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FOREWORD 

This  r e p o r t  was prepared by t h e  P r a t t  & Whitney A i r c r a f t  D i v i s i o n  

o f  United A i r c r a f t  C o r p o r a t i o n  under C o n t r a c t  NAS3-11190,which i s  spon- 

sored by the  NASA L e w i s  Research C e n t e r .  The NASA p r o j e c t  manager i s  

M r .  J .  W .  Gregory. 

This  i s  a n  i n t e r i m  r e p o r t  c o v e r i n g  t h e  r e s u l t s  ob ta ined  under Task I 

o f  t h e  c o n t r a c t .  The per iod  of performance was 1 J u l y  t o  30 September 1967. 

The fo l lowing  personnel  a t  t h e  P r a t t  & Whitney A i r c r a f t  Research and 

Development Center  c o n t r i b u t e d  t o  t h e  t e c h n i c a l  e f f o r t  and p r e p a r a t i o n  of  

t h e  r e p o r t :  W .  R .  Kaminski,  J .  Neal ,  D .  J .  S t o u t ,  M .  L .  Johnson,  D.  L .  Elmore, 

T .  M. Rhodes, J .  Quinn, T. E .  B a i l e y  and J .  P. M i t c h e l l .  
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ABSTRACT 

An a n a l y t i c a l  s t u d y  was made t o  e v a l u a t e  t h e  r e g e n e r a t i v e  c o o l i n g  

c a p a b i l i t i e s  o f  l i g h t  hydrocarbon f u e l s  when used w i t h  f l u o r i n a t e d  

o x i d i z e r s .  Regenera t ive  c o o l i n g  f e a s i b i l i t y  l i m i t s  f o r  methane , a 

methane-ethane b l e n d ,  e t h a n e ,  propane,  and butene-1 were e s t a b l i s h e d  

based on t h e  thermodynamic h e a t  c a p a c i t i e s  o f  t h e  f u e l s  and o v e r a l l  t h r u s t  

chamber h e a t  t r a n s f e r  r a t e s  over  t h e  1000- t o  20,000-lb t h r u s t  range 

and t h e  100- t o  1000-psia  chamber p r e s s u r e  range.  Subsequent ly ,  r e -  

g e n e r a t i v e  c o o l i n g  l i m i t s  f o r  se lec ted  p r o p e l l a n t  combinat ions a t  t h r u s t  

l e v e l s  of  1000, 5000, and 20,000 l b  were examined i n  more d e t a i l  w i t h  

c o n s i d e r a t i o n  o f  c o o l a n t  passage d e s i g n  and l o c a l  chamber h e a t  f l u x e s .  
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SECTION I 
I N  TRODU C TI  ON 

I n t e r e s t  i n  t h e  s p a c e  s t o r a b l e  class o f  p r o p e l l a n t s  f o r  a p p l i c a t i o n  

i n  f u t u r e  p l a n e t a r y  e x p l o r a t o r y  miss ions  i s  expanding. Space s t o r a b l e  

f u e l s  and o x i d i z e r s  are  t y p i c a l l y  c ryogenic  w i t h  o v e r l a p p i n g  l i q u i d  ranges 

and l i q u i d  tempera tures  s u f f i c i e n t l y  h i g h  t o  p e r m i t  thermal  e q u i l i b r i u m  

t o  be  e s t a b l i s h e d  i n  t h e  n e a r - p l a n e t  space  environment.  There are a number 

of  space s t o r a b l e  p r o p e l l a n t  combinat ions t h a t  show promise,  and NASA 

h a s  sponsored i n v e s t i g a t i o n s  of t h e s e  combina t ions ,  b u t  mos t ly  a t  chamber 

p r e s s u r e s  i n  t h e  range s u i t a b l e  f o r  pressure-  fed engine  systems.  Although 

t h e  e x a c t  requi rements  f o r  f u t u r e  p r o p u l s i o n  systems have n o t  been com- 

p l e t e l y  e s t a b l i s h e d ,  i t  i s  a p p a r e n t  from review of p o s s i b l e  miss ions  t h a t  

n o t  o n l y  h i g h  performance,  b u t  a l s o  small e n g i n e  envelope dimensions w i l l  

be  r e q u i r e d  i n  some a p p l i c a t i o n s ,  With t h e s e  requi rements ,  h igh  chamber 

p r e s s u r e ,  pump-fed e n g i n e s  are  most a t t r a c t i v e  and thus  technology must 

be developed i n  t h i s  area. 

The l i g h t  hydrocarbon f u e l s  w i t h  e i t h e r  f l o x  o r  OF2 are t h e  o n l y  

space s t o r a b l e  p r o p e l l a n t  combinat ions t h a t  p rovide  t h e  a c t i v e  t h r u s t  

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

h i g h  chamber p r e s s u r e s  , and consequent ly  t h e s e  are t h e  nos t promising 

c a n d i d a t e  space  s t o r a b l e  p r o p e l l a n t  combinat ions f o r  many f u t u r e  miss ions .  

Programs t o  i n v e s t i g a t e  t h e  performance and c o o l i n g  c a p a b i l i t y  of 

t h e  l i g h t  hydrocarbon f u e l s  w i t h  f l o x  mixtures  have been proceeding s i n c e  

1964 under C o n t r a c t s  NAS3-4195 , NAS3-6296, and NAS3-7950. Under t h e  

f i r s t  two c o n t r a c t s ,  tests were made w i t h  s e v e r a l  o f  t h e  f lox/hydrocarbon 

f u e l s  a t  100- p s  ia chamber p r e s s u r e  and 5000- l b  t h r u s t  (References l*and 

2 ) .  Under C o n t r a c t  NAS3-7950, a program t o  demonst ra te  t h e  f e a s i b i l i t y  

of a pump-fed e n g i n e  system w i t h  f l o x  and methane u s i n g  modif ied R L l O  

engines  i s  i n  p r o g r e s s .  

e f f o r t  i s  250 p s i a  and t h e  t h r u s t  l e v e l  i s  12,500 l b .  

The chamber p r e s s u r e  level f o r  t h i s  l a t t e r  

For  f u t u r e  a p p l i c a t i o n s  , chamber p r e s s u r e s  o f  pr imary i n t e r e s t  are  

500 t o  1000 p s i a  a t  t h r u s t  levels i n  t h e  range  from 1000 t o  20,000 l b .  

For  t h e s e  c o n d i t i o n s ,  r e g e n e r a t i v e  c o o l i n g  and performance are being 

J; References  a re  g i v e n  on page 111. 
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i n v e s t i g a t e d  under t h i s  c u r r e n t  c o n t r a c t ,  NAS3-11190. 

program i s  t o  be accomplished i n  t h e  fo l lowing  f ive t a s k s :  
The c o n t r a c t e d  

Task I - Regenera t ive  Cooling A n a l y s i s  

Task I1 - Hardware A n a l y s i s  and Design 

Task 111 - 
Task IV - Water-cooled Chamber A l t i t u d e  T e s t s  

Task v - R e g e n e r a t i v e  Cooled Chamber T e s t s  

I n j e c t o r  Development T e s t s  

The f i r s t  t a s k ,  which i s  t h e  s u b j e c t  o f  t h i s  i n t e r i m  r e p o r t ,  r e q u i r e s  

a n  a n a l y t i c a l  s t u d y  t o  de te rmine  r e g e n e r a t i v e  c o o l i n g  l i m i t s  f o r  s e l e c t e d  

l i g h t  hydrocarbon f u e l s  w i t h  both  f l o x  and OF2. 

t h e  Task I s t u d y  t o g e t h e r  w i t h  miss ion  c o n s i d e r a t i o n s  e x t e r n a l  t o  t h e  

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

des igned  i n  Task I1 and t e s t e d  i n  Tasks 111, IVY and V. 

The l i m i t s  ob ta ined  i n  

The r e g e n e r a t i v e  c o o l i n g  s t u d y  was conducted i n  two parts.  The f i r s t  

p a r t  w a s  a n  e v a l u a t i o n  of  c o o l i n g  f e a s i b i l i t y  based on comparisons of 

t h e  i n t e g r a t e d  o r  t o t a l  h e a t  t r a n s f e r  t o  t h e  t h r u s t  chamber and t h e  h e a t  

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

determined f o r  f i v e  f u e l s  w i t h  both  f l o x  and OF2 o v e r  a wide range o f  

t h r u s t s ,  chamber p r e s s u r e s  , and d e s i g n  v a r i a b l e s .  

I n  t h e  second p a r t  of t h e  s t u d y  ( r e f e r r e d  t o  as t h e  d e t a i l e d  h e a t  

t r a n s f e r  s tudy)  e f f e c t s  of l o c a l  h e a t  f l u x  v a r i a t i o n s  a l o n g  t h e  t h r u s t  

chamber and of  c o o l a n t  passage d e s i g n  were cons idered  f o r  two s e l e c t e d  

o x i d i z e r / f u e l  combinat ions a t  each of t h r e e  t h r u s t  l e v e l s ,  1000, 5000, 

and 20,000 l b .  A new t h r u s t  chamber concept ,  r e f e r r e d  t o  as "Thermal 

SkinTM'I w a s  c o n s i d e r e d  e x c l u s i v e l y .  

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

provide  r e q u i r e d  c o o l i n g  f i l m  c o e f f i c i e n t s  a t  a l l  chamber l o c a t i o n s .  

Thermal S k i n  chambers have been demonstrated i n  combustion f i r i n g  tes ts  

w i t h  f luor ine /hydrogen  p r o p e l l a n t s  a t  chamber p r e s s u r e s  up t o  820 p s i a  

and t h r o a t  h e a t  f l u x e s  t o  32  Btu / in?  sec ( s e e  Appendix A ) ,  a level  

g r e a t e r  t h a n  t h e  computed t h r o a t  h e a t  f l u x e s  f o r  any of  t h e  f l o x / l i g h t  

hydrocarbon f u e l s  a t  1000-ps i a  chamber p r e s s u r e .  

Thermal S k i n  c o n s t r u c t i o n  f e a t u r e s  
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I n  both  p a r t s  of  t h e  s t u d y ,  e x p e r i m e n t a l  h e a t  t r a n s f e r  r e s u l t s  

o b t a i n e d  i n  prev ious  combustion f i r i n g  t es t s  w i t h  t h e  f l o x / l i g h t  hydro- 

carbon p r o p e l l a n t  combinat ions w e r e  f a c t o r e d  i n t o  t h e  a n a l y s i s .  Spec i f -  

i c a l l y ,  t h e  combust ion-side film c o e f f i c i e n t s  w e r e  reduced by a measured- 

t o - p r e d i c t e d  h e a t  t r a n s f e r  ra te  r a t i o  ($/Q ) based on a v a i l a b l e  tes t  

d a t a  t o  a c c o u n t  f o r  e f f e c t s  o f  carbon d e p o s i t i o n  on chamber w a l l s .  
P 

The r e s u l t s  o f  t h e  f e a s i b i l i t y  a n a l y s i s  and t h e  d e t a i l e d  h e a t  t r a n s f e r  

s t u d y  are  r e p o r t e d  s e p a r a t e l y  i n  S e c t i o n s  IV and V. 
s t u d i e s  t h a t  were conducted c o n c u r r e n t l y  w i t h  and i n  s u p p o r t  o f  t h e  h e a t  

t r a n s f e r  s t u d y  a r e  p r e s e n t e d  i n  S e c t i o n  V I .  A r e p o r t  summary is p r e s e n t e d  i n  

S e c t i o n  I1 and t h e  c o n c l u s i o n s  and recommendation are g iven  i n  S e c t i o n  111. 

The r e s u l t s  o f  c y c l e  
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SECTION I1 
SUMMARY 

The o b j e c t i v e  of t he  h e a t  t r a n s f e r  s t u d i e s  d e s c r i b e d  i n  t h i s  i n t e r i m  

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

l i g h t  hydrocarbon f u e l s  w i t h  f l u o r i n a t e d  o x i d i z e r s  ove r  a range of chamber 

p r e s s u r e s  from 100 t o  1000 p s i a  and a t  t h r u s t  l e v e l s  from 1000 t o  20,000 l b .  

Although the  s t u d y  was a n a l y t i c a l ,  r e s u l t s  ob ta ined  i n  prev ious  NASA- 

sponsored expe r imen ta l  programs were f a c t o r e d  i n t o  t h e  a n a l y s i s .  Spe- 

c i f i c a l l y ,  t h e  t h e o r e t i c a l  p r e d i c t e d  h e a t  f l u x  v a l u e s  were a d j u s t e d  by 

an  e x p e r i m e n t a l l y  determined f a c t o r ,  Qm/Q , t o  account  f o r  t he  h e a t  r e -  

d u c t i o n  due t o  carbon d e p o s i t i o n  on t h e  chamber w a l l s .  
P 

The s t u d y  was conducted i n  two p a r t s .  I n  the  f i r s t  pa r t ,  t he  f e a s i -  

b i l i t y  of  r e g e n e r a t i v e  c o o l i n g  f o r  w i d e  ranges  of c o n d i t i o n s  was i n -  

v e s t i g a t e d  f o r  f i v e  f u e l s  and two o x i d i z e r s .  L i m i t s  were e s t a b l i s h e d  

by comparing computed t h r u s t  chamber h e a t  t r a n s f e r  r a t e s  t o  t h e  a l l o w a b l e  

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

passage  des ign  was ana lyzed  i n  d e t a i l  f o r  a s e l e c t e d  number of c a s e s  s o  

t h a t  t he  e f f e c t s  of  l o c a l  h e a t  f l u x e s  could  be s t u d i e d  and p r a c t i c a l  l i m i t a -  

t i o n s  on t h r u s t  chamber r e g e n e r a t i v e  c o o l i n g  could  be ob ta ined .  

The f u e l s  and v a r i a b l e s  cons ide red  i n  t h e  f e a s i b i l i t y  p a r t  of t h e  s t u d y  

were as fo l lows :  

Fue l s :  Methane, 55% Methane - 45% Ethane ,  Ethane ,  Propane,  and 

O x i d i z e r s :  

Chamber P r e s s u r e  Range: 100 t o  1000 p s i a  

Thrus t  Range: 1000, 2500, 5000, 10,000, and 20,000 l b  

Mixture  R a t i o  Range: 70% t o  100% of Optimum 

C o n t r a c t i o n  R a t i o  Range: 2 ,  3 ,  and 4 
Chamber C h a r a c t e r i s t i c  Length (LJC): 30 i n .  

cJf E f f i c i e n c y :  

Nozzle Expansion R a t i o s :  4 0 ,  60, and 100 

Wall Temperatures (Combustion S i d e ) :  

Butene - 1 

Flox (Optimum Mixture)  and OF2 

96% of  T h e o r e t i c a l  S h i f t i n g  Equ i l ib r ium 

1700", 2100", and 3200°F 
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I n d i v i d u a l  t r ea tmen t  of each of t h e  27,000 c a s e s  , which combinat ions of 

the  v a r i a b l e s  i n  t h e  preceding  t a b l e  could  produce,  was n o t  cons ide red  

p r a c t i c a b l e .  However, by grouping the  v a r i a b l e s  accord ing  t o  t h e i r  

r e l a t i v e  e f f e c t s  on h e a t  t r a n s f e r  t o  t h e  t h r u s t  chamber, i t  was p o s s i b l e  

t o  summarize i n  s i x  s e t s  of  pa rame t r i c  cu rves  a l l  t h e  h e a t  t r a n s f e r  d a t a  

necessa ry  t o  de te rmine  the  e n t h a l p y  r i s e  of t h e  r e g e n e r a t i v e  c o o l a n t  

f o r  any combinat ion.  These s i x  cu rves  p l u s  t h e  tempera ture-en tha lpy  

diagrams f o r  each  of  the  f u e l s  were used t o  e s t a b l i s h  r e g e n e r a t i v e  c o o l i n g  

l i m i t s .  They a l s o  p rov ide  a se t  of curves  t h a t  can  be used by t h e  

r e a d e r  t o  compute t h e  coo lan t  o u t l e t  t empera tu re  and s t a t e  p o i n t  f o r  any 

p a r t i c u l a r  c a s e  ( s e e  S e c t i o n  IV). 

A t  s u p e r c r i t i c a l  c o o l a n t  p r e s s u r e s ,  r e g e n e r a t i v e  c o o l i n g  l i m i t s  were 

s e t  by upper c o o l a n t  tempera ture  l i m i t s  e s t a b l i s h e d  f o r  t he  r e s p e c t i v e  

f u e l s  based on c o n s i d e r a t i o n s  o f  (1) f u e l  thermal  decomposi t ion ( c rack ing)  

and (2 )  a l lowable  o p e r a t i n g  tempera tures  f o r  engine  components downstream 

of t h e  j a c k e t  ( e . g .  t h e  chamber c o o l a n t  e x i t  mani fo ld  and t h e  i n j e c t o r )  

which are  i n  c o n t a c t  w i t h  t h e  ho t  c o o l a n t .  A t  s u b c r i t i c a l  c o o l a n t  p r e s -  

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

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

due t o  carbon d e p o s i t i o n  on the  chamber w a l l s  i s  a s  g r e a t  a s  observed i n  

p rev ious  expe r imen ta l  t e s t i n g ,  a l l  the  f u e l s  eva lua ted  have adequa te ly  

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

l e v e l s  from 1000 t o  20 ,000- lb ,  i f  d e s i g n  v a r i a b l e s  a re  p r o p e r l y  s e l e c t e d .  

A t  s u p e r c r i t i c a l  c o o l a n t  p r e s s u r e s ,  c o o l i n g  limits were less than  1000 p s i a  

on ly  a t  t he  lowes t  t h r u s t  l e v e l s ,  1000 and 2500 l b ,  and then  on ly  wi th  the  

combinat ion of c o n d i t i o n s  t h a t  y i e l d  t h e  h i g h e s t  c o o l a n t  e n t h a l p y  r i s e  

( i . e .  f o r  eC = 2 ,  ee = 100,  T = 1700°F and r = optimum). 

p r e s s u r e s ,  on ly  butene-1  can be used a t  a l l  t h r u s t  l e v e l s  (1000 t o  

20,000 l b )  w i t h o u t  encoun te r ing  bu lk  b o i l i n g .  

