   f r o m   t h e   f r o n t   s u r f a c e   t o   t h e   v i r g i n   m a t e r i a l   w i t h  a 0 . 2 5 0  x 0 . 0 0 3 -  

. i n .   - t h i c k   X - r a y   b e a m   n o r m a l   t o   t h e   o r i g i n a l   m o d e l   c o r e   a x i s .   A t t e n u a t i o n  

o f   t h e   X - r a y   b e a m   i n d i c a t e d   t h e   c h a r   d e n s i t y   p r o f i l e .  

3 .  T e s t  P r o c e d u r e  

T h e   t u n n e l   o p e r a t i n g   v a r i a b l e s   s u c h  a s  p o w e r   a n d  g a s  f l o w  r a t e  were 

e s t a h l i s h e d   b y   t r i a l   a n d   e r r o r   a t   e a c h   f a c i l i t y   t o  meet  t h e   t u n n e l   c o n d i -  

t i o n   r e q u e s t e d  by t h e   I n s t i t u t e .   T h e   f a c i l i t y   w a s   a l l o w e d   t o   m a t c h   e i t h e r  

t h e   r e q u e s t e d   e n t h a l p y   a n d   s t a g n a t i o n   p r e s s u r e  o r  a s p e c i f i e d   h e a t   f l u x  

a n d   p r e s s u r e .  
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T h e   s e q u e n c e   f o l l o w e d   b y   t h e   f a c i l i t y   i n   m e a s u r i n g   t h e   r e q u e s t e d  

t u n n e l   v a r i a b l e s   w a s   1 a r g e l . y   d i c t a t e d  by t h e   n u m b e r   o f   i n s t r u m e n t s   t h a t  

c o u l d   b e   s e q u e n t i a l l y   i n s e r t e d   i n t o   t h e   p l a s m a   s t r e a m   d u r i n g  a s i n g l e  

r u n .  We h a v e   t e r m e d   t h i s   t h e   “ t u n n e l   i n s e r t i o n   c a p a b i l i t y ,  ” a n d  i t  

r e f e r s   t o   t h e   n u m b e r   o f   m o d e l   s u p p o r t s   i n   t h e  t e s t  c h a m b e r .   T u n n e l s  

w i t h   f o u r   s u p p o r t s   c o u l d   m a k e   a l l   r e q u e s t e d   m e a s u r e m e n t s   d u r i n g  a s i n g l e  

s t a r t - u p ; f a c i l i t i e s   w i t h   f e w e r   s u p p o r t s   r e q u i r e d   p r o g r e s s i v e l y   m o r e   r u n s  

t o   o b t a i n  t h e  r e q u i r e d   i n f o r m a t i o n .   T h e   r e l a t i v e   r e p r o d u c i b i l . i t y   o f  a 

f a c i l i t y ’ s   r e s u l t s  i s ,  o f   c o u r s e ,   d e p e n d e n t   o n  t h e  r u n - t o - r u n   v a r i a t i o n  

i n   t u n n e l   c o n d i t i o n s   c o m p a r e d   t o   t h e   v a r i a t i o n s   d u r i n g  a s i n g l e - r u n .  

T a b l e  IV i s  a summary o f  t h e   o p e r a t i n g   s e q u e n c e   f o l l o w e d   a t   e a c h  

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

m o d e l s .  

T a b l e  IV 

SEQUENTIAL ORDER OF TEST MEASUREMENTS 

FACILITY 

Ames-GDB 

Ames-MPDB 

Langley-AMPD 

Langley-ESB 

Manned S p a c e c r a f t   C e n t e r  

Aerotherm  Corp. 

AVO0 Corp. 

G i a n n i n i   S c i e n t i f i c   C o r p .  

Mart in   Co.  

Space   Gene ra l   Corp .  

C o r n e l 1   A e r o n a u t i c a l   L a b .  

M - Model   runs.  
C - C a l i b r a t i o n   r u n s .  
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I V EXPER I MENTAL  RESULTS 

T h e   r e s u l t s   o f   t h e   e x p e r i m e n t a l   p r o g r a m   c o v e r e d   t h r e e   b r o a d ' a r e a s :  

t e s t  e n v i r o n m e n t ,   h i g h - d e n s i t y   m a t e r i a l s ,   a n d   l o w - d e n s i t y   m a t e r i a l s , .   t h e s e  

a r e   c o v e r e d   i n   t h e   f o l l o w i n g   s e c t i o n s .  The t e s t  e n v i r o n m e n t  i s  n o t   o n l y  

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

p a r a m e t e r s   a r e   c r o s s - c o m p a r e d .   T h e   a b l a t i o n   b e h a v i o r   o f   t h e   h i g h - d e n s i t y  

m a t e r i a l s  i s  d e s c r i b e d   a n d   c o r r e l a t e d   w i t h   t h e   r e s u l t s   f r o m   t h e   P h a s e  I 
p r o g r a m .   T h e   a b l a t i o n   b e h a v i o r  o f  t h e   l o w - d e n s i t y   m a t e r i a l s  i s  d e s c r i b e d  

i n   m o r e   d e t a i l ,   a n d   c o r r e l a t i o n s   f o r   t h e s e   r e s u l t s  a r e  s u g g e s t e d .  . 

A .  E v a l u a t i o n   o f   T e s t   C o n d i t i o n s  

T h e   m a t r i x   o f  t e s t  c o n d i t i o n s   f o r   t h e   s e c o n d   r o u n d   r o b i n   w a s   d e - s i g n e d  

by s e l e c t i n g   t h r e e  t e s t  c o n d i t i o n s   f o r   e a c h   p a r t i c i p a t i n g   g r o u p   t h a t   w o u l d  

u t i l i z e  t h e   f u l l   r a n g e   c a p a b i l i t y   o f   t h e   f a c i l i t y   a n d   a t   t h e   s a m e  t ime 

p r o v i d e d   t h e   w i d e s t   d i s t r i b u t i o n   o f  t e s t  c o n d i t i o n s   f o r   a l l   f a c i l i t i e s .  

T h e   d i s t r i b u t i o n   o f  t e s t  c o n d i t i o n s   u s e d   i n   t h e   P h a s e  I1 r o u n d   r o b i n  i s  

s h o w n   i n   F i g .  .6 .  A l s o   s h o w n   i n   t h e   f i g u r e  i s  t h e   e n v e l o p e   o f   t h e   c o n d i -  

t i o n s   f o r   t h e   P h a s e  I r o u n d   r o b i n .  

, 

S i n c e   t h e   a b l a t i o n   o f   T e f l o n   a n d   h i g h - d . e n s i t y   p h e n o l i c - n y l o n   h a d   b e e n  

i n v e s t i g a t e d   d u r i n g   t h e   f i r s t   r o u n d   r o b i n   i n   t h e   l o w   a n d  medium p r e s s u r e  

r a n g e ,   t e s t i n g   o f   t h e s e   m a t e r i a l s   w a s   r e s t r i c t e d   p r i m a r i 1 . y  t o  t h e  0 . 3  t o  

30 a t m   s t a g n a t i o n   p r e s s u r e   r a n g e .   T h e   f i v e  new l o w - d e n s i t y   m a t e r i a l s   h a d  

b e e n   d e s i g n e d   f o r  low p r e s s u r e   a p p l i c a t i o n s   a n d  were t h e r e f o r e  t e s t e d  p r i -  

m a r i l y  i n   t h e  0 . 0 0 4  t o  0 . 7  a tm p r e s s u r e   r a n g e .  

D u r i n g   t h e   f i r s t   r o u n d   r o b i n ,   t h e   m o d e l   s t a g n a t i o n   p r e s s u r e   m e a s u r e d  

w i t h   a n   S R I   p i t o t   p r o b e   o f   t h e   s a m e   g e o m e t r y '   a s   t h e   a b l a t i o n   m o d e l s   w a s  

c o m p a r e d   t o   t h e   s t a g n a t i o n   p r e s s u r e   m e a s u r e d   w i t h   t h e   f a c i l i t y   p i t o t   p r o b e .  

T h e   r e s u l t s  were i n   e x c e l l e n t   a g r e e m e n t  and t h e r e f o r e   t h i s   c o m p a r i s o n  was 

n o t   i n   t h e   P h a s e  I1  r o u n d   r o b i n .   I n s t e a d  a s t a g n a t i o n   p r e s s u r e   a n d   h e a t i n g  

r a t e  t r a v e r s e   o f   t h e   p l a s m a   s t r e a m s   w a s   s u b s t i t u t e d .  
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1. P l a s m a   S t r e a m   U n i f o r m i t y  

T h e   r e s u l t s   o f   t h e   p l a s m a   s t r e a m   t r a v e r s e  of  

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

T h e s e   p l o t s   w e r e   p r e p a r e d   b y   n o r m a l i z i n g   t h e   l o c a  

a t   v a r i o u s   d i s t a n c e s   f r o m   t h e   n o z z l e   c e n t e r   l i n e  

h e a t i n g   r a t e   a n d   m o d e l .  

F i g s .  7 t h r o u g h  16.  - 

1 m e a s u r e d   h e a t i n g   r a t e s  

i n  terms of  t h e   m e a s u r e d  

h e a t i n g   r a t e   a t   t h e   c e n t e r - l i n e   p o s i t i o n .  The s a m e   p r o c e d u r e   w a s   f o l l o w e d  

f o r   t h e   m o d e l   s t a g n a t i o n   p r e s s u r e s .  

A 1 . 2 5 - i n .   - d i a m e t e r   a b l a t i o n   m o d e l ,   d r a w n   t o   t h e   s a m e   s c a l e   a s   t h e  

n o z z l e   e x i t   d i a m e t e r ,  i s  s h o w n   a t   t h e   t o p   o f   e a c h   p l o t   t o   i n d i c a t e   t h e  

s t r e a m   u n i f o r m i t y   i n   t h e   a r e a   o f   t h e   m o d e l   a n d   c o r e .  A s c a l e   s k e t c h   o f  

t h e   c a l o r i m e t e r ,   s h o w i n g  i t s  s h a p e ,   t o t a l   d i a m e t e r ,   a n d   s e n s i n g   d i a m e t e r ,  

i s  a l s o   i n c l u d e d   a t   t h e   t o p  o f  e a c h   p l o t .  

T h e   n o n u n i f o r m i t y  o f  t h e   p l a s m a   s t r e a m   c a n  r e s u l t  f r o m  a v a r i e t y   o f  

c a u s e s   s u c h   a s   h e a t   l o s s e s   t o   t h e   n o z z l e   w a l l ,   n o z z l e   e x p a n s i o n   c h a r a c -  

t e r i s t i c s ,   p r e s s u r e   m i s m a t c h   b e t w e e n   t h e   n o z z l e  e x i t  a n d  t h e  t e s t   c h a m b e r ,  

m e t h o d   u s e d   t o   s t a b i l i z e  t h e  a r c ,   a n d   t h e   p o s i t i o n   o f   t h e   m e a s u r i n g  i n -  

s t r u m e n t .  I t  i s  i m p o s s i b l e   t o . g e n e r a l i z e   o n  t h e  c a u s e s   f o r  t h e  s t r e a m  

n o n u n i f o r m i t i e s   s h o w n  i n  F i g s .  7 - 1 6 .  One may o n l y   s t a t e   t h a t   t h e s e   w e r e  

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

t u n n e l   o p e r a t i n g   c o n d i t i o n ,   a n d   m o d e l   g e o m e t r y .  

A c t u a l l y ,  f o r  t h i s  p a r t i c u l a r   s e r i e s   o f  t e s t s ,  t h e   p l a s m a   s t r . e a m s  

w e r e   a p p a r e n t l y   q u i t e   u n i f o r m  i n  t h e   c e n t e r r l i n e   a r e a   w h e r e   t h e   m o d e l  

c o r e s   w e r e   l o c a t e d .  An a v e r a g e  o f  a l l   t h e   p a r t i c i p a t i n g   g r o u p s   i n d i c a t e d  

t h a t   t h e   h e a t  f l u x  a t   t h e   m o d e l   c o r e   o u t e r   d i a m e t e r  ( 0 . 6 2 5  i n . )  was 

99 p e r c e n t   o f   t h e   c e n t e r - l i n e   h e a t   f l u x .   T h e   s t a g n a t i o n   p r e s s u r e   a t   t h e  

s a m e   p o i n t   w a s  97 p e r c e n t   o f   t h e   c e n t e r - l i n e   v a l u e .  A t  t h e  m o d e l   o u t e r ,  

o r  s h r o u d   d i a m e t e r  ( 1 . 2 5  i n . ) ,  l o c a t i o n   t h e   a v e r a g e   h e a t   f l u x e s   w e r e  

89 p e r c e n t   o f   c e n t e r - l i n e   v a l u e s   a n d   a v e r a g e   p r e s s u r e s   w e r e  85  p e r c e n t  n f  

t h o s e   a t   t h e   c e n t e r .   T h e   d r o p o f f   i n h e a t i n g   r a t e w h e n   m o v i n g   o u t   o f t h e   c e n t e r  

o f   t h e   p l a s m a   s t r e a m  i s  s o m e w h a t   c o m p e n s a t e d  f o r  w i t h   t h e   f l a t - f a c e d   s h a p e -  

w h i c h   g i v e s  a h i g h e r   h e a t   f l u x   a t  i t s  p e r i p h e r y .   T h i s  i s  i n d i c a t e d   i n  

F i g .  1 7  ( G r a p h  A )  w h i c h   s h o w s   t h e   h e a t   f l u x   a t   v a r i o u s   p o s i t i o n s   o n   t h e  

h e m i s p h e r i c a l   a n d   f l a t - f a c e   c a l o r i m e t e r s   u s e d  by t h e   M a r t i n  Company i n  

t h e   s t u d y  o f  v a r y i n g   m o d e l   d i a m e t e r .   T h i s   p l o t  i s  i n   r e a s o n a b l e   a g r e e -  

men t  w i t h  t h e  r e s u l t s  o f  M a r v i n   a n d   S i n c l a i r .   G r a p h  B . o f  F i g .  1 7  shows  

t h e   p l a s m a   s t r e a m   u n i f o r m i t y   a t   t h e   s a m e   f a c i l i t y .  
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T h e   c h e m i c a l   n o n u n i f o r m i t y   o f   t h e   p l a s m a   s t r e a m s   w a s   n o t   s t u d i e d  

d u r i n g   t h i s   w o r k ,   b u t   t h e   G i a n n i n i   g r o u p ,   w h i c h   h a s   c o n d u c t e d   s u c h   s t u d i e s ,  

r e p o r t e d   t h a t  a v a r y i n g   o x y g e n - t o - n i t r o g e n   r a t i o   c a n   e x i s t   a c r o s s   t h e  

s t r e a m   d e p e n d i n g   o n   w h e r e   a n d  how t h e   o x y g e n   e n t e r s   t h e   s t r e a m .   T h e   o x y g e n  

l e v e l  o f   t h e  t e s t  s t r e a m  w i l l  o f  c o u r s e   h a v e  a m a r k e d   e f f e c t   o n   t h e   m a t e r -  

i a l   a b l a t i o n   r a t e .  

P r o b a b l y   t h e   g r e a t e s t   s i g n i f i c a n c e   o f   t h e   p l a s m a   s t r e a m   t r a v e r s e  i s  

t h a t   t h e   a v e r a g e   s t r e a m   e n t h a l p y   m e a s u r e d   b y   a n   e n e r g y   b a l a n c e   d o e s   n o t  

r e p r e s e n t   t h e   c e n t e r - l i n e   e n t h a l p y   w h e r e   t h e   m o d e l  i s  b e i n g   t e s t e d .  

2 .  S t a g n a t i o n   P o i n t   H e a t i n g   R a t e  

As s t a t e d   p r e v i o u s l y ,  t h e  c o l d   w a l l   h e a t   f l u x   w a s   m e a s u r e d   a t   m o s t  

f a c i l i t i e s  w i t h  b o t h  a f a c i l i t y   c a l o r i m e t e r   a n d   t h e  SRI c a l o r i m e t e r .   T h e  

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

SRI d e s i g n .  The m a i n   d i f f e r e n c e s   i n   c a l o r i m e t e r   d e s i g n s   w e r e   s h a p e ,   t o t a l  

d i a m e t e r ,   s e n s i n g   d i a m e t e r ,   a n d  t h e  s u r f a c e   m a t e r i a l   o f   t h e   s e n s i n g   a r e a .  

a .   E f f e c t   o f   C a l o r i m e t e r   D e s i g n  

I d e a l l y ,   t h e   c a l o r i m e t e r   u s e d   t o   m e a s u r e   c o l d   w a l l   h e a t   f l u x  

s h o u l d   h a v e   t h e   s a m e   s h a p e   a n d   d i m e n s i o n s   a s   t h e   a b l a t i o n   m o d e l s   b e i , n g  

t e s t e d .   U n f o r t u n a t e l y   e a c h  s e t  o f   a b l a t i o n   m o d e l s  may d i f f e r ,   a n d   t h e  

u s u a l   p r a c t i c e  i s  t o   r e c a l c u l a t e   t h e   m e a s u r e d   c a l o r i m e t e r   h e a t   f l u x   t o  

c o n f o r m   t o   t h e   m o d e l   s h a p e   a n d   s i z e .   S e l e c t i o n  o f  a c a l o r i m e t e r  i s  

f u r t h e r   c o m p l i c a t e d   b e c a u s e   f o r  a t a s k   s u c h   a s  a s t r e a m   t r a v e r s e  i t  m i g h t  

b e   d e s i r a b l e   t o   h a v e  a s m a l l   d i a m e t e r   h e m i s p h e r i c a l   s h a p e ,   w h e r e a s   f o r  

m o d e l   t e s t i n g ,   a n d   t o   r e d u c e   t h e   s u r f a c e   c a t a l y t i c   e f f e c t ,  i t  would   be  

d e s i r a b l e   t o   h a v e  a l a r g e r   d i a m e t e r   c a l o r i m e t e r .  

(1 )  S h a p e   a n d   D i a m e t e r   C o r r e c t i o n s .   T h e   s h a p e   a n d   d i a m e t e r   o f  
~~ 

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

t h e  h e a t   f l u x   t o   t h e   s u r f a c e .  I t  i s  g e n e r a l l y   a c c e p t e d   t h a t   u n d e r   s u p e r -  

s o n i c   c o n d i t i o n s  t h e  h e a t   f l u x   t o   d i f f e r e n t   s i z e d   c a l o r i m e t e r s   w i t h   t h e  

s a m e   s h a p e  w i l l  v a r y   i n v e r s e l y   w i t h   t h e   s q u a r e   r o o t   o f   t h e   c a l o r i m e t e r  

r a d i u s ,  R ,  o r  d i a m e t e r ,  D ,  a c c o r d i n g   t o   t h e   f o l l o w i n g   r e l a t i o n :  

w h e r e   t h e   s u b s c r i p t s   d e s i g n a t e  two d i f f e r e n t   c a l o r i m e t e r s .  
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T h e   a b o v e   r e l a t i o n s h i p   w a s   u s e d   t o   c o r r e c t   t h e   f a c i l i t y   h e a t  

f l u x   d a t a - w h e n   t h e   f a c i l i t y   c a l o r i m e t e r   w a s   f l a t   f a c e d   a n d   h a d  a d i f f e r e n t  

d i a m e t e r   t h a n   t h e  SRI m o d e l .  

H e a t   t r a n s f e r   r e l a t i o n s h i p s   s u c h   a s   t h e   o n e   p r o p o s e d  by  Fay-  

R i d d e l 1 7   a r e   b a s e d   o n   t h e   h e a t   f l u x   t o  a h e m i s p h e r i c a l   s h a p e .   T h u s ,   t h e  

e f f e c t i v e   r a d i u s ,  R e f f ,  e q u a l s   t h e   h e m i s p h e r i c a l   r a d i u s .   H e a t   t r a n s f e r  

t o  o t h e r   s h a p e s  may b e   e x p r e s s e d  a s  s o m e   f r a c t i o n   o f   t h e   h e a t   f l u x   t o   a n  

e q u a l   r a d i u s   b u t   h e m i s p h e r i c a l   b o d y .   E q u i v a l e n t l y  a c o r r e c t i o n  may b e  

made t o   t h e   a c t u a l   r a d i u s   t o   g i v e   t h e  R e f f a  

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

f l u x   d a t a   f o r   h e m i s p h e r i c a l   c a l o r i m e t e r s  were c o m p a r e d   t o  t h e  SRI f l a t -  

f a c e d   c a l o r i m e t e r   a n d   w e r e   f o u n d   t o   e f f e c t i v e l y   f o l l o w   t h e   r e l a t i o n s :  

6 F F  = 0 . 5 5  ;I" 

T h e s e   r e s u l t s   a g r e e d  w e l l  w i t h   t h e   d a t a   o f   S t o n e y   a n d   M a r k l y l ' a n d  were 

u s e d  t o  a d j u s t   f a c i l i t y   h e m i s p h e r i c a l   c a l o r i m e t e r  r e s u l t s  t o   t h e  SRI s h a p e .  

I n   t h e   P h a s e  I1 r o u n d   r o b i n   m o s t   f a c i l i t y   c a l o r i m e t e r s  were 

f l a t   f a c e d   a n d   r e q u i r e d   o n l y   d i a m e t e r   c o r r e c t i o n s .  I n  a d d i t i o n ,   t h e   t w o  

Ames f a c i l i t i e s   c o r r e c t e d   t h e i r   h e m i s p h e r i c a l   c a l o r i m e t e r   r e s u l t s  w i t h  

f a c t o r s   t h a t   t h e y   h a d   p r e v i o u s l y   e s t a b l i s h e d   e x p e r i m e n t a l l y .   T h e   f e w  r e -  

m a i n i n g   f a c i l i t y   h e m i s p h e r i c a l   c a l o r i m e t e r s  were c o r r e c t e d   u s i n g   t h e   s a m e  

f a c t o r s   t h a t   w e r e   u s e d   i n   t h e   P h a s e  I r o u n d   r o b i n .  

( 2 )  S u r f a c e   C a t a l y t i c   E f f e c t s .  I n  t h e   a r e a   o f   m a t e r i a l s   e v a l -  

u a t i o n ,   t h e   p l a s m a   a r c   h a s   b e e n   t h e  most  v e r s a t i l e  t e s t  d e v i c e   d e v e l o p e d  

f o r   r e p r o d u c i n g   f r e e   f l i g h t   h e a t i n g   c o n d i t i o n s .   T h e r e   a r e ,   h o w e v e r ,   o b -  

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

I n  f r e e   f l i g h t   t h e   a i r   p r e c e d i n g   t h e   v e h i c l e s   s h o c k  wave i s  a t  r e s t  a n d   a t  

c h e m i c a l   e q u i l i b r i u m ,   e x c e p t   a t   e x t r e m e   a l t i t u d e s .   I n   a r c   p l a s m a   t e s t i n g ,  

t h e   m o d e l  i s  s t a t i o n a r y ,   a n d   t h e  t e s t  g a s   p r e c e d i n g   t h e   m o d e l   s h o c k   w a v e  

h a s   b e e n   p r e h e a t e d  t o  a v e r y   h i g h   t e m p e r a t u r e   l e v e l   a n d   t h e n   e x p a n d e d  

t o   l o w   p r e s s u r e   t o   s i m u l a t e   f r e e   f l i g h t   c o n d i t i o n s .   T h e   h i g h   g a s   t e m p e r -  

e r a t u r e ,  t o g e t h e r   w i t h  t h i s  e x p a n s i o n   t h r o u g h  a s u p e r s o n i c   n o z z l e   t o   o b -  

t a i n   h i g h   v e l o c i t y ,   c a n   g i v e  a p l a s m a   s t r e a m   t h a t  i s  n o t   i n   c h e m i c a l  
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e q u i l i b r i u m .   T h i s  i s  p a r t i c u l a r l y   t r u e   w i t h   l a r g e   e x p a n s i o n   r a t i o s .  Re- 
c o m b i n a t i o n   o f   t h e   d i s s o c i a t e d   g a s   m o l e c u l e s   b e h i n d   t h e   m o d e l   s h o c k   w a v e  

t h e r e b y   i n f l u e n c e s  t h e  h e a t   f l u x   t o   t h e   c a l o r i m e t e r  o r  m o d e l .   T h e   r e c o m -  

b i n a t i o n   m e c h a n i s m   h a s   n o t   b e e n   f u l l y   q u a n t i f i e d   b u t  i s  known t o   b e  a 

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

t h e   w a l l   t e m p e r a t u r e ,   m o d e l   g e o m e t r y ,   a n d   w a l l   c a t a l y t i c .   a c t i v i t y . l l  

T h e   a m o u n t   o f   h e a t   r e l e a s e d   b y   c a t a l y t i c   r e c o m b i n a t i o n   b e c o m e s  

i m p o r t a n t   w h e n   t h e   h e a t   f l u x   m e a s u r e m e n t s   a r e   u s e d   t o   c a l c u l . a t e   t h e   e n -  

t h a l p y   i n   t h e   c e n t e r   o f   t h e   n o n e q u i l i b r i u m   p l a s m a   s t r e a m   a t   t h e   m o d e l  

l o c a t i o n .   H e a t   t r a n s f e r   r e l a t i o n s h i p s   s u c h   a s   F a y - R i d d e l l   a s s u m e   a n   i n -  

f i n i t e l y   c a t a l y t i c   s u r f a c e   a n d   c o m p l e t e   r e c o v e r y  o f  a l l   e n e r g y .   M e t a l  

c a l o r i m e t e r   s u r f a c e s   h a v e   v a r y i n g   f i n i t e   c a t a l y t i c   r e a c t i o n   r a t e   c o n s t a n t s ,  

a n d   t h e   m e a s u r e d   h e a t   f l u x  w i l l  b e  l e s s  t h a n   t h a t   f o r   i n f i n i - t e l y   c a t a l y t i c  

s u r f a c e s .   F u r t h e r ,   f o r  a g i v e n   s u r f a c e   m a t e r i a l ,   t h e   r a t i o .   o f   m e a s u r e d  

h e a t  f l u x   t o  t h e  h e a t   f l u x   a t  a f u l l y   c a t a l y t i c   s u r f a c e  w i l l  i n c r e a s e   w i t h  

i n c r e a s i n g   s t r e a m   d e n s i t y   a n d   c a l o r i m e t e r   d i a m e t e r ,   a n d   t h e   r a t i o  w i l l  d e -  

c r e a s e   w i t h   i n c r e a s i n g   e n t h a l p y   a n d  w a l l  t e m p e r a t u r e .  

T h e   G a s   D y n a m i c s   B r a n c h   o f  Ames R e s e a r c h   C e n t e r   c o n d u c t e d  a 

s t u d y   o f   t h e   e f f e c t ,   o n   t h e   m e a s u r e d   h e a t   f l u x ,  o f  c a l o r i m e t e r   s u r f a c e  

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

t h e   s t u d y ,   t h e  A m e s  c o p p e r - s u r f a c e   c a l o r i m e t e r   a n d   t h e  SRI n i c k e l - s u r f a c e  

c a l o r i m e t e r   w e r e   e x p o s e d  t o  a r a n g e   o f   e n t h a l p i e s   ( 8 0 0 0   B t u / l b   a n d   g r e a t e r )  

a t  two s t a g n a t i o n   p r e s s u r e s .   I d e n t i c a l   c a l o r i m e t e r s   t h a t   h a d   b e e n   s p r a y e d  

w i t h  a t h i n   c o a t i n g   o f   T e f l o n   w e r e  a l s o  e x p o s e d   t o   t h e  same c o n d i t i o n s .  

T h e s e  t e s t s  w e r e   p e r f o r m e d  a t  a r e l a t i v e l y   h i g h   e x p a n s i o n   r a t i o .  

T h e   r e s u l t s   o f   t h e   s t u d y   a r e   s h o w n   i n   F i g . ,   1 8 ,   i n   w h i c h   t h e   r a t i o  

o f   m e a s u r e d   h e a t   f l u x ,  ~,,,,, t o   t h e   h e a t   f l u x   f o r   a n   i n f i n i t e l y   c a t a l y t i c  

s u r f a c e ,  ( I k  rug), i s  p l o t t e d   v e r s u s   t h e   t o t a l   s t r e a m   e n t h a l p y   a s   d e t e r m i n e d  

by t h e   m o d i i i e d   s o n i c   f l o w   m e t h o d   ( s e e   f o o t n o t e   2 ,   A p p e n d i x  B - 1 ) .  The 

v a l u e  of  ;Ik rum w a s   c a l c u l a t e d   u s i n g   t h e   F a y - R i d d e l l   r e l a t i o n   a n d   t h e   t o t a l  

s t r e a m   e n t h : l p y   r e p o r t e d . b y  Ames w i t h  t h e i r  e x p e r i m e n t a l   r e l a t i o n   o f  

R e f f  = 2 . 9 1  RFF. I t  s h o u l d   b e   n o t e d   t h a t   t h e   h i g h e r   p r e s s u r e   r u n s   s h o w n  

i n   t h e   f i g u r e  were m a d e   b y , e n t e r i n g   p a r t   o f   t h e   g a s   a t   t h e   p l e n u m   l o c a t i o n ,  
t h e r e b y   c h a n g i n g   t h e   e q u i l i b r i u m   c o n d i t i o n   a n d   g i v i n g  an. a c c e n t u a t e d   e f -  

f e c t   o f   s t a g n a t i o n   p r e s s u r e   o n   t h e   h e a t   f l u x   r a t i o ! ,  i m e a s / t k  -m. 
W 
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T h e   d a t a  were a l s o   u s e d   b y  Ames t o  e s t i m a t e   t h e   c a t a l y t i c   r e -  

a c t i o n   r a t e   c o n s t a n t ,  k w ,  f o r   e a c h   s u r f a c e .   T h e   k w  was f o u n d  t o  b e  500 
t o  7 0 0  c m / s e c  f o r  c o p p e r ,  300 c m / s e c   f o r   n i c k l e ,   a n d   t o   b e  much l o w e r   f o r  

T e f l o n ;   t h e   v a l u e s   f o r   t h e  m e t a l s  a g r e e   w i t h   t h o s e   o f   G 0 u 1 a r d . l ~  

The  r e s u l t s  i n d i c a t e  t h e  i m p o r t a n c e   o f   c a l o r i m e t e r   s u r f a c e  

c a t a l y t i c   a c t i v i t y ,   c a l o r i m e t e r   g e o m e t r y ,   a n d   s t r e a m   c o n d i t i o n s   o n   t h e  

m e a s u r e d   h e a t   f l u x .  No s i m p l e   c o r r e l a t i o n   o f   a l l   v a r i a b . l e s   h a s   b e e n   d e -  

v e l o p e d   t o   d a t e ;   h o w e v e r ,   s t u d i e s   i n   t h i s   f i e l d   a r e  now u n d e r   w a y .   T h e  

g e n e r a l   c o n c l u s i o n s  a t  t h i s  t ime a r e   t h a t ,  when t h e   a r c   g e n e r a t o r - n o z z l e  

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

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

c o p p e r ,  o r  n i c k e l .   F u r t h e r ,   t h e   c a l o r i m e t e r   d i a m e t e r   s h o u l d   b e   a s   l a r g e  

a s  i s  p r a c t i c a b l e .   F i n a l l y ,   a n   i n d i c a t i o n   o f   t h e  s t r e a m  n o n e q u i l i b r i u m  

c o n d i t i o n   c a n   b e   o b t a i n e d   b y   c o m p a r i n g   t h e   m e a s u r e d   f l u x  t o  a c a t a l y t i c  

m e t a l  s u r f a c e  t o  t h e  h e a t   f l u x   m e a s u r e d   w i t h   a n   i d e n t i c a l   c a l o r i m e t e r   t h a t  

h a s   b e e n   s p r a y e d  w i t h  a t h i n  c o a t i n g   o f   T e f l o n   t o   g i v e  a n o n c a . t a l y t i c  

s u r f a c e .  T h i s ,  o f  c o u r s e ,  i s  n o t   p o s s i b l e   a t   h i g h   h e a t   f l u x e s   w h e r e   t h e  

T e f l o n   w o u l d ’   s u b l i m e   r a p i d l y .  

b .   C o m p a r i s o n   o f  R e s u l t s  

U s i n g   t h e   c o r r e c t i o n   t e c h n i q u e s   d i s c u s s e d   a b o v e ,   t h e   m e a s u r e d .  

f a c i l i t y   h e a t   f l u x   d a t a   w e r e   a d j u s t e d   t o   t h e   1 . 2 5 - i n ” d i a m e t e r  SRI model  

s h a p e .   T h e   f a c i l i t y   a n d  SRI c a l o r i m e t e r   r e s u l t s   a r e   c o m p a r e d   i n   F i g .   1 9 ,  
t h e  s t a n d a r d   d e v i a t i o n  w a s  f o u n d   t o   b e  1 3  p e r c e n t .   T h e s e  r e s u l t s  a r e  a 

s l i g h t   i m p r o v e m e n t   o v e r  t h e  f i r s t   r o u n d - r o b i n   d a t a ,   w h i c h   s h o w e d   a s t a n d a r d  

d e v i a t i o n   o f  16  p e r c e n t .  

T h e   C o r n e l l   d a t a   g a v e  t h e  g r e a t e s t   d e v i a t i o n ,   w i t h   t h e  SRI tal- 
or imeter  r e a d i n g   a b o u t   1 . 6   t i m e s   t h e   C o r n e l l   v a l u e .   C o r n e l l   r e p o r t e d  

t h a t  t h e y   h a v e   p r e v i o u s l y   e x p e r i e n c e d   e v e n   h i g h e r   r e a d i n g s  a t  h i g h   p r e s s u r e  

c o n d i t i o n s   w i t h   c a l o r i m e t e r s   w h i c h   a r e   s i m i l a r   t o   t h e  SRI d e s i g n   b u t w h i c h  

h a v e   a n   a i r   g a p   s u r r o u n d i n g   t h e   s l u g .   A p p a r e n t l y   t h e   h i g h   p r e s s u r e   g a s e s  - 

f l o w   t h r o u g h   t h i s   a i r   g a p   a n d   c a n   p r e f e r e n t i a l l y   h e a t   t h e   t h e r m o c o u p l e  

j u n c t i o n ,   t h e r e b y   g i v i n g  a h i g h   t e m p e r a t u r e  r i s e  r a t e .   T h e   p r o b l e m  may 

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

C o r n e l l   s o l v e s   t h i s   p r o b l e m   b y   f i l l i n g  a s h o r t   s e c t i o n   o f   t h e   a i r   g a p  
w i t h  a r e f r a c t o r y   c e m e n t .   H o w e v e r ,   t h i s   s o l u t i o n  i s  n o t   c o m p l e t e l y  

s a t i s f a c t o r y ,   s i n c e   i n c r e a s e d   c o n t a c t   b e t w e e n   t h e   s l u g   a n d   t h e   s h r o u d  
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c a n   l o w e r   t h e   m e a s u r e d   h e a t   f l u x .   P e r h a p s   t h e   b e s t   s o l u t i o n  i s  t o   s e a l  

t h e   c a l o r i m e t e r   f o r   p r e s s u r e   c o n d i t i o n s   c o n s i d e r a b l y   a b o v e   1 . 0   a t m   a n d  

t o   i s o l a t e   t h e   s l u g   w i t h   a n   a i r   g a p   f o r   l o w e r   p r e s s u r e s .  

3. P r e d i c t i o n   o f   S t a g n a t i o n   P o i n t   E n t h a l p y  

T h e   s t a g n a t i o n   p o i n t   e n t h a l p y   i n   t h e   v i c i n i t y   o f   t h e   m o d e l   c a n   b e  

c a l c u l a t e d   f r o m   t h e   m o d e l   s t a g n a t i o n   p r e s s u r e   a n d   t h e   c o l d   w a l l   h e a t   f l u x  

v a l u e s .   T h e   f o l l o w i n g   f o r m   o f   t h e   F a y - R i d d e l l   e q u a t i o n   w a s   u s e d  t o  c a l -  

c u l a t e   t h e   s t a g n a t i o n   e n t h a l p y   p o t e n t i a l ,   A h ,   f o r   e a c h   f a c i l i t y   f r o m   t h e  

; I S R I  a n d   P ,   d a t a :  
CW 2 

w h e r e  S, i s  2 4  a s  s h o w n  i n   A p p e n d i x  E ,  S e c .  A.  

T h e   a h o v e   r e l a t i o n   a s s u m e s   a i r  a t  c h e m i c a l   a n d   t h e r m o d y n a m i c   e q u i -  

l i b r i u m   a s   t h e   t e s t   g a s   w i t h   a n   i n v a r i a n t   L e w i s   n u m b e r   e q u a l  t o  1 and  a 

P r a n d t l   n u m b e r   e q u a l  t o  0 . 7 2 .   T h e   v a l u e   o f  R e f f  was t a k e n  a s  0 . 1 7 2   f t  

b a s e d   o n   t h e   1 . 2 5 - i n .   - d i a m e t e r   f l a t - f a c e d   s h a p e   a n d  R e f f  = 3 . 3  R F F .  The 

r e s u l t i n g   v a l u e s  o f  e n t h a l p y   h a v e   b e e n   t a b u l a t e d   i n   A p p e n d i x  D a n d   a r e  

c o m p a r e d   i n   F i g .  2 0  t o   t h e   r e p o r t e d   e n t h a l p y   a s   m e a s u r e d   b y   t h e   t e c h n i q u e  

p r e f e r r e d   b y   t h e   f a c i l i t y .  

F i g u r e   2 0   s h o w s  a p r e p o n d e n c e   o f   d a t a   a b o v e  t h e  c o r r e l a t i o n   l i n e  

i n d i c a t i n g  t h a t  t h e   c e n t e r - l i n e   e n t h a l p y  i n  t h e  a r e a   o f   t h e   m o d e l  w a s  

p r o b a b l y   h i g h e r   t h a n   t h e   a v e r a g e   m e a s u r e d   e n t h a l p y   r e p o r t e d  by some o f  

t h e   f a c i l i t i e s .   F a c i l i t i e s   s u c h   a s  AMPD-Lang ley   and   ESB-Lang ley   t ha t  

p r e f e r   t h e   h e a t   f l u x   m e t h o d   f o r   m e a s u r i n g   e n t h a l p y   g a v e  a g o o d   c o r r e l a -  

t i o n   a s   w o u l d   b e   e x p e c t e d .   T h e   d i f f e r e n c e s   f o r   t h e s e  two f a c i l i t i e s  

r e s u l t   f r o m   d i f f e r e n t   c a l o r i m e t e r s   a n d   c a l c u l a t i o n   m e t h o d s .   G i a n n i n i ’ s  

a n d   S p a c e   G e n e r a l ’ s   m e a s u r e d   e n t h a l p i e s   a g r e e d  w e l l  w i t h   t h e   c a l c u l a t e d  

v a l u e s .  These  two f a c i l i t i e s   a l s o   r e p o r t e d   q u i t e   u n i f o r m   s t r e a m   t r a -  

v e r s e s ,   i n d i c a t i n g   t h a t   t h e   c e n t e r - l i n e   e n t h a l p y  i s  p r o b a b l y   c l o s e   t o  

t h e   a v e r a g e   e n t h a l p y  by t h e   e n e r g y   b a l a n c e   m e t h o d .  

P e r s o n n e l   a t  GBD-Ames f e e l   t h a t  f o r  m o d e r a t e   t o   h i g h   p r e s s u r e   n o n -  

u n i f o r m   s t r e a m s   t h e   h e a t   f l u x   e n t h a l p y  i s  p r e f e r a b l e  t o  o t h e r   m e t h o d s   o f  

m e a s u r i n g   a v e r a g e   e n t h a l p y ,   b u t   t h e y   a l s o   b e l i e v e   t h a t   t h i s   e n t h a l p y   c a n  

51 



I- 

W 
z 

W 
l- 

n 

a 

0 

lo5 L I I I I I I l l (  

- 
- 
- 
- 
- - 

- - 

- - 

lo4 - - 
- 
- 

- - 
A GDB - AMES"* 
A MPDB -AMES* 

0 ESB -LANGLEY+ 

AEROTHERM" 

- 
- - 
- 0 AMPD -LANGLEY+ - 

- MSC-HOUSTON (Supersonic)+ - 

AVCO -10 Mw+ - 
V CORNELL 
o GIANNINI* 
o MARTIN' - 
e SPACE GENERAL* 

* ENERGY  BALANCE  METHOD 
t HEAT  FLOW  METHOD 
++ MODIFIED  SONIC  FLOW * SONIC  FLOW  METHOD 

lo3 I I I I I I I  I I 1 - 1  I I I I  

lo3 lo4 lo5 

REPORTED  ENTHALPY ( htFnc- hCW) - B t U  / I b  
TE-4512-61  

FIG. 20 COMPARISON OF CALCULATED  AND  REPORTED  ENTHALPIES 

52 



b e   s e v e r e l y   i n  e r r o r  o n   t h e   l o w   s i d e ,  a s  s h o w n   b y   t h e i r   d a t a   i n  F i g .  2 0 ,  
w h e n   u s e d  f o r  l o w   p r e s s u r e ,   n o n e q u i l i b r i u m  s t reams.  T h e   p r o b l e m   r e s u l t s  

f r o m   t h e   n e c e s s i t y   o f   u s i n g   c a l o r i m e t r i c   s u r f a c e s   w i t h  l e s s  t h a n   i n f i n i t e  

c a t a l y t i c   a c t i v i t y ,  a s  d i s c u s s e d   i n   t h e   p r e v i o u s   s e c t i o n .   T h e   g r o u p  a t  

GDB-Ames h a s  t h e r e f o r e   d e v e l o p e d  a m o d i f i e d   s o n i c   f l o w   m e t h o d   w h i c h   a l l o w s  

them t o  c a l c u l a t e   t h e   s t r e a m   t e m p e r a t u r e   a n d   r e s u l t i n g   e n t h a l p y   i n   t h e  

m o d e l  a r e a .  T h e   e n t h a l p i e s   c a l c u l a t e d   b y   t h e   m o d i f i e d   s o n i c   f l o w   m e t h o d  

c a n  be 1 . 5  t imes h i g h e r   t h a n  t h e  h e a t   f l u x   m e t h o d  a s  s e e n   i n  F i g .  2 0 .  

I t  a p p e a r s   t h a t   a l t h o u g h   t h e   s t r e a m   e n t h a l p y  i s  u n d o u b t e d l y   t h e   m o s t  

i m p o r t a n t   v a r i a b l e   i n   m a t e r i a l   a b l a t i o n   s t u d i e s ,  i t  i s  a l s o   t h e   m o s t   d i f -  

f i c u l t   t o   m e a s u r e   a c c u r a t e l y .  

B. P e r f o r m a n c e   o f   H i g h - D e n s i t y   A b l a t i o n   M a t e r i a l s  

I n   o r d e r   t h a t   t h e   e f f e c t s   o f   e x t e n d e d  t e s t  c o n d i t i o n s ,   a n d   e s p e c i a l l - y  

o f   v a r y i n g   d i m e n s i o n s ,   c o u l d   b e   e v a l u a t e d ,  a d i m e n s i o n a l   a n a l y s i s  o f  a b l a -  

t i o n   v a r i a b l e s   w a s   u n d e r t a k e n .   T h i s   a n a l y s i s   a n d  i t s  u s e   t o   c o r r e l a t e  

a b l a t i o n   d a t a   f o r   t h e   h i g h - d e n s i t y   T e f l o n   a n d   p h e n o l i c - n y l o n   m a t e r i a l s  

u s e d   i n   t h e   P h a s e  I s t u d y  i s  c o v e r e d   i n   A p p e n d i x  E .  

I n   t h e   p r e s e n t   r o u n d - r o b i n   p r o g r a m   ( P h a s e  II), t w o   g r o u p s   o f   e x p e r i -  

m e n t s  were p e r f o r m e d   t o   e x t e n d   t h e   v a r i a b l e s   s t u d i e d   i n   P h a s e  I .  T h e . f i r s t  

w a s   t h e   u s e   o f   h i g h - d e n s i t y   T e f l o n   a n d   p h e n o l i c - n y l o n   m o d e l s   o f   t h e   s t a n d a r d  

s i z e   ( s a m e   a s   i n   P h a s e  I )  b u t   e x p o s e d  t o  c o n s i d e r a b l y   h i g h e r   s t a g n a t i o n  

p r e s s u r e s .   T h e   s e c o n d  g r o u p  i n v o l v e d   T e f l o n   a n d   l o w - d e n s i t y   p h e n o l i c - n y l o n  

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

f o u r  t i m e s  a s   s m a l l   a s   t h e   s t a n d a r d   m o d e l s .   T h e   r e s u l t s   o f   t h e s e   e x p e r i -  

m e n t s   a n d  how t h e y   f i t   t h e   c o r r e l a t i o n s   a r e   d i s c u s s e d   b e l o w .  

1. H i g h   S t a g n a t i o n   P r e s s u r e   E n v i r o n m e n t s  

T h e   l a c k  o f  f i t   o f   t h e   d a t a   o b t a i n e d   b y   W a l b e r g  a t  h i g h   s t a g n a t i o n  

p r e s s u r e s ,   a s   s h o w n   i n  F i g .  E - 2  o f   A p p e n d i x  E ,  s u g g e s t s   t h a t   t h e   c o r r e l a -  

t i o n   d o e s   n o t   p r o p e r l y   t a k e   i n t o   a c c o u n t   s u c h   e n v i r o n m e n t a l   c o n d i t i o n s .  

T h i s   w a s   c o n f i r m e d ,  a t  l e a s t  f o r  t h e   h i g h - d e n s i t y   p h e n o l i c - n y l o n   m o d e l s ,  

w h e n   t h e   d a t a   f r o m   t h e   P h a s e  I1 r o u n d   r o b i n   e x p e r i m e n t s  a t  h i g h   s t a g n a t i o n  

p r e s s u r e s  were c h e c k e d   a g a i n s t   t h a t   f i g u r e   a n d  were shown t o   h a v e   t h e  same 

d i s p l a c e m e n t .   R e c o n s i d e r a t i o n   o f   t h e s e   r e l a t i o n s  was t h e r e f o r e   i n   o r d e r ,  

a n d ,   a t   t h i s   p o i n t ,  i t  w a s   d e c i d e d   t o   u s e   t h k   s e p a r a t e   c o r r e l a t i o n s  
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r e p r e s e n t e d   b y   E q u a t i o n s   ( E - 1 8 A )   a n d   ( E - 1 8 B )   i n   A p p e n d i x  E s i n c e   t h e r e  

a p p e a r e d   t o   b e  a d i f f e r e n c e   i n   t h e   b e h a v i o r   o f   T e f l o n   a n d   p h e n o l i c - n y l o n  

a t   h i g h   s t a g n a t i o n   p r e s s u r e s .  

a .   B e h a v i o r  o f  T e f l o n  

T h e   a p p r o a c h   t r i e d   w a s   t o   s e p a r a t e   t h e   p r e s s u r e  term f r o m  t h e  

r e s t  o f   t h e   r e l a t i o n .   R e a r r a n g e m e n t  o f  E q u a t i o n   ( E - 1 8 A )   i n   t h i s   m a n n e r  

l e a d s   t o  

~ t ( R e f , ) o ~ 1 8 / ( ~ C W  ) 0 . 5 7  = 0. 0 0 4 4 ( P , 2 ) 0 ‘ 2 5  
S R I  

A p l o t   o f   t h e   l e f t - h a n d   s i d e  o f  t h i s   r e l a t i o n   a g a i n s t   s t a g n a t i o n  

p r e s s u r e ,   P t  , on l o g a r i t h m i c   c o o r d i n a t e s   s h o u l d   s h o w  t h e  i n d i c a t e d   s l o p e  

o f  0 . 2 5  a n d   i n t e r c e p t   o f   0 . 0 0 4 4   f o r   t h e   r i g h t - h a n d  term. I t  s h o u l d   b e  

r e m e m b e r e d   t h a t   E q u a t i o n   ( 6 )  i s  b a s e d  o n  t h e   P h a s e  I r o u n d - r o b i n   r e s u l t s .  

When s u c h  a p l o t  was m a d e   w i t h  t h e  T e f l o n  l i t e r a t u r e  d a t a   g i v e n  i n  T a b l e E - 1  

( A p p e n d i x  E ) ,  t h e   b e s t   c o r r e l a t i o n   l i n e   s h o w e d  a s l i g h t l y   d i f f e r e n t   s l o p e  

a n d   i n t e r c e p t .   T h e s e   d a t a   w e r e   t h e r e f o r e   c o r r e l a t e d  by t h e   r e g r e s s i o n  

p r o g r a m   i n   t e r m s   o f   r e l a t i o n   ( E - 1 6 6 ) ,   n a m e l y ,  

2 

T h e   c o m p u t e r   g a v e   t h e   f o l l o w i n g   v a l u e s   f o r   t h e   c o n s t a n t s   u s i n g   t h e   T e f l o n  

l i t e r a t u r e   d a t a :  

b = 0 . 0 0 4 8 ,  n = 0 .  5 2 ,  m = 0 .  2 2  

M u l t i p l e   c o r r e l a t i o n   c o e f f i c i e n t  = 0 . 9 9  

S t a n d a r d   d e v i a t i o n  = 11 p e r c e n t  

T h e   m u l t i p l e   c o r r e l a t i o n   c o e f f i c i e n t  i s  m a x i m i z e d   b y   t h e   r e g r e s s i o n   a n a l -  

y s i s .   T h e   c l o s e r  t h i s  c o e f f i c i e n t  i s  t o   u n i t y ,   t h e   m o r e   s i g n i f i c a n t  i s  

t h e   c o r r e l a t i o n .  

A v e r a g i n g   t h e s e   c o n s t a n t s   w i t h   t h e   P h a s e  I r o u n d - r o b i n   c o n s t a n t s  

o f  0 . 0 0 4 4 ,  0 . 5 7 ,  a n d  0 . 2 5  a n d   g i v i n g   t h e   l a t t e r   o n e s   s l i g h t l y   m o r e  

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

E q u a t i o n   ( 6 )   w o u l d   b e  
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T h i s   c o r r e c t e d   f o r m  i s  p l o t t e d   i n  Fig.  2 1  a n d  i s  b a s e d   n o t   o n l y   o n   t h e  

P h a s e  I r o u n d - r o b i n   r e s u l t s   a n d   l i t e r a t u r e   d a t a ,   b u t   a l s o   o n   t h e   P h a s e  I1 
r o u n d - r o b i n   h i g h   s t a g n a t i o n   p r e s s u r e   r u n s   p e r f o r m e d   a t  AVCO a n d   C o r n e l l .  

A s  c a n  be  s e e n   i n   t h e   f i g u r e   t h e r e   a p p e a r s   t o   b e   n o   e f f e c t  o f  t h e   s t a g n a -  

t i o n   p r e s s u r e   o n   t h e   c o r r e l a t i o n ,  a t  l e a s t   t o   p r e s s u r e s   o f  3 3  a t m .   T h i s  

i s  n o t   u n e x p e c t e d   s i n c e   T e f l o n   a b l a t e s   b y   s u b l i m a t i o n   a n d   t h u s   s h o u l d  be 
l i t t l e  a f f e c t e d  by m e c h a n i c a l   f o r c e s .  

b .   B e h a v i o r   o f  ~. . H i g h - D e n s i t y   P h e n o l i c - N y l o n  

A s i m i l a r   a p p r o a c h   w a s   u s e d   i n   e v a l u a t i n g   t h e   p h e n o l i c - n y l o n  

~ 

d a t a .   T h e   r e a r r a n g e d   E q u a t i o n   ( E - 1 8 B )   g a v e  

T h e   e f f e c t   o f   t h e   l i t e r a t u r e   d a t a   o n   t h e   c o n s t a n t s   w a s   n o t   c h e c k e d ,   s i n c e  

t h e r e   w a s   i n s u f f i c i e n t   i n f o r m a t i o n   f o r   u s e   i n  a r e g r e s s i o n   a n a l y s i s .  A 
p l o t  o f  E q u a t i o n  ( 9 )  i s  shown i n  F i g .  2 2  a n d  i s  b a s e d   o n   t h e   P h a s e  I 
r o u n d - r o b i n   r e s u l t s   a n d   l i t e r a t u r e   d a t a ,   a s   w e l l   a s   o n   t h e   P h a s e  I1 r o u n d -  

r o b i n ,   h i g h   s t a g n a t i o n   p r e s s u r e  r u n s  a t   C o r n e l l   a n d  AVCO. 

