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ABSTRACT 

Ana ly t i ca l  and experimental  s t u d i e s  of nozzle a b l a t i v e  m a t e r i a l  

performance f o r  l a r g e  s o l i d  b o o s t e r s  were performed. Carbon phenol ic ,  
g r a p h i t e  phenol ic ,  and s i l i c a  phenol ic  m a t e r i a l s  w e r e  considered. 
P r e d i c t i o n s  of m a t e r i a l  performance f o r  t h r e e  l a r g e  boos te r  nozzles 

( 260-SI!,-1, 120-SS-1, and UA-1205-10) w e r e  made using a b l a t i o n  computer 

programs. 
of t h e  p red ic t ed  and measured performance. T e s t s  t o  s tudy  t h e  a b l a t i v e  

m a t e r i a l  performance w e r e  conducted using a n  arc-plasma genera tor  t o  

s imula te  t h e  s o l i d  p r o p e l l a n t  environment; t h e  a b l a t i v e  m a t e r i a l  t es t  
s e c t i o n s  w e r e  . i n  t h e  form of supersonic  nozz les .  Char thermal 

conduc t iv i ty  was a l s o  determined under dynamic cond i t ions  us ing  t h i s  
tes t  approach. Some s p e c i a l  s t u d i e s  were performed and a r e a s  t h a t  

r e q u i r e  f u t u r e  s tudy  w e r e  i d e n t i f i e d .  

An a n a l y s i s  of m a t e r i a l  performance was made through comparisons 
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SUMMARY 

Ana ly t i ca l  and experimental  s t u d i e s  of nozzle a b l a t i v e  m a t e r i a l  performance 
f o r  l a r g e  s o l i d  b o o s t e r s  were performed. The two main study e f f o r t s  were t h e  
p r e d i c t i o n  and a n a l y s i s  of a b l a t i v e  m a t e r i a l  performance f o r  t h r e e  l a r g e  s o l i d  

b o o s t e r s  and t h e  l a b o r a t m y  t e s t i n g  and a n a l y s i s  of a b l a t i v e  m a t e r i a l s  t o  d e t e r -  
mine t h e i r  performance c h a r a c t e r i s t i c s  and p r o p e r t i e s .  Some s p e c i a l  s t u d i e s  w e r e  
a l s o  performed and a r e a s  t h a t  r e q u i r e  f u t u r e  study w e r e  i d e n t i f i e d .  

P r e d i c t i o n s  of m a t e r i a l  performance us ing  t h e  Aerotherm a b l a t i o n  computer 
programs were made f o r  carbon phenol ic ,  g r a p h i t e  phenol ic ,  and s i l i c a  phenol ic  
i n  t h e  nozz les  of t h e  Aero je t  260-SL-1, Aero je t  120-SS-1, and UTC UA-1205-1 

motors. These p r e d i c t i o n s  were compared with t h e  measured m a t e r i a l  performance, 
thereby  providing t h e  b a s i s  f o r  t h e  a n a l y s i s  of t h e  m a t e r i a l  performance and of 
t h e  computer p r e d i c t i o n  technique. The carbon phenol ic  and g raph i t e  phenol ic  
m a t e r i a l s  performed, by and l a r g e ,  a s  expected and p red ic t ed .  The s i l i c a  phenol ic  
m a t e r i a l s  were not c o n s i s t e n t l y  p r e d i c t a b l e  and the  reasons  f o r  t h i s  problem w e r e  
i d e n t i f i e d .  The a n a l y s i s  demonstrated t h a t  s i g n i f i c a n t  c o s t  and weight savings 
can be e f f e c t e d  through t h e  use of t h inne r  a b l a t i v e  p a r t s  without  s a c r a f i c e  of 
a b l a t i v e  m a t e r i a l  thermal p r o t e c t i o n  performance (assuming s t r u c t u r a l  i n t e g r i t y  
can a l s o  be  maintained) and t h a t ,  f o r  t h e  cond i t ions  and m a t e r i a l s  cons idered ,  

t h e  type  of cure  had l i t t l e  o r  no effect  on t h e  m a t e r i a l  performance. 
T e s t s  us ing  t h e  Aerotherm arc-plasma genera tor  were conducted t o  determine 

t h e  performance c h a r a c t e r i s t i c s  and p r o p e r t i e s  of carbon phenolic and g r a p h i t e  
phenolic.  The m a t e r i a l  t es t  s e c t i o n s  w e r e  supersonic nozzles t h a t  formed t h e  

e x i t  nozzle of t h e  arc-plasma gene ra to r ;  t h e  tes t  environments simulated a 
t y p i c a l  s o l i d  p r o p e l l a n t .  Char thermal conduc t iv i ty  was determined f o r  carbon 

phenol ic  and g raph i t e  phenol ic  under dynamic cond i t ions  t y p i c a l  of a s o l i d  rocke t  
a p p l i c a t i o n  u s i n g  t h i s  t e s t  approach. The su r face  e ros ion ,  char depth,  and 
i n s u l a t i o n  performance w e r e  a l s o  s tud ied  f o r  t hese  m a t e r i a l s .  A s  expected, t h e  
s u r f a c e  e ros ion  performance of carbon phenolic and g r a p h i t e  phenol ic  a r e  com- 
pa rab le ,  bu t  carbon phenol ic  e x h i b i t s  a lower char depth and b e t t e r  i n s u l a t i o n  
performance due t o  i t s  lower v i r g i n  m a t e r i a l  and char thermal c o n d u c t i v i t i e s .  

The study of s p e c i a l  problems encompassed four s p e c i f i c  e f f o r t s ,  t h e  
main one being an a n a l y s i s  and ex tens ion  of t h e  t h e o r e t i c a l  approach t o  ca lcu-  
l a t i n g  h e a t  and mass t r a n s f e r  c o e f f i c i e n t s .  The o the r  e f f o r t s  w e r e  a c a l c u l a t i o n  
of h e a t  f l u x  and h e a t  t r ans fe r  c o e f f i c i e n t s  f o r  a h y p o t h e t i c a l  260-inch l i q u i d -  

cooled nozzle,  t h e  study of t h e  e f f e c t s  on m a t e r i a l  performance of a quench a f t e r  
shutdown, and p r e d i c t i o n s  of m a t e r i a l  performance i n  support  of an A i r  Force pro- 
gram t o  c h a r a c t e r i z e  carbon and g r a p h i t e  phenol ic  cha r s .  

F i n a l l y ,  t h e  problem a r e a s  of nozzle des ign  and m a t e r i a l  performance t h a t  

r e q u i r e  f u t u r e  study were def ined  and p o s s i b l e  approaches t o  t h e i r  s o l u t i o n  

suggested.  
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2 .  PREDICTION O F  LARGE BOOSTER NOZZLE ABLATIVE MATERIAL PERFORMANCE 

2 . 1  In t roduct ion  

The Aerotherm a b l a t i o n  computer programs were used t o  p r e d i c t  t h e  a b l a t i v e  
ma te r i a l  performance f o r  t h e  nozzles  of t h e  fol lowing l a r y e  boos te r  motors 

Motor F i r i n g  Date B r i e f  Descr ip t ion  
Aeroje t  260-SL-1 September 19 ,  1964 ha l f - l eng th  260-inch motor 
Aero je t  120-SS-1 September 2 5 ,  1965 120-inch subsca le  t o  t h e  

UTC UA-1205-10 December 1 7 ,  1964 120-inch T i t an  I I I C  strap-on 
Aeroje t  260-inch motor 

development motor 

The loca t ions  f o r  which p red ic t ions  w e r e  made encompassed t h e  subsonic ,  t h r o a t ,  
and supersonic  regions of t he  nozzles .  The p red ic t ed  performance was compared 
with t h e  a v a i l a b l e  measured performance r e s u l t s  f o r  each nozzle.  These r e s u l t s  
provided the  b a s i s  f o r  t h e  a n a l y s i s  of  m a t e r i a l s  performance i n  each f i r i n g ,  

i nc lud ing  f u t u r e  design recommendations and t h e  i d e n t i f i c a t i o n  of  t h e  probable  
cause f o r  any anomalous o r  unexpected r e s u l t s .  A l s o ,  t he se  r e s u l t s  provided an 
eva lua t ion  of t h e  computer programs f o r  use i n  rocke t  nozzle  design and a d e f i -  
n i t i o n  of  a reas  where computer program improvements might be des i rab le . ’  

The fol lowing s e c t i o n s  d i scuss  t h e  p r e d i c t i o n s  f o r  t he  t h r e e  nozzles  con- 
The nozzle  configura-  s i d e r e d  and t h e i r  comparisons with measured performance. 

t i o n s ,  inc luding  t h e  a b l a t i v e  m a t e r i a l s  used, and t h e  f i r i n g  condi t ions  a r e  
presented  i n  Sec t ion  2 .2 .  

computer programs a r e  b r i e f l y  descr ibed  and t h e  inpu t  information t o  t h e  com- 
p u t e r  programs i s  presented .  The p red ic t ed  and measured ma te r i a l  performance 
f o r  a l l  l oca t ions  i n  t h e  three nozzles  i s  presented  and d iscussed  i n  Sec t ion  2.4, 
t h e s e  r e s u l t s  covering su r face  e ros ion  depth,  char  depth,  i n s u l a t i o n  performance, 
and o t h e r  m a t e r i a l  performance v a r i a b l e s .  F ina l ly ,  a summary of the r e s u l t s  and 
conclusions i s  presented  i n  Sec t ion  2.5. 

Sec t ion  2.3 d i scusses  t h e  p red ic t ion  technique;  t h e  

2 . 2  Descr ip t ion  of Nozzle Conf igura t ions  and F i r i n g  Conditions 

The nozzle  conf igu ra t ions  and f i r i n g  condi t ions  f o r  t h e  t h r e e  motors a r e  
presented  i n  t h e  fol lowing sec t ions .  The chamber condi t ions  and p r o p e l l a n t  are 
descr ibed  i n  Sec t ion  2 . 2 . 1 .  The nozzle  conf igu ra t ions ,  t h e  nozzle  a b l a t i v e  ma- 
t e r i a l s ,  and t h e  l o c a t i o n s  f o r  which p red ic t ions  were made are presented  i n  

Sec t ion  2 . 2 . 2 .  

l p r e d i c t i o n s  and ana lyses  of material  performance f o r  t h e  Thiokol 156-2C-1 nozzle  
and t h e  LPC 156-5 and 156-6 submerged nozzles  a r e  presented i n  Referencesl-4.  
These r e s u l t s  and t h e  r e s u l t s  of t h i s  c o n t r a c t  a r e  summarized i n  Reference 5. 



1.0 INTRODUCTION 

A l a r g e  s o l i d  rocke t  boos te r  . represents  a s i z e a b l e  investment i n  terms of 
bo th  money and t i m e .  The development of such motors must t h e r e f o r e  be accomplished 
with a minimum number of development motor f i r i n g s  and a maximum u t i l i z a t i o n  of 

less c o s t l y  a n a l y t i c  and labora tory  techniques i n  support  of t h i s  development. 
The a b l a t i v e  nozzles  of s o l i d  p rope l l an t  rocke t  motors have, h i s t o r i c a l l y ,  b e e n  
designed by c o s t l y  and t i m e  consuming cut-and-try approaches. For t h e  smaller 
motors of t he  p a s t ,  t hese  approaches w e r e  economically j u s t i f i a b l e ;  they w e r e  a l s o  
necessary because of  t h e  absence of  r e l i a b l e  techniques ,  both f o r  a n a l y t i c  analy-  
s i s  a,id l abora to ry  t e s t ,  t o  support  a b l a t i v e  nozzle  design.  Such techniques a r e  
now a v a i l a b l e ,  however, and some r e s u l t s  of t h e i r  a p p l i c a t i o n  a r e  presented i n  
t h i s  r e p o r t .  The use of a b l a t i o n  computer programs i n  support  of nozzle  des ign  

and f o r  a n a l y s i s  of a b l a t i v e  ma te r i a l  performance is  demonstrated through predic-  
t i o n s  of m a t e r i a l  performance f o r  t h r e e  l a r g e  boos te r  nozzles .  The use of labo- 
r a t o r y  techniques i n  support  of nozzle  design and f o r  a n a l y s i s  of a b l a t i v e  m a t e r i a l  
performance i s  demonstrated through tes ts  on a b l a t i v e  materials t o  d e f i n e  t h e i r  

p r o p e r t i e s  and performance c h a r a c t e r i s t i c s .  
S p e c i f i c a l l y ,  computer program p r e d i c t i o n s  of su r face  e ros ion  depth ,  char  

depth ,  and i n t e r n a l  thermal response w e r e  made f o r  t h e  nozzles  of t h e  Aero je t  
260-SL-1 motor, t h e  Aero je t  120-SS-1 motor, and t h e  UTC UA-1205-10 motor. Carbon 
phenol ic ,  g r a p h i t e  phenol ic ,  and s i l i ca  phenol ic  exposed a b l a t i v e  m a t e r i a l s  w e r e  
considered;  p r e d i c t i o n s  w e r e  made f o r  5 l o c a t i o n s  i n  each nozzle .  Wherever poss i -  
b le ,  comparisons w e r e  made with p o s t - f i r e  measurements. These r e s u l t s  are presented 

i n  Sec t ion  2 .  Arc-plasma genera tor  f i r i n g s  under s imulated s o l i d  p r o p e l l a n t  com- 
bus t ion  products  cond i t ions  w e r e  performed on supersonic  nozzles  of carbon phenol ic  
m a t e r i a l s  and g r a p h i t e  phenol ic  m a t e r i a l s .  From these  f i r i n g s  t h e  char  thermal  
conduct iv i ty  of  t h e  m a t e r i a l s  w a s  determined, t h e i r  su r f ace  e ros ion ,  char  depth ,  

and i n s u l a t i o n  performance w e r e  eva lua ted ,  and t h e  e f f e c t  o f  upstream a b l a t i o n  o n  
sur face  e ros ion  w a s  s tud ied .  These r e s u l t s  a r e  presented  i n  Sec t ion  3. The 
r e s u l t s  of some s p e c i a l  s t u d i e s  i n  r e l a t e d  problem a r e a s  performed dur ing  t h e  
c o n t r a c t  a r e  presented  i n  Sec t ion  4. This  inc ludes  t h e  eva lua t ion  and ex tens ion  
of a u s e f u l  technique f o r  c a l c u l a t i n g  h e a t  and mass t r a n s f e r  c o e f f i c i e n t s  f o r  
s o l i d  p r o p e l l a n t  a b l a t i v e  nozzles .  Sec t ion  5 p r e s e n t s  some recommendations f o r  

f u t u r e  work. 
The au thors  express  t h e i r  apprec i a t ion  t o  the  many Aerotherm s t a f f  members 

who have con t r ibu ted  t o  t h e  s tudy.  P a r t i c u l a r  thanks go t o  D .  T .  Flood, J.  J. Reese, 

K. J. Clark,  D.  Y. Cheng, and T.  Wong. The con t r ibu t ions  of t h e  NASA Technical  
Monitors,  J .  J .  Notardonato and J. F. McBride a r e  a l s o  g r a t e f u l l y  acknowledged. 

I -  
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2 . 2 . 1  P r o p e l l a n t  and chamber condi t ions  

The p r o p e l l a n t  f o r  t h e  Aero je t  260-SL-1 and 120-SS-1 motors was a s tandard 

aluminized p r o p e l l a n t  designated ANB-3105. The p r o p e l l a n t  g r a i n  p o r t s  w e r e  a 
c l o v e r l e a f  conf igura t ion  with a " s t a r "  v a l l e y  (minimum) diameter less than t h e  
t h r o a t  diameter.  The p r o p e l l a n t  f o r  t h e  UTC UA-1205-10 motor a l s o  was a s tan-  
dard aluminized p r o p e l l a n t  and was designated UTP-3001. The p r o p e l l a n t  g r a i n  
p o r t  was c i r c u l a r .  

The chamber condi t ions  and web t i m e s  a r e  summarized below: 

Motor 

260-SL-1 

W e b  T i m e  

s e c  
114 

Web Time Average Chamber Temperature 
Chamber Pressure  a t  1000 p s i a  

p s i a  
533 

OK 
3380 

120-ss- 1 74.4 519 3380 

UA-1205-10 109.2 520 3408 

The measured chamber pressure  h i s t o r i e s  f o r  t h e  t h r e e  motors w e r e  a v a i l a b l e  
and used i n  t h e  c a l c u l a t i o n  of t r a n s f e r  c o e f f i c i e n t s  a s  d i scussed  i n  Sec- 
t i o n  2.3.2.3, Transfer  C o e f f i c i e n t s .  

2 . 2 . 2  Nozzle conf igura t ions ,  m a t e r i a l s ,  and l o c a t i o n s  f o r  a n a l y s i s  

The nozzle conf igura t ions  f o r  t h e  260-SL-1, 120-SS-1, and UA-1205-10 
motors a r e  presented i n  Figures  1-3, r e s p e c t i v e l y .  The two Aeroje t  nozzles  

w e r e  convent ional  convergent-divergent nozzles .  The UTC nozzle was convergent- 

d ivergent  with an unusual ly  s h o r t  convergent s e c t i o n ,  t h e  nozzle e n t r y  a r e a  
r a t i o  being A/A* = -1.93. The UTC nozzle c e n t e r l i n e  was canted 6' from t h e  

case  c e n t e r l i n e .  The exposed m a t e r i a l  des igna t ions  a r e  a l s o  shown i n  t h e  f i g -  

ures .  For t h e  260-SL-1 and 120-SS-1 nozzles,  the exposed m a t e r i a l  i n  the sub- 
sonic  region a t  high a r e a  r a t i o s  was General T i r e  V-44 e las tomer ic  i n s u l a t i o n  
over F i b e r i t e  MX2646 s i l i c a  phenol ic :  i n  t h e  low a r e a  r a t i o  subsonic s e c t i o n ,  
t h e  t h r o a t  s e c t i o n ,  t h e  t h r o a t  extension s e c t i o n ,  and t h e  e x i t  cone s e c t i o n  t o  
A/A* = 3.0 f o r  t h e  260-SL-1 and t o  A/A* = 3.5 f o r  t h e  120-SS-1, t h e  exposed 

m a t e r i a l  was F i b e r i t e  MX4926 carbon phenol ic :  i n  t h e  s e c t i o n  making up t h e  re- 
mainder of t h e  e x i t  cone t h e  exposed m a t e r i a l  was U. s. Polymeric FM5131 s i l i c a  
phenolic.  I n  t h e  260-SL-1 nozzle ,  a l l  carbon and s i l i c a  phenol ic  p a r t s  i n  t h e  
subsonic  region,  t h r o a t ,  and t h r o a t  extension w e r e  autoclave cured a t  a nominal 
pressure  of 325 p s i a  whereas t h e  comparable p a r t s  f o r  t h e  120-SS-1 nozz le  w e r e  
hydroclave cured. The carbon and s i l i c a  phenol ic  e x i t  cone p a r t s  i n  both noz- 
z l e s  w e r e  cured us ing  a nylon overwrap. For t h e  UA-1205-10 nozzle ,  t h e  sub- 

s o n i c  and t h r o a t  region was made up of  6 s e c t i o n s  of U. s. Polymeric FM5014 
g r a p h i t e  phenol ic  as t h e  exposed mater ia l .  I n  t h e  t h r o a t  ex tens ion  t h e  exposed 

m a t e r i a l  was a l s o  FM5014 g r a p h i t e  phenol ic ,  and i n  t h e  e x i t  cone t h e  exposed 
m a t e r i a l  was F i b e r i t e  MX2646 s i l i c a  phenol ic .  The type of  c u r e  f o r  t h e  

UA-1205-10 nozzle  p a r t s  was not  known. 
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The locations for which computer program predictions were made and the 
corresponding materials and layup angles are presented below: 

Motor Area 
Ratio Exposed Material 

260-SL-1 -1.2 MX4926 carbon phenolic 
1.0 MX4926 carbon phenolic 
1.9 MX4926 carbon phenolic 
2.5 MX4926 carbon phenolic 
3.8 FM5131 silica phenolic 

120-ss-1 -1.2 MX4926 carbon phenolic 
1.0 MX4926 carbon phenolic 
1.9 MX4926 carbon phenolic 
2.7 MX4926 carbon phenolic 
4.8 FM5131 silica phenolic 

UA-1205-10 - .1.13 FM5014 graphite phenolic 
1.0 FM5014 graphite phenolic 
1.21 FM5014 graphite phenolic 
1.90 FM4015 graphite phenolic 
3.41 MX2646 silica phenolic 

Layup Angle 
(Referenced to Surface) 

55O 
68' 
52.5' 
17.5' 
17.5' 

55O 
66' 
17.5' 
17.5' 
17.5' 

rosette 
rosette 
rosette 
15' 
15' 

Note: Negative area ratio indicates a subsonic location 

These locations were chosen to correspond to stations where surface erosion and 
char depth measurements were made. The subsonic points were fairly close to 
the throat because of the above requirement: the area ratio of -1.2 station was 
the first measurement station downstream of the elastomeric insulation in the 
Aerojet nozzles and the -1.13 station was the first measurement station in the 
UTC nozzle. No calculations for stations in the Aerojet motor including the 
V-44 elastomeric insulation could be made because insufficient material prop- 
erty data were available for the material. 

2.3 Prediction Technique 

The predictions of ablative material performance were accomplished using 
the set of two Aerotherm ablation computer programs appropriate to charring 
materials. The prediction technique is presented below through a discussion 
of these programs in terms of their functions, information available from them, 
input information, and their limitations. The computer programs are discussed 
in Section 2.3.1 and the input information pertinent to the calculations per- 
formed herein is presented in Section 2.3.2. 
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2 .3 .1  Ablat ion computer programs 

The s e t  of  two programs used i n  t h e  p red ic t ion  o f  ma te r i a l  performance 

w e r e  t h e  Equilibrium Surface Thermochemistry (EST) Program and t h e  Charring 
Mater ia l  Ablat ion (CMA) Program. The Equilibrium Surface Thermochemistry Pro- 
gram t rea ts  t h e  chemical response of a wal l  ma te r i a l  t o  t h e  combined environ- 
ment of  t h e  boundary-layer-edge gases ,  t h e  py ro lys i s  off-gases ,  and, i f  appl i -  

cab le ,  condensed-phase p a r t i c l e s .  The program assumes chemical equi l ibr ium 
a t  t h e  sur face :  t h a t  i s ,  t h e  su r face  chemical-reaction r a t e s  a r e  l i m i t e d  only 
by t h e  d i f f u s i o n  r a t e s  of  r e a c t i v e  spec ie s  t o  t h e  sur face .  The inpu t  requi re -  
ment i s  t h e  b a s i c  thermochemical da t a  f o r  a l l  poss ib l e  gaseous and condensed- 
phase spec ie s  i n  t h e  system of i n t e r e s t ,  t h e  system pressure ,  and the  elemental  
compositions of t h e  boundary-layer-edge gases ,  py ro lys i s  off-gases ,  cha r ,  and, 

i f  app l i cab le ,  condensed phase p a r t i c l e s .  The program output  i s  i n  t h e  form 
of surface-erosion r a t e  a s  a func t ion  of su r face  temperature,  py ro lys i s  o f f -  

gas r a t e ,  and, i f  app l i cab le ,  par t ic le - impact ion  r a t e .  The enthalpy of  t h e  
gases  a t  t he  w a l l  is  a l s o  output .  Two program opt ions  a r e  avai lable .  One t reats  

a l l  gas-phase spec ie s  as having equal  d i f f u s i o n  c o e f f i c i e n t s ,  and t h e  o the r  i s  
a genera l  t rea tment  of multicomponent d i f f u s i o n  wherein unequal d i f f u s i o n  coef- 
f i c i e n t s  are allowed. 

I n  t h e  c a l c u l a t i o n s  presented  he re in ,  t h e  equal  d i f f u s i o n  c o e f f i c i e n t  

op t ion  of  t he  program was used, t h i s  a l s o  being the  case f o r  References 1-3. 
The more r e a l i s t i c  unequal d i f f u s i o n  c o e f f i c i e n t  op t ion  w a s  no t  used because 

both  opt ions  y i e l d  very  s i m i l a r  e ros ion  p red ic t ions“  f o r  t h e  s o l i d  p r o p e l l a n t  
combustion products  environment of  i n t e r e s t  h e r e i n  and because of  t h e  precedence 
o f  References 1-3. 

The Charr ing Mater ia l  Ablat ion Program c a l c u l a t e s  t h e  t r a n s i e n t  response,  

bo th  su r face  and i n  depth,  of  a cha r r ing  a b l a t o r .  
each output  t i m e  inc ludes  e ros ion  depth,  char  depth,  py ro lys i s  zone depth,  

sur face- recess ion  r a t e ,  char  recess ion  rate, py ro lys i s  zone r eces s ion  ra te ,  
su r face  temperature ,  i n t e r n a l  temperature d i s t r i b u t i o n ,  and i n t e r n a l  d e n s i t y  

d i s t r i b u t i o n  (due t o  r e s i n  and/or re inforcement  decomposition).  Cooldown 
a f t e r  te rmina t ion  of a f i r i n g  and res tar t  a f t e r  cooldown can bo th  be t r e a t e d .  

M u l t i p l e  r e s t a r t s  can a l s o  be c a l c u l a t e d  cont inuously.  

ments include:  

The ou tpu t  information a t  

The inpu t  requi re -  

Sur face  thermochemistry (output  o f  Equi l ibr ium Surface Thermochemistry 
Program) 

“As an example, t h e  p red ic t ed  e ros ion  f o r  t h e  t h r o a t  of t h e  UTC UA-1205-10 noz- 
z l e  was 2 percent  h igher  us ing  t h e  unequal d i f f u s i o n  c o e f f i c i e n t  op t ion  than 
t h a t  us ing  t h e  equal  d i f f u s i o n  c o e f f i c i e n t  opt ion.  
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Material p r o p e r t i e s  
S p e c i f i c  h e a t  

Thermal conduc t iv i ty  
Surface  e m i s s i v i t y  
Kine t i c  cons t an t s  o f  r e s i n  and, i f  app l i cab le ,  re inforcement  

Transfer  c o e f f i c i e n t s  (hea t  t r a n s f e r  c o e f f i c i e n t  and r a t i o  o f  m a s s  

I nc iden t  r a d i a t i o n  h e a t  f l u x  

Virgin m a t e r i a l  and char  

decomposition 

t r a n s f e r  and h e a t  t r a n s f e r  c o e f f i c i e n t s )  

The d e t a i l s  o f  t h i s  i npu t  a r e  presented  i n  t h e  fol lowing sec t ion ,  Sec t ion  2.3.2. 
The program can t r e a t  a p l ana r  (slab) geometry, an axisymmetric geometry with 
e i t h e r  an i n t e r n a l  o r  e x t e r n a l  r ad ius ,  a s p h e r i c a l l y  symmetric geometry, and a 
p e r f e c t l y  gene ra l  s p e c i f i c a t i o n  of  h e a t  f low c ross - sec t iona l  area as a func t ion  

of  depth from t h e  s u r f a c e , e f f e c t i v e l y ,  t h e  d e f i n i t i o n  o f  a h e a t  f low "stream 
t u b e " .  I n  a l l  op t ions ,  t h e  h e a t  f low i s  assumed t o  be one-dimensional. Up 
t o  s i x  backup materials can be s p e c i f i e d ,  and con tac t  r e s i s t a n c e  between each 
can a l s o  be spec i f i ed .  I n  i t s  p r e s e n t  form, t h e  program does no t  cons ider  t h e  
decomposition of  a backup ma te r i a l .  A genera l  back w a l l  boundary cond i t ion  i s  
allowed; i n su la t ed ,  f r e e  o r  forced  convection, r a d i a t i o n ,  o r  a combination 
of  t h e  l a s t  two. 

For a l l  l o c a t i o n s  considered he re in ,  t h e  approximation of  a p l ana r  geometry 
w a s  app ropr i a t e  and t h i s  op t ion  w a s  used i n  t h e  c a l c u l a t i o n s .  

Fu r the r  d e t a i l s  on both  computer programs are presented  i n  References 6-8. 

2.3.2 Inpu t  information 

The inpu t  information t o  t h e  computer programs and t h e  methods of  de t e r -  
mining t h i s  information f o r  the  c a l c u l a t i o n s  performed under t h i s  c o n t r a c t  a r e  
d iscussed  i n  t h e  fol lowing sec t ions .  The boundary-layer-edge cond i t ions  r equ i r ed  
i n  t h e  c a l c u l a t i o n  of  much of  t he  inpu t  f o r  both computer programs are d iscussed  
i n  Sec t ion  2.3.2.1. Sec t ion  2.3.2.2 d i scusses  t h e  m a t e r i a l  thermal p r o p e r t i e s  

and Sec t ion  2.3.2.3 p r e s e n t s  t h e  hea t - t r ans fe r  c o e f f i c i e n t  c a l c u l a t i o n  method. 

Before d i scuss ing  t h e  input  information i n  d e t a i l ,  it should be noted t h a t  
two p r e d i c t i o n s  w e r e  made f o r  each loca t ion  i n  each motor; one be fo re  t h e  f i n a l  
r e s u l t s  of t h e  l abora to ry  experimental  program and s p e c i a l  s t u d i e s  program w e r e  
a v a i l a b l e  and one a f t e r  t hese  r e s u l t s  w e r e  a v a i l a b l e  and which incorporated them. 

The primary d i f f e r e n c e  b e t w e e n  t hese  two p r e d i c t i o n s  w a s  i n  char  thermal conduc- 

t i v i t y ,  t h e  f i n a l  p red ic t ions  incorpora t ing  t h e  conduct iv i ty  d a t a  der ived  from 

t h e  experimental  program. The s p e c i a l  s t u d i e s  t a s k  a l s o  r e s u l t e d  i n  a change 
i n  t h e  c a l c u l a t i o n  of h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t he  case  of  an a b l a t i n g  

wa l l .  The e f f e c t  of blowing a t  t h e  su r face ,  due t o  t h e  py ro lys i s  of f -gases  

and t h e  products  of char consumption, on reducing h e a t  and mass t r a n s f e r  c o e f f i -  
c i e n t  was found t o  be l a r g e r  than assumed i n  t he  e a r l i e r  c a l c u l a t i o n s .  This  
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c o r r e c t i o n ,  t oge the r  with t h e  r a t h e r  a r b i t r a r y  b u t  convenient assumption of 
p rand t l  number equal  u n i t y ,  allowed the  e l imina t ion  of  t h e  one e l e m e n t  of empir- 
icism i n  genera t ing  t h e  input  t o  t h e  computer programs. The empir ica l  0 .8  con- 
s t a n t  m u l t i p l i e r  on t h e  boundary l aye r  computer program t r a n s f e r  c o e f f i c i e n t  

output  (See Sec t ion  2.3.2.3) used i n  t he  i n i t i a l  ma te r i a l  performance p r e d i c t i o n s  
of t h i s  c o n t r a c t  and t h e  p red ic t ions  of References 1 and 3 w a s  e l imina ted .  These 
changes a r e  d iscussed  i n  d e t a i l  i n  t he  appropr i a t e  s e c t i o n ,  Sec t ion  3.5.1 and 
Sec t ion  4.1.3. 