A t  s u b c r i t i c a l  
W 

The va lues  of  Q,/Q used  i n  t h e  s t u d y  were a v e r a g e s ,  e s t ab l i shmen t  
P 

of  which was based on expe r imen ta l  d a t a  o b t a i n e d  i n  combustion 

f i r i n g  tes ts .  

of t h e  f u e l  hydrogen-to-carbon a tomic  r a t i o ,  be ing  g r e a t e s t  ( i . e .  , 
having  t h e  least  r e d u c t i o n )  f o r  methane, and lowes t  f o r  butene-1.  Both 

t h e  r e l a t i v e  and a b s o l u t e  e f f e c t s  of t h e  v a l u e s  used are  s i g n i f i c a n t .  

The d a t a  i n d i c a t e  t h a t  Qm/Q is P r i m a r i l y  a f u n c t i o n  
P 
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Computations made w i t h  Q /Q 

i . e . ,  whereas methane had shown more r e s t r i c t e d  upper  l i m i t s  w i th  t h e  

average  values,  t h e  g r e a t e s t  r e s t r i c t i o n  w a s  on butene-1  when no reduc-  

= 1.0 showed comple te ly  d i f f e r e n t  t r e n d s ,  
m P  

t i o n  due t o  carbon format ion  was assumed. On a n  a b s o l u t e  b a s i s ,  u s i n g  

= 2 ,  = 100, and t h e  example of f lox lmethane  f o r  2000 l b  t h r u s t ,  

T = 2100"F, a chamber p r e s s u r e  l i m i t  of 915 p s i a  w a s  found w i t h  Q /Q 
W m P  

e q u a l  t o  t h e  ave rage  v a l u e  of 0.765; t h e  cor responding  l i m i t  f o r  Qm/Q 
P 

w a s  425 p s i a .  

*C e 

= 1 

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

i n v e s t i g a t e d  f o r  two o x i d i z e r / f u e l  combina t ions  a t  each  of t h r e e  t h r u s t  

l e v e l s  a s  i n d i c a t e d  below: 

1000 l b  5000 l b  20,000 l b  

Flox/Me thane  Flox/Me thane 
OF /Butene-1 OF2/55% Methane- 

45% Ethane 2 

F 1 ox /Me thane 
OFz/Propane 

I n  a d d i t i o n ,  t h e  e f f e c t s  of  o p e r a t i n g  t h r u s t  chambers designed f o r  

8000-lb t h r u s t  a t  500 p s i a  chamber p r e s s u r e  a t  o f f - d e s i g n  chamber p r e s -  

s u r e s  were e v a l u a t e d  f o r  t h r e e  o x i d i z e r / f u e l  combinat ions:  f lox /methane ,  

OF2/55% methane - 45% e t h a n e ,  and OF2/propane. 

For t h e  s t u d y  of chamber p r e s s u r e  c o o l i n g  l i m i t s  a t  the  l O O O - ,  5000-, 

and 20,000-lb t h r u s t  l e v e l s ,  t h e  pr imary v a r i a b l e s  f o r  e v a l u a t i o n  were 

expansion r a t i o  and mix tu re  r a t i o ,  as w e l l  as t h e  t h r u s t  chamber w a l l  

m a t e r i a l .  

to-chamber p r e s s u r e  r a t i o  (Pin/Pc), and t h e  f a c t o r  Qm/Q 

c o n s t a n t  f o r  most of t h e  s t u d y .  Average expe r imen ta l ly  determined 

v a l u e s  of Q /Q were used f o r  t h e  p a r t i c u l a r  f u e l s ;  P .  /P r a t i o s  were m P  i n  c 
e s t a b l i s h e d  f o r  t h e  r e s p e c t i v e  p r o p e l l a n t  combinat ions based on engine  

c y c l e  c o n s i d e r a t i o n s  ; and a c o n t r a c t i o n  r a t i o  of 4 w a s  s e l e c t e d  based 

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

primary i n t e r e s t  (500 t o  1000 p s i a )  c o n t r a c t i o n  r a t i o s  o f  a t  least  4 

w i l l  be r e q u i r e d  t o  keep t h e  i n j e c t o r  t h r u s t  pe r  element s i z e  i n  a range  

conducive t o  h igh  performance.  

made a t  t h e  5000-lb t h r u s t  l e v e l  t o  i n v e s t i g a t e  t h e  e f f e c t s  of  changes 

i n  t h e  assumed v a l u e s  f o r  t h e s e  pa rame te r s ;  t h e s e  r e s u l t s  a r e  p re sen ted  

i n  S e c t i o n  V. 

Con t rac t ion  r a t i o  ( tc) ,  the  c o o l a n t  j a c k e t  i n l e t  p r e s s u r e -  

were assumed 
P 

A l i m i t e d  number of c a l c u l a t i o n s  w a s  
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Thermal Skin  t h r u s t  chamber design,which u t i l i z e s  bonded sandwich 

p l a t e s  w i t h  preformed i n t e r n a l  c o o l i n g  passages  , formed i n t o  t h r u s t  

chamber c o n t o u r s ,  was cons ide red  e x c l u s i v e l y  i n  t h e  d e t a i l e d  h e a t  t r a n s -  

f e r  s t u d y .  Because the  passages are  c r e a t e d  by  a photochemical m i l l -  

ing  p r o c e s s ,  g r e a t  l a t i t u d e  i n  d e s i g n  is p o s s i b l e ,  and chamber p r e s s u r e  

l e v e l s  a t  which r e g e n e r a t i v e  c o o l i n g  can  be employed a r e  maximized. Counter- 

flow c o o l i n g  was used a t  a l l  t h r u s t  l e v e l s  because i t  provides  l a r g e r  

c o o l a n t  passages  than  p a r a l l e l  f low. 

The r e g e n e r a t i v e  c o o l i n g  l i m i t s  were d i c t a t e d ,  based on the  fo l lowing  

c o n s i d e r a t i o n s :  

1. 

2 .  

3 .  

4 .  

5 .  

F i l m  b o i l i n g  caused by e i t h e r  bu lk  b o i l i n g  o r  h i g h  h e a t  
f l u x e s  t h a t  exceed the  upper  l i m i t  h e a t  f l u x  f o r  t r a n s i -  
t i o n  from n u c l e a t e  t o  f i l m  b o i l i n g  

Coolant  tempera tures  i n  excess  of s t r u c t u r a l - b a s e d  
l i m i t s  

Thermal decomposi t ion of the  c o o l a n t  because of h i g h  
c o o l a n t - s i d e  w a l l  t empera tures  

P res su re  drop  through the  c o o l a n t  passages  

F e a s i b i l i t y  of  f a b r i c a t i n g  t h e  r e q u i r e d  c o o l a n t  dimensions.  

Cons ide ra t ions  2 through 5 a r e  a p p l i c a b l e  t o  s u p e r c r i t i c a l  c o o l a n t  p r e s s u r e s  

a t  upper chamber p r e s s u r e  l i m i t s .  

It w a s  found t h a t  t h e  l i m i t s  d e f i n e d  i n  t h e  d e t a i l e d  h e a t  t r a n s f e r  s t u d y  

(which are  a s s o c i a t e d  wi th  l o c a l  h e a t  f l u x  c o n d i t i o n s  and c o o l a n t  passage  

d e s i g n  and set  by a c o o l a n t  p r e s s u r e  drop  l i m i t  of one-ha l f  of chamber 

p r e s s u r e )  a re  lower t h a n  those  determined i n  t h e  f e a s i b i l i t y  s t u d y  (and 

which a r e  r e l a t e d  on ly  t o  c o o l a n t  h e a t  c a p a c i t y ) .  

upper  r e g e n e r a t i v e  c o o l i n g  l i m i t s  ob ta ined  i n  t h e  d e t a i l e d  s t u d y .  

i n s t a n c e s  i n  which t h e  c o o l i n g  l i m i t  is  less t h a n  1000 p s i a ,  t h e  c o o l a n t  p r e s -  

s u r e  drop  w a s  t h e  l i m i t i n g  c r i t e r i o n .  Note i n  t a b l e  I t h a t  t he  c o o l i n g  l i m i t s  

f o r  OF /butene-1 a t  1000-lb t h r u s t  and f o r  OF /propane a t  20,000-lb t h r u s t  

a re  above 1000 p s i a .  

45% e t h a n e ,  t h e  c o o l i n g  l i m i t s  a re  above 1000 p s i a  f o r  a l l  t h r u s t  chamber 

m a t e r i a l s  except  347 s t a i n l e s s  s t e e l .  

a l l  t h r e e  t h r u s t  l e v e l s ,  w a s  found t o  have c o o l i n g  l i m i t s  t y p i c a l l y  lower 

than  those  f o r  t h e  o t h e r  p r o p e l l a n t s .  Cool ing t o  1.000 p s i a  chamber p r e s s u r e  

Table  I summarizes t h e  

I n  a l l  

2 2 
A t  t h e  5000-lb t h r u s t  l e v e l  w i t h  0F2/55% methane - 

Flox/methane,  which was eva lua ted  a t  

was i n d i c a t e d  as p o s s i b l e  o n l y  a t  t h e  5000- and 20,000-lb t h r u s t  l e v e l s  and 

then  on ly  when n i c k e l  o r  a thermal  b a r r i e r  c o a t i n g  o p e r a t i n g  a t  3200°F 

( n o t  inc luded  i n  t a b l e  I) i s  used. The pr imary  r e a s o n  f o r  t h i s  r e s u l t  i s  

6 
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t h a t  t h e  f a c t o r  Q / Q  

however, methane has  a lower d e n s i t y  t h a n  the  o t h e r  f u e l s  and thus  h i g h e r  

v e l o c i t i e s  (wi th  t h e i r  i n h e r e n t l y  h i g h e r  c o o l a n t  p r e s s u r e  d rops )  a re  

r e q u i r e d  t o  c o o l  a t  any g iven  h e a t  f l u x  l e v e l .  

is h i g h e r  f o r  methane t h a n  f o r  t he  o t h e r  f u e l s .  Also,  
m P  

Because the  Thermal S k i n  des ign  t a k e s  advantage of conduct ion  i n  

chamber w a l l s  around t h e  c o o l a n t  pas sages ,  the c o o l i n g  l i m i t s  a r e  more 

s e n s i t i v e  t o  changes i n  w a l l  m a t e r i a l s  than  t o  changes i n  t h r u s t ,  mixture  

r a t i o ,  o r  expans ion  r a t i o .  I n c r e a s e s  i n  chamber p r e s s u r e  c o o l i n g  l i m i t s  

ove r  those  f o r  s t a i n l e s s  s t e e l  were i n d i c a t e d  f o r  Haynes 25 a l l o y  o p e r a t i n g  

a t  a h i g h  wa l l  t empera ture  (210O0F a s  compared t o  1700°F) because t o t a l  

h e a t  f l u x  i s  reduced ,  b u t  g r e a t e r  g a i n s  over  s t a i n l e s s  s t e e l  were shown 

when n i c k e l  (which h a s  a h i g h e r  thermal  c o n d u c t i v i t y )  w a s  used  and t h e  

w a l l  t empera tu re ,  and t h e r e f o r e  h e a t  f l u x ,  was unchanged. 

The lower chamber p r e s s u r e  l i m i t s  were found t o  depend p r i m a r i l y  

on the  l i qu id -phase  h e a t  c a p a c i t i e s  of t h e  i n d i v i d u a l  f u e l s .  Methane 

and t h e  55% methane - 45% e thane  b lend  have low l iqu id -phase  h e a t  c a p a c i t i e s  

and thus  t o  avo id  b u l k  b o i l i n g  t h e i r  u s e  a t  a l l  t h r u s t  l e v e l s  is r e s t r i c t e d  

t o  s u p e r c r i t i c a l  coo lan t  p r e s s u r e s  ( j a c k e t  d i s c h a r g e  p r e s s u r e s  of 673 and 

976 p s i a ,  r e s p e c t i v e l y ,  which correspond t o  chamber p r e s s u r e s  of approx i -  

mate ly  233 and 330 p s i a  f o r  turbo-expander  c y c l e s ) .  Propane and butene-1 ,  

on t h e  o t h e r  hand,  have l a r g e  l i qu id -phase  h e a t  c a p a c i t i e s  and t h e r e f o r e  can 

be used as s u b c r i t i c a l  c o o l a n t s  a t  low chamber p r e s s u r e s  a s  long as l o c a l  

h e a t  f l u x e s  are  lower than  t h e  u p p e r - l i m i t  h e a t  f l u x  f o r  n u c l e a t e  b o i l i n g .  

For  example, a t  1000-lb t h r u s t ,  t h e  h e a t  f l u x  l i m i t  f o r  bu tene-1  occurs  a t  

approximate ly  260 p s i a  chamber p r e s s u r e ,  and f o r  propane a t  20,000 l b  

t h r u s t ,  t he  chamber p r e s s u r e  l i m i t  is approximate ly  140 p s i a .  

A t  t he  8000-lb t h r u s t  l e v e l ,  where o f f - d e s i g n  chamber p r e s s u r e  o p e r a t i o n  

was e v a l u a t e d ,  r e su l t s  i n d i c a t e  t h a t  t h e  c o o l a n t  passages  should be de- 

s igned f o r  t h e  h i g h e s t  chamber p r e s s u r e  l e v e l  i n  t h e  o p e r a t i n g  range i f  

pe rmis s ib l e  combust ion-side w a l l  t empera tures  a r e  n o t  t o  be exceeded. 

Engine c y c l e  s t u d i e s  were accomplished c o n c u r r e n t l y  w i t h  the  d e t a i l e d  

h e a t  t r a n s f e r  s tudy .  The chamber p r e s s u r e  c y c l e  l i m i t s  f o r  bo th  t h e  

turbo-expander and the  gas  g e n e r a t o r  c y c l e s  were determined f o r  t h e  5000-lb 

t h r u s t  l e v e l ,  which was of  i n t e r e s t  f o r  subsequent  hardware des ign .  The 
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p r o p e l l a n t  combinat ions , f loxlmethane , OF2/55% methane - 45% e thane  , 
OF /propane and OF /methane were cons ide red  i n  the  s t u d y .  The r e s u l t s  

i n d i c a t e  t h a t ,  f o r  chamber p r e s s u r e s  up t o  700 t o  800 p s i a ,  r e g a r d l e s s  

o f  the  Q /Q  r a t i o  c o n s i d e r e d ,  t h e  f lox lmethane  expander c y c l e  has  the  

h i g h e s t  t h e o r e t i c a l  s p e c i f i c  impulse.  Based on t h e s e  r e s u l t s ,  f loxlmethane 

has  been recommended a s  the  p r o p e l l a n t  combinat ion f o r  e v a l u a t i o n  i n  the  

exper imenta l  phases  of  t h e  c o n t r a c t .  

2 2 

m P  
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SECTION I11 
CONCLUSIONS AND RECOMMENDATION 

A .  CONCLUSIONS 

The fo l lowing  c o n c l u s i o n s  were made: 

1. I f  the  h e a t  r e d u c t i o n  d u e  t o  carbon d e p o s i t i o n  on t h e  chamber 
w a l l s  i s  a s  s i g n i f i c a n t  a s  t h a t  observed i n  prev ious  f l o x /  
l i g h t  hydrocarbon combustion t e s t s  , a l l  the  f u e l s  e v a l u a t e d  
(methane, 55% methane - 45% e t h a n e ,  e t h a n e ,  propane, and 
butene-1) have a d e q u a t e l y  h i g h  h e a t  c a p a c i t y  f o r  a p p l i c a t i o n  
a s  r e g e n e r a t i v e  c o o l a n t s  a t  most c o n d i t i o n s  e v a l u a t e d  and 
a t  a l l  t h r u s t  l e v e l s  from 1000 t o  20,000 l b .  

carbon f u e l s  c o n s i d e r e d  a r e  e s s e n t i a l l y  t h e  same w i t h  e i t h e r  
f l o x  o r  OF o x i d i z e r s .  2 

3 .  Thermal S k i n  chambers can be cooled a t  h i g h e r  chamber p r e s s u r e s  
t h a n  t u b u l a r  w a l l  chambers.  Furthermore,  n i c k e l  200 oper -  
a t i n g  a t  a w a l l  t empera ture  of  1700°F i s  a n  a t t r a c t i v e  
m a t e r i a l  f o r  a p p l i c a t i o n  i n  Thermal S k i n  chambers; i t  pro- 
v ided  h i g h e r  r e g e n e r a t i v e  c o o l i n g  chamber p r e s s u r e  l i m i t s  
t h a n  e i t h e r  347 s t a i n l e s s  s t e e l  a t  a comparable w a l l  t e m -  
p e r a t u r e  o r  Haynes 25 a t  2100°F w a l l  t empera ture .  

4 .  Although t h e  f u e l s  have adequate  h e a t  c a p a c i t y  f o r  regen- 
e r a t i v e  c o o l i n g  a t  chamber p r e s s u r e s  t o  1000 p s i a  a t  t h e  
t h r u s t  l e v e l s  c o n s i d e r e d ,  p r a c t i c a l  l i m i t s  f o r  t h r u s t  
chamber d e s i g n ,  and p a r t i c u l a r l y  c o o l a n t  j a c k e t  p r e s s u r e  
d r o p ,  r e s t r i c t  a p p l i c a t i o n  t o  lower l e v e l s .  However, 
o p e r a t i o n  of  p r a c t i c a l  chambers a t  h igh  p r e s s u r e s  (between 
700 and 1000 p s i a )  i s  p o s s i b l e  f o r  t h e  l i g h t  hydrocarbon 
f u e l s .  

2 .  The r e g e n e r a t i v e  c o o l i n g  l i m i t s  f o r  any o f  t h e  l i g h t  hydro- 

5 .  The l i m i t s  on maximum chamber p r e s s u r e  imposed by c o o l a n t  
p r e s s u r e  d r o p  c o n s i d e r a t i o n s  occur  a t  lower l e v e l s  w i t h  
methane t h a n  w i t h  most of t h e  o t h e r  f u e l s  because t h e  
h e a t  r e d u c t i o n  due t o  carbon d e p o s i t i o n  i s  less (Q,/Q 
h i g h e r )  and a l s o  because methane i s  l ess  dense and t h e r e f o r e  
h i g h e r  v e l o c i t i e s  and thus  h i g h e r  p r e s s u r e  d r o p s  a r e  r e -  
q u i r e d  f o r  c o o l i n g  a g i v e n  h e a t  l o a d .  

i s  P 

6 .  For f lox /methane ,  r e g e n e r a t i v e  c o o l i n g  l i m i t s  i n c r e a s e  w i t h  
With OF2/55% d e c r e a s i n g  expans ion  r a t i o  and mixture  r a t i o .  

methane - 45% e t h a n e ,  t h e  c o o l i n g  l i m i t s  d e c r e a s e  w i t h  de- 
c r e a s e s  i n  Ce (because t h e  c o o l a n t  r e a c h e s  t h e  t h r o a t  r e g i o n  
i n  t h e  compressed l i q u i d  s t a t e )  and mixture  r a t i o  (because t h e  
t h r o a t  h e a t  f l u x  i n c r e a s e s  w i t h  d e c r e a s i n g  mixture  r a t i o ) .  
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7. 