T h i s   p l o t   s h o w s   t h a t   a t   h i g h   s t a g n a t i o n   p r e s s u r e   t h e   p h e n o l i c -  

n y l o n   m o d e l s   e x h i b i t   h i g h e r   m a s s  l o s s  r a t e s   t h a n   w o u l d   b e   p r e d i c t e d   b y   t h e  

P h a s e  I r o u n d - r o b i n   c o r r e l a t i o n .   H o w e v e r ,   t h e s e   h i g h e r   r a t e   d a t a   d o  f i t  
a c o r r e l a t i o n   l i n e  o f  s t e e p e r   s l o p e ,  w i t h  a t r a n s i t i o n   b e t w e e n   t h e   t w o  

c o r r e l a t i o n s   o c c u r r i n g   a t  a s t a g n a t i o n   p r e s s u r e   o f   a b o u t  2 . 7  a t rn .   Thus ,  

t h e   c o r r e l a t i o n s  for high-density p h e n o l i c - n y l o n   m i g h t   b e   e x p r e s s e d   f o r  

p t  5 2 . 7  a t m   a s  
2 

i t  = 0 . 0 0 1 0 ( R e f f ) - o ~ 3 2 ( ~ C w ) o ~ 5 5 ( P t 2 ) 0 ~ 1 3  

a n d   f o r  P t  1. 2 . 7  a t m   ( a n d   a t   l e a s t  up t o  29 a t m )   a s  
2 

A t  = 0.00048(Reff)-0'32(~sR1) 0 . 5 5  ( p t 2 ) 0 .  1 3 + 0 . 7 5  
cw 

( 1 0 )  

( 1  1) 

T h i s  v a r i a t i o n   i n   b e h a v i o r   m i g h t   h a v e   b e e n   p r e d i c t e d   b e c a u s e  

p h e n o l i c - n y l o n   a b l a t e s   b y  a c h a r r i n g   m e c h a n i s m   w h i c h  i s  p a r t i c u l a r l y  s e n -  

s i t i v e  t o  t h e  m e c h a n i c a l  s t r e s s e s  b r o u g h t   o n  b y  h i g h   s t a g n a t i o n   p r e s s u r e s .  
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T h i s  i s  v e r i f i e d   b y   t h e   f a c t   t h a t   t h e   p h e n o l i c - n y l o n   m o d e l s   f r o m   t h e s e  

t e s t s  s h o w e d   a l m o s t   n o   c h a r   a f t e r   e x p o s u r e   t o   t h e   h i g h   s t a g n a t i o n   p r e s s u r e  

e n v i r o n m e n t s ,   a n d   t h u s   h a d   r e d u c e d   t h e r m a l   p r o t e c t i o n .  

T h e   u s e  o f  t h e   d o u b l e   e x p o n e n t   o n   t h e   p r e s s u r e  term i n  

E q u a t i o n   ( 1 1 )  i s  b a s e d   o n   t h i s   f a c t   o f   c h a r   f a i l u r e .   T h e   d i m e n s i o n l e s s  

f o r m  of  E q u a t i o n   ( 9 )  i s  g i v e n   i n   e x p a n d e d   f o r m  by E q u a t i o n   ( E - 1 0 )   o f  

A p p e n d i x  E. T h i s   f o r m   w o u l d   i m p l y   t h a t   t h e   e x p o n e n t   o n   t h e   e f f e c t i v e  

r a d i u s   w o u l d   h a v e   t o   i n c r e a s e   t o  a p o s i t i v e   n u m b e r   w i t h  t h i s  l a r g e   a n   e x -  

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

a n d  i t  a p p e a r s   m o r e   l o g i c a l   t h a t   o n e   a d d i t i o n a l   d i m e n s i o n l e s s   g r o u p   s h o u l d  

b e   a d d e d   t o   E q u a t i o n   ( E - 9 )   b a s e d   o n  a n e w  v a r i a b l e  , r ,  t h e   f a i l u r e  s t r e s s  

o f   t h e   c h a r .   N o r m a l   u n i t s   f o r   t h i s   v a r i a b l e   a r e   p o u n d   f o r c e   p e r   s q u a r e  

f o o t .   C o n v e r t e d  t o  t h e   p o u n d - f o o t - s e c o n d  s y s t e m ,  i t  becomes  r g c  w i t h   c o n -  

v e r t e d   u n i t s   o f   l b / f t   s e c 2 .   T h i s   h a s   t h e   s a m e   c o n v e r t e d   u n i t s   a s   s t a g n a -  

t i o n   p r e s s u r e ,  P t  . S e c t i o n  A o f  A p p e n d i x  E s h o w s   t h e   c o n v e r t e d   f o r m  o f  

t h i s   a s  P t  Fpgc T h u s ,   t h e   s i m p l e s t   f o r m   o f   t h e  new d i m e n s i o n l e s s   g r o u p  

w o u l d   b e  

2 

2 

nA = P t 2 F p / 7  ( 1 2 )  

E q u a t i o n   ( E - 9 )   t h e n   b e c o m e s  

E x p a n d e d   i n t o   d i m e n s i o n a l   f o r m ,   t h i s   e q u a t i o n   b e c o m e s  

T h i s  i s  i d e n t i c a l   t o   E q u a t i o n  (11) w i t h  r e q u a l   t o  0 . 7 5  a n d   t h e  

v a l u e  of  t h e   c o n s t a n t   t h e r e   c a n   b e   c o m p a r e d   w i t h  b f r o m   E q u a t i o n   ( 1 0 )   t o  

d e t e r m i n e   t h e   v a l u e   o f  r f r o m   E q u a t i o n  ( 1 4 ) .  H e n c e ,  7 i s  f o u n d   t o   b e  

5 6 1 0   l b   f o r c e / f t 2  o r  2 . 6 5   a t m .  

2 .  M o d e l s  w i t h  V a r i a b l e   R a d i i  

a .   P h a s e  I1  R o u n d - R o b i n   D a t a  

T h e   P h a s e  I1 s t u d i e s   w i t h   m o d e l s  o f  v a r y i n g   r a d i i   i n v o l v e d   b o t h  

h e a t   t r a n s f e r   a n d   m a s s   l o s s   m e a s u r e m e n t s ,   t h u s   p e r m i t t i n g  a c h e c k   o f   t h e  
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r a d i u s   e f f e c t   i n   b o t h   c a s e s .  I t  s h o u l d   b e   r e m e m b e r e d ,   h o w e v e r ,   t h a t   o n l y  

a l i m i t e d   a m o u n t   o f   e f f o r t   w a s   p u t   i n t o   t h e s e   s t u d i e s .  

( 1 )   H e a t   T r a n s f e r   R a t e .  I t  i s  g e n e r a l l y   a c c e p t e d   t h a t   u n d e r  

s u p e r s o n i c   c o n d i t i o n s   t h e   h e a t   f l u x   t o   d i f f e r e n t   s i z e d   c a l o r i m e t e r s   w i t h  

t h e   s a m e   s h a p e  w i l l  v a r y   i n v e r s e l y   w i t h   t h e   s q u a r e   r o o t   o f   t h e   c a l o r i m e t e r  

r a d i u s ,   F u r t h e r ,   t h e   d i m e n s i o n s   o f   d i f f e r e n t   s h a p e d   m o d e l s   c a n   b e   e x -  

p r e s s e d   i n  terms o f   t h e i r   e f f e c t i v e   r a d i i ,   a n d ,   a s   p o i n t e d   o u t   i n  

E q u a t i o n  ( 1 3 )  o f  t h e   P h a s e  I r e p o r t ,   t h i s  i s  

. .  

T h u s ,   t h e   h e a t   f l u x  w i l l  d e c r e a s e   w i t h   i n c r e a s i n g   c a l o r i m e t e r  s i z e  a c c o r d -  

i n g   t o   t h e   r e l a t i o n  

A l o g a r i t h m i c   p l o t   o f   t h e   h e a t   f l u x   r a t i o   v e r s u s   t h e   e f f e c t i v e   r a d i u s  i s  

shown i n  F i g .  2 3 .  

T h e   c a l o r i m e t e r s   u s e d  b y   A M P D - L a n g l e y   a n d   M a r t i n   w e r e   t h o s e   t h a t  

b e s t   m a t c h e d   t h e  SRI c a l o r i m e t e r s .   T h e  AMPD f a c i l i t y   u s e d  a f o u r - i n c h  

s h r o u d   f o r   t h e   f l a t - f a c e   m o d e l   a n d   c a - l o r i m e t e r   r a t h e r   t h a n  a f i v e - i n c h  

s h r o u d ;   t h i s  was d o n e   t o  m i n i m i z e  s t r e a m   b l o c k a g e   a t   t h e   d i f f u s e r . *  

As c a n   b e   s e e n   f r o m  t h e  p l o t ,  a s l o p e  o f  - 0 . 5   f i t s   t h e   d a t a  

w e l l ,  a n d   t h e   i n t e r c e p t  a t  a n   e f f e c t i v e   r a d i u s   o f   u n i t y  i s  e q u a l  t o  t h e  

s q u a r e   r o o t  o f  t h e  e f f e c t i v e   r a d i u s  o f  a 1 . 2 5 - i n c h ,   f l a t - f a c e   c a l o r i m e t e r ,  

n a m e l y ,  0 . 4 1 5 .  E x c e p t  f o r  t h e   M a r t i n   h i g h   p o i n t   a t   t h e   f i v e - i n c h ,   f l a t -  

f a c e   e f f e c t i v e   r a d i u s ,   w h e r e   s t r e a m   b l o c k a g e  may b e   o c c u r r i n g ,   a n d  a low 

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

i n v e r s e   s q u a r e   r o o t   r e l a t i o n .  

( 2 )  Mass L o s s  R a t e .  T h e   p r e d i c t e d   e f f e c t   o f   m o d e l   r a d i u s   o n  

T e f l o n  mass l o s s   r a t e  i s  s h o w n   b y   E q u a t i o n   ( E - 1 8 A ) .   R e a r r a n g e m e n t  o f  

t h i s   e q u a t i o n   i n  terms o f   e f f e c t i v e   r a d i u s   g i v e s  

* The c o r e   d i a m e t e r ,   h o w e v e r ,   r e m a i n e d   a t  2 . 5  i n c h e s .  A l s o  t h e   c o r n e r   r a d i u s  on t h e  AMPD models  was made 

c o n s t a n t   a t   o n e - e i g h t h   i n c h   r e g a r d l e s s   o f   s h r o u d   r a d i u s  s o  t h a t   t h e   r a t i o   v a r i e d ,  as shown i n  Graph A 
o n e - f i f t h   o f   t h e   s h r o u d   r a d i u s  t o  r e d u c e   s t r e a m   b l o c k a g e .  The c o r n e r   r a d i u s  on the  Martin  models   was 

o f   F i g .  17 .  
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U s i n g   t h e   d a t a   f r o m   t h e   P h a s e  I 1  e x p e r i m e n t s   o f   v a r i a b l e   r a d i i   T e f l o n  

m o d e l s ,   t h e   l e f t - h a n d   s i d e   o f   t h i s   r e l a t i o n   w a s   c a l c u l a t e d   a n d   p l o t t e d  

a g a i n s t   e f f e c t i v e   r a d i u s   i n   t h e   t o p   h a l f   o f   F i g .   2 4 .   T h e   s l o p e  o f  t h e  

l i n e  i s  - 0 . 1 8  a n d   t h e   i n t e r c e p t  i s  0 . 0 0 4 4   a t  ' R e f f  = 1 f t .  I t  a p p e a r s  

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

i n t e r c e p t .   T h e   r e a s o n   f o r   t h i s  i s  u n k n o w n   b u t   m u s t   r e l a t e   t o   t h e  way i n  

w h i c h   t h e   e x p e r i m e n t   w a s   p e r f o r m e d   a n d   i n   w h i c h   t h e   m e a s u r e m e n t s  were 

m a d e ,   s i n c e   d a t a   o b t a i n e d   a t   t h i s   f a c i l i t y   u s i n g   o t h e r   s t a n d a r d   1 . 2 5 - i n c h  

f l a t - f a c e   m o d e l s   f i t   t h e   g e n e r a l   c o r r e l a t i o n   w e l l ,   y e t   t h e   d a t a   o b t a i n e d  

w i t h  a s t a n d a r d   m o d e l   i n   t h i s   s e r i e s   ' o f   e x p e r i m e n t s   a r e   a l s o   d i s p l a c e d  

downward.  
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One p o s s i b l e   e x p l a n a t i o n   r e l a t e s   t o   t h e   f a c t   t h a t   a s   t h e   m o d e l  

d i a m e t e r s  were i n c r e a s e d ,   t h e   c o r e   d i a m e t e r s  were i n c r e a s e d   i n   t h e   s a m e  

p r o p o r t i o n s .   H o w e v e r ,   t h e   c a l o r i m e t e r s   k e p t   t h e   s a m e   s e n s i n g   a r e a   a n d  

m e r e l y   i n c r e a s e d   t h e   s h r o u d   d i a m e t e r .   W i t h   t h e   p l a s m a   c o r i n g   e x h i b i t e d  

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

a b o u t   t h e   t h e r m a l   e n v i r o n m e n t   t o   w h i c h   t h e   c o r e   w a s   e x p o s e d .  

T h e  same p a t t e r n  w a s   f o u n d   w i t h   P h a s e  I1 v a r i a b l e   r a d i i   d a t a  

f o r   t h e   H u g h e s   l o w - d e n s i t y   p h e n o l i c - n y l o n   m o d e l s .  A s  will b e   s e e n   i n  

S e c .   I V - C ,   t h e   m a s s  l o s s  r a t e   c o r r e l a t i o n ,   c a s t   i n t o   t h e   s a m e   f o r m   a s  

E q u a t i o n   ( 1 7 ) ,  i s  

T h i s  i s  p l o t t e d   i n   t h e   b o t t o m   h a l f   o f  F i g .  2 4 .  

b .   L i t e r a t u r e   D a t a  

T h e   c o r r e l a t i o n   o f   t h e   l i t e r a t u r e   d a t a   f r o m   s u p e r s o n i c   f a c i l i t i e s  

i n   A p p e n d i x   E ,   S e c .   C ,   c o v e r e d   r a d i i   v a r y i n g   f r o m   0 . 0 1 5 6   t o   0 . 5 5   f t   a n d   h a d  

a v e r y   l o w   s t a n d a r d   d e v i a t i o n .  The e f f e c t   o f   r a d i u s   o n   m a s s   l o s s   r a t e , p r e -  

d i c t e d  by t h e   d i m e n s i o n l e s s   c o r r e l a t i o n   ( s e e   E q u a t i o n   ( E - l o ) ,  o r  i t s  r e -  

v i s e d   f o r m   ( E - l 6 A ) ) ,   h a s   t h e r e f o r e   b e e n   w e l l   v e r i f i e d .  

C. P e r f o r m a n c e   o f   L o w - D e n s i t y   A b l a t i o n   M a t e r i a l s  

M o r e   e x t e n s i v e   m e a s u r e m e n t s  were m a d e   o n   t h e   l o w - d e n s i t y   m a t e r i a l s  

d u r i n g   t h e   a b l a t i o n   e x p e r i m e n t s .   T h e s e   p e r m i t t e d  a m o r e   d e t a i l e d   d e t e r -  

m i n a t i o n   o f   t h e   r e s p o n s e  o f  t h e s e   m a t e r i a l s   t o   t h e  t e s t  e n v i r o n m e n t .  As 

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

d a t a .  

1. A b l a t i o n   B e h a v i o r  

T h i s   s e c t i o n   c o n t a i n s   i n f o r m a t i o n   o n   t e m p e r a t u r e   m e a s u r e m e n t s   a n d  

p h y s i c a l   c h a n g e s   i n   t h e   l o w - d e n s i t y   m a t e r i a l s   e v a l u a t e d   d u r i n g t h e   P h a s e  I1  
r o u n d - r o b i n .  

a .  F r o n t   S u r f a c e   T e m p e r a t u r e  

T h e   f r o n t   s u r f a c e   t e m p e r a t u r e   d a t a   f r o m   t h e   f i r s t   r o u n d   r o b i n  

s h o w e d   c o n s i d e r a b l e  s c a t t e r .  To  av0i.d t h i s ,   t h e   f a c i l i t i e s  were s u p p l i e d  

w i t h   i d e n t i c a l ,   c a l i b r a t e d   t o t a l   r a d i a t i o n   p y r o m e t e r s .  A d e s c r i p t i o n   o f  
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t h e   p y r o m e t e r s   a n d   c a l i b r a t i o n   t e c h n i q u e  i s  g i v e n   i n  Sec. 111-B .   The  

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

t u n n e l   a n d   i n s t r u c t i o n s   f o r   t h e   u s e   o f   t h e   i n s t r u m e n t .  

A c o m p a r i s o n   o f   r e p o r t e d   f r o n t   s u r f a c e   t e m p e r a t u r e s  a s  m e a s u r e d  

w i t h   t h e   S R I - s u p p l i e d   r a d i a t i o n   p y r o m e t e r   a n d   t h e   f a c i l i t y   o p t i c a l   p y r o m -  

e t e r  i s  p r e s e n t e d   i n   F i g .  25 .  T h e   d a t a   s h o w n   i n   t h i s   f i g u r e   a r e   f r o m  

A p p e n d i x  B a n d   a r e   t h e   s u r f a c e   t e m p e r a t u r e s   m e a s u r e d   o n   t h e   L a n g l e y  

p h e n o l i c - n y l o n   ( P L L )   m a t e r i a l .   T h e   s a m e   p a t t e r n   o f   d a t a   w a s   a l s o   e v i d e n t  

o n   t h e   o t h e r   m a t e r i a l s   t h a t  were e v a l u a t e d .  

T h e   m e a s u r e d   s u r f a c e   t e m p e r a t u r e s   g i v e n   i n   F i g .  25  a r o " b r i g h t n e s s "  

t e m p e r a t u r e s ,   a s s u m i n g  a s u r f a c e   e m i s s i v i t y   o f   u n i t y .   S i n c e   t h e   a c t u a l  

e m i s s i v i t y  i s  l e s s  t h a n   o n e ,   t h e   t r u e - s u r f a c e   t e m p e r a t u r e s   a r e   h i g h e r   t h a n  

t h o s e   i n d i c a t e d .   I f   a n   e m i s s i v i t y  o f  0 .8  i s  a s s u m e d   f o r   t h e   ( P L L )   m a t e r i a l ,  

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

t r u e   t e m p e r a t u r e s :  

MEASURED RADIATION PYROMETER OPTICAL PYROMETER 
TEMPERATURE  CORRECTION  CORRECTION  AT 0 . 6 5 5 , ~  

( OF) ( OF) (OF) 

2000 + 100 + 3 5  

3000 + 160 +70 

4000 +220 +130 

T h e   e f f e c t   o f  t h e s e  c o r r e c t i o n s  i s  s h o w n   b y   t h e   c o r r e l a t i o n   l i n e   l a b e l e d  
E = 0 . 8  i n   t h e   f i g u r e .  

E x a m i n a t i o n   o f   F i g .  2 5  i n d i c a t e s   t h a t   s o m e   f a c i l i t i e s   s u c h  a s  

G D B - A m e s ,   M S C - H o u s t o n   ( s u b s o n i c ) ,   G i a n n i n i ,   a n d   M a r t i n   h a d   g o o d   a g r e e m e n t  

b e t w e e n   t h e   f a c i l i t y   a n d  SRI p y r o m e t e r s   w h e n   a n   e m i s s i v i t y   o f  0 . 8  - 0 . 9  
w a s   a s s u m e d .   A M P D - L a n g l e y ,   A e r o t h e r m ,   a n d   S p a c e   G e n e r a l   d i d   n o t   d i s p l a y  

a s   g o o d   a n   a g r e e m e n t   i n   s u r f a c e   t e m p e r a t u r e .   P a r t   o f   t h e   l a c k   o f   a g r e e -  

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

o p t i c a l   p a t h   t o   t h e   r a d i a t i o n   p y r o m e t e r ,   a s   d e s c r i b e d   b r i e f l y   i n   A p p e n d i x  A. 

When t h e   r a d i o m e t e r   w a s   l o c a t e d   o u t s i d e   t h e   t u n n e l ,   w i t h   n a r r o w   g r a z i n g  

a n g l e s   o f f   i n t e r v e n i n g   w i n d o w s ,   t h e   a t t e n u a t i o n   o f   t h e   o p t i c a l   s i g n a l  

r e s u l t e d   i n   l o w   s u r f a c e   t e m p e r a t u r e s   o f   t h e   m o d e l .  ,In  a f e w   c a s e s   t h e  

r a d i o m e t e r   w a s   m o u n t e d   w i t h  a n a r r o w   v i e w i n g   a n g l e   t o   t h e   m o d e l   f r o n t  s u r -  

f a c e   a n d   t h e   m o d e l   r a p i d l y   a b l a t e d   o u t   o f   f o c u s .  

T h e   g r o u p   a t  GDB-Ames h a s   u s e d   r a d i a t i o n   p y r o m ' e t e r s   e x t e n s i v e l y  

a n d  i s  a w a r e   o f   t h e   p r e c a u t i o n s   t h a t   m u s t   b e   f o l l o w e d   i n   t h e i r   u s e .  I t  
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FIG. 26 COMPARISON OF SRI AND  GDB-AMES RADIOMETERS 

i s  p r o b a b l y   f o r   t h i s   r e a s o n   t h a t   t h e y   o b t a i n e d  a g o o d   c o r r e l a t i o n   b e t w e e n  

t h e i r   r a d i a t i o n   p y r o m e t e r   a n d   t h e  SRI r a d i o m e t e r ,   a s   i n d i c a t e d   i n   F i g .  2 6 .  

S i n c e   t h e   r a d i o m e t e r s   w e r e   n o t   c a l i b r a t e d   i n   p o s i t i o n   o n   t h e  

t u n n e l s ,  i t  w a s   d e c i d e d   t h a t   t h e   f a c i l i t y   p y r o m e t e r   t e m p e r a t u r e s   w e r e   m o r e  

r e l i a b l e   a n d   w e r e   t h e r e f o r e   u s e d  i n  a l l   f r o n t   s u r f a c e   t e m p e r a t u r e   c o r r e l a -  

t i o n s .  T h i s  p o i n t s   u p   t h e   g e n e r a l   p r o b l e m  o f  u s i n g   i d e n t i c a l   c a l i b r a t e d  

i n s t r u m e n t s   t o   c r o s s - c o r r e l a t e   f a c i l i t i e s .   E i t h e r   t h e i r  u s e  m u s t   b e  

r i g i d l y   s p e c i f i e d   a n d   f o l l o w e d ,  o r  t h e y   m u s t   b e   f u r t h e r   c a l i b r a t e d   i n  

p o s i t i o n   o n   t h e   t u n n e l .  

b .  I n t e r n a l   T e m p e r a t u r e   R i s e  

A p l o t  o f  t h e   t e m p e r a t u r e   d a t a   f o r   t h e   r u n   o n   m o d e l  PLL 96 p e r -  

f o r m e d   a t  GDB-Ames i s  g i v e n   i n   F i g .  2 7 .  T h i s   f i g u r e   s h o w s   t h e   t e m p e r a t u r e  

r i s e  o f   t h e   f o u r   i n t e r n a l   t h e r m o c o u p l e s   a n d   t h e   m o d e l   f r o n t   s u r f a c e  
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t e m p e r a t u r e   a s   m e a s u r e d   w i t h  a f a c i l i t y   o p t i c a l   p y r o m e t e r   a n d   t h e  SRI 
r a d i o m e t e r   a n d  i s  b a s e d   o n   t h e   d a t a   i n   A p p e n d i x  C. A l e n g t h  s c a l e  was 

a d d e d   t o   t h e   r i g h t - h a n d   o r d i n a t e   o f   e a c h   t e m p e r a t u r e   g r a p h ,   a n d   t h e   m o d e l  

r e c e s s i o n   a n d   c h a r   t h i c k n e s s   d a t a   f r o m   A p p e n d i x  B were p l o t t e d   f o r   t h e  

t h r e e   v a r y i n g  r u n  times u s e d   o n   m o d e l s  PLL 54,  5 7 ,  a n d  96 .  The i n i t i a l  

t h e r m o c o u p l e   d i s t a n c e s  were a d d e d   t o   t h e   g r a p h s   a n d   t h e  t ime  n o t e d  

when t h e   c h a r - v i r g i n   m a t e r i a l   i n t e r f a c e   p a s s e d   e a c h   t h e r m o c o u p l e   p o s i t i o n .  

T h e   t e m p e r a t u r e   o f   t h e   t h e r m o c o u p l e   a t   t h e   a b o v e   n o t e d  t ime w a s   d e s i g n a t e d  

a s   t h e   c h a r - v i r g i n   m a t e r i a l   i n t e r f a c e   t e m p e r a t u r e   a n d  i s  r e c o r d e d   i n  

A p p e n d i x  C. 

A l t h o u g h   t h e   d a t a   s h o w e d   c o n s i d e r a b l e   s c a t t e r ,   t h e y   a l s o  

f o l l o w e d  a p a r t i c u l a r   p a t t e r n   i n d i c a t i n g   t h a t   t h e   c h a r - v i r g i n   m a t e r i a l  

i n t e r f a c e   t e m p e r a t u r e   i n c r e a s e s   w i t h   i n c r e a s i n g   m a s s   p y r o l y s i s   r a t e s .   T h e  

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

a n d   t e m p e r a t u r e   o f  a r e c e d i n g   b o u n d a r y   l a y e r   a n d   t h e   f a c t  t h a t  t h e   t e m p -  

e r a t u r e   g r a d i e n t   i n  t h e  m a t e r i a l  i s  v e r y  s t e e p  a t  t h e   c h a r   i n  t h e  decom- 

p o s i t i o n   z o n e .   T h e   t e m p e r a t u r e   g r a d i e n t s   a t   t h e   i n t e r f a c e   r a n g e d   u p w a r d s  

t o  3 5 " F / 0 . 0 0 1  i n .  f o r  t h e  h i g h   p y r o l y s i s   r a t e   c o n d i t i o n ,   i n d i c a t i n g  t h e  

i m p o r t a n c e   o f   s m a l l   t h e r m o c o u p l e  wi re  d i a m e t e r   a n d   o f   p o s i t i o n   m e a s u r e m e n t .  

T h e   i n s t a n t a n e o u s   m a s s   p y r o l y s i s  r a t e  was c a l c u l a t e d  a t  t h e  t ime 

t h e   c h a r   i n t e r f a c e   p a s s e d   e a c h   t h e r m o c o u p l e   p o s i t i o n .  I t  w a s   a s s u m e d   t h a t  

a l l   m a t e r i a l   b a c k   t o   t h e   i n t e r f a c e   h a d   b e e n   p y r o l i z e d   a n d   c o n s u m e d .  Com- 

p a r i s o n   o f   t h e   d a t a   f o r   t h e   m a s s   p y r o l y s i s   r a t e   v e r s u s   c h a r   i n t e r f a c e  

t e m p e r a t u r e   f o r   t h e  A v c o a t  and t h e  t w o   l o w - d e n s i t y   p h e n o l i c - n y l o n  m a t e r i a l s  

i n d i c a t e d  t h a t  a b o v e  a m i n i m u m   t e m p e r a t u r e   o f   a b o u t  800°F t h e   p y r o l y s i s  

r a t e  was  a p p r o x i m a t e l y  a f u n c t i o n   o f   t h e   f o u r t h   p o w e r   o f   t h e   i n t e r f a c e  

t e m p e r a t u r e .  

c .  Mass Loss  R a t e s  

T h e   m o d e l   c o r e   w e i g h t   l o s s e s  were d e t e r m i n e d   o n   a l l   m o d e l - s  r e -  

t u r n e d   t o  SRI. T h e   m e t h o d s   a r e   o u t l i n e d   i n  Sec. I I I - C .   T h e   e q u i v a l e n t  

m a s s   l o s s   p e r   a r e a ,   i n   p o u n d s   p e r   s q u a r e   f e e t ,   w a s   c a l c u l a t e d   a n d   p l o t t e d  

a g a i n s t  t ime f o r   e a c h   m a t e r i a l .   E x a m p l e s   o f   t h e s e   p l o t s   a r e   g i v e n   i n  

F i g s .  28 a n d  29  f o r   L a n g l e y   l o w - d e n s i t y   p h e n o l i c - n y l o n   a n d   A v c o a t   m a t e r i a l .  

T h e   p l o t s   s h o w  a t y p i c a l   h i g h e r   i n i t i a l   m a s s   l o s s   r a t e   o f   c h a r r i n g  

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

c r e a s e s .   T h i s  i s  f o l l o w e d   b y  a p e r i o d   o f   s l i g h t l y   l o w e r   m a s s   l o s s   a n d   t h e  
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e s t a b l i s h m e n t   o f  a q u a s i   s t e a d y - s t a t e   m a s s   l o s s   r a t e ,   T h e   i n d u c t i o n  

p e r i o d   r a n g e d   f r o m  a f r a c t i o n   o f  a s e c o n d   a t   t h e   v e r y   h i g h   f l u x e s   t o   a p -  

p r o x i m a t e l y   e i g h t   s e c o n d s   f o r   t h e   l o w e s t   f l u x e s .  

As s t a t e d   i n  Sec.  1 1 1 - C ,   w h e n   m o r e   t h a n   t w o   m o d e l s  were t e s t e d ,  

t h e   m a s s  l o s s  r a t e ,  it, w a s   d e t e r m i n e d   f r o m   t h e   s l o p e   o f   t h e   b e s t   s t r a i g h t  

l i n e   t h r o u g h   t h e   d a t a .  When two   mode l s  were t e s t e d   t h e   m a s s   l o s s   r a t e   w a s  

d e t e r m i n e d   f r o m   t h e   s l o p e   b e t w e e n   t h e   t w o   d a t a   p o i n t s ,   a n d   f o r   t h e   o c c a -  

s i o n a l   r u n s   i n v o l v i n g   o n e   m o d e l ,   t h e s l o p e   w a s   a s s u m e d   t o   i n t e r s e c t   z e r o .  

T h e   c a l c u l a t e d   m a s s   l o s s   r a t e s   h a v e   b e e n   t a b u l a t e d   i n   A p p e n d i x  D. 

The  m a s s  p y r o l y s i ~   r a t e ,  i w a s   a l s o   c a l c u l a t e d ,  a s  f o l l o w s ,  
P '  

f o r   a l l   t e s t s   i n v o l v i n g  t w o  o r  m o r e   m o d e l s :  

H e r e ,  X, a n d  X,, a r e   t h e   r e c e s s i o n  o f  t h e   f r o n t   s u r f a c e   o f   t h e   c h a r   a n d  

c h a r   t h i c k n e s s ,   r e s p e c t i v e l y ;  P V R  i s  t h e  v i r g i n   m a t e r i a l   d e n s i t y ;   a n d   t h e  

s u b s c r i p t s  2 a n d  1 d e n o t e   l o n g   a n d   s h o r t   d u r a t i o n   r u n s ,   r e s p e c t i v e l y .   T h e  

mass  p y r o l y s i s  r a t e  t h u s   r e p r e s e n t s   t h e   r a t e  a t  w h i c h  t h e  c h a r - v i r g i n  

m a t e r i a l   i n t e r f a c e  i s  m o v i n g   i n t o  t h e  m o d e l .   T h e s e   r e s u l t s   a r e   a l s o   t a b u -  

l a t e d   i n   A p p e n d i x  D. 

The m a s s   p y r o l y s i s   r a t e   d e s c r i b e d   a b o v e  i s  d e f i n e d   s l i g h t l y  

d i f f e r e n t l y   t h a n   t h e  mass  p y r o l y s i s  r a t e  r e p o r t e d   i n   t h e   P h a s e  I r e p o r t ,  

b u t  i t  i s  c o n s i s t e n t   w i t h   L u n d e l l ' s   d e f i n i t i o n . '   T h e   P h a s e  I d a t a   c a n   b e  

c o r r e c t e d   t o   e q u a l   t h e   P h a s e  I1 d a t a  by a d d i n g   t h e  iCR l i s t e d   i n   A p p e n d i x  C 
o f   t h e   P h a s e  I r e p o r t '  t o  t h e   l i s t e d   v a l u e s   o f  m p .  

A l t h o u g h   t h e   c h a r   r e m o v a l   r a t e ,   i C R ,   i s n o t   t a b u l a t e d i n   A p p e n d i x  D 
f o r  t h e   P h a s e  I1  d a t a ,  i t  w a s   u s e d   t o   d e t e r m i n e  how c l o s e l y   t h e   a b l a t i o n  

o f   t h e   l o w - d e n s i t y   m a t e r i a l s   c o r r e l a t e s   w i t h   S c a l a ' s   p r e d i c t e d   r e g i m e s  f o r  

t h e   c o m b u s t i o n  o f  g r a p h i t e . 1 3   T h i s   i n v o l v e d   c a l c u l a t i o n   o f   k C c R / ( P t 2 / R e f f  ) 0 . 5  

a n d   t h e   p l o t t i n g   o f   t h i s   a g a i n s t   f r o n t   s u r f a c e   t e m p e r a t u r e ,  TFS ,  i n   d e g r e e s  

R a n k i n e .  

T h e   h i g h - d e n s i t y   p h e n o l i c - n y l o n   d a t a   f r o m   P h a s e  I a g r e e  w e l l  w i t h  

t h e o r y   i n   s h o w i n g  a d i f f u s i o n - r a t e - c o n t r o l l e d   p l a t e a u   a b o v e  3000"R. On t h e  

o t h e r   h a n d ,   t h e   h i g h   s t a g n a t i o n   p r e s s u r e   d a t a   f r o m   P h a s e  I1 f o r   t h i s   s a m e  

m a t e r i a l   s h o w   c o n s i d e r a b l y   h i g h e r   r a t e s .   T h e   f i v e   l o w - d e n s i t y   m a t e r i a l s  

s h o w e d   n o   p l a t e a u   a b o v e - 3 0 0 0 ° R ,   i n   f a c t ,   v a r i e d   a s  much a s   s i x f o l d   w i t h o u t  

a n y   d i s c e r n i b l e   p a t t e r n .  
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d .   C h a r   P r o p e r t i e s  

C h a r s   o n   t h e   l o w - d e n s i t y   p h e n o l i c - n y l o n   m a t e r i a l s   h a d  a c r a c k e d  

a p p e a r a n c e   o n   t h e   s u r f a c e   a n d  a c o l u m n a r   s t r u c t u r e   o r i e n t e d   p a r a l l e l   t o  

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

t a k e   p r e f e r e n t i a l   p a t h s   t o   t h e   s u r f a c e .   T h e   p y r o l y s i s   z o n e ,   a s   i n d i c a t e d  

by t h e   s l i g h t   c h a n g e   i n   c o l o r   o f   t h e   v i r g i n   m a t e r i a l ,  was v e r y   n a r r o w  

( a p p r o x i m a t e l y  0 . 0 2 5  i n . )   i n   m o s t   m o d e l s .   T h e   c h a r   c a p s   h a d   a d e q u a t e   a d -  

h e s i o n   t o   r e m a i n  on t h e   c o r e s   d u r i n g   m o d e l   d i s a s s e m b l y   b u t  were e a s i l y  

c l e a v e d   f r o m   t h e   c o r e ,   w i t h   p a r t   o f   t h e   c h a r   r e m a i n i n g   o n   t h e   m o d e l   c o r e .  

T h e   c h a r   r e m a i n i n g   o n   t h e   c o r e   w a s   s c r a p e d   o f f   b e f o r e   m a k i n g   l e n g t h   a n d  

w e i g h t   m e a s u r e m e n t s .  

C h a r s   o n   t h e   M o d i f i e d   P u r p l e   B l e n d   a n d   t h e  G . E .  s i l i c o n e s  

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

o f   t h e   m o d e l .  A t  l o w  h e a t   f l u x e s   t h e y  were b l a c k ,   c a r b o n i z e d   c h a r s   t h a t  

s w e l l e d   d u r i n g   s h o r t   e x p o s u r e  t imes ,  f o l l o w e d   b y   s l o w   r e c e s s i o n  a t  l o n g e r  

r u n  t i m e s .  H i g h e r   h e a t i n g  r a t e s  r e s u l t e d   i n  a g r e y ,   f u s e d   i n o r g a n i c -  

a p p e a r i n g   s u r f a c e   w i t h  t h e  i n d i c a t i o n  t h a t  t h e   m a t e r i a l   w a s   r e m o v e d   f r o m  

t h e   m o d e l   b y   m e l t i n g   a n d   f l o w i n g  down t h e   s i d e s .   T h e   p y r o l y s i s   z o n e   o n  

t h e s e   m a t e r i a l s   w a s  v e r y  n a r r o w  ( 0 . 0 2 0  i n . )  and  t h e  c h a r s   c o u l d   b e  com- 

p l e t e l y   r e m o v e d   f r o m   t h e   c o r e s   w i t h o u t   s c r a p i n g .  

The  A v c o a t  c h a r s   u s u a l l y   h a d  a d e p r e s s i o n   i n  t h e  . h o n e y c o m b   f i l l e r  

m a t e r i a l ,  w i t h  t h e   h o n e y c o m b   w e b   b e i n g   s l i g h t l y   r a i s e d .   T h e r e  were f u s e d  

d r o p l e t s   o f   i n o . r g a n i c   m a t e r i a l   a t   t h e   m o d e l   p e r i p h e r y .   T h e   c h a r   h a d   e x -  

c e l l e n t   a d h e s i o n  t o  t h e  s u b s t r a t e   a n d   r e q u i r e d   m o d e r a t e   s c r a p i n g  t o  r e m o v e .  

T h e   p y r o l y s i s   z o n e   s e e m e d   w i d e r  i n  t h e  A v c o a t  m a t e r i a l s  t h a n  i n  t h e   o t h e r  

m a t e r i a l s ,  a n d  t h e r e  w a s   e v i d e n c e   t h a t   t h e   h o n e y c o m b   w e b   p r e f e r e n t i a l l y  

c o n d u c t e d   h e a t  t o  t h e  s u b s t r a t e .  

T h e   c h a r   d e n s i t i e s  were c a l c u l a t e d   f o r   e a c h   m o d e l   a n d  a r e  t a b u -  

l a t e d   i n   t h e   l a s t   c o l u m n   o f   e a c h   t a b l e   i n   A p p e n d i x  D. A n a l y s i s   o f   t h e s e  

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

a n d   c h a r   d i m e n s i o n s  i s  a c o n t i n u a l l y   c h a n g i n g   b a l a n c e   o f  many c o m p e t i n g  

p r o c e s s e s .   E x t e r n a l   v a r i a b l e s   a f f e c t i n g   c h a r   p r o p e r t i e s   a n d   t h i c k n e s s  

a r e   h e a t   f l u x ,   s t a g n a t i o n   p r e s s u r e ,   a n d   r u n  t ime ( 6 ,  P t 2 , t ) ;   g a s  t e s t  

c o m p o s i t i o n  i s  a l s o   a n   e x t e r n a l   v a r i a b l e ,   b u t  s i n c e  a l l  NASA r o u n d - r o b i n  

t es t s  were c o n d u c t e d   i n   a i r ,  n o  s t a t e m e n t s   c a n   b e   m a d e   o n  i t s  e f f e c t s .  

I n t e r n a l  o r  m a t e r i a l   f a c t o r s   a f f e c t i n g   t h e   c h a r r i n g   p r o c e s s  a r e  t h e  

p y r o l y s i s   k i n e t i c s   o f t h e   p o l y m e r   a n d   t h e   t h e r m a l   a n d   p h y s i c a l   p r o p e r t i e s  

o f   t h e   c h a r .  

71 



F o r  a g i v e n   c h a r r i n g   m a t e r i a l ,   t h e   c h a r   t h i c k n e s s   a p p e a r s   t o   b e  

l a r g e l y  a f u n c t i o n  o f  4, , a n d  t .  A t  l ow 4 ’ s  a n d  P t  ’ s ,  t h e   c h a r  w i l l  
c o n t i n u e   t o   i n c r e a s e   i n   t h i c k n e s s   a s  a f u n c t i o n   o f  t ime. A t  h i g h  4 ’ s  a n d  

P t 2 ’ . s ,  a c o n s t a n t   c h a r   t h i c k n e s s  i s  r a p i d l y   e s t a b l i s h e d ,   a n d   t h e   f r o n t  

s u r f a c e   r e c e d e s   a s   r a p i d l y   a s   t h e   c h a r - v i r g i n   m a t e r i a l   i n t e r f a c e .  P r o -  

g r e s s i v e l y   h i g h e r  4 ’ s  a n d   P t  ’ s  r e s u l t   i n   i n c r e a s i n g l y   t h i n n e r   c h a r   l a y e r s  

(AVCO t e s t s )   u n t i l   t h e   c h a r   t h i c k n e s s  i s  e f f e c t i v e l y   z e r o   ( C o r n e l l   t e s t s ) .  

p t  2 2 

2 

T h e   c h a r   d e n s i t i e s   w e r e   f o u n d   t o   i n c r e a s e   w i t h   i n c r e a s i n g  i t  p t  2 J  
a n d  t .  T h i s   p r o b a b l y   r e s u l t s   f r o m  t h e  k i n e t i c s  o f  t h e   p o l y m e r   p y r o l y s i s  

p r o c e s s   a n d   t h e   k i n e t i c s   o f  c o k e  d e p o s i t i o n   w i t h i n   t h e   c h a r .   T h e   c h a r  

d e n s i t y   w a s   f o u n d   t o   i n c r e a s e   w i t h   f r o n t   s u r f a c e   t e m p e r a t u r e   a n d  mass l o s s  

r a t e ,   s i . n c e   b o t h   a r e   d e p e n d e n t  o n  4 and  P . A t  a low 4 a n d  P t  t h e   c h a r  

d e n s i t y  was a p p r o x i m a t e l y   f o u r   t e n t h s   o f  t h e  v i r g i n   d e n s i t y ,   a n d   a t   e x -  

t r e m e l y   h i g h  4 a n d  P t  , t h e   c h a r   d e n s i t y   a p p r o a c h e d   t h e   v i r g i n   m a t e r i a l  

d e n s i t y .   C h a r   y i e l d   c a n   b e   c a l c u l a t e d   f r o m   c h a r   d e n s i t y   i n   t w o  w a y s ,  d e -  

p e n d i n g  o n  w h e t h e r   c h a r   r e c e s s i o n  i s  a l l o w e d  f o r .  I f  i t  i s ,  a n d   i f  t h e  

v i r g i n   p o l y m e r   i n t e r f a c e   d o e s   n o t   r e c e d e  a t  t h e   s a m e   r a t e ,   t h e n   c h a r   y i e l d  

w i l l  b e  a f u n c t i o n   o f  r u n  t i m e  w i t h  y i e l d   d e c r e a s i n g   a s   m o r e   a n d   m o r e   r e -  

c e s s i o n   o c c u r s .  On t h e   o t h e r   h a n d ,   i f   c h a r   y i e l d  i s  b a s e d   o n  t h e  amoun t  

o f   v i r g i n   p o l y m e r   r e p r e s e n t e d   b y  t h e  c h a r   c a p ,   t h e n   y i e l d  i s  d i r e c t l y  

p r o p o r t i o n a l   t o   c h a r   d e n s i t y ,   a n d  t h e  a b o v e   r e m a r k s   o n   e f f e c t s  o f  t h e  

d i f f e r e n t   v a r i a b l e s  on d e n s i t y   r e f e r   a l s o   t o   c h a r   y i e l d .  

t 2  2 

2 

A d e n s i t y   t r a v e r s e   o f  t h e  c h a r   l a y e r  w a s  made u s i n g  t h e  X - r a y  

t e c h n i q u e s   d e s c r i b e d  in S e c .  1 1 1 - C ,  a n d   t h e  r e s u l t s  o f  f o u r   o f   t h e s e  t e s t s  

a r e   g i v e n  i n  F i g .  3 0 .  T h e s e   c u r v e s   s h o w  a s h a r p   d r o p  i n  d e n s i t y   c l o s e   t o  

t h e  c h a r - v i r g i n   m a t e r i a l   i n t e r f a c e   w h i c h  i s  a t   t h e   l e f t   s i d e   o f   t h e   p l o t .  

T h i s  i s  f o l l o w e d  b y   a n   a d d i t i o n a l   d r o p   i n   d e n s i t y ,   p o s s i b l y   r e s u l t i n g   f r o m  

t h e   v o l a t i l i z a t i o n   o f   a b l a t i o n   p r o d u c t s .   T h e   d e n s i t y   t h e n   i n c r e a s e s ,   p r o b -  

a b l y   r e s u l t i n g   f r o m   c r a c k i n g   o f   t h e   g a s e s   a n d   r e d e p o s i t i o n   o f   c a r b o n .  

2 .  Mass Loss  R a t e   C o r r e l a t i o n s  

I n  v i e w  o f  t h e   s u c c e s s   i n   r e l a t i n g   t h e   m a s s   l o s s  r a t e  t o  a power  

f u n c t i o n   o f   t h e   e n v i r o n m e n t a l   p a r a m e t e r s  f o r  T e f l o n   a n d   h i g h - d e n s i t y  

p h e n o l i c - n y l o n , , i t   w a s   d e c i d e d   t o   u s e  t h e  same a p p r o a c h   f o r   t h e   l o w -  

d e n s i t y   m a t e r i a l s .   S t a g n a t i o n   p r e s s u r e   w a s   o n e   o f   t h e s e   p a r a m e t e r s   i n  

a l m o s t   e v e r y   c a s e .   T h e   o t h e r   p a r a m e t e r s   c o n s i d e r e d   a r e   d i s c u s s e d   i n   t h e  

f o l l o w i n g   s e c t i o n s .  
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a .  

The  

SRI C a l o r i m e t e r   C o l d  Wall H e a t i n g   R a t e  

g e n e r a l   f o r m   o f   t h e   r e l a t i o n   e v a l u a t e d   w a s  

u s i n g   t h e   c o r r e l a t i o n   d a t a   f r o m   A p p e n d i x  D f o r   t h e   f i v e   l o w - d e n s i t y  

m a t e r i a l s .   T h e   v a l u e s   o f   t h e   c o n s t a n t s   f o u n d ,   t h e   d e g r e e   o f   c o r r e l a t i o n ,  

a n d   t h e   p e r c e n t   s t a n d a r d   d e v i a t i o n   a r e   t a b u l a t e d   b e l o w .  

MATER1 AL a 

PLL 0 . 0 0 4 6 5  
PLH 0 . 0 0  388 
A 0 . 0 0  357 
SP 0 . 0 0 0 3 1 7  
SG 0 . 0 0 0 1 8 8  
T* 0 . 0 0 6 0  
P* 0 . 0 0 1 8  

n 

0 .  36 
0 .  36 
0 . 4 7  
0 . 8 1  
1 . 0 3  
0 . 5 7  
0 . 5 5  

1 

D a t a  from P h a s e  I r o u n d  rob in .  

rn 

- 
0 .  26 
0 . 1 9  
0 . 3 3  
0 . 1 9  
0 .  28 
0 . 2 5  
0 . 1 3  

CORRELATION 
M U L T I P L E  

C O E F F I C I E N T  

0 . 9 6  
0 . 9 4  
0 . 9 7  
0 . 9 4  
0 . 9 2  
0 . 9 7  
0 . 9 6  

STANDARD 
P E R C E N T  

D E V I A T I O N  

1 5  
1 4  
16 
24 
36 
10 
10 

T h e   i n c r e a s e d   s t a n d a r d   d e v i a t i o n   f o r   t h e   l o w - d e n s i t y   m a t e r i a l s ,  

a s   c o m p a r e d   t o   t h e   h i g h e r   d e n s i t y   m a t e r i a l s ,  i s  n o t   s u r p r i s i n g .   T h e i r  

c o m p o s i t i o n   a n d   a b l a t e d   a p p e a r a n c e  i s  l e s s   r e p r o d u c i b l e   a n d  i t  i s  more  

d i f f i c u l t   t o   m e a s u r e   l i n e a r   d i m e n s i o n s   o n   t h e   c h a r r e d   c o r e .   I n   f a c t ,  a t -  

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

r a t e   a n d   s t a g n a t i o n   p r e s s u r e   s h o w e d  a p o o r e r   f i t  o f  1 8 ,  2 0 ,  a n d  2 4  p e r c e n t  

f o r  PLL, PLH, a n d  A ,  r e s p e c t i v e l y .  

P l o t s   o f   t h e   c o r r e l a t i o n s   f o r   t h e   f i v e   l o w - d e n s i t y   m a t e r i a l s   a r e  

shown i n   F i g s .   3 1   t h r o u g h   3 5 .  The M S C - H o u s t o n   s u b s o n i c   d a t a   a l s o   s h o w n  on  

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

s u b s o n i c   d a t a  were n o t   c o n s i d e r e d   i n   c a l c u l a t i n g   t h e   i n t e r c e p t ,   e x p o n e n t s ,  

a n d   s t a n d a r d   d e v i a t i o n   f o r  t h e  c o r r e l a t i o n s .  

I t  i s  v i s u a l l y   a p p a r e n t   t h a t   t h e   c o r r e l a t i o n s   a r e   p o o r e s t   f o r  

t h e   s i l i c o n e   m a t e r i a l s .   A l s o ,   t h e   e x p o n e n t s   o n   h e a t i n g   r a t e   a n d   s t a g n a t i o n  

p r e s s u r e   v a r y   f r o m   m a t e r i a l  t o  m a t e r i a l .   T h i s   t e n d s   t o   r e i n f o r c e   t h e  s u g -  

g e s t i o n   t h a t   t h e   T e f l o n   a n d   h i g h - d e n s i t y   p h e n o l i c - n y l o n   m a t e r i a l   s h o u l d   n o t  

b e   c o m b i n e d   i n t o  a s i n g l e   c o r r e l a t i o n .  
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b. F a c i l i t y   C a l o r i m e t e r   C o l d   W a l l   H e a t i n g   R a t e  

T h e   f o r m   o f   t h e   r e l a t i o n  i s  e s s e n t i a l l y   s i m i l a r   t o   t h a t   u s e d  f o r  

t h e  SRI c a l o r i m e t e r   h e a t i n g   r a t e   c o r r e l a t i o n :  

T h i s   w a s   e v a l u a t e d   u s i n g  t h e  r e g r e s s i o n   p r o g r a m   a v a i l a b l e   o n   t h e  SRI 
c o m p u t e r   a n d   t h e   d a t a  f rom A p p e n d i x  D. T h e   r e s u l t s   a r e :  

M A T E R I A L  

PLL 
P LH 
A 
SP 
SG 
T+ 
P* 

a 

0 . 0 0 5 3 8  
0 . 0 0 4 3 0  
0 . 0 0 4 1 4  
0 . 0 0 0 4 2 0  
0 . 0 0 0 2 9 9  
0 . 0 1 1  
0 . 0 0 3 4  

n m 

0 . 3 2  0 . 2 5  
0 . 3 5  0 . 2 0  
0 . 4 4  0 . 3 3  
0 . 7 5  0 . 1 8  
1 . 0 0  0 . 3 4  
0 . 4 8  0 . 2 9  
0 . 4 6  0 . 1 8  

0 . 9 5  
0 . 9 1  
0 . 9 7  
0 . 9 1  
0 . 9 1  
0 . 9 8  
0 . 9 7  

15  
1 6  
1 6  
26 
39 
11 

8 

* 
D a t a  from Phase  I r o u n d  r o b i n .  

T h e   d a t a   s c a t t e r   f o r   . t h e   l o w - d e n s i t y   m a t e r i a l s  i s  n e a r l y   t h e   s a m e   a s   w h e n  

t h e  SRI c a l o r i m e t e r  i s  u s e d ,   e x c e p t   t h a t   t h e   s i l i c o n e   m a t e r i a l s   s h o w  a 

s l i g h t l y   p o o r e r   c o r r e l a t i o n .  As w o u l d   b e   e x p e c t e d ,   t h e   c o n s t a n t s   a r e  

r o u g h l y   t h e   s a m e  f o r  t h e   t w o   c o r r e l a t i o n s .  

c .  M e a s u r e d   E n t h a l p y   P o t e n t i a l  

T h e   c o r r e l a t i o n   e v a l u a t e d   f o r   t h i s   e n v i r o n m e n t a l   p a r a m e t e r  w a s  

T h e   d a t a   f r o m   A p p e n d i x  D were u s e d  i n  t h e   r e g r e s s i o n   p r o g r a m  w i t h  t h e  

f o l l o w i n g  r e s u l t s : '  

MULTIPLE PERCENT 
MATERIAL a U v CORRELATION STANDARD - - COEFFICIENT DEVIATION 

PLL 
PLH 

0,00098 0 0.46  0.47  0.96  16 
0.000650  0.48  0.41  0.94 

A 0.000966  0.90  21 
1 5  

0 .52  0 .60 
SP 
SG 0.00000189  1.32  0.86 

0.0000133  0.98  0.64  0.92 28 
0 .91  

T *  0.0017  0.59  0.57  0.92  21 
P *  0.0010  0.49  0.41  0.78  30 

40 . 

* D a t a  from Phase I round r o b i n  
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T h e   d a t a   f o r   t h e   t w o   l o w - d e n s i t y   p h e n o l i c - n y l o n   m a t e r i a l s   s h o w   n e a r l y   a s  

g o o d  a c o r r e l a t i o n   a s  w h e n   t h e   c o l d   w a l l   h e a t i n g   r a t e  i s  u s e d .   G r e a t e r  . 

s t a n d a r d   d e v i a t i o n s   a r e   f o u n d   f o r   m o s t   o f   t h e   o t h e r   m a t e r i a l s .  

d .   H e a t   o f   A b l a t i o n  

A common m e t h o d   o f   i n t e r p r e t i n g   m a s s   l o s s   . d a t a  i s  i n  terms o f  

t h e   e f f e c t i v e   h e a t   o f   a b l a t i o n ,  H e f f .  T h i s  i s  d e t e r m i n e d   a n d   r e l a t e d  LO 

t h e   m e a s u r e d   e n t h a l p y   p o t e n t i a l   a s   s h o w n   b e l o w :  

T h e   c o e f f i c i e n t  a i s  d e r i v e d   t o   b e   t h e   h e a t   n e c e s s a r y   t o   r a i s e   t h e   m a t e r i a l  

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

t h e  term d e f i n e d   e a r l i e r   a s  AH,,, w h e r e a s  ,8 i s  a d i m e n s i o n l e s s   n u m b e r   d e -  

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

d a t a   f r o m   A p p e n d i x  D ,  on t h i s   b a s i s ,   l e a d s   t o   t h e   f o l l o w i n g   v a l u e s   f o r   t h e  

c o n s t a n t s :  

M U L T I P L E  
MATER1 AL c1 P CORRELATION 

C O E F F I C I E N T  
" 

PLL 5 , 6 5 4  1 . 1 6  0 . 6 7  
PLH 5 ,428  1 . 0 3  0 .  68  
A 4 , 2 4 8  1 . 0 3  0 . 7 8  
SP 12 ,   580  0 . 4 7 6  0. 52 
SG 1 4 , 1 3 0  0 . 0 4 0  0 . 0 3  

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

a n u m b e r   o f   r e a s o n s .   T h e   m u l t i p l e   c o r r e l a t i o n   c o e f f i c i e n t  i s  s o  l o w   a s  

t o  s u g g e s t   f h a t  a n u m b e r   o f   s e t s   o f  CI and  p c o u l d   b e   u s e d   e q u a l l y  w e l l .  