2.3.2.1 Boundary-layer-edge cond i t ions  

The boundary-layer-edge condi t ions  a r e  requ red  f o r  t he  c a l c u l a t i o n  of 

sur face  thermochemistry, convect ive hea t - t r ans fe r  c o e f f i c i e n t ,  recovery en tha lpy ,  
and free-s t ream r a d i a t i v e  hea t  f l u x ,  a l l  of which are inputs  f o r  t he  cha r r ing  
a b l a t i o n  c a l c u l a t i o n .  The c a l c u l a t i o n  procedures t o  de f ine  these  edge cond i t ions  
a t  each l o c a t i o n  for a n a l y s i s  are d iscussed  below. 

The f i r s t  s t e p  i n  t h e  determinat ion of edge condi t ions  was t h e  c a l c u l a t i o n  
of p rope l l an t  enthalpy from t h e  given chamber temperature and p res su re  and t h e  
p rope l l an t  e lemental  composition. An e a r l y  vers ion  of t h e  Chemical Equlibrium 
(ACE) Program w a s  used f o r  t h i s  c a l c u l a t i o n .  

A n  i s e n t r o p i c  expansion from average measured chamber p re s su re  ( w e b  t i m e  
average)  and a t  t h e  c a l c u l a t e d  en tha lpy  was then ca l cu la t ed  f o r  each motor us ing  
t h e  ACE Program. The c a l c u l a t i o n s  w e r e  performed f o r  t h e  a rea  r a t i o s  analyzed; 

t h e  boundary-layer-edge condi t ions  of temperature ,  enthalpy p res su re ,  v e l o c i t y ,  
and molecular composition w e r e  def ined  a t  t hese  loca t ions .  Ca lcu la t ions  w e r e  
a l s o  performed a t  in te rmedia te  loca t ions  t o  smoothly d e f i n e  t h e  v a r i a t i o n  with 
running l eng th ,  t h i s  be ing  r equ i r ed  f o r  t h e  boundary-layer c a l c u l a t i o n  of hea t -  
t r a n s f e r  c o e f f i c i e n t .  Note t h a t  t h e  c a l c u l a t i o n s  w e r e  performed f o r  t h e  average 

chamber p re s su res ,  whereas t h e  a c t u a l  chamber p re s su res  va r i ed  s i g n i f i c a n t l y  dur ing  
t h e  f i r i n g s ;  t h e  e f f e c t  on t h e  boundary-layer-edge molecular compositions should 
not  be apprec iab le  however (Reference 3 ) ,  and t h e  e f f e c t  on t h e  o t h e r  edge v a r i -  

a b l e s  should be n e g l i g i b l e .  
For t h e  t h r o a t  and supersonic  l o c a t i o n s ,  no condensed phase p a r t i c l e s  would 

be expected t o  p e n e t r a t e  t h e  boundary l a y e r ;  f o r  t h e  subsonic locat ion. ,  t h e  
par t ic le - impact ion  r a t e  i.s unknown and may a c t u a l l y  be zero  a l s o .  
t h i s ,  a gas-phase-only composition w a s  used a t  a l l  l oca t ions  f o r  c a l c u l a t i o n  of 
su r face  thermochemistry and h e a t - t r a n s f e r  c o e f f i c i e n t s .  Condensed phase alumina 
( t h e  only condensed phase p re sen t )  w a s  t h e r e f o r e  e l imina ted  from t h e  molecular 

composition determined from t h e  expansion c a l c u l a t i o n s  and t h e  appropr i a t e  gas  
phase-only elemental  composition def ined .  The boundary-layer-edge temperature ,  

p re s su re ,  and v e l o c i t y  were assumed t o  be def ined  by the  expansion c a l c u l a t i o n  

Because of 
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which, of course,  included the  condensed phase. This temperature and p res su re  
and t h e  gas-phase-only composition then def ined t h e  enthalpy and molecular 

weight which, a l l  t oge the r ,  def ined  the  boundary l aye r  edge condi t ions .  

To f a c i l i t a t e  c a l c u l a t i o n s ,  t h e  gas-phase-only elemental  composition was 

assumed cons t an t  a t  t h e  value a t  t h e  t h r o a t  f o r  a l l  c a l c u l a t i o n  l o c a t i o n s ;  t h i s  
composition a c t u a l l y  va r i ed  s l i g h t l y  with loca t ion  due t o  t h e  inc reas ing  f rac-  
t i o n  of condensed phase alumina with d i s t ance  downstream. 

The recovery en tha lpy  was c a l c u l a t e d  from 

u "  
hr = he + R e  2 

where R is  the  recovery f a c t o r ,  equal  t o  Pr1 /3  f o r  t u r b u l e n t  flow. 
I n  a l l  c a l c u l a t i o n s ,  a stream emiss iv i ty  of un i ty  with r a d i a t i o n  a t  t h e  

l o c a l  s t a t i c  temperature was assumed. The s i z e s  of t h e  motors were f e l t  t o  be 
s u f f i c i e n t  t o  make these  assumptions v a l i d ;  t he  p a r t i c l e  cloud would have suf-  
f i c i e n t  depth t o  be e s s e n t i a l l y  opaque and p a r t i c l e  temperature l a g  e f f e c t s  
would be small .  The r a d i a t i o n  h e a t  f l u x  was t h e r e f o r e  c a l c u l a t e d  from t h e  
equat ion 

qr = COT: 

where E = 1.0. 

2 . 3 . 2 . 2  Mater ia l  p r o p e r t i e s  

The compositions and thermophysical p r o p e r t i e s  of t he  exposed m a t e r i a l s  
a r e  requi red  i n  the  c a l c u l a t i o n  of su r face  thermochemistry (composition only) 
and of ma te r i a l  thermal response and ab la t ion .  This  information is  presented  
below f o r  t h e  m a t e r i a l s  considered i n  the  p red ic t ions  p i ? sen ted  he re in .  

A summary of t h e  compositions and thermal p r o p e r t i e s  used i n  t h e  p red ic t ion  
i s  presented i n  Table I. These da t a  were t h e  same f o r  both t h e  i n i t i a l  and t h e  
f i n a l  p r e d i c t i o n s  except f o r  t h e  char thermal conduct iv i ty .  The f i n a l  char  
conduct iv i ty  i s  presented i n  Table I a  and the  i n i t i a l  assumed conduct iv i ty  is  

presented  i n  Table Ib .  Note t h a t  t h e  conduct iv i ty  d a t a ,  both v i r g i n  ma te r i a l  
and cha r ,  a r e  f o r  t he  extremes i n  layup angle ,  Oo and 90°. The input  conduc- 

t i v i t i e s  a t  in te rmedia te  layup angles  w e r e  ca l cu la t ed  from 

k = kOo [l +[- - 1) s i n  81 
( 3 )  

where d i s  t h e  layup angle  re ferenced  t o  a tangent  t o  the  sur face .  The 
background and sources  of t h e  da t a  presented i n  Table I a r e  reviewed below. 



Mater ia l  'Nominal 
{Densit> 

/ l b / f t 3  

iominal 
Resin 
' rac t ion  

MX4926 1 89.4 
carbon 
phenol ic ,  I 

Resin 
Residual 

MX4500 ' 87-5 
graph i tei, 
phenolic 

FM5014 89.1 
g r a p h i t  
phenoli  4 

1.210 
.360 

-360 
.472 
.484 
.493 
.498 
.500 
.500 

1.39 2.36 
1.58 2.69 

1.83 3.11 
1.83 3.11 
1.83 3.11 
1.83 3.11 
1.83 3.11 
1.83 3.11 
1.83 3.11 

- -  

hLx2646 118.3 
a i l i c a  
ihenol i c  

.500 

.500 

.210 

.430 

.472 

.484 
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TABLE I .  COMPOSITION AND PROPERTIES OF SEVERAL COMPOSITE ABIATIVE MATERIALS 

18.80 
26.50 

2.32 

2.90 

3.80 
5.00 

- -  

.493 

.498 

.500 

.500 

i 

8.60 
13.80 
19.90 
27.10 

0.340 1 

FM5131 

I 

0.345 

108.2 0.325 
- 

.472 

.484 

.493 

.498 

.500 

.500 

0.40 

0.40 

0.40 

0 . 5 0  

0.50 

.90 
1.00 
1.60 
3.40 
7.35 

13.55 

i n a l  

Assumed 
Resin 

:lementa: 
Formu 1 a 

Reinf.  
i'lemental 
Formula 

C 

C 

C 

S i 0  

S io 

- 
r a p  

OR 

- 
5 30 
800 

1000 
1160 
1500 
2000 
3000 
4000 
5000 
6000 

5 30 
800 

1000 
1160 
150C 
200c 
300C 
400C 
500C 
600C 

53C 
100C 
116( 
150( 
200( 
300C 
400C 
500C 
600( 

5 3C 
760 

1000 
I160 
1500 
2000 
3000 
$000 
5000 
6000 - 

Virgin  Mater 

Cond. 

,tu/ BtU/ft sqc OF 
Lb OR1 x 10 

/0(90 Layup Layup 

.240 2 04 6.12 

.3401 2:16 1 6.48 

a )  To account f o r  t h e  e f f e c t  of layup angle,  t h e  following equation is  
suggested 

where 3 

The thermal p r o p e r t i e s  of MX4500 and FM5014 graphi te  phenol lcs  were 

i s  t h e  layup angle  re ferenced  t o  a tangent t o  t h e  sur face .  

b) 
assumed t o  be  t h e  same. 

1 1  

:miss i v i t ]  

0.85 
. 8 5  
.85 
.85 
.85 
.85 
.43 5 
.85 
.85 
.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

Char 

,tu/ 8tU/ft  sqc OA 
Lb OR x 10 

.484 2.35 

.493 5.40 

.498 11.65 

.210/ .85 

.430 .85 

.210 .60 

.4101 .60 

.430 .60 
- I  - 

90 
w u p  - 

3.11 

3.15 

3.20 
4.15 
8.95 

14.70 
21.25 
28.35 

6.96 

7.65 

8.65 
9.85 

13.15 
17.30 
22.80 
29.60 

1.02 
1.15 

1.35 
1.60 
2.60 
5.00 
9.10 

14.45 

.96 

.96 

.96 

1.05 
1.20 
1.60 
2.90 
6.00 

LO. 70 

- 

- 
: m i s s  i v  it 

0.85 
.85 
.85 
.85 
.85 
.85 
.85 
.85 
.85 
.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 
185 
.85 
.85 
.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 

.85 
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TABLE I. CONCLUDED 
b) Initial a 

Layup 

Material I Temp. 

Layup 

I OR 

FM5131 
silica 
phenolic 

I 
530 
1000 
1500 
2000 
3000 

MX4926 
carbon 
phenolic 

FM5014 
graphite 
phenolic 

2.48 
2.81 
3.18 
3.68 
4.47 

2.32 
3.40 
4.60 
5.90 
8.65 
12.00 
16.30 
22.90 

1000 
1500 
2000 
3000 
4000 
5000 
6000 

4.22 
4.78 
5.41 
6.26 
7.60 

6.96 
7.90 
9.05 
10.25 
12.95 
16.20 
20.50 
26.80 

Char Thermal Cond. 

MX2646 
silica 
phenolic 

Btu/ft s y  OR 
x 10 

oo I 900 

530 
1000 
1500 
2000 
3000 
4000 
5000 
6000 

0.60 
1.40 
2.25 
3.20 
5.60 

2.05 3.49 
2.18 I 3.71 
2.33 3.96 

0.96 
1.70 
2.60 
3.55 
5.90 

Reaction, 
i 

Material I Temp. 

Activation Density Initial Residual 
Pre-exponential Energy Factor Factor Density Density 

(sec-' (OR) jr (lb/ft3) (lb/ft3) 
Pr Exponent p o  Ea/R Factor B 

B 

4000 1 2::: 

4.48~10' 36,800 3 60.75 32.40a 
4 O . 5 O b  

aAll compositions and properties but char thermal conductivity were the same for both 
initial and final predictions. 

TABLE I1 

PHENOLIC RESIN DECOMPOSITION KINETIC CONSTANTS 

Char Thermal Cond. 
Btu/ft s:c OR 

1.09 
.97 1.16 

1.03 1 1.24 
1.17 1.40 
1.32 1.58 
1.53 1 1.84 
1.86 2.23 

8.70 I ,,":Z 
13.30 13.30 
20.80 

aResin residual = 0.40 

'Resin residual = 0.50 
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The d e n s i t i e s  and r e s i n  f r a c t i o n s  w e r e  taken from t h e  manufacturers '  
s p e c i f i c a t i o n s .  The r e s i n  r e s i d u a l  ( t h e  f r a c t i o n  of  r e s i n  l e f t  behind as p a r t  
of t he  char  a f t e r  py ro lys i s  is  complete) was es t imated  from t h e  r e s u l t s  of Ref- 
erence 6. The r e s i n  e lemental  formulas r ep resen t  only t h e  r e l a t i v e  mole composi- 

t i o n  of t h e  e l e m e n t s  making up t h e  r e s i n s ;  t h e  formula used is t h e  accepted com- 
p o s i t i o n  f o r  a s tandard  phenol ic  r e s i n .  The v i r g i n  ma te r i a l  s p e c i f i c  h e a t  and 
thermal  conduct iv i ty  f o r  MX4926 carbon phenol ic  and FM5131 s i l i c  phenol ic  w e r e  
obtained d i r e c t l y  from Reference 9. For FM5014 g raph i t e  phenol ic  and MX2646 
s i l i c a  phenol ic ,  t hese  p r o p e r t i e s  w e r e  es t imated  from References 9-11. These 
v i r g i n  ma te r i a l  p roper ty  d a t a  are a v a i l a b l e  up t o  1160 R (700 F ) ,  t h e  temperature  
above which material  decomposition occurs.  For purposes of input  t o  t h e  computer 

program, these  d a t a  w e r e  ex t r apo la t ed  t o  high temperature;  t h e  thermal  conduc- 
t i v i t y  a t  1160°R w a s  assumed t o  be r e p r e s e n t a t i v e  of t h a t  a t  high temperature  
and t h e r e f o r e  a cons t an t  value was used f o r  1160°R on up and t h e  s p e c i f i c  h e a t  

above 1160 R w a s  assumed t o  be equal  t o  t h e  char  s p e c i f i c  h e a t .  T h e  char  spec- 
i f i c  hea t  was assumed t o  be  the  same f o r  a l l  materials and w a s  obtained from 
Reference 1 2 .  The char  thermal  conduct iv i ty  f o r  MX4926 carbon phenol ic  w a s  
taken d i r e c t l y  from t h e  experimental  program r e s u l t s  obtained under t h i s  c o n t r a c t  
(Table I a ) .  The char  thermal conduct iv i ty  f o r  FM5014 g raph i t e  phenol ic  w a s  
assumed t o  be equ iva len t  t o  t h a t  f o r  MX4500 g raph i t e  phenol ic  and was a l s o  taken 
d i r e c t l y  from t h e  experimental  program r e s u l t s  (Table I a ) .  The char  conduct iv i ty  
f o r  t h e  s i l i ca  phenol ics ,  FM5131 and MX2646, was es t imated  based on cons idera t ion  

of t h e  v i r g i n  material  conduc t iv i ty ,  t h e  r e s i n  f r a c t i o n ,  and char  conduc t iv i ty  
v a r i a t i o n s  f o r  t h e  carbon and g raph i t e  phenol ics .  The su r face  emis s iv i ty  of  t h e  
char  and t h e  v i r g i n  m a t e r i a l  was assumed t o  be cons tan t  a t  0.85 f o r  a l l  ma te r i a l s .  

3 

0 0 

0 

In  cha rac t e r i z ing  r e s i n  decomposition, two p a r a l l e l ,  k i n e t i c a l l y  c o n t r o l l e d  
r e a c t i o n s  of  t h e  form 

a P i  
-Ea i /RT ( P i l i p  r i) ' i - =  

i PO 
B . e  a e  1 (4) 

3The v i r g i n  material  s p e c i f i c  h e a t  of  MX4926 carbon phenol ic  was also measured 
i n  t h e  Aerotherm thermal p r o p e r t i e s  labora tory .  The s p e c i f i c  heat from these 
t e s t s .  w a s  s l i g h t l y  h ighe r  than t h a t  of  Reference 9. 
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where 

a e  a e  ( 5 )  

i 

a r e  t r e a t e d  i n  t h e  computer c a l c u l a t i o n .  The cons t an t s  of  Equation (4)  w e r e  not 
a v a i l a b l e  f o r  t h e  s p e c i f i c  phenol ic  r e s i n s  used i n  t h e  m a t e r i a l s  considered.  The 

cons t an t s  of Reference 13 f o r  91LD phenolic,which are appropr i a t e  t o  t h e  a c t u a l  
r e s ins  as w e l l ,  w e r e  t h e r e f o r e  used and a r e  presented  i n  Table 11. 

2.3.2.3 Transfer  c o e f f i c i e n t s  

The  hea t - t r ans fe r  c o e f f i c i e n t  a s  a func t ion  of  f i r i n g  t i m e  a t  each loca- 
t i o n  f o r  a n a l y s i s  i s  a r equ i r ed  inpu t  t o  t h e  Charr ing Material Ablat ion Program. 
The inpu t  va lues  are computed f o r  a nonabla t ing  wal l ,  and t h e  c o r r e c t i o n  f o r  
l o c a l  blowing due t o  su r face  chemical r e a c t i o n s  and py ro lys i s  off-gases  i s  done 

i n t e r n a l  t o  t h e  program. The h e a t - t r a n s f e r  c o e f f i c i e n t  a l s o  de f ines  t h e  mass- 
t r a n s f e r  c o e f f i c i e n t  through a Chilton-Colburn type  analogy 

PeuecM = PeUeCH Le2 '3 

which i s  t h e  r e l a t i o n  used i n  t h e  computer program. I n  keeping with t h e  analy- 
ses of  References 1 and 3, t h e  L e w i s  number w a s  taken as 1.0. 

The a c t u a l  c a l c u l a t i o n  of hea t - t r ans fe r  c o e f f i c i e n t  w a s  accomplished us ing  
t h e  method of  Appendix A, Reference 6. This method, termed t h e  energy th i ck -  
ness  m e t h o d ,  i s  based on a general  boundary-layer a n a l y s i s  and i s  an i n t e g r a l  
s o l u t i o n  of  t h e  boundary-layer energy equat ion.  The method was o r i g i n a l l y  

programmed f o r  real  a i r ,  b u t  has  r e c e n t l y  b e e n  genera l ized  t o  a l low considera-  
t i o n  o f  any gaseous environment f o r  t h e  s p e c i f i c  purpose of  c a l c u l a t i n g  rocke t  
nozzle  h e a t - t r a n s f e r  c o e f f i c i e n t s  (Reference 3 ) .  The d e t a i l s  of t h e  method 
and program are n o t  presented  here, b u t  are a v a i l a b l e  i n  References 3 and 6. 

The program inpu t  w a s  t h e  thermodynamic p r o p e r t i e s  f o r  t h e  gas-phase- 
on ly  edge gas  and, as a func t ion  of  su r face  running l eng th  from t h e  s t a r t  o f  
t h e  boundary l a y e r ,  x, t h e  boundary-layer-edge p res su re ,  v e l o c i t y ,  and enthalpy,  

t h e  l o c a l  nozzle  r ad ius ,  t h e  w a l l  enthalpy,  and t h e  P rand t l  number. A l s o ,  t h e  
boundary-layer t r a n s i t i o n  c r i t e r i o n  w a s  i npu t  as a t r a n s i t i o n  Reynolds number 
on momentum th ickness  of 200 f o r  t h e  two Aeroje t  nozzles .  Because  o f  t h e  abrupt  

e n t r y  i n  t h e  UTC nozzle ,  t h e  boundary l a y e r  w a s  assumed t o  be t u r b u l e n t  through- 

out .  For t h e  sake of  s i m p l i c i t y ,  c a l c u l a t i o n s  w e r e  performed a t  t h r e e  w a l l  
e n t h a l p i e s  corresponding t o  su r face  temperatures  o f  530°R, 4200°R, 5200'R and 
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t o  account f o r  t h e  e f f e c t  of p rope l l an t  g ra in  r eg res s ion  through the  f i r i n g ,  

a t  boundary l a y e r  s t a r t i n g  loca t ions  corresponding t o  t h r e e  ( f o r  t h e  260-SL-1 

and 120-SS-1 nozzles)  or  four  ( f o r  t he  UA-1205-10 nozzle) t i m e s  through the  
f i r i n g .  
f o r  t he  e f f e c t s  of v a r i a b l e  wal l  temperature and p rope l l an t  r eg res s ion  through 

the  f i r i n g s .  The p res su res  a t  which c a l c u l a t i o n s  were made corresponded t o  

the  web time average chamber pressure .  
of va r i ab le  pressure  throuyh the  f i r i n g s  by the  followin9 equat ion (Reference 2 )  

The input  t o  the  Charr ing Mater ia l  Ablation Program the re fo re  accounted 

The input  was a l s o  co r rec t ed  fo r  the  e f f e c t  

I n  the c a l c u l a t i o n  o f  h e a t  t r a n s f e r  c o e f f i c i e n t  f o r  t he  i n i t i a l  predic-  
t i o n s ,  t h e  P rand t l  number w a s  taken a s  0.8 and the  c a l c u l a t e d  h e a t  t r a n s f e r  
c o e f f i c i e n t s  were mul t ip l i ed  by an empir ica l  0.8 f a c t o r  f o r  input  t o  the  char- 
r i n g  a b l a t i o n  c a l c u l a t i o n .  This f a c t o r  and t h e  use of t he  0.8 Prandt l  number 

was der ived  from the  s tudy  of References 2 and 3 .  The co r rec t ion  of t he  non- 
a b l a t i n g  wal l  h e a t  t r a n s f e r  c o e f f i c i e n t  input  t o  the  Charring Mater ia l  Ablation 

Program, f o r  t h e  e f f e c t  of blowing a t  the  wal l  i s  accomplished i n t e r n a l  t o  t h e  
program through t h e  fol lowing equat ion 

= ( P U C )  - m 
eU eCH e e H i e@-l 

where 

m + m  
@ = 2hi = 2x (P eUeCH) i 

and i r e f e r s  t o  the  inpu t  value.  In  the  i n i t i a l  p red ic t ions ,  h was taken 
a s  0 .2  c o n s i s t e n t  with previ-ous c a l c u l a t i o n s  (References 1-3). An a n a l y s i s  
performed under the  s p e c i a l  s t u d i e s  t a sk  of t h i s  c o n t r a c t  revealed t h a t  f o r  
t u rbu len t  flow the  blowing parameter,  h ,  should be 0.4 ( see  Sec t ion  4.1), how- 
ever ,  no t  t he  0.2 value used previous ly .  This new value was the re fo re  used i n  

the  f i n a l  p red ic t ions .  A l s o ,  because of a d e s i r e  t o  e l imina te  the  one empir ica l  
cons tan t  used i n  genera t ing  t h e  input  t o  the  cha r r ing  a b l a t i o n  c a l c u l a t i o n ,  t he  
0.8 m u l t i p l i e r  on the  c a l c u l a t e d  h e a t  t r a n s f e r  c o e f f i c i e n t  was e l imina ted  i n  

t h e  f i n a l  c a l c u l a t i o n s .  
t i o n  of a P rand t l  number equal  1 . 0  r a t h e r  than 0.8 was made f o r  t h e  f i n a l  

F i n a l l y ,  a somewhat a r b i t r a r y  and s impl i fy ing  assump- 
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120-SS-1 

c a l c u l a t i o n  of i n p u t  h e a t  t r a n s f e r  c o e f f i c i e n t .  Note t h a t  t h i s  P r a n d t l  number 
chanqe a l s o  a f f e c t s  t h e  recovery enthalpy,  Equation (1). 

The f i n a l  c a l c u l a t e d  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  t h e  260-SL-1, 120-SS-1, 
and UA-1205-10 nozzles  a r e  presented a s  a func t ion  of  f i r i n g  t i m e  i n  Figures  4-6 

f o r  a l l  l o c a t i o n s  f o r  which p r e d i c t i o n s  w e r e  made. 

UA-1205-10 Figure Content 

2.4 Predic ted  and Measured Mater ia l  Performance 

11 

1 2  

2.4.1 P r e s e n t a t i o n  of r e s u l t s  

The p r e d i c t i o n s  of m a t e r i a l  performance, and wherever p o s s i b l e ,  t h e  cor- 

responding measured performance, a r e  presented i n  Figures7-15 and Tables 1 1 1 - V I .  

The conten t  of t h e s e  f i g u r e s  and t a b l e s  is summarized below: 

Predic ted  s u r f a c e  e ros ion  and char  
depths a t  t h e  t h r o a t  through t h e  
f i r i n g  and cooldown, and comparable 
p o s t - f i r e  measurements 
Predic ted  i n t e r n a l  temperature and 
d e n s i t y  d i s t r i b u t i o n s  a t  t h e  t h r o a t  
f o r  t h r e e  t i m e s  dur ing t h e  f i r i n g  
and cooldown 

14 

15 

Figure 

Figure 

Figure 

Table 

Table 

260-SL-1 

7 

8 

9 

I11 

V I  

Predic ted  and measured s u r f a c e  ero- 
sion and char  depths  a t  t h e  a rea  
r a t i o s  f o r  which p r e d i c t i o n s  w e r e  
made 

Predic ted  maximum depths  of t h e  500' 
isotherm, and a c t u a l  m a t e r i a l  th ick-  
nesses  used a t  t h e  a r e a  r a t i o s  f o r  
which p r e d i c t i o n s  w e r e  made 

I n  Figures  7 ,  10,  and 1 3  and i n  Figures 8 and 9,  t h e  i n i t i a l  a s  w e l l  a s  t h e  
f i n a l  p r e d i c t i o n s  a r e  presented t o  a l low an assessment of t h e  e f f e c t s  of t h e  
improved input  information on t h e  p r e d i c t i o n s  and t h e i r  comparison with measure- 
ment. I t  should be noted t h a t  t h e  most s i g n i f i c a n t  v a r i a b l e  between t h e  i n i t i a l  

and f i n a l  p r e d i c t i o n s  i s  char  thermal conduct iv i ty .  I n  a l l  o t h e r  f i g u r e s  and 

i n  t h e  t a b l e s ,  t h e  f i n a l  p r e d i c t i o n s  only a r e  presented.  
of t h e  m a t e r i a l s  and t h e  i n t e r n a l  proper ty  d i s t r i b u t i o n s  (Figure 8,  11, and 14  

and Figures  9,  1 2 ,  and 1 5 ,  r e s p e c t i v e l y )  a r e  presented f o r  t h e  t h r o a t  only;  

The t r a n s i e n t  response 
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T i m e ,  seconds 

F igure  4.- Calcula ted  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  t h e  260-SL-1 nozzle .  
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a) F i n a l  p r e d i c t i o n  

F igure  10.- P red ic t ed  t r a n s i e n t  response of  t h e  t h r o a t  
material  f o r  t h e  260-SL-1 nozzle  and comparison 
wi th  p o s t - f i r e  measurement. 
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TABLE VI. PREDICTED DEPTHS OF THE 500°F ISOTHERM AND ACTUAL 
MATERIAL THICKNESSES FOR THE THREE MOTORS 

Area 
Ratioa 

-1.2 

1.0 

1.9 

2.5 

3.8 

-1.2 

1.0 

1.9 

2.7 

4.8 

-1.13 

1.00 

1.21 

1.90 

3.41 

Material and 
Layup Angleb 

MX4926 carbon 
phenolic, 55O 

MX4926 carbon 
phenolic, 680 

MX4926 carbon 
phenolic, 52 - 5O 
MX4926 carbon 
phenolic, 17. So 

FM5131 silica 
phenolic, 17.5O 

MX4926 carbon 
phenolic, 55O 

MX4926 carbon 
phenolic, 66O 

MX4926 carbon 
phenolic, 17.5O 

MX4926 carbon 
phenolic, 17.5O 

FM5131 silica 
phenolic, 17.5O 

FM5014 graphite 
phenolic, ros. 

FM5014 graphite 
phenolic, ros. 

FM5014 graphite 
phenolic, ros. 

FM5014 graphite 
phenolic, 15O 

MX2646 silica 
phenolic, 15O 

Actual Exposed 
Yaterial Thickness, in. 

(approximate) 

5.00 

4.50 

2.75 

1.75 

1.75 

2.50 

3.15 

2.15 

1.50 

1.50 

7.50 

7.50 

5.00 

3.00 

5.15 

Depth of 500 

End of Firing 

1.45 

1.46 

1.15 

0.97 

0.58 

1.15 

1.16 

0.85 

0.76 

0.43 

1.81 

1.79 

1.64 

1.24 

0.75 

Isotherm, in. 
Maximum 

During Cooldown 

2.27 

2.10 

1.99 

1.56 

0.90 

1.73 

1.67 

1.26 

1.12 

0.66 

3.20 

2.70 

3.00 

2.50 

0.98 

a) Minus sign indicates a subsonic area ratio 
b) Layup angle referenced to surface, ros. = rosette layup 
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these  r e s u l t s  a r e  t y p i c a l  of t h e  o the r  l oca t ions  considered and, f o r  a l l  loca- 

t i o n s ,  t h e  p o s t - f i r e  r e s u l t s  a r e  presented  i n  Tables 111-VI. Note t h a t  t he  
m a t e r i a l s  d e s c r i p t i o n s  and t h e  f i r i n g  condi t ions  a r e  included i n  Tables 111-V. 
Also note  t h a t  t he  p red ic t ed  performance i n  t e r m s  of  char  depth and o the r  in-  
t e r n a l  response v a r i a b l e s  assumed no quench. Quenches, where used, w e r e  suf -  
f i c i e n t l y  l a t e  i n  the cooldown per iod  t h a t  they  had l i t t l e  o r  no e f f e c t  on t h e  

i n t e r n a l  response.  This  i s  d iscussed  f u r t h e r  i n  Sec t ion  4.3. 

2 . 4 . 2  Discuss ion 

The thermal performance of an a b l a t i v e  m a t e r i a l  may be convenient ly  

d iv ided  i n t o  two c a t e g o r i e s ,  t h e  sur face  e ros ion  performance and the  i n s u l a t i o n  
performance, t he  former d i c t a t i n g  nozzle contour dimension changes and both  
d i c t a t i n g  the  ma te r i a l  th ickness  requirements.  The a n a l y s i s  of m a t e r i a l  perform- 

ance and t h e  eva lua t ion  of t he  computer programs f o r  p red ic t ing  t h i s  performance 

must consider  both c a t e g o r i e s .  This  a n a l y s i s  and eva lua t ion  is  presented i n  t h e  
following sec t ions  f o r  a l l  l oca t ions  considered i n  t h e  260-SL-1, 120-SS-1, and 
UA-1205-10 nozzles .  Sur face  e ros ion  performance is  considered f i r s t  and perform- 
ance v a r i a b l e s  i n d i c a t i v e  of i n s u l a t i o n  performance a r e  then considered.  Sec t ion  

2 . 4 . 2 . 1  d i scusses  t h e  p red ic t ed  and measured sur face  e ros ion  depths .  
depths and t h e  i n s u l a t i o n  performance i n  genera l  a r e  d iscussed  i n  Sec t ion  2 . 4 . 2 . 2 .  

F i n a l l y ,  o the r  information p e r t i n e n t  t o  ma te r i a l  performance i s  d iscussed  i n  

Sec t ion  2 . 4 . 2 . 3 .  

The char  

2 . 4 . 2 . 1  Sur face  e ros ion  depth 

The comparisons of t h e  f i n a l  p red ic ted  and t h e  measured e ros ion  depths  

f o r  t h e  t h r e e  nozzles  a r e  summarized below from Figure 7 ,  1 0 ,  and 13  and Tables  

111-v. 