8 .  

9.  

10 * 

11. 

Heat t r a n s f e r  r e d u c t i o n  due t o  carbon d e p o s i t i o n  has  a 
s i g n i f i c a n t  e f f e c t  on the  r e g e n e r a t i v e  c o o l i n g  chamber 
p r e s s u r e  l i m i t s .  For example,  a t  t he  5000-lb t h r u s t  
l e v e l  and f o r  f lox /methane ,  t h e  l i m i t s  decreased  approx- 
i m a t e l y  500 p s i a  by i n c r e a s i n g  Qm/Qp from i t s  so -ca l l ed  
average  v a l u e  (0.765) t o  1 .0  (no h e a t  r e d u c t i o n  due t o  
carbon d e p o s i t i o n  on t h e  chamber w a l l s ) .  

The r e g e n e r a t i v e  c o o l i n g  chamber p r e s s u r e  l i m i t s  i n c r e a s e  
s i g n i f i c a n t l y  w i t h  i n c r e a s i n g  chamber c o n t r a c t i o n  r a t i o  
and dec reas ing  chamber l e n g t h .  

By o p t i m i z a t i o n  of  t h e  c o o l a n t  passage d e s i g n  so t h a t  t h e  
w a l l  t empera ture  i s  c o n s t a n t  th roughout  t h e  t h r u s t  chamber 
( i . e . ,  by e l i m i n a t i o n  of  overcooled r e g i o n s  where c o o l a n t  
passages  a r e  s m a l l e r  than  r e q u i r e d )  r e g e n e r a t i v e  c o o l i n g  
could be extended t o  l e v e l s  above the  l i m i t s  g iven  i n  t h e  
s tudy .  I n  one sample case  f o r  flox/methane a t  5000-lb 
t h r u s t ,  u s e  of a c o n s t a n t  w a l l  t empera ture  i n  t h e  com- 
b u s t i o n  chamber produced an  i n c r e a s e  i n  maximum chamber 
p r e s s u r e  from 989 t o  1190 p s i a .  

I f  t h r u s t  chambers a r e  t o  be opera ted  a t  o f f - d e s i g n  chamber 
p r e s s u r e s  , t he  c o o l a n t  passages  should be designed f o r  t h e  
h i g h e s t  chamber p r e s s u r e ,  i . e . ,  the  h i g h e s t  h e a t  f l u x  l e v e l .  

The lower chamber p r e s s u r e  l i m i t s ,  which a r e  s e t  by b o i l i n g  
c o n s i d e r a t i o n ,  depend on the  l i qu id -phase  h e a t  c a p a c i t i e s  
of  t he  i n d i v i d u a l  f u e l s .  Methane and the  55% methane - 45% 
e thane  have low l iqu id -phase  h e a t  c a p a c i t i e s  and t h u s  t h e i r  
use i s  r e s t r i c t e d  t o  s u p e r c r i t i c a l  p r e s s u r e s .  Propane and 
butene-1 ,  on the  o t h e r  hand,  have l a r g e  l i q u i d  phase h e a t  
c a p a c i t i e s  and t h e r e f o r e  can  be used a s  s u b c r i t i c a l  coo l -  
a n t s  a t  chamber p r e s s u r e  where l o c a l  h e a t  f l u x e s  i n  the  
chamber a r e  lower than  the  uppe r - l imi t  h e a t  f l u x  f o r  nu- 
c l e a t e  b o i l i n g .  

B . RECOMMENDATION 

Floxlmethane i s  recommended f o r  e v a l u a t i o n  i n  subsequent  hardware phases  

of t he  c o n t r a c t .  

i n d i c a t e d  t h a t  f lox lmethane  was more r e s t r i c t e d  than  o t h e r  f u e l s .  However , 
f lox/methane p rov ides  h i g h e r  t h e o r e t i c a l  s p e c i f i c  i m p u l s e  than  the  o t h e r  

f l u o r i n a t e d  o x i d i z e r / l i g h t  hydrocarbon f u e l  combinat ions , and methane is 

t h e  b e s t  working f l u i d  f o r  u s e  i n  turbo-expander  engine  c y c l e s ,  which a r e  

capable  o f  h i g h e r  i d e a l  performance t h a n  gas  g e n e r a t o r  eng ines .  

chamber p r e s s u r e  c o o l i n g  l i m i t a t i o n  w i t h  f lox/methane i s  n o t  s i g n i f i c a n t ,  

and l e v e l s  can  be i n c r e a s e d  over  those  i n d i c a t e d  i n  the  s t u d y  by t h r u s t  

chamber c o o l a n t  passage d e s i g n  o p t i m i z a t i o n .  

The d e t a i l e d  s tudy  of  upper chamber p r e s s u r e  c o o l i n g  l i m i t s  

The 
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SECTION I V  
FEASIBILITY STUDY 

A .  APPROACH 

1. General  

The o b j e c t i v e  of  t h e  f e a s i b i l i t y  s t u d y  was t o  d e t e r m i n e ,  f o r  t h e  

fluorinated-oxidizerllight-hydrocarbon-fuel p r o p e l l a n t  combina t ions ,  

t h e  a r e a s  i n  which t h e  f u e l s  have adequate  h e a t  c a p a c i t y  f o r  a p p l i c a t i o n  

a s  r e g e n e r a t i v e  c o o l a n t s .  I n  t h e  s t u d y ,  t h e  h e a t  f l u x  v a l u e s  were i n -  

t e g r a t e d  over  t h e  t h r u s t  chamber l e n g t h  and the  i n t e g r a t e d  ( o r  t o t a l )  

h e a t  t r a n s f e r  r a t e  was d iv ided  by t h e  c o o l a n t  f low r a t e  t o  determine 

-? 

t h e  c o o l a n t  e n t h a l p y  r i s e .  The e n t h a l p y  r i s e ,  i n  t u r n ,  was used t o  

e s t a b l i s h  t h e  c o o l a n t  e x i t  t empera ture  , which was compared t o  e s t a b l i s h e d  

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

The f u e l s  and parameters  cons idered  are  given i n  t a b l e  11. I n  

a d d i t i o n  t o  t h e  f u e l  and o x i d i z e r ,  e i g h t  o t h e r  parameters were speci- 

f i e d .  Furthermore t h e r e  were t h r e e  a d d i t i o n a l  parameters  f o r  which 

assumptions were n e c e s s a r y  b e f o r e  r e g e n e r a t i v e  c o o l i n g  l i m i t s  could 

be de te rmined .  These were (1) c o o l a n t  i n l e t  temperature ,  (2) c o o l a n t  

p r e s s u r e  a t  t h e  o u t l e t  of t h e  h e a t  exchanger ,and (3)  h e a t  t r a n s f e r  

r e d u c t i o n  due t o  carbon d e p o s i t i o n  on t h e  w a l l .  

Table  11. Ranges o f  Opera t ing  V a r i a b l e s  

Fue 1 

O x i d i z e r  

Chamber P r e s s u r e  

Vacuum T h r u s t  

cJc E f f i c i e n c y  

Mixture  Rat  i o  

Methane, Ethane ,  45% Ethane - 
55% Methane Blend, Propane, and 
Butene -1 

Flox (optimum m i x t u r e ) ,  and 

100, 250, 500, 750, and 1000 
p s i a  

1000, 2500, 5000, 10,000, and 
20,000 l b f  

96% of  t h e o r e t i c a l  s h i f t i n g  
e q u i  1 i b r  ium 

70%, BO%, 90% and 100% of  
o p t i mum 

OF2 

C o n t r a c t i o n  R a t i o  2 :1 ,  3 : 1 ,  and 4 : l  

Chamber C h a r a c t e r i s t i c  Length 30 i n .  

Nozzle Area R a t i o  (Regenera t ive  Cooled 40:1,  60 :1 ,  and 1 O O : l  

Gas-Side Wall Temperature 1700"F, 2100"F, and 3200°F 

P o r t  i o n )  
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2 .  Assumptions 

The c o o l a n t  i n l e t  t empera ture  was assumed t o  be 1 0 " R  above t h e  

f u e l ' s  normal f r e e z i n g  p o i n t .  It  was n o t  n e c e s s a r y  t o  s p e c i f y  the  

c o o l a n t  i n l e t  p r e s s u r e  because f u e l  e n t h a l p y  a t  low t empera tu res  i s  n o t  

a s t r o n g  f u n c t i o n  of p r e s s u r e .  

Coolant  o u t l e t  p r e s s u r e  was r e q u i r e d  t o  de te rmine  t h e  c o o l a n t  o u t l e t  

s t a t e  and thus  t o  t es t  f o r  bu lk  b o i l i n g .  For the  f e a s i b i l i t y  e f f o r t ,  

t h e  c o o l a n t  o u t l e t  pressure/chamber  p r e s s u r e  r a t i o  (P 

t o  be 2.  With t h i s  v a l u e ,  a l l  t h e  f u e l s  were a t  s u b c r i t i c a l  p r e s s u r e s  

a t  t h e  100 and 250 p s i a  chamber p r e s s u r e  l e v e l s .  The e f f e c t  o f  assuming 

d i f f e r e n t  v a l u e s  f o r  P 

/Pc> was assumed 
o u t  

was eva lua ted  on a l i m i t e d  b a s i s .  o u t i P c  

To account  f o r  h e a t  t r a n s f e r  r e d u c t i o n  caused by carbon d e p o s i t i o n  

on t h r u s t  chamber w a l l s ,  t h e o r e t i c a l  h e a t  f l u x  p r e d i c t i o n s  were a l t e r e d  

based upon expe r imen ta l  r e s u l t s  ob ta ined  i n  prev ious  f l o x / l i g h t  hydro- 

carbon programs. I n  f i r i n g  t e s t s  w i t h  methane, propane,  and butene-1 

w i t h  f l o x ,  d rama t i c  d i f f e r e n c e s  i n  t h r u s t  chamber h e a t  t r a n s f e r  from 

those  p r e d i c t e d  have been c o n s i s t e n t l y  observed ,  and have been a t t r i b u t e d  

t o  carbon d e p o s i t i o n  on the  chamber w a l l s .  The e f f e c t  of the  carbon 

l a y e r  cannot  be t r e a t e d  r i g o r o u s l y  a s  an i n s u l a t i o n  phenomenon. There 

i s  n o t  s u f f i c i e n t  background t o  permi t  i d e n t i f i c a t i o n  of the  p a r t i c u l a r  

carbon composi t ion t h a t  can  be expec ted ;  t h e r e f o r e  thermal  c o n d u c t i v i t y ,  

which v a r i e s  w ide ly  f o r  ca rbon ,  i s  n o t  known. However, t he  e f f e c t  can 

be accounted f o r  by a d j u s t i n g  the  gas - s ide  f i l m  c o e f f i c i e n t  by the  

measured-to-predicted h e a t  t r a n s f e r  r a t i o  (Q /Q  ) ,  t he  e s t a b l i s h m e n t  

of  which i s  based on expe r imen ta l  d a t a  ( s e e  Appendix B ) .  
m P  

T e s t s  a t  100 p s i a  chamber p r e s s u r e  i n d i c a t e  t h a t  a l though  t h e  Q / Q  
m P  

r a t i o  v a r i e s  w i t h  i n j e c t o r  d e s i g n ,  i t  i s  a s t r o n g  f u n c t i o n  of  t he  f u e l ' s  

hydrogen-to-carbon a tomic  r a t i o ,  as shown i n  f i g u r e  1. Fue l s  such  as  

butene-1 and propane,  which have low hydrogen-to-carbon a tomic  r a t i o s  , 
have l a r g e  h e a t  r e d u c t i o n s  due t o  carbon d e p o s i t i o n  on t h e  chamber w a l l s  

and thus  low v a l u e s  of  the  Q /Q  r a t i o .  With methane, which has  a 

h i g h e r  hydrogen-to-carbon atomic r a t i o ,  t he  h e a t  r e d u c t i o n  was n o t  a s  

a p p r e c i a b l e  and t h e r e f o r e  Q /Q  i s  h i g h e r .  For t h e  s t u d i e s  r e p o r t e d  

h e r e i n ,  e s t a b l i s h m e n t  of the  average  Q /Q 

and butene-1 were based on previous  t e s t  d a t a .  Values f o r  e thane  and the  

55% methane - 45% e thane  blend were ob ta ined  by assuming t h a t  Q /Q  

m P  

m P  
v a l u e s  f o r  methane, propane,  

m P  

i s  a 
m P  
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l i n e a r  f u n c t i o n  of the  f u e l  hydrogen-to-carbon atomic r a t i o  ( H / C ) .  

v a l u e s  f o r  Q / Q  

The 

used a s  ave rages  i n  t h i s  r e p o r t  a r e :  
m P  

H /C Qm'Qp - Fue 1 

Me thane 4 . 0  0.765 

55% Methane - 45% Ethane 3.54 0.645 

E thane 3 . 0  0.505 

Propane 2.67 0.420 

Butene - 1 2 . 0  0.255 

- - 

1.00 I I I I I 

W 
a, 
Y 
c 

F 
f 

0" O 

E 

\ 
W 

3 
0 

f 
Y) 

0 

I 

Propane 0.420 
Butene-1 2.00 0.255 

4.0 
0 
2.0 2.5 3.0 3.5 

FUEL HYDRGGEN/CARBON ATOMIC RATIO 

F i g u r e  1. E f f e c t  of Fue l  Hydrogen-To-Carbon R a t i o  GS 7015B 
on T o t a l  Engine Heat T r a n s f e r  

To i l l u s t r a t e  t h e  e f f e c t  o f  t he  Q /Q assumption on t h e  r e s u l t s ,  
m P  

l i m i t s  were determined f o r  t he  i n s t a n c e  o f  no h e a t  r e d u c t i o n  ( i . e . ,  

Q / Q  = 1) f o r  a few s e l e c t e d  c o n d i t i o n s .  

3 .  Ana lys i s  
m P  

The number of  p o s s i b l e  combinat ions of  t h e  v a r i a b l e s  and p r o p e l l a n t s  

l i s t e d  i n  t a b l e  11 is 27,000. Because t h e  d i r e c t  c a l c u l a t i o n  of t o t a l  

h e a t  t r a n s f e r  f o r  each combinat ion cons idered  s e p a r a t e l y  would have 

r e s u l t e d  i n  a n  e x c e s s i v e  expend i tu re  of  e n g i n e e r i n g  manpower and com- 

p u t e r  occupancy, a parametric approach w a s  fol lowed i n  t h e  f e a s i b i l i t y  

s tudy .  The approach was based upon s e p a r a t i o n  of chamber and nozz le  

h e a t  t r a n s f e r  ( t o  account  f o r  c o n t r a c t i o n  and expans ion  r a t i o  e f f e c t s ) ,  
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and use  of a b a s e l i n e  e n t h a l p y  r i s e  t o  which ad jus tmen t s  f o r  chamber 

p r e s s u r e ,  w a l l  t empera tu re ,  f u e l ,  and o x i d i z e r  v a r i a t i o n s  could  b e  made. 

This  t echn ique  pe rmi t t ed  development of  t h e  s i x  sets o f  p a r a m e t r i c  cu rves  

shown i n  f i g u r e s  2 through 7 ,  which p e r m i t  t h e  d e t e r m i n a t i o n  o f  t h e  c o o l a n t  

e n t h a l p y  rise f o r  a n y  combinat ion of the v a r i a b l e s .  

F i g u r e  2 .  V a r i a t i o n  i n  Combustion Chamber Fuel  DF 58062 
En tha lpy  R i s e  With Thrus t  and Chamber 
C o n t r a c t i o n  R a t i o  

F i g u r e  3. V a r i a t i o n  i n  Nozzle Fue l  Entha lpy  Rise DF 58063 
With Thrus t  and Nozzle Expansion R a t i o  
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F i g u r e  4 .  V a r i a t i o n  of Wall Temperature C o r r e c t i o n  
F a c t o r  With Chamber P r e s s u r e  f o r  Chamber 
F u e l  En tha lpy  R i s e  

DF 58064 

F i g u r e  5 .  V a r i a t i o n  of Wall Temperature Correc-  DF 58065 
t i o n  F a c t o r  With Chamber P r e s s u r e  f o r  
Nozzle Fue l  Entha lpy  R i s e  
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F i g u r e  6.  V a r i a t i o n  of Fuel  Type C o r r e c t i o n  DF 58066 
F a c t o r  With P r o p e l l a n t  Mixture  R a t i o  
f o r  Fue l  En tha lpy  R i s e  

F i g u r e  7 .  V a r i a t i o n  o f  Fue l  Type C o r r e c t i o n  DF 58067 
F a c t o r  With P r o p e l l a n t  Mix tu re  R a t i o  
f o r  Fue l  En tha lpy  R i s e  
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Development o f  t h e s e  p a r a m e t r i c  cu rves  i s  d i s c u s s e d  i n  Appendix D.  

The s i g n i f i c a n c e  of  each o f  t h e  cu rves  i s  as fo l lows:  

1. F i g u r e  2 p r e s e n t s  c o o l a n t  e n t h a l p y  rise @ H i )  f o r  t h e  
combust ion chamber as a f u n c t i o n  o f  t h r u s t  and c o n t r a c t i o n  
r a t i o  f o r  f lox /methane  a t  a mix tu re  r a t i o  of  5 .75 ,  a 
chamber p r e s s u r e  o f  250 p s i a  and a w a l l  t empera ture  o f  
2100'F. 

F i g u r e  3 shows t h e  v a r i a t i o n  o f  t h e  e n t h a l p y  r ise  (AH;) 
i n  t he  nozz le  p o r t i o n  of t h e  t h r u s t  chamber, f o r  t h e  
same set  o f  c o n d i t i o n s  as those  f o r  f i g u r e  2 ,  as a 
f u n c t i o n  o f  t h r u s t  and expans ion  r a t i o .  