A p l o t   o f   t h e   b e s t   c o r r e l a t i o n ,   t h a t   f o r   A v c o a t ,  i s  shown i n   F i g .  36.  

E q u a t i o n  ( 2 3 )  f o r   A v c o a t   c a n   a l s o   b e   a r r a n g e d   f o r   l o g a r i t h m i c  

p l o t t i n g   a s  

T h i s   h a s   b e e n   g r a p h e d   i n   F i g .   3 7   a n d   t h e   r e l a t i o n   s h o w s  a s t a n d a r d   d e v i a -  

t i o n   o f   3 4   p e r c e n t .   T h i s  i s  o v e r   t w i c e   t h e   s t a n d a r d   d e v i a t i o n   o f   1 6   p e r -  

c e n t   f o r   t h e   p o w e r   f u n c t i o n   c o r r e l a t i o n   g r a p h e d   i n   F i g .  3 3  a n d   s h o w s   t h e  

s u p e r i o r i t y   o f   E q u a t i o n  ( 2 0 )  o v e r  E q u a t i o n  ( 2 3 )  o r  ( 2 4 ) .  
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FIG. 37 EFFECTIVE  HEAT OF ABLATION  CORRELATION 
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e .  D i m e n s i o n l e s s   F o r m s   o f   C o r r e l a t i o n s  

As w i t h   t h e   P h a s e  I r o u n d - r o b i n   d a t a ,   t h e   p o w e r   f u n c t i o n   c o r r e -  

l a t i o n s   c a n b e   e x p r e s s e d   i n   d i m e n s i o n l e s s   f o r m .   T h u s   E q u a t i o n s   ( 2 0 )   a n d   ( 2 1 )  

c a n  b e  e x p r e s s e d   i n   t h e   s a m e   f o r m   a s   E q u a t i o n   ( E - 9 1 ,   n a m e l y ,  

w i t h   t h e   r - g r o u p s   d e f i n e d   a s   i n   E q u a t i o n s  ( E - 4 )  t o   ( E - 6 ) .   H o w e v e r ,   s i n c e  

t h e   v a l u e s   o f a o  andAH,, a r e n o t  known for t h e s e   m a t e r i a l s ,   E q u a t i o n   ( 2 5 ) m u s t  

b e   r e d u c e d t o t h e   d i m e n s i o n a l   f o r m s h o w n i n E q u a t i o n   ( E - l 6 A ) ,   n a m e l y ,  
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w h e r e  

b = a ( R e f f )  R R  w i t h  ( R e f f )  R R  = 0 . 1 7 2   f t   ( 2 7 )  1 - n - m  

I n   t h e   c a s e   o f   t h e   m e a s u r e d   e n t h a l p y   p o t e n t i a l   c o r r e l a t i o n ,  

E q u a t i o n   ( 2 2 )   c a n   b e   e x p r e s s e d   a s  

rm = aovErrv  
P 

w h e r e  

a n d   t h e   o t h e r   v - g r o u p s   a r e   a s   p r e v i o u s l y   d e f i n e d   i n   A p p e n d i x  E .  
s i o n   o f   t h i s   i n   d i m e n s i o n a l   f o r m   l e a d s   t o  

i t  = a ( A h m e a , )  ' ( P t 2 )  
c w 

w h e r e  

a = a o ( s ; R e f f )  ( A H ~ ) ( I ' ~ ) - ~ - ~  ( K ) ] - ~ '  
v- 1 

S i n c e  AHD i s  n o t   k n o w n ,   t h i s   c a n   b e   c o n v e r t e d   t o  

( 2 8 )  

( 2 9 )  

Exp  an-  

( 3 0 )  

( 3 1 )  

w h e r e  

E q u a t i o n   ( 3 2 )   h a s   t h e  same f o r m   a s   E q u a t i o n   ( 2 7 )   i n   t h e   P h a s e  I r e p o r t ]  

e x c e p t   t h a t   t h e  b g i v e n   t h e r e   e q u a l s   b , ( R e f  f )  h e r e .  
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3. T e m p e r a t u r e   C o r r e l a t i o n s  
~ ~~ ~ ~~~ 

Two d i s t i n c t  s e t s  o f   t e m p e r a t u r e   m e a s u r e m e n t s   w e r e   m a d e   d u r i n g   t h e  

P h a s e  I 1  r o u n d   r o b i n .   T h e s e  were f r o n t   s u r f a c e   t e m p e r a t u r e   d u r i n g   e x -  

p o s u r e   a n d   i n t e r n a l   t e m p e r a t u r e   o f   t h e   a b l a t i o n   m o d e l   d u r i n g  a r u n .   T h e  

r e s u l t s  o f  t h e s e   m e a s u r e m e n t s   h a v e   b e e n   t a b u l a t e d   i n   A p p e n d i x  C. A d i s -  

c u s s i o n   o f   t h e s e   d a t a   a n d   o f   c o r r e l a t i o n s   b a s e d   o n   t h e m   f o l l o w .  

a .   F r o n t   S u r f a c e   T e m p e r a t u r e  

As p o i n t e d   o u t   e a r l i e r ,   s e v e r a l   o p t i c a l   t e c h n i q u e s   w e r e   u s e d   f o r  

~~ 

d e t e r m i n i n g   f r o n t   s u r f a c e   t e m p e r a t u r e ,   a n d   i n   m o s t   c a s e s   t h e   r e s u l t s   w e r e  

n o t   d i r e c t l y   c o m p a r a b l e .   H o w e v e r ,   t h e   f a c i l i t y   p y r o m e t e r s   w e r e   p r e v i o u s l y  

c a l i b r a t e d   i n   p l a c e   a n d   t h e   d a t a   f r o m   t h e s e   i n s t r u m e n t s   w e r e   u s e d   f o r   c o r -  

r e l a t i o n   p u r p o s e s .   R e l a t i o n s   i n v o l v i n g   s u c h   f a c t o r s   a s   m a s s   l o s s   r a t e ,  

p y r o l y s i s  r a t e ,  h e a t i n g   r a t e ,   a n d   s t a g n a t i o n   p r e s s u r e   w e r e   e v a l u a t e d ,   b u t  

t h e   s i m p l e s t   w a s  

T,, = a ( ; J w  ( 3 4 )  

w h e r e  

g r e s s  

F i g s .  

T F S  i s  t h e   f r o n t   s u r f a c e   t e m p e r a t u r e   i n   d e g r e e s   R a n k i n e .   T h e  r e -  

i o n   a n a l y s i s   l e d   t o  

MATER1 AL a 

PLL 1 2 , 1 5 0  
P LH 1 2 , 4 4 0  
A 1 0 , 7 8 0  
SP 7 , 8 2 0  
SG 5 , 3 7 0  
P" 7 , 5 1 0  

\" 

- 
0 . 2 6  
0 . 2 7  
0 . 2 3  
0 .  1 7  
0 . 1 1  
0 . 1 8  

CORRELATION 
C O E F F I C I E N T  

STANDARD 
DEVIATION 

MULTIPLE  PERCENT 

0 . 9 4  5 
0 . 9 0  7 
0 . 8 8  6 
0 . 9 4  4 
0 . 8 4  5 
0 . 8 4  5 

* 
D a t a  from P h a s e  I r o u n d  r o b i n .  

P l o t s   o f   t h e   c o r r e l a t i o n s   f o r   t h e s e   s i x   m a t e r i a l s   a r e   g i v e n   i n  

38 t h r o u g h  40 .  T h e   c o r r e l a t i o n   a n d   p e r c e n t   s t a n d a r d   d e v i a t i o n   f o r  

t h e   h i g h - d e n s i t y   p h e n o l i c - n y l o n   w e r e   d e t e r m i n e d  w i t h  t h e  G e n e r a l   E l e c t r i c  

d a t a   e x c l u d e d .   T h e i r   p y r o m e t e r   d i f f e r e d   f r o m   t h e   o t h e r   o p t i c a l   p a r a m e t e r s  

s u p p l i e d   b y  t h e  v a r i o u s   f a c i l i t i e s   d u r i n g   t h e   P h a s e  I r o u n d   r o b i n   i n  t h a t  

i t  was  a s p e c i a l ,   i n - h o u s e ,   t w o - c o l o r   d e s i g n .   T h e s e   c o r r e l a t i o n s  were 

q u i t e   s a t i s f a c t o r y .  
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I 

As g o o d  a c o r r e l a t i o n  was o b t a i n e d   b y   r e p l a c i n g  1;1 w i t h  i t .  
P 

O t h e r   e q u a l l y   g o o d   c o r r e l a t i o n s  were 

a n d  

T h i s  was e x p e c t e d   s i n c e  T,, c o r r e l a t e s   w i t h  m p  ( s e e   E q u a t i o n  ( 2 1 )  or i L ,  
a n d   t h e y   c o r r e l a t e   w i t h   h e a t i n g  r a t e  a n d   s t a g n a t i o n   p r e s s u r e   ( s e e  

E q u a t i o n  ( 2 0 ) ) .  For E q u a t i o n  ( 3 5 ) ,  w i t h   t h e   p y r o l y s i s  r a t e ,  & u s e d ,   t h e  

r e g r e s s i o n   a n a l y s i s   g a v e  
P '  

M A T E R I A L  a V 

PLL 1 0 , 9 8 0  0 . 0 3 1 '  
PLH 1 0 , 7 1 0  0 . 0 4 4  
A 1 0 , 0 4 0  0 . 0 3 9  
S P   7 , 6 6 0  0 . 0 1 2  
SG 5 , 2 1 0  0 . 0 2 8  
P *  7 , 2 6 0  0 . 0 0 7 6  

W 

- 
0 . 2 1  
0 . 2 0  
0 .  18 
0 . 1 6  
0 . 0 7 2  
0 .  17 

* 
D a t a  from P h a s e  I r o u n d  r o b i n .  

b .   I n t e r n a l   T e m p e r a t u r e  R i s e  

MULTIPLE 
C O R R E L A T I O N  
C O E F F I C I E N T  

S T A N D A R D  
P E R C E N T  

D E V I A T I O N  

0 . 9 5  
0 . 9 2  
0 . 9 0  
0 . 9 5  
0 . 8 6  
0 . 8 4  

A n u m b e r   o f   t h e   m o d e l s   f o r  a l l  f i v e  o f  t h e   l o w - d e n s i t y   m a t e r i a l s  

were i n t e r n a l l y   i n s t r u m e n t e d   w i t h   t h e r m o c o u p l e s .   T h e   m e t h o d  o f  p r e p a r i n g  

t h e s e   m o d e l s   a n d   t h e   i n f o r m a t i o n   o b t a i n e d   h a v e   b e e n   d e s c r i b e d  e a r l i e r .  

( 1 )  Any T e m p e r a t u r e  R i se .  Of c o n s i d e r a b l e   i n t e r e s t   i n   a b l a t i o n  

d e s i g n  i s  t h e   t h i c k n e s s   o f  a g i v e n   m a t e r i a l   r e q u i r e d  t o  p r e v e n t   t h e   b o n d  

l i n e   f r o m   r e a c h i n g  a g i v e n   t e m p e r a t u r e   b e f o r e  a g i v e n  t ime .  I t  w a s   t h e r e -  

f o r e   d e c i d e d   t o   t r y   c o r r e l a t i n g   t h e r m o c o u p l e   p o s i t i o n ,  x ( i n   i n c h e s ) ,   w i t h  

t h e  t i m e  t o  r e a c h  a g i v e n   t e m p e r a t u r e ,  t ( s e c o n d s   f o r  a t e m p e r a t u r e  r i s e  

o f   ( A T ) ,   a n d   t h e   e n v i r o n m e n t a l   p a r a m e t e r s   o f   h e a t i n g   r a t e   a n d   s t a g n a t i o n  

p r e s s u r e .   T h e   f o r m  o f  t h e   r e l a t i o n   e v a l u a t e d   w a s  
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A p p r o x i m a t e l y   s i x   p o i n t s   f r o m   e a c h   t e m p e r a t u r e   p r o f i l e   g i v e n   i n   A p p e n d i x  C, 
c o v e r i n g   t h e   r a n g e   f r o m   l o w   t e m p e r a t u r e  r i s e s  t o   v a l u e s  of  a p p r o x i m a t e l y  
1 2 0 0 " F ,  were u s e d   i n   t h e   r e g r e s s i o n   a n a l y s i s .   T h e   r e s u l t s  were 

MATER1 AL 
M U L T I P L E  

a b C d e CORRELATION 
C O E F F I C I E N T  

PLL 0 . 0 3 4   0 . 0 5 3   0 . 3 0   0 . 6 3   - 0 . 2 8  0 . 9 3  
PLH 0 . 0 5 6   0 . 0 3 5   0 . 1 5  0 . 5 8  - 0 . 2 4  0 . 9 7  
A 0 . 0 3 7  0 . 0 1 8  0 . 2 7   0 . 6 0   - 0 . 2 6   0 . 9 2  
SP 0 . 0 7 2   0 . 0 2 2   0 . 1 8   0 . 5 2   - 0 . 3 0   0 . 9 5  
SG 0 . 1 2   0 . 0 3 1   0 . 0 9 8  0 . 5 4  - 0 . 2 8   0 . 9 7  

""- 
STANDARD 
PERCENT 

DEVIATION 

1 3  
9 

1 4  
1 2  

8 

A .  J .  C h a p m a n 1 4   i n t e r p r e t e * d   m o d e l   t e m p e r a t u r e   d a t a  i n  a s i m i l a r   w a y .   F o r  

a l o w - d e n s i t y   p h e n o l i c - n y l o n   p r e p a r e d  a t  L a n g l e y  ( p  = 39 l b / f t 3 ) ,   h i s  

r e l a t i o n ,   c o n v e r t e d   t o   b e   c o m p a r a b l e   t o   E q u a t i o n  ( 3 7 ) ,  was 

x = O.Oi3 i 0 . 3 9 t 0 . 8 9 A T - 0 . 3 9 .   T h i s  i s  n o t   f a r   d i f f e r e n t   f r o m   t h e   v a l u e s  

f o r   p h e n o l i c - n y l o n   ( P L L )   w h e n   o n e   c o n s i d e r s   t h a t   t h e   e x p e r i m e n t s  were 

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

o f   o n e   a t m o s p h e r e .   T h e r e f o r e ,   P t   c o u l d  n o t  b e   i n c l u d e d  i n  t h e   r e l a t i o n .  
2 

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

o f   t h e   u n m a n n e d   A p o l l o   s p a c e c r a f t s   w h i c h   u s e d   A v c o a t  ( A )  f o r   t h e   a b l a t i n g  

m a t e r i a l  on t h e   h e a t   s h i e l d .   D a t a   f r o m   t h e s e   m a n n e d   S p a c e c r a f t   C e n t e r  

Repor t s15"  were u s e d   i n   E q u a t i o n  ( 3 7 )  a l o n g  w i t h  t h e   a b o v e   c o n s t a n t s   f o r  

A v c o a t  ( A )  t o   p r e d i c t  t h e  p o s i t i o n s   o f   t h e  600  a n d   1 0 0 0 ° F   i s o t h e r m s .  

T h e s e   p r e d i c t i o n s   a r e   l i s t e d   w i t h   t h e  NASA p r e d i c t i o n s   a n d   m e a s u r e d   d e p t h s  

i n  T a b l e  V.  T h e y   c o m p a r e  v e r y  f a v o r a b l y .  

( 2 )  T e m p e r a t u r e  Rise of  2 5 0 ° F .  A m o r e   l i m i t e d   c o r r e l a t i o n   w a s  

t r i e d   i n   w h i c h   t h e   t e m p e r a t u r e   r i s e ,  AT, was 2 5 0 ° F ;   f o r   t h i s ,   t h e   t i m e   w a s  

d e s i g n a t e d  t 2 5 0 .  T h e   f o r m   o f   t h i s   r e l a t i o n   w a s  

T h e   r e g r e s s i o n   a n a l y s i s ,   u s i n g   t h e  t ime t o  a 2 5 0 ° F   t e m p e r a t u r e  r i s e  a t  

e a c h   t h e r m o c o u p l e   p o s i t i o n ,   a s   t a b u l a t e d   i n   A p p e n d i x   C ,   l e d   t o  

MATERIAL 
M U L T I P L E   P E R C E N T  

a b C d CORRELATION  STANDARD 
C O E F F I C I E N T   D E V I A T I O N  

" 

PLL 0 . 0 1 4  0 . 0 8 3   0 . 1 8   0 . 6 1   0 . 9 7  8 
PHL 0 . 0 1 7   0 . 0 7 9  0 . 1 4  0 . 6 0   0 . 9 9  5 
A 0 . 0 2 3  0 . 1 0 5  0 . 1 5   0 . 6 2   0 . 9 9  6 
SP 0 . 0 0 8 2   0 . 0 1 6   0 . 2 6  0 . 5 4  0 . 9 7  9 
SG 0 . 0 3 3  0 . 0 6 5  0 . 0 4 6  0 . 5 5  0 . 9 9  2 

" 
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T a b l e  V 

PREDICTED AND MEASURED ISOTHERMS FOR AVCOAT MATERIAL ON APOLLO MISSIONS 

(1) From Fig.   7.4-9,   pp.   7-83. MSC-A-R-66-4. 
( 2 )  From Fig.  6.2-1,  pp.  6-19, MSC-A-R-66-4. 
( 3 )  Q/t = iAv. 
( 4 )  From Fig.  6.2-1,  pp.  6-19. MSC-A-R-66-4. 
(5) From Fig.  7.4-7,  pp.  7-77, MSC-A-A-66-4. 

SRI PREDICTED HEAT SHIELD 

1000°F 
LOCATION 

NASA PREDICTED NASA MEASURED 

1000°F 
I s o t h e r m  

( i n . )  

0.25 
0.29 
0.26 
0.32 
0.32 

E x t r a  
Isot 

l(JOO°F 

0.73 
0.63 
0.47 
0.50 
0.52 
0.40 
0.63 

I s o t h e r m  I I s o t h e r m 1  I s o t h e r m  
600°F 1000°F hOO°F 

0.39 
0.42 
0.38 
0.45 
0.45 

0.32 0.47 
0.21 0.35 
0.21 0.35 
0.22 0.37 
0.25 0.38 

b l a t e d  
erms 

600°F 

1.07 
0.95 
0.68 
0.80 
0.75 
0.57. 
0.87 

C h a r  
D e p t h  

D i s c o l o r -  
a t i o n  
Depth  

0.61 0.94 

0.80 
0.58  0.84 
0.75 0.96 

( 6 )  From Table   7 .4-1 ,   pp .   7 -69 ,  MSC-A-R-66-4. 
( 7 )  From Fig.  7.3-1,  pp.  7-58  and  pp.  1-2, MSC-A-R-66-5. 
(8) From Fig.   7.3-2,   pp.   7-64, MSC-A-R-66-5. 
( 9 )  From Fig.   7.4.2-4,   pp.   7-104. MSC-A-R-66-5. 

( 1 0 )  From Table  7.4.2-1,  pp. 7-100, hISC-A-A-66-5. 



1 

As e x p e c t e d ,   t h e   m u l t i p l e   c o r r e l a t i o n   c o e f f i c i e n t  r i s e s  a n d   t h e   p e r c e n t  

s t a n d a r d   d e v i a t i o n   d r o p s ,   a s   c o m p a r e d   t o   t h e   c o r r e l a t i o n   g i v e n   i n  

E q u a t i o n   ( 3 7 ) ,   s i n c e   o n e   w o u l d   p r e d i c t   f r o m   o n e - d i m e n s i o n a l   h e a t   t r a n s f e r  

t h e o r y   t h a t  AT w o u l d   e n t e r   i n t o   t h e   r e l a t i o n   i n  a m o r e   c o m p l e x  way t h a n  a 

s i m p l e   p o w e r   f u n c t i o n .  

A p l o t   o f   t h i s   c o r r e l a t i o n   w a s   d i f f i c u l t   t o  m a k e   w i t h   t h e s e   d a t a  

b e c a u s e   t h e   v a r i o u s   t h e r m o c o u p l e   p o s i t i o n s   w e r e  e s s e n t i a l l y  t h e   s a m e   i n  a l l  

m o d e l s ,   c a u s i n g   t h e   p o i n t s   t o   b u n c h   u p   a t  t h e s e  v a l u e s   o f   x .   F o r   t h i s  

r e a s o n ,   t h e   r e l a t i o n   w a s   i n v e r t e d   t o  make t 2 5 0  t h e   d e p e n d e n t   v a r i a b l e ,  a s  

f 01 l o w s  : 

R e s u l t s   o f   t h e   r e g r e s s i o n   a n a l y s i s   w e r e  

M A T E R 1   A L  a b 
M U L T I P L E  

C d C O R R E L A T I O N  
C O E F F I C I E N T  

PLL 1 1 1 0  -0. 26 - 0 . 3 3  1 . 5 4  0 . 9 8  
PLH 930  - 0 . 1 3  - 0 . 2 5  1 . 6 2  0 . 9 9  
A 470 - 0 . 1 6  6 - 0 . 2 5  1 . 5 8  0 . 9 9  
SP 7250  + 0 . 0 0 7 4  - 0 .  53  1 . 7 0  0 . 9 7  

"" 

SG 370 - 0 . 1 2   - 0 . 0 8 7   1 . 8 1   0 . 9 9  

S T A N D A R D  
P E R C E N T  

D E V I A T I O N  

1 3  
8 
9 

1 6  
5 

T h e   c o n s t a n t s   a n d   e x p o n e n t s   a r e   n o t   d i r e c t l y   c o n v e ' r t i b l e   b e t w e e n  

E q u a t i o n s  ( 3 8 )  a n d   ( 3 9 )   b e c a u s e   t h e   r e g r e s s i o n   a n a l y s i s   m a x i m i z e s   t h e  

m u l t i p l e   c o r r e l a t i o n   c o e f f i c i e n t   f o r   t h e   d e p e n d e n t   v a r i a b l e .   T h e   c l o s e r  

t h i s  c o e f f i c i e n t  i s  t o   u n i t y ,   h o w e v e r ,   t h e   b e t t e r  i s  t h e   c o n v e r s i o n   b e t w e e n  

t h e  c o n s t a n t s   a n d   t h e   e x p o n e n t s .   T h e   d i f f e r e n c e   i n   p e r c e n t   s t a n d a r d   d e v i a -  

t i o n  a l s o   a r i s e s   f r o m   t h e   f a c t  t h a t  i t  i s  c a l c u l a t e d   f o r   t h e   d e p e n d e n t  

v a r i a b l e ,   a n d  t 2 5 0  i s  m o r e   s e n s i t i v e   t o   x 2 5 0   ( b e c a u s e   t h e   c o e f f i c i e n t  d 

i n   E q u a t i o n   ( 3 9 )  i s  g r e a t e r   t h a n   u n i t y )   t h a n   v i c e   v e r s a .  

The c o r r e l a t i o n   g i v e n   i n   E q u a t i o n   ( 3 9 )  i s  g r a p h e d  i n  F i g s .   4 1  

t h r o u g h   4 5   f o r  t h e  v a r i o u s   m a t e r i a l s .  I t  s h o u l d   b e   r e m e m b e r e d   t h a t  i n  a l l  

c a s e s  t h e  t h i c k n e s s   r e p r e s e n t e d   b y   x 2 5 0   c a n   b e   c o n v e r t e d   t o   w e i g h t   p e r  u n i t  

a r e a ,  W , , ,  ( i n  p o u n d s   p e r   s q u a r e   f o o t ) ,  by u s e  of  t h e  p o l y m e r  d e n s i t y ,  p V R  
( i n  p o u n d s   p e r   c u b i c   f o o t ) .  * T h u s ,  

* Polymer d e n s i t i e s  a r e  g i v e n  i n  Table I .  
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FIG. 41 INTERNAL  TEMP.ERATURE  CORRELATION 
FOR LANGLEY  LOW-DENSITY  PHENOLIC-NYLON 

93 

I 



IO0 

a 
IA I O  

I 

0 

W 

I- 

- 
- 
- HUGHES PHENOLIC -NYLON 

H-5 
- 
- 
- - 

- - 

A MPDB -AMES 
0 GlANNlNl 
0- MARTIN - 
CD GENERAL ELECTRIC - 

- 

- 
- 

I 1  I l l 1  

I O  I O 0  

926 (Pt )'.I3 ($R,)0.25 - (in.)/(otm) (Btu/ft2 sec) 
2 W 

TA-4512-66 

FIG. 42 INTERNAL TEMPERATURE CORRELATION 
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FIG. 44 INTERNAL TEMPERATURE CORRELATION 
FOR MODIFIED PURPLE  BLEND SILICONE 
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FIG. 45 INTERNAL TEMPERATURE  CORRELATION 
FOR GENERAL ELECTRIC  SILICONE 
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c .  D i m e n s i o n l e s s   F o r m s   o f   C o r r e l a t i o n s  
~~ 

The d e v e l o p m e n t   o f   d i m e n s i o n l e s s   f o r m s   f o r   t h e   t e m p e r a t u r e   c o r -  

r e l a t i o n s   i n v o l v e   a d d i t i o n a l   v a r i a b l e s   o v e r   t h o s e   c o n s i d e r e d   i n   t h e   m a s s  

l o s s   c a s e s .   T h e s e   a d d i t i o n a l   v a r i a b l e s   d i f f e r  f o r  t h e   t w o   c a s e s  o f  

c o n c e r n :   f r o n t   s u r f a c e   a n d   i n t e r n a l   t e m p e r a t u r e .  

( 1 )   F r o n t   S u r f a c e   T e m p e r a t u r e .   T h e   v a r i a b l e s   c o n s i d e r e d   i n   t h e  

d i m e n s i o n a l   a n a l y s i s   a r e   s i m i l a r   t o   t h o s e   l i s t e d   i n   A p p e n d i x  E ,  e x c e p t  f o r  

t h e   e l i m i n a t i o n   o f   t h e   m a s s  l o s s  r a t e ,  k t ,  and i t s  d i m e n s i o n l e s s   g r o u p ,  

T,, s i n c e  i t  i s  a f u n c t i o n   o f  7~ and  v p .  I n   a d d i t i o n ,  new v a r i a b l e s  t o  be 

a d d e d  a r e  t h e   f r o n t   s u r f a c e   t e m p e r a t u r e ,  T F S ,  and  t h e  e m i s s i v i t y   o f   t h e  

a b l a t i n g   s u r f a c e ,  E .  The u n i t s  f o r  t h e s e   v a r i a b l e s  a r e :  

q 

V A R I A B L E S   U N I T S  CONVERTED CONVERTED 
V A R I A B L E S  U N I T S  

TFS O R  TFS O R  

E N o n e  E None 

T h e s e   i n v o l v e   o n e   a d d i t i o n a l   d i m e n s i o n ,   t e m p e r a t u r e ,   a n d  s o  o n e   a d d i t i o n a l  

d i m e n s i o n l e s s   g r o u p  i s  r e q u i r e d  ( = 2  - 1 ) .  T h i s   g r o u p  i s  

T h e   S t e f a n - B o l t z m a n n   c o n s t a n t ,  G-, i s  a c o n v e r s i o n   f a c t o r   h a v i n g  

t h e   f o l l o w i n g   v a l u e  

5 = 4 . 7 6  X 1 0 - I 3 ' B t u / f t 2   s e c  O R 4  

I n  i t s  c o n v e r t e d   v a r i a b l e   f o r m ,  i t  b e c o m e s   u J m g c   w i t h   u n i t s   o f   l b / s e c 3  O R 4  

D e f i n i t i o n s   o f  J m  a n d   g ,   a r e   g i v e n   i n   E q u a t i o n   ( E - 3 A )   o f   A p p e n d i x  E .  

N e g l e c t i n g   t h e   F a y - R i d d e l l   g r o u p ,  n f ,  f o r   t h e   e x p e r i m e n t s   p e r -  