260-SL-1 

Area Rat io  

-1.2 

1 . 0  

1 . 9  

2 . 5  

3.8 

1 2 0 - s s - 1  

A r e a  Ra t io  
-1.2 

1 . 0  

1 .9  

Mater i a1  
MX4926 Carbon phenol ic  

MX4926 carbon phenol ic  

MX4926 carbon phenol ic  
MX4926 carbon phenol ic  

FM5131 s i l i c a  phenol ic  

Material 
MX4926 carbon phenol ic  

MX4926 carbon phenol ic  
MX4926 carbon phenol ic  

C ompar i s on 
Favorable 
Favor ab1 e 

P red ic t ion  a f a c t o r  of 2 high 
P red ic t ion  a f a c t o r  of 2 h igh  
P red ic t ion  a f a c t o r  o f  almost 

3 low 

Comparison 
Favorable with maximum measured 

Favorable with maximum measured 
P red ic t ion  a f a c t o r  of  over  

2 high 
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120-SS-1 (continued) 

Area Rat io  Mater ia l  Comparison 

2.7 MX4926 carbon phenol ic  P r e d i c t i o n  a f a c t o r  of over 

4.8 FM5131 s i l i c a  phenol ic  P r e d i c t i o n  a f a c t o r  of  2 l o w  
2 high 

UA-12 05- 1 0  

Area Rat io  Mater ia l  C ompar i s on 
-1.13 FM5014 g r a p h i t e  phenol ic  Favorable 

1 .0  FM5014 g r a p h i t e  phenol ic  Favorable,  p r e d i c t i o n s  s l i g h t l y  

1 . 2 1  FM5014 g r a p h i t e  phenol ic  Favorable,  p r e d i c t i o n s  s l i g h t l y  

1.90 FM5014 g r a p h i t e  phenol ic  Favorable,  p r e d i c t i o n s  s l i g h t l y  

3 -41  MX2646 s i l i c a  phenolic Favor a b l e  

high 

high 

high 

The UTC nozzle e x h i b i t s  a g e n e r a l l y  favorable  comparison throughout.  For t h e  
Aero je t  nozzles ,  however, t h e r e  a r e  two reg ions  of s i g n i f i c a n t  d i screpancies ,  

t h e  carbon phenol ic  i n  t h e  t h r o a t  extension and e x i t  cone and t h e  s i l i c a  phe- 
n o l i c  i n  t h e  e x i t  cone. The causes of t h e s e  d iscrepancies  a r e  d iscussed  below, 
followed by a general  d i scuss ion  of t h e  comparisons. 

Based on t h e  favorable  comparison of  p r e d i c t e d  and measured e r o s i o n  depths  

f o r  t h e  carbon phenol ic  subsonic and t h r o a t  regions of t h e  260-SL-1 nozzle  
(F igure  7 ) ,  t h e  major discrepancy i n  t h e  t h r o a t  extension and e x i t  cone f o r  
t h i s  same m a t e r i a l  was unexpected. After  eva lua t ing  a number of p o s s i b i l i t i e s ,  

t h e  probable  cause f o r  t h e  overpredic t ion  was revealed by p o s t - t e s t  examination 
of  t h e  sec t ioned  nozzle of  t h e  120-SS-1 motor. A layup angle  warp i n  t h e  
char  region t h a t  r e su l t ed  i n  a lower apparent e ros ion  depth w a s  noted i n  the 

t h r o a t  extension and e x i t  cone and probably a l s o  occurred a t  t h e  same l o c a t i o n s  
( t h e  same carbon phenol ic  m a t e r i a l )  f o r  t h e  260-SL-1 nozzle.  This warping was 

n o t  noted i n  t h e  t h r o a t  region where t h e  layup angle  was l a r g e ,  66'. The phe- 
nomenon i s  i l l u s t r a t e d  i n  Figure 16 and r e s u l t s  i n  t h e  measured e ros ion  be ing  
s i g n i f i c a n t l y  less than t h a t  which would have a c t u a l l y  occurred i n  i t s  absence. 

The phys ica l  explanation of t h e  phenomenon is  open t o  conjec ture .  

explana t ions  include a high cross-ply thermal expansion a t  high temperature 
and a r e s u l t a n t  warp t o  r e l i e v e  t h e  induced stress,  high i n t e r n a l  pressure  due 

t h e  p y r o l y s i s  gas genera t ion  i n  depth and a r e s u l t a n t  warp t o  provide a l a r g e  
flow a r e a  t o  r e l i e v e  t h i s  pressure ,  o r  perhaps a phenomenon a s s o c i a t e d  with r a p i d  

cool ing  a t  shutdown. 

P o s s i b l e  

The underpredict ion of t h e  s u r f a c e  e ros ion  depths  f o r  s i l i c a  phenol ic  i n  

both  Aero je t  nozzles (Figures  7 and 10)  

t h r e e  p o s s i b i l i t i e s :  

i s  f e l t  t o  be due t o  one o r  more of 

* A n  inspec t ion  of t h e  260-SL-1 nozzle was n o t  performed under t h e  c o n t r a c t .  
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Surface 

w Char Layer 

F igure  1 6 . -  Schematic of char  layup angle  warp phenomenon. 

0 . 3  

0 . 2  

0.1 

0 ~ 

2000 

0 
Surface  temperature ,  R 

F igure  1 7 . -  Typical  su r f ace  e ros ion  response f o r  s i l i c a  phenol ic .  
(A/A* = 3.8,  260-SL-1 nozzle)  
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Char thermal  conduc t iv i ty  assumed f o r  t h e  p r e d i c t i o n s  w a s  t oo  high 

Liquid l a y e r  runoff  occurred 

So l id  phase/sol id  phase chemical r e a c t i o n s  a l s o  con t r ibu ted  t o  t h e  
su r face  e ros ion .  

These p o s s i b i l i t i e s  are d iscussed  below. 
The p r e d i c t i o n s  considered su r face  chemical r e a c t i o n s  (condensed phase/ 

gas phase r e a c t i o n s ) ,  inc luding  material  decomposition products ,  as t h e  only  

su r face  e ros ion  mechanism. For s i l i c a  phenol ic  t h i s  e ros ion  i s  h igh ly  dependent 
on su r face  temperature  as shown i n  Figure 17 .  A lower char  conduc t iv i ty  than 
tha t  assumed i n  t h e  p r e d i c t i o n s  would r e s u l t  i n  a h igher  su r face  temperature 
and, f o r  t h e  condi t ions  of t he  f i r i n g s  i n  ques t ion ,  a major i nc rease  i n  t h e  
p red ic t ed  e ros ion  would r e s u l t .  The assumed char  conduc t iv i ty  f o r  t h e  pred ic-  
t i o n s  was nothing more than  an educated guess so  t h a t  a lower a c t u a l  conduc- 
t i v i t y  i s  c e r t a i n l y  a p o s s i b i l i t y  (char  conduc t iv i ty  f o r  s i l i c a  phenol ic  was 
n o t  measured under t h i s  c o n t r a c t ) .  

Liquid l a y e r  runoff  occurs  when t h e  v i s c o s i t y  of  s i l i c a  due t o  h igh  sur-  
f ace  temperature  becomes low enough t o  make t h e  su r face  s u s c e p t i b l e  t o  the gas  
phase shea r  a t  the  w a l l .  This phenomenon has ,  of  course,  been observed i n  many 

ins t ances ,  e.g., Reference 6 ,  b u t  q u a n t i t a t i v e  r e s u l t s  on it are no t  y e t  a v a i l -  
ab l e .  When t h e r e  i s  a n e t  loss  of  material  due t o  t h i s  mechanism, t h a t  i s ,  
when t h e  q u a n t i t y  of  " m e l t "  l e av ing  t h e  l o c a t i o n  i n  ques t ion  exceeds t h a t  a r r i v -  
ing ,  t h i s  mechanism m u s t  be considered i n  t h e  p r e d i c t i o n  of  s u r f a c e  e ros ion  

depth . 
ment and the carbon r e s idue  of r e s i n  py ro lys i s  can a l s o  occur.  These r e a c t i o n s  

may be expressed i n  t h e  form of a "ne t"  r eac t ion  of  t h e  form 

So l id  phase/sol id  phase chemical r e a c t i o n s  between the  s i l i c a  r e in fo rce -  

S i 0  * + C*+ S i 0  + CO 
2 

w h e r e  t h e  a s t e r i s k  denotes  condensed phase and t h e  r e a c t i o n  products  a r e  both 
i n  t h e  gas  phase. The n e t  e f f e c t  of  t h e  r e a c t i o n  is, o f  course,  consumption o f  

t h e  char .  This  r e a c t i o n  has  been observed and q u a n t i f i e d  i n  References 14 and 
15 b u t  has  not  y e t  b e e n  included a s  a su r face  e ros ion  mechanism i n  t h e  predic-  
t i o n  technique .5 

agrees  favorably with t h e  measured e ros ion  (F igure  13)  and, of  course,  assumed 
no l i q u i d  l a y e r  runoff o r  s o l i d  phase/sol id  phase r eac t ion .  This agreement may 

The p r e d i c t i o n  f o r  t h e  s i l i c a  phenol ic  e x i t  cone of  t h e  UA-1205-10 nozzle  

51ts inc lus ion  i s  under s tudy  i n  a c u r r e n t  Aerotherm c o n t r a c t ,  NASA Cont rac t  
N o .  NAS3-7945. 
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be f o r t u i t o u s ,  however, because of t h e  char conduct iv i ty  used i n  t h e  predic-  
t i o n  c a l c u l a t i o n s .  The f i n a l  assumed char  conduct iv i ty  was f a i r l y  low b u t  

was a l s o  f e l t  t o  be c o n s i s t e n t  with t h e  high s i l i c a  conten t  (80 percent)  f o r  
t h a t  m a t e r i a l .  Because of t h i s  u n c e r t a i n t y  i n  char  thermal conduct iv i ty ,  t h e  

favorable  agreement does n o t  n e c e s s a r i l y  mean t h a t  t h e  two mechanisms not  con- 
s idered  i n  t h e  p r e d i c t i o n s  a r e  unimportant. The d e f i n i t i o n  of t h e i r  importance 
and of accura te  char  thermal conduct iv i ty  information m u s t  awai t  f u r t h e r  tes t -  
i n g  and a n a l y s i s .  

Note t h a t  f o r  t h e  120-SS-1 nozzle t h e  p r e d i c t e d  e ros ion  depths i n  t h e  
subsonic and t h r o a t  regions agree favorably with t h e  maximum measured e ros ion  
depths and t h a t  t h e r e  a r e  very l a r g e  d i f f e r e n c e s  between t h e  maximum and mini- 
mum depths (Figure 1 0 ) .  The  genera l  performance of carbon phenol ic  i s  d i s -  

cussed f u r t h e r  i n  Sect ion 3. These l a r g e  d i f f e r e n c e s  a r e  probably due t o  flow 
f i e l d  e f f e c t s  a s s o c i a t e d  with t h e  p r o p e l l a n t  g r a i n  p o r t  shape and/or p a r t i c l e  
impaction e f f e c t s .  The l a t t e r  e f f e c t  would not  be expected a t  t h e  t h r o a t  and 
downstream where t h e  p a r t i c l e s  tend t o  channel towards t h e  nozzle c e n t e r l i n e  
d u e  t o  i n e r t i a l  e f f e c t s .  Rased on the comparison of p r e d i c t e d  and measured 
e ros ion ,  t h e  maximum measured depths a r e  more r e p r e s e n t a t i v e  of t h e  e r o s i o n  
t h a t  should have been expected. 

For t h e  260-SL-1 and 120-SS-1 nozzles ,  t h e  exposed m a t e r i a l  i n  t h e  low 

subsonic region was an e las tomer ic ,  a c l a s s  of m a t e r i a l  t h a t  e x h i b i t s  gross  
e ros ion .  
boundary l a y e r  i s  t h e r e f o r e  q u i t e  l a r g e ;  t h i s  r e s u l t s  i n  a th ickening  of t h e  
boundary l a y e r  both l o c a l l y  and downstream, and t h i s  i n  t u r n  r e s u l t s  i n  a re- 
duct ion of  t h e  h e a t  t r a n s f e r  and mass t r a n s f e r  c o e f f i c i e n t s ,  and t h e r e f o r e  i n  
lower s u r f a c e  e ros ion  downstream of t h e  e las tomer ic  m a t e r i a l .  This e f f e c t  was 

n o t  considered i n  t h e  p r e d i c t i o n s .  This i s  discussed f u r t h e r  i n  Sec t ions  3 . 5 . 3  
and 4 .1  wherein t h e  r e s u l t s  o f  an experimental  and an a n a l y t i c  s t u d y  of  t h i s  

phenomenon a r e  presented.  

The q u a n t i t y  of gaseous products  of a b l a t i o n  introduced i n t o  t h e  

2.4.2.2 Char depth and i n s u l a t i o n  performance 

The p r e d i c t e d  and, wherever p o s s i b l e ,  measured char  depth performance f o r  
each l o c a t i o n  i n  each of t h e  t h r e e  nozzles is  included i n  Tables 1 1 1 - V  and, f o r  

t h e  t h r o a t s ,  i n  Figures  8, 11, and 14 .  I n  t h e  t a b l e s ,  both char  depth and char  
th ickness  a r e  presented,  char  depth be ing  t h e  t o t a l  depth of char red  m a t e r i a l  
inc luding  t h a t  removed by s u r f a c e  e ros ion ,  and char  th ickness  be ing  t h e  depth 
of char  below t h e  f i n a l  s u r f a c e .  The predic ted  char  depth corresponds t o  t h e  

following d e f i n i n g  c r i t e r i o n :  
The l o c a t i o n  i n  depth corresponding t o  a d e n s i t y  halfway between 
t h e  v i r g i n  m a t e r i a l  and f u l l y  charred m a t e r i a l  d e n s i t i e s  (e .g . ,  see 
Figure 12) 
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From p a s t  experience t h i s  has been found t o  correspond q u i t e  c l o s e l y  t o  cr i -  
t e r i a  used i n  t h e  measurement of char  depth f o r  t h e  m a t e r i a l s  of i n t e r e s t  

here in .  For t h e  Aerojet  nozzles ,  t h e  char  depth was determined by penetrometer 
measurement and corresponded t o  t h e  l o c a t i o n  where t h e  r e s i s t a n c e  t o  penetra-  
t i o n  was s i g n i f i c a n t l y  reduced over t h a t  i n  t h e  char.  No char  depth measure- 
ments w e r e  a v a i l a b l e  f o r  t h e  UA-1205-10 nozzle.  Note i n  Figures  8, 11 and 

14 t h a t  two o t h e r  c r i t e r i a  f o r  in-depth performance a r e  a l s o  included: 

The l o c a t i o n  i n  depth corresponding t o  a d e n s i t y  s l i g h t l y  less than 
t h e  v i r g i n  m a t e r i a l  d e n s i t y  ( v i r g i n  m a t e r i a l  d e n s i t y  less 2 percent  
of t h e  d i f f e r e n c e  between t h e  v i r g i n  and f u l l y  char red  m a t e r i a l  
d e n s i t i e s )  , l a b e l l e d  " p y r o l y s i s  zone". 

The maximum l o c a t i o n  i n  depth of t h e  500'F isotherm, where 500'F i s  
f e l t  t o  be a reasonable  upper l i m i t  on back wal l  temperature f o r  
adequate thermal p r o t e c t i o n .  

As noted from Table 111, t h e  agreement between t h e  measured and p r e d i c t e d  
char  th icknesses  f o r  t h e  260-SL-1 nozzle i s  very favorable  a t  a l l  l o c a t i o n s  
considered.  The p r e d i c t i o n s  presented a r e ,  of course,  t h e  f i n a l  ones i n  which 
t h e  proper  char  conduct iv i ty  d a t a  w e r e  used. Note t h e  s i g n i f i c a n t  non-agreement 
from Figure 8 ( b )  f o r  t h e  i n i t i a l  p r e d i c t i o n  a t  t h e  t h r o a t  of  t h e  260-SL-1 
nozzle;  t h i s  i s  due d i r e c t l y  t o  t h e  improper char  conduct iv i ty  used. For t h e  
120-SS-1 nozzle (Table IV) t h e  same favorable  comparison between f i n a l  p r e d i c t e d  
and measured char  th ickness  is  apparent a t  t h e  t h r e e  downstream l o c a t i o n s .  I n  
t h e  subsonic and t h r o a t  reg ions ,  however, t h e  p r e d i c t e d  char  th icknesses  a r e  
considerably below t h e  measured values .  The measured th icknesses  a r e  what would 
be expected f o r  a g r a p h i t e  phenol ic ,  n o t  t h e  carbon phenol ic  a c t u a l l y  used. Some 
e f f e c t  a s s o c i a t e d  with t h e  l a r g e  c i r c u m f e r e n t i a l  nonuniformit ies  i n  s u r f a c e  ero- 
s i o n  experienced i n  t h i s  nozzle may be a p o s s i b l e  explanat ion.  

nesses  f o r  t h e  g r a p h i t e  phenol ic  p a r t s  of t h e  UA-1205-10 nozzle a r e  considerably 
g r e a t e r  than those f o r  t h e  carbon phenol ic  p a r t s  of t h e  260-SL-1 nozzle  (Tables 

I11 and V and Figures  8 and 14 r e s p e c t i v e l y ) .  This i s  a d i r e c t  r e s u l t  of t h e  
h igher  char  conduct iv i ty  f o r  g r a p h i t e  phenol ic  a s  compared t o  t h a t  f o r  carbon 
phenol ic  (see Table I ) .  

For s i m i l a r  f i r i n g  t i m e s  and s i m i l a r  chamber pressures ,  t h e  char  th ick-  

The d iscuss ions  above have been centered  on t h e  p o s t - f i r e  char  performance, 
t h e  char  th ickness  a f t e r  cooldown. Actual ly ,  much of  t h e  char  growth occurs  
a f t e r  motor shutdown, as i s  apparent  from Figures  8 ,  11 and 14 .  For ins tance ,  

i n  t h e  t h r o a t  of t h e  260-SL-1 nozzle,  t h e  char  depth (and th ickness)  i n c r e a s e  
about 0.25 inch during h e a t  soak; t h e  p r e d i c t e d  char  th ickness  i s  0.50 inch 
a t  shutdown and 0.75 inch a f t e r  cooldown (Figure 8 ) .  Most a b l a t i v e  nozzle 
a p p l i c a t i o n s  t o  d a t e  have employed a "one-shot" nozzle and t h e r e f o r e  t h e  s i g n i -  

f i c a n t  char  depth,  i n  terms of design f o r  thermal p r o t e c t i o n ,  i s  t h e  depth a t  
motor shutdown, not  a f t e r  h e a t  soak. This h e a t  soak e f f e c t  a f t e r  shutdown i s  
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a l so  apparent  from Figures  9 ,  12 and 15; i n  each case t h e  second t i m e  a t  which 
d i s t r i b u t i o n s  a r e  presented  corresponds approximately t o  motor shutdown. 

The char  depth i s  of course a m e a s u r e  of  t he  i n s u l a t i o n  performance of  
an a b l a t i v e  mater ia l .  A b e t t e r  measure, however, i n  terms of  design requi re -  
ments f o r  thermal p r o t e c t i o n ,  i s  t h e  depth o f ,  say,  the 590°F isotherm, 500'F 

be ing  a reasonable  upper l i m i t  f o r  t h e  back w a l l  of  an a b l a t i v e  material  which 
has as a backup m a t e r i a l  t h e  nozzle  support  s t r u c t u r e .  The material  th ickness  
requirements,  i n  terms of  t h i s  c r i t e r i o n ,  w e r e  p red ic t ed  f o r  a l l  l oca t ions  and 
a r e  presented  i n  Table V I .  For a "one-shot" nozzle  t h i s  500'F l i m i t  i s  only 
s i g n i f i c a n t  t o  t h e  end o f  t he  f i r i n g ;  i f  t h i s  l i m i t  i s  exceeded dur ing  cool- 
down it i s  of  no consequence s i n c e  t h e  nozzle  has  a l ready  completed i t s  func- 
t i o n .  The p red ic t ed  th ickness  requirements are t h e r e f o r e  presented  i n  terms 

of t h e  end of  t he  f i r i n g  (shutdown) and a l s o  i n  t e r m s  o f  t h e  maximum penetra-  
t i o n  of  t h e  500'F isotherm dur ing  cooldown. I t  should be noted t h a t  t he  a c t u a l  
th icknesses  do no t  include a b l a t i v e  backup materials which w e r e  a l s o  used a t  
many of  t h e  s t a t i o n s  considered.  From the  table, it i s  apparent  t h a t  i n  a l l  

cases t h e  a b l a t i v e  mater ia l  th icknesses  used exceeded those  r equ i r ed  f o r  ade- 
qua te  thermal  p r o t e c t i o n  of  the nozzle  support  s t r u c t u r e ,  by a s i g n i f i c a n t  
margin. (The a b l a t i v e  p a r t  must, of course,  a l s o  have s u f f i c i e n t  t h i ckness  
t o  maintain i t s  s t r u c t u r a l  i n t e g r i t y . )  This c e r t a i n l y  sugges ts  a r a t h e r  

e f f o r t l e s s  approach t o  c o s t  and weight savings i n  f l i gh twe igh t  nozzles .  Note 
t ha t  t h e  th ickness  requirements f o r  g raph i t e  phenol ic  are much greater than  
those  f o r  carbon phenol ic  due t o  t h e  h igher  char  thermal conduct iv i ty  of  t he  

g raph i t e  phenol ic .  S i l i c a  phenol ic  with i t s  low char  thermal conduct iv i ty ,  
e x h i b i t s  t h e  lowest t h i ckness  requirements,  provided, of  course,  it is  used 
under cond i t ions  where t h e  su r face  e ros ion  i s  t o l e r a b l e .  

2.4.2.3 General comments 

One d i f f e r e n c e  of  poss ib l e  s i g n i f i c a n c e  between t h e  260-SL-1 nozzle  and 
i t s  subsca le  coun te rpa r t ,  t h e  120-SS-1 nozzle ,  i s  t h a t  a l l  par ts ,  exc lus ive  of 
t h e  e x i t  cone, w e r e  autoclave cured i n  t h e  former nozzle  whereas t h e  comparable 
parts w e r e  hydroclave cured i n  t h e  subsca le .  These parts correspond t o  area 
r a t i o s  a t  which p r e d i c t i o n s  w e r e  made of  - 1 . 2 ,  1 .0 ,  and 1.9 f o r  bo th  motors: 
t h e  ma te r i a l  performance r e s u l t s  w e r e  p resented  as Figures  7 and 1 0  and Tables 
I11 and I V .  Based on these  r e s u l t s ,  inc luding  t h e  comparisons of  p r e d i c t i o n  

and measurement, t h e  type of cure  had l i t t l e  o r  no e f f e c t  on t h e  mater ia l  per- 
formance. A l s o ,  i n  t h e  nylon overwrap cured p a r t s ,  A/A* = 2.5 and 3.8 i n  t h e  
260-SL-1 nozzle  and A/A, = 2 .7  and 4.8 i n  t h e  120-SS-1 nozzle ,  t h e  comparison 
of  measured and p red ic t ed  performance r e l a t i v e  t o  t h e  o the r  a rea  r a t i o s  con- 

s ide red  i s  s imi l a r  i n  each nozzle .  Again, t he re fo re ,  t he  type  of  cu re  does no t  
appear t o  have any apprec iab le  e f f e c t  on t h e  performance of  a m a t e r i a l ,  a t  least  
f o r  t h e  condi t ions  t o  which t h e  m a t e r i a l s  w e r e  exposed i n  these  nozzles .  For 
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t h e  record,  t h e  nominal c u r e  p r e s s u r e s  f o r  t h e  hydroclave,  autoclave,  and nylon 

overwrap cured p a r t s  w e r e  1000 p s i a ,  325 p s i a ,  and a c a l c u l a t e d  75 p s i a ,  

r e s p e c t i v e l y .  
The comparisons of p r e d i c t e d  and measured performance f o r  o t h e r  nozzles  

analyzed by Aerotherm personnel a r e  s u b s t a n t i a l l y  s i m i l a r  t o  t h e  r e s u l t s  pre- 
sen ted  h e r e i n .  These nozzles  inc lude  t h e  Thiokol 156-2C-1 motor and subscales  
and t h e  LPC 156-5 and -6 motors and subscales:  t h e  r e s u l t s  f o r  t h e s e  nozzles  
a r e  presented i n  References 1, 3, 4, and 5. 

2.5 Conclusion 

The Aerotherm a b l a t i o n  computer programs w e r e  used t o  p r e d i c t  t h e  abla-  
t i v e  m a t e r i a l  performance f o r  t h e  nozzles  of t h r e e  l a r g e  b o o s t e r  motors, t h e  

Aero je t  260-SL-1, t h e  Aerojet  120-SS-1, and t h e  UTC UA-1205-10. These pre- 
d i c t i o n s  and t h e i r  comparison with measurement w e r e  used a s  a base t o  analyze 
t h e  m a t e r i a l  performance and eva lua te  t h e  programs f o r  use i n  nozzle  design.  
Based on t h i s  a n a l y s i s  and eva lua t ion ,  presented above, t h e  following conclu- 
s i o n s  and comments a r e  of fe red :  

1. The exposed a b l a t i v e  m a t e r i a l s  of  carbon phenol ic  and g r a p h i t e  phe- 
n o l i c  i n  t h e  260-SL-1, 120-SS-1, and UA-1205-10 nozzles  performed, by and l a r g e ,  
as expected and a s  w a s  p r e d i c t e d  i n  t e r m s  of both s u r f a c e  e ros ion  depths  and 
char  depths .  

2 .  The carbon phenol ics  used i n  t h e  t h r o a t  extensions and e x i t  cones of 
t h e  260-SL-1 and 120-SS-1 nozzles apparent ly  e x h i b i t e d  a layup angle  warp 

i n  t h e  char region t h a t  r e s u l t e d  i n  a l o w  apparent  e ros ion  f o r  t h i s  
m a t e r i a l .  

3 .  The eros ion  of s i l i c a  phenol ic  is  d i c t a t e d  by one o r  m o r e  of t h r e e  
p o s s i b l e  e ros ion  mechanisms: 

Surface chemical r e a c t i o n s ,  inc luding  m a t e r i a l  decomposition 

Liquid l a y e r  runoff  

S o l i d  phase chemical r e a c t i o n s  

Fur ther  experimentation and a n a l y s i s  i s  requi red  t o  d e f i n e  t h e  r e l a t i v e  impor- 

tance  of these  mechanisms. 

4. Carbon phenol ic  e x h i b i t s  a s i g n i f i c a n t l y  bet ter  i n s u l a t i o n  c a p a b i l i t y ,  
based on m a t e r i a l  th ickness  requirements,  than g r a p h i t e  phenol ic .  This i s  

d i r e c t l y  r e l a t e d  t o  t h e  lower char  and v i r g i n  m a t e r i a l  thermal conduct iv i ty  f o r  

carbon phenolic.  

5. S i g n i f i c a n t  c o s t  and weight savings without s a c r i f i c e  of a b l a t i v e  
m a t e r i a l  thermal p r o t e c t i o n  performance can be e f f e c t e d  through t h e  use of  

t h i n n e r  a b l a t i v e  m a t e r i a l  p a r t s .  T h i s ,  of course ,  assumes t h a t  t h e  s t r u c t u r a l  

i n t e g r i t y  can a l s o  be maintained. 
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6. For t h e  cond i t ions  and materials considered he re in ,  the  type of  cure ,  
hydroclave,  autoclave,  and i n  t h e  e x i t  cone, nylon overwrap, apparent ly  had 
l i t t l e  o r  no e f f e c t  on t h e  performance of t h e  mater ia ls .  

7 .  The Aerotherm a b l a t i o n  computer programs are e f f e c t i v e  and accu ra t e  
t o o l s  i n  design suppor t  and a n a l y s i s  of a b l a t i v e m a t e r i a l  performance f o r  s o l i d  

rocke t  nozzle  app l i ca t ions .  

8. I f  e i t h e r  o r  both of t h e  l a s t  two eros ion  mechanisms presented  i n  

3 above are found t o  be important  f o r  s i l i c a  phenol ic ,  they  should be included 
i n  t h e  computer program p r e d i c t i o n  technique.  

3. EXPERIMENTAL STUDY O F  MATERIAL PROPERTIES AND PERFORMANCE 

3.1 In t roduc t ion  

Carbon phenol ic  and g r a p h i t e  phenol ic  ma te r i a l s  w e r e  t e s t e d  under condi- 
t i o n s  t h a t  s imulated the  combustion products  environment of  a t y p i c a l  s o l i d  
p rope l l an t .  The o b j e c t i v e  of t he  tes ts  w a s  t o  ob ta in  information on mater ia l  
p r o p e r t i e s  t o  bet ter  c h a r a c t e r i z e  t h e  m a t e r i a l s  and t o  provide information i n  
suppor t  of  computer program p red ic t ions .  The experimental  program was broken 

down i n t o  t h r e e  s p e c i f i c  phases:  

1. Determination of  char  thermal conduc t iv i ty  as a func t ion  of  tempera- 
t u r e  and layup angle  for .  MX4926 carbon phenol ic  and MX4500 g r a p h i t e  
phenol ic  

2. Determination of  su r face  e ros ion  and char  depth performance of the 
above materials under t h e  s imulated rocke t  nozzle  cond i t ions  

3. Study of  t h e  in f luence  of upstream a b l a t i o n  on the  e ros ion  of  
downstream mater ia ls .  

The t e s t  materials w e r e  i n  t h e  form of  supersonic  nozz les  t h a t  w e r e  t h e  e x i t  
nozzles  of an arc-plasma genera tor  which generated t h e  s imula t ion  environment. 

The fol lowing s e c t i o n s  d i scuss  t h e  t e s t  program and r e s u l t s .  Sec t ion  3 . 2  

presen t s  t h e  experimental  apparatus  and t h e  ins t rumenta t ion  used i n  t h e  program. 
The t e s t  cond i t ions  are presented  i n  Sec t ion  3.3. Ce r t a in  s t u d i e s  and ca lcu la-  
t i o n s  i n  suppor t  of  t h e  experimental  program are d iscussed  i n  Sec t ion  3.4. The 

materials p r o p e r t i e s  and performance determined under t h e  program are presented  
and d iscussed  i n  Sec t ion  3.5. F i n a l l y  a summary of  t h e  r e s u l t s  and conclusions 
i s  presented  i n  S-iction 3.6. 

3.2 Experimental Apparatus and Ins t rumenta t ion  

The experimental  apparatus  i s  d iscussed  i n  t h i s  s ec t ion ,  t h i s  appara tus  
c o n s i s t i n g  of t h e  arc-plasma genera tor  used t o  s i m u l a t e  t h e  s o l i d  p r o p e l l a n t  
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combustion products environment, the ablative material test nozzles that were 
subjected to this environment, and the instrumentation used to measure the test 
conditions and the material response. The arc-plasma generator and support 
equipment are discussed first in Section 3 . 2 . 1 .  The test nozzle configurations 
and materials are discussed next in Section 3 . 2 . 2 .  Finally, the instrumenta- 
tion and data reduction procedures are presented in Section 3 . 2 . 3 .  