3. F i g u r e  4 prov ides  a n  ad jus tmen t  f a c t o r  (AHc/AH&) f o r  t h e  
e n t h a l p y  r ise  i n  t h e  combustion chamber f o r  changes 
i n  chamber p r e s s u r e  and w a l l  t empera ture  from t h e  base- 
l i n e  v a l u e s  o f  250 p s i a  and 2100°F, r e s p e c t i v e l y .  

ad jus tmen t  f a c t o r  (AHe/AHL) f o r  t h e  nozz le  e n t h a l p y  rise 
f o r  changes i n  chamber p r e s s u r e  and w a l l  t empera ture  from 
t h e  b a s e l i n e  v a l u e s .  

2 .  

4 .  F i g u r e  5 is  a companion of  f i g u r e  4 ;  i t  provides  a n  

5 .  F i g u r e  6 p rov ides  a f a c t o r  f o r  ad jus tmen t  o f  t h e  t o t a l  
chamber e n t h a l p y  r ise  (determined by u s e  o f  t h e  f i r s t  
f o u r  f i g u r e s )  f o r  f u e l  type  and mix tu re  r a t i o  when f l o x  
i s  t h e  o x i d i z e r .  

F i g u r e  7 provides  a n  ad jus tmen t  f a c t o r  t o  be used when 
OF2 i s  t h e  o x i d i z e r .  

6 .  

These s i x  parametric cu rves  used w i t h  the  tempera ture-en tha lpy  d i a -  

grams f o r  each f u e l  ( f i g u r e s  8 through 12)  form a c o n s i s t e n t  se t  o f  

cu rves  t h a t  can be used t o  de t e rmine  t h e  c o o l a n t  o u t l e t  t empera ture  and 

s ta te  p o i n t  f o r  a g iven  set  of  c o n d i t i o n s .  The procedure f o r  u s i n g  t h e  

cu rves  is i l l u s t r a t e d  i n  f i g u r e  13 and by  t h e  f o l l o w i n g  s a m p l e  c a l c u -  

l a  t i on :  

Pro b 1 e m  

Determine t h e  c o o l a n t  j a c k e t  o u t l e t  t empera tu re  f o r  t he  fo l lowing  
c o n d i t i o n s :  

OF /propane 2 
F = 5000 l b  

tc = 3 

'e 
P = 500 p s i a  

T = 2100°F 

= 6 0  

C 

W 
r = 4.74  (optimum) 

P /Pc = 2 
o u t  
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S o l  u t  i o n  

From t h e  parametric c u r v e s  o b t a i n :  

AH' = 260 from f i g u r e  2 f o r  F = 5000 l b  and f c  = 3 

AH; = 212 from f i g u r e  3 f o r  F = 5000 l b  and Ee = 60 
C 

AHc/AHL = 1.34 from f i g u r e  4 f o r  P, = 500 p s i a  and Tw = 2100'F 

AHe/AHk = 1.015 from f i g u r e  5 f o r  Pc = 500 p s i a  and = 2100°F 

AH/AH' = 0.415 from f i g u r e  7 f o r  propane and optimum mixture  
r a t i o .  

Compute : 

AH = [ AH' G:) - + AH: ( ~ ) ] ~  = [ 5 6 3 ]  0.415 = 233 Btu/ lbm 

With t h i s  e n t h a l p y  r ise v a l u e  used d i r e c t l y  i n  f i g u r e  11 (note  t h a t  

t h e  e n t h a l p y  of  t h e  f u e l s  was se t  e q u a l  t o  z e r o  a t  t h e  c o o l a n t  i n l e t  

t empera ture  of  10"R above t h e  normal f r e e z i n g  p o i n t )  580"R i s  o b t a i n e d .  

This  i s  the  c o o l a n t  o u t l e t  t empera ture  f o r  t h e  average Q /Q f o r  propane 

( i . e . , f o r  Qm/Qp = 0 . 4 2 0 ) .  

v a l u e  o f  Q / Q  
m P  

m u l t i p l y i n g  by t h e  new v a l u e .  A s  an  example,  f o r  no h e a t  r e d u c t i o n  

( i . e . ,  f o r  Q /Q  

m P  
The e n t h a l p y  r i s e  c a n  be computed f o r  any 

by d i v i d i n g  t h e  e n t h a l p y  r i s e  o b t a i n e d  by 0.420 and 

= 1 .0 )  t h e  e n t h a l p y  r i se  would be 
m P  

AH =- 233 x 1 .0  = 555 Btu / lbm 
0.420 

With t h i s  v a l u e  f o r  e n t h a l p y  rise and s i n c e  f o r  Pout/Pc = 2 t h e  c o o l a n t  

o u t l e t  p r e s s u r e  is 1000 p s i a  (or  68 a t m ) ,  t h e  c o o l a n t  o u t l e t  t empera ture  

can  b e  determined from f i g u r e  11 t o  b e  965"R. Comparison o f  t h i s  v a l u e  

t o  580°R, which w a s  o b t a i n e d  f o r  t h e  a v e r a g e  Qm/Q v a l u e  o f  0 .420 ,  

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

chamber w a l  Is. 

P 
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F i g u r e  8. En tha lpy  - Temperature Diagram f o r  
M e  t hane  

FD 22635 
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TEMPERATURE - OR 

F i g u r e  9.  Entha lpy  - Temperature Diagram f o r  
55% Methane - 45% Ethane 

FD 22637 
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t 
4' 
E 
f 

F i g u r e  11. En tha lpy  - Temperature Diagram 
f o r  Propane 

FD 22638 
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>AH; (Figure 2) ~ 

1 AHc (Figure 4) 
TW 

AH' = AHc+AHe 
pc - 

>AH; (Figure 3) 

AHe (Figure 5) 
TW PC 7 -AH 

(Either Figure 
6 or 7 )  

Fuel I 
r I 

F i g u r e  13. De te rmina t ion  o f  Entha lpy  R i s e  FD 23278 
From Basic Curves 

Fol lowing  t h e  procedure  c i t e d  i n  t h e  above example,  t e n  t y p i c a l  

curves  were c o n s t r u c t e d ,  which d e f i n e  t h e  f u e l  c o o l a n t  o u t l e t  s t a t e  

as a f u n c t i o n  of  chamber p r e s s u r e  and t h r u s t  f o r  optimum and 70% optimum 

mix tu re  r a t i o s .  F i g u r e s  14 through 18 p r e s e n t  t h e  c o o l a n t  o u t l e t  con- 

d i t i o n s  f o r  each o f  t h e  f i v e  f u e l s  o f  t a b l e  I1 w i t h  f l o x  as t h e  o x i d i z e r ;  

f i g u r e s  1 9  through 23 a r e  companion cu rves  f o r  OF2. All . t hese  cu rves  

are  f o r  t h e  midrange v a l u e  o f  t h e  o t h e r  pa rame te r s ,  i . e . :  

T = 2100°F 

= 60 
'e 

= 3.0 % 
Qm/Qp = avg*  

P / P  = 2 . 0  

W 

o u t  c 
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F i g u r e  14.  Coolant  O u t l e t  S t a t e  f o r  Methane With 
Flox as a Func t ion  of Chamber P r e s s u r e ,  
T h r u s t ,  and Mixture  R a t i o  

GS 74638 
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b. 707. OF OPTIMUM MIXTURE RATIO (r = 3.75) 

F i g u r e  15.  Coolant  O u t l e t  S t a t e  f o r  55%Methane  - FD 23475 
45% Ethane  With F l o x  as a Func t ion  of 
Chamber P r e s s u r e ,  T h r u s t ,  and Mix tu re  
R a t  i o  
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F i g u r e  16 .  Coolant  O u t l e t  S t a t e  f o r  Ethane  With FD 23476 
F l o x  as a Funct ion  of Chamber P r e s s u r e ,  
T h r u s t ,  and Mix tu re  R a t i o  
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a.  OPTIMUM MIXTURE RATIO (r = 4.50) 
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F i g u r e  1 7 .  Coolant  O u t l e t  State  f o r  Propane With FD 23477 
F l o x  as a F u n c t i o n  of Chamber P r e s s u r e ,  
T h r u s t ,  and Mixture  R a t i o  
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F i g u r e  18. Coolant  O u t l e t  S t a t e  f o r  Butene-1 FD 23478 
With F l o x  as a Func t ion  of Chamber 
P r e s s u r e ,  T h r u s t ,  and Mix tu re  R a t i o  
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a. OPTIMUMMIXTURE RATIO (r ~ 5 . 6 6 )  

F i g u r e  1 9 .  Coolant  O u t l e t  S t a t e  f o r  Methane With FD 23479 
OF2 as a F u n c t i o n  of Chamber E r e s s u r e ,  
T h r u s t  , and M i x t u r e  Rat io  

2000 

1000 

6 .rl 
D a 
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ii 
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F i g u r e  2 0 .  Coolant  O u t l e t  S t a t e  f o r  55% Methane - 
45% Ethane  With OF2 as  a Func t ion  of  
Ghamber P r e s s u r e ,  T h r u s t ,  and Mix tu re  
R a t i o  

FD 23480 
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F i g u r e  21. Coolant  O u t l e t  S t a t e  f o r  Ethane  With 
OF2 as a Func t ion  of Chamber P r e s s u r e ,  
T h r u s t ,  and Mix tu re  R a t i o  

FD 23481 
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F i g u r e  22. Coolant  O u t l e t  S t a t e  f o r  Propane With 
OF2 as a Funct ion  of  Chamber P r e s s u r e ,  
T h r u s t  , and Mix tu re  R a t i o  

GS 7464A 
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F i g u r e  2 3 .  Coolant  O u t l e t  S t a t e  f o r  Butene-1 
With OF2 as a Func t ion  of Chamber 
P r e s s u r e  Thrus t  and Mix tu re  R a t  i o  

FD 23483 
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For  a given p r o p e l l a n t  combinat ion,  chamber p r e s s u r e ,  t h r u s t ,  and 

mixture  r a t i o ,  f i g u r e s  14 through 23 can be used t o  estimate t h e  f u e l  

c o o l a n t  o u t l e t  s t a t e  ( g a s ,  l i q u i d ,  o r  two-phase) , p r e s s u r e ,  and t e m -  

p e r a t u r e .  For  mixture  r a t i o s  between t h e  optimum and 70% optimum, 

c o o l a n t  o u t l e t  c o n d i t i o n s  can  be e s t i m a t e d  by i n t e r p o l a t i o n  between 

t h e  c o n d i t i o n s  f o r  optimum and 70% optimum. The two-phase dome r e g i o n  

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

t h e  f l u i d  o u t l e t  s t a t e .  F o r  f lox/methane ( f i g u r e  14) , t h e  dome r e g i o n  

f a l l s  w i t h i n  t h e  l i m i t s  o f  t h e  graph f o r  70% optimum m i x t u r e  r a t i o  b u t  

n o t  i n  t h e  graph f o r  optimum mixture  r a t i o ;  thus  t h e  c o o l a n t  i s  i n  t h e  

gaseous s t a t e  a t  a l l  c o n d i t i o n s .  Butene-1 i s  i n  t h e  l i q u i d  s t a t e  a t  

a l l  t h r u s t  l e v e l s  and chamber p r e s s u r e s  w i t h  b o t h  f l o x  and OF2 (see 

f i g u r e s  18 and 2 3 ) .  

B.  REGENERATIm COOLING LIMITS 

1. L i m i t  C r i t e r i a  

For a g iven  s e t  o f  c o n d i t i o n s ,  t h e  c r i t e r i a  t h a t  s e t  t h e  r e g e n e r a t i v e  

c o o l i n g  l i m i t s  a r e  dependent  on c o o l a n t  p r e s s u r e ,  and s p e c i f i c a l l y  on 

whether  t h e  c o o l a n t  p r e s s u r e  l e v e l  i s  above o r  below c r i t i c a l  p r e s s u r e .  

A t  s u p e r c r i t i c a l  p r e s s u r e s ,  c o n s i d e r a t i o n s  o f  (1) f u e l  thermal  

decomposi t ion ( c r a c k i n g )  and (2) a l l o w a b l e  o p e r a t i n g  tempera ture  l i m i t s  

f o r  engine  s t r u c t u r a l  components i n  c o n t a c t  w i t h  t h e  h o t  c o o l a n t  es- 

t a b l i s h e d  t h e  h i g h  c o o l a n t  tempera ture  l i m i t s  t h a t  a r e  g i v e n  i n  t a b l e  111. 

These tempera ture  l i m i t s ,  i n  t u r n ,  w e r e  used t o  e s t a b l i s h  r e g e n e r a t i v e  

c o o l i n g  l i m i t s .  

Table  111. High Coolant  Temperature L i m i t s  

Fue 1 - 
Me thane  

55% Methane - 
45% Ethane 

Ethane 

Pro pane 
\ 

Temperature ,  "R L i m i t i n g  C r i t e r i o n  

1760 S t r u c t u r a l  Temperature 

1715 Thermal Decomposition 

1400 

1320 

The rma 1 Decomposition 

The rma 1 Decompo s i t  i o n  

Butene - 1 1160 Thermal Decomposition 
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S e l e c t i o n  of t h e  s t r u c t u r a l  t empera ture  l i m i t  of 1760"R was based 

on p a s t  e x p e r i e n c e .  T h i s  l i m i t  i s  approximate ly  t h e  maximum tempera ture  

a t  which engine  components such a s  the i n j e c t o r ,  t h e  chamber c o o l a n t  

e x i t  mani fo ld ,  and plumbing (which a r e  i n  c o n t a c t  w i t h  t h e  h o t  c o o l a n t )  

can  o p e r a t e  and s t i l l  have a c c e p t a b l e  l i f e .  

A l l  t h e  f u e l s  w i t h  t h e  except ion  of  methane e x h i b i t  thermal decom- 

A s  t h e  f u e l  decomposes, carbon p o s i t i o n  a t  tempera tures  below 176O0R. 

and t a r  would d e p o s i t  on t h e  c o o l a n t  passage w a l l s  c a u s i n g  a d e c r e a s e  

i n  h e a t  t r a n s f e r  and a n  i n c r e a s e  i n  w a l l  t empera ture .  I f  t h e  d e p o s i t i o n  

were allowed t o  c o n t i n u e  o v e r  a per iod  o f  t i m e ,  w a l l  f a i l u r e  could 

e v e n t u a l l y  o c c u r .  Although t h e  t o l e r a b l e  l e v e l  of carbon format ion  i s  

n o t  known f o r  a r o c k e t  engine  c o o l a n t  passage ,  i t  i s  d e s i r a b l e  t o  keep 

t h e  c o o l a n t  tempera ture  a t  a c o n s e r v a t i v e l y  low level so t h a t  passage 

f o u l i n g  w i l l  n o t  be a problem. Consequent ly ,  t h e  i n c i p i e n t  thermal  

decomposi t ion tempera ture  (see Appendix C )  based upon a 1% decomposi t ion 

r a t e  per  hour was used i n  t h e  s t u d y .  

A t  low chamber p r e s s u r e s ,  where t h e  p r e s s u r e  i n  t h e  t h r u s t  chamber 

c o o l i n g  j a c k e t  i s  below c r i t i c a l  p r e s s u r e ,  b o i l i n g  was t h e  c r i t e r i o n  

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

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

f l u x e s  could n o t  be compared t o  t h e  upper l i m i t  h e a t  f l u x  f o r  t r a n s i t i o n  

from n u c l e a t e  t o  f i l m  b o i l i n g .  A s  a r e s u l t ,  f i l m  b o i l i n g  was assumed 

t o  correspond t o  t h e  i n c e p t i o n  o f  bu lk  b o i l i n g ,  i . e . ,  t o  t h e  p o i n t  a t  

which t h e r e  i s  n e t  vapor  g e n e r a t i o n .  The s a t u r a t i o n  s t a t e  t h u s  d e f i n e d  

t h e  maximum a l l o w a b l e  c o o l a n t  j a c k e t  d i s c h a r g e  c o n d i t i o n  f o r  t h e  

b o i l i n g  c r i t e r i o n .  Based on p r e v i o u s  exper imenta l  work, which i n d i c a t e s  

t h a t  n u c l e a t e  b o i l i n g  cannot  be s u s t a i n e d  f o r  q u a l i t i e s  g r e a t e r  t h a n  

20 t o  30% w i t h o u t  having t h e  p r o c e s s  proceed i n t o  t h e  f i l m  b o i l i n g  

regime,  t h e  assumption t h a t  f i l m  and b u l k  b o i l i n g  a r e  c o i n c i d e n t  i s  

c o n s i d e r e d  t o  be v a l i d .  A c t u a l l y ,  f i l m  and b u l k  b o i l i n g  could be 

t o l e r a t e d  i n  t h e  low h e a t  f l u x  r e g i o n s  o f  t h e  n o z z l e .  Fur thermore ,  a 

chamber could c o n c e i v a b l y  be des igned  i n  which t h e  c o o l a n t  i s  comple te ly  

vapor ized  i n  t h e  n o z z l e  and r e a c h e s  t h e  h i g h  h e a t  f l u x  r e g i o n  n e a r  t h e  

t h r o a t  i n  a gaseous s t a t e .  Based on t h i s  p o s s i b i l i t y ,  t h e  c o o l i n g  l i m i t s  

ob ta ined  f o r  t h e  s u b c r i t i c a l  c o o l a n t  p r e s s u r e s  a r e  somewhat c o n s e r v a t i v e .  
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Fue 1 I Oxidizer I 1000 

2.  Regenera t ive  Cooling L i m i t s  f o r  S u p e r c r i t i c a l  Coolant  P r e s s u r e s  

2500 I 5000 1 10,000 I 20,000 

S i x  v a r i a b l e s  p l u s  t h e  two o x i d i z e r s  and f i v e  f u e l s  were cons idered  

i n  t h e  s t u d y .  Regenera t ive  c o o l i n g  l i m i t s  were e s t a b l i s h e d  i n  t e r m s  of  cham- 

b e r  p r e s s u r e  f o r  a g i v e n  s e t  o f  c o n d i t i o n s ,  i . e . ,  f o r  a s e l e c t e d  o x i d i z e r /  

f u e l  combinat ion and f o r  s e l e c t e d  v a l u e s  o f  t h e  remaining f i v e  v a r i a b l e s .  