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

* See E q u a t i o n  (E-3B) of   Appendix E f o r   t h e   d e f i n i t i o n  of t h e   c o n v e r s i o n   f a c t o r  K. 
~~~ ~ ~ 

98 



H o w e v e r ,   t h e r e  i s  a l r e a d y  a p o w e r   f u n c t i o n   r e l a t i o n   b e t w e e n   t h e   l a s t   t w o  

n - g r o u p s  a n d  T,,, ( s e e   E q u a t i o n  ( Z O ) ) ,  a n d  s o  o n e  o f  t h e m ,  rq,  c a n   b e  
e l i m i n a t e d   t o   g i v e  

S i n c e  AHD i s  s t i l l  n o t  known f o r  t h e s e   m a t e r i a l s ,   e x p a n s i o n  o f  

t h i s   r e l a t i o n   i n t o  a d i m e n s i o n a l   f o r m   l e a d s   t o  

w h e r e  

and  

z = 4 v ,  y = 4w ( 4 5 B )  

i n   E q u a t i o n   ( 3 5 ) .  If z / 4 ,  o r  v ,  i s  q u i t e   s m a l l ,   t h e   p r e s s u r e  term will 
a p p r o a c h   u n i t y   a n d   E q u a t i o n   ( 4 4 )   r e d u c e s   t o  

w h e r e  y = 4w i n   E q u a t i o n   ( 3 4 )   a n d  “ a ”  i s  t h e  same a s   i n   E q u a t i o n   ( 4 5 A )  
e x c e p t   t h a t  z i s  s e t  t o  z e r o .   T h e   e x p o n e n t s   g i v e n  f o r  t h e s e   c a s e s   a n d  

t h e i r   c o n v e r t e d   v a l u e s  a r e  g i v e n   b e l o w ,   w h e r e  i t  i s  s e e n   t h a t  v i s  i n -  

d e e d   r e l a t i v e l y   s m a l l .  

E q u a t i o n s  ( 3 4 )  

TFS = a(m ) w  

a n d   ( 4 6 )  

P 

M a t e r i a l  V W 1 = 4 v  y = 4 w  

PLL 0 . 0 3 1   0 . 2 1   0 . 1 3  0 . 8 4  
PCH 0.044  0 .20   0 .18  0.80 
A 0 . 0 3 9   0 . 1 8   0 . 1 6   0 . 7 2  
SP 0.012  0 .16   0 .048  0 .64  
SG 0.028 0 . 0 7 2   0 . 1 2   0 . 2 9  

”” 
W - y = 4 w  - 

0 . 2 6  1 . 0 4  
0.27 1.08 
0 . 2 3  0 . 9 2  
0.17 0.68 
0.11 0 . 4 4  



T h e   v a l u e s  o f  a ,   v ,   a n d   w i n   E q u a t i o n s  ( 3 4 )  a n d  ( 3 5 )  when t h e   m a s s  

l o s s   r a t e ,  it, i s u s e d   i n   t h e   c o r r e l a t i o n s   a r e g i v e n i n T a b l e  VI. T h i s   t a b l e  

a l s o  g i v e s  t h e v a l u e s   o f a ,   n ,   a n d  m f o r   E q u a t i o n  ( 3 6 ) .  I t  s h o u l d b e   r e m e m b e r e d  

t h a t   t h e s e   a r e   d i r e c t l y   i n t e r c o n v e r t i b l e   w i t h   E q u a t i o n   ( 1 l ) b e c a u s e  of  t h e  

e m p h a s i s   t h e   r e g r e s s i o n   p r o g r a m   p u t s   o n   t h e   d e p e n d e n t   v a r i a b l e   i n   d e t e r m i n i n g  

t h e   b e s t   c o r r e l a t i o n .  

T a b l e  VI 

CONSTANTS FOR ADDITIONAL FRONT SURFACE  TEMPERATURE  CORRELATIONS 

A. E q u a t i o n   ( 3 4 )  TFS = 

MATERIAL a 
MULTIPLE PERCENT 

\I' CORRELATION STANDARD 
C O E F F I C I E N T  DEVIATION 

PLL 1 1 , 2 6 0  0 . 2 3  
PLH 1 3 , 4 8 0  0 . 2 8  
A 7 , 9 9 0  0 . 1 6  
S P   7 , 4 1 0  0 . 1 5  
SG 5 , 0 0 0  0 . 0 8 2  

B. E q u a t i o n   ( 3 5 )  TFS = a ( P ,  ) '(h,)" 
2 

C. 

MATER1 AL a V W 

PLL 1 0 , 2 6 0   0 . 0 1 9   0 . 1 9  
PLH 1 2 , 5 3 0   0 . 0 1 7   0 . 2 5  
A 8 , 6 2 0   0 . 0 2 6  0 . 2 0  
S P   7 , 5 3 0   - 0 . 0 1 6   0 . 1 7  
SG 5 , 0 1 0   0 . 0 0 6 7   0 . 0 7 6  

" 

E q u a t i o n   ( 3 6 )  TFS 

MATERIAL a n rn 

- - 
PLL 2 , 8 7 0   0 . 1 0  0 . 0 5 2  
PLH 2 , 6 0 0   0 . 1 2   0 . 0 5 5  
A 2 , 2 8 0  0.13 0 . 0 2 5  
SP 2 , 1 1 0   0 . 1 3   0 . 0 2 8  
SG 2 , 6 8 0   0 . 0 7 7   0 . 0 3 2  
P *   2 , 5 3 0   0 . 0 9 6   0 . 0 3 2  

- 

0 . 9 0  
0 . 9 1  
0 . 8 6  
0 . 9 6  
0 . 8 9  

CORRELATION 
MULTIPLE 

C O E F F I C I E N T  

0 . 9 1  
0 . 9 1  
0 . 8 7  
0 . 9 6  
0 . 9 0  

MULTIPLE 
CORRELATION 
C O E F F I C I E N T  

6 
6 
6 
3 
4 

PERCENT 
STANDARD 

DEVI  ATION 

6 
6 
6 
3 
4 

PERCENT 
STANDARD 

DEVIATION 

0 . 9 4  
0 . 9 3  
0 . 9 0  
0 . 9 3  
0 . 8 8  
0 . 8 0  

* 
D a t a  f r o m  P h a s e  I r o u n d - r o b i n .  
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( 2 )  I n t e r n a l   T e m p e r a t u r e  R i se .  I n   t h i s   d i m e n s i o n a l   a n a l y s i s ,  
two v a r i a b l e s - t h e   f r o n t   s u r f a c e   t e m p e r a t u r e ,  T,,,  and i t s  r e l a t e d  term, 

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

n a n d  n P  a n d   c a n   b e   e l i m i n a t e d .   T h e   f i v e  new v a r i a b l e s   t o   b e   c o n s i d e r e d  

a r e   t h e   p o s i t i o n ,  x ,  a t   w h i c h  a g i v e n   t e m p e r a t u r e   r i s e ,  AT, h a s   t a k e n  

p l a c e  a t  a g i v e n  t i m e ,  t ,  t h e   h e a t   c a p a c i t y ,  C p ,  a n d   t h e   d e n s i t y   o f   t h e  

v i r g i n   p o l y m e r ,  p V R .  T h e   u n i t s   o f   t h e s e   v a r i a b l e s   a r e  

q 

V a r i a b l e s   U n i t s  C o n v e r t e d  C o n v e r t e d  
V a r i a b l e s  U n i t s  

X f t  X f t  

AT OF QT O F  

t s e c  t sec  

cP 
B t u / l b  O F  

1 b / f t 3  'VR l b / f t 3  

A n e t   o f   t h r e e  new v a r i a b l e s   h a s   b e e n   a d d e d   w i t h o u t   a n y   c h a n g e   i n  t h e  

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

n s ;  t h u s   f o u r  ( 3  + 1)  new d i m e n s i o n l e s s   g r o u p s   a r e   r e q u i r e d .   I n   t h e i r  

s i m p l e s t   f o r m ,   t h e s e   a r e  

nx = ( 4 7 )  

T h e   n u m e r a t o r  o f  t h e  s e c o n d   o f   t h e s e   ( 4 8 )   r e p r e s e n t s   t h e  h e a t  s t o r e d  i n  

t h e   v i r g i n   p o l y m e r   p e r   u n i t  mass and i s  t h e  c a u s e  o f  t h e   t e m p e r a t u r e  r i s e .  

O t h e r   v a r i a b l e s   m i g h t   b e   c o n s i d e r e d ,   s u c h   a s   t h o s e   t o  a l l o w  f o r   c o n d u c t i v e  

h e a t   f l o w ,   b u t   t h i s   w o u l d   r e q u i r e   d e f i n i t i o n  o f  a n o t h e r   t e m p e r a t u r e   d i f -  

f e r e n c e   a n d   d o e s   n o t   a d d  new i n f o r m a t i o n .  

T h e   c o r r e l a t i o n   p r o p o s e d  i s  

* See Equa t ion   (E -3A)  of Appendix  E f o r  d e f i n i t i o n s  of c o n v e r s i o n  f a c t o r s  g c ,  Jm,  and  F 
P '  

101 



A g a i n ,  AHD i s  n o t  known f o r  t h e s e   m a t e r i a l s ,   a n d  s o  t h e   e x p a n d e d   d i m e n -  

s i o n a l   f o r m  i s  

w h e r e  

a = b o ( R e f f )  l + b + c - d + f ( S i ) b + c + f ( A ~ ~ ) ( d - Z b - 3 c - Z e  ) / ~ ( C ~ ) C ( ~  V R  ) f  

. ( d - 2 b - c   ) / 2 ~ 2 b + c + f   ( 2 f + d + 2 b + c  ) / 2  
<J m P gC ( 5 3 )  

I n   t h e   c a s e   o f   t h e  2 5 0 ° F  i s o t h e r m ,   t h e  nT term becomes a c o n -  

s t a n t  s o  t h a t   E q u a t i o n  ( 5 1 )  becomes 

T h e   e x p a n d e d   d i m e n s i o n a l   f o r m  i s  t h e n  

where  

A 1  s o ,  

g 0  = b o(Cpn?’/nHD) e 
and  AT = 250°F . ( 5 7 )  

T h e   v a l u e   o f   t h e   e x p o n e n t  f i s  a l m o s t   i m p o s s i b l e  t o  d e t e r m i n e  

s i n c e   d e n s i t y   c a n n o t   b e   c h a n g e d   e n o u g h   t o   d e t e r m i n e  i t s  e f f e c t   w i t h o u t  

a l s o   a f f e c t i n g   o t h e r   p r o p e r t i e s   o f   t h e   m a t e r i a l .   H o w e v e r ,   t h e   s u c c e s s  

i n  u s i n g   E q u a t i o n  ( 4 0 )  t o   p r e d i c t   i s o t h e r m s   i n   t h e   A p o l l o ,   w h i c h   h a s  a 

v e r y  much l a r g e r   e f f e c t i v e   r a d i u s   t h a n   t h e   m o d e l s   t e s t e d   i n   t h i s   p r o g r a m ,  

w o u l d   s u g g e s t   t h a t   t h e   e x p o n e n t   o n  R e f f  i s  v e r y   s m a l l .   I f  i t  i s  a s sumed  

t o   b e   z e r o ,   t h e n  f i s  a p p r o x i m a t e l y   e q u a l   t o  d 1 - b - C .  

4. C o m p a r a t i v e   A b l a t i o n  

The c o r r e l a t i o n s   r e p o r t e d   i n   t h e   p r e v i o u s   s e c t i o n s   p e r m i t   c o m p a r i s o n  

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

e n v i r o n m e n t .  
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a .   Mass  Loss  R a t e  

E q u a t i o n  ( 2 0 )  r e l a t e s   t h e   m a s s   l o s s   r a t e   t o   t h e   s t a g n a t i o n  

p o i n t   h e a t i n g  r a t e  a n d   p r e s s u r e ,  

o r  b y   u s e  o f  t h e   F a y - R i d d e l l   r e l a t i o n ,  7~~ = 1, i n  terms o f  t h e   e n t h a l p y  

p o t e n t i a l ,  

w h e r e  

b = a ( S R  

F i g u r e  46 i s  a l o g a r i t h m i c   p l o t   o f  

c o n s t a n t s   i n   E q u a t i o n   ( 2 0 )  f o r  t h e  

(59) 

E q u a t i o n  ( 5 8 )  b a s e d   o n   t h e   v a l u e s  o f  

f i v e   l o w - d e n s i t y  m a t e r i a l s .  S t a g n a t i o n  

p r e s s u r e   v a l u e s  o f  0 . 0 3  a n d  0 . 3  a t m  were a s s u m e d ,   a n d  R c f f  w a s   t a k e n   t o  

b e   t h e   s a m e  a s  t h e   1 . 2 5 - i n .   f l a t - f a c e   m o d e l ,  i . e . ,  0.1.72 f t .  

A t  t h e  lower p r e s s u r e s  ( i . e . ,  h i g h e r   a l t i t u d e s )   t h e   s i l i c o n e  

m a t e r i a l s ,  SP a n d  SG, s h o w  much lower  mass l o s s  r a t e s  a t  l o w  e n t h a l p i e s  

( i . e . ,  low f l i g h t   v e l o c i t i e s ) .  A t  h i g h e r   e n t h a l p i e s ,   h o w e v e r ,   t h e  low-  

d e n s i t y   p h e n o l i c - n y l o n s ,  PLI, a n d  PLH, h a v e   t h e   l o w e s t   r a t e s ,   f o l l o w e d  

c l o s e l y   b y   A v c o a t   ( A ) .   W i t h   h i g h e r   s t a g n a t i o n   p r e s s u r e s ,   r e p r e s e n t i n g  

l o w e r   a l t i t u d e s ,   t h e   l o w - d e n s i t y   p h e n o l i c - n y l o n s   a r e   b e s t ,   a c r o s s   a l m o s t  

t h e   e n t i r e   r a n g e  o f  e n t h a l p i e s .  

T h e   b e h a v i o r  o f  h i g h - d e n s i t y   p h e n o l i c - n y l o n  ( P )  a n d   T e f l o n   ( T )  

i s  a l s o   s h o w n   a t   t h e   h i g h e r   s t a g n a t i o n   p r e s s u r e ,   T h e   T e f l o n   s h o w s   v e r y  

p o o r  p e r f o r m a n c e ,   b u t   t h e   h i g h - d e n s i t y   p h e n o l i c - n y l o n  i s  b e t t e r   t h a n   t h e  

s i l i c o n e s   a t   h i g h   e n t h a l p i e s .  One f a c t o r   n o t   c o n s i d e r e d   h e r e  i s  t h e  

t h r e s h o l d   s t a g n a t i o n   p r e s s u r e s  a t  w h i c h   m e c h a n i c a l   f o r c e s   m a r k e d l y   i n -  

c r e a s e   t h e  mass l o s s  r a t e .  T h i s   a p p e a r s  t o  o c c u r  a t  l o w e r   p r e s s u r e s  f o r  

t h e   l o w - d e n s i t y   m a t e r i a l s  s o  t h a t   h i g h - d e n s i t y   p h e n o l i c - n y l o n  may  b e h a v e  

b e t t e r   a t   h i g h e r   p r e s s u r e s .  
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FIG. 46 COMPARATIVE  ABLATION OF LOW-DENSITY  MATERIALS 
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b .  F r o n t   S u r f a c e   T e m p e r a t u r e  

R e l a t i o n   o f   p y r o l y s i s   r a t e   t o   f r o n t   s u r f a c e   t e m p e r a t u r e  i s  g i v e n  

b y   E q u a t i o n  ( 3 4 ) :  

T h e   c o n s t a n t s  for t h e   v a r i o u s   m a t e r i a l s   c a n   b e   u s e d   t o   c a l c u l a t e   t h e  

MATERIAL TFs = 2000°F TFS = 4000°F 

PLL 0.0021 0 .021  
PLH 0.0025 0.022 
A 0.0016 0 .022  
SP 0 .0011 0.037 
SG 0.00085 0 . 1 9  
P 0.0021 0 .055  

T h i s   a g a i n   s h o w s   t h a t  a t  t h e   l o w e r   t h e r m a l   e n v i r o n m e n t s   t h e   s i l i c o n e  

m a t e r i a l s ,   S P   a n d  SG, p e r f o r m   b e s t ;   i . c . ,   t h e y   h a v e   t h e  l o w e s t  p y r o l y s i s  

r a t e s  by a f a c t o r   o f  t w o  o r  t h r e e .  A t  t h e   h i g h e r   f r o n t   s u r f a c e   t e m p e r a -  

t u r e ,  4 0 0 0 " F ,  t h e i r   b e h a v i o r  i s  r e v e r s e d ,   a n d   t h e y   s h o w   t h e   h i g h e s t  

p y r o l y s i s  r a t e s .  

T h e   m a r k e d   c h a n g e  i n  p y r o l y s i s   r a t e   w i t h   t e m p e r a t u r e  i s  u n -  

d o u b t e d l y   r e l a t e d   t o   t h e   c h e m i c a l   r e a c t i o n s   i n v o l v i n g   s i l i c o n ,   o x y g e n ,  

a n d   c a r b o n .  l7 Below t h e  m e l t i n g   p o i n t   o f  s i l i c a ,  a n d  t h i s  i s  i n t e r m e d i a t e  

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

p r o t e c t e d  by s i l i c a   a n d   s o m e   s i l i c o n   c a r b i d e .  'The l a t t e r  i s  f o r m e d   w i t h  

t h e   e v o l u t i o n   o f   c a r b o n   m o n o x i d e .   A b o v e   t h e   m e l t i n g   p o i n t ,   h o w e v e r ,   t h e  

s i l i c a   r e a c t s   w i t h   c a r b o n   t o   f o r m ,   i n   a d d i t i o n ,   l i q u i d   s i l i c o n   a n d   g a s e o u s  

s i l i c o n   m o n o x i d e   w h i c h   a r e   r a p i d l y   r e m o v e d  from t h e   s u r f a c e .  

c .   I n t e r n a l   T e m p e r a t u r e   R i s e  

T h e   h e a t   r e j e c t i o n   a n d   i n s u l a t i n g   p o w e r   o f   t h e   v a r i o u s  m a t e r i a l s  

i s  b e s t   r e p r e s e n t e d   b y   t h e   i n t e r n a l   t e m p e r a t u r e   c o r r e l a t i o n   E q u a t i o n  ( 3 9 ) ,  
a s  f o l l o w s :  



A g a i n   u s i n g   t h e   F a y - R i d d e l l   r e l a t i o n ,  r r f  = 1,  t o  e x p r e s s   t h i s   i n  t e rms  

o f  e n t h a l p y   p o t e n t i a l ,   t h i s   b e c o m e s  

t 2 5 0  = g ( P  t 2  ) b t ( c ' 2 ) ( D h  ) 
c \v 
c a l c  

w h e r e  

( 6 0 )  

T h e  t ime f o r  t h e   2 5 0 ° F   i s o t h e r m   t o   r e a c h  a p o s i t i o n   o f  0 . 4  i n .   b a c k  o f  

t h e   f r o n t   s u r f a c e   h a s   b e e n   c a l c u l a t e d  a t  a s t a g n a t i o n   p r e s s u r e  o f  0 . 0 3  atm 

a n d   a n  R e f  o f   0 . 1 7 2   f t  f o r  t w o   d i f f e r e n t   e n t h a l p i e s .   T h e   r e s u l t s   b a s e d  

o n   t h e   c o n s t a n t s   f o u n d   f o r   E q u a t i o n  ( 3 9 )  a r e   t a b u l a t e d   b e l o w .  

w250 ( l b / f t 2 j  t 2 5 0  ( s e c )  

M A T E R I A L  
' 2 5 0  = 0 . 4  i n .  a h c  a 1  c = 3000 ahcalc = 30,000 

c w c \Y 

PLL 1 .  1 9  180 8 6  
PLH 
A 
SP 
SG 

1 . 1 8  
1 .  0 3  
1 . 1 1  
1 . 2 2  

120 
1 2  

190 
1 4  

69  
41 
58 
6 0  

T h e   b e s t   i n s u l a t o r   o v e r   t h e   r a n g e   o f   e n t h a l p i e s  i s  t h e   L a n g l e y   l o w - d e n s i t y  

p h e n o l i c - n y l o n   ( P L L ) ;   t h e   p o o r e s t  i s  A v c o a t  ( A ) ,  p r o b a b l y   b e c a u s e   o f   c o n -  

d u c t i o n   a l o n g   t h e   w e b .  

T h e   l o w e r   d e n s i t y   o f   t h e   A v c o a t   m a t e r i a l   c a n   b e   t a k e n   i n t o   a c -  

c o u n t   b y   s e l e c t i n g  m a t e r i a l  d e p t h s   t h a t   g i v e   t h e  same w e i g h t   l o a d i n g .  

When t h i s  i s  d o n e ,   t h e   t a b u l a t i o n   b e c o m e s  

x 2 5 0  ( i n .  j 

M A T E R I A L  V ' 2 j o  = 1 . 0 3  l b / f t 2  

PLL 0.35 
PLH 0 . 3 5  
A 0 .  40 
SP 0 .  3 1  
SG 0.34 

t 250  ( s e c j  

a h c a l  = 3000 A h c a l c  = 3 0 , 0 0 0  
c \v c w 

1 40 
97 
1 2  

167 
54 

69 
56 
41 
51 
44 

T h e   c o m p a r a t i v e   p e r f o r m a n c e  o f  A v c o a t   i m p r o v e s   i n   t h i s   c a s e ,   b u t   n o t   s u f -  

f i c i e n t l y  t o  o u t r a t e   t h e   o t h e r   m a t e r i a l s   a t   h i g h   e n t h a l p i e s .  
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V CONCLUSIONS  AND  RECOMMENDATIONS 

T h e   r e s u l t s  of  t h e   P h a s e  I1 r o u n d   r o b i n   c o n f i r m   t h e  e a r l i e r  f i n d i n g s  

t h a t  t h e  mass l o s s  r a t e s  o f  a g i v e n   m a t e r i a l   c a n   b e   c o r r e l a t e d   i n  terms 

o f  h e a t i n g   r a t e   a n d   s t a g n a t i o n   p r e s s u r e .   T h i s  i s  b a s e d   o n  more e x t e n s i v e  

m e a s u r e m e n t s   o v e r  a w i d e r   r a n g e   o f   v a r i a b l e s .  I t  was a l s o  a g a i n   c o n f i r m e d  

t h a t   d e t e r m i n a t i o n   o f   e n t h a l p y   b y   t h e   e n e r g y   b a l a n c e   m e t h o d  i s  n o t   s a t i s -  

f a c t o r y .   T h i s  i s  p a r t i c u l a r l y   t r u e   w h e n   t h e   p l a s m a  s t r e a m  e x h i b i t s   h e a t -  

i n g  r a t e  a n d   s t a g n a t i o n   p r e s s u r e   g r a d i e n t s   a s   w a s   f o u n d   f o r   m a n y   o f   t h e  

f a c i l i t i e s   u s e d   i n   t h i s   s t u d y .  

T h e   u s e   o f  a s t a n d a r d   c a l o r i m e t e r   h e l p e d   i n   t h e   i n t e r r e l a t i n g   o f  

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

t o   m e a s u r e   f r o n t   s u r f a c e   t e m p e r a t u r e   w a s   s u c c e s s f u l   o n l y   w h e n   c a l i b r a t e d  

p r o p e r l y   t o   a c c o u n t   f o r   t h e   a c t u a l   p a t h s   a n d   v i e w i n g   a n g l e s .   D i m e n s i o n a l  

a n a l y s i s   s h o w s   t h a t   t h e   P h a s e  I r o u n d - r o b i n   d a t a ,   f o r   b o t h   T e f l o n   a n d  

h i g h - d e n s i t y   p h e n o l i c - n y l o n ,   c a n   b e   c o r r e l a t e d   b y  a s i n g l e   d i m e n s i o n l e s s  

r e l a t i o n   i n   w h i c h   t h e   v a l u e s   f o r   c e r t a i n   c o n s t a n t s   v a r y   f o r   e a c h   m a t e r i a l .  

O n e   o f   t h e s e ,   n a m e l y ,   t h e   o v e r a l l   h e a t   o f   d e c o m p o s i t i o n   o f   t h e   m a t e r i a l ,  

c a n n o t   e a s i l y   b e   d e t e r m i n e d   s e p a r a t e l y ,   a n d  f o r  t h i s   r e a s o n   t h e   d i m e n s i o n -  

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

i n   a n o t h e r   c o n s t a n t  t e r m .  T h e   l a t t e r   r e l a t i o n   p e r m i t s   p r o p e r   a l l o w a n c e  

f o r   t h e   e f f e c t i v e   r a d i u s   o f   t h e   m o d e l   i n   i n t e r p r e t i n g   t h e   d a t a .   T h e  

s u c c e s s   o f   t h e   d i m e n s i o n a l   r e l a t i o n   i n   c o r r e l a t i n g   l i t e r a t u r e   d a t a ,   w h i c h  

c o v e r  a t h i r t y - f i v e - f o l d   r a n g e   o f   e f f e c t i v e   r a d i i ,   c o n f i r m s   t h i s   a l l o w a n c e .  

T h e   h i g h   s t a g n a t i o n   p r e s s u r e   r u n s   i n   P h a s e  I1 f i t  t h e   P h a s e  I c o r r e -  

l a t i o n ,   i n   t h e   c a s e   o f   T e f l o n ,   u p   t o   p r e s s u r e s   o f  33 a tm.  T h e   h i g h - d e n s i t y  

p h e n o l i c - n y l o n   d a t a ,   o n   t h e   o t h e r   h a n d ,   s h o w e d   r a p i d l y   i n c r e a s i n g   m a s s   l o s s  

r a t e s  a t  p r e s s u r e s   a b o v e  2 . 7  a tm.  T h e  l a t t e r  d a t a   c a n   b e   c o r r e l a t e d  

s u c c e s s f u l l y ,   h o w e v e r ,   i n  terms o f  a m e c h a n i c a l  s t r e s s  a t   w h i c h   f a i l u r e  

o f   t h e   c h a r   o c c u r s .   T h i s  i s  c o n f i r m e d   b y   t h e   f a c t   t h a t   t h e s e   m o d e l s  

s h o w e d   e s s e n t i a l l y   n o   c h a r  l a y e r  a f t e r   t e s t i n g .  

T h e   m a s s  l o s s  r a t e   c o r r e l a t i o n s   f o r   t h e   l o w - d e n s i t y   m a t e r i a l s   s h o w  

t h e  same f o r m   b u t   d i f f e r e n t   e x p o n e n t s   t h a n   e x h i b i t e d   b y   t h e   c o r r e l a t i o n s  

f o r   t h e   h i g h - d e n s i t y   m a t e r i a l s .   T h e   s i l i c o n e   m a t e r i a l s   d o   n o t   c o r r e l a t e  
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a s  w e l l  a s   t h e   l o w - d e n s i . t y   p h e n o l i c - n y l o n  o r  A v c o a t   b e c a u s e   t h e r e  i s  

e v i d e n c e   o f   a n   a b l a t i o n   m e c h a n i s m   c h a n g e   o v e r   t h e   r a n g e   o f   t e s t   e n v i r o n -  

men t s .  

A n a l o g o u s   c o r r e l a t i o n s   w e r e   o b t a i n e d   f o r   f r o n t   s u r f a c e   t e m p e r a t u r e  

a n d   i n t e r n a l   t e m p e r a t u r e   r i s e   f o r   t h e   l o w - d e n s i t y   m a t e r i a l s ,   a n d   t h e s e  

c a n   b e   d e r i v e d ,   e x c e p t   f o r   t h e   v a l u e s   o f   t h e   c o n s t a n t s ,  by d i m e n s i o n a l  

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

t h e   p e r f o r m a n c e   o f   t h e s e   m a t e r i a l s   a n d   a l s o   f o r   c o m p a r i n g   t h e i r   a b l a t i o n  

b e h a v i o r   u n d e r   d i f f e r e n t   e n v i r o n m e n t s .  

A t t e m p t s   t o   i n c l u d e   s u b s o n i c   d a t a   i n   t h e s e   c o r r e l a t i o n s   w e r e   u n s u c c e s s -  

f u l   b e c a u s e   o n l y   o n e   f a c i l i t y   w a s   i n v o l v e d   a n d  a b r o a d e r   r a n g e  o f  f r a c -  
t i o n a l  Mach n u m b e r s   c o u l d   n o t   b e   s t u d i e d .  

B a s e d   o n   t h e   r e s u l t s   o f   t h e   P h a s e  I1 r o u n d   r o b i n ;  i t  i s  recommended 

t h a t   t h e   f o l l o w i n g   a r e a s   b e   s t u d i e d   f u r t h e r :  

1 .  D e t e r m i n a t i o n   o f   t h e   c r i t i c a l   s t a g n a t i o n   p r e s s u r e   a t   w h i c h   c h a r  
f a i l u r e   b e g i n s   f o r   t h e   l o w - d e n s i t y   m a t e r i a l s  

2 .  E v a l u a t i o n   o f   o t h e r   m e a n s   t h a n   t h e   u s e   o f   e n e r g y   b a l a n c e   t o  
o b t a i n   a c c u r a t e   e n t h a l p y   m e a s u r e m e n t  

3 .  F u r t h e r   c o r r e l a t i o n   o f   a v a i l a b l e   d a t a   a n d   i n t e r p r e t a t i o n   o f   t h e  
d i m e n s i o n l e s s   c o r r e l a t i o n s   i n   t e r m s  o f  f u n d a m e n t a l   m e c h a n i s m s  

4 .  E v a l u a t i o n   o f   t e c h n i q u e s   f o r   i n d e p e n d e n t l y   o b t a i n i n g   o v e r a l l  
h e a t   o f   d e c o m p o s i t i o n   f o r   m a t e r i a l s  

P e r h a p s   t h e   m o s t   i m p o r t a n t   r e c o m m e n d a t i o n   o f   a l l  i s  t h e   f o l l o w i n g  

o n e   s u g g e s t e d   b y   s u c c e s s   o f   t h e   p r e s e n t   p r o g r a m   i n   s h o w i n g   t h a t   a b l a t i o n  

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

i n t e r r e l a t e d .  

5 .  E s t a b l i s h m e n t   o f  a r o u n d - r o b i n   p r o g r a m   t o   d e t e r m i n e   w h e t h e r  
a b l a t i o n   r e s u l t s   f r o m   f a c i l i t i e s   h a v i n g   c o m b i n e d   r a d i a t i v e   a n d  
c o n v e c t i v e   t e s t   d e v i c e s   c a n   b e   i n t e r r e l a t e d .  
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APPENDICES 

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

a n d   t h e   d a t a   g a t h e r e d   a t   e a c h ,   p l u s  new c o r r e l a t i o n s  f o r  t h e   d a t a   f r o m   t h e  

P h a s e  I r o u n d - r o b i n   s t u d y .   T h e   s p e c i f i c   a p p e n d i c e s   a r e   a s   f o l l o w s :  

A p p e n d i x  A - F a c i l i t y   I n f o r m a t i o n   a n d   I n s t r u m e n t a t i o n   U s e d  
f o r   P h a s e  I1 NASA R o u n d - R o b i n   A b l a t i o n  T e s t s  

A p p e n d i x  B - P h a s e  I1 T u n n e l   C a l i b r a t i o n   a n d  T e s t  D a t a  

A p p e n d i x  C - M o d e l   T e m p e r a t u r e   D a t a  

Appendix D - Summary   of   Phase  I1 C o r r e l a t i o n   D a t a  

Appendix E - D i m e n s i o n l e s s   C o r r e l a t i o n  o f  P r e v i o u s   D a t a  

The  f i r s t  two a p p e n d i c e s   a r e   o r g a n i z e d   p r i m a r i l y   b y   f a c i l i t y ,   l i s t e d  

i n  t h e  f o l l o w i n g   o r d e r :  

1.  Gas  D y n a m i c  B r a n c h ,  Ames R e s e a r c h   C e n t e r - N A S A  
(GDB- Arne s ) 

2 .  Magne to   P l a sma   Dynamics   Branch ,  Ames R e s e a r c h  
Center-NASA  (MPDB-Ames) 

3 .  A p p l i e d   M a t e r i a l s   a n d   P h y s i c s   D i v i s i o n ,   L a n g l e y  
Research   Center -NASA  (AMPD-Langley)  

4. E n t r y   S t r u c t u r e s   B r a n c h ,   L a n g l e y   R e s e a r c h   C e n t e r -  
N A S A  ( E S B - L a n g l e y )  

5 .  Manned S p a c e c r a f t   C e n t e r - N A S A   ( M S C - S u b s o n i c )  

6 .  Manned S p a c e c r a f t   C e n t e r - N A S A   ( M S C - S u p e r s o n i c )  

7 .  A e r o t h e r m   C o r p o r a t i o n   ( A e r o t h e r m )  

8 .  Avco C o r p o r a t i o n  (AVCO) 

9 .  G i a n n i n i   S c i e n t i f i c   C o r p o r a t i o n   ( G i a n n i n i )  

1 0 .   M a r t i n  Company ( M a r t i n )  

11. S p a c e   G e n e r a l   C o r p o r a t i o n   ( S p a c e   G e n e r a l )  

1 2 .  C o r n e l l   A e r o n a u t i c a l   L a b o r a t o r y   ( C o r n e l l )  

T h e   a b b r e v i a t i o n   u s e d  t o  d e s i g n a t e   t h e   f a c i l i t y   i n   t a b l e s   a n d   g r a p h s  i s  
g i v e n   i n   t h e   p a r e n t h e s e s   f o l l o w i n g   e a c h   l i s t i n g .  
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T h e   n e x t   t w o   a p p e n d i c e s   a r e   o r g a n i z e d   p r i m a r i l y   b y  t e s t  m a t e r i a l .  

S p e c i f i c a l l y   t h e s e   a r e :  

a .   L a n g l e y   P h e n o l i c - N y l o n ,   S c o u t   R / 4 B   ( P L L )  

b .  H u g h e s   P h e n o l i c - N y l o n ,  H - 5  (PLH) 

c .   A v c o a t  5 0 3 6 - 3 9 ,  HC/G ( A )  

d .   M o d i f i e d   P u r p l e   B l e n d   S i l i c o n e ,  E4A1 ( S P )  

e .  G .  E .  S i l i c o n e ,  ESM 1004AP ( S G )  

f .   T e f l o n ,  TFE ( T )  

g .  H i g h - D e n s i t y   P h e n . o l i c - N y l o n  ( P I  

T h e   s y m b o l s   i n   t h e   p a r e n t h e s e s   a r e   t h o s e   u s e d   t o   d e s i g n a t e   t h e s e   m a t e r i a l s  

and a r e   p a r t   o f   t h e   m o d e l   n u m b e r   u s e d   i n   t h e   t a b l e s .  
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APPENDIX A 

FACILITY  INFORMATION AND INSTRUMENTATION  USED FOR 
PHASE I I  NASA ROUND-ROBIN  ABLATION.TESTS 

A p p e n d i x  A t a b u l a t e s ,   b y   f a c i l i t y ,  a d e s c r i p t i o n   o f   e a c h   p l a s m a   a r c  

j e t   h e a t e r .   T h e   t a b l e s   f i r s t   d e s c r i b e   t h e   a r c   h e a t e r   a n d   p o w e r   s u p p l y ,  
t h e n   n o z z l e   a n d  t e s t  c h a m b e r   d i m e n s i o n s ,   a s   w e l l   a s   t h e   v a c u u m   s y s t e r r l  

a n d   i n s e r t i o n   c a p a b i l i t y .   T h e   s e c t i o n  o f  t h e   t a b l e   o n   i n s t r u m e n t a t i o n  

d e s c r i b e s   t h e   i n s t r u m e n t s  or  p r o c e d u r e s   u s e d   t o   m e a s u r e   t h e   p a r a m e t e r s  

i n d i c a t e d .  
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Appendir A 
FACILITY INFORMATION AND INSTRUMWTATION USED  FOR PHASE I1 N A S A  ROUND-ROBIN  ABLATION TESTS 

A- 1 A- 2 A- 3 A- 4 

N A S A L a n g l e y   R e s e a m h   C e n t e r  
E n t r y   S t r u c t u r e s   B r a n c h  

Lang ley   S t a t ion ,   Hampton ,  
V i r g i n i a  
S t r u c t u r e s  5-Mw Arc  Powered 
Tunnel 
W. A. Brooks  
G. M. S t o k e s  
R. 0. .Brosrn 

N E A  Lan l e y   d e s i g n ,  
3   p h e s e  AI! 
Wate r -coo led   coppe r   ca thode  
and   anode  

Magne t i c ,   1500   gauss  
250-4800 kw  AC 
0 .1 -7 .0   a tm 
0.05-1.0 l b / s e c   a i r  

AC, 3 phase,   1380 v 

" 

4800 amp 

1.5 i n .  
4 . 0   i n .  
C o n i c a l ,   f r e e  j e t  
6 . 1 5   i n .  
0 .50  i n .  
2.8 

'aci I i t y  NASA-Ames R e s e a r c h   C e n t e r  
Gas  Dynamics  Branch 

M o f f e t t   F i e l d ,   C a l i f o r n i a  

P l a n e t a r y   E n t r y   A b l a t i o n  
F e c i   1  i t y  

NASA-hes  Research  Center 
Magneto  Plasma  Dynamics  Branch 

M o f f e t t   F i e l d ,   C a l i f o r n i a  

Low D e n s i t y   b n s t r i c t e d -  
A r c   S u p e r s o n i c  J e t  
H. A. S t i n e  
A. F. Okuno 

NASA-Langley  Research  Center  
kpp!ied Y a t . e r i a l s  and   Phys ic s  

l V l S l O "  

L a n g l e y   S t a t i o n ,  Hampton. 
V i r g i n i a  
20- in .   Hypersonic   Arc   Heated  
Tunnel 

.oca t ion  

runne l   Des igna t ion  

F a c i l i t y   P e r s o n n e l  B. H. Wick 

N. S. V0.i vodich  
R. B. Pope 

B. Cocke 
G. D. Walberg 
R. E. Middan 

4 rc   Hea te r  
- Design 

- E l e c t r o d e   M a t e r i a l  

G i a n n i n i   h i - 4  

Tungs ten   ca thode ,   copper   anad< 

NASA. hmes d e s i g n  

T h o r i a t e d   t u n g s t e n   c a t h o d e ,  
M u l t i p l e   ( 2 4 )  
Copper   rod   anodes  
C o n s t r i c t o r  wall s t a b i l i z e r  
100-750 kw Dc 
0 .5 -3 .3   a tm 
0.004-0.025 Ib /sec 

NASA, Lang ley   des ign  

G p p e r   c a t h o d e  and  anode 

- S t a b i l i z a t i o n  
- Input   Power 
- Plenum  P res su re  
- Gas  Flow  Rate  

M a g n e t i c   s t a b i l i z a t i o n  
500-2000 kw M: 
6.8-34.0  atm 
0 .05 -0 .80   Ib / sec  

G a s   v o r t e x   s t a b i l i z e d  
44-130 kw M: 
0 . 2 0 - 0 . 5 0  atm 
0.0025 I b / s e c   t h r o u g h   h e a t e r  
0-0.00125 I b / s e c .   d l l u e n t   t o  
plenum 

Power s l p p l y  
- Design 

- Mnke 
- Maximum C u r r e n t  

40 kw  AC t o  Dc s e l e n i u m  
r e c t i f i e r s  

S i l i c o n   r e c t i f i e r s ,   s a t u r a b l e  
c o r e   r e n c t o r   c o n t r o l ,  3 Mw 
Temescal 
4800 amp 

M: b a t t e r i e s ,  1440 a t  2 . 2  v e a c t  

Exide  
3000 amp 

0 . 5 3 8   i n .  
2 . 0  a n d   3 . 3   i n .  
G n i c s l .   f r e e  j e t  

7 .06   and   11 .7   in .  
~. 

3.2   and   3 .7  

Miller 
2000 amD 

~ ~~ 

0 . 4 6 7   i n .  
4 . 0   i n .  
Contoured .  free j e t  

1 . 6 2 5   i n .  
4 . 1  

.. 

48 i n .  
5 4   i n .  
NO"= 

~~ ~ 

0.50 i n .  
6 .125   i n .  
G n i c a l ,   f r e e  j e t  

1 0 . 5   i n .  
4.25  i n .  
4 . 5  

Yozzle 
- 7 h r o a t   D i a m e t e r ,  
- E x i t   D i a m e t e r ,  De 
- Nozz le   Expans ion   Sec t i c  
- Dt t o  De 
- De t o  Model F a c e  
- Mach No. of j e t  

Dt 

! T e s t  Chamher 
i - Dinmeter 

- Length  
- C o o l i n e  

3 6  x 36 i n .  s q u a r e  
35 i n .  
W a t e r   h e a t   e x c h a n c e r  

24 x 2 4   i n .   s q u a r e  
38 i n .  
None 

6 0   i n .  
60 i n .  
None 

Vacuum Sys tem 1 9 , 7 0 0   f t 3   s p h e r e s  pum ed dow 
t o  40 microns  Hg wi th   k inney  
a n d   S t o k e s  vacuum  pumps 

5 - s t a g e   s t e a m   e j e c t o r ,  4500 cfm,  
20 m i c r o n s  a t  no  flow 

7 7 , 0 0 0  f t 3   s p h e r e ,  3 vacuum 
pumps, 50 microns  at. no flow 

113.000 f t 3  Vacuum s p h e r e  

I, C a p a b i l i t y ,  Maximum p e r  Rul 
Mu1 t i p l e  Model I n s e r t i o n  8 6 2 2 



A- 2 A- 4 
I 
I Tunne l   In s t rumen ta t ion  

I n p u t  Power 
- Vol tage  Vol ta  e d i v i d e r  t o  C.E.C 

r e c o r f e r  

( H n l l   e f f e c t   d e v i c e   t o   C . E . C  

I recorder 

Vol ta  e d i v i d e r   t o   C . E . C .  
r eco r se r   and  G .  E. val tmeter  1 r e c o r s e r  

V o l t a   e   d i v i d e r   t o  C.E.C.  Westinghouse  wattmeter  Hall  
e f i e c t   t r a n s d u c e r   t o  Beckman 

' m a g n e t i c   t a p e   r e c o r d e r  
- C u r r e n t  S h u n t   t o   t r a n s d u c t o r   t o  C. E.C. ' S h u n t s   t o  C.E.C.  recordt 

and  Simpson  Ammeter 
C u r r e n t   t r a n s d u c e r s   t o  
E s t e r l i n e   A n g u s ,   i n d i c a t e  
o n l y  

P o t t e r   f r e q u e n c y   c o n v e r t e r  
A i r t r o n i c s   t u r b i n e  meter. 

t o  Beckman r e c o r d e r  

! 
D i f f e r e n t i a l   p r e s s u r e  across  ! Turbine   type   f low  meter  
'Rinca"   Ventur i  

Power  Losses 
- Water  Flow 

I 
D i f f e r e n t i a l   t e m p e r a t u r e   t r a n s -  1 Thermocouples t o  C.E.C. 
d u c e r   t o  C.  E.C. 

- T e m p e r a t u r e   R i s e   D e l t a - T - C o   d i f f e r e n t i a l   t e m p e r  i a t u r e   t r a n s d u c e r s   t o   C . E . C .  
r e c o r d e r  

T e s t   C a s  

e c o r d e r  Ch-A1 t h e r m o c o u p l e s   t o  
Beckman r e c o r d e r  

I- t 
I - Camposi t i o n  I23F oxygen - 77% n i t r o g e n  by 

- Gas  Flow  Rate : S o n i c   f l o w   o r i f i c e s  
I welgh t 

A i r  A i  r Air 

Rotomt ter   and   pressure   gage  
~ O r i f i c e   p l a t e s  Laminar   f low  tube,   Boonshaft  ~ 

and   Fuchs   sys t em  to  Beckman 
I 
! r e c o r d e r  I 

- Cas   Tempera ture  l%lhemomcters ahead of o r i f i c e s  B i m e t a l l i c  well thermometer .. Ch-A1 the rmocoup le   t o  
Beckman t a p e   r e c o r d e r  

P r e s s u r e s  I 

] S t a t h a m  f 5  p s i d   t r a n s d u c e r  LO Sta tham  t ransducer  t o  C.E.C. , S t r a i n   g a g e   t y p e   p r e s s u r e  
1 C. E. C. 

S t a t h a m   t r a n s d u c e r s   t o   B r o w  
nnd Beckman r e c o r d e r  I 

i - N o z z l e   E x i t  I ..  .. , T r a n s d u c e r s   t o  C. E. r e c o r d e r  ' Not  measured 1 

I - Reservoir 

I - Test Chomber 
Magnehell i c gage 
0 t o  1 i n .   w a t e r  Dwyer 

j - Model S tagnat ion   0 .75   in .   d iameter   hemisphere   to  
S ta tham 
0 t o  1 p s i a   t r a n s d u c e r  LO C.E.C I 

McLeod gage 

Sta tham  t r ansduce r  t o  C.E.C. ~ 

I 

" 

.. 

S t a t h a m   t r a n s d u c e r s   t o  
Bcckmnn r e c o r d e r s  
A l n i c o   t r a n s d u c e r s ,  
hLB. E l e c t r o n i c s ,   t o  
Beckman; 3!8-in. wnter  
coo led   hemisphe re  pi  t o t .  pml.e 

Not  measured 
1 Model Tempera tures  ! i - F a c i l i t y   P y r o m e t e r  

Model F r o n t   S u r f a c e  
Tempera ture  

1. Honeywel l   t o t a l   r ad ia t ion  1 
r a d i o m e t e r ,  0 . 3 7  i n .  oper -  
t u r e .  0 . 3 - 3 . 8  microns .   t o  I 
C. E. C. r e c o r d e r  

2 .  I n s t .  Dev. Lab.!   Pyro  650  to '  
C .E .C . ,   0 .653   mlc rons  1 

' Tem e ra tu re   camera  (NASA 
IN E-2660) 

- S I  Radiometer 

- I n t e r n a l   T e m p e r a t u r e s  

L o c a t e d   i n s i d e   t e s t   c h a m b e r  ' 
viewed model w i t h   f r o n t   s u r f a c e  
m i r r o r   r e c o r d e d  on C.E.C. 
Ch-A1 t o  C. E.C. 1 Ct-A1  to   C.E.C.   recorder  

~ 

" Not  measured L o c a t e d   i n s i d e  t e s t  chamber,  
model  viewed  with f r o n t   s u r f a c e  
m i r r o r   r e c o r d e d  on C.E.C. 
Ch-A1 t o  C. E.C. Not  measured 

SFll c a l o r i m e t e r   t o  Beckman 
r e c o r d e r  C. E.  C. r e c o r d e r  

SRI C a l o r i m e t e r  No. 1 3  t o  

T r a n s i e n t   s l u g   t y p e ,   s i m i l a r   t o  
SRI d e s l g n  
Hemisphe re   cy l inde r  
Copper   and   Tef lon   coa t ing  
0.75 i n .  
0.3125  in .  

SRI c a l o r i m e L e r   t o  C.E.C. SRI c a l o r i m e t e r   t o  C.E.C. 
r e c o r d e r  

B 
T r a n s i e n t   s l u g   t y p e ,   s i m i l a r   t o  

t r a n s l e n t  SRI des ign  
Langley   des ign- th in   wal l ,  

0 .375   in .  
1.25 i n .  

S t a i n l e s s   s t e e l  1 m i l   g o l d   p l a t e  on copper 
F l a t   f a c e   c y l i n d e r  Hemisphe re   cy l inde r  

1 . 0  i n .  
1 . 0  i n .  - M u l t i p l e   t h e r m o c o u p l e s  
i n s i d e   s h e l l  

S I  C a l o r i m e t e r  

F a c i l i t y   C a l o r i m e t e r  

- Type 

- Shape 
- S u r f a c e   M a t e r i a l  
- Shroud  Diameter  
- Sens ing   Diameter  

Run Time 

Trans i en t - th in   wa l l .  0.030 
wal l   t h i ckness   Lang ley   des ign  
Hemisphere 
S t a i n l e s s  steel 
1.5  in .  
1 . 5   i n .  - M u l t i  l e  thermo- 
c o u p l e s   i n s i d e   g e m i s o h e r e  

Automatic  model si thdrawal .  

ho lder   to   Honeywel l  
limit s w i t c h e s  on  model 

V i s i c o r d c r  

Exposure   t ime  au tomat ica l ly  
c o n t r o l l e d ,   m o d e l s  

on C. E. C. 

Au tomaLicv l ly   con t ro l l ed   wa te r  
c o a l e d   r o t a r y   s t i n g   m o u n t s  

From C.E.C. r e c o r d e r  

Camera G i a n n i n i   S c i e n t i f i c .  32 mm 
movie  and pulse   f raming  camera 

Kodak C i n e ,   1 6  m m ,  48 f p s  Kodak Cine   Spec ia l   16  mm .- 



F a c i  1 i t y  

Loca t ion  

Tunne l   Des igna t ion  
F a c i l i t y   P e r s o n n e l  

Arc   Hea te r  
- Design 

- t l e c t r o d e   M a t e r i a l  

- S t a b i l i z a t i o n  

- Input   Power 
- Plenum P r e s s u r e  
- Gas  Flow  Rate 

Power  Supply 
- Design 

- Make 

- Maximum C u r r e n t  

l - T h r o a t   D i a m e t e r ,  DL 
1 - E x i t   h a m e t e r .  Dc I - N o z z l e   E x p a n s i o n   S e c t i o n  

1 - De t o  Model  Face 
' - Mach No. of J e t  

' T e s t  Chamber 
. - Diameter  

- DL t o  De 

- Length 
- C o o l i n g  

Vacuum Sys tem 

A- 5 

"ASA Manned S p a c e c r a f t  
> e n t e r  
i o u s t o n ,   T e x a s  

B C  I-MN Arc J e t   S u b s o n i c  
D. H. G r e e n s h i e l d s  
D. J .  T i l l i a n  

Modi f i ed   G iann in i  

Copper 

M a g n e t i c   f i e l d   a n d   g a s  
v o r t e x  
I000 k r  LC 
1 - 3  atm 
0 .02 -0 .05   l b / sec  

1500 kw !X s i l i c o n   r e c t i -  
f i e r s ,   s a t u r a b l e   c o r e  
r e a c t o r   c o n t r o l  

2000 amp 

." 

Subsonic  
3 . 0   i n .  
Subsonlc  
1 . 5   i n .  
1.5 a n d   2 . 0   i n .  
Subsonic  ~ 3 . 8  

Appendir A ( C o n t i n u e d )  

A 6  

C e n t e r  
NASA Manned S p a c e c r a f t  

I louston, Texas 

hi% 1 . 5 " ~  Arc  Tunnel 
3 .  E. Grimaud 
D. J .  T i l l i a n  

Segmen ted   Cons t r i c t ed   Arc .  
E l e c t r o - o p t i c a l   S y s t e m s   D e s i g n  
I h o r i a t e d   t u n g s t e n   c a t h o d e  
s i l v e r - p l a t e d   c o p p e r   p i n  anodes 
V o r t e x   s t a b i l i z e d  

250-1000 kw Dc 
(Cathode)  0 .1  t o  2 . 0  atm 
0 .0022-0 .044   Ib / sec  

S i l i c o n   r e c t i f i e r s . ' s a t u r a b l e  
core r e a c t o r   c o n t r o l  

A. 0. Smith  
3000 a t  500 v .  1500 a t  1000 v .  
750 a t  2000 v 

0.7813  in .  
5 . 8   i n .  
C o n i c a l  
5 .2   i n .  
4 .0  i n .  

None , , 
.. . 1 7 2   i n  

". 

". i g a i L i r  c o o l i n g  - c i r c u l a t e d   a i r  

A - 7  

t e r o t h e r m   C o r p o r a t i o n  

'ala A l t o ,   C a l i f o r n i a  

r e r a t h e r m   A r c   P l a s m a   F a c i l i t y  
1. T. F lood  
I .  J .  Reese 

i e r o t h e r m   d e s i g n  

r h o r i a t e d   t u n g s t e n   c a t h o d e ,   c o p p e r   a n o d e  

; a s   v o r t e x   s t a b i l i z e d  

P 

io-1000 kw Dc 
1.06-8.0 atm 
1 . 0 0 2 - 0 . 0 5   I b / s e c  

I d i e s e l - e l e c t r i c   g e n e r a t o r s :  
1 -1000   hp ,   1 -600   hp  

." 

3000 amp 

1.05 and 1 . 0 0  i n .  
2.98 and   3 .50   in .  
C a n t o u r e d .   i r e e j e t   a n d   c o n i c a l .   f r e e  j e t  

1 2 . 0   8 . 5   i n .  
1 . 5   i n .  

3 . 0  and 3 . 2  

42 i n .  

180 i n  
C o o l e d   d i f f u s e r   a n d   h e a t   e x c h a n g e r  

None I 4 - s t a  e s t e a m   e j e c t o r ,  
0 . 0 1   f b / s e c   a t  0.001 a tm.  
0 . 0 3 5   l b / s e c   a t  0.01 stm, and 50 microns, 30 microns  Hg a t   n o  

' a t   2 0 0   m i c r o n s ,  0.004 l b / s e c   a t  

0 .5  mm Hg a t   n o   f l o w  flow 

5 - s t a g e   s t e a m   e j e c t o r ,   0 . 0 3 6   l b / s e c  

A - 8  

~ V C O  C o r p o r a t i o n  

Wilmington .   Massachuse t t s  

10-Mw Arc F a c i l i t y  
H .  E .  Hoercher  
R .  W .  Freeman 
J .  Duggan 

AVCO d e s i g n  

Carbon   ca thode ,   coppe r  
anode  
M a g n e t i c   f i e l d   a n d   g a s   v o r t e x  

250-10 .000  kw Dc 
0.5-28.0 atm 
0 . 0 8 - 1 . 0   I b / s e c  

2080 - 12 v .  200 amp h r  
t r u c k   b a t t e r i e s  

W i l l s r d  
6000 amp 

-1 
0.765  and 1.25 in .  
1 .178   and   1 .25   i n .  
C o n i c a l  
1 . 0  i n .  
3 . 0  i n .  
2 . 2  I 

I 
F r e e   j e t ,   n o  t e s t  chamber ' 
u s e d   f o r   t h i s  program 
Approximate ly   48   in .  
Water -cooled  

None  used 

M u l t i p l e  Model I n s e r t i o n  1 I 
C a p a b i l i t y .  Maximum per  Run 

1 l 2  2 5 I 1  



Tunne l   In s t rumen ta t ion  
Input  Power 
- Vol tage  

- C u r r e n t  

Power Losses  
- Water  Flow 

- T e m p e r a t u r e   R i s e  

T e s t  Gas 
- Compmit ion  

- Gas  Flow R a t e  

- Gas  Temperature 

P r e s s u r e s  
- R e s e r v o i r  

- N o z z l e   E x i t  

- T e s t  Chamber 
- Model S t a g n a t i o n  

Model Tempera tures  
- F a c i l i t y   P y r o m e t e r ,  Model 

F r o n t   S u r f a c e   T e m p e r a t u r e  

- SRI Radiometer 

- I n t e r n a l   T e m p e r a t u r e s  

SRl C a l o r i m e t e r  
F a c i l i t y   C a l o r i m e t e r  

- Type 

- Shape 

- S u r f a c e   M a t e r i a l  

- Shroud  Diameter  

- Sens ing   Diameter  

Run Time 

Camera 

A - 5  

N a b a t r o l   t r a n s d u c e r s   t o  
B r i s t o l   r e c o r d e r   a n d   t o  
Systems  Engineer ing Lab. 
d i g i t a l   s y s t e m  
hlv s h u n t   t o   B r i s t o l  
r e c o r d e r  
Hydropoise   f low  t rans-  
d u c e r   t o   I r e   u e n c y  

Analog t o   d l g i t a l  msg- 
c o n v e r t e r  a?! r e c o r d e r .  

n e t i c   t a p e   r e c o r d  of most 
test v a r i a b l e s  

Ni t rogen   p lus  oxygen t o  
e q u a l   a i r  
Choked o r i f i c e s .   e l e c -  

d u c e r s  
t r i c a l   p r e s s u r e   t r a n s -  

Thermocouple 

Not measured 

Not  measured 

Not  measured 
Not  measured 

Pyro -op t i ca l   py romete r  
Barnes  R4D r a d l o m e t e r  

SRI r a d i o m e t e r   t o  S.E.L. 

Ch-A1 t o   t a p e   r e c o r d e r  

Recorded an S-E.L 

Hy-Cal E n g i n e e r i n g  

F l a t   f a c e  

Cona tan tLn   p lus   ca rbon  
coating 

1 .0  i n .   c a l o r i m e t e r   i n  
1 .25  in .   shroud 
0 .15   in .  

Microswi tch  on s t l n g  
t o   S . E . L .  

M i l l i k e n  

A- 6 

N o b o t r o l   t r a n s d u c e r s   t o   B r i s t o l  
recorder   and   Sys tems  Engineer ing  
Lab. a n a l o g   t o   d i g i t a l   s y s t e m  

Mv s h u n t   t o   B r i s t o l  and  S.E.L. 
r e o r d e r  

Turb ine   f low meters and f r e -  
quency c o n v e r t e r s   t o   S . E . L .  

Thermocouples  and AT meter  
C h 4 1   t h e r m o c o u p l e  

Ni t rogen   p lus   oxygen   t o   equa l  
a l r  
Choked o r i f i c e s .   S t a t h a m  
t r ansduce r s   t o   S .E .L .  

Ch-AI  thermocouple 

S t a t h a m   t r a n s d u c e r   ( 0 - 1 5   p s i a )  
t o  S.E.L. 

S t a t h a m   t r a n s d u c e r   ( 0 - 1   p s i a )  
t o  S.E. L. 
S t a t h a m   t r a n s d u c e r   t o   S . E . L .  
S t a tham  t r ansduce r  ( 0 - 5  p s i a )  

g a g e s   f o r  c h e c k s  
t o  S.E.L. Wal lace-Tiernan  

Opt ica l   pyrometer -0 .65   microns  

Not measured 

Not  measured 

Recorded on B r i s t a l  and  S.E.L. 
Hy-Cal E n g i n e e r i n g  
(120-1000  BtuSf tZsec)  
High  Temperature  Lab. 
(120-1000   B tu / f t2 sec )  
F l a t   f a c e  

C o n s t a n t a n   d i s c   p l u s   c a r b o n  
c o a t i n g  
1 . 0   i n .   c o p p e r  bgdy i n  
1 .25  i n .   g r a p h i t e   s h r o u d  
0.060 i n .  

Microswi tches  on s t i n g   t o  
S.E.L 

Mi l l rken  

A - I  1- 
V i d a r   v o l t a g e   t o   f r e q u e n c y   c o n v e r t e r   2 6 0   V o l t a g e   d i v i d e r   t o  C.E.C. I r e c o r d e r  

V i d a r   v o l t a g e   t o   f r e q u e n c y   c o n v e r t e r  260 1 S h u n t   t o  C.E.C. r e c o r d e r  I 

ASME o r i f i c e  and  manometer,   plus  Statham 
AP t r a n s d u c e r   t o   V i d a r  260 

Not  measured 

Del ta  T d i f f e r e n t i a l   t e m p e r a t u r e  
t r a n s d u c e r   t o   V i d a r  260 

Not  measured 

Ni t rogen   p lus  oxygen t o   e q u a l   a i r  

F i s h e r   P o r t e r   r o t o m e t e r s   p l u s   o r i f i c e  
and S t a t h a m   t r a n s d u c e r s  

I -C  Thermocouple   to  hl-H i n d i c a t i n g   p o t .  

S t a t h a m   a b s .   p r e s s u r e   t r a n s d u c e r   t o  
C.E.C.   5-119  recorder  

Wal l ace   T ie rnan   gages  

Vial lace  Tiernan  gages 

I '  

:t 

S t a t h a m   d l f f .   p r e s s u r e   t r a n s d u c e r   t o  
C  E .C.   5 -119   recorder ,  0.375 i n  diam- 
e t e r   f l a t   f a c e   w a t e r   c o o l e d   p i t o t  
probe 

0 . 8  f 0 .015  microns 
I n f r a r e d  Industries-TWID9ol 

SRI r a d i o m e t e r   t o  C. P. I n s t .  850 

Ch-A1 t o  C.E.C.  5-119  recorder 
m.v .  r e c o r d e r  

Hy-Cal E n g i n e e r i n g  

F l a t   f a c e d   c y l i n d e r  

Cons tan tan   p lus   ca rbon   b l ack  

1 . 0  i n .  

0.18 in. 

C.E.C. recorder   and   s topwatch  

Tr i ad   Pho toson ics ,   1B .  16 m 

Air 

F i s h e r   P o r t e r   f l o w  
meters a n d   s o n i c   f l o e  
o r i f i c e s  

E l e c t r i c a l   p r e s s u r e  
t r a n s d u c e r   t o  C.E.C. 
r e c o r d e r  
Yot measured 

Uncooled 1 . 2 5  i n .   d i a m e t e r  

p r e s s u r e   t r a n s d u c e r .   t o  
p i t o t   p r o b e ,   t o  C.E.C. 

C.E.C. r e c o r d e r  

Instrument  Development '  
Lab. r e c o r d i n g   p y r m e t e r .  
0.653 microns  
Not  measured 

Not  measured 

AVCO n u l l   p o i n t   t r a n s i e n t  
c a l o r i m e t e r s  
1. F l a t   f a c e d  2.  Hemisphe- 

c y l i n d e r   r i c a l   c o n e  

Copper Copper 

1 . 2 5  i n .  1 .0   in .  

0 .375   in .  0.25 i n .  

From C.E.C. r eco rde r   and  
p r e s s u r e   a n d   c u r r e n t   t r a c e s  

b l e x   R e f l e x ,  300 mm l e n s  
32 i p s  

-I 
I 



A p p e n d t r  A ( C o n c l u d e d )  

Fac i  I i t y  
L o c a t i o n  
Tunne l   Des igna t ion  

F a c i l i t y   P e r s o n n e l  

Arc   l l ea t e r  
- Design 
- E l e c t r o d e   h l a t c r i a l  

- S t a b i l i z a t i o n  

- I n p u t  Pawcr 

- Plenum  P res su re  
- Gas Flow l lo te  

Power Supply 
- Design 

- Make 
- Maximum C u r r e n t  

Nozzle  
- T h r o a t  Diameter .  D L  
. Exi t   D iame te r ,  
- Nozz le   Expans ion   Sec t ion  

"e 

- Dt t o  De 
- De to Model Face 

- Mach No. n r  j e t  

T e s t  Chomller 

- Diameter  
- Length  
- C o o l i n g  

Vacuum System 

Mult . ip le  Model I n s e r t i o n  
Capability. Maximum p e r  Run 

A- 9 

C i a n n i n i  S c i e n t i  Tic Corpornliun 
San ta   Ana ,   LaLi fo rn ia  
1-hlw I l y p c r t l ~ e r m . ~ l  'Test Fnci I i t y  

.I_ P. Todd 
I;. M?lel>Illcrger 

C i a n n i n i  design 

'Tungsten ca thode ,   coppe r  annde 

Cos w r t c x  s t o h i l i z c d  

35-1000 kw IK 
0 . 0 2 - 0 . 3 5  a m  

0 .0005-0 .01   Ih / sec  

S i x  150 kw, s i l i c o n   r e c t i f i e r s  

A. 0 .  Smi t11 

3000 amp 

1 . 0   i n .  
3.0 i n .  
C o n t a u r c d .  l r e e  j e t  
6 . 1 8   i n .  
5 . 0  i n .  
3 .0  

30 ill. 
72  i n .  
W a t e r - c a o l c d  cham1,er m d  
vacuun\ I i ne 

Kinney vacuum pum 7 9000 c l m ,  
0 . 2  mm 116 a L  no 17;;. 

3 

A- I n  

Mart in Company 
H a l  timore. Mary1 and 
Plasma Arc I .o lmra tory ,  
F a c i l i t y  I3 
A. Cuido  
G .  .I. Schmidt 
C. Cucnter1,er 
11. A. Woodwar3 

Thermnl Dynamics F 5000 
l'un sten  cat . l lode.   copper  

Cas v o r t e x  and m a g n e t i c  
l i e l d  a t  anode 
40-1500 k w  IX: 
0 . 0 3 - 6 8  atm 

0.0015-0.6 l b / s e c  

..otic 

3 p h a s e   f u l l   w a r e   r e c t i -  
f i e r ,   s a t u r a l n l c   r e a c t o r  
con t ro l  
A. 0. .h i  L I I  
4000 amp a t  500 1 ,  
2000 amp a t  1000 Y 

1.245 i n .  
3.0 i n .  
C o n i c a l .  l r c e  j e t  

6 . 6 2 5   i n .  

2.7 
.. 

48 i n .  
9 6   i n .  
Watcr -cooled   est c h m l w r ,  
mode ls  and instruments  
h e l d  i n  s e p a r a t e  ~11orn1,er 
h e l a r c   i n s e r L i o n  i n  strean 

5 

A- 1 I I n- 12 

Space Genera l   Corpora t ion  
El Monte. C a l i f o r n i a  

S. I.. G r i n d l e  
hl. w.  Senrcy  

'Ttlngsten cat .hode,   copper   anode 

Gas vortex and   magne t i c   I i e ld  

25-1500 h w  IX: 

Cornel  1 h e r o n a u t i c o l   L a h o r n t o r y  
I L ~ I l a l o .  New Yark 

Tunnel 
Wave S u p e r h e a t e r   l l y p e r s o n i c  

. I .  C a r p e n t e r  
II. Clemen t s  
K .  W. C r a v e s  

( 0 . 6  x 1 . 5 - i n . )  shock t u b e s  
mounted on o e r i n l t c r v  o i  n ro-  

0.01.40 atnl  1 
0 . 0 0 0 1 - 0 . 2  I l d s e c  5 I b / s e c  

Two 750 kw AC LO Dc s i l i c o n  r e c t i -  Iloes n o t  o p p l y  
I i e r s .  moving c o i l   c o n t r o l  

t i l c ~ n  P a c i  Tic 
3500 amp 

1 . 0   i n .  
3 . 0  i n .  
Contoured  n o z z l e .  rrcc  j e t  

2 . 2 5  i n .  

3 . 0  

F r e e , j e t  1185 dimens ions  a 1  
1 .5   In .   Ine igh t  x 0.6 i n .  w i d t h  
a t  j e t  e x i t   ( r o t o r   r a c e ) .  

2.25  and 4.0 i n  
2 .7   and   3 .6  

36 i n .  

8 4   i n .  
None  used far  these tests 

Chamber w a t e r - c o o l e d   a n d   d i f f u s e r  
I t c a t  exchonger  

2 Hoots  blowers  lollowed by S t a k e s  None used 
vacuum ump, 14.000 c f m ,  0 . 1  Inm I lg 

no rPnw 
A 



Tunnel I n s t r u m e n t o t i o n  
I n p u t  Power 

. Vol tage  
- C u r r e n t  

Power Losses 

- Water Flow 

- Temperature R i s e  

; t h e  sRack p r o c e s s  a s  i t  
A corn u r n t i o n  is  mode for 

o c c u r s   i n s i d e  the r o t o r  
I u s i n g  t h e   d r i v e r   h e l i u m  

and c h n r a e  a i r  i n o u t  l 

Nestinghousp PS 1 0 1  
Nestinghouse PX I61 

E r i e  electronic c o u n ~ e r  
lydrapoise  t u r h i n e  mctcr  i n  

I-C  thermocouples LO llrown 
n u l t i p o i n t   r e c o r d e r  

p r e s s u r e s .  
t e m p e r a t i r e s   a n d  ' 

i 9 1  N i t r o g e n .  21% oxygen by volumc A i  r 

Not  measured 

Thermocouple monitors 

Test Gas 

- Composition 

- cas F I ~ ~  natc 

- Cas Tempera ture  

P r e s s u r e s  
- Rescrvoi r 

- Nozzle  h i t  

- T e s t  Chamber 
- Model Stopnotion 

C r i t i c a  I f low o r i f i c e s  t o  l l e i s c  gage: 

" 

\Val l a c e  and Ti  crnan  gages 

h l l a c r  and l i e r n a n  gages 

l a l  l a c e  and  Ticrnan  gages 
S t a t l l v m  Transducer  LO DeVnr r e c o r d e r ,  
0 . 6 1 5  I " .  d i a m c t c r  water  cooled  p i t o t  
111 nlir 

I .  I . P P ~ ~  Nurtllrup optical !'yromcter 
f l f > 3 ? l  

100 atm moxim~m  C.E.C. 
t r a n s d u c e r  ond r c c o r d e r  
N O L  measarcd 

Not measured 
10-85 atm.   C.E.C.   t rans-  
d u c e r  and r e c o r d e r  

lhcrmodot  I E A - 6  
I n f r a r e d  I n d u s t r i e s .  

klodel Tcmpcrot.ures 
- F a c i l i t y   P y r o m c t e r .  hlodcl 

Front   Sur lace   Temperarurc  

SRI rad lomctcr  LO I.N Speedomox II 
recorder  

Not mensured 

NOL measured 

- SRI Rodiometer 

- l n t c r n a l   T c m p e r a t u r e s  

SRI C a l o r i m e t e r  

F a c i l i t y   C a l o r i m e t e r  

- Type 

- Sl,npe 

- Surface  M a t e r i a l  
- Shroud  Ciamercr 

- Sensing Llameter  

Ch-Al  t o  Texas  I n s t r u m e n t s  F4W 
r e r n r d c r  

SRI c a l o r i m e t e r  LO 
C. E.  C. r e c o r d e r  

I l yCaI  Enginee r ing   a sympto t i c  
r o l o r i m c t c r  

F l a t  f a c e  cylinder 

I "llhl a l l l a "  

1.25  i n .  

0 .10  111. 

C o r n e l l   d e s i g n  

l lemispher ico l  

Copper 

0.50 i n .  

0.125 i n .  

Run Time Stop watch  p l u s  e l e c t r o n i c   t i m e r  
o c t l v n t e d  I,y microswitch  on s t i n g  

T e s t  i s  s t a r t e d  w i L h  
model i n   p l a c e .  run 

m a t i c a l l y   c o n t r o l   l e d  
t e r m i n a t i o n  i s  a u t o -  

Camera "lex Il l6 movie  cmncra Two P h o t o s o n i r a  





APPENDIX B 

PHASE I I TUNNEL CALI  BRATI ON  AND TEST DATA 

T h i s   a p p e n d i x   c o n t a i n s   s e p a r a t e   t a b l e s   o f   t h e   d a t a   r e p o r t e d  by   each  

p a r t i c i p a t i n g   f a c i l i t y ,   p l u s   t h e   m e a s u r e m e n t   d a t a  on a l l   m o d e l s   t h a t   w e r e  

d e t e r m i n e d   a t   t h e   I n s t i t u t e .   T h e   l a t t e r   d a t a   c o n s t i t u t e   t h e   l a s t   f i v e  

c o l u m n s   o f   t h e   t a b l e s .  

T h e   c a l i b r a t i o n  r u n s  w e r e   a s s i g n e d   n u m b e r s   b y   t h e   I n s t i t u t e  s o  t h a t  

t h e y   c o u l d   b e   i d e n t i f i e d   i n   t h e   t e x t .   P e r t i n e n t   r e m - a r k s   a p p l i c a b l e  t o  

s p e c i f i c   c o l u m n s   o f   d a t a  a r e  i n d i c a t e d  i n  t h e  f o o t n o t e s .  
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T a b l e  B- 1 

TUNNEL CALIBRATION AND TEST DATA REPORTED BY GASDYNAMICSBRANCH, 
AMES  RESEARCH  CENTER-NASA 

R e f :   L e t t e r   R e p o r t   b y  C. A. S y v e r t s o n ,  Ames R e s e a r c h   C e n t e r ,   D e c e m b e r  2 ,  1 9 6 6  
- 
MODEL 

NO. I i AVERAGE  ENTHALPY 
h t  ( B t u / l b )  

HEAT TRANSFER RATE 
bCw ( B t u / f t 2   s e c )  

C a l o r i m e t e r  

STAGNATIOb 
MODEL 

PRESSURE 

p t  
2 

( a t m )  

~. - 
0.0106 
0.0106 
0.0109 
0 .0106 
0.0106 
0 .0182 
0 .0182 
0 .0108 
0 .0108 
0 .0109 
0.0108 
0 .0102 
0. 010.2 
0 . 0 1 8 5  
0 .0185 
0 .0105-  
0.0105 
0.0109 

0 .0097 
0.0097 
0 .0185 
0.0106p 
0.0106 
0.0098 
0.0098 
0 . 0 1 8 3  
0.0183 
0 .0106 
0 .01  11 
0.0102 
0.0102 
0 .0185 
0 .0185 
0.0105 
0 .0098 

0.0097 
0.0097 

0 .0101 
0.0094 

0.0162 
0.0140 

0.0106 
0.0189 

0.0099 

" 

PRESSURE 
PLENUM 

p t  
1 

( a t m )  

0 . 2 3 5  

0.248 
0 .235  

0.300 
0.300 
0 .435  
0 .435  
0 . 2 3 4  
0 . 2 3 4  
0.248 
0.250 
0 . 3 1 4  
0 .314  
0.438 
0 . 4 3 8  
0 . 2 3 4  
0 . 2 3 4  
0.248 

0. 312 
0 . 3 1 2  
0 . 4 3 1  

0. 248 
0 . 2 3 1  

0 . 3 1 4  
0.  314 

0 . 4 3 5  
0.  435 
0 . 2 3 4  
0. 248 
0.316 
0. 316 

0.436 
0.436 

0. 235 
0.260 
0.275 
0.290 
0.  301 
0.312 
0 .326  
0. 329 
0 .428  
0. 240 
0.  309 

_ _ ~ ~  " - ~- 

~ 

.- 

t - 
SRI 

- 
.7 7 
77 
85 

118 
118 
178 
17 8 
80 
80 
8 1  
89 

121 
121 
177 
177 

7 3  
7 3  

87 

114 
114 
172 
89  
87 

120 
120 
170 

85 
78 

125 
125 
166 
166 
8 2  

108 
96 

117 
124 
134 
89  

150 
183 

126 
80 

~ 

~ 

~ 

170 

- 

~ 

T F a c i l i t y  , 

( 4 )  

143 
143 
145 
2 40 
2 40 
300 
300 

147 
147 

140 
132 
259 
259 

3 49 
349 

148 
148 
133 

" - 

~ 

~ 

" 

3 38 
152 
146 
259 
259 
358 
358 
144 
142 
27 3 
273 
345 ' 
345 
143 
1 7 3  

211 
196 

225 
224 
160 
265 

135 
35 2 

~ 

~ 

~ 

(1) 

10,430 
10 ,430  
10 ,670  
25,700 
25,700 

15 ,  360 
15,  360 

9 , 9 8 4  
9 , 9 8 4  

10 ,707  
10 ,449  
23,920 
23,920 
15 ,330  
15 ,330  
10 ,134  
1 0 , 1 3 4  
10 ,678  

23, 340 
23,340 
15 ,970  
1 0 , 1 5 3  
1 0 , 7 4 9  

24,010 
24 ,o  10 

. -. . - . - ( 5 )  

6 7 . 6  
67 .6  
6 8 . 5  

1 1 3 . 5  
1 1 3 . 5  
141 .9  
141.9 
69.  5 
69. 5 
6 6 . 2  
6 2 . 4  

1 2 2 . 5  
122 .5  
165. 
165. 
70. 

6 2 . 9  
70. 

~ 

~ 

" 

159.8 

69.  
71.9 

122 .5  
122.5 
169. 3 

68. 1 
6 7 . 1  

~ 

169.3 

129. 
129. 
163. 1 
163.1 
6 7 . 7  
8 1 . 5  

9 9 . 9  
9 2 . 8  

106 .5  
115.5 

125.5 
7 5 . 8  

166.7 
63 .9  

- 

I PLL54 

PLL96 
PLL57 

PLL58 
PLL59 
PLL60 
PLL6 1 

A5 3 
A5 4 
A61 
A9 3 
A5 5 
A5 6 
A5 7 
A60 

sp48 
sP49 
SP96 

SP5 1 
9 5 2  
sP50 
sG35 
sG39 

3337 
Xi36 

SG44 
SG38 

PLH6 
PLH98 
PLH42 
PLH43 

PLH50 
PLH24 

c1 
c2 
c 3  
c4 
c5 
C6 
c 7  a 
c 9  
c10 
c11 

- 

~ 

- 

- 

~ 

8 4  
8 4  
89  

128 
128 

190 
190 

78 
78 

86 
85 

143 
143  
183 
18 3 
80 
80 
8 5  

146 
146 
196 

86 
8 1  

138 
138 

183 
183 

78 
89 

147 
147 
188 
188 

82  
103 
120 
134 
142 
148 
94  

154 
208 

154 
8 4  

___ 

___ 

___ 

~ 

~ 

Lang le   Pheno l i c -Ny lo r  
Scout  &4B 

10 ,  170 
10 ,170  
10 ,670  
22 ,830  
22,830 
1 6 , 5 9 0  
16 ,590  

1 0 , 1 7 0  
10 ,170  

10 ,750  
10 ,670  

22,120 
22,120 
1 6 , 6 7 0  
16 ,670  
10 ,170  
10 ,170  
10 ,670  

21,850 
21 ,850  
1 6 , 4 8 0  
1 0 , 0 6 9  
10 ,670  
22 ,120  
22,120 

Avcoat  5026-  39 

Modi f i ed   Pu rp le   B lend  
S i l i c o n e  E4A1 

G. E. S i l i c o n e  
ESM 1 0 0 4 N  

15,510  16,590 
15 ,510  ~ 1 6 , 5 9 0  
10 216 ' 10,170 
10: 322 ' 1 0 , 7 3 0  
24,970 I 22,750 
24 ,970  ! 22,750 

25,580 . 23,490 
8 , 1 9 4  8 , 1 0 0  

12 ,770  1 2 , 6 9 0  
16 ,530  I 17,090 
1 0 , 5 9 4  , 1 0 , 3 9 0  
25 ,154  22,640 

Hu hes   Phenol ic -Nylon  
H- 5 

15,870 
15 ,870  
1 1 . 2 5 4  

16 ,620  
16 ,620  

C a l i b r a t i o n  Runs 
9 , 2 1 0  
6 , 9 1 5  

11,760 
9 ,770  

11,410 
11,740 

8 , 0 7 0  
5 , 8 0 0  

6 ,  340 
9,720 

11,180 263   124 .6  

( 1 )   E n t h a l p y   m e a s u r e d   b y   e n e r g y   b a l a n c e   m e t h o d ,   a v e r a g e   e n t h a l p y   a t   r e s e r v o i r   e n t r a n c e ,   i . e . ,   a r c   h e a t e r   e x i t .  

( 2 )   E n t h a l p y   o f   f r e e  j e t  a t  tes t  p o s i t i o n   b y   f r o z e n   s o n i c   f l o w   m e t h o d  and u s i n g  Z. R e f :  NASA  TN D2233  and 
NASA TR R-50. A l s o  see Column ( 7 ) .  

( 3 )  E n t h a l p y   b y   e n e r g y   b a l a n c e   m e t h o d ,   a v e r a g e   e n t h a l p y   a t   n o z z l e   e x i t .  

( 4 )  Ames t r a n s i e n t   c a l o r i m e t e r ,   0 . 7 5 - i n .   d i a m e t e r   h e m i s p h e r e   c y l i n d e r ,   c o p p e r  s l u g  0 . 3 1 2 5 - i n .   d i a m e t e r  
s u p p o r t e d   i n   s h r o u d   w i t h   s a p p h i r e   m i c r o s p h e r e s .  

( 5 )  C a l o r i m e t e r   d e s c r i b e d   u n d e r  ( 4 ) ,  c a l c u l a t e d   t o   1 . 2 5 - i n .   d i a m e t e r   f l a t   f a c e   s t a g n a t i o n   v a l u e :  

;IFAc = 1 . 1 1 2   i F A C [ 0 . 7 5 / ( 3 . 3  x 1 . 2 5 ) I o " .   T h e   t e r m   1 . 1 1 2   c o r r e c t s   t h e   a v e r a g e  ;I o v e r   s e n s i n g   a r e a   t o   t h e  

COR 
s t a g n a t i o n   p o i n t   v a l u e .  

(6) C a l o r i m e t e r   d e s c r i b e d   u n d e r  ( 4 ) ,  s p r a y e d   w i t h   T e f l o n   c o a t i n g   t o   g i v e   n o n c a t a l y t i c   s u r f a c e .  
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Z 

( 7 )  

1 .56  
1 .56  
1 .57  
2 .22  
2 .22  
1 .86  
1 .86  
1 . 5 5  
1 . 5 5  
1. 57 
1. 56 
2.  15 
2.  15 
1 . 8 6  
1 .86  
1 . 5 5  
1 .55  
1 .57  

2. 14 
2. 14  
1 .87  
1 .55  
1.57 

2.  15 
2. 15 

1.87 
1.87 
1 .55  
1.56 
2 .18  
2 .  18 
1 .87  
1.87 

- 

- 

- 

MAXIMUM  FRONT SURFACE 
TEMPERATURE 

TFS E = 1 (OF) ( l b / s e c )  

L- F a c i l i t y  

0.0025 2,850 
0.0025 2 ,990  
0 .0025 3 ,030  
0 .0025 3 ,260  
0.0025 3 ,150  

0 .0025 3,  360 
0 .0025 3 ,550  
0 .00375 3 ,520  
0.00375 3 ,660  
0.0025 2 ,620  

0 .0025 2 ,550  
0.0025 2 ,680  

0 .0025  3 ,080  
0 .0025 2,910 

0.00375 3,  330 

0 .0025  2 ,610  
0 .0025 2 ,640  

0 .0025  2 ,990  
0.0025 3 ,210  

-F 

" 

" 

" 

j 

0.0025 3 ,260  j 3 ,020  2 ,949  
0 .0025 1 3,500 I 3 ,250  I 3,  206 
0.00375 3 ,470  3 ,200  3 , 1 6 5  
0.00375 3 ,470  . 3, 200 3 ,165  

SRI 
(9) 

2 ,580  2 ,559  

2 ,810  2 ,846  
2,710 2 ,785  

2,960 2 ,918  
3 ,200  3 ,226  

3:  510 3:  432 
3 280 3 247 

2,560 2,600 
2 ,600  2,590 

2 ,650  2 ,692  
2 ,680  2 ,682  

3,080 3,000 
3 ,  2.30 3 ,196  
3 ,270  3 ,226  
3 ,420  3 ,  350 
2,  360 2 ,446  
2 ,480  2 ,446  
2 ,  350 2 ,  323 

2 ,760  2 , 7 6 4  
3 ,070  2 ,826  
3,  130 3 , 1 4 4  

2 ,  390 2 ,405  
2 ,390  2 ,477  

2 ,770  2 ,785  
2 ,880  2 ,846  
2 ,910  2 ,898  
2,880 2 ,846  
2,690 2 ,723  
2 ,850  2,857 

RUN 
TIME 
( s e c )  

19 .3  
38.6 
75 .4  
15 .6  
38.2 
1 1 . 2  
28 .2  
1 9 . 4  
1 9 . 4  

75 .5  
38 .2  

15 .  5 
38 .4  

28 .2  
11 .2  

19 .5  
38 .4  
7 5 . 5  

1 5 . 4  
40.6 
2 8 . 1  

75. 5 
38 .5  

15. 5 
38. 2 

28 .3  
1 1 . 3  

38 .4  
7 5 . 3  
15 .6  
38 .5  
11 .4  
11.7 - 

0.202 0 .076  
0.349 0.107 
0..587 0 .160  

0 .414  0.134 
0 .215  0 .079  

i 
0.220 0.110 
0.366 0 .188  
0.  177 0 .120  
0 .  369 0 .157  

0.249 0 .145  
0 .153   0 .110  

0 .375  0 .200  

0.146  0 .126 
0 . 2 6 3  0.  198 

RECESSION THICKNESS 
CORE 1 CHAR 

0.023 0.065 
0.058 0 .093  
0.107 0 .122  

0.064 1 0.018 
0 .026  0.069 

0 .052  
0.019  0 .074 

0 .122  

0.028  0.087 
0.052 
0 .101  

0 .121  
0.167 

0 .078  1 0.138 
0.027 0 .081  

0.027  0 .077 

+ O .  065 
+O. 052 

0.  155 
0.  205 

+O. 031 
+O. 038 

0 .102  1 0.166 
0.287 0 .160  0.019 0.116 
0.147 0 .345  +0.007 0 .134  
0 .387  0 .458  +0.005 0..199 

0 .330  0 .257  0.069 I 0.112 
0.097 0.207 +0.001 0 .086  

0.187  10.142 :3y;i 1 0 .055  
0 .422   0 .184   0 .060  
0.318  0 .117  0 .044 
0 .653   0 .165   0 .115  

0 .097  
0.132 I 0 .198  0 .081  

0 .414  I 0 .135  
0.017 
0.056 

0 .071  

0 .011  0.067 
0 .012   0 .066  

1 0.120 

CHAR 

( l b / f t 3 )  
DENSITY 

~- 

1 4 . 5  

1 6 . 3  
1 4 . 3  

14; 2 
14. 1 
1 4 . 1  
1 5 . 3  

16 .8  
17. 3 

19 .6  
18 .5  

16.9 
16 .9  
1 9 . 3  
16. 2 
14 .7  
1 1 . 6  
1 2 . 1  

1 5 . 3  
14 .8  
17. 1 

28.6 
31.6 

29 .9  
28. 5 
32.0 
38. 1 

15.'5 
15.0 

14. 2 
14 .0  
13. 2 
13. 2 

the p r e c e d i n g   e q u a t i o n  and i s  u s e d  t o  g e t   e n t h a l p y   u n d e r  (2). Ref: JANAF Interim  Thermochemical   Tables ,  
Dow Chemical  Co.,   Dec.  31,   1960. 

(8) Instrument  Development  Lab,   Pyro  650  recording  pyrometer,  E = 1 ,  TT = [ ( l / T B )  + 2.52 X I n  €A]-'. 

(9) SRI r a d i o m e t e r ,   0 . 3 7 5 - i n .   a p e r t u r e ,  E = 1 ,  TT = TB/E0'25. TT i s  true   temperature  and TB i s  b r i g h t n e s s  
temperature .  
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T a b l e   B - 2  

TUNNEL CALIBRATION AND TEST DATA REPORTED BY  MAGNETO  PLASMA  DYNAMICS  BRANCH, 
AMES  RESEARCH  CENTER-NASA 

D a t a   R e p o r t e d b y A .   O k u n o ,  MPDB, Ames R e s e a r c h   C e n t e r  Re f :  

ENTHALPY 
AVERAGE HEAT TRANSFER RATE 

.iCw ( B t u / f t 2   s e c )  

C a l o r i m e t e r  

STAGNATION 
MODEL 

PRESSURE 
P 

t 2  
( a t m )  

MODEL 
NO. 

" 

PLL7 0 
PLL69 
PLL87 
PLL7 2 
PLL7 1 
PLL89 

A7 2 
A7 1 
A84 
A7 6 
A75 
A85 

sP6 6 

SP8 5 
9 6  5 

SP6 8 
SP6 7 
SP8 9 
sG5 6 
sG5 5 
sG5 1 
s 5 8  
sG57 
sG5 3 

PLH6 2 
PLH6 1 
PLH97 

PLH6 4 
PLH6 5 

PLH6 3 
T117 
T116 
T115 
T112 

P l l M  
P l lA5  
P12B3 
P12A7 

c1 
c2  
c 3  

PRESSURE 
PLENUM 

p t  1 
( a tm)  

1 .035  
1 .035  
1 .035  
0.986 

0 .986  
0.986 

0.990 
0 .990  
0.990 
0.997 

0 .997  
0.997 

0.990 
0.990 
0.990 

1 .014  
1 .014  

1 .014  
0 .993  
0 .993  
0 .993  
1.007 
1 .007  
1.007 

1 .049  
1.049 
1.017 
1.017 
1.017 
0 .983  
0 .983  
0.968 
0.968 
I. 028 
1.028 
0.990 
0.990 