3 . 2 . 1  Arc-plasma generator and facility 

The tests were performed using the Aerotherm 400-kilowatt constrictor 
arc-plasma generator, shown in Figure 18. Energy is added to the primary test 
gas via the steady electric arc discharge, the arc striking from the tungsten 
cathode in the cathode well to the downstream end of the tapered cylindrical 
anode (Figure 18). The primary gas is introduced tagentially at the insulated 
interface of the two electrodes to provide stable, high voltage operation. The 
secondary gas is introduced in the plenum chamber downstream of arc heating to 
yield the desired final gas composition and to insure equilibration of the pri- 
nary and secondary gases before they exhaust through the test nozzle. The 
actual gases used in this test program are presented in a following section, 
Section 3 . 3 ,  Test Conditions. 

The arc unit is water cooled with high pressure deionized water. The 

electric power for the tests performed under this program was supplied by a 
direct current diesel elecrric generator. This unit has a maximum rated out- 
put level of 500 kilowatts of dc power (660 brake horsepower) for continuous 
operation. The power output and open circuit voltage are continuously variable, 
the maximum open circuit voltage being 1000 volts. A step-wise variable ballast 
resistor in series with the arc provides the necessary arc electric stability. 

sulating ring between the two electrodes after open circuit voltage has been 
applied across the electrodes. This usually must be accomplished at lower than 
desired primary flow rates to insure a successful RF breakdown. Upon starting, 
this flow is immediately increased to the desired value and final input power 
adjustments are made. This is accomplished within 5 seconds of arc ignition.6 

Arc starting is accomplished by generating an RF discharge across the in- 

The constrictor arc in its present configuration is limited to plenum 
chamber pressures up to about 8 atmospheres for nitrogen and for mixtures of 
nitrogen and helium or hydrogen.= This limitation is a limit of the thoriated 
tungsten cathode; above this pressure severe cathode degradation in the form 
of material loss at the surface occurs. AS discussed in Reference 6, 

i 

. 6  Note that these were limitations at the time of the test program; improvements 
in performance capabilities are continually being made. 
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t e s t i n g  a t  t h i s  moderate p re s su re  a c t u a l l y  s imula tes  high p res su res  f o r  l a r g e  
s o l i d  boos t e r  nozzles .  

3.2.2 Tes t  nozzles  

The t e s t  nozzle  conf igu ra t ions  are presented  i n  Figure 19. Three basic 

conf igu ra t ions  are shown which correspond t o  the  t h r e e  phases of  t h e  t e s t  pro- 
gram. I n  t h e  thermal conduc t iv i ty  t e s t  series, a long tubu la r  t h r o a t ,  0.812 

inch long, (F igure  1 9 ( a ) )  was used t o  provide a s i z a b l e  region of reasonably 
uniform cond i t ions  i n  which t o  make t h e  p r e c i s e  temperature  measurements re- 
qui red  f o r  accu ra t e  determinat ion of conduct iv i ty .  I n  t h i s  manner, l a t e r a l  

conduction e f f e c t s  were minimized. I n  t h e  s tudy  of  e ros ion  and char  depth per- 
formance, a more convent ional  nozzle  contour  (Figure 1 9 ( a ) )  was used t o  e l imin-  

a te  any p o s s i b l e  tubu la r  t h r o a t  e f f e c t s  on t h e  measured e ros ion .  
i l l u s t r a t e s  t h e  t es t  conf igu ra t ion  f o r  s tudy  of  upstream a b l a t i o n  e f f e c t s  on 

downstream eros ion .  
w a s  pure g raph i t e  t o  e l imina te  t h e  py ro lys i s  gases generated upstream of  t h e  

t h r o a t .  This conf igu ra t ion  r ep resen t s  t h e  low upstream a b l a t i o n  case. The 

s i m i l a r  conf igu ra t ion  of Figure 19 (a )  corresponds t o  t h e  h igh  upstream abla- 
t i o n  case ,  be ing  a l l  composite a b l a t i v e  material .  The t es t  nozzles  and cor- 

responding tes t  phase are a l s o  descr ibed  as p a r t  of  Table VII. 
t h e  t h r o a t  diameter  w a s  0 .3  inch. 

Figure 19(b)  

I n  t h i s  conf igura t ion ,  t h e  subsonic  p o r t i o n  o f  t h e  nozzle  

I n  a l l  nozzles ,  

I n  t h e  0' t h r o a t  layup nozzle  f o r  t h e  thermal conduct iv i ty  tes t  series a 

p a r a l l e l - t o - c e n t e r l i n e  wrap w a s  adopted throughout t h e  nozzle  f o r  purposes o f  

s i m p l i c i t y  i n  f a b r i c a t i o n .  This approach embodied t h e  hazards  of  laminate  blow- 
o u t  b u t ,  because of t h e  l eng th  of  t h e  t h r o a t ,  t h i s  w a s  n o t  f e l t  t o  be a l i k e l y  
p o s s i b i l i t y  and t h e r e f o r e  the  simple design approach w a s  taken.  The approach 
proved s u c c e s s f u l  as a n t i c i p a t e d .  

The e x t e r n a l  nozzle  geometry w a s  d i c t a t e d  by attachment requirements t o  

t h e  arc-plasma genera tor .  A t y p i c a l  i n s t a l l a t i o n  i s  shown i n  Figure 18. 
The thermocouple l o c a t i o n s  i n  t h e  t e s t  nozzles  f o r  t h e  de te rmina t ion  of 

char  conduc i t iv i ty  (Phase 1) and f o r  t h e  s tudy  of  e ros ion  and char  depth per- 
formance (Phase 2) are presented  i n  F igure  20. These loca t ions  w e r e  common t o  
a l l  6 nozzles  i n  t h e s e  two tes t  series (Figure  1 9 ( a ) )  and w e r e  def ined  by p r i o r  
c h a r r i n g  a b l a t i o n  c a l c u l a t i o n s  f o r  t h e  a c t u a l  t e s t  condi t ions .  Ca lcu la t ions  
were performed f o r  t h e  low and h igh  conduct iv i ty  extremes, 0' layup MX4926 

carbon phenol ic  and 90' layup MX4500 graphite phenol ic ,  r e spec t ive ly ,  and w e r e  
based on es t imated  char  conduc t iv i ty  va lues .  

The b i l l e t s  from which t h e  t es t  nozzles  w e r e  machined w e r e  f a b r i c a t e d  by 

t h e  F i b e r i t e  Corporat ion.  
compression d i e  molding of  prepreg  f a b r i c  l a y e r s  with each l a y e r  o r  p l y  s tag-  
gered 45' from t h e  ad jacen t  one. 

by t ape  wrapping, t h e  prepreg  tape width be ing  the  b i l l e t  length .  The complete 

The 90°- to-center l ine b i l l e t s  w e r e  f a b r i c a t e d  by 

The OO-to-center l ine b i l l e t s  w e r e  f a b r i c a t e d  
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Nozzle 
No. a 

600-03 

600-05 

600-04 

600-06 

600-01 

600-02 

601-01 

601-02 

a )  

b )  

C)  

105 

62.5 

67.0 

66.5 

M a t e r i a l b  

MX4926 
carbon 
p h e n o l i c  

MX4926 
carbon 
p h e n o l i c  

MX4500 
g r a p h i t e  
p h e n o l i c  

MX4500 
g r a p h i t e  
p h e n o l i c  

MX4926 
carbon 
p h e n o l i c  

MX4500 
g r a p h i t e  
p h e n o l i c  

MX4926 
carbon 
p h e n o l i c  

MX4500 
g r a p h i t e  
p h e n o l i c  

.003 

.053 

.046 

.073 
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TABLE V I I .  SUMMARY OF ARC-PLASMA GENERATOR ROCKET SIMULATOR TESTS 

66.0 

1 
LaYuP 
4ngle  

- 
goo 

O0 

90 O 

O0 

goo 

90 O 

goo 

goo 

- 
.094 

T e s t  Phase 

~~ 

Char Con- 
d u c t  i v i t y  

Char Con- 
d u c t  i v i t y  

Char Con- 
d u c t  i v i t y  

Char Con- 
d u c t i v i t y  

M a t e r i a l  
Performance 

M a t e r i a l  
Performance 

Upstream 
A b l a t i o n  
E f f e c t  

Upstream 
Ab l e t  i o n  
E f f e c t  

Simul .  
Gas 

Mix 5 

Mix 5 

Mix 5 

Mix 5 

Mix 4 

Mix 4 

Mix 4 

Mix 4 

- 

' i r i n g  
Time 

s e c  

60.4 

20.7' 

60.4 

60.2 

47.8 

47.3 

40.2 

46.5 

- 

F i r s t  F i r i n g  

:hamb 
'emp . 

0 

3800 

3800 

3900 

3800 

3550 

3400 

3700 

3650 

- 

I n i -  
t i a l  
Chamb . 
p r e s s .  

p s i a  

114.0 

57. SC 

116.0 

111.0 

115.0 

112.0 

113.0 

113.0 

7 

See  F i g u r e 1 9 f o r  n o z z l e  geometry 

The two 601 s e r i e s  n o z z l e s  had a t h r o a t  s e c t i o n  o f  t h e  
i n d i c a t e d  m a t e r i a l  and l ayup  a n g l e  and a s u b s o n i c  r e g i o n  
o f  G r a p h i t i t e  G-90 g r a p h i t e ;  a l l  o t h e r  n o z z l e s  w e r e  t h e  
i n d i c a t e d  m a t e r i a l  t h roughou t .  

The f i r s t  f i r i n g  was performed w i t h  one o f  t h e  two chamber 
p r e s s u r e  l i n e s  i n a d v e r t e n t l y  l e f t  o f f ;  a t h i r d  f i r i n g  was 
t h e r e f o r e  a l s o  performed a t  t h e  f o l l o w i n g  c o n d i t i o n s  and 
w i t h  t h e  f o l l o w i n g  r e s u l t s :  

F i r i n g  Time - 60.3 sec 
Chamber Temperature  - 3700 OK 
I n i t i a l  Chamber P r e s s u r e  - 101  p s i a  
S u r f a c e  E r o s i o n  Depth - 0.001 i n .  
Char Depth - 0.50 i n .  

; u r f a c e  
: r o s i  on 
Depth 

i n .  

..nos 

. .004 

-.007 

. .004 

.044 

.041 

.037 

.037 

- 

nd F i r i n g  

' i r i n g  
Time 

s e c  

60.3 

60.2 

60.4 

60.2 

52.4 

47.2 

50 .1  

60.2 

- 

Sei 

Chamb 
Temp. 

0 

3600 

3750 

3750 

3850 

3650 

3700 

3750 

3850 

lo5 I .Oo3 
109 1 .004 

h a r  
e p t h  

i n .  
- 
.54 

C - 

.49 

. 5 1  

.65 

.70 

- 
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b i l l e t  w a s  formed from t h r e e  sepa ra t e  b i - -e t s  which w e r e  concen t r i c  hollow 
cy l inde r s  bonded toge the r  with S h e l l  Epon 931. 
t he  problems of shr inkage and delaminat ion dur ing  cure  i f  t h e  wrapped sec t ions  

a r e  too  th i ck .  

This w a s  r equ i r ed  because of 

The d a t a  f o r  t he  prepreg t ape  used i n  b i l l e t  f a b r i c a t i o n  i s  presented  

below. 

Material B i l l e t  Layup Resin 
Anqle F rac t ion  

MX4926 carbon phenol ic  9 oo 
O0 

MX4500 g raph i t e  phenol ic  9 oo 
O0 

0.315 
0.335 

0.321 
0.321 

Vo 1 a t  i l e  s 
Frac t ion  

0.044 
0.045 

0.036 
0.036 

The molding and cu re  condi t ions  f o r  the 90' layup b i l l e t s  w e r e  as follows: 

3'F per minute r ise t o  300°F 

500 p s i a  t o  220'F 

1000 p s i a  from 220°F t o  300'F 

4 hours  a t  300°F and 1000 p s i a  

The wrap and cu re  cond i t ions  f o r  t h e  0' layup b i l l e t s  w e r e  a s  follows: 

220°F tape temperature  

4 t o  6 r p m  wrap speed 

200 lbs per inch  of t ape  width wrap t ens ion  

2000 p s i a  ( ca l cu la t ed )  nylon overwrap p res su re  

2 hours  a t  300°F (oven cure)  

Each nozzle  w a s  f i r e d  twice and i n  one case  t h r e e  times. There w a s  no 
between-f i r ing nozzle  p repa ra t ion  performed; t h e  nozzles  w e r e  l e f t  untouched 

except  f o r  necessary  p o s t - t e s t  measurement t o  determine su r face  e ros ion  depth.  

3.2.3 Ins t rumenta t ion  and d a t a  reduct ion  

The ins t rumenta t ion  and d a t a  reduct ion  procedures used i n  t h e  t e s t  program 
are d iscussed  i n  the fol lowing sec t ions .  Sec t ion  3.2.3.1 p r e s e n t s  t h i s  i n fo r -  
mation as it p e r t a i n s  t o  d e f i n i n g  t h e  tes t  condi t ions  and Sec t ion  3.2.3.2 as 
it p e r t a i n s  t o  de f in ing  t h e  m a t e r i a l  response.  

3.2.3.1 T e s t  condi t ions  

The t e s t  condi t ions  are def ined  by t h e  gas t o t a l  enthalpy,  t h e  chamber 
p re s su re ,  and, from t h e s e  two, t h e  chamber temperature.  The en tha lpy  w a s  de- 

termined from an energy ba lance  on the arc-plasma generator .  The power inpu t  
t o  t h e  a r c  u n i t  w a s  measured every 1.1 seconds through measurements of arc 
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current, with a precision shunt, and arc voltage, with a calibrated voltage 
divider. These outputs were fed to an analog-to-frequency converter with paper 
tape digital readout. The energy loss to the cooling water was determined from 
the measurement of flow rate and temperature rise of the water passing through 
the cathode-anode-plenum chamber combination (see Figure 18) . The water flow 
rate was measured by calibrated rotameter that was read visually during test 
and the temperature rise was measured by a AT differential thermopile unit, 
the output of which was also recorded on the analog-to-frequency converter. 
The total gas flow rate was measured by visual readings of the differential 
pressures across calibrated orifices, one for the primary gas and one for the 
secondary gas. The gas total enthalpy was then calculated from the following 
energy balance equation 

"'gas 

where h is the " 

the calculated enthal 
ref 

room temperature" enthalpy of the test gases. In all tests, 
.py was checked by comparison of the measured chamber pressure 

and the chamber pressure determined by a sonic flow calculation for the determined 
enthalpy and the measured gas flow rate. The comparisons of theoretical and meas- 
ured chamber pressures were favorable in all cases. 

The chamber pressure was measured by a calibrated strain gauge total pres- 
sure tranducer, the output of which was recorded continuously on a 36-channel 
oscillograph. The pressure tap was located at the downstream end of the plenum 
chamber. The chamber temperature was determined from the calculated enthalpy 
and measured chamber pressure through equilibrium Mollier charts that were devel- 
oped for the test gas mixtures (Reference 6). The time base for each firing was 
determined from the oscillograph record which accurately defined on-time and off- 
time and included a correlation signal between the digital output and the oscil- 
lograph output. 

3.2.3.2 Material response 

The ablative material response at the throat of the test nozzle was meas- 
ured, directly or indirectly, in terms of surface temperature history, surface 
erosion history, and, for six of the eight nozzles, internal temperature his- 
tories at four locations in depth. Also, post-test measurements of surface 
erosion depths were made after each firing and post test measurements of char 
depths were made on the sectioned nozzles after the final firing. The surface 
temperature was measured continuously with an Infrared Industries "Thermodot" 
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record ing  o p t i c a l  pyrometer. The pyrometer senses  b r igh tness  temperature i n  

t h e  near  i n f r a r e d  a t  a wavelength of  about 800 mi l l imicrons .  The pyrometer 
w a s  s igh ted  up the  e x i t  cone t o  a p o i n t  i n  the  tubu la r  t h r o a t  region approxi- 
mately 0.150 inch upstream of  the  s t a r t  of t he  e x i t  cone. The view f i e l d  w a s  
a spo t  approximately 0.085 inch i n  diameter .  The b r igh tness  temperature re- 
corded corresponded t o  a su r face  emis s iv i ty  of 1 .0 :  t h e  recorded d a t a  w e r e  
co r rec t ed  t o  an emis s iv i ty  of 0.85 (see Sec t ion  2.3.2.2) f o r  r epor t ing  he re in .  
The pyrometer ou tput  was recorded cont inuously on t h e  36-channel osc i l lograph .?  

I n t e r n a l  temperatures  w e r e  measured u t i l i z i n g  an ins t rumenta t ion  tech-  
nique developed t o  y i e l d  accu ra t e  temperature da t a  i n  low conduct iv i ty  mater ia l  
such a s  those  considered h e r e i n  (Reference 6 ) .  This technique,  u t i l i z i n g  Aero- 
therm spring-loaded thermocouple microprobes, is  i l l u s t r a t e d  i n  Figure 20. The 
thermocouple probes w e r e  i n s e r t e d  i n t o  t h e  t e s t  nozzles  so t h a t  they w e r e  tan- 

gent  t o  an isotherm a t  t h e  thermocouple junc t ion  and t h e  thermocouple w i r e s  
w e r e  of s m a l l  d iameter ,  0.003 inch .  This minimized thermal conduction away 
from t h e  thermocouple junc t ion ,  an e f f ec t  which r e s u l t s  i n  a lower-than-actual 
i nd ica t ed  temperature.  Also, t o  in su re  in t ima te  con tac t  of  t h e  thermocouple 
junc t ion  and t h e  m a t e r i a l ,  t h e  probes w e r e  spring-loaded a g a i n s t  t h e  bottom of  
the probe ho le s .  F i n a l l y ,  t o  minimize t h e  d is turbance  t o  t h e  h e a t  f low caused 
by t h e  probe, t h e  probe was kept  as s m a l l  as p r a c t i c a l .  The ceramic i n s u l a t o r  
t h a t  enclosed t h e  thermocouple w i r e s  w a s  0.035 inch i n  diameter .  The nominal 

thermocouple l o c a t i o n s  f o r  a l l  instrumented nozzles  a r e  a l s o  i n d i c a t e d  i n  Fig- 
u r e  20: t h e  exac t  l o c a t i o n s  were determined from an X-ray photograph o f  t h e  
nozzle .  The maximum e r r o r  i n  these  l o c a t i o n s  w a s  determined t o  be 2 2  pe rcen t  
o f  t h e  measured depth below t h e  su r face .  The technique used f o r  a c c u r a t e l y  
de f in ing  t h e  l o c a t i o n s  from t h e  X-ray photographs w a s  as presented  i n  Refer- 
ence 6 and i s  no t  repea ted  he re .  A t  t he  two nearest- to- the-surface loca t ions  
(F igure  20) , tungs ten  5% rhenium-tungsten 26% rhenium thermocouples w e r e  used: 

they  a r e  accu ra t e  a t  temperatures  up t o  about 4200'F (4660'R). 
two l o c a t i o n s ,  Chromel-Alumel thermocouples w e r e  used: they are accurate a t  
temperatures  up t o  about 2500'F (2960'R ) . The thermocouple outputs  w e r e  re- 
corded cont inuously through each f i r i n g  and, except  f o r  one f i r i n g ,  f o r  2 t o  

5 minutes i n t o  t h e  cooldown per iod .  For the  second f i r i n g  on each nozzle ,  
t h e  thermocouples w e r e  simply l e f t  i n  p lace  undis turbed.  

A t  t h e  o t h e r  

A suppor t  s tudy  of  p o s s i b l e  thermocouple contamination, and t h e  p o s s i b l e  
r e s u l t a n t  inaccurac ies  i n  the  measured temperatures due t o  exposure t o  a h igh  

temperature  g raph i t e  and decomposing r e s i n  environment, was performed p r i o r  
t o  t h e  nozzle  f i r i n g s  performed under the  program. N o  contamination e f f e c t s  
w e r e  found. The d e t a i l e d  r e s u l t s  of t h i s  s tudy are presented  i n  a s e p a r a t e  

sec t ion ,  Sec t ion  3.4, Support T e s t s  and Calcula t ions .  

3The high temperature exhaust  gases  w e r e  found t o  be t r anspa ren t  t o  t h e  pyrom- 
eter and t h e r e f o r e  caused no inaccurac ies  i n  t h e  measured r e s u l t s  (e.g., Ref- 
erence 1 6 ) .  
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t h e  second f i r i n g .  
a t i o n ,  t h e  nominal f i r i n g  t i m e s  w e r e  60 seconds. 

a r e  included a s  p a r t  of Table V I I .  

I n  t h e  Mixture 5 tes ts  f o r  thermal conduct iv i ty  determin- 
The a c t u a l  t e s t  condi t ions  

3.4 Support T e s t s  and Ca lcu la t ions  

T e s t s  t o  i n v e s t i g a t e  poss ib l e  thermocouple Contamination problems and t o  
measure t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  i n  t h e  t e s t  nozzle  t h r o a t  w e r e  performed 
p r i o r  t o  t h e  s t a r t  of t h e  main t e s t  program. Also, computer c a l c u l a t i o n s  of  
t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  and p red ic t ions  of t h e  material  performance f o r  
t he  a c t u a l  t e s t  condi t ions  w e r e  performed. The r e s u l t s  of  t hese  suppor t  t e s t s  
and c a l c u l a t i o n s  a r e  presented  i n  t h i s  s ec t ion .  Sec t ion  3.4.1 d i scusses  t h e  
thermocouple contamination s tudy.  The measured and c a l c u l a t e d  heat t r a n s f e r  
c o e f f i c i e n t s  f o r  t h e  t e s t  nozzle  t h r o a t  condi t ions  a r e  d iscussed  i n  Sec t ion  

3.4.2. F i n a l l y ,  t he  p red ic t ion  of t h e  ma te r i a l  performance f o r  t h e  a c t u a l  t es t  
condi t ions  i s  d iscussed  i n  Sec t ion  3.4.3. 

3.4.1 Thermocouple contamination s tudy  

The ex i s t ence  of a thermocouple contamination problem due t o  exposure 
t o  h igh  temperature  carbon, g raph i t e ,  and decomposing r e s i n  environments has  
been rumored b u t ,  t o  t h e  au tho r s ’  knowledge has  never been s u b s t a n t i a t e d  o r  

disproved.  
c a l i b r a t i o n ;  i f  t h i s  occurs ,  t h e  thermocouple output  can no longer  be accu- 
r a t e l y  r e l a t e d  t o  temperature.  Since accura te  temperature measurements a r e  
r equ i r ed  t o  p rope r ly  determine char  thermal conduct iv i ty ,  a tes t  e f f o r t  t o  

i n v e s t i g a t e  poss ib l e  thermocouple contamination was performed. 

The r e s u l t  of t h i s  contaminationwould be a s h i f t  i n  t h e  thermocouple 

The t e s t  approach was simply t h e  hea t ing  of  a g raph i t e  phenol ic  t e s t  s-ample 
i n  which two thermocouple probes w e r e  i n s e r t e d  f o r  t e s t .  The probes w e r e  ca l i -  

b r a t e d  be fo re  t es t  and a f t e r  t e s t ,  the comparison of the ca l ib ra t ion  r e s u l t s  
be ing  the  measure o f  thermocouple contamination e f f e c t s .  The h e a t  source w a s  
simply an ace ty lene  to rch .  The t e s t  appara tus  i s  shown i n  Figure 21 .  The t e s t  
j i g  (F igure  21(a) )  h e l d  an instrumented c y l i n d r i c a l  g r a p h i t e  phenol ic  sample 
tha t  w a s  hea ted  on i t s  face.  Using t h e  ace ty lene  to rch ,  t h e  maximum thermo- 
couple temperature  achievable  w a s  about 2500°F (2960”R). 

I n  an e f f o r t  t o  check t h e  p o s s i b i l i t y  of  contamination a t  even h igher  
temperatures , two of  t h e  thermocouples used i n  t h e  a c t u a l  t e s t  nozzles  w e r e  
c a l i b r a t e d  be fo re  t h e i r  i n s t a l l a t i o n  i n  the nozz les .  Unfortunately,  bo th  thermo- 
couple beads w e r e  broken i n  t h e  at tempt  t o  e x t r a c t  them from t h e  t e s t  nozzle  

a f t e r  t he  second f i r i n g .  

To accomplish t h e  c a l i b r a t i o n  of  t h e  thermocouples f o r  t e s t ,  a ca l ib ra -  
t i o n  furnace w a s  b u i l t  and p u t  i n  opera t ion .  A photograph of t h e  u n i t  i s  shown 
i n  Figure 21(b) .  The complete assembly w a s  i n  a vacuum bell-jar which, i n  the 
photograph, has  been removed. The hea t ing  element was a c o i l  of  tungs ten  w i r e  
wrapped around an alumina tube i n t o  which t h e  c a l i b r a t i o n  s tandara ,  on t h e  r i g h t ,  



-55- 

Surface  r eces s ion  through the  f i r i n g  was c a l c u l a t e d  from t h e  measured 

decay of  chamber p re s su re ,  t h i s  c a l c u l a t i o n  of course applying t o  t h e  t h r o a t  
only.  The ins tan taneous  t h r o a t  area w a s  c a l c u l a t e d  from t h e  son ic  flow rela- 
t i o n  and t h e  measured t e s t  condi t ions ,  inc luding  t h e  instantaneous chamber 

pressure .  The ins tan taneous  su r face  r eces s ion  a t  t h e  t h r o a t  was then c a l c u l a t e d  

from t h e  determined t h r o a t  a r ea  and t h e  measured a rea  a t  t h e  s t a r t  of t h e  f i r i n g .  
This technique i s  presented  i n  g r e a t e r  d e t a i l  i n  Reference 6 .  P o s t - t e s t  mea-  
surement of  su r f ace  e ros ion  depth w a s  a l s o  made a t  t h e  t h r o a t  through b a l l  
gauge and micrometer measurement. 

of  char  depth.  The char  depth c r i t e r i o n  w a s  taken a s  t h e  d i s t ance  t o  t h e  cen- 
t e r  of  t h e  narrow dark region t h a t  i s  i n d i c a t i v e  of t h e  py ro lys i s  zone. This  

c r i t e r i o n  has  been used s u c c e s s f u l l y  by Aerotherm i n  t h e  past and i s  c o n s i s t e n t  
with t h e  c r i t e r i o n  presented  and used i n  Sec t ion  2. 

Af t e r  t h e  f i n a l  f i r i n g  on each nozzle ,  it was sec t ioned  f o r  measurement 

3 .3  T e s t  Condi t ions 

The t e s t  gases  used i n  t h e  t e s t  series w e r e  Mixtures 4 and 5 formulated 
i n  t h e  program of  Reference 6. Both of these  mixtures  approximate t h e  r e a c t i v e  
s p e c i f i c  h e a t  of t y p i c a l  s o l i d  p rope l l an t  combustion products ;  t h e i r  e lemental  
compos it ions are: 

Element 

Helium ( H e )  

Nitrogen ( N )  

Oxygen ( 0 )  

Mass Frac t ion  
Mixture 4 Mixture 5 

0.2284 0.2237 
.6191 .1764 
.1525 - 

Mixture 5 is  e f f e c t i v e l y  i n e r t  t o  g r a p h i t i c  and carbonaceous m a t e r i a l s  f o r  
t h e  t es t  cond i t ions  of i n t e r e s t  and no chemical e ros ion  of t h e  tes t  nozzles  

occurs  i n  tes ts  u t i l i z i n g  t h i s  gas.  It  was used i n  t h e  thermal conduc t iv i ty  
t es t  series so  t h a t  t h e  su r face  r eces s ion  could be accura t e ly  de f ined ,  i . e . ,  
e f f e c t i v e l y  zero.  Mixture 4 is  chemical ly  r e a c t i v e  and d u p l i c a t e s  t h e  a c t u a l  
ox ida t ion  p o t e n t i a l  of a t y p i c a l  s o l i d  p rope l l an t .  It t h e r e f o r e  s imula tes  both  
t h e  thermal and chemical a s p e c t s  of s o l i d  p rope l l an t  combustion products .  This  
gas  w a s  used i n  t h e  t e s t s  on m a t e r i a l  e ros ion  performance and upstream a b l a t i o n  

e f f e c t  s . 
The nominal t e s t  cond i t ions  w e r e  an i n i t i a l  chamber p re s su re  of 

approximately 100 p s i a  and a chamber temperature  of approximately 3800°R f o r  

Mixture 5 and 3500°R f o r  Mixture 4 .  These condi t ions  y ie lded  approximately t h e  
same s t a t i c  temperature  i n  t h e  t h r o a t  and approximately t h e  same t o t a l  en tha lpy  
f o r  both mixtures .  The f i r i n g s  w e r e  performed a t  a cons tan t  gas  flow rate  and, 

t h e r e f o r e ,  t h e  chamber p re s su re  decreased wi th  f i r i n g  time f o r  Mixture 4 as sur-  
face  e ros ion  occurred. The f i r i n g  t i m e s  i n  t h i s  case w e r e  t h e  times f o r  t h e  
chamber p re s su re  t o  decay t o  about 65 p s i a  i n  t h e  f i r s t  f i r i n g  and 40 p s i a  i n  
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a) T e s t  appara tus  

b)  Ca l ib ra t ion  furnace 

F igure  21.- Thermocouple contamination s tudy appara tus .  
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and t h e  thermocouple t o  be c a l i b r a t e d ,  on t h e  l e f t ,  were in se r t ed .  The two 

thermocouples w e r e  i n s e r t e d  t o  the  mid-portion of t h e  heated sec t ion  u n t i l  they  
w e r e  wi th in  1/16-inch of each o the r .  
c o n t r o l  of t h e  vol tage  ac ross  the  tungsten hea t ing  e l e m e n t .  

Temperature c o n t r o l  was accomplished by 

Typical  c a l i b r a t i o n  r e s u l t s  are presented i n  Table VI11 f o r  t h e  two thermo- 
couple types  considered,  tungstex-5% rhenium-tungsten 26% rhenium, and Chromel- 

A l u m e l .  

bon phenol ic  environment a r e  presented and compared and t h e  exposure cond i t ions  
of t i m e  and ind ica t ed  maximum temperature are a l s o  included.  Based on these  

r e s u l t s ,  n o  contamination e f f e c t s  are apparent  up t o  t h e  moderate temperatures  
of t hese  t es t s  and f o r  t h e  r e l a t i v e l y  s h o r t  exposure t i m e s .  Also,  no s i g n i f i c a n t  

The c a l i b r a t i o n s  be fo re  and a f t e r  exposure t o  t h e  high temperature car- 

contamination e f f e c t s  a r e  a n t i c i p a t e d  up t o  a t  l e a s t  4000 0 F ,  t h e  maximum thermo- 
couple temperature achieved i n  t h e  char  thermal conduct iv i ty  tests. 