Thus,  t h e  l i m i t s  i n d i c a t e  t h e  maximum l e v e l  of  chamber p r e s s u r e  a t  

which r e g e n e r a t i v e  c o o l i n g  i s  f e a s i b l e  f o r  a g i v e n  s e t  of c o n d i t i o n s .  

Me thane 

Although t h e r e  a r e  s e v e r a l  thousand s e t s  o f  c o n d i t i o n s  o r  combinat ions 

o f  t h e  v a r i a b l e s  t h a t  could be c o n s i d e r e d ,  t h e r e  i s  one combinat ion o f  

v a r i a b l e s  t h a t  p r o v i d e s  maximum c o o l a n t  tempera ture  r ise.  This  s e t  of  

c o n d i t i o n s  t h u s  p r o v i d e s  the  lowes t  chamber p r e s s u r e  c o o l i n g  l i m i t s .  

Regard less  of  t h r u s t  l e v e l  o r  p r o p e l l a n t  combinat ion,  maximum c o o l a n t  

tempera ture  r i s e  o c c u r s  when (1) c o n t r a c t i o n  r a t i o  i s  minimum ( e  

( 2 )  expansion r a t i o  i s  maximum ( e  
minimum (T  

The chamber p r e s s u r e  c o o l i n g  l i m i t s  f o r  t h e  maximum-coolant-temperature-r ise 

set  of  c o n d i t i o n s  a r e  t a b u l a t e d  i n  t a b l e  IV. Note t h a t  a l t h o u g h  t h i s  is  

t h e  s e v e r e s t  se t  of c o n d i t i o n s ,  a l l  t h e  f u e l s  have s u f f i c i e n t  h e a t  c a p a c i t y  

f o r  r e g e n e r a t i v e  c o o l i n g  a t  chamber p r e s s u r e s  above 1000 p s i a  f o r  a l l  but  

t h e  2500-lb and 1000-lb t h r u s t  l e v e l s .  A t  2500-lb t h r u s t ,  a l l  f u e l s  

e x c e p t  methane have t h e  c a p a c i t y  f o r  c o o l i n g  t o  chamber p r e s s u r e s  

above 1000 p s i a .  

= Z ) ,  
C 

= l o o ) ,  ( 3 )  w a l l  tempera ture  i s  e 
= 1700°F) and ( 4 )  mixture  r a t i o  i s  a t  t h e  optimum v a l u e .  

W 

Flox I 270* 970 >loo0 > loo0  >loo0 
OF I 390 I > l o o 0  I >loo0 I > l o o 0  I >loo0 

Table  I V .  F e a s i b i l i t y  Study R e s u l t s  - Minimum Chamber P r e s s u r e  
Regenera t ive  Cooling L i m i t s  f o r  S u p e r c r i t i c a l  Coolant  
P r e s  s u r e  s 

T = 1700"F, Ce = 100, tc = 2.0,  r = 100% Optimum, Qm/Qp = Average 

55% Methane Flox 430 > 1000 > l o o 0  I >loo0 I > loo0  

E thane 

Propane 

Butene- 1 

Flox 44 0 > 1000 > l o o 0  >loo0 > l o o 0  
460 > 1000 >loo0 > loo0  > l o o 0  

Flox 660 >loo0 >loo0 >loo0 > l o o 0  

OF2 

OF2 685 >loo0 >loo0 >looo-->Tooo -- 

OF2 

Flox >loo0 >loo0 >loo0 >loo0 >loo0 
> loo0  >loo0 >loo0 >loo0 > 1000 
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Regenera t ive  c o o l i n g  could b e  extended beyond t h e  chamber p r e s s u r e  

l i m i t s  g iven i n  t a b l e  I V  by changing a n y  of  t h e  parameters t o  a n o t h e r  

v a l u e  w i t h i n  t h e  range  c o n s i d e r e d  i n  t h e  s t u d y .  For  example,  changing 

o n l y  t h e  c o n t r a c t i o n  r a t i o  (from 2 t o  4) d e c r e a s e s  t h e  h e a t  t r a n s f e r  

t o  t h e  t h r u s t  chamber s o  d r a s t i c a l l y  t h a t  t h e r e  are no c o o l i n g  l i m i t s  

below 1000 p s i a  chamber p r e s s u r e  a t  a n y  t h r u s t  l e v e l  ( t a b l e  V ) .  

Table  V. F e a s i b i l i t y  Study R e s u l t s  - Chamber P r e s s u r e  Regenera t ive  
Cooling L i m i t s  f o r  S u p e r c r i t i c a l  Coolant  P r e s s u r e s  

T, = 1700"F, te = 100, fc = 4 . 0 ,  r = 100% Optimum, Q / Q  = Average 
m P  

*Chamber P r e s s u r e  L i m i t s  i n  p s i a .  

The e f f e c t s  of changes i n  c o n t r a c t i o n  r a t i o ,  expansion r a t i o ,  w a l l  

t empera ture ,  and m i x t u r e  r a t i o  on t h e  c o o l i n g  l i m i t s  w i t h  f lox/methane 

a t  t h e  1000-lb t h r u s t  l e v e l  are  shown i n  f i g u r e s  2 4  through 2 7 .  The 

chamber p r e s s u r e  c o o l i n g  l i m i t s  a re  r a i s e d  when c o n t r a c t i o n  r a t i o  and 

w a l l  t empera ture  are i n c r e a s e d  and when expansion r a t i o  i s  d e c r e a s e d .  

These changes have t h e  e f f e c t  o f  r e d u c i n g  t o t a l  h e a t  t r a n s f e r .  

i n  m i x t u r e  r a t i o  do n o t  n e c e s s a r i l y  reduce  h e a t  t r a n s f e r ,  b u t  p e r m i t  

c o o l i n g  a t  h i g h e r  chamber p r e s s u r e s  because f u e l  f low i s  i n c r e a s e d ,  and 

thus  t h e  f u e l  c o o l a n t  tempera ture  r i se  f o r  a given chamber h e a t  load  

is reduced.  

Decreases 
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The chamber p r e s s u r e  c o o l i n g  l i m i t s  f o r  t h e  f i v e  f u e l s  c o n s i d e r e d  

(at t h e  optimum f l o x  mixture  r a t i o s )  are p l o t t e d  v e r s u s  t h r u s t  i n  

f i g u r e  28 f o r  Tw = 210OoF, C c  = 2 ,  and Ee = 100. 

i s  n o t  inc luded  i n  t h e  i l l u s t r a t i o n  because under t h e s e  c o n d i t i o n s  

c o o l i n g  i s  p o s s i b l e  a t  chamber p r e s s u r e s  above 1000 p s i a  a t  a l l  t h r u s t  

l e v e l s  w i t h  t h a t  f u e l .  The maximum chamber p r e s s u r e s  a t t a i n a b l e  w i t h  

methane a r e  lower t h a n  t h o s e  f o r  t h e  o t h e r  f u e l s  p r i m a r i l y  because 

t h e  average Q / Q  

i s  h i g h e r  t h a n  t h e  Q /Q r a t i o s  f o r  o t h e r  f u e l s .  The e f f e c t  of Qm/Q 

on chamber p r e s s u r e  l i m i t s  was a s s e s s e d  a t  t h e  optimum f l o x  mixture  

r a t i o ,  and f o r  t h e  same s e t  of  c o n d i t i o n s  (T = 2100°F, f = 2 ,  and 

A c u r v e  f o r  butene-1 

r a t i o  i n d i c a t e d  f o r  methane i n  exper imenta l  tests 
m P  

m P  P 

W C 

= 100) by assuming t h a t  Q / Q  was 1 .0  f o r  a l l  f u e l s  ( i . e .  no h e a t  
‘e m P  
r e d u c t i o n  because of  carbon d e p o s i t i o n  on t h e  chamber w a l l s ) .  The 

r e s u l t i n g  chamber p r e s s u r e  c o o l i n g  l i m i t s  a re  shown i n  f i g u r e  29 .  Note 

t h a t  t h e  o r d e r  of t h e  c u r v e s  i s  comple te ly  r e v e r s e d  from t h a t  o b t a i n e d  

w i t h  t h e  a v e r a g e  Qm/Q v a l u e s ,  

now shown f o r  methane and t h e  lowes t  f o r  butene-1.  

The h i g h e s t  chamber p r e s s u r e  l i m i t  is 
P 

F i g u r e  28. F e a s i b i l i t y  S tudy  R e s u l t s  - Chamber DF 60107 
P r e s s u r e  Regenera t ive  Cooling L i m i t s  
as a Funct ion  of  Thrus t  f o r  
$/Qp = Average 
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F i g u r e  29. F e a s i b i l i t y  S tudy  R e s u l t s  - Chamber DF 60108 
P r e s s u r e  Regene ra t ive  Cooling L i m i t s  
as a Funct ion  of  T h r u s t  f o r  Qm/Q = 1.0 

P 

3 .  Regene ra t ive  Cooling L i m i t s  f o r  S u b c r i t i c a l  P r e s s u r e s  

Regenera t ive  c o o l i n g  f o r  s u b c r i t i c a l  pxessures  w a s  a l s o  i n v e s t i g a t e d  

f o r  t h e  combinat ion of  parameters t h a t  g ives  t h e  h i g h e s t  c o o l a n t  t e m -  

p e r a t u r e  r ise  ( i . e . ,  f o r  e c  = 2 ,  €e  = 100,  Tw = 1700°F ,  and optimum 

mix tu re  r a t i o ) .  The area i n  which r e g e n e r a t i v e  c o o l i n g  is p o s s i b l e  

a t  t h e s e  s e v e r e  c o n d i t i o n s  is i n d i c a t e d  by t h e  shaded b locks  i n  t a b l e  V I .  

Note t h a t  on ly  butene-1 can be  used as a s u b c r i t i c a l  c o o l a n t  a t  a l l  

t h r u s t  l e v e l s .  

F i g u r e s  30 and 31 are g r a p h i c  p r e s e n t a t i o n s  o f  s u b c K i t i c a 1  c o o l i n g  

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

and OF2, r e s p e c t i v e l y .  Regene ra t ive  c o o l i n g  i s  f e a s i b l e  a t  t h r u s t  

l e v e l s  t o  t h e  r i g h t  o f  t h e  c o n s t a n t  mix ture  r a t i o  c u r v e s .  

mix ture  r a t i o  h a s  t h e  e f f e c t  o f  r educ ing  t h e  lower t h r u s t  l i m i t s  f o r  

t h e  same reason  as i n  t h e  s u p e r c r i t i c a l  case: i n c r e a s e d  c o o l a n t  f low.  

Decreas ing  
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S u b c r i t i c a l  r e g e n e r a t i v e  c o o l i n g  could  be extended beyond t h e  l i m i t s  

shown i n  the  same manner a s  t h a t  demonstrated f o r  s u p e r c r i t i c a l  c o o l i n g  

by s e l e c t i n g  v a l u e s  f o r  t h e  parameters  t h a t  reduce  t h e  t h r u s t  chamber 

h e a t  load and t h u s  p rov ide  a lower c o o l a n t  tempera ture  r i s e .  The c o o l a n t  

tempera ture  r i s e  w i l l  be lowes t  w i t h  t h e  h i g h e s t  c o n t r a c t i o n  r a t i o  ( 4 ) ,  

l owes t  expans ion  r a t i o  ( 4 0 ) ,  h i g h e s t  w a l l  t empera ture  (3200°F),  and 

lowes t  mix ture  r a t i o  (70% optimum). With t h i s  s e t  o f  c o n d i t i o n s ,  e t h a n e ,  

propane, and butene-1  can  be used a t  a l l  t h r u s t  l e v e l s  as  s u b c r i t i c a l  

r e g e n e r a t i v e  c o o l a n t s ,  as shown by t h e  shaded b locks  i n  t a b l e  V I I .  

Methane and t h e  methane-ethane b lend  a re  n o t  w e l l  s u i t e d  f o r  low chamber 

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

The fo rego ing  r e s u l t s  i n d i c a t e  t h a t  bu tene-1  and propane,  which have 

t h e  h i g h e s t  c r i t i c a l  t empera tu res  and t h u s  the  h i g h e s t  l i q u i d  phase 

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

f u e l s  a l s o  have t h e  lowes t  Qm/Q f a c t o r s .  

o f  n u l l i f y i n g  t h e  assumed G/Qp v a l u e s ,  by assuming no h e a t  r e d u c t i o n  due 

t o  carbon d e p o s i t i o n  on t h e  chamber w a l l s  a t  t h e  lowes t  c o o l a n t  t e m p e r a t u r e  

r ise  c o n d i t i o n  (T 

The shaded areas i n  which r e g e n e r a t i v e  c o o l i n g  i s  f e a s i b l e  a re  reduced 

s i g n i f i c a n t l y  b u t  t h i s  does n o t  a l t e r  t h e  conc lus ion  t h a t  butene-1 and 

propane are t h e  b e s t  s u b c r i t i c a l  c o o l a n t s .  

Table  V I 1 1  shows t h e  e f f e c t s  P 

= 3200°F, E c  = 4 .0 ,  f e  = 4 0 ,  and r = 70% of  optimum). 
W 

Table  V I .  F e a s i b i l i t y  S tudy  R e s u l t s  - Minimum Regene ra t ive  
Cooling L i m i t s  f o r  S u b c r i t i c a l  Coolant  P res su res  

T, = 1700"F, fc = 2.0, Le  = 100, r - Optimum, Q /Q = Average, 
m P  

Pout/Pc = 2.0 

I I I 
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Table  V I I .  F e a s i b i l i t y  S tudy  R e s u l t s  - Chamber 
P r e s s u r e  Regene ra t ive  Cooling L i m i t s  f o r  Sub- 
Cr i t ica l  Coolant  P r e s s u r e s  

T = 3200"F, te = 40, f = 4.0, r = 70% Optimum, Qm/Q = Average 
W P 

Pout/Pc = 2.0 

Propellants Thrust Level - lb 
1000 2500 5000 10,000 20,000 , 

I Me thane 
1 55% Methane I Flox I L  I I I I I 

I I I I 

~ Bu 

I% Ethane 

hane 

'opane 

i tene - 1 

E Flox I OF2 
Flox 

1 OF2 I/// ///- 

% Regenerative Cooling Permissible3 

Table  V I I I .  F e a s i b i l i t y  S tudy  R e s u l t s  - Regenera t ive  
Cool ing  L i m i t s  f o r  S u b c r i t i c a l  Coolant  
P r e s s u r e s  

tc = 4 ,  e = 40, T = 3200, r = 70% Optimum, Q /Q 
W m P  

= 1.0 

P ~ ~ ~ / P ~  = 2.0 
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c .  Summary o f  R e s u l t s  

Based on t h e  l i m i t s  determined i n  the  f e a s i b i l i t y  s t u d y  i t  can  be 

concluded t h a t ,  i f  t h e  h e a t  r e d u c t i o n  due t o  ca rbon  d e p o s i t i o n  on 

t h e  chamber w a l l s  i s  a s  g r e a t  a s  observed i n  p a s t  f i r i n g  t e s t s  w i t h  

flox/LPG p r o p e l l a n t s ,  r e g e n e r a t i v e  c o o l i n g  i s  p o s s i b l e  i n  t h e  chamber 

p r e s s u r e  range  from 100 t o  1000 p s i a  a t  a l l  t h r u s t  l e v e l s  from 1000 t o  

20,000 l b  i f  t h e  f u e l  and d e s i g n  parameters  a r e  p r o p e r l y  s e l e c t e d .  

With t h e  c o o l a n t  a t  s u p e r c r i t i c a l  p r e s s u r e s ,  t h e r e  a r e  chamber 

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

1000 and 2500 l b ,  when t h e  h ighes t - coo lan t - t empera tu re  r i s e  c o n d i t i o n  

(ec = 2 ,  f e  = 100, T = 1700°F and optimum mixture  r a t i o s )  i s  assumed. 

When more nominal h e a t  l o a d s  are  c o n s i d e r e d ,  t h e  t h r u s t  l i m i t  i s  below 

1000 pounds a t  1000 p s i a  chamber p r e s s u r e .  A t  s u b c r i t i c a l  c o o l a n t  p re s -  

s u r e s  , t h e  a p p l i c a t i o n  o f  r e g e n e r a t i v e  c o o l i n g  i s  more r e s t r i c t e d .  Only 

Butene-1,  which h a s  a h i g h  c r i t i c a l  t empera tu re  and thus  a l a r g e  l i q u i d -  

phase h e a t  c a p a c i t y ,  can  be used a t  a l l  t h r u s t  l e v e l s  and a t  chamber 

p r e s s u r e  down t o  100 p s i a  w i thou t  t h e  danger  o f  b u l k  b o i l i n g  a t  t h e  

maximum h e a t i n g  c o n d i t i o n .  

W 

The areas where r e g e n e r a t i v e  c o o l i n g  i s  f e a s i b l e  f o r  each  of t h e  

f u e l s  w i t h  t h e  optimum f l o x  mix tu re  and OF are shown i n  f i g u r e  32 

f o r  both t h e  lowes t  and t h e  h i g h e s t  coo lan t -  t empera tu re  rise c o n d i t i o n s  , 
which a re  as fo l lows :  

2 

Par  ame t e r 

TW 

f e  

f C  

r 

Maximum Coolant  
Temperature  R i s e  

1700°F 

100 

2.0 

Optimum 

Minimum Coolant  
Temperature R i s e  

3200°F 

40 

4 .O 

70% Optimum 

F i g u r e  33 p r e s e n t s  chamber-pressure- thrus t  l i m i t s  f o r  each o f  t h e  f u e l s  

w i t h  f l o x  a t  t h e  s e t  o f  c o n d i t i o n s  t h a t  w a s  o f  most i n t e r e s t  f o r  t h e  sub- 

sequen t  d e t a i l e d  h e a t  t r a n s f e r  s t u d y  ( i . e . ,  f o r  Cc = 4 ,  €e  = 100, Tw = 1700eF,  

and optimum mix tu re  r a t i o s ) .  

mary e v a l u a t i o n  i n  t h e  d e t a i l e d  h e a t  t r a n s f e r  s t u d y  based on i n j e c t o r  con- 

s i d e r a t i o n s .  

cons ide red  f o r  n i c k e l  Thermal S k i n  t h r u s t  chambers. The o t h e r  c o n d i t i o n s ,  

f e  = 100 and optimum mix tu re  r a t io ,  were s e l e c t e d  f o r  performance r e a s o n s .  