~~~ " 

1.049- 

~~~ 

I 

h t   ( B t u / l b )  

F a c i l  i t Y SRI 
( 5 )  ( 6 )  ( 3 )  

160. 3 
- 

281.5 

- 
162.5  

313. 

~ 

150.6 

286.9 

~ 

150.6 

280.5 

~ 

142.8 

293.2 

- 
147. 9 

294. 

170 .6  

289.6 

- 

~ 

I - 

( 2 )  

12 ,664  
1 2 , 6 6 4  
12 ,664  
19 ,638  

19 ,638  
19 ,638  

13 ,109  
13 ,109  
13 ,109  
19, 342 

19 ,342  
f 9 , 3 4 2  

( 1) 

6 ,736  
6 ,736  
6 , 7 3 6  

12,  508 
1 2 ,  508 
12 ,508  
6 , 9 7 3  
6 , 9 7 3  
6 , 9 7 3  

12 ,320  
1 2 ,  320 
12, 320 
6 . 4 5 1  

" 

Langle  Phenol ic-Nylon 
Scout &/4B 

0.00572 

0.00572 
0.00572 

" 

105.3  

202.8 

A v C o H t  5026-39 

0.00947 
0.00947 
0.00947 c i 

12,128 
61451 I 12,128 
6 , 4 5 1  j 12,128 

Modif ied   Pur  l e  Blend 
S i l i c o n e  E4Ay 

97 .6  

185 .9  

" 

12 ,561  19 ,721  
12 ,561  1 1 9 , 7 2 1  12 ,561  I 19 ,721  

0.00847 221.0 

I 

104.41 97 .6  

181.8 

" G. E. S i l i c o n e  
ESM 1004AP 

6 , 9 0 3  12 ,978  
6 , 9 0 3  12 ,978  
6 , 9 0 3  12 ,978  t 210.8 

223.9 

0.00827 

0.008 27 
0.008 27 

~~ 

Hu he5  Phenolic-Nylon 
H- 5 92..5 

190. 

" 

0.00787 
0.00787 
0.00787 

0.00597 
0.00597 

" 

Tef lon  6 ,177  1 1 , 6 1 3  
6 ,177  I 11 ,613  

95 .9  

190 .5  

110 .5  

187.7 

- t 116.1 

223.2 

Phenolic-Nylon 
( 7 5  l b / f t 3 )  

0.00812 
0.00812 

~ ~~ 

" 

3 
" 

C a l i b r a t i o n  Runs 

(1) Enthalpy  measured  by  energy  balance  method.  
( 2 )  E n t h a l p y   c a l c u l a t e d   b y   f a c i l i t y   f r o m   f a c i l i t y   h e a t  f l u x  da ta :  h = 24  hFAC(RefdPt  ) O n 5  . 
( 3 )  Ames t r a n s i e n t  s lug  c a l o r i m e t e r ,   1 . 2 5 - i n .   d i a m e t e r   h e m i s p h e r e   c y l i n d e r ,   g o l d - p l a t e i   c o p p e r  s lug  

0 . 3 7 5 - i n .   d i a m e t e r   s u p p o r t e d  w i t h  s a p p h i r e   m i c r o s p h e r e s .  
( 4 )   F a c i l i t y   c a l o r i m e t e r   r e s u l t s   u n d e r   ( 3 )   c o r r e c t e d   b y   f a c i l i t y  t o  1 .25 - in .  f l a t  f a c e  s t a g n a t i o n  con- 

d i t i o n   w i t h   r e l a t i o n :  hFAC = bFAC[(0.84 X 1 . 2 5 ) / ( 2  X ~ . z s ) I O ' ~ .  
C D R  

( 5 )  SRI calorimeter a s  r e c e i v e d   b y   f a c i l i t y .  
( 6 )  SRI c a l o r i m e t e r   s p r a y e d  w i t h  T e f l o n   c o a t i n g  t o  g i v e   n o n c a t a l y t i c   s u r f a c e .  
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- -..- 
CORE 

RECES- 
SION 
(in.) 

" - 
CHAR 

THPCK- 
NESS 
(in. 

~- 
A I R  FLOW 

( 1  b/ s e c )  
RAT E 

0.01018 
0.01018 
0.01018 
0 .0079 
0.0079 
0.0079 
0.01015 
0.01015 
0.01015 

0.00806 
0.00806 

0.00806 
0 .01021 

0 .01021 
0.00809 
0.00809 
0.00809 
0.01037 

0.01037 
0.01037 

0 .00821 
0 .00821 
0 .00821 
0 .01048 
0.01048 
0. 0104,8 
0.00806 
0.00806 
0. 00806 
0.01045 
0.01045 
0.00806 
0.00806 

0. o m 2 1  

CATHODE 
ARGON 

SHIELD 
FLOW 

( I b / s e c )  
RATE 

MAXIMUM 
FRONT 

SURFACE 
TEMPERATURE 

TFS E = 1 

TIME 
WEIGHT LOSS ( s e c )  

CORE CORE RUN 
CHAR WEIGHT 

( g )  (8) 

TO ARC 
POWER 

(Mw) 

0.0924 
0 .0924 
0.0924 
0.  1462 
0.1462 
0.1462 
0.0958 
0.0958 
0.0958 
0.147 
0.147 
0.147 
0.0908 
0.0908 
0.0908 
0.  1487 
0.1487 
0.1487 
0 .0964 
0.0964 
0.0964 
0.148 
0 .148 
0.148 
0.0914 
0.0914 
0 .0914 
0.1416 
0.1416 
0.1416 
0.0875 
0.0875 
0. 1447 
0.1447 

~ ~~ 

L 
CH  AMB ER 

PRESSURE 

0.00072 

0.00072 
0.00072 

0.00072 
0.00072 
0.00072 
0.00072 
0 .00072 
0.00072 

0.00072 
0.00072 

0.00072 
0.00072 
0.00072 
0.00072 
0.00072 

0 .00072 
0.00072 

0.00072 
0.00072 
0.00072 

L 
0.00072 
0.00072 
0.00072 

0.00072 
0.00072 

0.00072 
0.00072 
0.00072 
0.00072 

. - .. " 

1 0.00072. 

12 .4  0 .144 0.063 :?I:; I 10.089  0 .143 

0.000403 
0.000403 
0.000403 
0.000494 
0.000494 
0.000494 
0.000403 
0.000403 
0 .  000403 
0.000494 
0.000494 
0.000494 
0.000403 
0.000403 
0.000403 
0.000494 

0.000494 
0.000403 
0.000403 
0.000403 
0.000494 
0.000494 
0.000494 

0. o m 4 9 4  

0.054 
0.079 
0.117 
0.047 
0.071 
0.109 
0.067 
0.098 
0.143 
0 . 0 5 1  
0.070 
0 .125 
0.069 
0.163 
0.170 
0.079 
0.093 
0 . 1 2 1  
0.072 

0 . 1 7 1  
0 . 1 2 1  

0 . 0 7 1  
0.049 

0 . 0 8 1  
0.053 
0.087 
0.125 
0.044. 
0.069 
0.11.1 

14.5 
14.0 

13.5 
13.6 
14.7 
1 6 . 1  
16.3 
18.0 
17.8 

16 .. 3 
19.8 

14 .4  
10.8 
16.9 

14.8 
9 .0  

16.7 
27.2 
24. 4 
28. 4 
30.6 
25.2 
26.7 

1.5. 2 

0.008 
0.019 
0.064 

0 .020 
0.012 

0.038 
0 .005 
0.017 
0.069 
0.004 
0 .011 
0 .045 

+0.018 
+0.027 
+0.018 

+o. 029 
+0.043 

0 .004 

f0.019 
+O. 005 

+O. 005 
0.005 

0.067 
0.020 

- 

2,900 
3,100 
3,330 

2,700 
2,900 
2,980 

50.0 10 .187   10 .392  

12 .1  
6 . 2  

24.9 

2,700 
2,800 
2,870 

0.161 0.144 
0 .071 0 .121 

0. 352 0.174 
12.0 
24.9 
50. 2 

6 . 1  
1 2 . 1  
24.9 
11.9 
50. 2 

- 

0.000403 
0.000403 
0.000403 
0.0004!?4 
0.000494 
0.000494 
0.000358 
0.000358 
0.000474 
0.000474 

0.008 
0.022 
0.042 
0 .004 
0.010 
0 . 02'7 
0.017 
0.087 
0.013 
0.'061 
0 .001 
0.023 
0.001 
0.015 

1 1 . 5  
13.7 
12.8 
13.8 
1 2 . 1  
12.9 

20.2 
21.5 
18.6 
20.4 

1.037 

24.9  10.736 I 6 . 1   0 . 1 6 9  

0.'0964 
0.0964 
0.142 
0.142 
0.146 2 
0 .1481 
0.0968 

0.000358 
0.000358 
0.000494 
0.000494 

12.3 0.165 0 . 0 3 1  
50.5 0.570 0 . 1 2 1  
24 .9   6 .2   10 .127  0 .411 1 0 . 0 2 1  0.087 

0.019 
0.070 
0.014 
0.053 

0.01012 
0.01012 
0.00802 
0.00802 
0.00805 
0.00806 
0.01045 
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T a b l e   8 - 3  

TUNNEL CALIBRATION AND TEST DATA REPORTED BY APPLIED MATERIALS AND PHYSICS  DIVISION, 
LANGLEY  RESEARCH  CENTER-NASA 

R e f :   L e t t e r   R e p o r t   b y   P ,  F .  K o r y c i n s k i ,  L a n g l e y   R e s e a r c h   C e n t e r ,   J a n u a r y   9 ,   1 9 6 7  

MODEL 
NO. 

PLL30 
PLL3 2 
PLL93 
PLL3 3 
PLLZ 9 
PLL3 1 
PLL3 4 
PLL3 5 
A3 0 
A90 
A34 
A 2  9 
A3 3 
A31 
A32 
A45 

SP29 
SP31 
SP34 
SP3 5 
SP33 
sG2 2 
SG49 
SG2 4 
SG2 1 
SG2 3 
SG2 5 

PLH2 5 
PLH27 

T124 
T126 

P11A2 

P11A4 
P11 A3 

ENTHALPY 
TOTAL 

( B t u / l b )  
h t  

( 1 )  

4 , 9 0 0  
4 , 9 0 0  
4 , 9 0 0  
4 , 9 0 0  
9 , 7 0 0  
9 , 7 0 0  
9 , 7 0 0  
9 , 7 0 0  
4 , 9 0 0  
4 , 9 0 0  
4 , 9 0 0  
9 , 7 0 0  
9 , 7 0 0  
9 , 7 0 0  
9 , 7 0 0  
9 , 7 0 0  
4 , 9 0 0  
4 , 9 0 0  
4 , 9 0 0  

9 , 7 0 0  
9 , 7 0 0  

9 , 7 0 0  
9 , 7 0 0  
9 , 7 0 0  
4 , 9 0 0  
4 , 9 0 0  
4 ,900  

9 , 7 0 0  
9 , 7 0 0  

9 , 7 0 0  
4 , 9 0 0  
4 , 9 0 0  
4 ,900  
9 , 7 0 0  
9 , 7 0 0  
9 , 7 0 0  
9 , 7 0 0  
9 , 7 0 0  
9 ,700  

9 ,700  
9 , 7 0 0  
9 , 7 0 0  

HEAT TRANSFER RATE 
;Icw ( B t u / f t 2 s e c )  

C a l o r i m e t e r  

F a c i l i t y  

( 5 )  
940 

SRI 

267 
261 
256 
271 
460 
5 92 

1 , 1 5 0  
1 , 0 8 0  

260 
280  
269 
479 
541 
531 
541 

1 , 0 9 0  
260 
273 
275 

539 

1 , 0 6 5  

48 1 

" 

" 

2 59 
263 
249 
478 
551 

1 , 1 1 0  
260 
250 
293 
492 
6 07 

1 , 1 3 4  
1 , 1 4 5  

516 
1 , 0 5 5  

52 4 

996 

~~ 

" 

1 , 1 2 0  

STAGNATION 
MODEL 

PRESSURE 
P 

t 2  
( a t m )  

0 .284 
0.284 
0.284 
0.284 
0.293 
0 .293  
0.735 
0.735 
0.284 

0.284 
0.284 

0.293 
0 .2  93 
0..293 
0 .293  
0.735 
0.284 

0.284 

0.293 
0.293 

0.735 
0 .735  
0.735 

0.284 

0.284 
0-284 
0.284 
0.293 
0.293 
0.735 

0.284 
0.284 
0.293 
0.293 
0.735 
0.735 
0.293 
0.735 

0.284 

0.293 
0.735 
0.735 

(1)  E n t h a l p y   c a l c u l a t e d  b y  f a c i l i t y   f r o m  isRI a n d   P t   u s i n g   F a y - R i d d e l l   r e l a t i o n .  

( 2 )  Model f r o n t   s u r f a c e   t e m p e r a t u r e   m e a s u r e d   w i t h   f a c i l i t y   p h o t o g r a p h i c   p y r o m e t e r .   R e f :  NASA TN D-2660. 
( 3 )  SRI r a d i o m e t e r   l o c a t e d   o u t s i d e   t u n n e l ;   v i e w e d   m o d e l   t h r o u g h  1 i n .   t h i c k   g l a s s  window: r a d i a t i o n   f r o m  

m o d e l   r e d i r e c t e d   i n s i d e   t u n n e l   w i t h   m i r r o r ,  300 t o   m i r r o r   s u r f a c e .   D a t a   n o t   c o r r e c t e d  f o r  window o r  
m i r r o r   l o s s e s .  

2 
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MAXIMUM  FRONT SURFACE 
TEMPERATURE 

RUN 
TIME 
:set) 

WEIGHT 
CORE 

LOSS 
(I31 

CORE 
CHAR 

WEIGHT 
( B )  

RECESSION 
CORE 

( i n . )  
THICKNESS 

CHAR 

( i n .  

CHAR 
DENSITY 
( 1 bL.f t3  

TFS E = 1 (OF)  

F a c i l i t y  

( 2  

SRI 

( 3 )  

0.115 

0.115 
0.131 

0.115 
0,141 
0.164' 
0.127 
0.103 

.15.7 
1 4  ..6 

14.7 
14:4 

T 7 . 0  
13..5 
16 .1  
16 .0  

4 ,100  
4 ,010  
3 ,940  
3 ,960  

4 ,810  
5 ,170  
5 ,230  

3 ,900  
3 ,920  

4,.600 
4 ,500  

4 ,680  
3 ,580  
3 ,600  

4 ,140  
4 ,  070 

3 , 9 4 0  
3 , 9 8 0  
4 ,170  

3 , 8 3 0  
3 , 7 4 0  

3 , 7 2 0  
3 , 7 8 0  
4 ,040  

3 ,960  
3 ,940  

4 ,730  
4 ,680  
5 ,320  
5 , 1 2 0  

" 

" 

" 

" 

" 

" 

" 

" 

" 

2 ,930  

2 ,900  
2 ,950  

2 ,915  
3 , 6 2 0  
3 ,730  
3 ,540  
4 ,245  

2 , 8 4 0  
1 , 8 4 5  

3 , 5 2 0  

3 , 4 3 0  

3 , 4 0 0  
2 ,560  
2 ,505  
2 ,510  

2 ,910  
3 , 0 7 5  

2 ,580  
2 , 9 7 0  
2 ,660  

2 ,540  
2 ,570  

2,600 
2 , 5 8 0  
2 ,855  
2 ,835  

2 ,940  
2 , 8 0 0  

3 ,590  
3 , 6 1 0  
4 , 3 3 0  
3 ,980  

2 ,  a80 

3 , 4 5 5  

" 

" 

" 

" 

1 4  

30  
30 

60 
11 
30 
1 0  
20 
1 4  
20 
30 

20 
11 

30 
30 

5 
1 4  

60 
30 

11 
30 

5 

1 0  
5 

1 4  

40 
30 

11 
20 

5 
14  

60 
30 

11 
30 

20 
10  

21 
10 

0.042 
0.126 
0.137 
0.381 
0..036 
0 .181  
0.111 
0.300 
0 .089  
0..177 
0-276 
0.106 
0.281 
0.377 
0.453 
0.242 

+ 0.004 
0.070 
0 .214  
0.082 
0.412 
0.253 
0.190 
0.382 

0.201 
0.032 

0 .309  
0.181 
0.448 
0.218 

. 0 . 1 1 9  
0.036 

0.355 
0.032 
0.168 
0.108 
0..260 
0.201 
0.180 

0.091 

.o. 099 
0.111 

0.097 
0.'103 
0.151 
0.098 
0..080 

0.061' 
0.062 

0 .049  
0,059 . 

0.070 
0..062 
0,..006 

0.117 
0.097 

0.097 
0.049 
0.022 
0 .004  

' 0.022 
0 .003  
0.081 
0 .070  
0.037 
0..018 
0 ..013 
0..010 
0.085 

0.101 
0.115 

0.103 
0.147 
0.098 
0 .094  

0.077 - 

0.288 
; : ; 3 4 )  
1 ,287  
0.280 
0.835 

1 , 0 2 1  
0.484 

0 .350  
0.510 
0.823 
0 .417  

1 .243  
0.822 

1 .542  
0.566 
0.212 
0.548 
1.012 
0 .  $24 
1 .386  
0 .870  

1 .228  
0.727 

0.205 
0.830 
1 .168  
0 .726  
1 .588  
0 .760  
0.295 
0. 5 8 2 ( 4 )  
1 .308  
0 .301  
0 .813  
0.496 
0 .970  
2 .460  
2 ,165  

18.1 
17 .2  
21 .0  
15  ..8 
19.5  
1 5 . 4  
1 1 . 0  

0.112 
0.085 
0.105 
0.075 
0.077 
0.087 
0.055 
0.028 

0.150 
0.151 

0.135 
0.056 
0.032 
0 .005  
0.011 
0.008 
0.278 
0.154 
0.159 
0.066 
0 .053  
0.033 
0.103 
0.139 
0.114 
0.139 
0.183 
0.127 
0.116 

1 9 . 3  
1 6 . 0  
17 .3  
14 .2  
18 .1  
1 5 . 5  

42.6 
27.3 
53 .3  
45.5 
50 .6  
4 1 . 0  
1 5 . 0  

1 4 . 0  
16 .7  
15 .4  
1 6 . 1  
1 5 . 3  

4 ,530  
5 ,050  
5 ,280  

3 ,350  
4 , 0 3 0  
4 , 1 8 0  

0.750 

1.298 
0.701 

0.267 
0.238 
0.280 

0.040 
0.039 
0; 135 

0.099 
0 .098  
0.109 

33 .5  
30 .2  
31.8 

21 

20 
10  

( 4 )  Mass loss e s t i m a t e d   f r o m   l i n e a r   r e c e s s i o n   d a t a .  
( 5 )  F a c i l i t y   t h i n  w a l l  t r a n s i e n t   f l a t   f a c e   c a l o r i m e t e r ,  1 i n .   t o t a l   d i a m e t e r . ,   i n s t r u m e n t e d  w i  h . 

m u l t i p l e   t h e r m o c o u p l e s .   C o r r e c t e d  t o  1 . 2 5   i n .   f l a t   f a c e   w i t h   r e l a t i o n  4 , . 2 5 =  ( l . 0 / 1 . 2 5 ) ' * 5  qFAc. 
FF meas 
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T a b l e  B-3 (Continued) 

TUNNEL CALIBRATION AND TEST DATA FOR VARIOUS  DIAMETER  MODELS 
REPORTED BY APPLIED MATERIALS AND PHYSICS  DIVISION, 

LANGLEY  RESEARCH  CENTER-NASA 
R e f :  D a t a  s h e e t s   o n  AMPD r u n s   1 1 0 8  t o  1 1 3 8  

MODEL  TOTAL 
ENTHALPY 

(Btu/lb) 
( 1 )  

Tef lon  T164 

T160 
9100  T165 
8200 

9800 T157 
9100 T156 
9100 T16 1 
9700 

T153  8700 
TI54 . ~ ~ 9800 

I Hughes  Phenolic-Nylon H-5 I PLH165 I 10300 
PLH164 8500 

PLH157 
PLHl53 

I 4 CW I HEAT  TRANSFER  RATE  (Btu/ft2scc)(2) 

No. 9 
Calbrirneter 

(2) 
No. 10 Calorimeter 

1.25 FF 4.0 FF 2.5. FF 1.25 FF 

115.7 

156 164 
107 112 

1.30 
76.0 125 
76.7 132 

94.6 

136 
136 137 

130 
128 
13  4 

95.0 

STAGNATION 
MODEL 

PRESSURE 
P 
t2 

(atrn) 

- ~~ 

0.0192 
0.0192 
0.0192 
0.0192 
0.0192 
0.0192 
0.0192 

0.0192 
0.0192 

- 0,0192 

0.0192 
0.0192 

0.0192 
0.0192 
0 .0192 

~ 

MODEL 
DIAMETER 
AND  SHAPE 

(in.) 

(2) 

1 . 0  Hemi. 
1 . 0  Hemi .  
1 .25  FF 
1 .25  FF 
2 . 5  FF 
2 . 5  FF 
4.0 FF 

" ~ 

~. 4.0 FF- 
1 .0  Hemi. 
1 .0  Hemi 
1.25  FF 
1.25 FF 
2.50 FF 
2.50 FF 
4.0 FF 
4 . 0  FF 

CALORIMETER 
DIAMETER 
AND  SHAPE 

( i n .  1 

1.25  FF 
1 .25  FF 
1 .25  FF 
1 .25  FF 
2.5 FF 
2.5 FF 
4.0 FF 
4 .0  FF 
1 .25  FF 
1 .25  FF 
1.25 FF 
1 .25  FF 
2.50 FF 
2.50 FF 
4.0 FF 
4 .0  FF 

~~~ ~ 
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I 

I 

HEAT TRANSFER 
RATE 

qcw 
(Btu/ft2sec) 

( 3 )  ( 4 )  

116 
130 
137 
130 

91 .6  
93.2 
70 
78 

120 
147 
124 
129 

, 90.5 
88.6 

7 8 . 5  
~ 129 

TIME 
RUN 

(sec) 

49 
49 
97 
97 

140 
140 - 57 
63 
49 
49 
97 
97 

140 
140 
168 
180 

DIAMETER 
CORE 

(in.) 

0 . 5  
0 . 5  
0 .625  
0 .625  
1 .25  
1 .25  
2 .5  
2. 5. 
0 . 5  
0 . 5  
0.625 
0.625 
1 .25  
1 .25  , 

2 .5  
2 .5  

WEIGHT 
CORE 

LOSS 
( g )  

1 .461  
1.510 
2.764 
2.846 

10.667 
11.378 
19.422 
33.739 

0 .491  
0.535 
0.799 
0.908 
3.377 
3.175 

13 .939  

0.106 
0.119 
0.227 
0.227 
1.037 
1.032 

5.299 

0.207 
0.217 
0.242 
0.247 
0.236 
0.247 
0.100 
0 .184  
0 .154  
0.162 
0.118 
0.160 
0.110 
0.104 

0.100 ' 

0.197 I 14 .3  
0.207 13.6 

0.223  14.4 
0.225  14. 2 ( 8 )  

(9) 
0.270 , 14 .9  . 

(1)  Enthalpy  calculated  from  measured  heating  rates and pressures. 
( 2 )  All flat-faced  models had peripheral  shoulder  radius  equal  to  one-tenth  model radius. 
( 3 )  All heating  rates  measured  with SRI 1.25-in.  calorimeters. A shroud  was  added  to  the SRI calorimeter 

(4) Heating  rate  calculated  from ( 3 )  with.the  relation: iCrv = qmeas ( 3 . 3  x 1.25/1.0)o.5 

(5) Tunnel  unstarted  after-55  sec,  pressure and heating  rate  increased. 

( 6 )  Tunnel  unstarted  after 60 sec. 
(7) Calorimeter may  be in error. 
( 8 )  Electrode  burn  out-model  was  wet. 
( 9 )  Tunnel  unstarted  when  model  entered  stream-model  destroyed. 

to  equal  the  2.5-in. and 4.0-in.-diameter  models. 
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T a b l e  B - 4  

. TUNNEL CALIBRATION AND TEST DATA REPORTED BY ENTRY STRUCTURES BRANCH, 
5Mw FACILITY, LANGLEY RESEARCH CENTER-NASA 

R e f :   L e t t e r   R e p o r t   b y  P. F. K o r y c i n s k i ,   L a n g l e y   R e s e a r c h   C e n t e r ,   D e c e m b e r  23 ,   1966  

MODEL TOTAL 
NO. ENTHALPY RATE 

HEAT TRANSFER 

h t   ( B t u / l b )  4,, ( B t u / f t   s e c )  2 

I I I SRI CALORIMETER 

Langley   Phenol ic -Nylon  1 .FLzi 1 3160  3250 1 2 03 
S c o u t  R/4B 2970  3250  203 

I I I 

I 
Avcoat  5026-39 

A7 3050 3250 I 203 I A48 I 3100  3250 2 03 

Modi f i ed   Pu rp le   B lend  

203  3060  3250 SG33 ESM 1004AP 
2 03  3120  3250 SG34 G.E. S i l i c o n e  

2 03 3090  3250 SP46 S i l i c o n e  E4A1 
2 03 3100  3250  SP45 

Hughes  Phenolic-Nylon 1 :':: I 3070  3250 1 203 
H- 5 3140  3250 2 03 

STAGNATION 
MODEL 

PRESSURE 
p t  2 

( a t m )  
( 4 )  

0.281 
0.281 

0.278 
0.279 

0.280 
0 .281  

0.281 

PRESSURE 
CHAMBER 

pt 1 
( a t m )  

1 .389  
1.389 

1.376 
1.381 

1.385 
1.392 

1.389 

t 0.281 1.389 

0.281 1.389 
0 .281  1 .389  

(1) Enthalpy  measured by ene rgy   ba l ance   me thod .  

( 2 )  E n t h a l p y   c a l c u l a t e d   f r o m   p r e s s u r e   a n d   h e a t   t r a n s f e r   t o   1 . 5 - i n .   d i a m e t e r   h e m i s p h e r i c a l   f a c i l i t y  
c a l o r i m e t e r ,   a n d   f r o m   t h e o r y  o f   Fay   and   R idde l l .   Th i s   me thod   o f   ca l cu la t ing   en tha lpy  is c o n s i d e r e d  
s t a n d a r d   a n d  is p r e f e r r e d  by t h e   E n t r y   S t r u c t u r e s   B r a n c h .  , 

( 3 )  H e a t   t r a n s f e r   t o  SRI c a l o r i m e t e r   d e t e r m i n e d   d u r i n g   s e p a r a t e   r u n .  

( 4 )  Model a t a g n a t i o n   p r e s s u r e   c a l c u l a t e d   f r o m   c h a m b e r   p r e s s u r e  P t2/Pt1 = 0.202, 
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I 1 1 
GAS FLOW 

RATE 
POWER 

(sec 1 (Mw 1 (lb/sec) 

CORE 
WEIGHT TIME  TO  ARC 

*RUN 

LOSS 
( B )  

0.2 

0.604 30.4  2 .14 0.2 
0.318 15 .3  2.15 0.2 

0.310  30.4  2.12 0.2 
0.149  15.3 2.15  0.2 

0.282 30.4. 2.13  0.2 
0 .162   15 .3  2 , 1 5  0.2 

0.710  30.4 2.15  0.2 
0.357 1 5 . 3  2 .14   0 .2  

0. 578 30.4  2 .13  0 .2  
0.202  15.3  2.15 

CORE 

WEIGH?' 
ChhR 

( B  1 

~~ 

0.076 
0 .131  

0.104 
0.103 

0.190 
0.276 

0.275 
0.300 

0.116 
0.109 

_ _ ~  

~~ 

1 1 
CORE 

RECESSION THICKNESS 
CHAR 

DENSITY 
(1b/ft3) ( i n .  1 (in. 1 

CHAR 

~~ 

0.023 I 0.065  14.5 
0.131 .: 0.108 1 15.0  

0.102 

13.1 0.108  0.125 
14.6  0.098  0.037 

24.6 0.151 0.018 
33.7 0.101  0.009 

23.2  0.147  0.006 
22.2 0. IO6 +0.020 

19.0 0.06'1 0.243 
17.2 0.075 

.~ 

- 
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T a b l e  B-S 

CALIBRATION AND TEST DATA REPORTED BY  MANNED SPACECRAFT CENTER, 
SUBSONIC FACILITY-NASA 

R e f :  MSC L e t t e r   R e p o r t   E S 5 / 1 0 + 1 7 / 8 1 L ,   O c t o b e r   1 9 ,   1 9 6 6  

Avcoat  5026  -39 

G. E. S i l i c o n e  
ESM 1004Ap 

Hughes  Phenol ic-Nylon 

I H-s  

IODEL 
NO. 

PLL38 
PLL39 
PLL40 
PLL41 
PLL36 
PLL37 
PLL95 
PLL42 

A38 
A39 
A40 
A41 
A36 
A37 
A91 
A42 
A92 

SP3 9 
SP1.2 

SP40 
SP41 
SP36 
SP37 
SP95 
SP38 
SG28 

SG3 0 
SG2 9 

SG26 
SG27 
SG50 

PLH32 
PLH3 3 
PLH34 
PLH3 5 
PLH3 1 
PIA36 

c1 
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
c8 
c 9  
c10 

~ 

~ 

- 

- 

NTHALPY 
TOTAL 

h t  
B t u / l b )  

(1 )  

8223 
8280 
997 5 
8930 
4500 
4622 
3888 
5475 

8440 
8 1  98 

948 3 
9078 

4822 
437 5 
4275 

4950 
4853 

8440 
8218 
9595 
97 92 

4445 
4400 

4113 
48  50 
8050 
9300 
9050 
467 4 
462 5 
4609 

8040 
8130 

9250 
9300 
4493 
4980 
8640 
6838 
5205 
3565 
4050 
5300 
8700 
4100 

86 50 
5350 

-~ 

[EAT TRANSFER 
RATE 

q c w  
( B t u / f t 2 s e c )  
C a l o r i m e t e r  r 

' a c i l i t y  
( 2 )  

404 
401 
5 90 
600 
100 

101 
100 

205 

406 
399 
590 
5 90 
106 
103  
1 0 4  

207 
210 

405 
3 96 
6 00 
590 

1 0 4  
104 

105 
205 
400 
613 
599 

105 
105 

106 
410 
406 

608 
590 

101 
205 
396 
314 
251 

93 

276 
94 

400 
108 
276 
398 

- 

-= 

- 
SRI 
- 

~~ 

~ 

- 

~ 

- 
388 
2 97 
226 
101 
103 
251 
366 
100 
261 
360 
." - 

IISTANCE 
NOZZLE 

EXIT TO 
MODEL 

( i n .  ) 
FACE 

2 . 0  
2 . 0  
1 . 5  
1 . 5  
2 .0  
2 . 0  
2 . 0  
2 . 0  

2 . 0  
2 . 0  
1 - 5  
1 . 5  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
2 .0  
1 . 5  
1 . 5  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  

1 . 5  
1 . 5  

2 . 0  
2 .0  
2 . 0  
2 . 0  
2 . 0  
1 . 5  
1 .5  
2 .0  
2 . 0  
2.0 
2 . 0  
2 . 0  
2 .0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  
2 . 0  

, 

~ ~~ 

STAGNATION 
MODEL 

PRESSURE 
P 

t 2  
( a t m )  

1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  

1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  

1 . 0  
1 . 0  

1 . 0  
1 . 0  
1 . 0  
1 . 0  

1 . 0  
1 . 0  

1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  

1 . 0  
1 . 0  

1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 . 0  
1 .0  
1.0 
1 . 0  

.~ 

;AS FLOW 
RATE 

: l b / s e c )  

0.04  
0 .04  
0 .04  
0 . 0 4  
0.  04 

0 .04  
0.  04 

0 . 0 4  

0 . 0 4  
0 . 0 4  

.~ 

0 . 0 4  
0 . 0 4  
0.04 

0.  04 
0.04 

0 .04  
0 .04  

~~ 

0 . 0 4  
0 . 0 4  
0 . 0 4  
0 .04  

0 .04  
0 . 0 4  

0 .04  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0.04 
0 .04  
0.04 
0 . 0 4  
0 .04  
0 .04  
0 . 0 4  
0 . 0 4  
0 .04  
0.04 
0 .04  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  
0 . 0 4  

(1) Entha lpy   measured   by   heat   ba lance   method .  

( 2 )  F a c i l i t y  H y - C a l   a s y m p t o t i c   c a l o r i m e t e r .  

( 3 )  M e a s u r e d   w i t h   a n   o p t i c a l   p y r o m e t e r .  



TO ARC 
POWER 

; B t u / s e c )  

687.5 
688 .0  
744 .1  
767 .5  
330.0 

327.4 
332.4 

373.1 

671 .3  
647 .4  
752 .4  
768.2 
314.1 
315.5 
320. 
385.5 
385.0 
690.6 
685 .8  
764.6 
752 .4  
316.0 
315.9 
315.1 
384 .0  
658 .6  
765 .0  
740 .0  
319 .5  
320.0 
318.4 
662.2 
665.2 

765 .0  
765.0 

326.3 
384.7 

MAXIMUM FRONT 
SURFACE 

TEMPERATURE 

TFS 

Facility 
( 3 )  

4.330 
4155 
4420 
3000 
2935 
3050 
3105 

417 5 
4005 
3085 

3105 
3105 

3295 
3430 

37  90 
3850 
3105 
3105 
3160 
3260 
3320 
3140 
3390 
3000 

3105 
3105 

4030 
4135 
2980 
3295 

E = l  
(OF) 

SRI 

1350 
4450 
4280 
4330 

2750 
2980 
3250 

4210 
4310 
4100 
4040 
3300 
3280 
3400 
3160 
3240 
4200 
4150 
3940 
3820 
3320 
3300 
3400 
3220 
3480 
3210 
3070 
3240 

3300 
3350 

4300 
4420 

4330 
2800 
3200 

rIME 
LOSS sec) 

CORE RUN 
WEIGHT 

(P) 

20.4  
8 . 0  

0.479 

0.557  20.5 
0.325 10 .7  

0.226 

15 .5   0 .191  
30.5 0 .374  
60.8  0,762 
31 .0  0 ..453 I 

2 0 . 4  

0 .783   20 .1  
0 .489  11.5 

0.267 7 . 8  
0.572  20.5 

0 .519   30 .2  
1 .169   60 .5  

0.382  30.4 
0 .913  60 .4  

0.201  16.7 
0.656  20.3 
0 .394  10 .7  

0 .269   8 .6  
0 .572  

15 .5   0 .190  
30 .6   0 .424  
60 .1  1 .078  
30 .4  0.575 
2 0 . 5   1 , 2 1 3  
1 0 . 5   0 . 9 3 1  
20 .4  1.752 
20.6  0.182 
50.9  0 .732 
60 .8   1 .210  

CORE. 
CHAIl 

YElCHT 
(9) 

0.155 
0.260 
0.196 
0.260 
0 .165  
0 .238  
0: 37 3 
0.262 

0.. 142 
0.186 
0 .133  
0.. 147 
0.237 
0 .333  
0.975 
0 .255  
0 .243  
0 .154  
0.286 
0 .152  
0 .314  
0 .271  
0 .394  
0.528 
0.273 
0 .183  
0.127 
0 .159  
0 .419  
0.810 
0.626 
0.159 
0.265 
0.199 
0 .282  
0 .169  
0.280 

ECESSION 
CORE 

(in. 1 

0.017 
0.065 
0 .043  
0.081 
0.008 
0 .034  
0.070 
0.063 

0 .051  
0.146 
0.108 
0.202 
0 .023  
0 .051  
0.137 
0.121 
0.378 
0 .004  
0 .101  
0 .111  
0.218 

0.035 
0.037 

0.038 
0.005 
0.355 
0 .273  
0.521 
0.005 
0.085 
0.225 
0 .023  
0.072 
0.045 
0 .094  
0.016 
0.069 

THICKNESS 
CHAR 

(in. 1 
1 I I I I I 

0.109 
0.175 
0.132 
0 .181  
0.114 

0.267 
0.160 

0.185 

0.097 
0 .114  
0.096 
0.100 
0.145 
0 .212  
0.276 
0 .164  
0.150 
0 .099  
0.110 
0 .071  
0.086 
0.153 
0.228 
0 .320  
0 .205  
0 .043  
0.026 
0.036 
0 .168  
0 .234  
0 .204  
0 .113  
0 .171  
0.137 
0.189 
0.117 
0.178 

CHAR 
DENSITY 
( l b / f t 3 )  

1 7 . 6  
1 8 . 4  
1 8 . 0  
17 .8  
1 7 . 9  
1 8 . 4  
17.3 
1 1 . 4  

18 .2  
20 .2  
17.2 
1 8 . 2  
20 .3  
1 9 . 5  
22 .8  
1 9 . 3  
2 0 . 1  
1 9 . 3  
32 .2  
26 .5  
45 .3  
22 .0  
21.4. 
20 .5  
16 .5  
52 .8  
6 0 . 6  
5 4 . 8  
3 0 . 9  

38 .1  
42 .9  

1 7 . 4  
1 9 . 2  
1 8 . 0  
18 .5  
1 7 . 9  
1 9 . 5  
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T a b l e  B-6 

TUNNEL CALIBRATION AND TEST DATA  REPORTED BY MANNED SPACECRAFT CENTER, 
SUPERSONIC FACILITY-NASA 

R e f :  MSC L e t t e r   R e p o r t   E S 5 / 2 - 2 7 % 3 5 L  , March 1,  1 9 6 7  

Langley  Phenol ic-Nylon 
Scout   R/4B 

Avcoat  5026-39 

Modif ied   Purp le   Blend  
S i l i c o n e  E4Al 

G. E. S i l i c o n e  
ESM1004AP 

Hughes  Phenolic-Nylon 
H '5 

Tef lon  

Phenol ic -N  lon  
(75   l b / f t3{  

MODEL 
NO. 

PLL6 5 
PLL66 
PLL67 

A6 2 
A6 3 
A6 4 

SP5 9 
SP6 0 
SP6 1 
SG5 9 
SG6 0 
sG6 1 
sG62 

PLH54 
PLH5 5 
PLH56 

T129 
T130 
'I1 31 
T133 

P11B1 
P11B2 
P11B3 
P11B5 

c1 
C2 

.- 

AVERAGE  ENTHALPY CATHODE HEAT TRANSFER RATE 

( a t m )  

PRESSURE ( B t u / l b )  q c  w 
( B t u / f t 2 s e c )  

1 1 , 5 0 0  
436 I 1 0.700 

0.625 
24 ,500  I 800 
34 ,000  

I 0.625 431 1 1 , 5 0 0  
I 0.976 98 8 

25 ,466  

0.625  436 1 1 , 5 0 0  
0.976 958 34 ,000  
0.704 7 94 24 ,500  
0.625  426 11 ,500  
0.976  954 34 ,000  
0.710 780 

11 ,500  433  0.625 
23 ,500  780 0.682 
34,150 954  0.976 
1 1 , 5 0 0  

" 7 97 24 ,600  
0.625  431 

34 .150  I 1000 I 1 1 0.976 
11 ,500  438 
11 ,500  [ 433 I 
24 ,500  

43 1 11 ,500  
928 34 ,500  
780 

1'1, 500 433 
26 ,500  818 
34 ,300  954 
11,000 

824 22 ,500  
3 94 4.24 
a39 

0.625 
0.625 
0.678 
0.976 
0.625 
0.625 
0 .720  
0.976 

(1 )   En tha lpy   measu red   by   ene rgy   ba l ance   me thod .  
( 2 )   F a c i l i t y   H y - c a l   E n g i n e e r i n g   a s y m p t o t i c   f l a t - f a c e   c a l o r i m e t e r ,   0 . 0 6 0 - i n .   s e n s i n g   d i a m e t e r ,  

1 . 2 5 - i n .   t o t a l   d i a m e t e r .  

( 3 )  M o d e l s   r u n   a t  h = 1 1 , 0 0 0   h a d   m o d e l   s t a g n a t i o n   p r e s s u r e s   r a n g i n g  from 0.011 t o   0 . 0 1 2 5   a t m ;  
a t  h = 2 5 , 0 0 0 ,   P t  = 0.0163 t o  0 . 0 1 7 8   a t m ;   a t  h = 34 ,000 ,  P = 0.0192  atm.  Model  stag- 

n a t i o n   p r e s s u r e s   w e r e   m e a s u r e d   w i t h  a Grey-Rad  en tha lpy   probe .  
2 t2 

( 4 )  N o z z l e   e x i t   p r e s s u r e s   r a n g e d   f r o m   0 . 0 0 0 6 5   t o   0 . 0 0 1 2   a t m  f o r  t h e  above t es t s  and  chamber 
t e s t   s e c t i o n   p r e s s u r e s   w e r e   c o n t r o l l e d   w i t h i n   t h e  same  range   of   va lues .  
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I -  " 

GAS FLOW MODEL FRONT 
RATE SURFACE I ( lb/sec) TEMPERATURE 

TFS E =  1 
(OF) 

F a c i l i t y  
( 5 )  

0.013  3890 
0.013  3950 
0.013  3810 
0.013  3880 
0.013 " 

0.013  3880 
0.013  3525 
0..013  3900 
0.013  3890 
0.013 297 5 
0.013  3160 
0.013  3380 
0.013  3575 
0.013  3870 
0.013  3805 
0.013  3840 
0.013 
0 .013  " 

0.013 " 

0.013 " 

" 

0.013 
0.013 

0.013 
0 .013  
0.013 
0 .013  

RUN 
TIME 
(sec) 

31.0  
30 .0  
30 .0  
2 9 . 5  
30 .0  
20 .0  
30 .5  
30 .0  
2'0. 4 
31 .0  
30 .0  
30 .0  
20.0 
30 .0  
30 .0  
20 .0  

29. 5 
30 .0  

30 .0  
20 .0  

29 .5  
31 .0  

30 .0  
20 .2  

WEIGHT 
CORE 

LOSS 
(g) 

0.430 
0.555 
0 .540  
0 .474  
0 .563  
0.430 
0..462 
0.719 
0.546 

0 .830  
0 .819  

1 .259  
1 .042  
0.448 
0.581 
0.409 

1 .409  
1 .724  

1 .903  
1 .528  

0 .626  
0.656 

0 .818  
0.522 

I I i 

0.256 
0 .346  
0 .351  
0 .229  
0 .254  
0 .208  
0 .141  
0 .081  
0 .085  
0 .093  
0 .098  
0.076 
0.097 
0.240 
0 .344  
0.207 

- 
0.039 
0 .051  
0.047 
0 .073  
0.110 
0.068 
0 .029  
0.187 
0.102 

0 . 2 5 1  
0.252 

0 .408  
0 .329  
0 .044  
0 .055  
0.027 
0.151 
0.123 
0 .168  
0.136 

CHAR 
THICKNESS DENSITY 

(lb/ft3) (in. ) 

CHAR 

1 

0.184 

0 .041  
1 2 . 9  0.082 
15-9  0 .063  
1 3 . 4  0.131 
15 .1  0 .171  
1 5 . 8   0 . 2 0 0  
16 .8   0 .169  
17.7  0 .246 
17 .7   0 .243  
1 7 . 3  

0 .044  
28 .1  
27 .6  

0.036 26 .2  
0.034  35.4 
0 .171  
0.232 

0 .205  
0 .211  

0 .018  
0 .021  

0.100 
0.102 

0.396  0 .030  0 .148 
0 .163   0 .006   0 .081  

( 5 )  Facility optical pyrometer, 0.65 microns. 
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T a b l e  6 - 7  

TUNNEL CALIBRATION AND TEST DATA REPORTED BY AEROTHERM CORPORATION 

Ref: A e r o t h e r m   R e p o r t  No. 6 6 - 6  

Langley   Phenol ic -Nylon  
S c o u t  R/4B 

Avcoat  5026-39 

Modif ied   Purp le   Blend  
S i l i c o n e  E4A1 

G. E. S i l i c o n e  
ESM 1004AP 

Hughes  Phenol ic-Nylon 
H-5 

C a l i b r a t i o n  Runs 

MODE1 
NO. 