3.r?.2 H e a t  t r a n s f e r  c o e f f i c i e n t s  

I n  o rde r  t o  de f ine  t h e  t e s t  condi t ions  i n  t e r m s  of h e a t  t r a n s f e r  c o e f f i -  

c i e n t ,  t h e  c o e f f i c i e n t  a t  t h e  nozzle  t h r o a t  f o r  t h e  t e s t  nozzle  conf igu ra t ion  
was measured us ing  a water-cooled ca lor imeter  nozzle  and c a l c u l a t e d  us ing  t h e  
boundary l a y e r  computer program (Sec t ion  2.3.2.3). The c a l c u l a t i o n s  of heat 
t r a n s f e r  c o e f f i c i e n t  are d iscussed  f i r s t ,  followed by a d i scuss ion  of the c a l o r i -  

meter tests.  
The h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  t h e  t h r o a t  of  t he  t e s t  nozzle  configu- 

r a t i o n s  (F igure  1 9 ( a ) )  w e r e  c a l c u l a t e d  us ing  t h e  boundary l a y e r  computer pro- 
gram discussed  i n  Sec t ion  2.3.2.3. 
requirements a r e  not  repea ted  here .  
c a l c u l a t e d  f o r  bo th  t e s t  gas  mix tu res  from References 1 7  and 18. The P rand t l  
number used was 0.72 f o r  both mixtures  and was es t imated  from Reference 1 9  from 

a cons ide ra t ion  of t h e  mixture  c o n s t i t u e n t s  ( t h i s  value was a l s o  used i n  Ref- 
erence 6 ) .  The c a l c u l a t e d  c o e f f i c i e n t s  a t  t h e  c e n t e r  p lane  of  t h e  t h r o a t  w e r e  
e s s e n t i a l l y  i d e n t i c a l  f o r  t he  two t e s t  gases  a t  t h e  nominal t es t  cond i t ions  and 

f o r  t he  two r e spec t ive  nozzle  t h r o a t  geometries (Figure 1 9 ( a ) ) . '  These c o e f f i -  

c i e n t s  f o r  t h r e e  d i s c r e t e  wal l  temperatures and a 0.3-inch and 0.4-inch t h r o a t  
nozzle  are: 

The d iscuss ion  of  t h i s  program and t h e  inpu t  
The v i s c o s i t y  used i n  the  c a l c u l a t i o n s  w a s  

'The c a l c u l a t e d  c o e f f i c i e n t s  decreased s l i g h t l y  with inc reas ing  d i s t a n c e  down 
t h e  tubu la r  t h r o a t ,  and f o r  a given d i s t a n c e  from t h e  t h r o a t  en t rance  t h e  Mix- 
t u r e  5 c o e f f i c i e n t s  were s l i g h t l y  h ighe r  than  t h e  Mix tu re  4 c o e f f i c i e n t s  f o r  
t h e  nominal t e s t  condi t ions .  



-59-  

TABLE VI11 

TYPICAL THERMOCOUPLE CONTAMINATION TEST RESULTS 

Tungsten 5 percent rhenium - tungsten 26 percent rhenium 
Thermocouple 5 

Standard 
Thermocouple 

1 3 1 2  
1 3 1 3  
1 3 1 3  
1 4 2 5  
14.26 
1 4 2 8  
1 6 8 7  
1 6 8 7  
1 6 8 7  
1 7 5 4  
1 7 5 3  
1 7 5 4  
1 9 5 9  
1 9 5 9  
1 9 6 0  
2022 
2026 
2025 
2258 
2260  
2256 

Indicated Temperature, OF 

Test Thermocouple Apparent 
Error 

pre-fire 

1 4 2 8  
1 4 3 1  
1 4 3 2  

1 7 6 4  
1 7 6 3  
1 7 6 4  

2034 
2038 
2037 
2274 
2274 
2272 

Post- f ire I 
1 3 2 7  
1 3 2 7  
1 3 2 7  

I 

1 7 0 4  
1 7 0 4  
1 7 0 4  

1 9 8 0  
1 9 7 9  
1 9 8 0  

1 5  
1 4  
1 4  

3 
5 
4 

1 7  
1 7  
1 7  
1 0  
1 0  
1 0  
2 1  
20  
20 
1 2  
1 2  
1 2  
1 6  
1 4  
1 6  

Exposure - Installed in graphite phenolic material, heating for 8 0  seconds, 
maximum indicated temperature of 2350OF for test thermocouple 

__- 

C h r o m e  1 -A1 ume I 

1 2 5 2  

1 6 0 4  

1 8 5 8  
1 8 6  2 

2093 
2 0 9 1  
2092 

Thermocouple 2 

1 2 6 8  
1 3 9 6  
1 3 9 6  
1 6 4 0  
1 7 2 7  
1 7 2 7  
1 9 0 6  
1 9 1 0  
1 9 8 3  
1 9 8 3  
2158  
2163  
2163  
2 2 3 1  
2 2 3 1  

Exposure - Installed in graphite phenolic material, heating for 9 9  seconds, 
maximum indicated temperature of 8 7 0 ° F  for test thermocouple 

1 3 7 0  
1 3 7 0  

1 6 9 2  
1 6 9 2  

1 9 4 0  
1 9 4 0  

2167 
2167 

-16 
-26  
-26  
-36  
-35 
-35  
-48  
-48  
-43  
-4 3 
-65  
-72  
- 7 1  
-64  
-64  
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Wall Tempera ture  
"R( 'F)  

760 (300) 
3800 (3340)  

4200 (3740) 

H e a t  Transfer  Coef f i c i en t  
l b / f t2 - sec  

D, = 0.3 inch D, = 0.4 inch 
0.277 0.166 
0.214 0.128 

0.203 0.122 

These c a l c u l a t e d  c o e f f i c i e n t s  agree very c l o s e l y  with t h e  experimental  r e s u l t s  
of  Reference 6 when they  a r e  co r rec t ed  f o r  t h e  d i f f e r e n c e  i n  chamber p re s su re  
between the  two cases .  

The h e a t  t r a n s f e r  ca lo r ime te r  used f o r  experimental ly  measuring h e a t  
t r a n s f e r  c o e f f i c i e n t  cons i s t ed  o f  i n d i v i d u a l l y  water-cooled segments t h a t  w e r e  
s tacked  toge the r  t o  form the  des i r ed  nozzle  contour.  The local-average heat 

f l u x  was then  determined f o r  each segment from t h e  measured coo lan t  w a t e r  flow 
r a t e  and temperature  r ise.  The d e t a i l s  o f  t he  nozzles  and t e s t  technique are 
presented  i n  Reference 6. Two nozzle  conf igu ra t ions  were used ,  one with a 

0.3-inch diameter t h r o a t  and d u p l i c a t i n g  t h e  t e s t  nozzle  contour  used i n  t h e  
thermal conduc t iv i ty  t es t s  ( s e e  F i g u r e  1 9 ( a ) )  and one w i t h  a s i m i l a r  geometry 
b u t  with a 0.4-inch diameter  t h r o a t ,  t h i s  l a r g e r  diameter be ing  t h e  approximate 
diameter  a t  t h e  s t a r t  of t h e  second t e s t  f o r  t h e  nozzles  i n  which s u r f a c e  ero- 
s i o n  occurred.  I n  both conf igu ra t ions ,  t h e  t h r o a t  s e c t i o n  cons i s t ed  o f  t h r e e  

segments and d a t a  w e r e  taken f o r  t hese  t h r e e  segments only s i n c e  t h i s  w a s  t h e  
reg ion  o f  i n t e r e s t  i n  t h e  main t e s t  program. Unfortunately,  t h e  i n l e t  segment 
o f  t h e  0.3-inch diameter  nozzle  f a i l e d  be fo re  f i n a l  t es t s  w e r e  performed and 
no f i n a l  r e s u l t s  w e r e  ob ta ined  f o r  t h i s  nozzle  conf igura t ion .  A l s o ,  the re- 
s u l t s  f o r  t he  0.4-inch diameter  nozzle  w e r e  somewhat ambiguous. A quick check 
of  t h e  d a t a  immediately a f t e r  t h e  ca lo r ime te r  nozzle  t es t s  y i e lded  a t h r o a t  
h e a t  t r a n s f e r  c o e f f i c i e n t  c o n s i s t e n t  with t h e  c a l c u l a t e d  r e s u l t  p resented  above: 

the f i n a l  reduced da ta ,  however, y ie lded  a cons iderably  lower c o e f f i c i e n t .  I n  
t h e  at tempt  t o  r econc i l e  t h i s  anomaly, no d e f i n i t i v e  e r r o r  i n  e i t h e r  r e s u l t  
w a s  found: however, it i s  f e l t  tha t  t h e  thermocouple c i r c u i t  s e n s i t i v i t y  s e t t i n g  

w a s  i n c o r r e c t l y  s p e c i f i e d  and used i n  t h e  f i n a l  d a t a  reduct ion .  A check of the 
r e s u l t s  t h a t  would have been achieved i f  t h e  s e t t i n g  had been d i sp laced  one 
p o s i t i o n  from t h a t  assumed r e s u l t e d  i n  a measured h e a t  t r a n s f e r  c o e f f i c i e n t  of  

0.177 lb / f t2 - sec  as compared t o  t h e  comparable c a l c u l a t e d  value o f  0.166 lb/ft ' -  

sec presented  above. 

Based on t h e  ambiguity of t h e  experimental  r e s u l t s ,  t h e  c a l c u l a t e d  va lues  

of h e a t t r a n s f e r  c o e f f i c i e n t  presented above w e r e  used i n  a l l  c a l c u l a t i o n s  of 
material  response d iscussed  i n  t h e  following sec t ion .  
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3 .4 .3  P red ic t ion  of  m a t e r i a l  performance 

The a b l a t i o n  computer programs w e r e  used t o  p r e d i c t  t h e  m a t e r i a l  per-  
formance f o r  s eve ra l  of  t h e  t e s t s  performed h e r e i n  a s  a check on t h e  t e s t  re- 
s u l t s  and, conversely,  as a check on t h e  accuracy o f  t h e  computer programs. 
P red ic t ions  w e r e  made both  f o r  Mixture 4 and Mixture 5 tes ts .  Again, t h e  pro- 

grams and inpu t  requirements a r e  not  repea ted  here :  t h e  p red ic t ions  w e r e  per- 
formed a s  presented  i n  Sec t ion  2.3. The p red ic t ions  employed t h e  char  conduc- 
t i v i t y  r e s u l t s  obtained under t h e  program and t h e  r e s i n  f r a c t i o n s  measured f o r  
t h e  a c t u a l  nozzle  m a t e r i a l s  (Sec t ion  3.2.2) .  The unequal d i f f u s i o n  c o e f f i c i e n t  

op t ion  was used i n  a l l  c a l c u l a t i o n s .  The p r e d i c t i o n  r e s u l t s  are presented  i n  
the  fol lowing s e c t i o n  which d iscusses  t h e  a c t u a l  t e s t  program r e s u l t s .  

I t  should be  noted t h a t  t h e  Charr ing Material Ablat ion Frucjram w a s  used 
i n  t h e  determinat ion of  char  conduct iv i ty .  I t ,  however, w a s  t h e  primary t o o l  
i n  t h e  d a t a  reduct ion  and i t s  u s e  i s ,  t h e r e f o r e ,  d i scussed  with t h e  t e s t  r e s u l t s .  

3 .5  Mater ia l s  P r o p e r t i e s  and Performance, R e s u l t s  and Discussion 

The t e s t  r e s u l t s  under t h e  t h r e e  phases of  t h e  experimental  s t u d i e s  t a s k  
o f  t h e  c o n t r a c t  a r e  presented  i n  t h e  fol lowing sec t ions .  These t h r e e  phases 
encompassed t h e  determinat ion of  char  thermal conduc t iv i ty  f o r  a carbon phenol ic  
m a t e r i a l  and a g raph i t e  phenol ic  mater ia l ,  t h e  determinat ion of  e ros ion  and 
char  depth performance f o r  t hese  same materials under s imulated cond i t ions ,  
and a s tudy  of upstream a b l a t i o n  e f f e c t s  on downstream eros ion .  The r e s u l t s  of  

these  t e s t  programs are d iscussed  i n  Sec t ions  3.5.1, 3.5.2, and 3.5.3, respec- 
t i v e l y .  The d e s c r i p t i o n  of t he  t e s t  nozzles ,  t h e  a c t u a l  t e s t  cond i t ions ,  and 
t h e  t e s t  r e s u l t s  i n  terms of  su r face  e ros ion  and char  depth are presented  i n  

Table 1 7 1 1 .  

3.5.1 Char thermal conduct iv i ty  

Char thermal conduc t iv i ty  w a s  determined for :  

MX 4926 carbon phenol ic  0' layup 
90" layup 

MX 4500 g r a p h i t e  phenol ic  0' layup 

90' layup 

from the  t e s t  f i r i n g s  on nozz les  600-03 through 600-06 (Table V I I ) .  The r e s u l t s  
a r e  presented  i n  Figure 2 2  i n  t e r m s  o f  conduc t iv i ty  a s  a func t ion  of tempera- 
tu re .  They w e r e  a l s o  presented  previous ly  a s  p a r t  of  Table I a .  Before d iscus-  
s i n g  these  char  conduc t iv i ty  r e s u l t s ,  a d i scuss ion  of  t h e  technique f o r  de t e r -  

mining them i s  i n  order .  
Thermal conduc t iv i ty  is  u s u a l l y  determined under s t eady  s t a t e  cond i t ions  

and, i n  t h e  case of chars ,  with a l abora to ry  prepared sample. The c h a r a c t e r  
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of a char  i s  a func t ion  of  t h e  manner i n  which it w a s  formed, however. A mate- 
r i a l  sample which is  charred under slow hea t ing  cond i t ions  i n  a l abora to ry  i s  
d i f f e r e n t  i n  cha rac t e r  than a char  formed under t h e  dynamic, r ap id  hea t ing  condi- 
t i o n s  of a nozzle  f i r i n g  s i n c e  r e s i n  decomposition i s  a func t ion  of bo th  tempera- 
t u r e  and t i m e ,  Equation ( 4 ) .  I t  is  t h e r e f o r e  d i f f i c u l t  t o  ob ta in  a representa-  
t i v e  sample p r i o r  t o  a f i r i n g  of t h e  material of i n t e r e s t ,  and even a f t e r  t h e  
f i r i n g ,  t h e  s i z e  of t h e  sample t h a t  can be obtained from a f i r e d  component is  

l imi t ed .  Also,  t h e  s teady s t a t e  determinat ion of conduct iv i ty  excludes t h e  pos- 

s ible  e f f e c t s  of t h e  py ro lys i s  gases  t h a t  f low through t h e  char ;  they  can i n f l u -  
ence t h e  e f f e c t i v e  m a t e r i a l  conduct iv i ty  through t h e i r  con t r ibu t ion  t o  conduction 
and through t h e i r  e f f e c t  on r a d i a t i o n  interchange i n  t h e  porous char  matr ix .  

I n  t h e  technique used here  these  problems a r e  circumvented; t h e  d a t a  from 

which the  char  condi lc t ivi ty  w a s  determined were obtained under dynamic condi- 
t i o n s  t h a t  s imulated those  of a rocke t  nozzle .  These t e s t  d a t a  were t h e  t e m -  
p e r a t u r e  h i s t o r i e s  of t he  four  thermocouples i n  depth (F igure  20) ,  t h e  measured 

su r face  temperature ,  and t h e  measured su r face  e ros ion  which, f o r  Mixture 5 ,  w a s  
n e g l i g i b l e .  The d a t a  reduct ion  procedure w a s  a paramet r ic  i npu t  of  char  t he r -  
mal conduc t iv i ty  ( a s  a func t ion  of temperature) t o  the  Charr ing Mate r i a l  a l a -  
t i o n  Program, with t h e  su r face  temperature and su r face  e ros ion  (zero)  a l s o  

input ,  u n t i l  t h e  p red ic t ed  i n t e r n a l  temperature h i s t o r i e s  agreed c l o s e l y  with 
those  measured.' This determinat ion was made from the  da t a  of t h e  f i r s t  f i r i n g  
on each nozzle  only: t he  second (and i n  one case  t h i r d )  f i r i n g  w a s  u s e d a s  a check 
on the  determined conduct iv i ty .  The p red ic t ed  f i n a l  i n t e r n a l  temperature  h i s -  
t o r i e s  corresponding t o  the  conduc t iv i ty  r e s u l t s  of  Figure 2 2  a r e  presented  i n  
Figure 23 f o r  each t e s t  nozzle  toge ther  with t h e  measured i n t e r n a l  temperature  
h i s t o r i e s . "  The agreement between measured and p red ic t ed  temperature h i s t o r i e s  

i s  very favorable .  The number of "guesses"  on char conduc t iv i ty  r equ i r ed  t o  
achieve these r e s u l t s  ranged from 6 t o  18 f o r  t he  four  cases  considered.  It 

i s  f e l t  t h a t  t h e  number of i t e r a t i o n s  can be reduced i n  f u t u r e  de te rmina t ions  
and t h a t  t h i s  procedure might w e l l  be amenable t o  automation. 

The comparisons of p red ic t ed  and measured i n t e r n a l  temperatures  f o r  t h e  
second f i r i n g  on each nozzle  a r e  presented  i n  Figure 24. The agreement f o r  
t h e  90' layup nozzles  i s ,  again,  very favorable ,"  b u t  f o r  t h e  0' layup nozz les ,  

t he  p r e d i c t i o n s  a r e  c o n s i s t e n t l y  somewhat h igher  than  t h e  measured temperatures .  

Upon sec t ion ing  t h e  t e s t  nozzles  a f t e r  t e s t i n g  w a s  complete, t h e  probable  source 
of t h i s  discrepancy was revea led .  The v a r i a t i o n  of char  t h i ckness  with a x i a l  
d i s t a n c e  was such a s  t o  i n d i c a t e  t h a t  a x i a l  conduction i n  t h e  mature char  of  

'This  technique was f i r s t  employed by Aerotherm personnel  i n  l a t e  1964 us ing  
d a t a  from t h e  program of  Reference 6 .  

s u r f a c e  r a t h e r  than t h e  nominal depth of  0.075 inch.  Because of  t h i s  very  
shal low depth,  t h e  temperature g rad ien t  a long t h e  thermocouple probe w a s  se- 
vere  and conduction e f f e c t s  no t  p re sen t  a t  g r e a t e r  depths  can be s i g n i f i c a n t .  
The lower-than-predicted temperature is  f e l t  t o  be due t o  t h i s  e f fec t .  

"Thermocouple 1 of  Figure 23(a)  was determined t o  be only 0.029 inch below t h e  
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t h e  second (and t h i r d )  f i r i n g s  occurred. The measured temperatures  would there-  
fo re  be expected t o  be lower than p red ic t ed  s i n c e  t h e  p red ic t ion  assumed one- 

dimensional r a d i a l  h e a t  flow. 
Based on t h e  favorable  (and expla inable)  agreement between the  p red ic t ed  

and measured i n t e r n a l  temperature h i s t o r i e s  (F igures  23 and 24) ,  t h e  char  con- 
d u c t i v i t y  r e s u l t s  of Figure 2 2  a r e  f e l t  t o  be q u i t e  adequate f o r  engineer ing  
c a l c u l a t i o n s  of  mater ia l  performance. 
been ex t r apo la t ed  t o  6000'R. 

The r e s u l t s  are v a l i d  t o  4500'R and have 
These conduc t iv i ty  r e s u l t s  a r e  now discussed  below. 

The MX4500 g raph i t e  phenol ic  e x h i b i t s  a h igher  char  conduct iv i ty  than t h e  

carbon phenol ic :  t h i s  i s  t y p i c a l  o f  t hese  m a t e r i a l s  as  a c l a s s  and i s  no t  an 
observa t ion  l i m i t e d  t o  the  two s p e c i f i c  ma te r i a l s  considered. The genera l  char- 
a c t e r  of  t h e  conduc t iv i ty  v a r i a t i o n  with temperature is  d i f f e r e n t  f o r  t h e  two 
ma te r i a l s ,  t h e  temperature  v a r i a t i o n  of conduct iv i ty  be ing  q u i t e  s m a l l  f o r  car- 
bon phenol ic  a t  moderate temperatures .  A s  expected, t h e  90' layup angle  y i e l d s  
a h ighe r  conduct iv i ty  than t h e  0 ' ;  t h i s  c l o t h  o r i e n t a t i o n  o f f e r s  a better pa th  
f o r  h e a t  conduction than  does t h e  across- the-cloth o r i e n t a t i o n .  A t  h igher  t e m -  
p e r a t u r e s ,  t h i s  layup angle  e f f ec t  becomes q u i t e  small :  i n t e r n a l  r a d i a t i o n  be- 

comes an e f f e c t i v e  conduction mechanism a t  high temperature and it apparent ly  i s  

no t  s o  d i r e c t i o n a l l y  dependent. Note from Table I t h a t  t h e  room temperature  char  

conduc t iv i ty  i s  c l o s e  t o  t h e  v i r g i n  mater ia l  conduct iv i ty .  

materials a t  bo th  layup angles  i n  each, it was reasonable  t o  equate  llhigh'l t e m -  
p e r a t u r e  v i r g i n  m a t e r i a l  conduc t iv i ty  and room temperature char  conduct iv i ty .  

I n  f a c t ,  f o r  bo th  

The r e s u l t s  p resented  a r e ,  of course,  f o r  t h e  extremes i n  layup angle ,  
0' o r  h e a t  f low perpendicular  t o  t h e  layup d i r e c t i o n  and 90' o r  h e a t  f low para l -  

l e l  t o  t h e  layup d i r e c t i o n .  Although no d a t a  w e r e  taken f o r  in te rmedia te  layup 
angles ,  t h e  fol lowing equat ion ,  repea ted  from Sect ion  2.3.2.2, i s  suggested f o r  

gene ra l i z ing  t h e  r e s u l t s  presented  

where 8 i s  t h e  layup angle  re ferenced  t o  

- 1) s i n  e ]  

a tangent  t o  t h e  su r face .  

(3)  

It i s  s i g n i f i c a n t  t o  note  as an a s i d e  t o  t h e  main t e s t  r e s u l t s  t h a t  t h e  

These nozzles  w e r e  f a b r i c a t e d  paral le l  0' layup nozzles  performed very w e l l .  

t o  t h e  c e n t e r l i n e  throughout (F igure  1 9 ( a ) ) .  This  r e s u l t e d  i n  what i s  usua l ly  
considered t o  be an unfavorable  layup angle  " d i r e c t i o n "  i n  t h e  subsonic  po r t ion  
of t h e  nozzle  and a l s o  i n  a s u s c e p t i b i l i t y  t o  laminate  blow-out. These nozzles  
exh ib i t ed  no unusual e f f e c t s  and no delaminat ions,  however, and a c t u a l l y  per- 
formed bet ter  than  t h e  90' layup nozz les  i n  t h i s  l a t t e r  r e spec t .  

The performance of  t h e  MX4926, 90' layup nozzles  (600-03) w a s  p red ic t ed  
us ing  t h e  s e t  of  a b l a t i o n  computer programs and t h e  measured t es t  cond i t ions ;  
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t he  su r face  response,  
c a l c u l a t e d  r a t h e r  than s p e c i f i e d  a s  was done i n  thedeterminat ionof  char  conduc- 

t i v i t y .  
a r e  presented i n  Figure 25. The 

agreement between measurement and p red ic t ion  i s  t h e r e f o r e  very favorable  on a l l  
counts .  Based on these  comparisons, t h e  ca l cu la t ed  h e a t  t r a n s f e r  c o e f f i c i e n t s  
(Sec t ion  3.4.2) and t h e  computer program t rea tment  of su r f ace  thermochemistry 

i n  terms of sur face  e ros ion  and su r face  temperature ,  was 

The measured and p red ic t ed  sur face  and i n t e r n a l  temperature h i s t o r i e s  
The p red ic t ed  su r face  e ros ion  depth was zero.  

. appear t o  be q u i t e  accura te .  

3 .5 .2  Mater ia l  performance 

The s tudy of  su r f ace  e ros ion ,  char  depth,  and o v e r a l l  Performance was 

made for ~ 4 9 2 6  carbon phenol ic  and MX4500 g raph i t e  phenol ic ,  both at 

angle only. 
zles 600-01 and -02)  and p o s t - t e s t  photographs Of t he  sec t ioned  nozzles are 

presented i n  Figure 26 .  

l ayup  
The test condi t ions  and r e s u l t s  a r e  summarized i n  Table V I 1  (noz- 

The t e s t  r e s u l t s  a r e  discussed below. 
The average su r face  e ros ion  r a t e s  based on p o s t - t e s t  measurement and f i r -  

ing  time a r e  presented below: 

Mater ia l  Averaqe Surface  Erosion Rate, mils /sec 
1st F i r i n g  2nd F i r i n g  

Mx4926 carbon phenol ic  0.92 1.06 

~ ~ 4 5 0 0  g raph i t e  phenol ic  0.87 0.97 

A s  expected, t h e  e ros ion  performance of t he  two ma te r i a l s  i s  almost i d e n t i c a l .  

The g raph i t e  phenol ic  does e x h i b i t  a s l i g h t l y  b e t t e r  performance however. Note 
t h a t  t h e  r e s t a r t  (second) f i r i n g s  exh ib i t ed  a h igher  e ros ion  r a t e  than the  i n i -  

t i a l  f i r i n g s .  This  i s  due t o  t h e  absence of t he  p r o t e c t i v e  py ro lys i s  off-gases  
e a r l y  i n  t h e  r e s t a r t  f i r i n g s  before  the  hea t  pene t ra ted  t h e  mature char  formed 

i n  the  previous f i r i n g .  The comparison shown above is somewhat conserva t ive  i n  
terms of t h i s  e f f e c t  i n  t h a t  t he  s e v e r i t y  of t he  h e a t  f l u x  and mass f l u x  was 
lower i n  t he  second f i r i n g  due t o  the  e ros ion ,  and t h e r e f o r e ,  i nc rease  i n  t h r o a t  
diameter ,  o f  t h e  f i r s t  f i r i n g .  

s u r e s  between t h e  f i r s t  and second f i r i n g s  as  shown i n  Table V I I . )  Taking t h i s  
i n t o  account,  the  average recess ion  r a t e  f o r  comparable h e a t  f l u x  and mass flux 
condi t ions  would be a f a c t o r  of about 1.8 h igher  f o r  t he  r e s t a r t  (second) 
f i r i n g s .  

The f i n a l  char  depth a f t e r  t he  two f i r i n g s ,  p resented  i n  Table V I I ,  is 

(Note t h e  d i f f e rences  i n  i n i t i a l  chamber pres-  

The impl ica t ions  f o r  r e s t a r t a b l e  motors a r e  apparent .  

g r e a t e r  f o r  t he  g raph i t e  phenol ic  m a t e r i a l  a s  would be expected due t o  i t s  

h ighe r  thermal conduc t iv i ty  as  compared t o  carbon phenol ic .  
i n  char  depth f o r  t h e  two m a t e r i a l s  i s  q u i t e  small ,  however. This is  due t o  

t h e  small  diameter axisymmetric nozzle conf igura t ion  used i n  t hese  tests;  if 
t h e  nozzle  diameter had been l a r g e  o r  if the  t e s t  s e c t i o n s  had been f l a t  s l a b s ,  
t h e  d i f f e r e n c e  between the  char  depth performance f o r  t he  two m a t e r i a l s  would 

have been s i g n i f i c a n t l y  g r e a t e r .  

The p o s t - t e s t  examination of t he  sec t ioned  nozzles ,  Figure 26, revea led  
some i n t e r e s t i n g  observa t ions  regarding the  ma te r i a l  performance. The carbon 

The d i f f e r e n c e  
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5000 I 1 

--: MX4926 carbon phenol ic ,  I 

p: 
0 

Time, seconds 

F igure  25.- F u l l  p r e d i c t i o n  (Option 1) of su r face  and i n t e r n a l  
temperature  h i s t o r i e s  and comparison wi th  measure- 
ment f o r  t h e  f i r s t  f i r i n g  on t h e  MX4926 carbon 
phenol ic ,  90° layup thermal  conduc t iv i ty  t e s t  nozzle .  
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- 
Direc t ion  

a) MX4926 carbon phenolic (600-01) 

1 Inch 

b) Mx4500 graphite phenolic (600-02) 

Figure 26.- Sect ioned tes t  nozzles. 
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phenol ic  exh ib i t ed  s i g n i f i c a n t l y  more delaminat ions and these  delaminat ions 
were more ex tens ive  than f o r  t h e  g raph i t e  phenol ic .  I t  w a s  no t  poss ib l e  t o  

determine whether they  occurred dur ing  the  f i r i n g  o r  dur ing  cooldown. 

case ,  t h e  carbon phenol ic  c e r t a i n l y  appears  t o  be t h e  less s t a b l e  ma te r i a l .  

A l s o  no te  t h a t  bo th  nozzles  exh ib i t ed  a mechanical e ros ion  i n  t h e  e x i t  cone 
due t o  a shock s t r u c t u r e  i n  the  flow i n  t h i s  region:  a normal shock occurred 
j u s t  upstream of t h e  nozzle  e x i t  due t o  a mismatch of e x i t  a r ea  r a t i o  ( t o o  high)  
and e x i t  p re s su re  (atmospheric) .  The carbon phenol ic  w a s  s i g n i f i c a n t l y  more 

suscep t ib l e  t o  t h i s  mechanical e ros ion  phenomenon than was t h e  g raph i t e  phenolic. ' '  
F i n a l l y ,  su r f ace  e ros ion  overtook t h e  thermocouple c l o s e s t  t o  the  su r face  i n  
t h e  second f i r i n g  on both nozzles .  I n  both cases ,  t h e  su r face  nonuniformity 

which r e s u l t e d  caused a s i g n i f i c a n t  l o c a l  nonuniformity i n  e ros ion  downstream. 

I n  a n y  
1 1  

I n  summary of  t h e  above r e s u l t s ,  g raph i t e  phenol ic  exh ib i t ed  a s l i g h t l y  

b e t t e r  su r f ace  e ros ion  performance and appeared t o  be t h e  more s t a b l e  ma te r i a l .  

Carbon phenol ic ,  however, exh ib i t ed  a bet ter  i n s u l a t i o n  performance as ind ica t ed  
by the comparisons of char  depth.  

The nozzle  f i r i n g  r e s u l t s  were subjec ted  t o  f u r t h e r  a n a l y s i s  through 
computer program p red ic t ions  of t h e  m a t e r i a l  performance f o r  t h e  a c t u a l  condi- 
t i o n s  of t h e  two f i r i n g s  on each of t h e  two nozzles .  These p r e d i c t i o n s  and 
t h e  measured r e s u l t s  are presented i n  Figure 27 i n  t e r m s  of su r f ace  e ros ion  and 
char  depths .  The agreement i s  very  favorable .  The p red ic t ions  f o r  t h e  f i r s t  
f i r i n g s  bear  ou t  t h e  conclusion t h a t  g raph i t e  phenol ic  e x h i b i t s  bet ter  e ros ion  
performance. S i n c e  t h e  p red ic t ions  w e r e  made i n  a continuous firing-cooldown- 
firing-cooldown sequence, it is  d i f f i c u l t  t o  make su r face  e ros ion  comparisons 
f o r  t h e  second f i r i n g s ;  because of t h e  d i f f e r e n c e s  i n  measured and p red ic t ed  
e ros ion ,  t h e  cond i t ions  a t  t h e  s t a r t  of t h e  second t e s t  f i r i n g s  w e r e  d i f f e r e n t  
than  t h e  cond i t ions  a t  t h e  s t a r t  of t h e  second p red ic t ion  f i r i n g s .  Note t h e  
d i f f e r e n c e  i n  t h e  cha rac t e r  of t h e  p red ic t ed  e ros ion  a s  a func t ion  of t i m e  f o r  

t h e  f i r s t  and second f i r i n g s  i n  t h e  two cases .  I n  t h e  f i r s t  f i r i n g s ,  t h e  e ros ion  
ra te  is approximately cons t an t  a f t e r  t h e  f i r s t  few seconds of t h e  f i r i n g s ,  where- 
as i n  t h e  second f i r i n g s ,  t h e  e ros ion  ra te  s t a r t s  very high and s t e a d i l y  decreases  

with t i m e  throughout t h e  f i r i n g s .  A s  discussed  above, t h i s  is  due t o  t h e  i n i t i a l  
absence of py ro lys i s  gases  followed by t h e i r  slow increase through t h e  f i r i n g  as 
t h e  h e a t  p e n e t r a t e s  t h e  mature char  from t h e  previous f i r i n g  and r e s i n  decompos- 

i t i o n  again occurs .  The p red ic t ed  and measured char  depths  a r e  i n  very good 
agreement, Figure 2 7 ,  and t h e  p r e d i c t i o n s  bear out  t h e  previous conclusion t h a t  
t h e  carbon phenol ic  has  t h e  b e t t e r  i n s u l a t i o n  performance. Note t h e  r e l a t i v e l y  
s m a l l  increase  i n  char  depths  through t h e  res ta r t  (second) f i r i n g  and cooldown. 