A c o n t r a c t i o n  r a t i o  of  4 w a s  s e l e c t e d  f o r  p r i -  

The w a l l  t empera ture  o f  1700'F cor responds  t o  t h e  maximum l e v e l  

5 1  
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The b a s i c  l i m i t s  p r e sen ted  i n  f i g u r e  33 were premised upon u s e  of 

a c o o l a n t  j a c k e t  d i s c h a r g e  pressure/chamber  p r e s s u r e  r a t i o  of 2 .O , as 

were a l l  t h e  l i m i t s  d i s c u s s e d  p r e v i o u s l y .  Th i s  r a t i o  i s  of importance 

when p r a c t i c a l  a p p l i c a t i o n s  a r e  c o n s i d e r e d ,  s i n c e  i t  i s  a f f e c t e d  by t h e  

r a t i o s  i n  t h e  range o f  2 .0  type  o f  engine  c y c l e  s e l e c t e d .  

t o  3.0 a r e  a p p r o p r i a t e  f o r  expander  c y c l e  e n g i n e s ,  whereas v a l u e s  from 

1 .15  t o  1 .65  a r e  most t y p i c a l  f o r  p r e s s u r e - f e d  o r  gas g e n e r a t o r  c y c l e  

e n g i n e s .  L i m i t s  de te rmined  f o r  P /P r a t i o s  of  1 .15 ,  2 .0  and 3 . 0  a r e  

a l s o  inc luded  i n  t h e  i l l u s t r a t i o n .  There i s  no n o t i c e a b l e  e f f e c t  of 

P 

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

lower p r e s s u r e  c o o l i n g  l i m i t s ,  where h i g h e r  p r e s s u r e s  suppres s  b o i l i n g ,  

which was t h e  l i m i t i n g  c r i t e r i o n .  

/ P  The Pout  c 

o u t  c 

/P  r a t i o  on upper  chamber p r e s s u r e  l i m i t s  w i t h i n  the ground r u l e s  
o u t  c 
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SECTION V 
DETAILED €EAT TRANSFER STUDY 

A .  APPROACH 

1. Genera l  

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

were compared t o  t h e  t o t a l  h e a t  i n p u t s  t o  t h r u s t  chambers on a g r o s s  

o v e r a l l  b a s i s  f o r  a r e l a t i v e l y  l a r g e  number of f u e l s ,  t h r u s t  levels ,  

chamber p r e s s u r e s ,  e t c .  However, because  h e a t  f l u x  v a r i e s  s i g n i f i c a n t l y  

a long  t h e  a x i s  of t h e  r o c k e t  t h r u s t  chamber, l o c a l  c o n d i t i o n s  must be  

c o n s i d e r e d  i n  a more d e t a i l e d  s c r e e n i n g  t o  de te rmine  p r a c t i c a l  r egene ra -  

t i v e  c o o l i n g  l i m i t s .  T h i s  more e x t e n s i v e  examinat ion  was the  o b j e c t i v e  

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

C o n s i d e r a t i o n  of l o c a l  c o n d i t i o n s  requi - res  t h a t  a c t u a l  c o o l a n t  

passage  d e s i g n  d a t a  be  gene ra t ed ,  which invo lves  a s i g n i f i c a n t  a n a l y t i c a l  

e f f o r t .  It i s  t h e r e f o r e  i m p r a c t i c a l  t o  a t t e m p t  a s t u d y  over  t h e  same 

wide r anges  of v a r i a b l e s  t h a t  were t r e a t e d  i n  t h e  f e a s i b i l i t y  e f f o r t .  

I n i t i a l  c o n t r a c t  r equ i r emen t s  were t o  make c a l c u l a t i o n s  t o  de te rmine  

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

range  of from 100 t o  1000 p s i a  f o r  two o x i d i z e r / f u e l  combinat ions a t  each 

of t h r e e  t h r u s t  l eve ls ,  1000, 5000, and 20,000 l b ,  c o n s i d e r i n g  t h r e e  w a l l  

t empera tu re  l i m i t s  (and a s s o c i a t e d  m a t e r i a l s )  i n  each  i n s t a n c e .  The base  

c a s e  f o r  each combina t ion  was f o r  optimum m i x t u r e  r a t i o  and a n  expans ion  

r a t i o  of 100. Mixture  r a t i o  was t o  be v a r i e d  down t o  70% optimum and 

expans ion  r a t i o  down t o  40 t o  de te rmine  whether  l i m i t s  could be  extended.  

The t h r u s t  chamber w a l l  t empera ture  l i m i t s  s p e c i f i e d  were (1) 1700°F 

f o r  s t a i n l e s s  s t e e l ,  (2)  2100°F f o r  a me ta l  such a s  Haynes 25,  and 

(3)  3200°F f o r  a w a l l  w i t h  a h e a t  b a r r i e r  c o a t i n g .  

combinat ions s e l e c t e d  by t h e  NASA-LeRC p r o j e c t  manager f o r  t h e  v a r i o u s  

t h r u s t  l e v e l s  were 

F u e l  and o x i d i z e r  

1000 l b f  T h r u s t  5000 l b f  T h r u s t  20,000 l b f  T h r u s t  

F l o x  /Me t ha ne Flox/Me t ha ne 
OF2 /Butene - 1 OF2/55% Methane - OF2 /Propane 

45% Ethane 

F1 ox /Me t ha ne 

55 



Pratt & Whitney Flircraft 
PWA FR-2552 

To a s s u r e  t h a t  t h e  g r e a t e s t  v a l u e  would b e  r e a l i z e d  f o r  t h e  e f f o r t  

expended i n  t h e  d e t a i l e d  h e a t  t r a n s f e r  s t u d y ,  r e s u l t s  were reviewed a s  

work p rogres sed  s o  t h a t  emphasis could  be  s h i f t e d  t o  pe rmi t  i n v e s t i g a t i o n  

i n  a r e a s  t h a t  showed promise.  I n  implementing t h i s  approach ,  i t  became 

necessa ry  t o  e l i m i n a t e  some of t h e  c a s e s  i n  t h e  c o o l i n g  l i m i t  i n v e s t i g a t i o n  

s o  t h a t  o t h e r  s t u d i e s  cou ld  b e  accomplished w i t h i n  t h e  p lanned  e f f o r t .  

I n  f i n a l  form, t h e  s t u d y  c o n s i s t e d  of t h r e e  p a r t s :  

1. Cool ing  l i m i t  d e t e r m i n a t i o n  

2 .  I n v e s t i g a t i o n  of i n f l u e n c e  of assumed parameters  

3 .  I n v e s t i g a t i o n  of o f f - d e s i g n  o p e r a t i o n  f o r  a f i x e d  d e s i g n .  

The c o o l i n g  l i m i t  d e t e r m i n a t i o n  m e t  t h e  requi rements  o r i g i -  

n a l l y  o u t l i n e d ,  b u t  w i t h  changes i n  t h e  number o f  mater ia ls  cons ide red  

a t  each  t h r u s t  l e v e l  and ,  most n o t a b l y ,  t h e  a d d i t i o n  of n i c k e l  

a s  a t h r u s t  chamber m a t e r i a l .  The i n v e s t i g a t i o n  of  t h e  i n f l u e n c e  of 

v a r i o u s  parameters  was accomplished t o  e v a l u a t e  t h e  e f f e c t s  on r e s u l t s  

of t h e  v a r i o u s  assumpt ions  t h a t  w e r e  necessa ry  t o  pe rmi t  d e t e r m i n a t i o n  

of l i m i t s .  L imi t s  f o r  a f i x e d  d e s i g n  were i n v e s t i g a t e d  t o  e v a l u a t e  t h e  

p o s s i b i l i t y  of o f f - d e s i g n  o p e r a t i o n  o f  t h r u s t  chambers des igned  f o r  

8000-lb t h r u s t  a t  500-psia  chamber p r e s s u r e ;  t h r e e  d i f f e r e n t  o x i d i z e r /  

f u e l  combinat ions were c o n s i d e r e d .  R e s u l t s  ob ta ined  i n  t h e  t h r e e  

d i f f e r e n t  phases  of t h e  s t u d y  a r e  p re sen ted  i n  Paragraph  B .  Assumptions,  

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

fo l lowing  subparagraphs .  

2 .  A s  sump ti ons 

The impor t an t  v a r i a b l e s  f o r  t h e  d e t a i l e d  h e a t  t r a n s f e r  s tudy  were 

d e f i n e d  by c o n t r a c t  requi rements  ; however, s e v e r a l  a d d i t i o n a l  assumpt ions  

were n e c e s s a r y  f o r  t h e  c a l c u l a t i o n s .  The most impor t an t  of t h e s e  were 

a s  fo l lows :  

1. Thermal Sk in  t h r u s t  chamber c o n s t r u c t i o n  was assumed f o r  
a l l  c a s e s .  A d e s c r i p t i o n  o f  t h i s  concept  f o r  t h r u s t  
chamber d e s i g n  i s  p r e s e n t e d  i n  Appendix A .  The Thermal 
S k i n  approach  o f f e r s  advantages  over  more convent i -onal  
t u b u l a r  d e s i g n s  i n  s e v e r a l  r e s p e c t s .  Thermal S k i n  t h r u s t  
chambers c a n  b e  f a b r i c a t e d  a t  low cost and i n  a much s h o r t e r  
t i m e ,  which i s  impor t an t  t o  l a t e r  hardware p o r t i o n s  of t h e  
program. More b a s i c  t o  t h e  e x t e n s i o n  of  r e g e n e r a t i v e  
c o o l i n g  t o  h igh  chamber p r e s s u r e s ,  however, i s  t h e  l a t i t u d e  
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provided i n  t h e  d e s i g n  of c o o l a n t  passage geometry.  For  
example , f o r  t h e  f loxfmethane  p r o p e l l a n t  combinat ion a t  
5000-lb t h r u s t  , t he  maximum chamber p r e s s u r e  c o o l i n g  l i m i t  
i s  i n c r e a s e d  from approximate ly  230 t o  o v e r  1000 p s i a  by 
u s i n g  Thermal S k i n  Ta the r  t h a n  a c c e p t i n g  t h e  c o o l a n t  
passage  geometry l i m i t s  imposed i f  t u b u l a r  w a l l  t h r u s t  
chambers were employed ( see  Appendix A).  

c o a t i n g s  o p e r a t i n g  a t  3200°F was Haynes 25 a l l o y .  The 
a l l o w a b l e  i n t e r f a c e  t empera tu re ,  t h e r e f o r e ,  was 2100°F. 

3 .  The chamber c o n t r a c t i o n  r a t i o  (ec)  was 4 .  S e l e c t i o n  of  
t h i s  v a l u e  was based on i n j e c t o r  c o n s i d e r a t i o n s ,  which 
i n d i c a t e d  t h a t  f o r  t h e  chamber pressure  range  of pr imary 
i n t e r e s t  (500 t o  1000 p s i a ) ,  c o n t r a c t i o n  r a t i o s  of a t  
l e a s t  4 w i l l  b e  r e q u i r e d  t o  keep t h e  i n j e c t o r  e lement  
t h r u s t  s i z e  i n  a r ange  conducive t o  h igh  performance.  

2 .  The b a s e  m a t e r i a l  f o r  chambers w i t h  thermal  b a r r i e r  

4 .  The chamber c o o l i n g  j a c k e t  i n l e t  p ressurefchamber  p r e s s u r e  
r a t i o  (Pin/Pc)  was t aken  t o  be  3 f o r  f lox /methane  and 
OF2/55% methane - 45% e t h a n e .  T h i s  va lue  i s  r e p r e s e n t a t i v e  
of t h e  P in fPc  l e v e l  i n  an  expander  c y c l e  f o r  j a c k e t  p r e s s u r e  
d r o p s  c o n s i s t e n t  w i t h  l i m i t s  d i s c u s s e d  l a t e r .  With t h e  
OF2fbutene-1 and OF2fpropane p r o p e l l a n t  combinat ions , a 
gas  g e n e r a t o r  c y c l e  would have t o  b e  used and t h e r e f o r e  
t h e  P infPc  r a t i o  was assumed t o  be  1 .65 .  

5. The chamber c h a r a c t e r i s t i c  l e n g t h  was assumed t o  be  
30  i n c h e s .  Th i s  v a l u e  was s p e c i f i e d  i n  c o n t r a c t  r e q u i r e -  
ments ;  fu r the rmore ,  i t  probably  r e f l e c t s  approx ima te ly  t h e  
r e q u i r e d  L" f o r  h igh  combustion performance w i t h  t h e  Elox/  
l i g h t  hydrocarbon f u e l s .  

chamber w a l l s  
l i s h e d  f o r  t h e  r e s p e c t i v e  f u e l s  based  on p rev ious  combust ion 
t e s t s  . 
The h e a t  f l u x  p r o f i l e  i n  t h e  chamber was assumed t o  b e  t h a t  
p r e d i c t e d  by t h e  B a r t z  s h o r t  form e q u a t i o n ;  on ly  t h e  l e v e l  
was a d j u s t e d  by t h e  Qm/Qp r a t i o .  
t h e  peak h e a t  f l u x  occur s  a t  t h e  t h r o a t ,  and t h e r e f o r e  t h e  
c o o l a n t  passage d e s i g n  i s  more c r i t i c a l  a t  t h e  t h r o a t  
s t a t i o n  than  a t  o t h e r  a x i a l  l o c a t i o n s .  Coolant  passages  
were s i z e d  s o  t h a t  t h e  h o t - s i d e  w a l l  t empera tu re  a t  t h e  
t h r o a t  was e q u a l  t o  t h e  maximum p e r m i s s i b l e  d e s i g n  v a l u e .  
On e i t h e r  s i d e  of t h e  t h r o a t  r e g i o n ,  t h e  number of c o o l a n t  
s l o t s  was he ld  c o n s t a n t  and t h e  passages  were changed t o  
s u i t  t h e  chamber geometry u n t i l  wid ths  reached dimensions 
t h a t  produced e x c e s s i v e  bending  s t resses  ( i . e . ,  equa l  t o  t h e  
stress t h a t  causes  a 0.2% y i e l d ) .  A t  such  p o i n t s ,  c o o l a n t  
passages  were s p l i t  and t h e  number of passages  was doubled .  
Subsequent  s p l i t s  w e r e  a l s o  made a s  d i c t a t e d  by s t r e s s  
c o n s i d e r a t i o n s .  The d e s i g n  approach  used was necessa ry  t o  

6 .  The h e a t  r e d u c t i o n  f a c t o r  due t o  carbon d e p o s i t i o n  on t h e  
(Qm/Qp) i s  e q u a l  t o  t h e  ave rage  v a l u e  e s t a b -  

7 .  

With t h e  Bar t z  p r o f i l e ,  
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The 

i t e m s  3 

s y s t e m a t i z e  c a l c u l a t i o n  procedures  f o r  t h e  r e l a t i v e l y  
l a r g e  number of  chambers s t u d i e d .  However, i t  r e s u l t e d  
i n  some r e g i o n s  of  t h e  chamber b e i n g  overcooled  a s  i n d i c a t e d  
by t h e  f a c t  t h a t  t he  combust ion-side w a l l  t empera tu res  were 
below t h e  d e s i g n  leve l .  It i s  p o s s i b l e  t o  op t imize  t h e  
passages  so  t h a t  w a l l  t empera tu re  i s  he ld  c o n s t a n t  through-  
o u t  t h e  chamber p e r m i t t i n g  a r e d u c t i o n  i n  c o o l a n t  v e l o c i t i e s  
and hence e x t e n s i o n  of  r e g e n e r a t i v e  c o o l i n g  a s  l i m i t e d  by 
j a c k e t  c o o l a n t  p r e s s u r e  drop  c o n s i d e r a t i o n s .  However, t h e  
o p t i m i z a t i o n  procedure  i s  a l eng thy  i t e r a t i v e  p rocess  t h a t  
i s  i m p r a c t i c a l  t o  app ly  i n  a g e n e r a l i z e d  s t u d y  such  a s  t h i s .  
To p rov ide  a n  i n d i c a t i o n  of t h e  g a i n s  t h a t  c a n  be achieved  
through o p t i m i z a t i o n ,  t h e  necessa ry  i t e r a t i o n s  were 
accomplished,  u s i n g  t h e  Bar t z  p r o f i l e  f o r  a s e l e c t e d  c a s e .  
R e s u l t s  a r e  d i s c u s s e d  i n  Paragraph  B3b. 

v a l u e s  assumed f o r  t h e  parameters  d i s c u s s e d  i n  t h e  fo rego ing  

through 6 ,  a s  w e l l  a s  t h e  e x t e n t  t o  which c o o l a n t  passage  geometry 

i s  op t imized ,can  a f f e c t  t h e  l i m i t  v a l u e s  o b t a i n e d .  However, t h e  on ly  

p r a c t i c a l  approach f o r  t h e  c o o l i n g  l i m i t  i n v e s t i g a t i o n  was t o  ma in ta in  

c o n s t a n t  v a l u e s  f o r  a l l  c a s e s  so  t h a t  comparable r e s u l t s  would be  ob ta ined .  

To p rov ide  t h e  r e a d e r  w i t h  a n  i n d i c a t i o n  of  t h e  impor tance  of t h e  assumptions 

on t h e  r e s u l t s  o b t a i n e d ,  assumed v a l u e s  were v a r i e d  f o r  s p e c i f i c  c a s e s .  

The e f f e c t s  of  t h e  v a r i a t i o n s  on l i m i t  r e s u l t s  a r e  p re sen ted  i n  Paragraph  B3a. 