PLL43 
PLL46 
PLL97 
PI .I .45 
PLL48 
PLLl5 

A44 
A7 4 

A98 
A58 
A5 9 
A 1  5 
A 1  7 

SP56 
SP53 
SP97 

SP57 
SP55 

SP15 
SP18 

SG42 
SG4 1 

SG14 
SG4 3 
SG12 
SG15 

PLH44 
PLH45 
PLH46 
PLH48 
PLHl6 
PLHl7 

c1 
c2 

c 4  
c 3  

C6 
c 5  

c 7  
C8 

PLLl 8 

c 9  
c10  

TOTAL ENTHALPY 
h t  

( B t u / l b )  

(1)  

4 , 0 8 5  
4 , 7 4 8  
7 , 6 1 2  
7 , 6 1 2  

21 ,206  
2 1 , 5 9 8  

4 , 7 8 3  
4 , 0 8 5  
4 , 7 8 3  
7 , 2 2 7  
7 ~ 227 

2 1 , 9 7 3  
21 ,925  

4 , 5 6 6  
4 ,242  
4 , 5 6 6  
7 , 1 5 8  
7 , 1 5 8  

21 ,871  
21 ,650  

4 , 1 5 8  
4 , 1 5 8  
7 ,667  
7 , 6 6 7  

21,412 
21 ,729  
4 , 3 2 8  
4 , 3 2 8  
8 , 1 3 3  
8 , 1 3 3  

11 ,442  
21,168 
4 ,947  
4 , 2 7 9  
8 , 0 1 6  
7 , 1 3 3  

21,255 
21,394 
4 ,518  
4 , 5 0 0  

4 , 7 4 8  

4 , 6 2 4  
4 ,796  

4 ,500  
4 ,500  
9 , 6 0 0  
9 , 6 0 0  

32,800 
19 ,500  

4 , 1 4 t  
5,582 

10 ,782  
11 ,301  
46,535 
44,62:  

4,60E 
5 ,641  

5,644 
11,304 
1 1 , 5 3 (  
45,221 
45,007 

10 ,782  
5 461 

5 , 4 6 5  
11,53C 
1 0 , 1 1 1  
45 ,751  
46,197 

4 ,835  
4 , 8 3 5  

1 0 , 1 1 1  
9 , 9 1 5  

43,684 
46,952 

4 ,125  
4 ,125  
9 ,919  

46 ,678  
46 ,808  

5 , 7 1 1  
6 , 0 8 5  

1 0 , 3 2 6  
1 0 , 7 9 1  

4 3 , 3 8 3  
41,197 

5 ,  sa: 

-~ 

~ 

~. ~ 

HEAT TRANSFEF 
RATE 

qCW 
( B t u / f t 2 s e c )  

C a l o r i m e t e r  

F a c i l i t y  SRI 
( 4 )  I 

92.1  8 0 . 1  
8 2 . 3  57.4 
92.1 80.1 

2 7 0 . 0  1 8 8 . 0  
2 7 0 . 0  1 8 8 . 0  

8 6 . 2  
8 2 . 3  
86 .2  

7 6 . 5  
57 .4  
7 6 . 5  

2 6 7 . 0  1 9 6 . 0  
267.0 196 .0  

8 3 . 2  I 7 7 . 7  7 7 . 4  6 3 . 8  
8 3 . 2  77 .7  

263 .0  200 .0  
2 6 3 . 0  200 .0  

STAGNATION 
MODEL 

PRESSURE 

2 p t  

( a t m )  

0.0204 

0 .0204 
0.0190 

0.0301 
0.0301 
0.0433 
0.0422 
0.0182 
0.0190 
0.0182 

0.0298 
0.0298 

0.0429 
0.0433 
0 .0200 
0 ..0190 
0.0200 
0.0298 
0.0298 
0.0429 
0.0426 
0.0202 
0.0202 
0.0294 
0.0294 
0.0429 
0.0422 
0.0197 
0.0197 

0.0298 
0.0298 

0.0419 
0.0429 
0.0195 
0.0191 
0.0294 
0.0291 
0.0409 
0.0404 
0.0196 
0.0196 

~~ 

_ _ ~  

~ ~ _ _ ~  

0.0189 
0.0196 

>RESSURE 
PLENUM 

ptl  
( a t m )  

0.0693 
0 . 0 7 0 4  
0 .0693 

0 .1034 
0 .1034 

0.3547 
0.3547 
0.. 0682 
0 .0704 
0 .0682 
0.1034 
0 .1034 
0 .3536 
0.3558 
0 .0704 

0 .0704 
0.0716 

0 .1046 
0 .1046 

0 .3570 
0 .3536 
0.0682 
0.0682 
0.1046 
0.1046 
0.3536 
0..3536 
0 .0716 
0 .0716 
0 .1046 
0.1046 
0 .3524 
0.3536 
0 .0659 
0 .0693 
0 .1023 
0.1023 
0 .3490 
0.3331 

~ ~ _ _  

~ ~- 

( 1 )   E n t h a l p y   m e a s u r e d   b y   e n e r g y   b a l a n c e   m e t h o d .  

( 2 )  E n t h a l p y   c a l c u l a t e d  b y   A e r o t h e r m   C o r p o r a t i o n   u s i n g   s o n i c   f l o w   t e c h n i q u e  

( 3 )  E n t h a l p y   c a l c u l a t e d   b y   A e r o t h e r m   C o r p o r a t i o n   u s i n g   h e a t  f l u x  method: h = 2 4  hcw (P ,  /Reff ) '" .  
SRI 2 

( 4 )  A e r o t h e r m   c a 1 o r i m e t e r " G a r d o n "   t y p e ,   s t e a d y   s t a t e ,   H y - C a l   E n g i n e e r i n g ;   s e n s i n g   a r e a   0 . 2 0 - i n .  
C o n s t a n t a n ,   s h r o u d   d i a m e t e r ,   1 . 5 - i n .   f l a t   f a c e .   V a l u e s   c o r r e c t e d   t o   1 . 2 5 - i n .   d i a m e t e r   f l a t   f a c e :  

' 1 . 2 5   i n .  = ' . 0 g 5   q 1 . 5  i n .  
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7 NOZZLE 
EXIT 

'RESSURE 
'e 

( a t m )  

0.0016 
0.0014 
0.0016 
0.0021 
0.. 0021 
0.0027 
0. 0~027 
0.0014 
0.0014 
0.0014 
0 .0021 
0 .0021 
0.0027 
0.0027 
0 .0014 

0.0014 
0,0014 

0.0021 
0.0021 
0.0027 
0.0027 

0 .0014 
0.0021 
0.0021 
0.0027 
0.0027 
0 .0014 
0 .0014  
0 .0021 
0.0021 
0.0027 
0.0027 

0 .0014 
0.0021 
0.0021 
0.0027 
0.0027 

- -  - 
0.0014 

o.OOi4 

FLOW 
GAS 

RATE 
( I b / s e c )  

0048 
0048 

0.0042 
0.0042 
0.. 0042 
0.0048 
0 ..0048 
0 .'0084 
0 .0084 
0.0042 

.0042 

.0042 

,0084  
- .  0084 
0 .0042 
0 .0042 
0.0042 
0.0048 
0 .0048  
0 .0084 
0 .0084  
0.0042 
0.0042 
0.0048 
0 -0048 
0 .0084 
0.0084- 
0.0042 
0 .0042 
0.0048 
0.0048 
0 .0084 
0.0084. 
0,0042 
0.0042 
0.0048 
0 .  0048 
0 .0084 
0 .0084 

.. " 

MAXIMUM FRONT 
SURFACE 

TEMPERATURE 

F a c i l i t :  
( 5 )  

3 , 0 5 0  
3 , 0 1 0  
3 ,210  

3 , 8 4 0  
4 ,460  
5 , 0 9 0  
2 , 9 3 0  
2 ,939  
3 , 1 9 0  
3 , 7 2 0  
3 , 8 0 0  
4 ,820  
5 ,240  

2 , 6 0 0  

3 , 2 0 0  
3 , 4 7 0  
4 , 1 4 0  
4 , 3 1 0  
2 , 5 7 0  
2 , 6 1 0  
3 , 2 2 0  
3 , 2 0 0  
3 , 5 9 0  

" ~~ 

2 , 9 5 0  
3 ,250  
3 ,640  
3 , 8 0 0  
3 , 8 4 0  
4 , 9 2 0  

- 
SRI 
( 6 )  

2,'450 
2 ,380  
2 , 5 2 0  
3 , 1 0 0  
3 , 1 0 0  
4 , 1 6 0  
4 , 6 2 0  
2 , 3 8 0  
2 , 5 1 0  
2 , 4 9 0  
3 , 0 9 0  
2 , 9 0 0  
4 , 3 4 0  
4 , 5 4 0  
2 , 3 5 0  
2 , 2 8 0  
2 , 2 8 0  
2 , 8 4 0  
2 , 8 4 0  
3 , 7 2 0  
3 , 7 2 0  
2 , 3 2 0  
2 , 3 0 0  
2 , 7 4 0  
2 , 6 4 0  
3 , 1 7 0  
3 , 1 4 0  
2 , 4 6 0  
2 , 4 7 0  

2 , 7 1 0  
3 , 0 9 0  

4 , 0 4 0  
4 , 5 7 0  

~~ 

TIME 
RUN 

( s c c )  

25.4  
60 .5  

100 .8  
12 .4  
45.3 

5 .2  
1 3 . 3  
25 .3  
57 .7  
99 .8  
1 1 . 9  
45 .1  

5 . 0  
1 3 . 4  
24.. 6 
60 .4  

100 .0  

45.3 
1 2 . 4  

5 . 3  
1 3  ..O 
2 5 . 0  
9 9'. 7 
12 .5  
45 .4  

5 . 2  
13.1- 
24 .8  
99 .7  
1 2 . 4  
45 .0  

5 .2  
1 3 . 5  

~ 

~ 

_______ 

_______ 

'EIGHT 
CORE 

LOSS 
( g )  

0.254 

0.778 
0.542 

0.240 
0.607 

0 .290  
0.164 

0.235 
0 ,467  
0 .852  
0 .210  
0 .695  
0.147 
0 .325  
0 .155  
0.280 
0.404 

0.578 
0 .199  

0 .197  
0.451 
0.112 
0.315 
0.262 
0 .921  
0 .339  
0 .831  
0 .260  
0 .893  
0 .238  
0 .623  
0 ,159  
0 .330  

~~ 

CORE 
CHAR 

REIGHT 
( P )  

0.101 

0.178 
0.147 

0.095 
0.195 
0.1.11 
0.21.2 
0.144 
0 .203  
0 .239  
0 .105  
0.164 
0 .080  
0 .143  
0 .123  
0 .225  
0.276 

0.177 
0.128 

0 .039  
0 .078 .  
0.278 
0.616 

0.170 
0 .130  

0.057 
0.065 

0.187 
0.093 

0.087 
0.207 

0.231 
0.114 

3ECESSION 
CORE 

( i n . )  
THICKNESS 

CHAR 

( i n .  1 

D. 096 
0.. 033 0.090 

0.126 
0 .189  0.156 
0.021  0.083 
0.105 0 .154  
0 .008  0.082 
0.021  0.152 
0.027 0.ll.Z 
0.103 0.146 
0.251  0 .171 
0 .038   0 .080  
0.210 0 .116  
0.017 0 .076  
0.058  0.127 

t o .  044 
+O.  051 

0.120 

t o .  025 
0 .194  
0.217 

0.002 
0 .120  I 0"::::: 
0.015 

0.286 + O .  036 
0.116 t o . 0 1 0  
0.065  0.086 
0.044 

0.051  0 .058 
0.259  0 .066 

0 .226  
0 .043  
0.026 

0 .185  0 ..157 
0 .018  
0 .103  

0 .078  
0 .163  

0 .009  
0.025 

0 .083  
0 .155  

n. 066 

DENSITY 
CHAR 

: I b / f   t 3 )  

1 4 . 5  
1 3 . 9  

14 .2  
1 4 . 2  
15 .7  
1 6 . 8  
1 7 . 3  
1 6 . 1  
1 7 . 3  
1 7 . 3  
1 6 . 3  
1 7 . 5  
1 3 . 1  
1 4 . 0  
1 2 . 3  
1 4 . 3  
15 .8  
1 7 . 2  
19 .7  
1 1 . 0  
1 4 . 9  
29.7 
26 .7  
2 7 . 8  
31 .9  
1 6 . 4  
31 .0  
13 .7  
1 4 . 8  
1 3 . 8  
1 5 . 8  
1 7 . 0  
18 .5  

( 5 )  I n f r a r e d   4 n d u s t r i e s " T h e r m o d o t "  Mo TD9CH; viewed  model   through  front   quartz  port ,   approxi-  

( 6 )  SRI r a d i o m e t e r   l o c a t e d   i n s i d e  test chamber:   viewed  model   with  front   surface  mirror.   Data 

m a t e l y  45 t o  model s u r f a c e   p l a n e ,  0.80 f 0 . 0 1 5  m i c r o n s .  

h a s   b e e n   c o r r e c t e d :  1 . 1 2  Tmeas = TCOH. 

( 7 )  The  Aerotherm  and  SRI c a l o r i m e t e r s  were  sprayed  with a t h i n   c o a t   o f   T e f l o n   t o   d e t e r m i n e  
t h e   e f f e c t   o f   r e d u c e d   s u r f a c e   c a t a l y t i c i t y .  
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T a b l e   B - 8  

TUNNEL CALIBRATION AND TEST DATA REPORTED BY  AVCO CORPORATION 

R e f :  

Te f lon  

Pheno l i c -  
(75   l b / f tgYlon  

Langley   Phenol ic -  
Nylon  Scout R/4B 
Avcoat  5026-39 
T u n n e l   C a l i b r a t i o n  
Runs 

AVCO Repor t   R720-HEH-66-105,   Augus t  2 ,  1 9 6 6  

MODEL 
NO. 

T l lO 
T l l l  
T113 
T114 

P12A2 
?12A3 
?12A4 
P12A5 
PLL47 

A7 3 
c1 
c 3  
c2  

c 4  
c 5  
C6 
c7 
c8 
c 9  
c10 
c11 

TOTAL 
ENTHALPY 

HEAT TRANSFER 
RATE 

h t  q,cw ( B t u / l b )  
( B t u / f t 2 s e c )  

2 , 4 3 0  
6 , 8 2 0  
7 , 2 6 0  

2 ,430  
6 , 6 9 0  + 7 , 2 6 0  
7 , 2 6 0  
7 , 0 0 0  

7 , 0 0 0  I 
2 , 470  
2 ,430  
2 ,500  
2 ,400  

1 , 6 4 0  

6 , 7 0 0  
7 , 0 0 0  
7 , 0 0 0   3 , 4 0 0  
7 , 0 0 0  
7 , 2 6 0  
7 , 2 6 0  
7 , 2 6 0  

1 , 9 6 0  

- 
SRI 
( 3 )  

1 , 6 4 0  
3 ,340  
1 , 8 5 0  
1 , 8 5 0  
1 , 6 4 0  
3 ,340  
1 , 8 5 0  
1 , 8 5 0  
1 , 8 5 0  

1 ,,850 

1 , 6 4 0  

3 ,340  

1 ,850  

STAGNATION 
MODEL 

PRESSURE 
P 

t 2  
( a t m )  

( 4 )  

5.62 
4.92 
1 . 9 3  
1 . 9 3  
5.62 
4.92 
1 . 9 3  
1 .93  
1 . 9 3  

1 . 9 3  
5.62 
5.62 

4 .93  
4 .91  

1 ..93 

PRESSURE 
PLENUM 

p t l  

( a t m )  

~ 

1 0 . 9 1  
10 .40  

2 .06  
2 .06  

10 .91  
10.37 

2 .05  
2 .05  

2 . 0 3  

2 .03  
1 0 . 9 1  
10 .94  
10 .91  
10 .87  
10 .34  
10 .40  
10 .40  
10 .40  
2 .06  
2 .06  
2 .06  

NOZZLE 
THROAT 

DIAMETEl 
( i n . )  

~ 

0.765 
0 .765  
1 . 2 5  
1 .25  
0 .765  
0.765 
1 .25  
1 .25 
1 . 2 5  

1 .25  
0.765 
0.765 

0.765 
0.765 

0 .765  
0.765 
0 .765  
0.765 

(1) E n t h a l p y   d e t e r m i n e d   b y   s o n i c   f l o w   m e t h o d .  

( 2 )  AVCO n u l l   p o i n t   t r a n s i e n t   c a l o r i m e t e r ,   0 . 3 7 5 - i n .   ( s e n s i n g   d i a m e t e r )   c o p p e r  slug by 1 . 5 - i n .  
l ong ,   moun ted   i n  a 1 . 2 5 - i n .   f l a t   f a c e   s h r o u d .  

( 3 )  SRI c a l o r i m e t e r   v a l u e s   t a k e n   f r o m   t u n n e l   c a l i b r a t i o n   r u n s .  

( 4 )  AVCO u n c o o l e d   c o p p e r   p i t o t   p r o b e ,   0 , 3 7 5 - i n   d i a m e t e r . ,   T e s t   d a t a   t a k e n   f r o m   t u n n e l  
c a l i b r a t i o n   r u n s .  
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NOZZLE 
EXIT 

IIAMETER 
(in.) 

1 . 1 7 8  
I. 178 
1 . 2 5  
1 . 2 5  
1 .178  
1 .178  

1 . 2 5  
1 . 2 5  

1 . 2 5  

1 . 2 5  
1.178 
1.178 
1 .178  
1 .178  
1.178 
1.178 
1 .178  
1 .178  

- 

~~ . 

MASS 
AIR 

FLOW 
(lb/sec: 

0.440 
0 .273  
0 .141  
0.141 
0.440 
0.274 
0.140 
0.141 
0 .141  

0.141 
0.437 
0.442 
0.442 
0 .441  
0.273 
0.270 
0 .270  
0 .270  

0.141 
0.141 

0.141 

.. . . " 

"_ 

~ ~ ~ 

SURFACE TEMPERATURI 
MAXIMUM  FRONT 

4 , 2 2 0  
4 , 5 4 0  - 4 , 8 4 0  
5 , 2 8 0  
5 , 4 4 0  
5 , 5 5 0  

4 ,900  - 

__ 

RUN 
TIME 
( s e c )  

4.02 
4 .03  
2.97 

10 .05  
4.06 
4 .00  
2 .97  

6 .02  

" 

10 .01  

6 .01  
0.88 
0 .93  

0 .52  
0.46 

0 .71  
0 . 8 4  
0 .45  
0 .41  
1 . 1 3  
0 .36  
0 .37  

lEIGHT 
CORE 

LOSS 

(B) 

2.376 
2 .679  
1 .176  
3 .999  
0.657 
1 .217  
0.396 
1 . 0 5 3  
0 .440  

~~ 

1 .040  ___ 

CORE 

WEIGHT 
CHAR 

(P) 

0.033 
0 .016  
0.101 
0 .174  
0 .069  

0 .015  

RECESSION 
CORE 

(in.) 

0.208 
0.228 
0.104 
0.358 
0.085 
0 .183  
0.016 
0 .114  
0.144 

0.416 

0 .024  

0 .076  
0 .057  

( 5 )  Instrument  Development  Lab  recording  pyrometer ( 0 . 6 5 3  microns);  viewed  model  directly. 
( 6 )  Model P12A3 spalled  sporadically,  as  indicated in motion  pictures  and  varying  front  surfuce 

temperatures. 

(7) Model A73 lost  considerable  side  shroud  material  because of incomplete  honeycomb  cells; 

q may  have  increased  during  run, 
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T a b l e  B-9 ' 

'IUNNEL ,C4LIBRATION AND TEST DATA  REPORTED By GIANNINI SCIENTIFIC CORWRATION 

Ref: . G,.S.C. Test  R e p o r t  N o .   F R 0 7 6 - 3 3 2 ,   J u l y   1 9 6 6  

Langley   Phenol ic -Nylon  
Scout  R/4B 

Avcoat  5026-39 

Modif ied  Pur  l e  Blend  
S i l i c o n e  E4AP 

G. E .  S i l i c o n e  
ESM 1004AP 

Hu hes Phenol ic -Nylon  
H-! 

C a l i b r a t i o n  Runs 

MODEL 
NQ. 

PLU 
PLL2 
PLL90 
PLL3 
PLL4 

PLL6 
PLL5 

PLL7 
A 1  
A2 
A94 
A3 
A4 
A5 
A6 

SPI 
SP2 
SP90 
SP3 
SP4 
SP5 
SP6 
SG1 
SG45 
SG2 
SG3 
SG4 
SG5 

PLHl 
PLH90 

PLH3 
PLHZ 

PIH4 
PLHS 

- 

cl 
c2 
c3 
c 4  

C6 
c 5  

ENTHALPl 
TOTAL 

h t  
( B t u / l b )  

(1) 

1 0 , 2 0 0  
1 0 , 2 0 0  

1 0 , 2 0 0  
1 0 , 0 9 0  
1 0 , 0 8 0  
1 5 , 3 9 0  
1 5 , 4 0 0  
1 5 , 4 0 0  
1 0 , 2 0 0  
1 0 , 2 0 0  
1 0 , 2 0 0  
1 0 , 1 0 0  
1 0 , 0 9 0  
1 5 , 3 8 0  
1 5 , 4 0 0  
1 0 , 1 8 0  
1 0 , 2 0 0  
1 0 , 2 0 0  
1 0 , 1 0 0  
1 0 , 1 0 0  
1 5 , 3 6 0  
1 5 , 4 0 0  
1 0 , 2 0 0  
1 0 , 1 9 0  
10 ,080  
1 0 , 1 0 0  
1 5 , 3 8 0  
1 5 , 4 0 0  
1 0 , 2 0 0  
1 0 , 2 0 0 .  

1 0 , 1 0 0  
1 0 , 1 0 0  

1 5 , 4 0 0  
1 5 , 3 8 0  

1 0 , 2 0 0  
1 0   J 9 0  
1 0 , 1 0 0  
1 0 , 1 0 0  
1 5 , 4 0 0  
1 5 . 4 0 0  

( 1 )   E n t h a l p y   m e a s u r e d   b y   e n e r g y   b a l a n c e   m e t h o d  

iEAT  TRANSFER 
RATE 

q c w  

( B t u / f t ' s e c l  

C a l o r i m e t e r  

T a c i l i  t! 

(2) 

145 
146 
145 
65  
6 4  

456 
457 

457 
145 
146 
1 4 4  

66 
65 

455 
456 
145 
146 
1 4 5  

66 
64 

455 
457 
145 
1 4 4  

65 
66 

456 
457 
146 
1 4 4  

65 
65 

457 
456 
( 3 )  
146 

67 

458 

- 
35 

57 

57 - 

STAGNATIOP 
MODEL 

PRESSURE 

P 
t 2  

( a t m )  

( 4 )  

0.0197 
0.0197 
0.0199 
0.0041 
0.0041 
0.094 
0 .095  
0 .095  

0.0197 
0.0199 

0.0199 
0 .0041 
0 .0041 
0.093 
0 .095  
0.0197 
0.0199 
0.0199 
0.0041 
0 .0041 
0.093 
0.095 
0.0197 
0.0199 
0.0041 
0.0041 
0 . 0 9 3  
0 .095  

0 .0199 
0.0199 

0.0041 
0.0041 

0.095 
0.094 

0.0197 
0.0197 

0.0041 
0.0041 

0 .095  
0 .095  

PRESSURE 
PLENUM 

pt l  
( a t m )  

0 .084  
0.084 
0.086 
0 .0194 
0.0195 
0.625 
0 .630  
0 .624  
0.086 

0.086 
0.085 

0.0197 
0.0195 
0.626 
0 .625  
0.085 
0.086 
0.086 
0 .0194 
0.0196 

0.626 
0 .620  

0 .084  
0.085 
0.0195 
0.0197 
0.624 
0.626 
0.085 
0.086 
0.0196 
0 .0195 
0.625 
0.622 

0.085 
0 .084  
0.0197 
0.0193 

NOZZLE 
STATIC 

PRESSURE 

'e 

( a i m )  

0.00155 
0.00158 
0.00156 
0 00035 
0.00035 

0.0106 
0.0107 

0.0106 

0.00036 
0.00035 
0.0104 
0 .0105 
0.00156 
0.00156 
0.00155 
0.00035 
0.00036 

0 .0106 
0.0105 

0.00155 
0.00155 
0.00036 
0.00036 
0 .0105 
0.0106 
0.00156 
0 ..00156 
0.00035 
0 .00035 
0 .01  06 
0 .0105 

0.00157 
0.00157 
0.00036 
0.00035 

( 2 )   G i a n n i n i   s t e a d y   s t a t e   c a l o r i m e t e r ,   0 . 6 2 5 - i n .   d i a m e t e r   h e m i s p h e r i c a l   s h a p e ,   c o p p e r   s u r f a c e ,   w a t e r  
t e m p e r a t u r e  r i se  t y p e   T h i s   c a l o r i m e t e r   w a s   c a l i b r a t e d   w i t h   c a l o r i m e t e r   d e s c r i b e d   u n d e r  ( 3 ) . .  

( 3 )  G i a n n i n i   t r a n s i e n t   c a l o r i m e t e r   u s e d   t o   c a l i b r a t e  (2), 0 . 2 5 - i n .   d i a m e t e r   b y   0 . 2 5 - i n .   l o n g   c o p p e r  

( 4 )  G i s n n i n i   p i t o t   p r o b e ,   w a t e r - c o o l e d ,   0 . 6 2 5 - i n .   d i a m e t e r .  

s l u g  set  i n   g r a p h i t e   s h r o u d   w i t h   s h a p e   s a m e   a s   m o d e l s .  
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GAS 
FLOW 
RATE 

lb/sec) 

0.0043 
0.0043 
0.0043 
0.00084 
0.00084 
0.0189 
0.0189 
0.0189 
0.0043 
0.0043 
0.0043 
0.00084 
0 .00084 
0.0189 
0.0189 
0.0043 
0.0043 
0.0043 
0.00084 
0.00084 
0.0189 
0.0189 
0.0043 
0.0043 
0.00084 
0.00084 
0.0189 
0.0189 
0.0043 
0.0043 
0.00084 
0.00084 
0.0189 
0.0189 

0.0043 
0.0043 
0.00084 
0.00084 

TEMPERATURE 

E = ( s e c )  TFS 
( O F )  

i 
3,000 2 , 8 2 0  
3 260 I 3 ,280 3:680 3 ,800 
2 ,300  2 ,300 
2,480  2 ,610 
3,950 
4 ,230  4 ,350 
4 .020 

2 ,780   2 .820  
3 ,170 
3,060  3,340 

2 , 4 0 0  2,485 
2 ,380 2 , 4 5 0  

1 3 , 3 4 0  

3 ,020 3 , 2 4 0  
3 , 1 0 0  I 3 ,300 

3 ,300 3 ,360 
3 ,350 I 3,460 
2 ,490 
2 ,550 

2 ,,400 

4,300  4,200 
4 ,010  3 ,850 
2,590 

I 

I I 

I I  
::'?8": 

12;:; I 0.229  0.142 3 , 6 2 0  34.7 0.384 
2 , 1 4 0  33 .0  0..208 
2 , 3 5 0  179.1  10.436 

5.1  0 .147 

4 , 0 0 0  I 5.2  I0..148 
4,180  10.8  0 .249 

2 , 2 8 0  32.5 0.206 
2 , 3 0 0  7 8 . 9  0.373 

4 ,250 10.7 0.286 
4 ,100 5.7 0.176 

2 , 9 5 0  20 .9  0.255 
3 , 0 5 0  1 3 4 . 8  1 0 . 4 7 8  
2 , 2 5 0  32.6 0.108 
2 , 2 3 0  179.2  10 .193 
3 ,250 

11::; I 0.635 
0.268 

3,250  34.8 

2 , 3 2 0  

0.125  4.9 3 , 8 0 0  

0 .450  78 .8  2 , 3 3 0  
0.222 32..8 

0.260 10.8 4 ,150 

I 

WEIGHT (in . I CHAR RECESSION 

0.073 0.010 
0.119 0.022 
0.214 0.073 
0.092 0.024 
0.172 0.075 
0.092 0.010 
0.. 156 0.030 
0.093 0.009 

0.162 
0.212 

0.037 
0.072 

0 .139 0.030 
0 .236 0 .064 
0.096 0.027 
0.127 0.062 
0.102 +O.  016 
0.150 +0.030 
0.199 0 . 0 0 4  
0.116  +0.036 
0.197 +O.  048 
0.055 
0.074  0.070 

0.026 

0.181  0.043 
0.248  0.065 
0.295 +O.  011 
0.488 + O .  015 
0.105 I 0.075 0.071 0 .182 

0.088 
0.073  0.163 
0.023 

0.025  0.156 
0.004 0.084 

THICKNESS 
CHAR 

(in.) 

0.063 

0.159 
0.101 

0.131 
0.084 

0.075 
0 . 1 1 4  
0.075 
0.077 
0.107 
0.144 
0.094 
0.173 

0.099 
0.078 

0,125 
0.075 

0.127 
0 . 1 0 9  
0.177 
0.045 
0.056 
0.077 
0.107 
0.115 
0 .200 
0.030 
0.030 
0.094 
0.135 
0.085 
0..130 
0.068 
0..113 

DENSITY 
CHAR 

(lb/f t3 ) 

14 .4  
14.6 
16.7 
13.6 
16.3 
15;2 
1 6 . 9  
15 .,4 
1 8 . 0  
18.8 
18.3 
18.3 
17 .0  
1 5 . 3  
15 .9  
16.9 
14 .9  
1 9 . 1  
13.2 
13.8 
1 5 . 1  
1 6 . 4  
29.2 
28.8 
31.8 
30.2 
43.5 
29.3 
14 .2  
1'5. 0 
12.8 
15.5 
15.3 
1 7 . 1  

(5)  Thermodot Mo. TD-6BT radiation  thermometer (1.6-2.7 microns);  viewed  model  through  front 
port,  approximately 40' to  surface  plane of model. 

(6) L-N optical  pyrometer (0.655 microns). 
(7) SRI radiometer;  viewed  model  through  front  port,  approximately 40' to  surface  plane of 

model. 
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T a b 1  e B- lo(, a )  

TUNNEL CALIBRATION AND TEST DATA REPORTED BY MARTIN  COMPANY 
Ref: M a r t i n   R e p o r t  ER 1 4 3 5 6 ,   A u g u s t   2 6 ,   1 9 6 6  

MODEL 
NO. 

- 
PLLl2 
PLLl3 
PLLl4 
PLL9 1 
PLLlO 
PLLll 
PLL8 
pLL9 

A1 2 
A13 
A95 

A1 1 
A10 

A8 
A9 
A14 

SP14 
SP13 

SP9 1 
SF1 0 
SPl1 
SP12 
9 8  
SP9 
SG6 
SG46 
SG10 

SG8 
sG7 

SG9 

- 

- 

?LH12 
?LH9 1 
"7 
?LHlO 
?LHll 
'LH8 
'LH9 

c1 
c2 
c 3  

- 

- 

TOTAL 
ENTHALPY 

h t  
( B t u / l b )  

( 1 )  

5 , 1 4 3  

6 ,170  
4 ,996  

5 , 1 4 0  
18 ,117  
18 ,117  
10 ,137  
10 ,947  

4 ,996  
5 , 1 4 3  

5 ,140  
18  117 
18 : 445 

10 ,947  
10 ,137  

10 ,387  
4 , 9 3 3  
5 ,226  
5 ,180  

17 ,950  
18 ,445  
18 ,642  
10 ,647  
10 ,158  

5 , 1 8 0  
5 ,226  

17 ,950  
10 ,387  
10 ,038  
10 ,158  

5 ,180  
18 ,642  
17 ,950  
18 ,445  
10 ,137  
10 ,647  

4 , 8 2 4  
18 ,370  
10 ,820  

4 ,933  

HEAT  TRANSFER  RATE 
c,, ( B t u / f t 2   s e c )  

C a l o r i m e t e r  

46.5 
42.6 
44 .0  
43 .2  

456. 
456. 
417. 
418. 

46.5 
42.6 
43.2 

475. 
456. 

417. 
418. 
417. 

4 4 . 4  
42. 3 
44.2 

475. 
475. 
455. 
417. 
408. - 

42.3  
44.2 

475. 

408. 
417. 

408. 
44 .4  
44 .2  

455. 
475. 
475. 
417. 
417. 

42.8 
485. 
400. 

40 .7  
257. 
$09. 

MODEL 
STAGNATIOL 

P R E S S U R E  
P ( a t m )  

t 2  

0 .0071 

0 .0070 
0.0069 

0.0070 
0 .0333 
0 .0333 
0.140 
0 .144  
0.0071 
0.0069 
0.007O 
0.0333 
0.0340 
0.140 
0 .144  
0.140 
0.0070 

0.0070 
0.0070 

0.0340 
0.0340 
0.0341 
0.139 
0 .144  
0.0070 
0.0070 

0 .140  
0 .144  
0 .144  
0 .0070 
0.0070 
0.0341 
0.0340 
0.0340 
0.140 
0.139 
0.0070 
0.0340 

PRESSURE 
PLENUM 

P 

( a t m )  
t 1  

0.0303 
0.0303 

0.0301 
0.0448 

0.263 
0 .264  

0 .0303 
0 .0303 

0 .0301 
0.0448 
0.0433 
0 , 2 6 3  
0 .264  
0 , 2 6 0  

0.0264 
0 .0303 

0.0316 
0.0435 
0 .0433 
0.0632 
0.267 
0 .263  
0.0264 
0.0316 
0.0435 
0.260 
0.257 
0 . 2 6 3  
0 .0303 
0.0316 
0.0632 
0.0435 
0.0433 
0 .263  
0.  26.7 
0.0290 
0.0435 

0 . 0  4.48 

(1) Entha lpy   measured   by   energy   ba lance   method.  

( 2 )  F a c i l i t y   s t e a d y   s t a t e   c a l o r i m e t e r ,   " G a r d o n "   a s y m p t o t i c   t y p e  by   Thermogage   Inc . ,   1 .25- in .   d iameter ,  . f l a t   f a c e ,   s e n s i n g   d i a m e t e r   O . l O - i n .   c o n s t a n t a n .  

( 3 )  M a r t i n   d e s i g n   s l u g   c a l o r i m e t e r ,   0 . 2 5 - i n .   d i a m e t e r   c o p p e r   s l u g  by  0 . 1 2 5 - i n .   l o n g   s e t  i n  1 . 2 5 - i n ,  
d i a m e t e r   f l a t   f a c e   a s b e s t o s - p h e n o l i c  body. 

( 4 )  M a r t i n   d e s i g n  s l u g  c a l o r i m e t e r ,   0 . 6 2 5 - i n .   c o p p e r   s l u g   b y   0 . 1 2 5 - i n .   l o n g  set i n  1 . 2 5 - i n .   d i a m e t e r  
f l a t   f a c e   a s b e s t o s - p h e n o l i c  body. 

( 5 )   F a c i l i t y   p i t o t   p r o b e ,   0 . 6 2 5 - i n .   d i a m e t e r ,   w a t e r - c o o l e d .  
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CHAMBER 
T E S T  

P R E S S U R E  
( a t m )  

0.00096 
0.00126 

0.00065 
0.00379 
0.00379 
0.00921 
0.00854 
0.00096 
0.00126 
0.001)65 
0.00379 
0.00369 
0.00921 
0.00854 
0.00914 
0.00125 
0.00100 
0.00105 
0.00369 
0.00369 
0.00380 

0.00789 
0.00909 

0.00100 
0.00105 
0.00369 
0.00914 
0.00855 
0.00789 
0.00125 
0.00105 
0.00380 
0.00369 
0.00369 
0.00921 
0.00909 
0.0010 
0.00382 

N O Z Z L E  
E X I T  

P R E S S U R E  

'e 
( a t m )  

0.00106 
0.00136 

" 

0.00459 
0.00459 
0 .00921 
0.00854 
0.00106 
0.00136 

0.00459 
0.00479 

0.00854 
0.00921 

0.00914 
0.00135 
0.0009 
0.00115 
D. 00443 
0.00479 
0.00482 
0.00934 
0.00789 
0.00090 
0.00115 
0.00443 

0.00878 
0.00914 

0.00789 
0.00135 
0.00115 
0.00482 

0.00479 
0.00443 

0.00921 
0.00934, 
0.0011 
0.00442 

" 

GAS FLOW 
R A T E  

( I b j s e c )  

0.0030 
0.0030 

0.0030 
0.0040 
0.0040 
0.0251 
0.0250 
0.0030 
0.8030 
0.0030 
0.0040 
0.0040 
0 .0251 
0.0250 
0 .0249 
0. DO30 
0.0030 
0.0030 
0.0040 
0.0040 
0.0040 
0.0251 
0.0250 
0.0030 
0.0030 
0.0040 
0.0249 
0.0250 
0.0250 
0.0030 
0.0030 
0.0040 
0.0040 
0.0040 
0.0251 
0 .0251 

MAXIMUM FRONT 

TEMPERATURE 
S U R F A C E  

TFS E = 1 ( O F )  

F a c i l i t y  
(6) 

2690 
2540 

2700 
4310 
4070 
4770 
4440 
2780 
2600 
2620 
4340 
4200 

4460 
4580 
2400 
2430 
2400 
3980 
3910 
3920 
4100 

2 380 
2430 

3500 
3480 

" 

2660 
2670 
4170 
4270 
4040 
47 20 

SRI 
( 7 )  

2600 
2360 

2440 
4230 
3930 
4520 
4300 
2500 
2430 
2470 
4280 
41 50 
4350 
4400 
4390 
2330 
2350 
2040 
39 40 
38 30 
3670 
3840 
3860 
2320 
2290 
3376 
3220 
3250 
3220 
2500 
2480 
3940 

3850 
4220 

4490 
4 1  30 

__ 

- 

- 

__ 

__ 

70 
35 
70 

1 20 
'1 1 

5 
17 

7 
70 
35 

120 
11 

5 
17 

7 
17 

70 
35 

120 
11 

5 
13.4  
17 

7 

120 
70 

11 

17 
17 

7 

120 
70 

11 
11 
5 

17 
7 

- 

- 

- 

- 

- 

CORE 
WEIGHT 

LOSS 

~ ~~ 

(P) 

~~ 

0.210 
0 .401 

0.398 
0; 574 
0.210 
0.128 
0.431 
0.192 
0.377 

0.537 
0.197 

0.140 
0.256 

0.266 
0 .551 

0.601 
0.184 
0.275 
0.442 
0.286 
0.129 
0.344 
0.710 
0 .294 
0.216 
0.344 
0.457 
1.350 
1.276 
0 ,452 
0.410 
0.639 
0.226 
0.225 
0.125 
0.461 
0.230 
"~ 

CORE 
CHAR 

WEIGHT 
(g) . 

- 
0.160 
0.102 
0.165 
0.240 
0.1'38 
0.075 
0..219 
0.1 27 
0.237 

0.338 
0.128 

0.123 
0.083 

0.096 
0.106 

0.095 
0.123 
0.187 
0. 253 
0.057 
0.054 
0.078 
0.030 
0.033 
0.467 
0 . 5 5 1  
0.093 

0 .065 
0.077 

0.106 
0,147 
0.196 
0.134 

0. OiO 
0.204 
0.133 

" 

I E C E S S I O N  
CORE 

( i n .  1 

0 .054 
0.023 
0.060 
0.107 

0.004 
0.017 

0.020 
0.069 

0.048 
0.024 
0.060 
0.048 
0.022 

0.057 
0.169 

0.188 
+0.033 
+O. 049 
+O. 048 
0.042 

0.053 . 
0.000 

0.190 
0 .055 

+O. 006 
+O. 065 
0.129 
0.415 

0.119 
0.373 

0.078 
0.058 

0.015 
0.025 

0.004 
0.062 
0.019 

r H I C K N E S S  
CHAR 

( i n .  1 

0.126 

0.128 
0.087 

0.178 
0.108 
0.063 
0.156 
0.094 
0.168 . 

0.236 
0.096 

0.092 
0.064 

0.076 
0.076 
0.107 
0.153 
0.200 
0.052 
0.052 
0.063 
0.032 
0.033 
0.174, 
0 .271 
0.030 
0.011 
0.016 
0.033 
0.119 
0 .171 
0.103 

0 .061 
0 .151 
0.097 

. 0.079 

CHAR 
D E N S I T Y  
: l b / f t 3 )  

15.7 

16.0 
14.5 

16.7 
15.8 
14.8 
17 .4  
16.8 
1 7 . 5  

17.8 
16.5 

1 6 . 1  
16 .6  * 

15.7 
16.6 

15. 5 
14. 3 
15.2 
15.7 
13.6 
12 .9  
1 5 . 4  
11 .6  
1 2 . 4  
33.3 
25.2 
38.4 
46.8 
50.4 
39.8 

-14.7 
15.3 

1 6 . 1  

14.2 
1 6 . 8  
17.0 

( 6 )  F a c i l i t y  Pyro  650 e l e c t r o n i c   o p t i c a l   p y r o m e t e r ;   v i e w e d  model   through  front   port ,   approximate ly  30' t o  

(7) S R I  r a d i o m e t e r ,   l o c a t e d   i n s i d e   t e s t  chamber:  viewed  model d i r e c t l y ,   a p p r o x i m a t e l y  30' t o  model s u r f a c e  

model s u r f a c e   p l a n e .  

p l a n e .  
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T a b l e   B - l O ( b )   ( C o n c l u d e d )  

TUNNEL CALIBRATION AND TEST DATA REPORTED BY MARTIN COMPANY  FOR VARIOUS DIAMETER MODELS 

R e f :  Martin  Report  ER 1 4   4 2 6 .   N o v e m b e r   1 7 ,   1 9 6 6  

T MODEL 
NO.  

T163 
T162 

T158 
T159 
T155 
T154 
T150 
T151 

PLHl6 3 
PLHl62 
PLHl59 
PLH158 
PLHl55 
PLHl54 
PLHl51 
PLHlSO 

c1 
c 3  
c 2  

c 4  
c 5  
c6 

ENTHALPY 
TOTAL 

h t  
( B t u / l b )  

( 1 )  

1 2 , 1 4 9  
1 2 , 4 3 2  

1 2 , 1 4 9  
1 2 , 1 4 5  
1 2 , 2 4 6  
1 2 , 2 4 6  
1 2 , 6 1 0  
1 2 , 4 0 6  
1 2 , 1 4 5  
1 2 , 4 3 2  
1 2 , 1 4 5  
1 2 , 4 3 2  
1 2 , 4 0 6  
1 2 , 2 4 6  
1 2 , 6 1 0  
1 2 , 4 0 6  

12,'725 
12  196 

1 2 , 0 7 1  
1 2 , 3 6 7  
1 1 , 8 6 9  
1 1 , 7 1 3  

STAGNATION 
MODEL 

PRESSURE 

p t 2  
( a t m )  

0.0205 
0.0203 

0.0205 
0.0203 
0.0203 
0.0203 
0.0203 
0.0201 
0.0203 
0.0203 
0.0203 
0.0203 
0.0201 
0.0203 
0.0203 
0.0201 

0 .0200 
0.0201 
0.0195 
0.0204 

0 .0194 
0.0194 

PRESSURE 
PLENUM 

ptl 

( a t m )  

0,281 
0 .240  

0.241 
0 .220  
0.241 
0 .241  
0 .250  
0.249 
0 . 2 2 0  
0.240 
0 .220  
0 .240  
0 .249  
0 . 2 4 1  
0 .249  
0.250 

0.296 
0.289 
0.283 
0.265 
0.271 
0.278 

CHAMBER 
T E S T  

?RESSURE 

( a t m )  

0.00132 
0.001 32 

0.00132 
0.00132 
0.00132 
0.00132 
0 .001  32 
0.00132 
0.00132 
0.00132 
0.00132 
0.00132 
0.001 32 
0.00132 
0.00132 
0.001 32 

0.00150 
0.00145 
0.00132 
0.00132 
0.00126 
0.00122 

FLOW 
G A S  

RATE 
( l b / s e c )  

0.04 
0.04 

0 .04  
0.04 
0.04 
0.04 
0.04 
0 . 0 4  
0.04 
0 .04  
0 . 0 4  
0.04 
0 . 0 4  
0 .04  
0 . 0 4  
0 .04  

0.0401 
0 .0401 
0 . 0 4  
0 . 0 4  
0 .04  
0 . 0 4  

DIAMETER 
MODEL 

AND  SHAPE 
( i n . )  

1..0 H e m i .  
1 . 0  Hemi. 

1 .25  FF 
1 . 2 5  FF 
2 . 5  FF 
2.5 FF 
5 . 0  FF 
5 . 0  FF 
1 . 0  Hemi. 
1 . 0  Hemi. 
1 . 2 5  FF 
1 . 2 5  FF 
2.5  FF 
2.5 FF 
5 . 0  FF 
5 . 0  FF 

( 1 )  E n t h a l p y   d e t e r m i n e d   b y   h e a t   b a l a n c e   m e t h o d .  

( 2 )  T h e r m o g s g e   h e a t . s i n k   c a l o r i m e t e r ,   1 . 2 5 - i n .   f l a t   f a c e   p l u s   a d a p t e r   t o   2 . 5 - i n .   d i a m e t e r .  

( 3 )  T h e r m o g a g e   s t e a d y   s t a t e   w a t e r - c o o l e d   a s y m p t o t i c   c a l o r i m e t e r s :   ( 1 )   1 - i n .   d i a m e t e r   h e m i s p h e r e   s h a p e ,  

C o n s t a n t a n   a e n s i n g   d i a m e t e r  0 . 1 2 5   i n .  
( 2 )   1 . 2 5 - i n .   d i a m e t e r   f l a t  f a c e   p l u s   a d a p t e r a   f o r   2 . 5 - i n .   d i a m e t e r  and 5 - i n . .   d i a m e t e r   f l a t   f a c e .  

( 4 )  SRI c a l o r i m e t e r .  

~* 

MODEL 

DIAMETER 
CORE 

( i n .  ) 

0 . 5  
0 . 5  

0 .625  
0 .625  
1 . 2 5  
1 . 2 5  
2 . 5  
2 . 5  
0 . 5  
0 . 5  
0.625 
0.625 
1 . 2 5  
1 . 2 5  
2 . 5  
2 . 5  
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HEAT  TRANSFER 
RATE 

MAXIMUM 
FRONT  SURFACE 

TEMPERATURE 

I 

1 4 9  

1 4 9  
1 5 5  
151 
151 
156 
156 
1 5 5   3 , 5 9 0   3 , 8 4 0  
1 5 1   3 , 9 6 0  
1 5 5   3 , 7 1 0   3 , 5 0 0  
151   4 ,110  4 , 0 0 0  
1 5 6   3 , 4 8 0   3 , 3 9 0  
1 5 1   3 , 7 7 0   3 , 5 5 0  
156 
1 5 6   3 , 4 9 0   3 , 3 9 0  

3 ,300   3 ,200  

TIME 
RUN 

. s e c )  

1 0  
35 

20 
70  

100 
30 

140 
40 

10 
35 
20 
70  

100 
30 

140  
40 

CALORIMETER 
THERMOGAGE 

( 2 )  

WEIGHT 
CORE 

LOSS 
(5) 

0.472 
1 .607  

0.751 
3 .055  

Ll. 088 
3 .153  

12.004 
43.032 
0 .185  
0.506 
0.257 
0 . 7 3 1  
1 .263  
3.094 

12.898 
5.231 

I 
I 

0.068 
0 .228  

I 0.269 
0 , 0 6 7  

0 . 0 7 0  
0 .248  
0.067 

0.128 

0 .120  1.552 
0 . 0 2 9  0.606 
0 .144  0.375 . 
0.027 

HEAT TRANSFER RATE ( B t u / f t 2 s e c )  

CALORIMETER 
THERMOGAGE 

( 3 )  T 

~~ 

THICKNESS 
(in.) 

CHAR CHAR 
DENSITY 
( l b / f t 3 )  

0 .094  
0 .199   16 .2  
0.115 
0.282 1 6 . 5  
0.126 

1 3 . 8  

0 .278   17 .3  
1 4 . 9  

0.156 I 1 4 . 0  0.318 1 7 . 0  

1 
CALORIMETER 

MARTIN 

(5 )   Mar t in   t r ans i en t   ca lo r ime te r ,   coppe r   s lug   s e t  i n  a sbes tos -pheno l i c  body. 
Calor imeter   Shape   Overa l l   Diameter   ( in . )   S lug   Diameter  (in.) 

Hemisphere 

Flat   Face 
Flat   Face 

F l a t  Face 

1.25 
1 .0  

2.50 
5 . 0  

0.125 

0.250 
0.188 

0 . 2 5 0  

4 5 . 0  FF 

( 6 )  Fac i l i ty   pyrometer   Pyro  650 e l e c t r o n i c   o p t i c a l   p y r o m e t e r ,   l o c a t e d   o u t s i d e  test  chamber;  viewed model t h rough   f ron t  

( 7 )  SRI radiometer ,   located  inaide  tes t   chamber;   v iewed  model   direct ly ,   spproximately 38' t o   p l a n e  of model f r o n t   a u r f a c a .  

port   npproximately 38O t o   p l a n e  of  model f ron t   au r face .  
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Tab1  e B- 11 

TUNNEL CALIBRATION AND TEST DATA REPORTED BY SPACE GENERAL  CORPORATION 
Ref: SGC R e p o r t   1 0 3 4 - F 1 ,   J u l y   1 9 6 6  
- 
MODE1 

NO. 

- 
PLL2; 
PLLZ L 

PLL94 
PLL5 5 
PLL5 6 
PLL2 4 
PLL28 

A23 
A25 
A97 
A2 4 
A26 
A27 
A28 

- 

TOTAL  ENTHALPY 

h t   ( B t u / l b )  

HEAT TRANSFER 
RATE 

lCw ( B t u / f t 2   s e c )  

STAGNATIOh 
MOD EL 

PRESSURE 
P 

t 2  
( a t m )  

( 4 )  

PRESSURE 
PLENUM 

P 
t l  

( a t m )  
C a l o r i m e t e r  

' a c i l i t y  
( 3 )  

SRI 
( 1 )  

14,925 
14 ,920  
14 ,855  
24,985 
24,765 
5 ,117  

15 ,035  
15,100 
14 ,955  
24,880 
24,925 
5 ,063  

. 5 , 1 3 4  
14,855 
15,050 
14,925 
24,780 
14,800 
5 ,127  
5 , 0 9 3  

15,035 
14,920 
24#  888 

5 , 1 7 4  
5,150 

14,855 
15,035 
!4,910 
24,875 
5 ,129  
5 ,154  

,5,025 
!4,925. 
5 ,150  

5 ,  1-29 

14 ,990  

14 ,990  
14 ,850  

25 ,340  
24,  130 

5 ,010  
5 ,020  

14 ,850  
14 ,850  
15 ,000  
25,510 
26,180 
5 , 0 0 5  
5 ,020  

15 ,110  
14 ,990  
14 ,990  
25 ,510  
24 ,840  

5 ,020  
5,Q15 

15 ,000  
14,990 
24,130' 

5,020 
5,030 

14 ,850  
14 ,990  
24,840 
25,510 
5 ,005  
5 ,020  

14 ,850  
25,510 

5 ,020  

99 
97 

103 
3 46 
344 
158 
150 
10 1 

10 1 
95 

345 
346 
157 
155 

0.00510 
0.00509 
0.00511 

0.01960 
0.01947 

0.092 
0.092 
0.00511 
0.00509 
0 .00511 
0.01974 
0.01934 
0 .093  
0.092 

0.0266 
0.0265 
0.0266 

0 .1234 
0.1210 

d. 514 
0 .514  
0.0265 
0.0265 
0.0267 
0.1237 
0.1250 
0 .512  
0 .514  

Avcoat 5026-39 

Modi f i ed   Pu rp le   B lend  
S i l i c o n e  E4A1 

9 2 2  
SP2 4 
SP9 4 
SP2 5 
SP26 
sP27 
3 2 8  
sG16 
sG4,8 
sG20 
SG18 
sG19 

PLH19 
PLH9 4 
?LH20 
?LH2 1 
"22 
'LH2 3 

c1 
' c 3  
c2  

- 

- 

- 

0 i 0268 

0.0266 
0.0266 

0.1237 
0.1224 
0 .513  
0 .514  
0 .0264 
0.0266 
0.1210 
0.510 
0 .514  
0.0265 

.O. 1224 
0.1237 
0.  5.12 
0 .514  
0.0265 
0.1237 
0 .514  

0.0266- 

10 3 
98 

10 5 
344 

157 
155 
106 
10 3 
345 
155 
153 
102 

98 
345 
3 45 
157 
153  

3 46 
157 

344 , 

io1 

0.00512 
0.00511 
0.00510 
0.01974 
0.01960 
0.093 
0.092 
0.00511 
0.00511 
0.01947 
0.093 
0.092 
0.00510 
0.00511 
0.01968 
0.01972 
0.092 
0.092 

0.01972 
0.00509 

0.0925 

G. E. S i l i c o n e  
E m  1004AP E m  1004AP 

Hu hes Phenol ic -Nylon  
H- ! 