"These observa t ions  may be r e l a t e d  t o  t h e  carbon c l o t h  used i n  prepeg tape 
manufacture. More s table  carbon c l o t h s  are purported t o  be a v a i l a b l e  today. 
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A t y p i c a l  comparison of measured and p red ic t ed  su r face  and i n t e r n a l  t e m -  
p e r a t u r e  response is  presented i n  Figure 28 ;  t h e s e  r e s u l t s  are f o r  t h e  f i r s t  
f i r i n g  on t h e  MX4926 nozzle  (600-01). The comparison of t h e s e  r e s u l t s  is  some- 
what obscured by t h e  d i f f e r i n g  loca t ion  of t h e  su r face  with r e spec t  t o  t h e  
thermocouples f o r  t h e  p red ic t ed  and measured cases .  For in s t ance ,  t h e  a c t u a l  

r eces s ion  i s  expected t o  be considerably less than p red ic t ed  f o r  t h e  f irst  few 
seconds of f i r i n g  due t o  t h e  t r a n s i e n t  t i m e  r equ i r ed  t o  achieve f u l l  t e s t  con- 
d i t i o n s  (Sec t ion  3.2.1).  The p red ic t ed  su r face  temperature  i s  cons iderably  
lower than  t h a t  measured. The reason f o r  t h i s  has  not  b e e n  def ined  b u t  t h e  

measured r e s u l t  c e r t a i n l y  appears  t o  be r e a l  based on t h e  comparison of pre-  

d i c t e d  and measured i n t e r n a l  temperatures  l a t e  i n  t h e  f i r i n g .  
I t  should be noted t h a t ,  a l though t h e  r e s u l t s  presented  i n  t h i s  s e c t i o n  

a r e  i n d i c a t i v e  of performance i n  an a c t u a l  rocke t  nozzle ,  they  are not  quant i -  
t a t i v e l y  equ iva len t  t o  t h e  a c t u a l  nozzle performance f o r  l oca t ion  wi th  t h e  same 
m a t e r i a l  and t h e  same h e a t  and mass t r a n s f e r  c o e f f i c i e n t s .  For composite abla- 
t i v e s  t h a t  form a carbonaceous char  (e .g . ,  carbon and g r a p h i t e  phenol ic)  and 
f o r  t h e  s imulat ion scheme used he re ,  t he  c l o s e  dup l i ca t ion  of gas  oxida t ion  

p o t e n t i a l ,  s p e c i f i c  h e a t ,  and t r a n s f e r  c o e f f i c i e n t s ,  does not  r e s u l t  i n  a dup l i -  
c a t i o n  of r eces s ion  r a t e .  This  i s  p r imar i ly  a r e s u l t  of t h e  t es t  nozzle  geome- 
t r y ,  t h e  absence of su r face  chemical r e a c t i o n s  involving hydrogen, and t h e  
d i f f e r e n t  e f f e c t s  of t h e  py ro lys i s  off-gases  between t h e  a c t u a l  and s imula t ion  

environments. F i r s t ,  t h e  geometry e f f e c t  i s  a s soc ia t ed  with t h e  small  diameter  
axisymmetric nozzle  conf igura t ion  used. Because t h e  p y r o l y s i s  off-gases  are 
generated i n  depth where t h e  average diameter of t h e  py ro lys i s  zone i s  s ign i -  

f i c a n t l y  g r e a t e r  than  t h e  " su r face"  diameter (see s k e t c h ) ,  

Average diameter  
of p y r o l y s i s  zone 
Average diameter  
of p y r o l y s i s  zone 

\ 

Nozzle diameter  
\ 

Pyro lys i s  
of f -gases  

t h e  py ro lys i s  off-gas  r a t e  per  u n i t  su r f ace  a rea  i s  s i g n i f i c a n t l y  g r e a t e r  i n  

t h e  t e s t  conf igu ra t ion  used he re in .  In  gene ra l ,  t h e  g r e a t e r  t h i s  off-gas  ra te  
t h e  lower t h e  su r face  e ros ion  r a t e  s i n c e  t h e  "blowing" a t  t h e  su r face  reduces 
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Figure 2 8 . -  Comparison of pred ic ted  and measured su r face  and i n t g r n a l  
temperature h i s t o r i e s  f o r  MX4926  carbon phenol ic ,  90 
layup (600-01) . 
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t h e  h e a t  and mass t r a n s f e r  c o e f f i c i e n t s  and t h e  off-gases  r e a c t  with some of 

t he  oxid iz ing  spec ie s  which, with reduced of f -gases ,  would r e a c t  with t h e  char .  
Second, t h e  r e a c t i o n s  of hydrogen with t h e  char su r face  t h a t  occur i n  an a c t u a l  
p rope l l an t  a r e ,  of course ,  not present  i n  t h e  s imulat ion case  s i n c e  hydrogen i s  
not included i n  t h e  tes t  gases  (Sec t ion  3 .3 ) .  These r e a c t i o n s  can account f o r  
a s  much a s  2 5  percent  of t he  su r face  e ros ion  i n  a t y p i c a l  s o l i d  rocke t  ( e . g . ,  

Reference 3 ) .  F i n a l l y ,  t h e  chemical i n t e r a c t i o n  of t h e  py ro lys i s  gases  with 

t h e  edge gases  t o  i n h i b i t  t he  r eac t ion  with t h e  char  i s  somewhat d i f f e r e n t  f o r  
t h e  s imula t ion  gases  than f o r  t h e  s o l i d  p rope l l an t  combustion products .  

3 .5 .3  E f fec t  of upstream a b l a t i o n  

The s tudy of t h e  e f f e c t  of upstream a b l a t i o n  on su r face  e ros ion  downstream 

was unfor tuna te ly  r a t h e r  unde f in i t i ve .  As discussed  i n  Reference 1, l a r g e  
q u a n t i t i e s  of a b l a t i o n  products  introduced upstream o f ,  say ,  t h e  t h r o a t  of a 
nozzle  r e s u l t  i n  a lower t h r o a t  e ros ion  than would occur i n  t h e  absence of 
t hese  a b l a t i o n  products .  The extremes s tud ied  he re in  were an a l l -pheno l i c  

nozz le ,  nozzles  600-01 and -02 (F igure  1 9 ( a ) ) ,  a s  the  high upstream a b l a t i o n  
case ,  a s  compared t o  a phenol ic  t h r o a t  s ec t ion  with a pure g raph i t e  subsonic  
s e c t i o n  upstream, nozzles  601-01 and -02 (Figure 1 9 ( b ) ) ,  a s  t h e  low upstream 
a b l a t i o n  case .  The r e s u l t s  a r e  presented i n  Table V I 1  and p o s t - t e s t  photographs 
of t he  sec t ioned  nozzles  or t h r o a t  s ec t ions  a r e  presented i n  Figures  26 and 29. 
The e ros ion  would be expected t o  be higher  f o r  t h e  601 series nozzles  because 
of t h e  lower upstream ab la t ion .  The second f i r i n g s  on t h e s e  nozzles  support  

t h i s  conclusion;  t h e  f i r s t  f i r i n g s ,  however, do not .  This  anomalous r e s u l t  i s  
r e l a t e d  t o  t h e  nozzle conf igura t ion  used f o r  t h e  low upstream a b l a t i o n  case .  
The pure g r a p h i t e  of t h e  subsonic sec t ion  i s  a much b e t t e r  conductor of h e a t  
than the  phenol ic  impregnated m a t e r i a l s  and, because of t h i s ,  presented a very 
high temperature ,  r e l a t i v e l y  speaking, along t h e  i n t e r f a c e  between t h e  phenol ic  
t h r o a t  s e c t i o n s  and t h e  g r a p h i t e  subsonic sec t ion .  The f i b e r f r a x  i n s u l a t i o n  

between these  two s e c t i o n s  was not s u f f i c i e n t  t o  prevent s i g n i f i c a n t  h e a t  con- 
duc t ion  t o  the  phenol ic  s e c t i o n s  and t h e r e f o r e  cha r r ing  occurred a t  t h i s  i n t e r -  
face  t o  a cons iderable  depth.  This  e f f e c t  apparent ly  reversed the  intended 
e f f e c t  f o r  t he  f i rs t  f i r i n g s ;  because of t h e  high l o c a l  blowing immediately up- 
stream of t h e  t h r o a t  s e c t i o n  due t o  t h e  decomposition a t  t h e  i n t e r f a c e ,  t h e  low 

upstream a b l a t i o n  nozzle a c t u a l l y  became t h e  high upstream a b l a t i o n  nozzle.  Note 
t h a t  quan t i ty  and d i s t ance  from t h e  po in t  of i n t e r e s t ,  no t  q u a n t i t y  a lone ,  a r e  
t h e  s i g n i f i c a n t  parameters i n  t h e  inves t iga t ed  e f f e c t .  (This  i s  d iscussed  fu r -  
t h e r  i n  Sec t ion  4.1.)  I n  t he  second f i r i n g ,  very l i t t l e  f u r t h e r  cha r r ing  i n  

t h e  i n t e r f a c e  apparent ly  occurred and t h e  absence of t h e  upstream r e s i n  decom- 

p o s i t i o n  products  r e s u l t e d  i n  t h e  expected increased eros ion .  Although t h e  
r e s u l t s  cannot be regarded a s  d e f i n i t i v e ,  it i s  i n t e r e s t i n g  t o  make some compar- 

i sons  between t h e  second f i r i n g s  a s  presented  below: 
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a) MX4926 carbon phenol ic  (601-01) 

- _- 

b) MX4500 g r a p h i t e  phenol ic  (601-02) 

F igure  29.- Sect ioned tes t  nozzles.  
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MX4926 carbon phenol ic  
MX4500 g raph i t e  phenol ic  

Average Surface  Erosion Rate,  mils /sec 
With Upstream Without Upstream 
Decomposition Decomposition 

1.06 
0.97 

1.46 
1.56 

An increase  i n  e ros ion  r a t e  of about 50 pe rcen t  occurred i n  both cases .  The 

d e f i n i t i o n  of how r e a l i s t i c  t h i s  comparison i s  must awai t  more d e f i n i t i v e  tes t -  
ing  and a n a l y s i s .  

3.6 Conclusion 

Carbon phenol ic  an3 g raph i t e  phenol ic  m a t e r i a l s  were t e s t e d  under condi- 
t i o n s  t h a t  s imulated t h e  combustion products  environment o f  a t y p i c a l  s o l i d  
p r o p e l l a n t .  The char  thermal conduct iv i ty  and performance o f  t h e  materials w e r e  
determined and s tud ied .  Based on these  t e s t  f i r i n g s ,  as presented  above, t he  
fol lowing conclusions and comments a r e  of fe red :  

1. Char thermal conduct iv i ty  w a s  success fu l ly  obtained under dynamic 
condi t ions  fo r :  

MX4926 carbon phenol ic  - 90' layup 
0' layup 

MX4500 g raph i t e  phenol ic  - 90' layup 

0' layup 

2 .  The su r face  e ros ion  performance of  MX4926 carbon phenol ic  and MX4500 

g raph i t e  phenol ic  a r e  q u i t e  comparable. The g raph i t e  phenol ic  e x h i b i t s  a 

s l i g h t l y  bet ter  e ros ion  performance, however. 

3 .  The i n s u l a t i o n  c a p a b i l i t y  of MX4926 carbon phenol ic ,  as evidenced 
by t h e  m e a s u r e d  char  depth,  i s  b e t t e r  than t h a t  of MX4500 g r a p h i t e  phenol ic .  

This i s  a d i r e c t  r e s u l t  of  t h e  lower v i r g i n  m a t e r i a l  and char  thermal  conduc- 
t i v i t i e s  f o r  t h e  carbon phenol ic .  

4.. The above conclusions on t h e  s p e c i f i c  m a t e r i a l s  apply i n  gene ra l  t o  

carbon phenol ics  and g raph i t e  phenol ics  a s  m a t e r i a l  c l a s s e s  provided t h e  r e s i n  
pe rcen t s  f a l l  i n  t h e  approximate range of  30-35. 

5. The su r face  e ros ion  r e s u l t s  f o r  t h e  s imula t ion  condi t ions  and geometry 
a r e  i n d i c a t i v e  of  b u t  not  equ iva len t  t o  those  t h a t  would be expected i n  the 
a c t u a l  combustion products  environment f o r  a t y p i c a l  s o l i d  rocke t  nozz le .  

6. N o  d e f i n i t i v e  r e s u l t s  w e r e  obtained f o r  t he  e f f e c t  of  upstream abla- 
t i o n  on su r face  e ros ion  downstream due t o  problems i n  t h e  experimental  approach. 

7 .  A s  concluded i n  Sec t ion  2 ,  t h e  Aerotherm a b l a t i o n  computer programs 
a r e  e f f e c t i v e  t o o l s  i n  t h e  a n a l y s i s  of a b l a t i v e  m a t e r i a l  performance. 



4. STUDY OF SPECIAL PROBLEMS 

A small p a r t  of t h e  program e f f o r t  was devoted t o  t h e  s tudy of s p e c i a l  
problems t h a t  a rose  o r  of a r e a s  of i n t e r e s t  t h a t  appeared p a r t i c u l a r l y  per- 
t i n e n t  dur ing the  c o n t r a c t  per iod.  Four s p e c i f i c  s t u d i e s  w e r e  performed under 

t h i s  t a s k .  The major e f f o r t  was t h e  a n a l y s i s  of  t h e  t h e o r e t i c a l  approach t o  

c a l c u l a t i n g  h e a t  and mass t r a n s f e r  c o e f f i c i e n t s  and a s tudy  o f  t he  means of 

extending t h i s  approach t o  inc lude  e f f e c t s  no t  p r e s e n t l y  considered,  inc luding  
t h e  e f f e c t  of  upstream ab la t ion .  The second s tudy  w a s  a c a l c u l a t i o n  of  h e a t  
f l u x  and h e a t  t r a n s f e r  coeffi-cients f o r  a hypo the t i ca l  260-inch motor nozzle  
which w a s  l i q u i d  cooled.  The  t h i r d  t a s k  e f f o r t  w a s  a d e f i n i t i o n  o f  t h e  e f fec-  
t i veness  of  a quench dur ing  cooldown i n  l i m i t i n g  the  i n t e r n a l  mater ia l  decom- 

p o s i t i o n  dur ing  h e a t  soak. F ina l ly ,  d e t a i l e d  i n t e r n a l  thermal response predic-  
t i o n s  were suppl ied  t o  t h e  A i r  Force f o r  t he  t h r o a t  m a t e r i a l s  of  t h e  Aero je t  
120-SS-1 nozzle  and a UTC T i t an  I I I C  motor nozzle  i n  support  of  a s tudy  t o  
c h a r a c t e r i z e  chars .  The  r e s u l t s  of  t hese  s t u d i e s  a r e  presented  i n  t h e  follow- 
ing  sec t ions .  

4.1 Study of Techniaues f o r  Calcu la t ing  Heat and Mass Transfer  C o e f f i c i e n t s  
f o r  Mate r i a l  Performance P red ic t ions  

I m p l i c i t  t o  t h e  success fu l  p red ic t ion  of thermochemical e ros ion  of abla- 
t i v e  m a t e r i a l s  i s  t h e  accu ra t e  es t imat ion  of hea t  and mass t r a n s f e r  c o e f f i c i e n t s  
a s  input  t o  t h e  a b l a t i o n  p red ic t ions .  The magnitudes of t hese  c o e f f i c i e n t s  de- 
pend upon l o c a l  boundary l aye r  edge and wa l l  cond i t ions ,  and on t h e  v a r i a t i o n s  

of t hese  cond i t ions  a t  a l l  p o i n t s  a long the  su r face  upstream of  t h e  p a r t i c u l a r  
p o i n t  be ing  considered.  In  add i t ion  t o  these  cons ide ra t ions ,  t h e  t r a n s f e r  
c o e f f i c i e n t s  are inf luenced by the  nozzle  geometry. 

Techniques a r e  not  p r e s e n t l y  a v a i l a b l e  f o r  t h e  exac t  d e s c r i p t i o n  o f  t h e  

boundary l a y e r  (and thence,  t r a n s f e r  c o e f f i c i e n t s )  f o r  a r b i t r a r y  geometries and 
condi t ions ,  p a r t i c u l a r l y  f o r  t h e  case  of t h e  t u r b u l e n t  boundary l aye r .  A t  best, 
semi-empirical  techniques have been r equ i r ed  t o  s u c c e s s f u l l y  c h a r a c t e r i z e  even 
t h e  s imples t  cases .  I n  add i t ion ,  even t h e  r e s t r i c t e d  exac t  ( o r  near  exac t )  
s o l u t i o n s  a v a i l a b l e  a r e  o f t e n  o p e r a t i o n a l l y  cumbersome and l i m i t e d  i n  t h e  num- 

ber of  v a r i a b l e s  which can be considered s imultaneously.  For t h e s e  reasons,  
a t  least  f o r  the p resen t ,  t h e  e s t ima t ion  of var ious  t r a n s f e r  c o e f f i c i e n t s  must 
r e l y  on approximate boundary l a y e r  techniques,  which are hopefu l ly  s u f f i c i e n t l y  
simple t o  a l low ope ra t iona l  f l e x i b i l i t y ,  and y e t  s u f f i c i e n t l y  d e t a i l e d  t o  sat is-  
f a c t o r i l y  account f o r  t h e  e f f e c t s  of  t h e  s i g n i f i c a n t  variables which in f luence  

t h e s e  c o e f f i c i e n t s .  
I n  t h e  p a s t ,  Aerotherm has  made ex tens ive  u s e  of t h e  energy i n t e g r a l  

method presented  i n  Reference 6 f o r  t he  p r e d i c t i o n  of  h e a t  t r a n s f e r  c o e f f i c i e n t s ,  

based i n  par t  on t h e  apparent  adequacy of the technique, (see Figure 30 - taken 
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from Reference 6 where these  r e s u l t s  are d iscussed)  and based i n  l a r g e  p a r t  on 

i t s  s i m p l i c i t y  and degree of g e n e r a l i t y .  Recent s t u d i e s ,  however, have ind ic-  
a t e d  t h e  necess i ty  of a boundary l a y e r  p red ic t ion  technique of even g r e a t e r  
g e n e r a l i t y ;  f o r  example, i n  a b l a t i n g  nozz les ,  cons idera t ion  should be given t o  
t h e  e f f e c t s  of a b l a t i o n  (blowing) upstream of t h e  po in t  of i n t e r e s t  on both 

t h e  energy and mass boundary l a y e r s .  Because of t h e  a t t r a c t i v e  f e a t u r e s  of t h e  
energy i n t e g r a l  method, e f f o r t  has  been success fu l ly  appl ied  t o  the  modi f ica t ion  
of  t h i s  technique under the  p re sen t  program t o  increase  i t s  g e n e r a l i t y  and accu- 

racy.  Concurrent with these  developments was t h e  comparisons of t h e  technique 
with c e r t a i n  a v a i l a b l e  exac t  s o l u t i o n s  i n  o rder  t o  assess i ts  accuracy a s  app l i -  
cab le  t o  rocke t  nozzles.12 T h e  d e t a i l e d  r e s u l t s  of t h e s e  modi f ica t ions  and com- 
pa r i sons  with exac t  s o l u t i o n s  a r e  presented i n  Appendix A .  The following para-  
graphs summarize these  comparisons and a l s o  p re sen t  t h e  r e s u l t s  of an ex tens ion  
of t h e  b a s i c  technique t o  inc lude  the  e f f e c t s  of upstream blowing ( a b l a t i o n ) .  

I n  comparisons with exac t  s o l u t i o n s ,  it was found, i n  gene ra l ,  t h a t  t h e  
energy i n t e g r a l  technique c o r r e c t l y  p r e d i c t s  t he  d i r e c t i o n  of t he  inf luence  of 

a l l  v a r i a b l e s  considered,  if not t h e  magnitude of t h e i r  e f f e c t s .  The technique 
s l i g h t l y  ove rp red ic t s  non-isothermal wa l l  e f f e c t s ,  b u t  underpredic t s  t h e  e f f e c t s  
of v a r i a b l e  f rees t ream v e l o c i t y  (p re s su re  g rad ien t )  f o r  t h e  two-dimensional 

geometr ies  examined. For two-dimensional, axisymmetric geometr ies ,  t h e  approx- 

imate r e s u l t s  f o r  v a r i a b l e  f rees t ream v e l o c i t y ,  a l though below t h e  exac t  r e s u l t s ,  
w e r e  i n  e r r o r  by a lesser e x t e n t  than f o r  a two-dimensional geometry. I t  w a s  
a l s o  found t h a t  the  technique i s  v a l i d  f o r  cases where t h e  w a l l  en tha lpy  i s  
e i t h e r  always above or  always below t h e  l e v e l  of f reestream s t agna t ion  en tha lpy  
b u t  i s  not  v a l i d  f o r  cases  where t h e  w a l l  en tha lpy  "c rosses  over" t h e  s t agna t ion  
en tha lpy .  Based on t h e s e  comparisons, it i s  be l ieved  t h a t  t h e  concepts  of t h e  

technique provide a f i rm and v a l i d  basis f o r  modi f ica t ions  t o  cons ider  t h e  
e f f e c t s  of o the r  v a r i a b l e s .  These modi f ica t ions  are d iscussed  i n  Appendix A .  

I t  should a l s o  be noted t h a t  t h e  technique i s  appropr i a t e  t o  t h e  c a l c u l a t i o n  of 
mass- t ransfer  c o e f f i c i e n t s  where i t s  a p p l i c a b i l i t y  and r e s t r i c t i o n s  are s i m i l a r  

t o  those  f o r  t h e  c a l c u l a t i o n  of h e a t - t r a n s f e r  c o e f f i c i e n t .  
The energy i n t e g r a l  technique w a s  used t o  e s t ima te  the  e f f e c t s  of s i g n i f -  

i c a n t  upstream a b l a t i o n  on t h e  nozzle  h e a t  t r a n s f e r  c o e f f i c i e n t  downstream of 

t h i s  reg ion  of high a b l a t i o n .  The Aeroje t  120-SS-1 nozzle  was considered,  t h e  
region of  high a b l a t i o n  being t h e  subsonic region i n  which V-44 e l a s tomer i c  w a s  

12Although laminar condi t ions  r a r e l y  p r e v a i l  i n  a rocke t  nozzle ,  t h e  technique 
i s  compared f o r  t h e  most p a r t  with a v a i l a b l e  exac t  laminar boundary l aye r  
s o l u t i o n s  because of t h e  pauc i ty  of exac t  s o l u t i o n s  fo r  t h e  t u r b u l e n t  case. 
Never the less ,  s i n c e  t h e  b a s i s  of t h e  technique is  t h e  same f o r  bo th  t h e  
laminar and t u r b u l e n t  cases, a good comparison with exac t  s o l u t i o n s  f o r  t h e  
l a m i n a r  case i s  i n d i c a t i v e  of t h e  adequacy of t h e  technique f o r  t h e  t u r b u l e n t  
case. 
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t h e  exposed mater ia l .  The c a l c u l a t i o n  w a s  performed by numerical i n t e g r a t i o n  of 
t h e  energy i n t e g r a l  equat ion ,  Equation (A23),  using t h e  l i n e a r i z e d  form of 

Equation ( A 1 8 ) .  I n  o rder  t o  s impl i fy  t h e  c a l c u l a t i o n ,  t h e  e f f e c t s  of va r i ab le  
boundary-layer p r o p e r t i e s  w e r e  not considered.  In  a d d i t i o n ,  t h e  boundary l aye r  
was assumed t o  be  t u r b u l e n t  over i t s  l eng th ,  and t h e  o r i g i n  of  t h e  boundary 

layer  was assumed t o  be a t  t h e  junc ture  of t h e  g ra in  and the a f t  c lo su re .  An 
e a r l y  t i m e  dur ing  t h e  f i r i n g  was considered which e s t a b l i s h e d  t h e  ins tan taneous  
o r i g i n  of t h e  boundary l aye r  and provided reasonable  estimates of t h e  su r face  
p r o f i l e .  Instantaneous blowing rates w e r e  es t imated  through cons idera t ion  of  
t h e  f i n a l  experimental  ma te r i a l  e ros ion  p r o f i l e s .  To i n i t i a t e  t h e  i n t e g r a t i o n ,  
an e s t ima te  was made of t he  boundary-layer energy th i ckness  a t  t h e  beginning of 
t h e  e l a s tomer i c  i n s u l a t i o n  by al lowing a s h o r t  running length  upstream of t h e  
e l a s tomer i c  ( A -  = O.l), and computing cp from Equation (A4). I n  t h e  l i n e a r i z e d  

form of Equation ( A l C ) ,  a va lue  of  X = 0 . 3  w a s  s e l e c t e d  t o  y i e l d  r e s u l t s  more 

r e p r e s e n t a t i v e  of t h e  r e s u l t s  f o r  X = 0.4 i n  t h e  exponent ia l  form of Equation 
( A 1 8 )  f o r  t h e  range of blowing rates.  

X 

r * 

Resu l t s  of  t hese  c a l c u l a t i o n s  a r e  presented i n  Figure 31 which includes 

t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  t h a t  would be obtained along a non-ablating wa l l  
* ( s i m i l a r  t o  those  r e s u l t s  obtained from t h e  p re sen t  boundary l aye r  computer 

cHB=O 
program) , t h e  c o e f f i c i e n t  r e s u l t i n g  from upstream blowing b u t  ze ro  blowing 

l o c a l l y  CH*, and t h e  c o e f f i c i e n t  due t o  upstream and l o c a l  blowing CH. 

r e s u l t s  are d iscussed  below i n  t h e  l i g h t  of t h e  p re sen t  approach t o  handl ing 
t h e  h e a t - t r a n s f e r  c o e f f i c i e n t s .  

These 

Typ ica l ly ,  t he  Stanton number r e s u l t s  ( a c t u a l l y  peueCH) input  t o  t h e  

Charring Mate r i a l  Ablat ion Program (CMA) a r e  those  obtained with z e r o  blowing 
from t h e  p re sen t  boundary l aye r  computer program, * , which i s  i n t e r n a l l y  
co r rec t ed  i n  t h e  CMA program by the  exponent ia l  formPo? Equation (A18) t o  account 
f o r  l o c a l  blowing. Because of upstream blowing, however, t h e  input  va lues  of 
h e a t  t r a n s f e r  c o e f f i c i e n t  are h igher  than t h e  a c t u a l  “non-ablating-wall“ hea t -  
t r a n s f e r  c o e f f i c i e n t  
e ros ion  r a t e s  f o r  cases  of s i g n i f i c a n t  upstream blowing. 

‘H - 

CH* , r e s u l t i n g  i n  gene ra l  i n  an ove rp red ic t ion  of 

In  gene ra l ,  t h e  e f f e c t s  of upstream blowing on “non-ablat ing-wall“  h e a t  

t r a n s f e r  c o e f f i c i e n t s  a r e  not  l a r g e  f o r  rocke t  nozz les ,  be ing  t h e  g r e a t e s t  f o r  
th i s  example a t  t h e  end of t h e  rubber i n s u l a t i o n  (x/r* x 0.75) where t h e  re- 

duc t ion  i n  t h i s  c o e f f i c i e n t  i s  s l i g h t l y  g r e a t e r  than 1 6  percent .  This reduc- 

t i o n  decays t o  about 5 percent  a t  t h e  t h r o a t  (x/r* = 1.72) ,  due t o  the  lower 
blowing r a t e s  downstream of  t h e  rubber i n s u l a t i o n .  These r e s u l t s  do no t  con- 

s i d e r  t h e  chemical s t r u c t u r e  of  t h e  boundary l a y e r  a s  in f luenced  by upstream 
a b l a t i o n .  Chemical e f f e c t s  manifest  themselves most s i g n i f i c a n t l y  i n  the al-  
t e r a t i o n  of  mass t r a n s f e r  c o e f f i c i e n t s ,  y i e l d i n g  a d i r e c t  i n f luence  on m a t e r i a l  
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su r face  chemical e ros ion  r a t e s .  I t  i s  be l ieved  t h a t  t hese  chemical e f f e c t s  can 
be accounted f o r  through a p p l i c a t i o n  of  t h e  same technique used t o  c a l c u l a t e  
h e a t  t r a n s f e r  c o e f f i c i e n t s ,  through the  mass boundary l a y e r  analogy t o  Equation 

(A25). However, t h i s  e f f o r t  i s  ou t s ide  of t h e  scope of  t h e  p re sen t  c o n t r a c t ,  b u t  
should be included i n  f u t u r e  s t u d i e s .  

4.2 Heat Flux and Transfer  Coef f i c i en t s  f o r  a Liquid-Cooled Large 
Booster Nozzle 

The h e a t  f l u x  and t r a n s f e r  c o e f f i c i e n t s  were c a l c u l a t e d  f o r  a hypo the t i ca l  

l iquid-cooled 260-inch motor nozzle  i n  support  of  an in-house s tudy  be ing  per- 
formed a t  t h e  NASA L e w i s  Research Center.  The boundary l a y e r  computer program 
discussed  i n  the  previous s e c t i o n  (Sec t ion  4.1) and i n  Sec t ion  2.3.2.3 was used 
t o  accomplish these  c a l c u l a t i o n s .  The "hot-s ide" h e a t  t r a n s f e r  parameters w e r e  
determined a s  a func t ion  of a rea  r a t i o  f o r  the  fol lowing condi t ions :  

Aero je t  ANB-3105 s o l i d  p r o p e l l a n t  
Chamber p re s su re  - 630 p s i a  
Nozzle contour  of  Figure 32 
Constant (wi th  su r face  d i s t ance )  wal l  temperatures  of  

1000" F 

3700'F 

The l a t t e r  wal l  temperature  corresponds t o  the  m e l t  temperature of  alumina 
( A 1 2 0 3 ) .  The r e s u l t s  a r e  presented  i n  Figures  33 and 34. The maximum h e a t  

f l ux  occurs  very c lose  t o  t h e  t h r o a t  and, o f  course,  t he  o v e r a l l  l e v e l  i s  h ighe r  
f o r  t h e  lower wal l  temperature.  
i s  j u s t  over 1200 Btu/f t2-sec.  
sen ted  i n  Figure 3 4 ( a )  and the  c o e f f i c i e n t  based on a temperature d r i v i n g  po- 
t e n t i a l ,  /iT = q/(To - T w ) ,  is  presented  i n  Figure 34 (b) . 