3 .  Cool ing  L imi t  C r i t e r i a  

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

on c o n s i d e r a t i o n s  of t h e  f o l l o w i n g  c r i t e r i a :  

1. U p p e r  l i m i t  h e a t  f l u x  f o r  n u c l e a t e  b o i l i n g  ( t r a n s i t i o n  t o  

2 .  Thermal decomposi t ion  of t h e  c o o l a n t  due t o  high c o o l a n t -  

3. Allowable o p e r a t i n g  t empera tu re  f o r  eng ine  s t r u c t u r a l  

4 .  F e a s i b i l i t y  of f a b r i c a t i n g  t h e  r e q u i r e d  c o o l a n t  passage  

5.  P r e s s u r e  drop  through t h e  c o o l a n t  pas sages .  

f i l m  b o i l i n g )  

s i d e  w a l l  t empera tu res  

components 

d i  mens i ons 
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Each o f  t h e s e  c r i t e r i a  i s  t r e a t e d  i n  g r e a t e r  d e t a i l  i n  t h e  fo l lowing  

d i s c u s s i o n .  The f i r s t  t h r e e  c r i t e r i a  cor respond t o  those  used i n  t h e  

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

( i . e . ,  b o i l i n g  and f u e l  t he rma l  decomposi t ion)  cou ld  b e  t r e a t e d  more 

p r e c i s e l y  because  v a r i a t i o n s  i n  h e a t  f l u x  and c o o l a n t  c o n d i t i o n s  (tem- 

p e r a t u r e  and p r e s s u r e )  a l o n g  t h e  f low p a t h  i n  t h e  chamber w a l l  were 

c o n s i d e r e d .  The t h i r d  c r i t e r i o n ,  which i s  r e l a t e d  t o  t h e  s t r u c t u r a l  

t empera ture  o p e r a t i n g  l i m i t s ,  a p p l i e s  on ly  t o  t h e  o u t l e t  c o o l a n t  b u l k  

t empera tu re ,  and t h u s  was t r e a t e d  i n  t h e  same manner i n  b o t h  p a r t s  of t h e  

s t u d y .  The l a s t  two c r i t e r i a  a r e  r e l a t e d  t o  t h e  c o o l a n t  passage  d e s i g n  

and thus  a p p l y  on ly  t o  t h e  d e t a i l e d  s t u d y .  

The f i r s t  and f i f t h  c r i t e r i a  were of g r e a t e s t  importance i n  t h e  

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

s e t  l i m i t s  a t  s u b c r i t i c a l  p r e s s u r e s  whereas t h e  c o o l a n t  p r e s s u r e  drop  

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

a .  T r a n s i t i o n  t o  F i l m  B o i l i n g  

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

when t h e  upper  l i m i t  h e a t  f l u x  f o r  n u c l e a t e  b o i l i n g  i s  exceeded. Because 

of t h e  h i g h  w a l l  t empera tu res  t h a t  accompany t h e  t r a n s i t i o n  from 

n u c l e a t e  t o  f i l m  b o i l i n g ,  i t  was assumed t h a t  t h i s  mode of h e a t  t r a n s f e r  

could n o t  be  t o l e r a t e d  i n  t h e  c o o l a n t  passages  a t  any  chamber l o c a t i o n .  

Only t h e  c o o l a n t  o u t l e t  s t a t e  was known i n  t h e  f e a s i b i l i t y  s t u d y ,  and 

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

p e r a t u r e  was lower t h a n  t h e  co r re spond ing  s a t u r a t i o n  t empera tu re  a t  a 

g iven  s u b c r i t i c a l  c o o l a n t  p r e s s u r e .  

bu lk  b o i l i n g  would n o t  b e  encountered .  

same comparison was made, b u t  i n  a d d i t i o n ,  l o c a l  h e a t  f l u x  v a l u e s  were 

compared t o  upper  l i m i t  h e a t  f l u x e s  f o r  n u c l e a t e  b o i l i n g .  Th i s  comparison 

produced a second s u b c r i t i c a l  c o o l i n g  l i m i t .  

T h i s  approach t h u s  a s s u r e d  t h a t  

I n  t h e  d e t a i l e d  s t u d y  t h e  

b .  Thermal Decomposition Temperature  

I n  t h e  d e t a i l e d  h e a t  t r a n s f e r  s tudy  a s  i n  t h e  f e a s i b i l i t y  s t u d y ,  the  

i n c i p i e n t  decomposi t ion  t empera tu re  (Tid) was used t o  s e t  a n  upper  c o o l a n t  

tempera ture  leve l  ( see  Appendix C ) .  I n  t h e  d e t a i l e d  s tudy  however, t he  

59 



Pratt & Whitney Flircraft 
PWA FR-2552 

l i m i t  was p l aced  on l o c a l  c o o l a n t  f i l m  t empera tu re  r a t h e r  than  on t h e  

o u t l e t  c o o l a n t  b u l k  t empera tu re .  The l i m i t i n g  f i l m  t empera tu res  were 

Fue 1 

Methane 

55% Methane - 45% Ethane 

Propane 

Butene - 1 

c . S t r u c t u r a  1 Temperature Limi t  

L i m i t i n g  F i l m  Temperature ,  "R 

1865 

1 7  15 

1320 

1160 

The s t r u c t u r a l  t empera ture  l i m i t  was assumed t o  b e  1760"R and ,  a s  

i n  t h e  f e a s i b i l i t y  s t u d y ,  t h e  c o o l a n t  b u l k  t empera tu re  a t  t h e  o u t l e t  of 

t h e  h e a t  exchanger  was l i m i t e d  t o  t empera tu res  less  t h a n  1760"R. 

d .  Coolant  Passage  F a b r i c a t i o n  

A s  d i s c u s s e d  i n  subparagraph  2 ,  Assumptions,  Thermal Sk in  t h r u s t  

chamber c o n s t r u c t i o n  was assumed because o f  t h e  l a t i t u d e  i t  p rov ides  

i n  t h e  d e s i g n  of c o o l a n t  pas sages .  Although t h e  f e a s i b i l i t y  of Thermal 

Sk in  t h r u s t  chambers has  been demonst ra ted  ( see  Appendix A) ,  d e s i g n  and 

f a b r i c a t i o n  l i m i t s  have n o t  been f u l l y  i n v e s t i g a t e d .  L a t e r  t a s k s  i n  t h e  

program r e q u i r e  f a b r i c a t i o n  of Thermal Sk in  t h r u s t  chambers and t o  

a s s u r e  t h a t  s tudy  r e s u l t s  would be  a p p l i c a b l e  t o  t h e  hardware e f f o r t ,  

i t  was dec ided  n o t  t o  b a s e  r e s u l t s  upon l i m i t s  t h a t  can  be  achieved  w i t h  

f u t u r e  development of t e c h n i q u e s ,  b u t  r a t h e r  t o  assume c o o l a n t  passage  

dimensions c o n s i s t e n t  w i t h  demonstrated s t a t e - o f - t h e - a r t  engraving  

p r a c t i c e .  

Minimum dimensions f o r  t h e  wid th  (w), web t h i c k n e s s  ( s ) ,  and w a l l  

t h i c k n e s s  ( 6 )  (see f i g u r e  34)  were s e t ,  based  on p a s t  e x p e r i e n c e ,  t o  be  

0.012,  0 .015 ,  and 0.025 i n c h .  The maximum p e r m i s s i b l e  passage  dep th /wid th  

r a t i o  (j?/w) was assumed t o  be  1.33. 

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

s i g n i f i c a n t  s i d e - e t c h  e f f e c t s  t h a t  would c a u s e  h i g h e r  t o l e r a n c e s  on 

passage w i d t h .  A s  a d d i t i o n a l  engrav ing  expe r i ence  i s  ga ined ,  t h e  

p e r m i s s i b l e  dep th /wid th  r a t i o  w i l l  undoubtedly j n c r e a s e .  

T h i s  dep th /wid th  r a t i o  i s  abou t  t h e  
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I / 

Figure  34. Thermal S k i n  Passage Dimensions FD 23344 
TM 

Coolant  passage roughness  was assumed t o  b e  100 mic ro inches ,  based 

on measurements i n  c o o l a n t  passages  of s t a i n l e s s  s t e e l  and n i c k e l  Thermal 

Sk in  p l a t e s  t h a t  were p r e v i o u s l y  f a b r i c a t e d .  

I n  a d d i t i o n  (and n o t  r e l a t e d  t o  engraving)  t h e  c o o l a n t  passage  wid th  (w) 

w a s  assumed t o  be  equa l  t o  t h e  web t h i c k n e s s  (s)  throughout  t h e  chamber, 

based on  a two-dimensional a n a l y s i s  ( s ee  Appendix E )  t h a t  i n d i c a t e d  t h a t  

t h e s e  p r o p o r t i o n s  maximize t h e  f i n  e f f i c i e n c y  of  t h e  web. 

e .  Coolant  P r e s s u r e  Drop 

The c o o l i n g  j a c k e t  p r e s s u r e  d rop  l i m i t s  a s  s p e c i f i e d  by t h e  c o n t r a c t  

were t h a t ,  a t  chamber p r e s s u r e s  up t o  200 p s i a ,  t h e  l i m i t i n g  p r e s s u r e  

d rop  was 100 p s i a .  Over 200 p s i a ,  t h e  l i m i t i n g  p r e s s u r e  drop was equa l  

t o  h a l f  t h e  chamber p r e s s u r e .  

4 .  Analys i s  

Th i s  subparagraph  c o n t a i n s  a b r i e f  d e s c r i p t i o n  of t h e  computer pro-  

grams and procedures  used i n  de t e rmin ing  t h e  chamber p r e s s u r e  l i m i t s .  A 

d e t a i l e d  d i s c u s s i o n  of t h e  assumptions and equa t ions  used i n  t h e  a n a l y s i s  

i s  p r e s e n t e d  i n  Appendix E.  

The d e t e r m i n a t i o n  of each  r e g e n e r a t i v e  c o o l i n g  chamber p r e s s u r e  l i m i t  

r e q u i r e d  t h a t  a unique chamber be  des igned  and ana iyzed  f o r  a s p e c i f i e d  

s e t  of c o n d i t i o n s .  Two computer programs were used i n  t h e  a n a l y s i s .  
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The f i r s t  program, f o r  t he  IBM 1130 computer,  was used t o  s i z e  t h e  

t h r u s t  chamber and t o  o b t a i n  p r e l i m i n a r y  e s t i m a t e s  of  c o o l a n t  passage  

dimensions a t  t h e  t h r o a t  and a t  t h e  i n j e c t o r  s t a t i o n s  f o r  d i f f e r e n t  

c o o l a n t  f low d i r e c t i o n s  so  t h a t  a p r e f e r r e d  c o o l a n t  d i r e c t i o n  could  be  

s e l e c t e d .  

The second program, f o r  t h e  IBM 360 computer,  was used t o  ana lyze  

t h e  complete  t h r u s t  chamber c o o l i n g  j a c k e t .  Impor t an t  o u t p u t s  from t h e  

360 computer program inc luded  f i n a l  v a l u e s  f o r  c o o l a n t  passage  geometry 

( s i z e  and number of c o o l a n t  s l o t s ) ,  c o o l a n t  c o n d i t i o n s  and p r o p e r t i e s ,  

h e a t  f l u x ,  and w a l l  t empera ture  a t  s e v e r a l  s t a t i o n s  a long  t h e  chamber. 

The a n a l y s i s  i n v o l v e s  a s t e p w i s e  i n t e g r a t i o n  and s imul taneous  s o l u t i o n  

of t h e  c o n t i n u i t y ,  momentum, ene rgy ,  and s t a t e  equa t ions  a long  t h e  

c o o l a n t  f low pa th .  The program accoun t s  f o r  (1) c o o l a n t  passage  roughness  

e f f e c t s  on t h e  c o o l a n t  f i l m  c o e f f i c i e n t  ( through t h e  u s e  of t he  methods 

g iven  i n  Appendix E ), (2)  c o o l a n t  p r o p e r t y  v a r i a t i o n s  w i t h  tempera ture ,*  

and (3)  t h e  e f f e c t  of w a l l  t he rma l  conduct ion  i n  t h e  web between c o o l a n t  

pas sages .  

P a r a l l e l  and coun te r f low c o o l a n t  d i r e c t i o n s  were e v a l u a t e d  u s i n g  t h e  

1130 computer program. The passage  s i z e s  ob ta ined  f o r  t h e  coun te r f low 

c o n f i g u r a t i o n  a r e  a l s o  v a l i d  f o r  a pass-and-a-half  c o o l a n t  c o n f i g u r a t i o n  

because  i n  t h i s  s i m p l i f i e d  a n a l y s i s  t h e  w a l l  t empera ture  i s  assumed t o  

be c o n s t a n t  and t h u s  t h e  h e a t  p ickup i n  t h e  n o z z l e  p o r t i o n  of t h e  chamber 

(and hence t h e  c o o l a n t  t empera tu re  a t  t h e  t h r o a t  s t a t i o n )  would b e  t h e  same 

f o r  b o t h  f low c o n f i g u r a t i o n s .  

~ 

*The c o o l a n t  thermodynamic t r a n s p o r t  p r o p e r t i e s  f o r  methane, 55% methane - 
45% e t h a n e ,  propane,  and bu tene -1  t h a t  were used i n  t h e  a n a l y s i s  a r e  
p re sen ted  i n  g r a p h i c  form and d i s c u s s e d  i n  d e t a i l  i n  Appendix F .  
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T y p i c a l  r e s u l t s  ob ta ined  a r e  shown i n  f i g u r e s  35 through 37 f o r  1000, 

5000 and 20,000 l b  t h r u s t .  Note t h a t  t he  passage  s i z e s  shown i n  t h e s e  f i g -  

u r e s  a r e  o n l y  approximate (and t h e r e f o r e  p r e l i m i n a r y )  because t h e y  were ob- 

t a i n e d  by assuming t h e  c o o l a n t  p r e s s u r e  level  a t  t h e  t h r o a t  and i n j e c t o r  

s t a t i o n s .  However t h e  i n d i c a t e d  t r e n d s  o f  passage s i z e  v a r i a t i o n  w i t h  

chamber p r e s s u r e  and f low d i r e c t i o n  a r e  c o r r e c t  , and these approximate 

s i z e s  were used t o  s e l ec t  t h e  c o o l a n t  f low d i r e c t i o n  f o r  subsequent  

a n a l y s i s  w i th  t h e  360 computer program. The coun te r f low c o n f i g u r a t i o n  

was the  obvious cho ice  f o r  t h e  5000- and 20,000-lb t h r u s t  l eve l s  because 

i t  provided l a r g e r  c o o l a n t  passages  than  f o r  p a r a l l e l  f low. A t  t he  1000-lb 

t h r u s t  l e v e l ,  t h e  p r e f e r r e d  c o o l a n t  f low d i r e c t i o n  i s  n o t  a s  obvious ;  

coun te r f low however does p rov ide  l a r g e r  c o o l a n t  passages  a t  the i n j e c t o r  

s t a t i o n  f o r  most chamber p r e s s u r e s  and l a r g e r  passage  s i z e s  i n  the  t h r o a t  

r e g i o n  a t  chamber p r e s s u r e s  above 400 p s i a  f o r  a 1700°F w a l l  t empera tu re ,  

which i s  o f  most i n t e r e s t .  Based on t h e s e  r e s u l t s ,  coun te r f low c o o l i n g  

was used e x c l u s i v e l y  i n  e s t a b l i s h i n g  r e g e n e r a t i v e  c o o l i n g  l i m i t s .  

1 

A f t e r  t h e  c o o l a n t  f l o w  d i r e c t i o n  had been s e l e c t e d  and t h e  

t h r u s t  chamber s i z e d  u s i n g  t h e  1130 program, t h e  chamber p r e s s u r e  

c o o l i n g  l i m i t s  a t  s u p e r c r i t i c a l  c o o l a n t  p r e s s u r e  were determined 

b y  a two-step i t e r a t i o n  procedure  based on c a l c u l a t i o n s  

made u s i n g  t h e  360 computer program. The f i r s t  i t e r a t i o n  e s t a b l i s h e d  

c o o l a n t  passage  geometry and c o o l a n t  p r e s s u r e  drop .  For  s e v e r a l  assumed 

chamber p r e s s u r e  l e v e l s ,  c a l c u l a t i o n s  of p r e s s u r e  drop  and w a l l  tempera- 

t u r e  were made f o r  s e v e r a l  c o o l a n t  passage  d e s i g n s  (passage  s i z e  and number). 

The d e s i g n  t h a t  provided t h e  d e s i r e d  w a l l  t empera tu re  a t  t h e  t h r o a t  was t h e n  

determined from a p l o t  s i m i l a r  t o  t h a t  shown i n  f i g u r e  38. Each passage  

d e s i g n  was checked f o r  manufac tur ing  f e a s i b i l i t y  and s t r e s s  level  b e f o r e  

i t  was accep ted .  

I n  t h e  second i t e r a t i o n ,  t he  chamber p r e s s u r e  t h a t  could  b e  used f o r  

t h e  p a r t i c u l a r  w a l l  t empera ture  w i t h o u t  v i o l a t i n g  one of t h e  o t h e r  c o o l i n g  

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

c o o l a n t  j a c k e t  p r e s s u r e  drop  was t h e  l i m i t i n g  c r i t e r i o n  and t h e r e f o r e ,  i n  

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

involved  t h e  d e t e r m i n a t i o n  of  t h e  chamber p r e s s u r e  a t  which t h e  c o o l i n g  

j a c k e t  p r e s s u r e  drop  was e q u a l  t o  t h e  l i m i t  (1/2 Pc) a s  shown i n  f i g u r e  39. 
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F igure  35. V a r i a t i o n  i n  Coolant  Passage  Width a t  Throa t  DF 62622 
and I n j e c t o r  : Flox/Me thane ,  1000- l b  Thrus t 
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F igure  36. V a r i a t i o n  i n  Coolant Passage Width a t  Throa t  
and I n j e c t o r :  Flox/Methane, 5000-lb Thrus t  

DF 62623 
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Figure  37. V a r i a t i o n  i n  Coolant  Passage Width a t  Throa t  
and I n j e c t o r :  Flox/Methane, 20 ,000- lb  T h r u s t  

DF 60147 
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Lower chamber p r e s s u r e  l i m i t s  f o r  r e g e n e r a t i v e  c o o l i n g  were determined 

by a p p l y i n g  t h e  t r a n s i t i o n - t o - f i l m - b o i l i n g  c r i t e r i a .  These lower chamber 

p r e s s u r e  l i m i t s  were de termined  e i t h e r  by b u l k  b o i l i n g  c o n s i d e r a t i o n s  o r  

by comparing l o c a l  h e a t  f l u x  v a l u e s  i n  t h e  chamber t o  t h e  upper  l i m i t  h e a t  

f l u x  f o r  n u c l e a t e  b o i l i n g .  