.I C a l i b r a t i o n  Runs 
344.8 
98 .7  

162.7 

(1) Enthalpy  measured  by  energy  balance  method.  

( 2 )  E n t h a l p y   c a l c u l a t e d   b y  SGC u s i n g   s o n i c   f l o w   r e l a t i o n s h l p :  

( 3 )  SGC s t e a d y   s t a t e   c a l o r i m e t e r ,  Hy-Cal  Engineering  asymptotic  Lype.  0. l;:in.   diameter.   constantan 
s e n s i n g   a r e a   i n   1 . 2 5 - i n .   d i a m e t e r   f l a t   f a c e d   s h r o u d .  

.(4) X C  p i t o t   p r o b e ,   w a t e r   c o o l e d ,   0 . 5 - i t i .   d i a m e t e r .  
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NOZZLE 
E X I T  

PRESSURE 
'e 

( atm)  

0.000473 
0.000475 

0.000475 

0.002197 
0.002108 

0.00965 
0.00968 
0.000476 
0.000476 
0.000477 
0.002237 
0.001974 
0.00971 
0.00968 
0.000475 
0.000475 
0.000477 

0.002276 
0.002237 

0.00968 
0.00965 
0.00475 
0.00477 
0.001974 
0.00965 
0.00968 
0.000476 
0.000477 
0.002276 
0.00.2237 
0.00970 
0.00966 
0.000477 
0.002237 
0.00967 

FLOW 
G A S  

RATE 
( l b / s e c )  

0.00088 
0.00088 
0.00088 
0.00329 
0.00329 
0.0259 
0.0255 
0.00088 
0.00088 
0.00088 
0.00329 
0.00329 
0.0259 
0.0259 
3.00088 
0.00088 
0.00088 
0.00329 
0. 00329 
0. 0259 
0.0259 
0.00088 
0.00088 
0.00329 
0. 0259 
3.0259 
0. 00088 
0.00088 
0.00329 
3.00329 
3.0259 
3.0259 
9.00088 
3.00329 
0.0259 

MAXIMUM FRONT RUN 
SURFACE I T I M E  TEMPERATURE ( s e c )  

F a c i l i t y  
(5) 

29 30 
3 100 
30  10 
4340 
4340 
3980 
4260 

3050 
3125 

3080 
4100 
4385 
4060 
4 1  30 
2980 
3 1  90 
2975 
3860 
3950 
38 35 
3865 
2880 
30 10 
3520 
3435 
3425 
2800 
2980 
4060 
4180 
40 35 
4190 

S R I  
( 6 )  I 

2580 1 ii:! 
2600  50.0 
3350 15 .2  
3450 I 6.1 
3620  14.0 I 33.'0 EqE 2600 50.4 

3300 I 6: 1 3200 15 0 

2950 6 . 1  
3000 1 15.0 

3130 I 33.0 
3080 14 .0  

3300 6 . 1  
3500 I 1 5 . 1  t 3640 14.0 
3640 33.0 

I 

~~ 

CORE 
WEIGHT 

L O S S  
( 8 )  

- 
0.158 
0.269 
0 % 32.3 
0.465 

0.266 
0.515 

0.392 
0.162 

0.222 
0.. 462 

0.695 
0. 310 

0.136 
0.178 
0. 349 
0. 238 
0.537 
0.333 
0.732 
0.173 
0.228 
0.810 
0.534 
1.526 
0.259 
0.374 

0.425 
0.20P 

0.265 
0.580 

0:264 

0.272- 

~ 

CORE 

WEIGHT 
CHAR 

( g )  

0.121 
0.082 

0.154 
0.253 
0.147 
0.162 
0.247 
0.167 
0.118 
0.240 
0 .131 
0.205 
0.139 
0.141 
0.108 
0 .141 
0 . 1 9 1  
0.101 
0 . 1 2 1  
0.104 
0.100 
0.313 
0.369 
0.097 
0.113 
0.073 
0.115 
0 .151 
0.123 
0.258 
0.154 
0.229 

~ 

- 

- 

- 

RECESSION 
CORE 

( i n .  1 

0.031 
0.012 

0.054 
0.055 
0 . 0 2 1  
0.034 
0.093 
0 .044 
0.019 
0.063 
0.035 
0.103 
0.070 
0.242 

+O. 039 
+O. 055 
+0. 033 

0.005 
0.101 
0.052 
0.176 
0.008 
0.029 
0.228 

0 .451 
0 . 1 5 1  

0.025 
0.049 

0.047 
0.015 

0.022 
0.090 

r H I C K N E S S  
CHAR 

. ( ' i n .  1 

0.105 
0.070 

0 .124 
0.182 
0.110 
0.115 
0.170 
0.125 
0.078 
0.168 
0.099 
0.148 
0.098 
0.090 
0.097 
0.133 
0.167 
0.089 
0.091 
0.077 
0.077 
0.123 
0.160 
0.030 
0.036 
0.019 

0.122 
0.098 

0.095 
0 .181 
0.118 
0.172 

CHAR 
D E N S I T Y  

( l b / f t 3 )  

14.3 
14.5 

1 5 . 4  
17 .2  
16.6 
17.5 
18.0 
16.6 
18.7 
17.7 
1 6 . 4  
17.2 
17.6 
1 9 . 4  
13.8 
13 .1  
14.  2 

16 .5  
14. 1 

16.8 
1 6 . 1  
31.6 
28.6 
40. 1 

47.6 
38.9 

14.6 
15.3 

17.7 
1 6 . 1  

16 .2  
16.5 

(5) L - N  opt i ca l   pyrometer . (0 .655   microns ) ;   v i ewed   mode l   through   f ront   quartz   por t ,   approx imate ly  
18' t o   p l a n e   o f  model f r o n t .  

(6) SRI r a d i o m e t e r   l o c a t e d   o . u t s i d e  t e s t  chamber. F o r  test c o n d i t i o n  l . ( h  = 15 ,000 ,  's = 100) 

remaining  two test  c o n d i t i o n s ,  model  was  viewed  through' a s i d e   p o r t  40 t o   j e t   a x i s ,   t h e n c e  
v iewed  model   through  front   port ,   approximate ly  1 8 O  t o   p l a n e   o f  model f g o n t   s u r f a c e .  F o r  

o f f   f r o n t   m i r r o r  40' t o  p l a n e   o f  model f r o n t   s u r f a c e .  
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T a b l e   B - 1 2  

TUNNEL CALIBRATION AND TEST DATA REPORTEDBYCORNELL AERONAUTICAL  LABORATORY INC. 
R e f :   L e t t e r   R e p o r t   D a t e d   S e p t e m b e r   1 9 ,   1 9 6 6  

HODEL 
NO. 

1118 

r121 

1119 

'1 2B1 
'1 2% 

'1 2B4 

'LL44 

u 3  

:1 

2 
3 

:4 
5 

:6 
7 

SPECIFIC 
ENTHALPI 
( B t d l b )  

2060 
208 0 

1940 

2120 
2080 

1870 

2060 

2040 

1950 

1870 
2100 

2050 
1910 

2010 
1810 

HEAT  TRANSFER  RATE I MODEL 

;Icw ( B t u / f t 2   s e c )  STAGNATION 
PRESSURE 

P ( a t m )  
C a l o r i m e t e r  

F a c i l i t y  SRI 

( 4 )  ( 6 )  ~- 
6 18 
624 10.3 1108 

1091 10.2 

1067 1740 

624 

29.5 

636 1115 10.0 
1070 9.6 

1028 1666 29.3 

618 1075 9.9 

612 

19.1 
1040 2720 
650(5) 1700i ') 

9.8 1010 

9.8 1059 

64.0  1900 5450 
53.0 1760 5060(2) 

32.4 

4U50(3) 53.0 
63.0 2330 4740 

1990 

~ 

GAS FL( 

( l b / s e  
RATE 

5.0 

5.0 

3W 

C) 

1 
~ 

RESERVOIR 
PRESSURE 

P ( a t m )  
t l  

101.7 
102.5 

98.4 

100.40 
95.8 

97.7 

99.0 
" 

97.9 

98.0 
" ~ 

I'EMPERATURE 
STAGNATION 

(6R) 

~~ - 

6100 
6120 

58 40 

6200 
61 20 

5700 

6100 
" 

60 50 

5860 
- ." , 

( 1 )   C o r n e l l   t r a n s i e n t   c a l o r i m e t e r ,   0 . 3 - i n .   n o s e   r a d i u s ,   h e m i s p h e r i c a l   s h a p e ,   0 . 0 9 0 - i n .   d i a m e t e r   b y   0 . 1 2 5 - i n .  
l o n g  OFHC c o p p e r  s lug  p o t t e d   i n   0 . 1 2 5 - i n .   d i a m e t e r   b o r e   w i t h   i n s u l a t i n g   c e m e n t ,  Ch-A1 t h e r m o c o u p l e   s p o t  
welded t o   b a c k   f a c e .  

( 2 )  C o r n e l l   c a l o r i m e t e r ,   0 . 2 5 - i n .   n o s e   r a d i u s ,   h e m i s p h e r i c a l   s h a p e ,   0 . 1 5 0 - i n .   d i a m e t e r   b y   0 . 5 0 6 - i n .   l o n g  
OFHC c o p p e r  s l u g  w i t h   0 . 0 2 0 - i n .   l o n g   f l a n g e s   a t   e a c h   e n d   f o r   p r e s s   f i t   i n t o   0 . 1 6 0 - i n .   d i a m e t e r   b o r e .  
S h e a t h e d  Ch-A1 e x p o s e d   j u n c t i o n   t h e r m o c o u p l e   i n s e r t e d   i n t o   0 . 0 2 2 - i n .   d i a m e t e r   h o l e   f r o m   r e a r   o f   s l u g   t o  
w i t h i n   0 . 0 2 b i n .   f r o m   g a g e   f r o n t   f a c e   a n d   g o l d   s o l d e r e d   i n   p l a c e ,  ' D a t a   r e d u c t i o n  is b y   f i n i t e   d i f f e r -  
ences   scheme  on  IBM computer .  

( 3 )   I d e n t i c a l   t o   ( 2 )   e x c e p t   f o r   0 . 5 - i n .   n o s e   r a d i u s .  

( 4 )   E s t i m a t e d   f r o m   t h e   r e l a t i o n   f u r n i s h e d   b y   C b r n e l l :  9 = 0.3(Hs  - Hw) a t  P = 10  atm  and ;I = 0.55(Hs - Hw) 

(5) H e a t   f l u x   a d j u s t e d   t o   1 . 2 5 - i n .   f l a t   f a c e :  (1) 0 .55   410 .6 /1 .25 )0 .5  = 0.382 il, 
a t   P t  = 30 atm. t 2  

2 

( 2 )  0 . 5 5   i 2 ( 0 . 5 / 1 . 2 5 ) 0 ' 5  = 0 . 3 4 8   i 2 ,   ( 3 )   0 . 5 5   , 3 ( l . 0 / 1 . 2 5 ) 0 * 5  = 0.492 i3 . 
( 6 )   E s t i m a t e d  from  Run C1 a n d   t h e   r e l a t i o n :  = 0.0744 (Pt  /R,f ,)o '5Ah. 

2 
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STAGNATION 
DMSITY 

PS 

( s l u g s / f t 3 )  

0.00200 
0.00201 

0.0061 

0.00193 
0.00188 

0.0062 

0.00194 

0.00195 

0.00202 
-~ 

1 

hb, PRESSURE I PC0 

"- 
3.67 0.549 
3.67 I 0.554 

2.72 1 3.00 

2.72 

3.67 

2.98 

0.535 
~~ 

STREAM 
FREE 

r w m -  
ATUAE 

( O R )  

TC0 

2370 
2380 

2360 

2420 
2380 

2300 

2370 
" - 

2360 

2280 

(7) F a c i l i t y  Thermodot o p t i c a l   p y r o m e t e r ;   v i e w s  model f r o n t   s u r f a c e  through rotor t u b e s ,  1 . 6  t o  2 .7  microns .  

(8) Model d i s i n t e g r a t e d   d u r i n g  test.  
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APPENDIX C 

MODEL  TEMPERATURE  DATA 

T h i s   a p p e n d i x   c o n t a i n s   i n t e r n a l   a n d   e x t e r n a l   t e m p e r a t u r e   d a t a  r e -  

p o r t e d   b y   t h e   p a r t i c i p a t i n g   f a c i l i t i e s   f o r   t h e   m o d e l s   i n s t r u m e n t e d   w i t h  

t h e r m o c o u p l e s .   T h e   d a t a  were t a k e n   f r o m   t h e   t e m p e r a t u r e   p l o t s   r e p o r t e d  

by t h e   f a c i l i t i e s ,   a n d   s u f f i c i e n t   d a t a   h a v e   b e e n   i n c l u d e d   t o   a l l o w   r e p r o -  

d u c t i o n  o f  t h e  o r i g i n a l   c u r v e s .   T h e   t u n n e l   o p e r a t i n g   d a t a   f o r   e a c h   m o d e l  

may b e   o b t a i n e d  by c o n s - u l t i n g   t h e   a p p r o p r i a t e   f a c i l i t y   d a t a   t a b l e   a n d  
m o d e l   n u m b e r   i n   A p p e n d i x  E. T h e   v a r i o u s   m a t e r i a l s  a r e  d e s i g n a t e d  by t h e  

m o d e l   p r e f i x   l e t t e r s   d e s c r i b e d   e a r l i e r .  
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I 1  111111 I1 

F A C I L I T Y  

GDB- Ames 

MPDB-Ames 

MPDB-Ames 

4hlPDLangley 

Appendix- .  C 

MODEL  EXTERNAL AND INTERNAL  TEMPERATURE  DATA 

MODEL 
NO.  

A9 3 

A84 

A85 

A90 

I N I T 1  AL 
THERMO- 
C O U P L E  

D I S T A N C E  
FROM  MODEL 
F R O N T   F A C E  

( i n . )  
( 1 )  

0 .113  

0.  226 

0 .  330 

0 . 1 0 4  

0 .222  

0. 305 

0 .  410 

0 . 1 0 3  

0 .211  

0 . 3 2 1  

0 .424  

0.107 

THERMO- 
C O U P L E  

TEMPERA, 
T U R E  
R I S E  
( O F )  

( 2 )  

370 

1280 
7 90 

1680 
1930 
2410 

50 

170 
90 

300 
450 
550 

80 
60 

120 
30 

170 
5 40 

1130 
1590 

75 
20 

280 
6 30 

1110 
1 0  

50 
20 

2 40 
120 

20 
5 

35 
20 

690 
2 30 

2070 
1590 

10 
15 
50 

140 
10 
15 
20 

120 
130 

5 
10 
20 
20 
20 
25 
30 

150 
70 

3 20 
7 90 
1420 

a0 

T I M E  
( s e c .  

5 
10 

20 
15 

25 

40 
30 

40 
30 

60 
50 

75 
70 

50 

70 
60 

1 0  
5 

15  
20 
25 
10  
20 

40 
30 

50 
10 
20 
30 
40 
50 
10  
30 
50 
4 
8 

16 
1 2  

20 
5 

10 
1 5  
20 

10 
5 

15  
20 
25 

5 
10 

15  
15 

20 
25 

4 
6 

10 

1 4  
12 

a 

F R O N T  
S U R F A C E  

T U R E  
E =  1 ( O F )  

TEMPERA- 

( 3 )  

2660 
2760 
2790 
28 30 
2850 

2900 
2880 

2930 
2900 
2930 

2700 
30 10 
3150 
3220 
3280 

3920 

CHAR, 
V I R G I N  

MATER1 AL 
I N T E R F A C E  

T U R E  
( O F )  
( 4 )  

TEMPERA- 

1190 

800 

1380 

1280 

1460 

TIME  CHAR 
I N T E R F A C E  

P A S S E D  
THERMO- 

COUPLE 
( s e c )  

20 

60 

22 

50 

16 
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A p p e n d i x  C ( C o n t i n u e d )  

FACILITY 

AMPD-Langley 

Aero therm 

G i a n n i n i  

Mart in  

MODEL 
NO. 

- 
A90 

A98 

A9 4 

A9 5 

- 

I N I T I A L  THERMO- 
THERMO- COUPLE 

DISTANCE TURE 
COUPLE TEMPERG 

FROM  MODEL R I S E  
FRONT FACE ( O F )  

0.209 

0 . 3 1 1  

0.4i.O 

0 . 1 1 3  

0. 215 

0.313 

0 . 4 2 4  

0 . 1 0 1  

0 .  213 

0 .103 

0 .216 

0 . 3 1 4  

0.415 

40 
70 

140 
27 0 
580 

5 
40 
70 

200 
5 

50 
100 
48 0 
960 

1430 
18 20 

130 
40 

360 

1400 
81 0 

130 
20 

530 
1310 

10 

110 
30 

300 
820 

30 
5 

190 

810 
360 

1660 
1210 

120 
10 

290 
600 

1090 

200 
30 

410 
660 

1200 
910 

170 
60 

330 
520 
7 30 

60 
10 

200 

6  30 
390 

10  
90 

37 0 

TIME 
( s e c )  

- 
6 
8 

10 
1 2  
14  

5 
10 

20 
15  

20 
10 

5 
10 

20 
15 

25 
10 
20 
30 
40 
50 
20 
40 
60 
80 
20 
40 
60 

100 
80 

2 
5 

10 
8 

1 5  
1 3  

18 
10 
20 

30 
25 

35 

10  
5 

15 
20 
25 
30 
20 
30 
40 
50 
60 

40 
20 

60 

100 
80 

40 

120 
80 

- 

FRONT 
SURFACE 

TURE 
~ = l  ( O F )  

TEMPERA- 

( 3 )  

2700 
28 10 

2860 

2950 
2910 

3000 

3170 
3170 

2450 

2950 
2800 

31 00 

3160 

3210 

3360 

2370 

2500 

2600 

2620 

2600 
2620 

~ ~~ 

VIRGIN 
CHAR, 

MATER1 AL 
INTERFACE 

TURE 
( O F )  
( 4 )  

1900 

TEMPERA- 

1490 

1140 

990 

9 90 

1160 

1070 

1190 

1060 

TIME CHAR 
INTERFACE 

THERMO- 
PASSED 

COUPLE 
( s e c )  

16.8 

20 

46 

72 

104 

14 .4  

34 

29 

72 
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F A C I L I T Y  

Space  General 

GDB- Ames 

MPDB-Ames 

MPDB- Ames 

! 

- 
MODEL 

NO. 

- 
A9 7 

PLL96 

ILL87 

?LL8 9 

- 

Appendix -C  (Cont inued)  

THERMO- 
I N I T I A L  

D I S T A N C E  
COUPLE 

'ROM MODEL 
'RONT FACE 

( i n .  1 
(1) 

0.110 

0 . 2 0 3  

0 .094  

0 .  226 

0 .328  

0.426 

0 .095  

0.220 

0.310 

0 .149  

0 .234  

0 .332  

0 .438  

THERMO- 
COUPLE 

TEMPERA- 
T U R E  
R I S E  
( O F )  

( 2 )  

290 
70 

1250 
690 

1700 
70  

1 

250 
80 

6 40 
1170 
1580 

50 
200 
400 

1140 
6 20 

60 
100 
110 
170 

50 
10 

90 

50 
10 

370 
170 

630 
10 
50 
80 

130 
250 

5 
1 0  
40 
80 
90 

40 
20 

90 

480 
220 

880 

1 5  
5 

30 
50 

10 
5 

15 
20 

5 
10 
1 5  
20 

T I M E  
( s e c )  

10 
5 

15 
20 
25 
15 
20 
25 
30 
35 
40 
45 

40 
30 

50 

10 
5 

1 5  

25 
20 

40 
20 

60 
50 

70 

50 
30 

60 
70 
30 
50 
90 

5 
10 
15 
20 

1 0  
25 

20 
30 
40 
50 
10 
20 
30 
40 
50 

4 
8 

12 
16 
20 
24 

5 

15  
10 

20 
5 

10 
15  
20 

5 

15  
10 

20 

FRONT 
SURFACE 
'EMPERA- 

T U R E  
= I ( O F ) .  

( 3 )  

2950 

3000 

3050 

3070 
3100 

2400 
2590 
2690 
2770 
28 40 

2990 
3040 
3020 
3020 

V I R G I N  
CHAR, 

HATER1 AL 
NTERFACE 

TEMPERA- 
T U R E  
( O F )  
( 4 )  

1000 

1050 

1200 

1140 

800 

1320 

'IME  CHAR 
NTERFACE 

THERMO- 
P A S S E D  

COUPLE 
( sec 1 

17 .5  

41 .5  

20 

70 .5  

25 .5  

25 
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A p p e n d i x  C ( C o n t i n u e d )  

F A C I L I T Y  

AMPD-Langley 

Aerotherm 

G i a n n i n i  

Mar t in  

MODEL 
NO. 

PLL9 3 

PLL97 

PLL90 

PLL9 1 

I N I T I A L  
THERMO- 

D I S T A N C E  
COUPLE 

'ROM MODEL 
'RONT  FACE 

( i n .  1 
( 1 )  

0.114 

0.198 

0.  314 

0 .095  

0 .  220 

0. 310 

0.  399 

0 .  119 

0 .  220 

0 .111  

0 .221  

0 .314  

0.415 

" 

T H  ERMO- 

TEMPERA- 
C O U P L E  

T U R E  
R I S E  
( O F )  

( 2 )  

110 
70 

280 

1430 
720 

70. 
1 00 
310 

1280 
640 

70 
30 

80 
50 

250 
650 

1600 
1180 

70 
20 

- 

1 

1 

120 

510 
250 

40 

150 
70 

500 
600 

40 
70 

110 

8 20 
170 

10 
180 
950 
450 

70 
15 

130 
360 
960 

20 
70 

180 
130 

290 
1150 

140 
40 

300 

1010 
560 

20 
50 
90 

160 
380 

30 
80 

170 

T I M E  
( s e c .  

4 
6 

10 
8 

1,2 
10 
15 
20 
22 
24 
15  
20 
25 

5 
10 
15  

25 
20 

10 
20 
30 
40 
50 
20 
40 
60 

100 
80 

40 
20 

60 
80 

100 
5 

10 
15  
20 
10 
20 
25 
30 
35 

10 
5 

1 5  
20 

40 
30 

20 
40 
60 
80 

100 
20 
40 
60 

100 
80 

40 
80 

120 

FRONT 

TEMPERA- 
S U R F A C E  

T U R E  
E = 1  ( O F )  

( 3 )  

3940 

2750 

2880 

2900 
2960 
3050 

31 30 

3100 
3450 
3420 
3580 

36 10 
3670 
3660 

2200 

2320 

2460 

2560 
2640 
2700 

CHAR, 
VI R C I  N 

I N T E R F A C E  
MATERIAL 

T U R E  
( O F )  
( 4 )  

1400 

TEMPERA- 

1420 

1060 

980 

940 

1200 

800 

980 

840 

r I M E   C H A R  
I N T E R F A C E  

THERMO- 
P A S S E D  

C O U P L E  
( s e c )  

11 .6  

24.  2 

19 

58 

8 9  

16 .2  

33 .4  

35 

9 1  
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Appendix C (Continued) 

F A C I L I T Y  

Space General 

GDB-Ames 

MPDB-Ames 

MODEL 
NO. 

PLL94 

PLH98 

PLH97 

PLH93 

THERMO- 
I N I T I A L  

D I S T A N C E  
COUPLE 

FROM MODEL 
FRONT  FACE 

( i n .  1 
(1)  

0.104 

0.211 

0. 284 

0.115 

0.212 

0. 314 

0.431 

0.115 

0.212 

0. 314 

0.431 

0.114 

0.216 

0.309 

” 

THERMO- 

TEMPERA. 
COUPLE 

T U R E  
R I S E  
( O F )  

( 2 )  

50 

460 
170 

1170 
800 

70 
20 

210 
450 
30 

80 
50 

120 
30 

290 
530 

1360 
880 

2070 
110 
240 

850 
460 

1740 
1540 

40 

110 
70 

200 
10 
30 
50 
20 
50 
130 
270 

8 40 
510 

1260 
10 
25 
50 
125 
200 

5 

40 
15 

2 
10 
25 
20 
80 
210 

1260 
580 

5 
40 
150 
660 
.10 

100 
25 

T I M E  
( s e c )  

- 

10 
5 

15 

25 
20 

20 
30 
40 
50 
30 
40 
50 

10 
5 

15 
20 
25 

40 
30 

30 
40 
50 
60 
70 
75 
40 
50 
60 
70 
30 

70 
50 

10 
5 

15 
20 
25 
30 
35 
10 
20 
30 
40 
50 
10 

50 
30 

10 

50 
30 

4 
6 
8 
10 
12 
10 
15 
20 
25 
20 
25 
30 

FRONT 

TEMPERA- 
S U R F A C E  

T U R E  
E = 1 ( O F )  

( 3 )  

2800 
2860 
2900 
2920 

2940 
2960 
3010 

2440 
2650 

2800 
27 40 

28 40 
2880 
2940 

2980 
3040 
3060 

3940 

CHAR, 
V I R G I N  

I N T E R F A C E  
MATER1 AL 

T U R E  
( O F )  
( 4 )  

960 

TEMPERA- 

1000 

1170 

1100 

840 

1540 

1440 

TIME  CHAR 
I N T E R F A C E  

THERMO- 
P A S S E D  

COUPLE 
( s e c )  

21 

68 

28 

62 

30 

12.6 

27.6 
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A p p e n d i x - C   ( C o n t i n u e d )  
_ .  .- 

F A C I L I T Y  

G i a n n i n i  

Mart in  

jpace  General  

;DB- Arne s 

vlPDB -Arne s 

_" 
MODEL 

NO.  

PLH90 

PLH9 1 

PLH94 

SP96 

SP8 9 

THERMO 
I N I T I A L  

D I S T A N C E  
C O U P L E  

FROM  MODEL 
FRONT  FACE 

(in. 1 
( 1 )  

0.111 

0.205 

0.115 

0.211 

0.313 

0.405 

0.111 

0.211 

0.095 

0.220 

0.337 

0.405 

0.120 

THERMO- 
COUPLE 

TEMPERA- 
T U R E  
R I S E  
( O F )  

( 2 )  

10 

360 
110 

870 
1400 

40 
10 

160 
90 

260 

150 
90 

250 
380 
5 10 
890 
1280 
30 

300 
140 

590 
10 
20 
70 
130 
2 40 

40 
10 

130 
110 
270 
5 20 
8 50 
1280 
40 
130 
240 
440 

170 
50 

3 10 

8 40 
490 

1120 
1280 
100 
150 
200 
280 

400 
350 

20 

100 
60 

20 
10 

50 
60 
210 
5 20 

1680 
1160 

T I M E  
( s e c )  

10 
5 

15 
20 

10 
25 

20 

30 
25 

35 
10 

20 
15 

25 
30 
40 
50 
20 
40 
60 
80 

40 
20 

60 

100 
80 

40 
80 
120 

10 
15 
20 
25 

20 
30 

40 
30 

50 

10 
5 

15 
20 
30 
40 
50 

40 
30 

60 
50 

75 
70 

30 

70 
50 

30 

70 
50 

5 
10 

20 
15 

25 

F R O N T  
S U R F A C E  

TU  RE 
E = 1 ( O F ) .  

TEMPERA- 

( 3 )  

2300 
2750 
2950 
3130 
3200 

3300 
3370 
2160 

2250 

2380 

2480 

2640 
2560 

2750 
2840 
2900 
2 940 
2940 

2960 
2970 

'2540 
2540 

2540 
2510 
2470 
2430 
2400 

2360 
2 340 

2850 
26  10 

2880 
2890 
2890 

CHAR, 
V I R G I N  

I N T E R F A C E  
M A T E R I A L  

TEMP  ERA- 
T l l R E  
( O F )  
( 4 )  

960 

1130 

1160 

1060 

1190 

1280 

rIME  CHAR 
INTERFACE 

THERMO- 
P A S S E D  

COUPLE 
( s e c )  

19.6 

45 

101 

27 

41.5 

20.5 
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A p p e n d i x  C ( C o n t i n u e d )  

I FACILITY. 

MPDE-Ames 

MPDB-Ames 

Aerotherm 

Mar t in  



A p p e n d i x  C ( C o n t i n u e d  

F A C I L I T Y  

Martin 

G i  annini  

Space  General  

CDB -Arne s 

MPDB- Arne s 

MODEL 
NO. 

SP9l  

SP90 

SP94 

%39 

sG5 

-" 
I N I T I A L  
T H  ERMO- 
C O U P L E  

'ROM MODEL 
D I S T A N C E .  

'RONT F A C E  
( i n .  1 
(1) 

0.198 

0 .314  

0 .411  

0 .099  

0.216 

0.097 

0 .189  

0 .091  

0.220 

0 .318  

0.407 

0 .099  

0 .211  

0.308 

0 .411  

THERMO- 
C O U P L E  

'EMPERA- 
T U R E  
R I S E  
( O F )  

( 2 )  

40 
160 

48 0 
320 

20 
120 
260 

10  

120 
50 

200 
20 

500 
1000 
1400 

100 
30 

210 
80 

450 
770 

1300 
1070 

1460 
50 

140 
250 
370 
2 50 
6  10 

1410 
1020 

1670 
130 

430 
270 

590 
790 

1040 
980 

90 
150 
210 
300 
390 

100 
40 

160 
190 
560 

1620 
1'080 

1960 
10 

90 
35 

190 
310 

30 
5 

60 
2 

10 
25 

T I M E  
( s e c )  

20 

60 
40 

80 
40 
80 

120 
40 

120 
80 

10 
5 

15  

25 
20 

20 
30 

5 
10 
15  
20 

30 
25 

35 
20 

40 
30 

50 

10 
5 

15 
20 
25 
20 
30 
40 
50 
60 
70 
75 
30 
40 
50 
60 
70 
30 

70 
50 

10 
5 

15  
20 
25 

5 
10 

20 
15 

25 

15  
5,  

25 

15 
5 

25 

F R O N T  

TEMPERA- 
S U R F A C E  

T U R E  
E = 1 ( O F )  

( 3 )  

2390 

2400 

2600 
2800 
2850 
3000 

3000 

2800 
2720 

28 40 
2870 

2920 
2900 

2940 

2950 
2960 
2540 
2590 
2600 
2600 

2610 
2630 
2640 

2650 
2650 

2680 

2840 
2780 

2870 
2870 

1340 

1460 

1540 

1240 

r I M E   C H A R  
I N T E R F A C E  

THERMO- 
P A S S E D  

C O U P L E  
( s e c )  

22.7 

33 .5  

26 .5  

1 4  
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A p p e n d i n ' C   ( C o n t i n u e d )  

F A C I L I T Y  

hlPDB-Ames 

AMPD-Langley 

Mart in  

S p a c e   G e n e r a l  . 

MODEL 
NO. 

SG5 1 

SG49 

9346 

SG48 

THERMO- 
I N I T I A L  

D I S T A N C E  
C O U P L E  

:ROM MODEL 
%ONT  FACE 

( i n .  ) 
(1)  

0.089 

0.215 

0.313 

0.405 

0.110 

0.205 

0.288 

0.114 

0.218 

0 ..399 

0.168 

0.191 

THERMO- 
COUPLE 

rEMPERA- 
TURE 
R I S E  
( O F )  

( 2 )  

100 
590 
1100 

1650 
1440 

40 

300 
130 

530 
800 
10 

60 
20 

110 
170 

10 
5 

20 
40 
60 
30 
190 
430 
770 
1220 

5 
65 
220 
550 

25 
5 

80 
190 
80 
160 

700 
250 

1220 
1610 
100 
210 
340 
4 90 
8 30 
1160 
130 
310 

900 
550 

40 
180 
450 

330 
80 

1100 
690 

1450 
50 
200 
440 
7 1'0 
960 

T I M E  
(secl 

- 
10 
5 

15 
20 
25 
10 
20 
30 
40 
50 
10 

30 
20 

40 
50 

20 
10 

40 
30 

50 

4 
2 

6 
8 
10 
5 
10 

20 
15 

10 
15 
20 
25 
2 

6 
4 

8 

15 
10 

5 
10 
15 
20 
30 
40 
20 
40 
60 
80 
40 

120 
80 

10 

30 
20 

50 
40 

20 
10 

30 
40 
50 

FRONT 

TEMPERA- 
S U R F A C E  

TURE 
~ = 1  ( O F )  

( 3 )  

2570 

2240 

2300 

2320 

2340 
2360 

2700 

2850 
2780 

2920 
2980 

CHAR, 
V I R G I N  

INTERFACE 
MATER1 AL 

T U R E  
( O F )  

( 4 )  

TEMPERA- 

1520 

1840 

1440 

1410 

1300 

1250 

rIME  CHAR 
INTERFACE 

THERMO- 
P A S S E D  

COUPLE 
( s e c )  

19.2 

12.4 

23.4 

47 

45 

60 

160 



Appendix- C ( C o n c l u d e d )  
" __ 

F A C I L I T Y  

Space  General  

G iann in i  

THERMO- 
I N I T I A L  

D I S T A N C E  
COUPLE 

'ROM MODEL 
'RONT F A C E  

( i n .  1 
( 1 )  

0.310 
~~ ~~~~ 

~~ ~ 

0.101 

0 .215 

THERMO- 
COUPLE 

TEMPERA- 
T U R E  
R I S E  
(OF) 

50 

230 
130 

500 
120 

1500 
940 

1900 
20 

150 
410 ! 

( s e c )  S U R F A C E  
T I M E  FRONT 

TEMP ERA- 

E = I  (OF) 
T U R E  

( 3 )  

30 
40 
50 

5 2800 
10 2850 
15 
20 2900 

2900 

25 3000 
10 
20 
30 

CHAR, 
V I R G I N  

I N T E R F A C E  
MATERIAL . 

TDAPERA- 
TURE 
( .OF)  

( 4 )  

TIME  CHAR 
I N T E R F A C E  

THERMO- 
P A S S E D  

COUPLE 
( h e c )  

(1) T h e r m o c o u p l e   d i s t a n c e   f r o m   o r i g i n a l   m o d e l   f a c e   d e t e r m i n e d   f r o m   X - r a y   p h o t o g r a p h s .  

( 2 )  T h e r m o c o u n l e   t e m p e r a t u r e   m i n u s   o r i g i n a l   s t a r t i n g   m o d e l   t e m p e r a t u r e   a t   t h e  time i n d i c a t e d  
i n   a d j a c e n t   c o l u m n .  

( 3 )  F r o n t   s u r f a c e   t e m e r a t u r e   m e a s u r e d   w i t h   f a c i l i t y   o p t i c a l   p y r o m e t e r   a t   t h e   t i m e   i n d i c a t e d  
i n   t h e   p r e c e d i n g   c o l u m n .  

( 4 )  C h a r   b a c k   f a c e   a n d   v i r g i n   m a t e r i a l   i n t e r f a c e   t e m p e r a t u r e   d e t e r m i n e d   b y   m e t h o d   d e s c r i b e d  
i n   S e c t i o n   I V - C .  

I 
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APPENDIX D 

SUMMARY OF PHASE I I CORRELATION DATA 

T h i s   a p p e n d i x   t a b u l a t e s ,   b y   m a t e r i a l ,   i n f o r m a t i o n   c a l c u l a t e d   f r o m  

t h e   d a t a   i n   A p p e n d i c e s  B a n d  C .  T h i s   i n f o r m a t i o n  was u s e d   i n   p r e p a r i n g  

t h e   v a r i o u s   g r a p h s   a n d   c o r r e l a t i o n s   a p p e a r i n g   i n   t h i s   r e p o r t .   W h e r e  

m u l t i p l e   r u n s   a r e   s h o w n ,   b y   l i s t i n g   m o r e   t h a n   o n e   m o d e l   n u m b e r   o n   t h e  

same l i n e ,   t h e   v a l u e s   r e p r e s e n t   a v e r a g e s  o f  t h e   a v a i l a b l e   d a t a .  
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A p p e n d i x  D 

SUMMARY OF CORRELATION DATA 

M A T E R I A L  F A C I L I T Y  MODEL N O .  ( A S S  LOSS R A T E S  
( I b / f t 2  s e c )  

i E A T   T R A N S F E R  
R A T E  

: L 3 t u / i t 2  s e c )  
T A G N A T I O N  

MODEL 

P R E S S U R E  
( a t m )  

p t  2 

. F F E C T I V E  
MODEL 

R A D I U S  
( f t )  
Re f f  

( 3 )  

FRONT 

' E W E R A T U R E  
S U R F A C E  

( O R )  E = 1 

T F S  

'SRI/'t cw 
B t u /  l b  

1 1 , 3 1 3  
1 1 , 3 4 6  
1 6 , 0 3 6  

1 7 , 0 7 0  
1 9 , 1 1 7  

1 0 , 9 5 8  

20 ,100  
17 ,350  

7 , 8 9 8  

28 ,671  
42 ~ 632 
5 4 , 8 3 9  

11 ,110  
16 ,207  
58 ,820  

2 4 , 4 7 1  

1 3 , 8 0 0  

24 ,439  
10 ,588  

1 3 , 7 9 3  
3 5 , 2 1 1  
20 ,161  

19 ,216  
1 5 , 0 8 8  
1 1 , 4 7 1  

12 ,847  
8 , 6 1 7  

9 ,764  

1 1 , 0 0 0  
20 ,731  

ENTHALPY 
( B t u / l b )  

- 

~ F A C  
cw 

m ?SKI 
cw 

m 

Langley  Phenolic-Nylon 
Scou t   W4B (PLL) 

Hughes  Phenolic-Nylon 
H-5 (PIN) 

GBD -Arne s 

MPDB-Arnes 

AMPD-Langley 

ESB -Langley 

MSC-Houston 
( s u p e r s o n i c )  

KC-Houston  
( s u b s o n i c )  

Aerotherm 

A V O  

G i a n n i n i  

Mar t in  

Space   Genera l  

GDB- Arne s 

MPDB-Arnes 

'LL54,57  ,96 
'LL58,59 
ILL60 61 

118 
81  

178 

117.1  
212.2 

263 

,115  
526 

203 

41 0 

,020  
810 

188 
947 

, 8 5 0  

138 
54  

457 

60 
500 
500 

344 
98 

156 

81 
125 
166 

80 .1  

223.5 
92.2 

- 

113.5  
68 

1 4 1 . 9  

9 6 . 3  
1 6 9 . 1  

177 

436 
800 
988 

403 
595 

205 
100 

88 
270 

,160  

, 960 

145 

457 
64.5 

44.1 

417. E 
45 6 

99 
345 
154 

129 
67.1 

163.1 

85.7 
176.1 - 

0.0109 
0.0106 
0.0182 

0.00572 
0.00812 

0 .284  

0 .735  
0.293 

0 .281  

0.0117 
0.0170 
0.0192 

1 . 0  
1 . 0  
1 . 0  
1 . 0  

0.0204 

0.0427 
0.0301 

1 . 9 3  

0.0198 
0.0041 
0.0945 

0.0070 
0.0333 
0 .142  

0.0051 
0.0195 
0.092 

0.0108 
0.0102 
0.0185 

0.00582 
0.00787 

1 0 , 2 7 0  
22 ,680  
1 6 , 4 4 0  

1 2 , 6 6 4  
19 ,638  

4 , 7 5 0  

4 ,  550 
9 , 5 5 0  

3 ,100  

24,350 
1 1 , 3 5 0  

33,850 

8 , 2 5 1  
9 ,452  
4 , 3 3 6  
5 , 4 7 5  

4 ,598  
7 ~ 462 

21 ,260  

6 , 8 5 0  

1 0 , 0 5 0  
9 ,935  

1 5 , 3 4 5  

4 , 7 9 3  
17 ,817  
10 ,242  

24 ,720  
14 ,750  

4 ,973  

10,300 
22 ,600  
16,470 

1 2 , 1 1 1  
19 ,094  - 

1 1 , 4 0 6  
7 , 7 2 1  

1 3 , 1 3 0  

23 ,435  
15 ,408  

4 , 9 1 1  

1 2 , 9 4 0  
9 , 6 7 0  

3 , 8 1 1  

37 I 722 
6 1 , 8 2 0  
7 3 , 2 5 8  

5 , 5 8 1  
1 0 , 7 8 4  
45,608 

13 ,252  

9 , 7 6 0  
8 , 3 9 2  

14 ,794  

7 , 1 3 6  
27 ,268  
13 ,204  

13 ,656  
24 ,497  

5 , 1 1 8  

- 

0.172 
0.172 
0.172 

0.172 
0.172 

0.172 
0.172 
0.172 

0..172 

0.172 
0.172 
0..172 

0.172 
0.172 
0.172 
0.172 

0.172 
0.172 
0.172 

0.172 

0.172 

0.172 
0.172 

0.172 
0.172 
0.172 

0.172 
0.172 
0.172 

0.172 
0.172 

0.172 

0.172 
0.172 

3 ,490  
3 ,720  
4 ,120  

4 ,560  

5 , 6 9 0  
5,270 

4 , 3 5 0  
4 ,410  
4 ,270  

4 , 8 4 0  
4 ,680  
3 , 5 1 0  
3 , 5 6 5  

3 ,670  
4 ,300  
5 , 5 5 0  

6 , 0 1 0  

4 ,140  
2 , 9 4 0  
4 , 6 9 0  

3 , 1 6 0  
4 , 7 7 0  
5 , 2 3 0  

3 ,560  
4 , 8 0 0  
4 ,720  

3 , 5 5 0  
3 ,960  
3 , 9 3 0  

0.00716 
0 .0104 
0 .0111 

0.00686 
0 .0111 

0 .0240 

0.0556 
0.0303 

0.0257 

0 .0143 
0 , 0 1 9 0  
0.0186 

0.0211 
0.0245 
0.0131 
0 .0151 

0.00721 
0.0116 
0.0161 

0.0756 

0.0100 
0 .0051 
0.0187 

0.00435 
0.0142 
0.0248 

0 .0051 
0.0228 
0.0136 

0.00940 
0.00973 
0.0170 

0.00838 
0.0108 

0.00629 
0.0114 
0.0140 

0.0094 
0.0129 

0.0238 
0.0300 
0.0505 

n. 0273 
0.0263 
0.0140 

0.00905 
0.0139 
0.0303 

0.0234 
0.0063 
0.0316 

0.00576 
0.0286 
0.0329 

0.00632 
0.0345 
0.0178 

0.00845 
0.0113 
0.0197 

'LL70,69,87 
?LL72,71,89 

PLL30,32,93,3 
PLL29.30 
?LL34,35 

PLL54,52 

PLL65 
PLL66 
PLL67 

PLL38,39 
PLL40,41 
PLL36,37,95 
PLL42 

PLL43,46,97 
PLL45,48 
PLLl5,18 

PLL47 

PLL1,2,90 
PLL3,4 
PLL5,6,7 

PLL13,12,91 
PLLll ,   10 
PLL9,8 

PLL22,23,94 
PLL55,56 
PLL24,28 

PLH62,61,97 
PLH65,63,64 



A p p e n d i x  D (Continued) 

~ 

MATERIAL 

Hughes  Phenolic-Nylon 
H-5 (PLH1) (continued) 

Avcoat 5026-39, 
HC/G ( A )  

FACILITY 

AMPD-Langley 

ESB-Langley 

MSC-Houston 
(supersonic) 

h!.SL"Houston 
(subsonic) 

Aerotherm 

Giannini 

Martin 

Space General 

AMPD-Langley 

Martin 

GDB-Ames 

MPDB-Ames 

MODEL NO. 

PLH26,93,28 
PLH25,27 
PW9,30 

PLN41, 40 

m54 
PLH5 5 
RH56 

PU132,33 
PH34,35 
PUi31 
PU136 

PU144,45 
PLH46,48 
PU116,17 

PlkllZ,  91 
PLl110.11,7 
Pln9,8 

PUi162,163 

pLH154.155 
PLH150,  151 

A53,54.61.93 

A57.60 
AS:<, 56 

pw5a, 159 

MASS  LOSS  RATES 
( l b / f t 2 s e c 1  

m 
t 

0.0228 
0.0280 
0.0491 

0 ..0196 

0.0200 
0.0154 

0.0211 

0.0220 
0.0245 
0.0136 
0.0174 

0.00877 
0.0122 
0.0203 

0.00750 
0.00512 
0.0237 

0.00474 
0.0172 
0.0240 

0.00606 
0.0249 
0.0173 
0.0050 

0.0091 
0.00605 

0.0158 

0.00496 
0.00674 

0.0193 

0.0066 

0.00462 
0.0117 

0.0113 
0.00654 

o.00980 

1 
P 

1.0219 
).0280 
1,0437 

). 0280 
).0304 

1. 00916 
1.0154 
). 0313 

1.0109 
1.0078 
1.0330 

).00425 
1.0310 
1.0280 

1.00720 
1.0387 
1.0189 

3.0127 
0.0153 
1.00658 

I. 00998 
3.0180 

T; I- 'IEAT i S T F O N  I !, T:, 1 SURFACE 

( B t u / f t 2 s e c )  PRESSURE RADIUS TEMPERATURE I CW 

: 'SRI/' EFFECTIVE  FRONT 
' 

( O R )  E = 1 B t u / l b  

TFS 

267 I 0.284 
,139 

0.293 , 0.735 
203 1 177 I/ 0.281 
808 1 7439: 1 0.0170 400  0.0117 

,040  ~1,000 ~ 0.0192 
I 

4,750 I 
9,550 I~ 
2 I 955 

11,350 1 
24.450 
34,000 

8,085 
9.275 
4,493 
4,980 

9,550 

58.2  87.2  0.0197 ' 4,178 
172 264 0.0298 i; 7,983 
967  1,180  0.0419 

139 146 0.0199 i 10,050 5 5  65 0.0041 9,950 
456 456 0.0945 i 15,240 
57.5 44.3 0.0070 i 4,757 
510 468.3 0.0340 I18,046 
547 , 417 0.1395 10,102 

78.5  0.0192 
89.5  0.0192 
126.5  0.0192 
271 0.01  92 

114 0.0203 
180 0.0203 

250  250 0.0202 
451 0.0202 

9,500 
8,900 
8,900 
9,400 

12,300 
12,300 
12,330 
12,500 

121 122.5 0.0102  21,970  11,923 

1;; 1 12; I 0.0185 1 16,520 I 12,950 0.0108 10.380 8,044. 

k!iil 188.21  0.00947  119,342 122,000 
97.6  0.00582  13,109  13,736 

0.172 I 
0.172 ' 

0.172 

0.172 

0.172 l~ 
0.172 
0.172 1 
0.172 
0.172 
0.172 
0.172 

0.172 
0.172 
0.172 

0.172 
0.172 
0.172 

0.172 
0.172 
0.172 

0.172 

0.172 
0.172 

0.550 
0.344 
0.172 
0.0416 

I 

~ 

I 

0.688 
0.344 
0.172 
0.0416 

0.172 

0.172 
0.172 

4,500 
5,190 
5,780 

4,265 
4,330 

4,300 

4.. 880 
4,595 
3,440 
3,660 

2,930 

5,030 
3,550 

3,810 
3,010 
4,660 

3,130 
4,730 
5,180 

3,440 
4,640 
4,650 

3,950 
4,230 
4,570 
4,420 

4,010 
4,120 
3,380 

3,790 

11,711 
19,607 
23,198 

40,400 
25,947 

49 I 298 

6,636 
14,098 
47 I 635 

18,533 
10,742 
19,241 

12,131 

22,792 
29,651 

16,337 
13,815 
9,075 
15,700 
14,800 
13,900 
17,200 

25,500 

18,333 
15,128 
18.182 

19,044 
16,101 



A p p e n d i x  D ( C o n t i n u e d )  

MATERIAL 

h.vcoat  5026-39, 
HC/G (A) ( c o n t i n u e d )  

Modif ied  Purple   Blend 
S i l i c o n e ,  E4A1 (SP) 

FACILITY 

AMPD-Langley 

ESB-Langley 

MSC-Houston 
( s u p e r s o n i c )  

MSC-Houston 
( s u b s o n i c )  

Aerotherm 

AVCO 

G i a n n i n i  

Mar t in  

Space   Genera l  

GDB-Ames 

MPDB-  Arne s 

AMPD-Langley 

ESB-Langley 

MODEL NO. 

A30,90 ,34  

A35,45 
A29,33 ,31 ,32  

A7,48 

A6 2 
A6 3 
A64 

0.38, 39 
A40,41 
A36,37 ,91  
A42 ~ 92 

A74.41,98 
A58,59 
Al5 ,17  

A7 3 

A 1 , 2 , 9 4  
A3,4 
As, 6 

A13,12 ,95  
A 1 1 , l O  
A9,8 ,14  

A23,25 ,97  
A24,26 
A27 ~ 28 

SP48,49 ,96  
SP51,52 
SP50 

S P 6 8 , 6 7 , 8 9  
SP66,65 ,85  

SP30,90 ,32  
SP29,31 
SP34,35 ,33  

SP45,46 

MASS LOSS RATES 
[ l b / f t 2 s e c )  

m 

0.0302 
0.0452 
0.117 

0.0241 

0.0166 
0 .0194 
0,0222 

0.0266 
0.0283 
0.0175 
0.0222 

0.0151 
0,0220 
0.00861 

0.179 

0.0093E 
0.0037C 
0.0226 

0. 004.1: 
0.0200 
0.0321 

0.0069 
0.0280 
0.0210 

0.00394 
0.0048 
0.0106 

0.005SE 
0.0090 

0.0181 
0 .0524 
0.104 

0.00821 

m 

0.0258 
0.0302 

0.0228 

0.0245 

0.0129 
0.0264 

0.0207 

0.0162 
0.0283 
0.0111 

0.0134 
0.0063 
0.0289 

0.00413 
0.0232 
0.0297 

0.00986 
0.0336 
0.0223 

0.00505 
0.00776 

0.00822 
0.0136 

0.0155 
0.0456 
0 .103  

0.0141 

HEAT  TRANSFER 
RATE 

( B t u / f t 2 s e c )  

%I 
cw 

~~ 

270 

1 , 1 0 2  
523 

2 03 

400 
790 
98 0 

196 
941 

76 .5  

1 , 8 5 0  

138 
55 

455 

505 
5 00 

98 
345 
158 

114 
80 

172 

221 
103.5  

269 
510 

1 , 0 6 5  

203 

59 .8  

4~~~ 
cw 
- 

177 

43 1 
780 
954 

403 
595 

208 
104 

267 
1 ,155  

8 4  

1 , 9 6 0  

145 

455 
65.5 

465. ~ 

417.2 

99  
346 
156 

44.; 

66.  E 

159.E 
120. E 

90. f 
172.:  

177 

TACNATION 
MODEL 

PRESSURE 
( a t m )  

2 p t  

0.284 
0 .293  
0.735 

0 .279  

0. 0117 
0.01-70 
0.0192 

1 .0  

1 . 0  
1 . 0  

1 . 0  

0.0298 
0.0431 
0.0182 

1 . 9 3  

0.0198 
0.0041 
0.094 

0 .0070 
0.0337 
0.141 

0.00510 
0 .0195 
0.0925 

0.0107 
0.0097 
0.0185 

0.00582 
0.00847 

0 .284  
0.293 
0 .735  

0 .281  

~ ~~ 

ENTHALPY 
( B t u / l b )  

4 , 7 5 0  5,042 
9 , 5 5 0  9,61! 
9 , 5 5 0  12,792 

2 , 9 2 5  I 3,821 

2 5 , 3 1 6  60,29! 
1 1 , 3 5 0  36 ,80(  

33 ,850  70,38t 

8 , 2 5 1  

4 , 4 9 1  
9 ,452  

4 , 9 0 1  

2 1 , 8 0 0  45.101 
7 , 0 7 7  11,29! 

4 , 6 3 3  5,641 

6 , 8 5 0  13 ,25:  

1 0 , 0 5 0  9,761 
9 ,950  8,541 

1 5 , 2 4 0  14.76'  

1 7 , 9 8 1  27,37'  
4 , 7 9 3  7 ,11 .  