This maximum f l u x  a t  1000°F w a l l  temperature  
The h e a t  t r a n s f e r  c o e f f i c i e n t ,  peueCH, i s  pre- 

4 .3  E f f e c t  of  Juench on Reducing char  Depth and I n t e r n a l  Decomposition 

The e f f e c t i v e n e s s  o f  quenching a f i r e d  nozzle  with water o r  carbon d ioxide  
dur ing  t h e  cooldown per iod ,  i n  t e r m s  of  reducing the  char  depth and i n t e r n a l  
decomposition, was inves t iga t ed  f o r  t h e  example of  t h e  e x i t  cone of t h e  Aero je t  

260-SL-1 nozzle .  This  was s tud ied  through a b l a t i o n  computer c a l c u l a t i o n s  of a 
normal cooldown and a cooldown with a quench 160 seconds a f t e r  t h e  s t a r t  of  
t h e  f i r i n g  f o r  t h e  fol lowing assumptions: 

Normal cooldown - Cooling by su r face  r a d i a t i o n  o u t  t he  e x i t  cone ( t h e  
assumptions of t h e  p red ic t ions  of Sec t ion  2) 

Quench cooldown - Cooling by su r face  r a d i a t i o n  o u t  t h e  e x i t  cone from 
shutdown t o  160 seconds,  quench a t  160 seconds t o  a s u r f a c e  t e m  era-  
t u r e  of  70'F a t  165 seconds,  cons tan t  su r f ace  temperature o f  70  F 
from 165  seconds on .  

L? 
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These p r e d i c t i o n s  were made before  t h e  f i n a l  char  conduct iv i ty  r e s u l t s  w e r e  

obtained,  b u t  t h e  r e s u l t s  i n  t e r m s  o f  percentage decrease i n  t h e  s i g n i f i c a n t  
i n t e r n a l  performance parameters a r e  i n d i c a t i v e  of  t h e  magnitude of t h e  quench 
e f f e c t s .  These r e s u l t s  f o r  t h e  two e x i t  cone l o c a t i o n s  considered i n  Sec t ion  2 
f o r  t h e  260-SL-1 nozzle a r e :  

Area Mater ia l  and 
Rat io  Layup Angle 

2.5 MX4926 carbon 
phenol ic ,  17.5'' 

3.8 FM5131 s i l i c a  
phenol ic ,  17.5' 

Percent  Decrease Due t o  Ouench 
Char Pyro lys is  Maximum Depth of 
Depth Zone Depth 500'F Isotherm 

5 10 27 

4 8 23 

The quench i s  r a t h e r  i n e f f e c t i v e  i n  reducing t h e  char  depths  and p y r o l y s i s  zone 
depths b u t  it i s  e f f e c t i v e  i n  l i m i t i n g  t h e  p e n e t r a t i o n  of t h e  500'F isotherm. 
It  should a l s o  be noted t h a t  t h e  magnitude of t h e  quench e f f e c t  i s  a l s o  some- 
what o p t i m i s t i c .  The t i m e  a f t e r  shutdown a t  which t h e  quench was assumed t o  
s t a r t  was s h o r t e r  than "normal" and t h e  assumed rap id  s u r f a c e  temperature de- 

c r e a s e  t o  70'F i s  probably o p t i m i s t i c .  

4.4 I n t e r n a l  Thermal Response P r e d i c t i o n s  

Calcu la t ions  of t h e  i n t e r n a l  thermal response f o r  t h e  t h r o a t  m a t e r i a l s  
of t h e  Aero je t  120-SS-1 and UTC UA-1205-10 nozzles  w e r e  suppl ied  t o  The Boeing 

Company i n  support  of a c u r r e n t  A i r  Force Mater ia l s  Laboratory Cont rac t  AF 
33(615)-3804. The c o n t r a c t  is  concerned with t h e  experimental  c h a r a c t e r i z a t i o n  

of  chars  and t h e  genera t ion  of r e p r e s e n t a t i v e  chars  under l a b o r a t o r y  condi t ions .  
S p e c i f i c  cases  under cons idera t ion  a r e  t h e  t h r o a t  m a t e r i a l  of t h e  120-SS-1 
nozzle and t h e  t h r o a t  m a t e r i a l  o f  one of t h e  UTC Ti tan  I I I C  development motor 
nozzles .  The i n t e r n a l  thermal response c a l c u l a t i o n s  provided by Aerotherm a r e  
b e i n g  used t o  d e f i n e  t h e  thermal h i s t o r y  of t h e  two m a t e r i a l  p a r t s  which, i n  
t u r n ,  i s  being used t o  def ine  t h e  requirements f o r  genera t ing  a r e p r e s e n t a t i v e  
char  sample under labora tory  condi t ions .  Also, t h e  pred ic ted  i n t e r n a l  d e n s i t y  
d i s t r i b u t i o n s  of t h e  two m a t e r i a l s  a r e  being compared with a c t u a l  measurements 

being made under t h e  c o n t r a c t .  
Reca l l  t h a t  t h e  p r e d i c t i o n s  f o r  t h e  two nozzles  i n  quest ion w e r e  performed 

under t h e  program t a s k  discussed i n  Sec t ion  2. For t h e  120-SS-1 nozzle t h r o a t ,  
however, t h e  p r e d i c t e d  s u r f a c e  e ros ion  depth was s l i g h t l y  h igher  than t h e  maxi- 

mum eros ion  depth measured and s i g n i f i c a n t l y  h igher  than t h e  average measured 
e ros ion  depth (Figures  8 and 11). Therefore,  t o  a l low a d i r e c t  comparison of 
i n t e r n a l  response f o r  t h e  same approximate pred ic ted  and measured e ros ion  depths ,  
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a second p red ic t ion  was made such t h a t  the  p red ic t ed  e ros ion  depth was equal  t o  
the  measured average e ros ion  depth.  This was accomplished by appropr i a t e ly  
reducing the  input  h e a t  (and mass) t r a n s f e r  c o e f f i c i e n t  t o  t h e  Charr ing Mater ia l  
Ablation computer program. 
Figures  35 and 36, Figure 35 being the  t r a n s i e n t  response a s  a func t ion  of time 
and Figure 36 being r e p r e s e n t a t i v e  temperature and d e n s i t y  d i s t r i b u t i o n s  through 
the  f i r i n g .  I n  add i t ion ,  t he  complete computer program output  was s e n t  t o  Boeing. 
Since t h e  s p e c i f i c  nozzle ,  t h e  f i r i n g  condi t ions ,  and t h e  su r face  e ros ion  depth 
were unknown f o r  t he  UTC nozzle  ma te r i a l  sample, no c a l c u l a t i o n s  i n  add i t ion  t o  
those of Sec t ion  2 were performed. The r e s u l t s  a r e  presented  i n  Figures  1 2  and 
1 5 ,  and, t oge the r  with the  complete computer program output ,  were t r ansmi t t ed  

t o  Boeing. 

These r e s u l t s  suppl ied  t o  Boeing a r e  presented  i n  

5. AREAS FOR FUTURE STUDIES 

Problem a reas  of nozzle design and ma te r i a l  performance t h a t  r equ i r e  

f u t u r e  s tudy,  a s  i nd ica t ed  i n  p a r t  by the  r e s u l t s  of t h i s  c o n t r a c t  and i n  p a r t  

by the  geae ra l  expsr ience of Aerotherm Corporation and t h e  rocke t  indus t ry ,  
were def ined  under t h i s  c o n t r a c t  and poss ib l e  approaches t o  t h e i r  s o l u t i o n  were 

ou t l ined .  These a reas  f o r  f u t u r e  s tudy encompass the  more e f f e c t i v e  use of 
c u r r e n t l y  a v a i l a b l e  ma te r i a l s ,  t he  s tudy of new ma te r i a l  p o . s s i b i l i t i e s ,  and 

s tudy  and a n a l y s i s  of ma te r i a l  performance t o  b e t t e r  de f ine  m a t e r i a l  charac- 
t e r i s t i c s  and c a p a b i l i t i e s .  These rezommend3tions a r e  presented  i n  t h e  follow- 
ing  s e c t i o n s .  

5 . 1  Reduction of Nozzle Cost 

The p resen t  day c o s t  of l a rge  a b l a t i v e  nozzles  i s  s u r p r i s i n q l y  high.  

There a r e  s e v e r a l  p o t e n t i a l  a r eas  i n  which r e a l i s t i c  and s i g n i f i c a n t  c o s t  sav- 
ings  can be e f f e c t e d  a s  ou t l ined  below: 

Thinner a b l a t i v e  ma te r i a l  p a r t s  
Define th ickness  requirements f o r  thermal p r o t e c t i o n  
and s t r u c t u r a l  i n t e g r i t y ;  a f a c t o r  of 2 c u t  i n  pres-  
e n t  day s tandards  appears poss ib l e  

Lower c o s t  a b l a t i v e  materials 
Define the  a c c e p t a b i l i t y  of g l a s s  phenol ic  and asbes tos  
phenol ic  f o r  high a rea  r a t i o s  i n  t h e  e x i t  cone; de f ine  
t h e  minimum supersonic  a rea  r a t i o  f o r  p r a c t i c a l  use of 
s i l i c a  phenol ic ;  s tudy f e a s i b i l i t y  of more ex tens ive  
use of t hese  and e las tomer ic  m a t e r i a l s  i n  the  subsonic 
region 

Lower c o s t  f a b r i c a t i o n  techniques 
Wider use of autoclave cure and nylon overwrap, e l imina te  
o r  reduce the  use of b i a s  tape :  de f ine  c a p a b i l i t i e s  and 
r e l i a b i l i t y  of snap cure  type f a b r i c a t i o n ;  cons ider  t h e  
mer i t s  of molded p a r t s  ( cas t ab le s )  
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New mate r i a l s  

I n v e s t i g a t e  the  c a p a b i l i t i e s  of rayon phenol ic  and Creslan 
phenol ic  f o r  t h r o a t  extension and e x i t  cone app l i ca t ions ;  
i n v e s t i g a t e  t h e  c a p a b i l i t i e s  and th ickness  reduct ion  pos- 
s i b l e  with dua l  f a b r i c  ma te r i a l s  (e.q. ,  carbon f a b r i c  
near  su r face  with t r a n s i t i o n  t o  s i l i c a  f a b r i c  i n  dep th ) :  
i n v e s t i g a t e  the  c a p a b i l i t i e s  of carbon paper phenol ics ;  
i n v e s t i g a t e  the  p o s s i b i l i t i e s  f o r  h igher  r e s i n  percents  
and l a r g e r  amounts of f i l l e r  i n  t he  s tandard  c l o t h  
phenol ics  

5.2 Reuseable Nozzles 

The reuse of a b l a t i v e  nozzles  o f f e r s  t he  p o t e n t i a l  of time and c o s t  sav- 

ings  and t h e r e f o r e  should be inves t iga t ed  f u r t h e r .  The following should be 

considered: 
Methods of refurbishment 

I n v e s t i g a t e  the  ma te r i a l  performance and c o s t  t r a d e o f f s  
f o r  no refurbishment except  s u p e r f i c i a l  c leaning ,  
reimpregnation of t h e  char ,  and machining t o  v i r g i n  
ma te r i a l  ( t h i s  t o  include cons idera t ion  of ma te r i a l  
th ickness  requirements,  number of reuses)  

E f f e c t s  p e c u l i a r  t o  sea  water immersion 

Approaches t o  r e p a i r i n g  o r  rep lac ing  damaged o r  c r i t i c a l  p a r t s  

5 . 3  E f f e c t s  of Manufacturing and Fabr ica t ion  Fau l t s  on Mater ia l  
Performance and Means of Correct ion Where Necessary 

The a c c e p t a b i l i t y  l i m i t s  and poss ib l e  f i x e s  a s soc ia t ed  with t h e  follow- 
i n g  f a u l t s  should be def ined:  

Cracks 
Voids 
High v o l a t i l e s  (water ,  hydrocarbons) 
Nonuniform layup 
Surface r i p p l e  
Off-spec r e s i n  conten t  
Incomplete cure  

5.4 P rope r t i e s  and Performance Mechanisms of S i l i c a  Phenolic 

The p r o p e r t i e s  and su r face  e ros ion  mechanisms f o r  s i l i c a  phehol ic  a r e  not  
adequately def ined .  A program s i m i l a r  t o  t h a t  performed under t h i s  c o n t r a c t  

f o r  carbon and g raph i t e  phenol ics  should be i n i t i a t e d .  This would include:  

Determination of char  thermal conduc t iv i ty  

Determination of char  s p e c i f i c  h e a t  
Study of su r face  e ros ion  mechanisms and d e f i n i t i o n  of 

. t h e i r  importance - 
Surface chemical r eac t ions  

Liquid l a y e r  runoff 
So l id  phase chemical r eac t ions  



-99- 

5.5 P r o p e r t i e s  and Performance Mechanisms of  Elastomeric  Materials 

The popular and increased  use of  e las tomer ic  mater ia ls  i n  l a r g e  boos te r  

nozz les ,  bo th  convent ional  and submerged, and t h e  q u a n t i t i e s  r equ i r ed  d i c t a t e  
t h e  need f o r  a b e t t e r  understanding of  these materials. Fur ther  programs 
s imi la r  t o  t h a t  f o r  s i l i c a  phenol ic ,  Sec t ion  5.4 above, should be performed. 

5.6 E f f e c t  of Upstream Ablat ion on Downstream Erosion 

The s t u d i e s  o f  t h i s  c o n t r a c t  should be cont inued through f u r t h e r  t e s t i n g  
t o  q u a n t i t a t i v e l y  de f ine  the  e f f e c t  of upstream a b l a t i o n  on downstream e ros ion .  

Also, techniques t o  a l low i t s  inc lus ion  i n  t h e  p r e d i c t i o n  of  m a t e r i a l  per for -  

mance according to t he  recommendations of Sec t ion  4 .1  should be developed. 

5.7 Flow F i e l d  f o r  Submerged Nozzles 

The flow f i e l d  around the r e e n t r a n t  po r t ion  of  submerged nozzles  i s  pres- 
e n t l y  i l l - d e f i n e d .  I t s  d e f i n i t i o n  i s  c r i t i c a l  t o  t h e  proper  des ign  of  nozzle  
a b l a t i v e  m a t e r i a l  components and accura te  p r e d i c t i o n  of mater ia l  performance. 
Cold flow tests should be performed and c o r r e l a t e d  with a n a l y t i c  p r e d i c t i o n  

techniques t h a t  can be used i n  support  of nozzle  design.  

5.8 Rela t ion  of  During-Fire Performance t o  Post-Fire  Observation and 
Measurement 

P o s t - f i r e  observa t ions  and measurements a f t e r  h e a t  soak and quench may 
no t  be r e p r e s e n t a t i v e  o f  t h e  a c t u a l  mater ia l  performance dur ing  a f i r i n g .  

E f f e c t s  a s soc ia t ed  with quench, cooldown, h e a t  soak, and p o s t - f i r e  measurement 
techniques on the p o s t - f i r e  i n t e r p r e t a t i o n  of  mater ia l  performance should be 

def ined .  

5.9 Development and U s e  of  Ins t rumenta t ion  t o  Fur ther  Charac t e r i ze  
Mate r i a l  Performance 

The t r a n s i e n t  measurement of  su r face  e ros ion  depth,  char  depth,  and in- 
t e r n a l  material  p re s su re  (due t o  py ro lys i s  gas generat ion)  dur ing  a nozzle  

f i r i n g  would provide va luable  information on t h e  o v e r a l l  response of a b l a t i v e  
materials.  Ins t rumenta t ion  t o  accomplish these  measurements should be devel- 
oped and used i n  t h e  a n a l y s i s  of mater ia l  performance. 

5.10 Char Layup Angle Warp Phenomenon 

This  phenomenon should be better def ined  i n  t e r m s  of  when it occurs ,  
dur ing  t h e  cooldown o r  durinrj  t h e  f i r i n g ,  what causes  it, and what i t s  sig- 
n i f i cance  i s  i n  t e r m s  of i n t e r p r e t i n g  i n s u l a t i o n  e f f e c t i v e n e s s .  
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5.11 Mater ia l  Performance in t h e  Subsonic Region of  Nozzles 

The p resen t  s tudy  concent ra ted  on t h e  low area r a t i o  subsonic reg ion ,  
t h r o a t ,  and supersonic  region.  Fur ther  e f f o r t  should be  concentrated on t h e  
h igher  a rea  r a t i o  subsonic  region and subsonic reg ions  of submerged nozzles .  
This  should inc lude  t h e  type o f  e f f o r t  performed h e r e i n  and a s tudy  o f  p a r t i c l e  

impact e f f e c t s  and d e s i r a b l e  materials f o r  t h i s  region.  

5 . 1 2  More Extensive and Ef fec t ive  U s e  of  Theore t i ca l  Material Performance 
F red ic t ion  Techniques i n  Support of Nozzle Design and i n  Pos t -F i r ing  
Analysis  o f  Mater ia l  Performance 

The use of  p r e d i c t i o n  techniques as presented h e r e i n  should be encouraged 

i n  f u t u r e  nozzle  des ign  and i n  f u r t h e r  ana lyses  of  material  performance i n  p a s t  
and f u t u r e  motor f i r i n g s .  This would provide t h e  mater ia l  manufacturer,  p a r t  
f a b r i c a t o r ,  nozz le  designer, and engineer  with a bet ter  understanding o f  abla- 

t i v e  materials,  and hence would promote t h e i r  more economic use and provide a 

more d e f i n i t i v e  base f o r  nozzle  design. 



APPENDIX A 

REVIEW, EXTENSIONS, AND MODIFICATIONS OF THE CALCULATIONS 
OF HEAT TRANSFER COEFFICIENTS I N  ROCKET NOZZLES 

A . l  EXAMINATION O F  THE ENERGY-INTEGRAL TECHNIQUE 

The energy- in tegra l  technique of  Reference 6 appears  t o  account f o r  t h e  
e f f e c t s  on h e a t  t r a n s f e r  c o e f f i c i e n t  of  v a r i a b l e  w a l l  temperature  and free 
stream v e l o c i t y  on both  two-dimensional ( 2 - D )  and two dimensional ,  axisymmetric 

(2-D-A) con f igu ra t ions  f o r  bo th  laminar and t u r b u l e n t  boundary l a y e r s  wi thout  
t r a n s p i r a t i o n .  Comparisons of s o l u t i o n s  obta ined  from t h e  method wi th  a p p l i -  
cable exac t  o r  near exac t  s o l u t i o n s  a r e  presented  i n  t h i s  s ec t ion .  

It  is  w e l l  t o  i n d i c a t e  t h e  method i n  i t s  s implest  form through introduc-  
t i o n  of t h e  b a s i c  d i f f e r e n t i a l  equat ion,  and p r e s e n t a t i o n  of  t h e  s o l u t i o n  of  
t h e  d i f f e r e n t i a l  equat ion ,  as follows. 

The i n t e g r a l  form of  t h e  boundary l a y e r  energy equat ion  f o r  t h e  low speed 
cons t an t  p rope r ty  boundary l a y e r  f o r  e i t h e r  2-D o r  2-D-A geometr ies  is 

where f o r  2-D geometr ies  t h e  r ad ius ,  r, i s  everywhere equal t o  un i ty ,  o r  equa l  
t o  the a c t u a l  s u r f a c e  r ad ius  f o r  2-D-A geometries, and x i s  the s u r f a c e  
coord ina te .  Consider ing t h e  case of an i so thermal  f l a t  plate  wi thout  t r ans -  
p i r a t i o n ,  t h e  l a t t e r  two terms i n  Equation(A1) are i d e n t i c a l l y  zero.  For t h i s  
same case, t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  is known t o  vary f o r  a w i d e  range of 
Reynolds numbers approximately as fol lows 

a 
Pr2/3 (Rex) 

CH = 

w h e r e  the cons t an t s  and exponents f o r  laminar  o r  t u r b u l e n t  boundary l a y e r s  are 

laminar  
t u r b u l e n t  

a 
0.332 
0.0296 

- m 
0.5 

0.2 

- 

I n s e r t i n g  Equation ( A 2 )  i n t o  ( A l ) ,  and i n t e g r a t i n g  wi th  su r face  d i s t a n c e ,  x ,  

an a l t e r n a t e  h e a t  t r a n s f e r  c o r r e l a t i o n  equat ion  f o r  a f l a t  p l a t e ,  i n  t e r m s  of 
Reynolds number based on energy th i ckness ,  R e  can be de r ived  

rp’ 
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a 
Lir' /3 ( Reu)  (1 - m) 

CH = 

The energy i n t e g r a l  method o f  Reference 6 ( o r i g i n a l l y  developed indepen- 
d e n t l y  i n  References 20 and 21) assumes t h a t  Equation ( A 3 )  i s  v a l i d  a l s o  f o r  
boundary l a y e r s  w i t h  f i n i t e  a x i a l  p re s su re  g rad ien t  and w a l l  temperature g rad ien t  
on 2-D and 2-D-A bodies .  Applying Equation (A3) t o  Equation ( A l )  and assuming 

B = 0 (no t r a n s p i r a t i o n ) ,  a f i r s t - o r d e r  d i f f e r e n t i a l  equat ion of  t h e  Bernoul l i -  
type r e s u l t s  which can be formally i n t e g r a t e d  t o  y i e l d  t h e  v a r i a t i o n  of  energy 
th ickness ,  rp, w i t h  su r f ace  running length ,  and with a r b i t r a r y  d i s t r i b u t i o n s  of  
su r face  temperature  and f r e e  stream ve loc i ty .  
t i o n  A-27 of  Reference 6) 

This v a r i a t i o n  i s  (from Equa- 

Equation (A4) may be i n s e r t e d  i n t o  Equation (A31 t o  c a l c u l a t e  the h e a t  t r a n s f e r  

c o e f f i c i e n t ,  CH. 
p r e v a i l i n g  a t  t h e  lower l i m i t  of  i n t e g r a t i o n ,  xi. 
a s t agna t ion  p o i n t  on a body, o r  a t  some p o i n t  on t h e  body where boundary l a y e r  
parameters are known and can be used as inpu t  t o  t h e  e s t ima t ion  o f  parameters 
downstream of xi. A t y p i c a l  example i s  t h e  case  of  flow over  a sphere  where 
flow i s  i n i t i a l l y  laminar,  b u t  undergoes t r a n s i t i o n  t o  t u r b u l e n t  flow. For t h e  

I n  Equation (A4), the s u b s c r i p t ,  i, r e f e r s  t o  parameters 

This  lower l i m i t  may be a t  

laminar p o r t i o n ,  x .  
t h e  po in t  of t r a n s i t i o n  and wi i s  t h e  va lue  of 

(and vi) is  ze ro ,  and f o r  t h e  t u r b u l e n t  po r t ion ,  xi i s  a t  
1 

rp a t  t r a n s i t i o n .  
For the  sake of s i m p l i c i t y  (bu t  without  a loss  i n  g e n e r a l i t y  f o r  the 

s t u d i e s  h e r e i n ) ,  it i s  assumed t h a t  the boundary l a y e r  i s  e i t h e r  a l l  laminar 
o r  a l l  t u r b u l e n t  downstream of t h e  p o i n t  of  i n i t i a t i o n  of t h e  thermal  boundary 
l aye r ,  xi. Making t h e  s i m p l i f i c a t i o n  of  rpi = 0 a t  x = xi and s u b s t i t u t i n g  

Equation (A4) i n t o  Equation (A3) , a c losed  form express ion  f o r  the heat t r a n s -  
f e r  Stanton number can be developed and cast  i n  t h e  form o f  t h e  f l a t  p l a t e  

r e l a t i o n  (see Reference 2)  
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a CH = 

p r 2 / 3 [ ~ e u e ( x  u - xi) ]m Gm 

The parameter,  G,  i s  a “ s t r e t c h i n g ”  f a c t o r  on t h e  i so thermal  f l a t  p l a t e  r e l a -  
t i o n  t o  s imultaneously account f o r  va r i ab le  f r e e  stream ve loc i ty ,  axisymmetric 
geometry ( i f  a p p r o p r i a t e ) ,  and v a r i a b l e  wal l  temperature,  and i s  def ined below 

Equation ( A S )  w i l l  be used for  subsequent comparisons of t h e  r e s u l t s  of t he  
method with “exac t“  s o l u t i o n s  i n  the  following subsec t ions ,  with t h e  r e s t r i c -  

t i o n ,  however, of cons tan t  p r o p e r t i e s .  

A .  1.1 Nonisothermal Wall E f f e c t s  

The e f f e c t s  on CH of a s t e p  change i n  wal l  temperature on a f l a t  p l a t e  

have been s tud ied  i n  References 2 2  and 23 f o r  t he  laminar and t u r b u l e n t  bound- 
a ry  l a y e r s ,  r e spec t ive ly .  Resul t s  have been obtained from c e r t a i n  approxima- 
t i o n s  of t h e  behavior of t he  thermal boundary l a y e r  wi th in  an a l r eady  es tab-  
l i s h e d  momentum o r  v e l o c i t y  boundary l aye r ,  t he  so-ca l led  thermal e n t r y  length  
problem. Although t h e  s o l u t i o n s  a r e  approximate, comparisons of s o l u t i o n s  with 
d a t a  a r e  s u f f i c i e n t l y  Eavorable t o  suggest  t h a t  t h e  s o l u t i o n s  a r e  f o r  a l l  prac- 
t i c a l  purposes exact .  I t  i s  convenient t o  express  r e s u l t s  i n  t e r m s  of t h e  value 
of CH t h a t  would e x i s t  along an isothermal  f l a t  p l a t e  by a r a t i o  of a c t u a l  
t o  t h e  value of CH f o r  an isothermal  p l a t e ,  C H ~ .  Resul t s  f o r  t h e  s t e p  wal l  

temperature change on t h e  f l a t  p l a t e  a re :  

CH 

laminar 
t u rbu len t  

b ,  x 5 x i  n - =  
C 

HT [l -[?)“I 
a 

3/4 
9/10 

- 
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Solu t ions  f o r  a r b i t r a r y  d i s t r i b u t i o n s  of  wal l  temperature can be obtained 
by superpos i t ion  of an i n f i n i t e  number of small  s t eps .  So lu t ions  have b e e n  
obtained f o r  t he  exemplary case of a s t e p  wa l l  temperature change followed by a 
l i n e a r  v a r i a t i o n  of wa l l  temperature .  For s i m p l i c i t y ,  i f  t h e  s t e p  wa l l  temper- 
a t u r e  change i s  assumed t o  occur a t  t h e  p l a t e  lead ing  edge, then the  Stanton 
number downstream of t h e  s t e p  change v a r i e s  as fol lows 

- cH - -  
C HT 1 +I:). 

f o r  t h e  wal l  temperature  v a r i a t i o n  

Tte - Tw = c + dx 

The  va lues  of A are 1 . 6 1 2  and 1.134 f o r  laminar and t u r b u l e n t  flow, 
r e s p e c t i v e l y  (References 23 and 24) .  The behavior  of  Equation ( A s )  with 
(d/c)x i s  of some i n t e r e s t .  For example, f o r  a s t e p  wal l  temperature  change 

only  (d  = 0, c # 0 ) ,  CH/CH 

an isothermal  p l a t e .  For Targe abso lu te  va lues  of  (d/c)x,  CH/CHT = A. For 
nega t ive  (d/c) ( temperature  change downstream of  t h e  s tep oppos i te  i n  
d i r e c t i o n  t o  t h e  s t e p  change),  c e r t a i n  s i n g u l a r i t i e s  a r e  ev iden t  i n  Equation 
( A B ) ,  s i n g u l a r i t i e s  which however have r e a l  phys ica l  s ign i f i cance .  For ex- 
ample, when (d/c)x = -1, Equation ( A 8 )  goes t o  i n f i n i t y ,  which simply means 

t h a t  t h e  wa l l  h e a t  f l ux ,  peueCHCp(Tte - Tw) = Q, i s  f i n i t e  b u t  with zero  
wa l l  t o  f rees t ream temperature  d i f f e r e n c e  ( a condi t ion  which can be p h y s i c a l l y  
r e a l i z e d ) .  
t u r e  d r i v i n g  p o t e n t i a l  ( a l s o  a r e a l  phenomenon). 

s u l t s  obtained f o r  t h e  same examples from t h e  energy i n t e g r a l  method a s  
presented  below. These "exac t"  cases  are, of course,  s p e c i a l  exemplary cases 
wi th in  the o v e r a l l  c a p a b i l i t i e s  of t h e  energy i n t e g r a l  method. The isothermal  

f l a t  p l a t e  Stanton number used he re  i s  Equation (A5)  with G = 1.0 (see 
Equation ( A 6 )  

tegrand f o r  t h i s  c a s e ) .  

G d i f f e r e n t  from un i ty ,  such t h a t  

= 1.0 ,  and t h e  v a r i a t i o n  of C i s  t h e  v a r i a t i o n  f o r  
HT 

For A[$]x = -I., t h e  wal l  h e a t  f l u x  i s  zero  with a f i n i t e  tempera- 

The "exac t"  r e s u l t s  presented  above have s i g n i f i c a n c e  i n  t e r m s  of  re- 

where a l l  t e r m s  i n  t he  in tegrand  cance l  terms ou t s ide  t h e  in-  

Non-isothermal wal l  condi t ions  r e s u l t  i n  a value of 
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Evalua t ing  G f o r  t he  s t e p  temperature change y i e l d s  

i 1 , x = x  cH - - -  
C HT I ->]]"  

which i s  s i m i l a r  i n  form and magnitude t o  t h e  exac t  s o l u t i o n ,  Equation ( A 7 ) .  

A s  be fo re ,  s o l u t i o n s  f o r  a r b i t r a r y  temperature d i s t r i b u t i o n s  could be obtained 
through superpos i t ion  of an i n f i n i t e  number of s t e p  changes. Equation ( A 7 )  

compares more favorably with appropr ia te  d a t a  than does Equation ( A 1 0 )  (see 

Reference 25, for a m p l e ) ,  such t h a t  i f  t he  supe rpos i t i on  approach i s  em- 
ployed which i s  no more o r  l e s s  d i f f i c u l t  us ing  e i t h e r  Equation ( A 7 )  o r  ( A l O ) ,  

t he  more exac t  Equati,m ( A 7 )  i s  p re fe rab le .  However, an approximate s o l u t i o n  
f o r  a r b i t r a r y  temperature d i s t r i b u t i o n s  can be obtained simply through evalua- 
t i o n  of G i n  Equat ion ( A 9 )  f o r  t h e  p re sc r ibed  d i s t r i b u t i o n .  Using t h e  
temperature v a r i a t i o n  which was s p e c i f i e d  f o r  t h e  exac t  s o l u t i o n  o f  Equation 
( A 8 ) ,  Equation ( A 9 )  yieLds 

cH 
C 

HT 

m 
where A = = 1.732 ( l amina r ) ,  = 1.176 ( tu rbu len t )  

For l a r g e  p o s i t i v e  value of  (d/c)x,  C /C = A, f o r  which t h e  approximate 

r e s u l t s  are abour 7.5 and 3.5 percent  g r e a t e r  than the  exac t  r e s u l t s  f o r  t he  

laminar and t u r b u l e n t  ca ses , r e spec t ive ly .  For a l l  p o s i t i v e  va lues  of (d/c)x, 
t h e  e r r o r s  i n  t h e  approximate r e s u l t s  are equal  t o  o r  less than those  f o r  
l a r g e  values  of  (d/c)x ind ica t ed  above, y i e l d i n g  t h e  conclusion tha t  t h e  
approximate technique accounts f o r  non-isothermal wa l l  e f f e c t s  i n  a simple 
and h igh ly  s a t i s f a c t o r y  manner f o r  p o s i t i v e  values  of  (d /c ) .  For t h e  case of  
a r b i t r a r y  w a l l  temperature  d i s t r i b u t i o n ,  it is  i n f e r r e d  from t h e  above com- 
pa r i son  t h a t  as long as t h e  w a l l  temperature i s  e i t h e r  always lower o r  always 
h ighe r  than t h e  f rees t ream temperature  (which i s  t h e  case f o r  most p r a c t i c a l  

a p p l i c a t i o n s ) ,  then  the  approximate s o l u t i o n  w i l l  y i e l d  h igh ly  acceptab le  
r e s u l t s .  