10 ,190  1 3 , 2 5  

1 4 , 8 8 0  13,651 
24 ,750  24,56: 

4 , 9 4 8  .5,171 

1 0 , 2 7 0  
2 1 , 7 0 0  
16 ,330  

12 ,128  
1 9 , 7 2 1  

4 ,750  
9 , 5 5 0  
9 , 5 5 0  

2 , 9 4 5  

EFFECTIVE 
MODEL 

RADIUS 
( f t )  

Reff 

( 3 )  

0.172 
0.172 
0.172 

0.172 

0.172 
0 .172  
0.172 

0 .172  
0.172 
0.172 
0 .172  

0.172 
0.172 
0.172 

0.172 

0.172 
0.172 

0.172 

0.172 

0.172 
0.172 

0.172 
0.172 
0.172 

0.172 
0.172 
0.172 

0.172 
0.172 

0.172 
0.172 
0.172 

0.172 

FRONT 

'EMPERATURE 
SURFACE 

[ O R )  E = 1 
TFS 

~ ~~ 

4,380 
5 ,060  
5 ,140  

4 ,340  

4 ,340  

4 ,770  
4 ,560  
3 , 8 6 0  
3 , 7 0 0  

4 , 2 6 0  
5 .700  
3 , 6 5 0  

5 ,360  

3 ,760  
2 , 8 5 0  
4 ,610  

3 , 2 4 0  
4 ,800  
5 , 0 4 0  

3 ,585  
4 ,845  
4 ,590  

3 , 1 4 0  
3 , 5 4 0  
3 ,790  

3 ,440  

4,060 
4 ,600  
4 .630  

bSR)/kt cw 

B t u / l b  

- 
1 1 , 5 5 0  
8 , 9 4 0  

9 ,410  

8,4.23 
24 ~ 096 
44 ,144  

42 I 773 
12 ,980  

8,885 

10 ,335  

1 4 , 7 1 2  
1 4 , 7 4 5  
20,133 

1 4 , 4 7 9  
1 5 , 2 5 0  
15 ,576  

1 4 , 2 0 3  
1 2 , 3 2 1  

7 , 5 2 3  

2 0 , 3 0 5  
23 ,750  
1 6 , 2 2 6  

1 8 , 6 4 9  

14 ,862  

1 0 , 2 4 0  
9,732 

24 ,726  



A p p e n d i x  D ( C o n t i n u e d )  

MATEHIAL 

Modified  Purple  Blend 
S i l i c o n e ,  E4A1 (SP) 
( c o n t i n u e d )  

;.E. S i l i c o n e ,  
3SM1004AP ( S G )  

F A C I L I T Y  

MSC-Houston 
( s u p e r s o n i c )  

h l S C  -Ifous ton 
( s u b s o n i c )  

Aerotherm 

G i a n n i n i  

Space  General 

GLIB-Ames 

MPDB-Ames 

AMPD-Langley 

ESB-Langley 

MSC-Houston 
( s u p e r s o n i c )  

hi%-Houston 
(subsonic)  

Aerotherm 

Giannini 

~ 

MODEL NO. 

SP59 
SP6 0 
SP6 1 

SP42,39 
SP40,41 
SP36 I 27 I 95 
SP38 

SP56,53 ,97  
SP55,57 
SP15,18 

S P l . 2 , 9 0  
S P 3 , 4  
SP5,6 

SP11,10 ,12  
SP13,14,91 

SP9,8  

SG51,52 
SG50 
SG35,39 

SG56,55,51 
s 5 a ,  57 I 53 

SG22,49,24 
SG21,23 
SG2 5 

SG34,33 

SG6 1 
SG59.60 

SG62 

$2 8 
SG29,30 
SG26,27,50 

sc41, $2 
SG14,43 
SG12,15 

SG1,45 

%4,5  
SG2.3 

MODEL 
( l b / f t 2 s e c )  STAGNATION 

m 

0.0156 
0.0248 
0.0277 

0.0249 
0.0354 
0.0186 
0.0196 

0.00352 
0.0120 
0.0339 

0.00952 

0.0283 
0.00263 

0.0348 
0.00678 

0.0218 

0.00665 
0.0106 
0.0143 

0.00284 
0.0155 

0.0382 
0.099 
0.157 

0.0110 

0,0280 
0.0433 
0. os3a 

0.0612 
O.Od59 
0.0261 

0.00282 
0.0208 
0.0644 

0.0165 

0.0635 
0.00186 

m P  1 'ISHI 
cw 

400 
800 
990 

0.00457 

955  0.0394 

77.7 
200 0.0135 

0.0173 

456  0.0323 

138 
55  0,00443 

0.0111 
0.0370 

101 

158  0.0215 
343 

0.00987  88 
0.0129  120 
0.0169  170 

0.00965 
168.5  0.0178 

90 .5  

0.0355  257 
0.0976 514 

1 , 1 1 0  

0.0127  203 

400 1 79:: 
0.0891 
0.0317 

0.00750 
174  0.022 
69.1 

939  0.0655 

0.0216 

456 0.0605 

13d 
55  0.00617 

1 

1 

i 

I 

426 
194 1 0.0170 

0.0117 

958  0.0192 

400 1 1 . 0  
595 1 . 0  

205 1 . 0  
104 1 1.0  

0.0298 

0.0198 
0.0041 

102 0.00512 
344 1 0.0196 
156 0.0925 

122.5  0,0098 
169.3  

70.4 1 
168.5 

0.00532  90.5 
0.00827 

0.293 
0.284 

0.735 

177  0.281 

4.35 
780 1 0.0170 

0.0117 

954  0.0192 

0.0294 

4f2 .5  I 0.095 
0,0041 

I 

ENTHALPY 
( B t u / l b )  

Ahmeas 
cw 
( 1 )  - 

24,350 
11 ,350  

33,850 

8 , 3 2 9  
9 , 6 9 3  
4,317 
4 ,850  

7 ,008  
4,416 

21 ,610  

10 ,050  
9 ,950  

1 5 , 2 3 0  

14 ,790  
24 ,640  

4,935 

1 0 , 2 2 0  
21 ,970  
16 ,440  

1 2 , 9 7 8  
19 ,232  

1 , 7 5 0  

9 ,550  
9 , 5 5 0  

2 , 9 4 0  

11 ,350  
23  350 
34: 000 

8 , 0 5 0  
9 , 1 7 5  
4 ,627  

7 ,517  
4 , 0 0 3  

21 ,420  

1 n. o w  
9 , 9 5 0  

1 5 , 2 4 0  

I F F E C T I V E  
MODEL 

R A D I U S  
( f t )  

Reff  

( 3 )  

0.172 
0.172 
0.172 

0.172 
0.172 

0.172 
0.172 

0.172 

0.172 
0.172 

0.172 
0.172 

0.172 

0.172 
0.172 
0.172 

0.172 
0.172 
0.172 

0.172 
0.172 

0.172 
0.172 
0.172 

0.172 

0.172 
0.172 
0.172 

0.172 
0.172 
0.172 

0.172 
0.172 
0.172 

n. 17? 
0.172 
0.172 

SURFACE 
FRONT 

rEMPERATURE 

3,985 
4 ,360  
4 ,350  

4 ,660  
4 ,400  
3 ,860  
3 ,680  

3 ,060  
3 ,930  
4 ,770  

2 ~ 860 
3 ,630  

4 ,310  

3 ,570  
4 ,410  
4,325 

3 ,100  
3 ,670  
3 , 7 5 0  

3 ,330  

4 ,290  
4 ,180  
4 ,240  

3 ,620  
3 ,840  
4 ,035  

3 , 7 8 0  
3 ,850  
3 , 5 6 5  

3 , 0 7 0  
3 , 6 8 0  
4 ,050  

3,5611 

3 , 7 1 0  
2,360 

4 S R I P  cw 
B t u /  1 b 

25,641 
32,258 
35,740 

22,074 
16,667 
28,171 

14,496 
20,913 
16,113 

14,897 
9,856 
7,247 

13,233 
11,321 
11,888 

36,761 
13,600 

6,727 
5 ,191  
7,070 

la ,  455 

14,236 
18,245 
18,216 

24,504 

14, sal a ,  365 

29,570 
8 , 3 6 3  

6 ,656  - 



Appendix D (Continued) 

MATERIAL FACJ  LITY MODEL NO. MASS LOSS RATES 
( l b / f t ? s e c )  

HEAT TRANSFER 
RATE 

( B t u / f t 2   s e c )  

~ _ _ _ _ _  

rAGNATION 
MODEL 

PRESSURE 
(a tn l )  
pt 2 

ENTHALPY 
( B t u / l b )  

EFFECTIVE FRONT 
MODEL 

RADIUS I TEMPERATURE 
SURFACE 

I - 

3.00264 
D.0430 
D. 0890 

D. 00282 
D. 0556 
0.0540 

0.0214 
0.0306 

0..121 
0.225 

0.0543 
0.0656 
0.0790 

0.590 
0.590 

0.612 
0.690 
0.412 

0.0220 
0.0203 
0.0299 
0.0458 

0.0200 

0.0476 
0.0292 

0.0683 
0.0117 
0.0171 

0.0369 
0.0672 

- 
%I 
cw 

55.9 
520 
512 

344 
103 

156 

100 
22 1 

516 
1 ,,a55 

790 
41 0 

96 0 

1,091 
1,108 

I, 640 
3,340 
1,850 

74 
92.4 
133.5 
250 

250 

223.7 
116.1 

996 
524 

- 
bhnleas 

cw 
(1) 

17,650 
4,903 

9,894 

14,820 
!4,738 
5,012 

11,613 
18,922 

9,550 
9,550 

11,350 
14,,350 
34,350 

1,910 
1,930 

2,280 
6,670 
7.1  10 

9,250 
9,450 
9,400 
8,650 

12,500 
12,246 
12,145 
12,300 
13,207 
18,725 

9,550 
9,550 

m 
P 

1.00439 

1.0810 

1.00568 

). 0518 

q~~~ 
cw 

43.3 
47 5 
41 1 

104 
345 
154 

176-5 
88.8 

43 5 
780 
928 

618 
624 

1,640 
3,400 
1,960 

144 
180 
250 
451 
102.5 
173.9 

Martin SG6,46 
SG10 
sG9,8,7 

0.0070 

0.142 
0.0170 

0.00511 
0.0195 
0.0925 

0.00597 
0.00847 

0.293 
0.735 

0.0117 
0.0170 
0.0192 

0.3  
0.3 

5.62 
4.92 
1.93 

0.0192 
0.0192 
0.0192 
0.0192 

0.0204 
0.0204 
0.0203 
0.0202 
@. 00597 
0.00812 

0.293 
0.735 

2,890 
3,960 
3,940 

3,470 
3,980 
3.885 

!l, 174 
12,093 
5,752 

)6 525 
6: 187 
2,888 

4,672 
7,222 

4,264 
4,688 

7,550 
12,042 
12,151 

1,849 
1,877 

2,679 
4,840 
4,490 

4,551 
3,363 

4,464 
5,458 

5,252 

13,081 
9,923 

14,200 
14,821 - 

0.172 
0.172 
0.172 

0.172 
0.172 
0.172 

0.172 
0.172 

0.172 
0..172 ' 

0.172 
~ 0.172 1 

0.172 , 

0.172 
0.172 

0.172 1 
0.172 
0.172 

0.550 

0.172 
0.344 

0.0416 

0.688 I 
0.344 I 
0.172 
0 ..0416 
0.172 
0.172 

0.172 
0.172 I 

Space  General 1 

I 
1 

1 

i 

MAIB-Ames 

AMPD:Langley 

MSC-Houston 
(supersonic) 

Cornel 1 

AVCO 

Tl17  116 
Tl15:112 

T124 
T126 

Tl29,130 
T131 
T133 

T118 
T119 

n1o 
T111 
T113,114 

--Langley T153.154 
T156,157 
T160.161 
T164,165 

Martin 

Hi h Density  Phenolic- 
NJon (P) 

MPDB-Ames 

AhtF'D-Langley 

P11A6, P11A5 
P1253, P12A7 

PllA2 
PllA3.  PllA4 



I 

Appendix D (Concluded) 

YATERIAL FACILITY 

Hi h-Density  Phenolic- ECrHouston 
Nyfon (P) (supersonic) 

AVCO 

Cornel 1 

MODEL  NO. 

P11B1, P11E 

P11 B5 
PllB3 

P12A2 
P12A3 

P12A5 
P12A4 

P12B1, P12R 
P12B4 

MASS LOSS RATES 
(!.b/'ft2se;c) 

0.0219 
0.0281 
0.0267 

0.168 
0.315 

0.109 

0.970 
0.300 

HEAT  TRANSFER 
RATE STAGNATION 

MODEL 

PRESSURE 
(atm) 

p t P  

FRONT 
&,I/ ( B t u / l b )  MODEL SURFACE 

RADIUS cw TEMPERATURE 
( f t )  

TFS 
B t u / l b  ( O R  ) E ' 1  

400 432  0.0117 11,350 
840 818 0.0170 26,350 
980 954 0.0192 34,150 

1,640 1,640 5.62 
3.340 3,400 4.92 

2,280 

1,850  1,960 1.93 
6,540 

1,850  1,960 1.93 
7,110 
7,110 

1,093 
1,666 1 1,,60% [ 2;:: 1 1,720 

1,950 

1%. IC 
SA1 
cw 
( 2  1 ( 3 )  

0.172 

0.172 
18,264 

0.172 
36,704 

0.172 
0.172 

29,893 

9,761 
10,603 

0.172 
0.172 

13,405 
16,972 

0.172 
0.172 

3,643 
1,717 

I 

. .  

- I 

I 

I 





A P P E N D I X  E 

IONLESS  CORRELATION OF PREVIOUS DATA 

T h i s   a p p e n d i x   p r o v i d e s  a d i m e n s i o n a l   a n a l y s i s   o f   a b l a t i o n   v a r i a b l e s  

a n d   s u g g e s t s   s e v e r a l   a p p r o a c h e s   t o   c o r r e l a t i n g   m a s s   l o s s   d a t a .   T h e s e   a p -  

p r o a c h e s   a r e   u s e d   t o   i n t e r p r e t   d a t a   f r o m   t h e   P h a s e  I r o u n d   r o b i n   a n d   t o  

c o m p a r e   t h e m   w i t h   d a t a   f r o m   t h e   a b l a t i o n   l i t e r a t u r e .  

A .  D i m e n s i o n a l   A n a l y s i s   o f   M a s s  Loss  D a t a  

The c o r r e l a t i o n   d a t a   g i v e n  i n  T a b l e  I o f  t h e   P h a s e  I r e p o r t '   s h o w e d  

s o m e   i n t e r e s t i n g   s i m i l a r i t i e s   b e t w e e n   t h e   p o w e r   f u n c t i o n s   f o r   T e f l o n   a n d  

h i g h - d e n s i t y   p h e n o l i c - n y l o n .  For  e a c h   c o r r e l a t i o n   u s e d ,   e x c e p t   w h e r e   t h e  

e x p o n e n t s   w e r e   a d j u s t e d   ( s e e   R e f .  1,  T a b l e  I ,  N o t e  4), t h e  e x p o n e n t s  on 

t h e   h e a t i n g   r a t e   m e a s u r e d  by t h e  SRI c a l o r i m e t e r  were i d e n t i c a l  o r  v a r i e d  

by l e s s  t h a n  5 p e r c e n t .   T h e   e x p o n e n t s   o n   t h e   s t a g n a t i o n   p r e s s u r e   h a d  

g r e a t e r   s p r e a d   b u t   w e r e   l e s s   c r i t i c a l .  I t  was t h e r e f o r e   c o n s i d e r e d   t h a t  

a c o r r e l a t i o n   m i g h t   b e   t h e   s a m e  f o r  b o t h   T e f l o n   a n d   h i g h - d e n s i t y   p h e n o l i c -  

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

d i f f e r e n c e s   i n   m a t e r i a l   p a r a m e t e r s .  

A d i m e n s i o n a l   a n a l y s i s  o f  t h e   t y p e   d e s c r i b e d  by B u c k i n g h a m l ' w a s   t h e r e -  

f o r e   u n d e r t a k e n .   T h e   a n a l y s i s   c o n s i d e r e d   t w o  t y p e s  o f   v a r i a b l e s :   t h o s e  

p e r t a i n i n g   t o   t h e   m o d e l   a n d   t h o s e   p e r t a i n i n g   t o   t h e   e n v i r o n m e n t   t o   w h i c h  

t h e y   a r e   e x p o s e d .   T h e   m o d e l   v a r i a b l e s   i n c l u d e :  

m t  = t o t a l   m a s s   l o s s   r a t e - l b / f t 2   s e c  

R e f f  = e f f e c t i v e   r a d i u s  o f  c u r v a t u r e - f t  

AH,, = o v e r a l l   h e a t  of  d e c o m p o s i t i o n   r e q u i r e d   t o   c o n v e r t  
t h e   o r i g i n a l   a b a l a t i o n   m a t e r i a l   t o   g a s e o u s   e n d   p r o d -  

u c t s - B t u / l b *  

* The a b b r e v i a t i o n   l b  w i l l  a l w a y s  b e   u s e d   t o   d e s i g n a t e  pound mass b u t  pound f o r c e  when  combined w i t h  
t h e  word "force. " 
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T h e   e n v i r o n m e n t a l   v a r i a b l e s   a r e :  

qCW = c o l d   w a l l   h e a t   t r a n s f e r   r a t e - B t u / f t 2  s e c  

P = m o d e l   s t a g n a t i o n   p r e s s u r e - a t m  
t 2  
Ah = e n t h a l p y   p o t e n t i a l ;   s t r e a m   e n t h a l p y   m i n u s  

c o l d   w a l l   e n t h a l p y - B t u / l b  

S, = p r o p o r t i o n a l i t y   c o n s t a n t   i n   F a y - R i d d e l l  
r e l a t i o n ,   s e e   e q u a t i o n   ( 5 ) - f t 1 a 5   s e c  
a t m o  - 5 / 1 b  

T h i s  l a s t  v a r i a b l e  i s  s h o w n   b y   F a y - R i d d e l l   t o   b e   g i v e n  by t h e   f l u i d  

p r o p e r t i e s   o f   t h e   g a s   s t r e a m ,   a s   f o l l o w s :  

"R 

- w h e r e  P ,  P ,  and p a r e   p r e s s u r e ,   d e n s i t y ,   a n d   v i s c o s i t y ,   r e s p e c t i v e l y ;  

t h e   s u b s c r i p t s   c ,  s ,  a n d   d e n o t e   f r o n t   e d g e  o f  c h a r   l a y e r ,   f r o n t   e d g e  
o f  b o u n d a r y   l a y e r ,   a n d   f r e e   s t r e a m ,   r e s p e c t i v e l y ;   a n d  

H e r e  N L e  and N P r  a r e   t h e   L e w i s   a n d   P r a n d t l   n u m b e r s  f o r  t h e   g a s ,  H, i s  

t h e   h e a t   o f   d i s s o c i a t i o n   ( a n d   i o n i z a t i o n ) ,   a n d  h s  i s  t h e   s t a g n a t i o n  

e n t h a l p y  of  t h e   g a s .   F o r   t h e   f l u i d   p r o p e r t i e s  of  a i r   u n d e r   t h e   u s u a l  

r a n g e   o f   r e e n t r y   c o n d i t i o n s ,   t h e   n u m e r i c a l   v a l u e   o f  S, = 2 4 ( = 1 / @ . @ 4 1 7 ) .  

The   te rm AH, i s  a c t u a l l y   a n   a v e r a g e   e x p r e s s i o n  o f  a l l   t h e   t h e r m a l  

a n d   c h e m i c a l   p a r a m e t e r s   d e s c r i b i n g   t h e   p y r o l y s i s  o f  e a c h   s p e c i f i c  

a b l a t i n g   m a t e r i a l .  As s u c h  i t  i n c l u d e s ,   i n  a c o m p l e x   m a n n e r ,   s u c h   v a r i -  

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

h e a t ,   h e a t s   o f   p y r o l y s i s ,   t h e r m a l   p r o p e r t i e s  o f  t h e   g a s   p r o d u c t s ,   e t c .  

T h e   a b o v e   m o d e l   a n d   e n v i r o n m e n t a l   v a r i a b l e s   m u s t   n e x t   b e   e x p r e s s e d  

i n  terms o f   a s   f e w   d i m e n s i o n s  a s  p o s s i b l e ,   e . g . ,   m a s s ,   l e n g t h ,   a n d  t ime .  

T h i s   c a n   b e   d o n e   b y   u s i n g   t h e   a p p r o p r i a t e   c o n v e r s i o n   f a c t o r s ,   a s   f o l l o w s :  
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VARIABLE U N I T S  COSVERTED 
\'/\HIABLE 

CONVERTED 
UNITS 

l b / f t 2   s e c  

f t  

Btu/ 1 b 

B t u / f t 2   s e c  

atm 

B t u / l b  

f t l .   s e c   a t m 0 . 5 / l b  

~ 

l b / f t 2   s e c  

f t  

f t 2 / s e c 2  

lb / sec .  3 

l b / f t   s e c 2  

f t 2 / s e c 2  

f t 2 / l b  

w h e r e  

g c  = 3 2 . 1 7   l b   f t / l b   f o r c e  s e c  

J m  = 7 7 8  l b   f o r c e   f t / B t u  

F P  = 2 1 1 6  l b  f o r c e / f t 2   a t m  

2 

( E -  3A) 

F o r   c o n v e n i e n c e   t h e s e   c o n v e r s i o n   f a c t o r s   c a n   b e   c o m b i n e d   a s  

K = ( J m g C ) ' * 5 / F p g c  = 2.325 x it2 a t m   s e c / l b 0 . 5   B t u 0 . 5  ( E -  3B) 

A c c o r d i n g   t o   t h e   R a y l e i g h   r u l e ,  l9 t h e s e   s e v e n   d i m e n s i o n a l   v a r i a b l e s  

( t h e   c o n v e r s i o n   c o n s t a n t s  d o  n o t   c o u n t )   c a n   b e   c o m b i n e d   i n t o  f o u r  d i m e n -  

s i o n l e s s   g r o u p s   ( n u m b e r  o f  v a r i a b l e s ,   7 ,   m i n u s   n u m b e r  o f  d i m e n s i o n s ,  3 ) .  
T h e  most c o n v e n i e n t   f o r m s  o f  t h e s e  were f o u n d   t o   b e  

T h e  l a s t  d i m e n s i o n l e s s   g r o u p  i s  a c t u a l l y   t h e   F a y - R i d d e l l   r e l a t i o n   w h e n  

nf i s  u n i t y .   T h u s ,   t h i s   g r o u p  i s  e q u a l   t o   u n i t y   u n d e r   s u p e r s o n i c   f l o w  

c o n d i t i o n s .  
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U s i n g   t h e  same t y p e  o f  p o w e r   f u n c t i o n   a s   t h a t   u s e d   i n  t h e  c o r r e l a t i o n s  

i n   t h e   P h a s e  I r e p o r t ' ,  a s i m p l e   r e l a t i o n   b e t w e e n   t h e s e   g r o u p s  i s  

nm = a rrnnmrr; 
0 q P  ( E - 8 )  

U n d e r   s u p e r s o n i c   c o n d i t i o n s   t h i s   r e d u c e s   t o  

nm = a o n n n m  
q P  

E x p a n s i o n  o f  ( E - 9 )   i n   d i m e n s i o n a l  terms l e a d s   t o  

( E - 9 )  

F o r   c o n s t a n t   e f f e c t i v e   r a d i u s *   a n d  m a t e r i a l ,  t h i s   r e d u c e s   t o  

w i t h  

E q u a t i o n  ( E - 1 1 )  i s  i d e n t i c a l   t o   t h e   c o r r e l a t i o n   g i v e n   i n   E q u a t i o n  ( 2 2 )  
o f   t h e   P h a s e  I R e p o r t .  ' T h e r e f o r e ,   t h e   d a t a   f r o m   t h a t   r e p o r t   c a n   b e   u s e d  

i n  t h e  d i m e n s i o n a l   c o r r e l a t i o n .  

B. I n t e r p r e t a t i o n   o f   R e s u l t s   f o r  H i g h - D e n s i t y  A b l a t i o n   M a t e r i a l s  

1. C o m b i n e d   C o r r e l a t i o n   f o r   T e f l o n   a n d   P h e n o l i c - N y l o n  

The  s i m i l a r i t y  b e t w e e n   t h e   v a l u e s   o f  n f o r   t h e   T e f l o n   a n d   p h e n o l i c -  

n y l o n   c o r r e l a t i o n s   i n   t h e   P h a s e  I r e p o r t   l e d   t o   a n   a t t e m p t   t o   c o m b i n e  

t h e s e   d a t a   i n t o  a s i n g l e   c o r r e l a t i o n .   T h i s   r e q u i r e d  a t w o - s t e p   p r o c e s s  

w h i c h   w a s   i t e r a t i v e l y   p e r f o r m e d   o n  a c o r n p u t e l .   F i r s t ,   v a l u e s   o f  n and  

m w e r e   a s s u m e d .   T h e   c a l c u l a t e d   v a l u e s   f o r   t h e  SRI c a l o r i m e t e r   ( c o l d   w a l l  

h e a t i n g   r a t e ) ,   a n d   i n c l u d i n g   G i a n n i n i   a n d   M a r t i n   d a t a ,   w e r e   f r o m   t h e  

P h a s e  I c o r r e l a t i o n  

* T h e   v a l u e  of R e f f  f o r  the P h a s e  I r o u n d  r o b i n  was 0.172 f t .  
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TEFLON P H E N O L I C  
NYLON AVERAGE 

n 0.57 0.55 0.56 
m 0 . 2 5  0.13 0.19 
a 0.0060 0.0018 

I n   t h e   f i r s t   s t e p ,   t h e   a v e r a g e   v a l u e s   o f  n and m were u s e d   i n   t h e  

r e g r e s s i o n   p r o g r a m   t o   c a l c u l a t e   t h e   v a l u e   o f   “ a ”  i n  E q u a t i o n   ( E - 1 1 )  f o r  

t h e   f o r m   s h o w i n g   t h e   h i g h e s t   m u l t i p l e   c o r r e l a t i o n   c o e f f i c i e n t   f o r   t h e  

T e f l o n   d a t a ;   s i m i l a r l y   t h e   b e s t   v a l u e   o f   “ a ”  f o r  t h e   p h e n o l i c - n y l o n   d a t a  
w a s   c a l c u l a t e d .  For  m o d e l s  o f  t h e   s a m e   e f f e c t i v e   r a d i u s ,   E q u a t i o n   ( E - 1 2 )  

s h o w s   t h a t  

B a s e d   o n   C h a p m a n ’ s   w o r k m ,   t h e   h e a t   o f   d e c o m p o s i t i o n ,  AH,, f o r   T e f l o n   w a s  

t a k e n  t o   b e  940 B t u / l b .   E q u a t i o n  ( E - 1 3 )  t h e n  p e r m i t t e d   c a l c u l a t i o n   o f  

(AH, ) ,  f r o m   t h e  two v a l u e s   o f  “ a ” .  

I n   t h e   s e c o n d   s t e p ,   t h e   v a l u e s  o f  nm, 77 and 77 were c a l c u l a t e d   f o r  
q ’  P 

b o t h   T e f l o n   a n d   p h e n o l i c - n y l o n ,   u s i n g   t h e   a p p r o p r i a t e   v a l u e s   o f  AH,, a n d  

t h e   r e g r e s s i o n   p r o g r a m  was   used  t o  c a l c u l a t e  new v a l u e s  o f  n a n d  m ,  and  

a l s o  a. f o r   t h e   c o m b i n e d   d a t a .  If t h e s e   v a l u e s  o f  n and m w e r e   t h o s e  
i n i t i a l l y   a s s u m e d ,   t h e   i t e r a t i o n   w a s   s t o p p e d ;   o t h e r w i s e   t h e s e  were u s e d  

a s  t h e  new i n p u t  t o  t h e   f i r s t  s t e p  o f  t h e  p r o g r a m .  

The r e s u l t s   o f   t h e   c o m p l e t e d   i t e r a t i o n   w e r e  

n = 0 . 5 4 ,  m = 0 . 1 9 ,  a. = 1 . 0 1  

AH, = 9 4 0   B t u / l b  f o r  T e f l o n   ( a s s u m e d )  

AHo = 6 4 7 0   B t u / l b  f o r  p h e n o l i c - n y l o n  

T h e   l a s t   v a l u e  i s  i n t e r m e d i a t e  t o  t h e   r a n g e  o f  t h e o r e t i c a l   v a l u e s   ( 4 3 0 0  

t o  7300 B t u / l b )   q u o t e d   b y  Wick2?  

T h u s ,  f o r  t h e   P h a s e  I r o u n d - r o b i n   d a t a ,   t h e   c o r r e l a t i o n   o b t a i n e d   b y  

t h e   r e g r e s s i o n   p r o g r a m ,   n a m e l y ,  

n m  - 
- 1 . 0 1  n o . 5 4 n o . 1 9  

4 P 
( E -   1 4 )  
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showed a s t a n d a r d   d e v i a t i o n   o f  10 .7  p e r c e n t .   . T h e   d a t a   i n c l u d e   t h a t   f r o m  

G i a n n i n i   a n d   M a r t i n *   b u t   e x c l u d e   r u n s   i n   w h i c h   t h e   h e a t i n g   l o a d   ( h e a t i n g  

r a t e   m u l t i p l i e d   b y   t h e   r u n   d u r a t i o n )   w a s  l e s s  t h a n  2000 B t u / f t 2   f o r   T e f l o n  

and 4000 B t u / f t 2   f o r   h i g h - d e n s i t y   p h e n o l i c - n y l o n .   T h e s e   e x c l u s i o n s  were 

made t o   m i n i m i z e   t h e   u s e   o f   d a t a   f r o m   t h e   p r e s t e a d y - s t a t e   p e r i o d  o f  t h e  

r u n s .  A p l o t  of  t h e   c o r r e l a t i o n ,   w i t h   t h e   s t a n d a r d   d e v i a t i o n   i n d i c a t e d ,  

i s  shown i n   F i g .   E - 1 .   T h e   r a n g e   o f   v a r i a b l e s   c o v e r e d   w a s  a s  f o l l o w s :  

0.0129-0. 218 l b / f t 2   s e c   f o r   T e f l o n  

0.00699-0.0547 l b / f t 2   s e c  f o r  p h e n o l i c - n y l o n  
m t  = 

%RI = 36-726 B t u / f t 2   s e c  
cw 
P - - 

t 2  
0.0066- 1. 18  atm 

A h m e a s  = 1215-  14,960 B t u / l b  

T h e   r a n g e   o f   d i m e n s i o n a l   v a r i a b l e s  was 

T,,, = 3.70-303, nq = 3.03-1070, 7~ = 15. 3-23,000 
P 

T h u s ,  t h e  c o r r e l a t i o n ,   w h i c h   c o m p a r e s  ( T , , , ) ~ ~ ~  w i t h  ( T ~ ) ~ ~ ~ ~ ,  c o v e r s   n e a r l y  

a h u n d r e d f o l d   r a n g e .  

T h e   P h a s e  I r o u n d   r o b i n   h a d   o n l y   o n e  s e t  o f   s u b s o n i c   d a t a ,   t h a t   f r o m  

Manned S p a c e c r a f t  Center-NASA,  and t h e   F a y - R i d d e l l   g r o u p ,  n f ,  which  was 

c a l c u l a t e d   u s i n g   t ' h e   m e a s u r e d   e n t h a l p y ,   h a d   v a l u e s   r a n g i n g   f r o m   o n l y  0.45 
t o  0.73. F o r   t h i s   r e a s o n   n o   a t t e m p t   w a s  made t o   d e t e r m i n e   t h e   v a l u e   o f  

s i n   E q u a t i o n  ( E - 8 ) .  I n   f a c t   t h e r e  i s  n o   e v i d e n c e   t h a t   t h i s  i s  t h e   f o r m  

i n   w h i c h  n f  s h o u l d   b e   u s e d   i n   t h e   c o r r e l a t i o n .  Any f o r m   i n v o l v i n g  7~~ 

w h i c h   r e d u c e s  to E q u a t i o n  (E-9) when n f  e q u a l s   u n i t y  i s  p o s s i b l e .  

2 .  S e p a r a t e   C o r r e l a t i o n   f o r   T e f l o n   a n d   P h e n o l i c - N y l o n  

An a l t e r n a t i v e   a p p r o a c h  i s  t o   u s e   t h e   a v e r a g e   v a l u e s   o f  n and  m and 

t h e   r e s u l t a n t   v a l u e s  of a n d   a .   f r o m   t h e   f i r s t   s t e p  o f  t h e i t e r a t i o n ,  

I n   t h i s   c a s e   t h e  r e s u l t s  a r e  

n = 0.56 ( a s s u m e d ) ,  m = 0.19 ( a s s u m e d ,  a = 0.93 
0 

AH, = 940 B t u / l b   f o r   T e f l o n   ( a s s u m e d )  

AH, = 6040 B t u / l b   f o r   p h e n o l i c - n y l o n  
- 

* 
T h e   v a l u e  of qSRI was r e p o r t e d  by t h e s e  two f a c i l i t i e s   b u t  was e s t i m a t e d  from t h e i r   c a l i b r a t i o n   r u n s .  

CW 
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1000 - - I I I I I I l l  - 
- 
- 
- 0 AMES,TFE 

0 AMES,P-N 
0 ESB-LANGLEY,TFE 

- 0 ESB"LANGLEY,P-N 
CD AMPD-LANGLEY,  TFE 
0 AMPD-LANGLEY,P-N 
A FMD-WPAFB,TFE 
A FMD"WPAF6,P-N 
V AVC0,TFE 

- 0 AVC0,P-N 
- 4 BOElNG,TFE - 

10 

(AHo), Z6470-Btu / I b 

I "1 / 

I 

0 GENERAL ELECTRIC  ,P-N 
6l GIANNIN1,TFE 
0 GIANNINI  ,P-N 

MARTIN,TFE 
0 MARTIN  ,P-N 

NORTH  AMERICAN,TFE 
N NORTH  AMERICAN  ,P-N 

100 

TB-4512-33 

FIG. E-I  DIMENSIONLESS CORRELATION OF PHASE I ROUND-ROBIN DATA 
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U s i n g   t h e  same d a t a  as  f o r   E q u a t i o n   ( E - 1 4 )   t h e   c o r r e l a t i o n  

19 ( E -  1 5 )  

h a s  a s t a n d a r d   d e v i a t i o n   o f   1 0 . 9   p e r c e n t .  

T h i s   i m p l i e s   t h a t   t h e r e  may b e  a number  o f  s e t s  o f   n ,  m ,  (AH,) , ,  
a n d   a .   v a l u e s   h a v i n g   o n l y   s l i g h t l y   h i g h e r   p e r c e n t   s t a n d a r d   d e v i a t i o n s  

t h a n   t h o s e   s h o w n  f o r  t h e   c o r r e l a t i o n   i n   E q u a t i o n   ( E - 1 4 ) .   C a l c u l a t i o n s  

i n   w h i c h  n a n d  m were v a r i e d  b y   5 0 . 0 5   a n d  (&HD), b y   5 1 5 0 0   B t u / l b   s h o w e d  

t h a t   t h e   s t a n d a r d   d e v i a t i o n   i n c r e a s e d   o n l y  a f e w   p e r c e n t .   T y p i c a l   r e s u l t s  

a r e   g i v e n   b e l o w   f o r   c a l c u l a t i o n s   b a s e d  o n   s i m p l e   v a l u e s   o f  n a n d  m. 

n ( a s s u m e d )  
m ( a s s u m e d )  

SET 1 SET 2 S E T  3 SET 4 

0 ,  5 0 . 5 4  0 .  5 6   0 . 6  
0 . 2 5   0 .  1 9  0 . 1 9  0 .  15  

- - - - 

a. ( o b t a i n e d   b y  0 . 8 7   1 . 0 1  0 . 9 3  0 . 8 8  

(AH,), ( o b t a i n e d   b y  8 390 6 4 7 0  6 0  40 6900 

P e r c e n t   s t a n d a r d  1 3 .  1 1 0 . 7  1 0 . 9   1 2 . 1  
d e v i a t i o n   ( c a l c u l a t e d )  

i t e r a t i o n )  

i t e r a t i o n )  

I t  i s  a p p a r e n t   t h e r e f o r e   t h a t   a n   i n d e p e n d e n t   s o u r c e  f o r  t h e  v 

t h e   o v e r a l l   h e a t   o f   d e c o m p o s i t i o n ,  AH,, w o u l d   e l i m i n a t e   t h e   i t e r a t  

e s s   a n d   w o u l d   p e r m i t   m o r e   a c c u r a t e   v a l u e s  f o r  a .   a n d   p e r c e n t   s t a n  

d e v i a t i o n   t o   b e   o b t a i n e d .   I n   a d d i t i o n ,  i t  i s  n o t   c e r t a i n   t h a t   t h e  

a n d   h i g h - d e n s i t y   p h e n o l i c - n y l o n   d a t a   s h o u l d   b e   f o r c e d   i n t o   t h e  Sam 

r e l a t i o n .   I f   t h e y   s h o u l d   n o t   b e   c o m b i n e d ,   t h e n  i t  i s  n o t  s o  i m p o r  

t h a t   t h e   v a l u e   o f  AH, b e   k n o w n   s i n c e   E q u a t i o n   ( E - 1 0 1 ,   w h i c h  i s  b a s  

t h e   s a m e   d i m e n s i o n a l   a n a l y s i s ,   c a n   b e   w r i t t e n   a s  

i t  = b ( R e f f )  n t m - I  * n  pm 
qcw t 2  

o r  a l t e r n a t i v e l y ,  

w h e r e  

b = a ( R e f  f )  w i t h  ( R e  f f )  R F I  = 0 .  

a l u e  o f  

i v e   p r o c -  

d a r d  

T e f l o n  

e c o r -  

t a n t  

e d   o n  

(E-   16A)  

( E -   1 6 B )  

1 7 2  f t   ( E - 1 7 )  
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a n d   w i t h   " a "   d e f i n e d  as  i n   E q u a t i o n   ( E - 1 2 ) .   T h u s ,   t h e   c o n s t a n t  b w i l l  b e  

s p e c i f i c   f o r   e a c h   m a t e r i a l ,   a l t h o u g h  i t s  n u m e r i c a l   v a l u e  w i l l  d e p e n d   o n  

t h e   u n i t s   u s e d   f o r  & , R e f f l  ;Icw, a n d  P t  a n d   o n   t h e   v a l u e s   o f  n a n d  m 

f o u n d   f o r   t h a t m a t e r i a l . .   T h e r e f o r e ,  from t h e   P h a s e  I r o u n d   r o b i n   t h e   v a l u e s  

o f  "a",  n, a n d  m a r e  t h o s e   a l r e a d y   t a b u l a t e d   p r e c e d i n g   E q u a t i o n   ( E - 1 3 ) .  

For  it i n   l b / f t 2   s e c ,  ;Icw i n   B t u / f t 2   s e c ,   a n d  P t .  i n   a t m ,   t h e   n u m e r i c a l  

v a l u e s  o f  b a r e  

2 

2 

( b ) ,  = 0.0044 l b   f t - ' 0 6 '   s e c - 0 * 4 3  E ~ u - ~ . ~ ~  a t m - 0 . 2 5  

T h u s ,   t h e   m a s s  loss r a t e s   f o r   T e f l o n   a n d   h i g h - d e n s i t y   p h e n o l i c - n y l o n  

become 

= 0 . 0 0 1 0  ( R e f f )  qcw t 2  
- 0 . 3 2 ( -  ) O .  5 5 ( P  )O,. 1 3  

S R I  
( E -  18B) 

A n o t h e r   f o r m   o f   t h e s e   r e l a t i o n s  i s  

(E-   19B)  

T h e s e   d i m e n s i o n a l l y   v a l i d   e q u a t i o n s ,   a s  w e l l  a s   t h e   d i m e n s i o n l e s s  

c o r r e l a t i o n   c o m b i n i n g   t h e   d a t a   f o r   t h e   t w o   m a t e r i a l s ,   c a n   b e   c h e c k e d  

w i t h   t h e   r e s u l t s   f r o m   P h a s e  11;  t h i s  i s  d o n e   i n  Sec.  I V - B .  
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C. I n c l u s i o n  o f  L i t e r a t u r e   D a t a  

T h e   o p e n   l i t e r a t u r e   o n   s u p e r s o n i c   a r c - j e t   t e s t i n g   w a s   r e v i e w e d   t o  

l o c a t e   a b l a t i o n   d a t a   o n   T e f l o n   a n d   h i g h - d e n s i t y   p h e n o l i c - n y l o n .  A m a j o r  

r e q u i r e m e n t   w a s   t h a t   m a s s   l o s s   r a t e ,   c o l d   w a l l   h e a t i n g   r a t e , *   s t a g n a t i o n  

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

b e i n g   c a l c u l a t e d   f r o m   o t h e r   t a b u l a t e d   d a t a .   I n   a d d i t i o n ,   t h e   c o m p o s i t i o n  

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

r o b i n .  

T h e   a p p l i c a b l e   d a t a   a n d   t h e i r   s o u r c e s   a r e   g i v e n   i n   T a b l e  E - 1 .  T h e s e  

d a t a   w e r e   c o n v e r t e d   i n t o   t h e   d i m e n s i o n l e s s   f o r m   o f   E q u a t i o n   ( E - 1 4 ) .  A 

p l o t   o f   t h i s   c o r r e l a t i o n  i s  g i v e n   i n   F i g .   E - 2   w h i c h   c a n   b e   c o m p a r e d  

d i r e c t l y   w i t h   F i g .  E - 1 .  As c a n   b e   s e e n ,   o n l y   t h e   W a l b e r g   d a t a  on p h e n o l i c -  

n y l o n   m o d e l s   d o   n o t   f i t   t h e   c o r r e l a t i o n ,  t h i s  w i l l  b e   c o n s i d e r e d  i n  more 

d e t a i l   i n   S e c .   I V - B .   E x c l u d i n g  t h e  W a l b e r g   d a t a ,   t h e   s t a n d a r d   d e v i a t i o n  

f o r   t h e   l i t e r a t u r e   d a t a  i s  9 . 6  p e r c e n t .   C o m b i n e d   w i t h   t h e   r o u n d - r o b i n   d a t a  

t h e   o v e r a l l   s t a n d a r d   d e v i a t i o n  i s  1 0 . 3   p e r c e n t .   T h e   r a n g e   o f   v a r i a b l e s  

c o v e r e d   w a s  

0 . 0 1 3 2 - 1 . 2 2   1 b / f t 2   s e c   f o r   T e f l o n  

0 . 0 2 3 3 - 0 . 5 9 6   l b / f t 2   s e c   f o r   p h e n o l i c - n y l o n  
i t  = { 

qcw = 2 1 . 6 - 3 0 0 0   B t u / f t 2   s e c  

P - - 
t 2  

0 . 0 0 3 0 -   3 3 . 0   a t m  

''meas = 4 2 0 - 7 4 7 0   B t u / l b  

R i f f  = 0 . 0 1 5 6 - 0 .   5 5   f t  

T h e   d i m e n s i o n l e s s   v a r i a b l e s   h a d  a r a n g e   o f  

n m  = 2 . 2 4  - 1 1 3 0 ,  7~ = 1. 47 - 2 5 1 0 ,  rr = 3 7 . 1 ' -   1 , 2 6 0 , 0 0 0  
9 P 

F o r   t h e   l i t e r a t u r e   d a t a   t h e   c o r r e l a t i o n ,   w h i c h   c o m p a r e s  ( 7 ~ ~ ) ~ ~ ~  w i t h  

( n m ) c a l c ,  h a s   n e a r l y  a f i v e   h u n d r e d f o l d   r a n g e .   I n   c o m b i n i n g   t h e   r o u n d -  

r o b i n   a n d   l i t e r a t u r e   d a t a ,   t h e   r a n g e   o f   v a r i a b l e s  was 

94.5-   fold  for   Telfon p = 11,000-fold 

85.2-   fold  for   phenol ic-nylon ''meas = 35.7-   fold 

;Icw = 139-fold R e f f  = 35. 3- fold 

;"t = {  t 2  

* 
The h e a t i n g   r a t e   m u s t   b e   t h a t   m e a s u r e d ,  o r  c a l c u l a t e d ,  f o r  a c a l o r i m e t e r   h a v i n g   t h e   s a m e   s h a p e   a n d  
d i m e n s i o n s   a s   t h e  model u s e d .  
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T a b l e   E - I  

LITERATURE DATA  FOR  THE ABLATION OF TEFLON AND HIGH DENSITY PHENOLIC-NYLON 

L I T E R A T U R E   S O U R C E  

Compton,  D L . ,  Winovich,  W , Wakef ie ld ,  R M. 
NASA TN D 1332,'August  1962 

Cha man A. J.  
NAS! TN'D 1520, A p r i l  1963 

Farmer, R. W. 
WADD Tech  Report 60-648, November 1960 

Graves,  K. W. 

AD 469965 
C. A .  L .  "1526-G-8 

Winters, C. W. 
NASA TN D 1500 

Winters,  C. W. 
NASA TN D 2383 

Vojvodich ,  N .  S. 
N A S A ,  Ames Research  Center  

T e f l o n  

T e f l o n  

T e f l o n  

T e f l o n  

T e f l o n  

T e f l o n  

T e f l o n  

- 
MODEL 

OR RUN 
NUMBER 

1 
2 
3 
4 
5 
6 
7 
8 
9 

4 
6 
5 

10 
2 

11 
46 

90"' 
91 

28(3) 
29 
30 
35 

1 
2 
3 
4 
5 

7 
6 

8 

0.0132 
0.0315 
0.0364 
0.057 

1 .oo 
0.89 
.O. 91 8 
0.718 
1.10 
1.10 
1.10 
1.07 
1.04 

0.61 
0.64 
0.92 

1.22 
0.95 
0.67 
0.96 

0.182 
0.229 

0.154 
0.254 
0.174 
0.050 

0.0538 
0.0558 
0.0552 
0.0510 
0.032 
0.045 
0.048 
0.055 

21.6 
44.7 
61.2 
87.0 

2500 
2160 
2640 
2440 
2200 
2500 
2 540 
2970 
3000 

620 
1040 
1540 

2000 

1480 
1740 

1540 

340 
530 

200 
41 0 
250 
72 

148 
198 
176 

108 
132 

126 

172 
158 

MASS ' HEAT  TRANSFER 
L O S S   R A T E   R A T E  

rn 
~ F A C  
cw 

: l b / f t 2  s e c )  ( B t u / f t 2  s e c )  

STAGNATION 
MODEL 

p t  2 

( a t m )  

0.031 
0.031 

0.031 
0.031 

8.1 
5.45 
4.95 

11.80 
4.86 

5.88 
6.75 

7.22 
6.94 

4. 
4. 
4. 

33.0 
21.5 
14.4 
8.0 

5.1 
7.5 

13.0 
20.2 
8.7 
1.46 

0.039 

0.041 
0.044 

0.037 
0.016 
0.019 
0.021 
0.022 

ZNTHALPY 
h t  

( B t u / l b )  

21  90 
2490 
2700 
2990 

2700 
2950 
3950 
6600 
2700 
4300 
4200 
4450 
4750 

1170 
1840 
2600 

1900 
1870 
1850 
1670 

241 0 
3130 

1550 
9 40 

1450 
1010 

6380 
7616 
6888 
5992 
5460 
6720 
7644 
8176 

MODEL 
3 A D I U S  
R e f f  

( f t )  
( 1 )  

I .  206 
I .  103 
I .  0686 
3.0343 

3.0208 
3.0208 
3.0208 
3.0689 
3.0345 
3.0345 
0.0345 
0.0345 
D .  0345 

0.0156 
0.0156 
0.0156 

0.025 
0.025 
0.025 
0.025 

0.55 
0.55 

0.55 
0.55 
0.55 
0.55 

0.1155 
0.1155 

0.1155 
0.1155 
0.1155 
0.1155 
0.1155 
0.1155 - 



T a b l e  E- I ( C o n t i n u e d )  

L I T E R A T U R E   S U R V E Y  

Vojvodich, N. S. (Concluded) 

Pau l ,  N. J . ,  Fa lk ,  F . ,  Kauffman, L. 0. 
J o h n s  Hopk ins  Report  E 8 8 1 ,  December  1966 

Lunde l l ,  J .  H. 
A I A A  J .  3 ,2087-95   (1965)  

Walberg, G. D . ,  Crouch, R. K .  
NASA ?N D 3465, A u g u s t  1966 

M A T E R I A L  

Tef lon  

High-Densit!  
Pheno l i c -  
Nylon 
75 l b / f t 3  

High- Densi  t ;  
Phenol ic -  
N y l o n  
7 5   l b / f t 3  

- 
MODEL 
)R RUN 
WMEER 

10 
9 

11 

1 3  
12  

14  
15 
16 
17  
18  

20 
19 

145( 4’ 
146 
147 
148 
111 

112 
122 

205 
119 

241 
114 

127 
127 

5 
1 

9 
13  
1 7  

1 
2 
3 

6 
5 

7 - 

LOSS RATE 
M A S S  

rn 

I l b / f t 2   s e c )  

0.0226 
0.0246 
0 .0275 
0.0295 
0.0241 
0.0218 
0.0187 
0 .0808 
0.0564 

0 .0341 
0.0744 

0.0122 

0 .385  
0 .395  
0 .403  
0 .459  

0 .771  
0.809 
0.811 

0 .0394 
0 .0233 
0.0384 
0.0368 
0.0387 

0 .150  
0 .181  
0.230 

0.248 
0 .176  

0 .338  

H E A T   T R A N S F E R  
RATE 

~ F A C  
cw 

( E t u / f t 2   s e c )  

59 
76 
77 
95 
62 
65 

214 
50 

203 
1 47 

26 
59 

700 
7 43 

1075 
785 

861 
850 

1051 
1040 

789 
819 

1187 
1275 
1305 

101 

176 
99 

193  
145 

306 
455 
614 

445 
30 8 

609 

STAGN  AT1  ON 
MODEL 

p t  2 

0.0044 
0 .005  
0.005 
0.0057 
0.0035 

0.0030 
0.0035 

0.100 
0.050 
0 .050  
0 .030  
0 .003  

1 .28  
1 .29  
1 . 3 2  
1 .48 
3.7 
3 . 5  
3 . 9  

6 .13  
3 . 6  

6 . 2 4  
6 .9  
7 . 1  
7 . 2  

0 . 1 6  
0.045 
0 . 1 6  
0.072 
0 .16  

7 .28  
7 .28  
7 .28  
7 .28  
7 .28  
’1.28 

:NTHALPY 
h t  

E t u / l b )  

5796 
6860 
7056 
8400 
7168 
7560 
5936 
461 9 
4508 
601 1 
4047 
4924 

2840 
3000 
30 30 
4000 
2100 
2130 
2470 
2640 
1540 
1580 

2250 
2120 

2270 

2420 
3080 
3310 
3040 
3210 

< 571 
744 

’ < 571 
1038 

1118 
744 

R A D I U S  
MODEL 

R e f f  

( f t )  
( 4 )  

0.1155 
0.1155 
0.1155 

0.1155 
0.1155 

0.1 155 
0.1155 

0.077 
0.077 
0.077 
0.1155 
0.1155 

0 .033 .  
0 .033  
0 .033  
0.033 
0 .033  

0.033 
0.033 

0 .033  
0.033 
0 .033  
0 .033  
0 .033  
0 .033  

0.0312 

0.0312 
0.0312 

0.0312 
0.0312 

0.0156 
0.0156 
0.0156 
0.0156 
0.0156 
0.0156 

- 



T a b l e  E-I (Concluded) 

LITERATURE SOURCE 

MATERIAL 

Walberg. G. D. 
N G A  Langley  Research Center 

(') Reff  = %emisphere = 3.3 %la t   Face '  

H i g h - D e n s i t y  
Phenolic- 
Ny lon  
75  1b/f t3  

MODEL 
OR RUN 
NUMBER 

I 1  
2 
3 
4 

2 
3 

I! 1 

LOSS RATE 
MASS 

m 

I b / f t 2  s e c )  

0.181 
0 .239  
0 .208  
0.218 
0 179 
0 290 
0.596 

iEAT TRANSFER 
RATE 

~ F A C  
cw 

( B t u / f t 2   s e c )  

769 
794 

1087 
874 

648 
87.5 

1064 

PRESSURE 

7.20  1495 
7.31  1530 
7.49  1663 
7.65  1980 
5.17 1000 

10 .69  
14.30 

934 
980 

( 2 )  F r e e   f l i g h t . d a t a .   I n s t a n t a n e o u s   r a t e s   a t  90 and 91 sec  a f t e r  launch;   the   per iod  of maxlmum v e l o c i t y   d u r i n g   f l i g h t .   E n t h a l p y   a n d  

( 3 )  F r e e   f l i g h t   d a t a L   I n s t a n t a n e o u s   r a t e s  a t  28 ,   29 ,  30 ,  and  35 s e c   a f t e r   l a u n c h .   E n t h a l p y ,   s t a g n a t i o n   p r e s s u r e   c a l c u l i t e d  from 

s t a g n a t i o n   c a l c u l a t e d  from v e l o c i t y  and a i r   d e n s i t y .  

v e l o c i t y   a n d   a i r   d e n s i t v .  

( 4 )  Model s t a g n a t i o n   p r e s s u r e  from r e l a t i o n :  P, '0.75 P, . Heat   Flux  calculated from r e l a t i o n :  = 0.0417  (PtdRerrf*5(hARC - 150).  
2 ,  1 

RADIUS 
MODEL 

R e f f  

( f t )  
( 4 )  

0.0208 
0.0208 
0.0208 
0.0208 
0.0688 
0.0688 
0.0688 



I L 

I I I I I l l 1  
 AH^)^ = 940-Btu/ I b 

(AH& = 647O-Btu/l b 

i t 
0 COMPTON (TND-13321, TFE 
0 CHAPMAN (TND- 15201, TFE 

FARMER  (WADD  TR 60-6481,TFE 
A LUNDELL (AIAA J. 3,20871,  P-N 

GRAVES (CAL.  NO. BM 1526-G-81, TFE 
0 WINTERS (TND-1500,  23831, TFE 
V AMES  (UNPUB.  DATA)  NEW,  TFE * PAUL (J. HOPKlNS TG 8811,TFE 
'd WALBERG (TND-34651  P-N 

I I I I I I  
I 

FIG. E-2 DIMENSIONLESS CORRELATION  OF  LITERATURE DATA 

1 8 4  

I O 0 0  

TB-4512-41A 
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