HT 
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This  technique f a i l s ,  however, f o r  cases  when t h e  wa l l  temperature is  
bo th  above and below f rees t ream temperature as t h e  flow progresses  along t h e  

su r face .  For t h e  example above, ce r t a in  arguments i n  Equat ion ( A l l )  become 
imaginary when t h e  wa l l  temperature becomes equal  t o  the  freestream temperature .  
Unlike t h e  exac t  s o l u t i o n  t o  t h i s  example, Equation ( A 8 ) ,  i n  t h e  approximate 
s o l u t i o n  when the  wal l - to-freestream temperature  d i f f e r e n c e  i s  zero ,  so a l s o  i s  

wa l l  h e a t  f l u x ,  and vice-versa .  

A . 1 . 2  E f f e c t s  of  Var iab le  Freestream Veloc i ty  Along an Isothermal  W a l l  

~ 

N o  exac t  s o l u t i o n s  a r e  a v a i l a b l e  f o r  t h e  thermal boundary l a y e r  f o r  t h e  

t u r b u l e n t  case  with a r b i t r a r y  f rees t ream v e l o c i t y  d i s t r i b u t i o n s .  Exact s i m i -  
l a r i t y  s o l u t i o n s  have been obtained,  however, f o r  t he  laminar boundary l a y e r  
along an isothermal  w a l l  i n  wedge flow (ue a xn) 
from the  energy i n t e g r a l  technique w i l l  be compared wi th  t h e  exac t  laminar 
s o l u t i o n s  i n  t h i s  subsec t ion ,  the degree of comparison f o r  t he  laminar case 

be ing  presumed t o  be an i n d i c a t o r  of  t h e  adequacy f o r  the  t u r b u l e n t  case ,  
s i n c e  t h e  method f o r  t h e  two cases  are i d e n t i c a l  i n  concept.  

wal l ,  t h e  express ion  f o r  G,  Equation (A6), i s  (xi = 0) 

i n  Reference 2 6 .  Resul t s  

For t h e  cons t an t  p rope r ty  boundary l a y e r  along an i so thermal  2 - D 

n f o r  ue x . 

A parameter convenient  f o r  comparison with exac t  laminar  wedge flow 
s o l u t i o n s  can be obtained through i n s e r t i o n  of  Equation ( A 1 2 )  i n t o  Equation 

( A 5 )  and rear ranging  t o  y i e l d  

Equation ( A 1 3 )  i s  compared with exac t  r e s u l t s  from Reference 26 i n  Figure 
where it is seen t h a t  t h e  d i r e c t i o n  of  change i n  h e a t  t r a n s f e r  c o e f f i c i e n t  

with a c c e l e r a t i o n  (n > 0 )  o r  d e c e l e r a t i o n  (n  < 0) i s  p red ic t ed  by the  energy 
i n t e g r a l  technique,  b u t  no t  t h e  magnitude of  t h e  change. Nevertheless ,  f o r  
P rand t l  numbers near  un i ty ,  f o r  t h e  range of  t he  exponent, n, considered i n  
Figure ~ 1 ,  t h e  approximate r e s u l t s  a r e  i n  e r r o r  by about 2 0  percent  o r  less. 
Since the  c o r r e c t i o n  t o  t h e  f l a t  p l a t e  r e l a t i o n  f o r  t u r b u l e n t  f low i s  ( l+n)  , 
a much smaller c o r r e c t i o n  than f o r  t h e  laminar case ( ( l + n )  O a 5 ) ,  it i s  i n f e r r e d  

t h a t  t h e  energy i n t e g r a l  method s a t i s f a c t o r i l y  accounts f o r  t h e  e f f e c t s  of  
v a r i a b l e  f rees t ream v e l o c i t y  on h e a t  t r a n s f e r  c o e f f i c i e n t ,  p a r t i c u l a r l y  f o r  
t h e  rocke t  nozzle  case where t h e  boundary l a y e r  i s  normally t u r b u l e n t  i n  the 

c r i t i c a l  reg ions  o f  concern.  

0.2 
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A.1.3 E f f e c t s  of t h e  ~ y p e  of Two-Dimensional Geometry 

The energy i n t e g r a l  technique can be compared with exac t  laminar r e s u l t s  
f o r  both types of two-dimensional geometr ies ,  2-D and 2-D-A. For t h i s  purpose,  

r e s u l t s  a r e  compared with exac t  s o l u t i o n s  fo r  s tagnat ion  po in t  hea t  t r a n s f e r  on 

a cy l inde r  ( 2 - D )  and sphere (2-D-A) ( ca ses  f o r  which exac t  so lu t ions  a r e  r ead i ly  
a v a i l a b l e  fo r  comparison purposes) . 

The boundary l a y e r  edge v e l o c i t y  v x i a t i o n s  near  t he  s t agna t ion  p o i n t  
X (small  E) a r e  

cy l inde r ,  u e = 2urn($] (A141 

u = 3/2 urn($) e sphere,  

where R i s  the  rad ius  of t he  cy l inde r  o r  sphere 
and urn i s  the  f rees t ream v e l o c i t y  

I n s e r t i n g  Equations (A14) i n t o  (A6) and t h e  r e s u l t  i n t o  Equation (A51 a f t e r  
some manipulation the  s t agna t ion  p o i n t  (x/R+O) Nussel t  number i s  obtained 

1 / 2  1/3 
NuR = A R e R  P r  ( ~ 1 5 )  

P,%R . The exac t  ( f o r  P rand t l  numbers near  , ReR = - (PeU,CH) c R - - 
k i-I, 

where NuR = 

un i ty )  and energy i n t e g r a l  va lues  of A a r e  

exac t  energy- in tegra l  method 
cy l inde r  0.81 (Reference 26) 0.664 
sphere  0.93 (Reference 27) 0.813 

The approximate and exac t  r e s u l t s  c o m p r e  wi th in  about 18 pe rcen t  f o r  t h e  

cy l inde r  and wi th in  about 13 percent  f o r  t h e  sphere.  I t  i s  s i g n i f i c a n t  t h a t  

t h e  b e s t  comparison i s  f o r  t h e  2-D-A case ,  suggest ing t h a t  although the  
e f f e c t s  of v a r i a b l e  f rees t ream v e l o c i t y  a r e  not  a s  accu ra t e ly  p red ic t ed  f o r  

t he  2-D type geometry as  would be hoped (see  the  previous subsec t ion ) ,  
t hese  shortcomings of t h e  approximate technique a r e  somewhat o f f s e t  f o r  t h e  
2-D-A geometry, t h e  t y p i c a l  rocket-nozzle case .  

A . 2  MODIFICATION OF THE PRESENT TECHNIQUE TO ACCOUNT FOR TRANSPIRATION 
(ABLATION) 

Cer ta in  exac t  so lu t ions  have been obtained by Aerotherm personnel using 

numerical methods f o r  t he  e f f e c t s  of cons tan t  blowing r a t e  along a f l a t  p l a t e  
f o r  both the  laminar case  (Cont rac t  NAS9-4599) and t h e  tu rbu len t  case (Ref- 

erence 28) .  The b a s i c  elements fo r  t he  d e t a i l e d  exac t  c a l c u l a t i o n  of a l l  
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a s p e c t s  of boundary-layer behavior  f o r  bo th  the  laminar and t u r b u l e n t  cases  

have b e e n  developed u n d e r  these  va r ious  programs. I n  s p i t e  of t h e  a v a i l a b i l i t y  

of t hese  b a s i c  e lements ,  however, f u r t h e r  developments and study e f f o r t s  a r e  
necessary be fo re  the  techniques f o r  t h e  genera l  t u r b u l e n t  boundary-layer case  
( i n  p a r t i c u l a r )  can become ope ra t iona l .  I n  t h e  m e a n t i m e ,  some of t h e  a v a i l a b l e  
r e s u l t s  from these  programs can be used t o  a i d  i n  t h e  approximate c h a r a c t e r i -  
za t ion  of t h e  boundary l aye r  convection t r a n s f e r  c o e f f i c i e n t s  with t r a n s p i r a -  
t i o n  o r  blowing. Prel iminary a t tempts  t o  c h a r a c t e r i z e  t h e  e f f e c t s  of  t r a n s p i -  
r a t i o n  w e r e  made i n  Reference 1 through extension of  t h e  energy i n t e g r a l  

technique t o  include t r a n s p i r a t i o n .  In  t h i s  s e c t i o n ,  t h e  e f f o r t  of Reference 
1 a r e  r e f ined  f o r  t h e  tu rbu len t  case  and a l s o  extended t o  include t r a n s p i r a t i o n  
i n t o  t h e  laminar boundary l aye r .  

The b a s i c  d i f f e r e n t i a l  equat ion t o  be employed i s  t h e  boundary-layer 
i n t e g r a l  Equation ( A I ) ,  which is  f o r  t he  case  of  an i so thermal  f l a t  p l a t e  

d z  
- _  dx - CH + 3 

In  t h i s  development, t h e  following func t iona l  r e l a t i o n s h i p  f o r  t h e  Stanton 
- number with t r a n s p i r a t i o n  i s  assumed t o  apply 

The e f f e c t  of t r a n s p i r a t i o n  CH 
on R e  a s  w e l l  a s  i t s  l o c a l  in f luence .  A simple f i lm theory  type of equa- 

3 
t i o n  f o r  C,, 

is  manifested both by i t s  upstream inf luence  

which when i n s e r t e d  i n t o  Equation (A16) w i l l  y i e l d  a v a r i a t i o n  
n 

of CH w i t h  su r f ace  d i s t a n c e ,  i s  (Reference 1) 

= Equation ( A 3 )  ( t e n t a t i v e l y )  and where A i s  a cons t an t  whose va lue  
where % 
depends upon whether t h e  boundary l a y e r  i s  laminar  o r  t u rbu len t .  

f o r  l a r g e  blowing, when Equation ( A 1 8 )  is  i n s e r t e d  i n t o  e i t h e r  Equation ( A I )  o r  
(A16), t hese  equat ions  cannot be formally i n t e g r a t e d ,  and one m u s t  r e s o r t  t o  
numerical  methods. However, f o r  t he  case  of s m a l l  cons t an t  blowing along an 
isothermal  f l a t  p l a t e ,  t h e  approximate form of Equation ( A 1 8 )  f o r  smal l  blowing 
can be i n s e r t e d  i n t o  Equation (A16) t o  y i e l d  

Unfortunately,  
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where C * = - E and E = a cons tan t  f o r  t h i s  case .  L e t t i n g  (1 - A )  p 1 F = m 
1-m Hcp 

cp 
cons tan t  f o r  t h i s  case ,  then 

m - 
( f o r  small  F) 1 x 

3 = E + F  c p l V m  
dx 2m m - m 

? l - m  
- - 

F ? l - m  fel-m - - 
E E a  

The approximate form of Equation (A2O)can be formally i n t e g r a t e d  t o  y i e l d  t h e  
v a r i a t i o n  of cp with x. The r e s u l t i n g  value of cp, when i n s e r t e d  i n t o  Equa- 

t i o n  ( A 3 ) ,  y ie lds  a t ranscendenta l  funct ion f o r  t he  v a r i a t i o n  of CH: with x. 
When t h i s  func t ion  i s  expanded i n  a binomial s e r i e s ,  and h igher  order  terms con- 
t a i n i n g  @ a r e  neglec ted ,  a quadra t ic  equat ion fo r  C r e s u l t s  which y i e l d s  

Hcp 

where C * - Equation ( A 2 )  ( t e n t a t i v e l y )  and from the  approximate form of 
Equation (A18) 

H C P -  

(1 - L I B  (A221 CH* - h@ x CH* - A B  - - m 
l + m  CH 

= 

cp X 

From Bquation (A22), it can be seen t h a t  f o r  small  cons t an t  t r a n s p i r a t i o n  

along an isothermal  f l a t  p l a t e ,  t he  Stanton number i s  equal  t o  t h a t  obtained 

without blowing, CH: , 
a l t e r n a t e  f i lm theory type r e l a t i o n  f o r  t h i s  case  which r e l a t e s  t he  Stanton 

number t o  t h a t  obtained without  t r a n s p i r a t i o n  a t  a given value of is ,  

l e s s  terms which inc lude  t h e  blowing r a t e .  An 

Re, 

The d i s t i n c t i o n  between X or  7 is  t h a t  t h e  former is appropriate  to 

t h e  comparison of CH 

R e  

t o  the  zero  l o c a l  blowing value of CH (CH*) a t  cons t an t  
cp 

whereas the  l a t t e r  i s  appropr ia te  t o  comparisons performed a t  cons t an t  
? 

along a f l a t  p l a t e  with cons tan t  blowing. Thus, Equation ( ~ 1 8 )  is  presumed t o  

c o r r e c t  t h e  Stanton number f o r  l o c a l  blowing which i s  i n  genera l  v a r i a b l e ,  and 
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Kquation ( R 2 3 )  is  prc:;umcd t o  c o r r e c t  t h e  Stanton number f o r  cons t an t  l o c a l  and 
average blowing aLL,ncJ ii f l a t  p l a t e  only.  For t h i s  l a t t e r  case ,  t h e  approximate 
form of Equation (A23)can be cquated t o  t h e  l a t t e r  e q u a l i t y  O f  Equation ( A 2 2 )  

t o  ob ta in  a r e l a t i o n  between X and h .  
- 

- 
Proposed t u r b u l e n t  xa lues  of  h o r  h appl ied  without  d i s t i n c t i o n  t o  

t h e  l i n e a r i z e d  forms of Equations ( A 1 8 )  o r  (A23)  have been 1 / 2  which i s  ob- 
t a i n e d  from f i lm  theo ry ) ,  0.37 (Reference 29),  and 1/5 (Reference 3 0 ) .  The 

value recommended i n  Reference 6 i s  X = 1/5, the va lue  used t o  account f o r  
t r a n s p i r a t i o n  i n  e a r l y  a b l a t i o n  p red ic t ions  us ing  the  Aerotherm cha r r ing  
m a t e r i a l  a b l a t i o n  computer proqram. These l a t t e r  two va lues  of  A have been 

obtained through c o r r e l a t i o n s  of c e r t a i n  e a r l y  experimental  t r a n s p i r a t i o n  da ta .  
I n  Reference 28 i t  was found t h a t  a va lue  of X = 1/2, used i n  t h e  exponent ia l  

form of  Equation ( ~ 2 3 ) , p r o v i d e d  a s u i t a b l e  curve f i t  t o  t h e  "exact" t h e o r e t i c a l  
r e s u l t s  f o r  t h e  t r a n s p i r e d  t u r b u l e n t  boundary presented  i n  Reference 28 .  This 

va lue  of  y i e l d s  a value of  = 2/5 fromEquation ( A 2 4 )  (compared t o  
\ = 3/8 from Reference 1 evalua ted  i n  a less exac t  manner) f o r  t h e  t u r b u l e n t  
ca se  ( m  = 1/5).  I t  is s i g n i f i c a n t  t ha t  the "exac t"  t h e o r e t i c a l  r e s u l t s  of  

Reference 2 8  compare extremely wel l  with a v a i l a b l e  f l a t  p l a t e  t r a n s p i r a t i o n  
da ta .  By inference ,  t h e  approximate formulat ion presented  he re ,  when solved by 
t h e  r e q u i s i t e  numerical  techniques,  w i l l  a l s o  compare favorably  with a v a i l a b l e  

t u r b u l e n t  t r a n s p i r a t i o n  da ta .  

- 

The laminar  case  h a s  been considered he re  by o b t a i n i n g a n  "exac t"  so lu t ion  
t o  t h e  nonsimilar  larnin<ir boundary l a y e r  with cons t an t  blowing along a f l a t  

p l a t e .  This  s o l u t i o n  w a s  obtained through use of  an Aerotherm computer program 
developed under Contract N A S  9-4599 which numerical ly  so lves  t h e  laminar  
boundary l a y e r  equat ions  through app l i ca t ion  of  an in tegra l -mat r ix  technique.  
One case was run with cons t an t  blowing, 0 = 5.1  x lo-', and it w a s  found t h a t  
t h e  exponent ia l  form o f  Eqdation(A23) with X = 2/'3 compares wi th  t h e  i n t e g r a l -  
mat r ix  s o l u t i o n  wi th in  less than 5 pe rcen t  f o r  values  of  p/C,* 

1 .0 .  The corresponding vc lue  o f  A from Equation (AX) i s  X = 1/2 (m = 1 / 2 ) ,  

which i s  i d e n t i c a l l y  equal  t o  t h e  va lue  obtained from f i l m  theory .  

- 

less than  
X 

The e f f e c t s  of l o c a l  anll upstream blowing on Stan ton  number have been 
b r i e f l y  considered i n  t h i s  subsec t ion .  The b a s i c  procedure f o r  modi f ica t ion  

of  the energy i n t e g r a l  technique f o r  t h e  computation of  h e a t - t r a n s f e r  c o e f f i -  
c i e n t s  has  been indicated. The in t roduc t ion  of  a r b i t r a r y  blowing d i s t r i b u t i o n s  

t o  t h e  basic boundary-layer energy i n t e g r a l  d i f f e r e n t i a l  equat ion  obvia tes  i t s  
s o l u t i o n  i n  c losed  form, o r  a t  l e a s t ,  t h e  a t tempts  made i n  t h i s  s tudy  t o  o b t a i n  
a c losed  form s o l u t i o n  through a p p l i c a t i o n  of  var ious  t ransformat ions  have 

been unsuccessfu l .  For t h i s  reason, a s o l u t i o n  has  been obtained t o  an approx- 
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i m a t e  d i f f e r e n t i a l  equat ion f o r  small  cons t an t  blowing along a f l a t  p l a t e ,  
r e s u l t i n g  i n  a r e l a t i o n  d i s t i n g u i s h i n g  t h e  e f f e c t s  o f  l o c a l  blowing from e f f e c t s  

due t o  upstream blowing. Although a s o l u t i o n  has  no t  been obtained f o r  l a r g e  
blowing, r e l a t i o n s  have been developed, and cons t an t s  have been eva lua ted  i n  
such a way t h a t  it i s  expected t h a t  a numerical  i n t e g r a t i o n  of  t h e  b a s i c  

equat ion w i l l  y i e l d  r e s u l t s  which w i l l  compare favorably with a v a i l a b l e  
exac t  s o l u t i o n s .  I n  p a r t i c u l a r ,  t h e  e f f e c t s  of l o c a l  v a r i a b l e  blowing, and 

t h e  e f f e c t s  o f  cons t an t  blowing along a f l a t  p l a t e  can be eva lua ted  from 
the  exponent ia l  forms of Equations ( A l a )  and (A23), r e spec t ive ly ,  us ing  t h e  
fol lowing cons t an t s  eva lua ted  i n  t h i s  s tudy  

- 
h h 

Equation (A18) Equation ( ~ 2  3 )  

laminar 1 / 2  2/3 

t u r b u l e n t  2/5 1 / 2  

A.3 RECOMMENDED EXTENSIONS TO THE ENERGY INTEGRAL METHOD 

Based on s t u d i e s  presented  i n  t h i s  Appendix, it i s  be l ieved  t h a t  t h e  

basic concepts of  t h e  energy i n t e g r a l  method are s u f f i c i e n t l y  r ea l i s t i c  t o  

form t h e  basis f o r  genera t ion  of  v a l i d  inpu t  information f o r  a b l a t i o n  ca lcu la-  
t i o n s  i n  a r e l a t i v e l y  simple and s t r a igh t fo rward  manner. Ce r t a in  improvements 
i n  t h e  a p p l i c a t i o n  of  t h e s e  b a s i c  concepts seem appropr ia te ,  however. 

The recommended form of t h e  energy i n t e g r a l  d i f f e r e n t i a l  equat ion  (pre- 
sen ted  here only  f o r  t h e  special case of t h e  low speed cons t an t  p rope r ty  
boundary l aye r )  i s  as fol lows f o r  bo th  t h e  laminar and t u r b u l e n t  boundary 

l a y e r s  , 

The recommended va lues  of -k a r e  1 / 2  and 2/5 f o r  t h e  l a m i n a r  and t u r b u l e n t  

boundary l a y e r s ,  r e spec t ive ly .  

accura te  f o r  t h e  l a m i n a r  bgundary, i s  accura te  only  f o r  a r e s t r i c t e d  range of 

Recp 
development of  t h e  method p r imar i ly  because t h i s  p a r t i c u l a r  form allowed the 
formal i n t e g r a t i o n  of  t he  d i f f e r e n t i a l  equat ion.  Inasmuch a s  Equation (A25) 
cannot be i n t e g r a t e d  formally,  b u t  must be i n t e g r a t e d  numerical ly  i f  t h e  
e f f e c t s  of t r a n s p i r a t i o n  a r e  t o  be taken  i n t o  account ,  an improved represen-  
t a t i o n  of cH; fo r  t h e  t u r b u l e n t  case  is i n  o rde r ;  t h i s  should also 

y i e l d  improvements i n  r e s u l t s  f o r  t h e  t u r b u l e n t  case without  t r a n s p i r a t i o n  as 
w e l l .  

The v a r i a t i o n  of  CH* presented  a s  Equation (A3),  although q u i t e  

f o r  t h e  t u r b u l e n t  case. The form of Equation (A3) was r e t a i n e d  i n  t h e  
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For t h i s  Purpose,  a logar i thmic  form f o r  t h e  t u r b u l e n t  v a r i a t i o n  of 
CH* with R e  

r e s u l t s  o f  Reference 28 fc r  

on momentum th ickness)  and 0.71 ( a i r ) .  The adopted r e l a t i o n  con ta ins  t h e  

same Prand t l  number dependence as Equation (A3) f o r  t h e  t u r b u l e n t  ca se  ( t h a t  

i s ,  3(1-m) = pr  -5'6), and i s  eva lua ted  such t h a t  t h e  magnitude of  

CH* 
cp 

R e ~ n ,  of 5 x 1 0 " .  This  modified r e l a t i o n  is: 

w a s  examined, and found t o  give an improved f i t  t o  t h e  exac t  
3 v 

P rand t l  number of u n i t y  ( C f / 2  vs.  Reynolds number 

2 - -  
* a P r  c";p 

equals  t h a t  from Equation (A31 a t  an energy th i ckness  Reynolds number, 

- 

I n  t h i s  appendix,  only t h e  cons t an t  p rope r ty ,  low-speed boundary l a y e r  has  
been considered.  

framework fo r  a p p l i c a t i o n  of simple c o r r e l a t i o n s  of exact r e s u l t s  f o r  c e r t a i n  

o t h e r  parameters  t h a t  a r e  not considered here .  For example, t h e  P rand t l  number 

depeqdency considered here  appearing i n  Equation ( A 2 )  was der ived  i n  t h e  p a s t  
by way of a simple c o r r e l a t i o n  of exac t  r e s u l t s  obtained f o r  t h e  laminar boundary 

l aye r  with v a r i a b l e  Prandt l  number (see Figure A l ,  n = 0 ) ,  r e s u l t i n g  i n  a b a s i c  
ex tens ion  of t h e  Reynolds analogy t o  P rand t l  numbers d i f f e r e n t  than un i ty .  This  
c o r r e l a t i o n ,  obtained f o r  t h e  laminar boundary l a y e r ,  has  b e e n  a l s o  app l i ed  

success fu l ly  t o  c o r r e l a t i o n s  of  d a t a  f o r  t h e  t u r b u l e n t  boundary l aye r  (see a l s o  
t h e  t h e o r e t i c a l  r e s u l t s  of Reference 2 8 ) ,  because t h e  e f f e c t s  of molecular 

p r o p e r t i e s  ( l i k e  P rand t l  number) a r e  manifested l a r g e l y  i n  t h e  laminar sublayer .  
Cor re l a t ions  a r e  p re sen t ly  a v a i l a b l e  t o  c o r r e c t  f o r  v a r i a b l e  p r o p e r t i e s  and f o r  
t h e  high-speed boundary l aye r  f l o w  without  t r a n s p i r a t i o n ,  aga in  through c o r r e l -  
a t i o n s  of exac t  laminar boundary l aye r  r e s u l t s  t o  e s t a b l i s h  appropr i a t e  r e fe rence  
proper ty  cond i t ions .  A t  p r e s e n t ,  t hese  cor rec t ions ,which  have r e s u l t e d  i n  p a r t  
from c o r r e l a t i o n s  of exac t  s o l u t i o n s ,  a r e  a v a i l a b l e  f o r  modi f ica t ion  of Equation 

(A25) t o  account f o r  high speed and non-constant proper ty  e f f e c t s  f o r  t h e  non- 

t r a n s p i r e d  boundary l a y e r s ,  and these  c o r r e c t i o n s  should be employed i n  t h e  
s o l u t i o n  of Equation (A25). 

The concepts of t h e  method a r e  such a s  t o  provide a b a s i c  

The method proposed t o  account f o r  t r a n s p i r a t i o n  i s  s t r i c t l y  app l i cab le  
only t o  the  case of t r a n s p i r a n t s  s i m i l a r  t o  those  of t h e  f rees t ream ( t h e  cons t an t  
proper ty  case  considered h e r e ) ;  t h e  in t roduc t ion  of a b l a t i o n  products  t o  t h e  
boundary l aye r  gene ra l ly  r e s u l t s  i n  " t r a n s p i r a t i o n "  of  spec ie s  d i f f e r e n t  than  
those  of t h e  freestream. Reference 30 proposes a co r rec t ion  t o  Equation ( A 1 8 )  

( f o r  example) t o  account f o r  observed e f f e c t s  of d i f f e r e n c e s  i n  molecular 

weight b e t w e e n  t h e  freestream and t r a n s p i r a n t .  Correc t iorscan  now be bet ter  
de r ived  through c o r r e l a t i o n s  of exac t  r e s u l t s  which can now be obtained us ing  
t h e  i n t e g r a l  mat r ix  non-similar laminar boundary l aye r  s o l u t i o n  technique.  
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I n  many r e s p e c t s ,  t h e  boundary l a y e r  d i f f e r e n t i a l  equat ions  f o r  m a s s ,  
momentum, and energy a r e  s imi la r .  For u n i t y  P rand t l  and Lewis numbers, t he  
m a s s  and energy boundary l a y e r  d i f f e r e n t i a l  equat ions  a r e  i d e n t i c a l  i n  form, 

a s  are t h e i r  r e spec t ive  forms o f  t h e  i n t e g r a l  boundary l aye r  equat ions  (the-& 

form of t h e  momentum boundary l a y e r  equat ion  Z i f f e r s  from those  f o r  mass and 
energy f o r  t h e  t y p i c a l  ca se  of  f i n i t e  s t r e a m w i s e  p re s su re  g r a d i e n t ) .  I n  t h e  

previous d i scuss ions ,  only t h e  energy boundary l a y e r  was considered.  How- 
ever ,  t he  developments are a l s o  appropr i a t e  t o  t h e  mass boundary l a y e r  ( f o r  

f u t u r e  cons idera t ion)  through proper  s u b s t i t u t i o n  of analogous terms. That i s ,  

h e a t  t r a n s f e r  c o e f f i c i e n t  (C ) is  analogous t o  mass t r a n s f e r  c o e f f i c i e n t  (C ) ,  

Prand t l  number i s  analogous t o  Schmidt number, energy th ickness  is  analogous t o  
mass th ickness ,  and en tha lpy  is  analogous t o  spec ie s  concent ra t ion .  Although 

t e r m s  i n  t h e  energy equat ion a r e  analogous t o  l i k e  terms i n  the  mass equat ion ,  
t h i s  does not  i n  genera l  mean t h a t  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  ( f o r  example) 
i s  p ropor t iona l  t o  the  mass t ransfer  c o e f f i c i e n t ,  un less  t h e  v a r i a t i o n s  of a l l  

l i k e  terms with su r face  d i s t a n c e  a r e  s i m i l a r .  

H M 

The recommended r e v i s i o n s  t o  the  energy i n t e g r a l  technique ( o r  i t s  
analogy,  t h e  m a s s  i n t e g r a l  t echn ique ) ,  and t h e  mechanisms f o r  t h i s  r e v i s i o n  
and checkout a r e  a s  follows: 

1. Develop a computer program t o  f a c i l i t a t e  t h e  numerical  i n t e g r a t i o n  
of t h e  "bas i c"  energy d i f f e r e n t i a l  equat ion ,  Equation ( A 2 5 )  , using t h e  improved 

Stan ton  number c o r r e l a t i o n ,  Equation ( A 2 6 ) ,  f o r  t h e  t u r b u l e n t  case  and Equation 
(A3) f o r  t h e  laminar case .  

2 .  Where appropr i a t e ,  modify terms i n  t he  b a s i c  d i f f e r e n t i a l  equat ion  

t o  account f o r  high speed and non-constant proper ty  e f f e c t s  f o r  a r b i t r a r y  
boundary l a y e r  edge gases  ( t h i s  has  a l r eady  b e e n  done i n  Reference 3 f o r  t h e  
case  of no-blowing using the  more approximate t u r b u l e n t  Stanton number c o r r e l -  

a t i o n  of  Equation ( A 3 ) ) .  

3 .  Obtain exac t  s o l u t i o n s  of t h e  laminar boundary l a y e r  f o r  t r a n s p i r a t i o n  

of  fore ign  gases  and c o r r e l a t e  t hese  r e s u l t s  t o  ob ta in  approximate a n a l y t i c a l  
c o r r e c t i o n s  t o  Equation (A18) f o r  i nc lus ion  i n  Equation ( A 2 5 )  and i t s  subsequent 

i n t e g r a t i o n .  
4 .  Include i n  1 above t h e  c a p a b i l i t y  t o  s imultaneously c a l c u l a t e  mass 

t r a n s f e r  c o e f f i c i e n t s  using methods s i m i l a r  i n  concept t o  the  computation of 

h e a t  t r a n s f e r  c o e f f i c i e n t s .  
The incen t ive  f o r  t hese  r e v i s i o n s  i s  provided by: 1) t h e  necess i ty  t o  

accu ra t e ly  c h a r a c t e r i z e  hea t  and mass t r a n s f e r  c o e f f i c i e n t s  as input  t o  t h e  
thermochemical a b l a t i o n  c a l c u l a t i o n s ;  2 )  t o  have a t  hand an inexpensive com- 
p u t a t i o n a l  procedure which adequately reproduces t h e  more expensive and t i m e -  

consuming exac t  boundary l a y e r  s o l u t i o n s  a s  these  s o l u t i o n s  become a v a i l a b l e ;  
and 3) t o  be ab le  t o  ob ta in  r e a l i s t i c  approximate r e s u l t s  which cannot awai t  
t h e  more exac t  boundary l aye r  developments of t h e  fu tu re .  The exemplary 
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I -  problem of the effects of significant upstream ablation on downstream erosion 
rates, considered under this program (Section 4.1) and in Reference 1, is one 
which cannot presently be handled in a satisfactory manner with an available 
operational scheme. It is believed that the developments recommended herein 
will provide the means to explore these effects. In addition, the resulting 
computational scheme will have application to a wide variety of other problems 
(for example, transpiration-cooled or liquid-cooled nozzles). 
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