B. REGENERATIVE COOLING CHAMBER PRESSURE LIMITS 

1. Scope 

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

were i n v e s t i g a t e d  a t  t h r u s t  l e v e l s  of 1000, 5000, and 20,000 l b .  Both 

upper and lower chamber p r e s s u r e  r e g e n e r a t i v e  c o o l i n g  l i m i t s  f o r  a g iven  

t h r u s t  level  were de termined  so t h a t  p r a c t i c a l  r e g e n e r a t i v e  c o o l i n g  r e g i o n s  

could  be  i d e n t i f i e d .  I n v e s t i g a t i o n s  of i n f l u e n c e s  of assumptions on l i m i t s  

and of e f f e c t s  of o f f - d e s i g n  o p e r a t i o n  w e r e  a l s o  accomplished;  however, 

because  pr imary  i n t e r e s t  i n  t h e  hardware p o r t i o n  of  t h e  program i s  i n  h i g h  

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

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

a r e  d i s c u s s e d  i n  subparagraph 2 ,  assumptions and o f f - d e s i g n  o p e r a t i o n  a r e  

t r e a t e d  i n  subparagraphs  3 and 4 ,  r e s p e c t i v e l y ,  and lower chamber p re s -  

s u r e  l i m i t s  a r e  i nc luded  i n  subparagraph  5. 

2 .  Upper Chamber P r e s s u r e  L imi t s  

a .  Genera l  

I n  e s t a b l i s h i n g  t h e  upper  r e g e n e r a t i v e  c o o l i n g  l i m i t s  a t  a g i v e n  t h r u s t  

l eve l  and f o r  a g i v e n  p r o p e l l a n t  combina t ion ,  t h e  c o o l i n g  l i m i t  was f i r s t  

e s t a b l i s h e d  f o r  optimum mix tu re  r a t i o  and a n  expans ion  r a t i o  of 100. Then, 

i n  a n  a t t e m p t  t o  ex tend  t h e  r e g e n e r a t i v e  c o o l i n g  l i m i t s  t o  h ighe r  chamber 

p r e s s u r e s ,  c a l c u l a t i o n s  were made f o r  d e c r e a s e s  i n  expans ion  r a t i o  t o  

40 and d e c r e a s e s  i n  mix tu re  r a t i o  t o  70% optimum. 

Table  IX summarizes t h e  upper r e g e n e r a t i v e  c o o l i n g  chamber p r e s s u r e  

limits f o r  t h e  v a r i o u s  p r o p e l l a n t s ,  t h r u s t  l eve ls ,  chamber m a t e r i a l s  

(wi th  co r re spond ing  w a l l  t e m p e r a t u r e s ) ,  expans ion  r a t i o s ,  and mixture  

r a t i o s  cons ide red .  R e s u l t s  f o r  each  p r o p e l l a n t  combina t ion  w i l l  be 

p r e s e n t e d  g r a p h i c a l l y  and t r e a t e d  i n d i v i d u a l l y  i n  t h e  fo l lowing  d i s c u s s i o n .  

To summarize b r i e f l y ,  no  c o o l i n g  l imits  were found below 1000 p s i a  ( t h e  

maximum chamber p r e s s u r e  l e v e l  c o n s i d e r e d  i n  t h e  s t u d y )  f o r  OF /butene-1  
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a t  t h e  1000-lb t h r u s t  level  o r  f o r  OF2/propane a t  t h e  20,000-lb t h r u s t  

l e v e l .  A t  t h e  5000-lb t h r u s t  level ,  c o o l i n g  can  b e  accomplished a t  

chamber p r e s s u r e s  above 1000 p s i a  w i t h  0F2155% methane - 45% e t h a n e  f o r  

a l l  t h r u s t  chamber m a t e r i a l s  except  347 s t a i n l e s s  s t e e l .  

I n  c o n t r a s t  t o  t h e  o t h e r  p r o p e l l a n t  combina t ions ,  which were s e l e c t e d  

f o r  e v a l u a t i o n  a t  o n l y  one t h r u s t  level ,  f lox/methane was i n v e s t i g a t e d  

a t  a l l  t h r e e  t h r u s t  levels .  Cool ing l i m i t s  f o r  f lox/methane were 

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

t h r u s t  levels .  There a r e  two pr imary r e a s o n s  f o r  t h e s e  r e s u l t s .  F i r s t ,  

and most i m p o r t a n t ,  h e a t  l o a d s  were h i g h e r  f o r  f lox lmethane  because  t h e  

Qm/Qp v a l u e  assumed was h i g h e r  t h a n  f o r  o t h e r  p r o p e l l a n t s .  

methane i s  less  dense  t h a n  t h e  o t h e r  f u e l s  and t h e r e f o r e  h i g h e r  v e l o c i t i e s  

Second, 

(and hence h i g h e r  p r e s s u r e  d r o p s )  a r e  r e q u i r e d  t o  g e n e r a t e  e q u i v a l e n t  

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

Impor tan t  c o o l i n g  p a s s a g e  dimensions and c o n d i t i o n s  a t  t h e  upper 

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

t a b l e  X. For  cases where t h e r e  w a s  no l i m i t  below 1000 p s i a ,  c o n d i t i o n s  

a r e  g iven  f o r  t h a t  maximum chamber p r e s s u r e  l eve l .  Coolant  p r e s s u r e  drop  

was t h e  l i m i t i n g  c r i t e r i o n  f o r  a l l  c a s e s  where t h e  r e g e n e r a t i v e  c o o l i n g  

l i m i t  was less  t h a n  1000 p s i a .  

Examination of  t h e  v a l u e s  g i v e n  f o r  v a r i o u s  parameters  i n  t a b l e  X 

w i l l  show t h a t  assumed l i m i t s  have n o t  been exceeded.  Throa t  c o o l a n t  

passage dimensions (which a r e  minimum dimensions €or  t h e  t h r u s t  chamber 

j a c k e t )  a r e  g r e a t e r  t h a n  t h e  minimum v a l u e s  of 0.015-in.  d e p t h  by 0.012-in. 

wid th .  

c o n s i d e r a t i o n s  , and maximum f i l m  tempera tures  a r e  below t h e  l e v e l s  s e t  

f o r  i n c i p i e n t  thermal  decomposi t ion.  

Coolant  o u t l e t  t empera tures  a r e  below t h e  1760'R s e t  by s t r u c t u r a l  
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The r e s u l t s  presented  i n  t a b l e s  I X  and X show t h a t  t h r u s t  chamber 

m a t e r i a l  s e l e c t i o n  can  have an  e f f e c t  on c o o l i n g  l i m i t s  t h a t  i s  e q u a l  t o  

o r  g r e a t e r  t h a n  t h a t  of w a l l  t empera ture .  F i g u r e  40 p r e s e n t s  t h e  regenera-  

t i v e  c o o l i n g  chamber p r e s s u r e  l i m i t s  f o r  n i c k e l  200, Haynes 25,  and 347 

s t a i n l e s s  s t e e l  p l o t t e d  a s  f u n c t i o n s  of  t h r u s t  f o r  f lox/methane a t  t h e  

optimum mixture  r a t i o  (5.75) and an  expansion r a t i o  o f  100 t o  1. I n c r e a s i n g  

t h e  p e r m i s s i b l e  w a l l  t empera ture  from 1700 t o  2100°F by u s i n g  Haynes 25 

r a t h e r  t h a n  347 s t a i n l e s s  s t e e l  p rovides  a n  i n c r e a s e  i n  t h e  chamber p r e s -  

s u r e  r e g e n e r a t i v e  c o o l i n g  l i m i t s  by 300 t o  400 p s i .  However, by sub- 

s t i t u t i n g  n i c k e l  f o r  the  s t a i n l e s s  s t e e l  and m a i n t a i n i n g  t h e  1700°F w a l l  

t empera ture  l i m i t ,  t h e  i n c r e a s e  i n  l i m i t s  i s  from 400 t o  800 p s i .  The 

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

of t h e  m a t e r i a l .  The e f f e c t  i s  p e c u l i a r  t o  t h e  Thermal Skin  d e s i g n  ( a t  

l e a s t  a s  c o n t r a s t e d  t o  a t u b u l a r  chamber) because of t h e  c o n t r i b u t i o n  of 

t h e  webs between passages  t o  t h e  h e a t  t r a n s f e r r e d  t o  t h e  c o o l a n t .  

The comparison of t h e  v a r i o u s  t h r u s t  chamber m a t e r i a l s  w i t h  f l o x /  

methane p r o p e l l a n t s  was made e a r l y  i n  t h e  s t u d y  and ,  a s  a r e s u l t ,  347 

s t a i n l e s s  s t e e l  was dropped from f u r t h e r  c o n s i d e r a t i o n  a s  t h e  m a t e r i a l  

f o r  1700°F w a l l  t empera ture .  

A t  t h e  5000-lb t h r u s t  l e v e l ,  Haynes 25 w i t h  a thermal  b a r r i e r  c o a t i n g  

( i n  a d d i t i o n  t o  n i c k e l  200, Haynes 25, and 347 s t a i n l e s s  s t e e l )  was 

e v a l u a t e d  f o r  use w i t h  f lox lmethane  and w i t h  OF2/55% methane - 45% e t h a n e .  

It was found t h a t  t h e  thermal  b a r r i e r  c o a t i n g  p e r m i t t e d  c o o l i n g  a t  chamber 

p r e s s u r e s  above 1000 p s i a  w i t h  b o t h  p r o p e l l a n t  combinat ions because of t h e  

h e a t  t r a n s f e r  r e d u c t i o n  r e s u l t i n g  from t h e  reduced v a l u e  of (T 

r e a l i z e d  from t h e  h i g h  p e r m i s s i b l e  o p e r a t i n g  w a l l  t empera ture  (3200°F).  

Based upon t h e  v e r y  h i g h  l i m i t  found f o r  t h e  thermal  b a r r i e r  c o a t i n g ,  

and t h e  r e a s o n  t h e r e f o r ,  i t  appeared t h a t  s i m i l a r  r e s u l t s  would b e  o b t a i n e d  

a t  o t h e r  t h r u s t  l e v e l s .  It  was t h e r e f o r e  b e l i e v e d  t h a t  t h e  e f f o r t  re- 

qui red  f o r  r i g o r o u s  c a l c u l a t i o n  might w e l l  be  a p p l i e d  t o  t h e  i n v e s t i g a t i o n  

of o t h e r  e f f e c t s ,  and f u r t h e r  t r e a t m e n t  of thermal  b a r r i e r  chambers was 

e l i m i n a t e d  i n  t h e  b a s i c  l i m i t  i n v e s t i g a t i o n .  However, a thermal  b a r r i e r  

c o a t i n g  was e v a l u a t e d  f o r  OF71Butene-1 a t  1000-lb t h r u s t  b u t  w i t h  

Qm/Q 

- Tw) aw 

= 1; (see  Paragraph  B2d f o l l o w i n g ) .  
P 
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b.  Cool ing L i m i t s  f o r  Flox/Methane 

Flox/methane was t h e  o n l y  p r o p e l l a n t  combina ion e v a l u a t e d  a t  a l l  

t h r e e  t h r u s t  levels .  F i g u r e s  41  through 43 p r e s e n t  c o o l i n g  l i m i t  c u r v e s  

f o r  t h e  p r o p e l l a n t s  a t  l e v e l s  o f  1000, 5000, and 20,000 l b ,  r e s p e c t i v e l y .  

F i g u r e  40 shows t h e  v a r i a t i o n  of  t h e  r e g e n e r a t i v e  c o o l i n g  l i m i t s  w i t h  

t h r u s  t l e v e  1. 

F i g u r e  41. Regenera t ive  Cooling Chamber DF 59063 
P r e s s u r e  L i m i t s  : Flox/Methane 
1000- l b  T h r u s t  
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I t  was found t h a t  c o o l i n g  l i m i t s  i n c r e a s e d  w i t h  i n c r e a s i n g  t h r u s t  

level  and w i t h  d e c r e a s i n g  mixture  r a t i o  and expans ion  r a t i o .  Th i s  t r e n d  

i s  r e l a t e d  t o  t h e  v a r i a t i o n  of methane c o o l a n t  t empera tu re  i n  t h e  high 

h e a t  f l u x  p o r t i o n s  of  t h e  chamber ( i . e . ,  a t  t h e  t h r o a t  and i n  t h e  com- 

b u s t i o n  chamber) w i t h  t h r u s t ,  expans ion  r a t i o ,  and mixture r a t i o .  A s  

t h e  c o o l a n t  tempera ture  i n c r e a s e s ,  a h ighe r  v e l o c i t y  and hence a h i g h e r  

p r e s s u r e  drop  a r e  r e q u i r e d  because  t h e  wa l l - to -bu lk  t empera tu re  d i f f e r e n c e  

a s  w e l l  a s  t h e  c o o l a n t  d e n s i t y  a r e  reduced.  The c o o l a n t  tempera ture  

l e v e l  i n c r e a s e s  a s  (1) mixture  r a t i o  i n c r e a s e s ,  c a u s i n g  the  c o o l i n g  f l o w  

r a t e  t o  d e c r e a s e ,  and (2)  expans ion  r a t i o  d e c r e a s e s ,  caus ing  t h e  h e a t  

t r a n s f e r  i n  t h e  nozz le  t o  d e c r e a s e .  The c o o l a n t  t empera tu re  i n c r e a s e s  

a s  t h r u s t  d e c r e a s e s  because  h e a t  t r a n s f e r  does n o t  d rop  o f f  a s  r a p i d l y  

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

F igu re  44 i l l u s t r a t e s  t h e  magnitude o f  t h e  t h r o a t  h e a t  f l u x e s  a t  t h e  

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

the  t h r o a t  h e a t  f l u x  levels  f o r  f lox lme thane .  Values  f o r  o t h e r  p r o p e l l a n t s  

a r e  t a b u l a t e d  i n  t a b l e  X .  

F igu re  44.  Throa t  Heat  F lux  a t  t h e  Upper Chamber DF 62626 
P r e s s u r e  L i m i t  f o r  Regenera t ive  
Cooling 
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c .  Cooling L i m i t s  f o r  OF2/55% Methane - 45% Ethane 

Figure  45  p r e s e n t s  t h e  c o o l i n g  l i m i t  curve  f o r  OF2/55% methane - 
45% e thane  f o r  347 s t a i n l e s s  s t e e l  chambers ( l i m i t s  f o r  both  n i c k e l  200 

and Haynes 2 5  a r e  above 1000 p s i a  chamber p r e s s u r e ) .  The t r e n d s  of t h i s  

curve  a r e  d i f f e r e n t  from t h o s e  noted  f o r  f lox /methane .  For f lox lmethane ,  

t h e  chamber p r e s s u r e  l i m i t s  i n c r e a s e d  a s  b o t h  expans ion  r a t i o  and mixture  

r a t i o  were decreased  (as might be  e x p e c t e d ) .  The c o o l i n g  l i m i t s  f o r  

OF2/55% methane - 45% e thane  dec rease  

and mixture  r a t i o .  

w i t h  d e c r e a s e s  i n  expans ion  r a t i o  

F igu re  45. Regenera t ive  Cooling Chamber . DF 59347 
P r e s s u r e  L i m i t s :  OF2/55% Methane- 
45% Ethane,  5000-lb Thrus t  
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The d e c r e a s e  i n  c o o l i n g  l i m i t s  w i t h  a decreased  expans ion  r a t i o  i s  

an  e f f e c t  caused by t h e  r e l a t i o n s h i p  between h e a t  pickup i n  t h e  n o z z l e  

s e c t i o n  and t h e  c o o l a n t  s t a t e p o i n t  a t  t h e  t h r o a t  s t a t i o n  of t h e  c o o l i n g  

j a c k e t .  I n  c o n t r a s t  t o  methane, t h e  55% methane - 45% e t h a n e  c o o l a n t  

r e a c h e s  t h e  t h r o a t  s t a t i o n  i n  t h e  compressed l i q u i d  s t a t e .  S i n c e  t h F r e  

i s  less  h e a t  p ickup i n  t h e  n o z z l e  a t  a n  expansion r a t i o  of  40 t h a n  a t  

e i t h e r  60 or 100, t h e  c o o l a n t  s t a t e p o i n t  a t  t h e  t h r o a t  s t a t i o n  i s  c l o s e r  

t o  t h e  dome r e g i o n  where v a r i a t i o n s  i n  d e n s i t y  w i t h  tempera ture  a r e  

f a i r l y  l a r g e .  

d e n s i t y  from t h e  f i l m  t o  t h e  b u l k  c o n d i t i o n  and t h e  te rm pf/pb i n  t h e  

c o o l a n t  h e a t  t r a n s f e r  c o e f f i c i e n t  e q u a t i o n  i s  reduced .  T h e r e f o r e  a h i g h e r  

v e l o c i t y  (hence h i g h e r  p r e s s u r e  drop)  i s  r e q u i r e d  t o  cool  a t  €e  = 40 

than a t  h i g h e r  expansion r a t i o s .  

As a r e s u l t ,  a t  ee = 40 t h e r e  i s  more v a r i a t i o n  i n  c o o l a n t  

The d i f f e r e n t  t r e n d s  i n  t h e  c o o l i n g  l i m i t  c u r v e s  f o r  f lox/methane 

and OF2/55% methane - 45% e t h a n e  w i t h  changes i n  mixture  r a t i o  a r e  

r e l a t e d  t o  d i f f e r e n c e s  i n  t h e  v a r i a t i o n  of t h e  combust ion-side h e a t  t r a n s f e r  

c o e f f i c i e n t  w i t h  mixture  r a t i o .  F igure  46 compares c u r v e s  of  t h r o a t  h e a t  

f l u x  v e r s u s  mixture  r a t i o  f o r  t h e  two p r o p e l l a n t  combinat ions.  Note t h a t  

a l though t h e r e  i s  a s l i g h t  peak i n  t h e  f lox/methane h e a t  f l u x  curve, i t  i s  

r e l a t i v e l y  f l a t  w i t h  m i x t u r e  r a t i o .  However, because of v a r i a t i o n s  i n  

combust ion-side f i l m  p r o p e r t i e s  f o r  OF 155% methane - 45% e t h a n e ,  t h e  h e a t  

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

d .  Cool ing L i m i t s  f o r  OF /Butene-1 2 

The r e s u l t s  o b t a i n e d  w i t h  OF2/butene-1 a t  1000-lb t h r u s t  and w i t h  a 

Haynes 25 chamber a r e  shown i n  f i g u r e  47.  The upper s e t  o f  c u r v e s  (a)  

shows t h a t  i f  t h e  chamber i s  des igned  f o r  a 2100°F w a l l  t empera ture  

( u s i n g  t h e  minimum w a l l  t h i c k n e s s  based on f a b r i c a t i o n  and stress con- 

s i d e r a t i o n s ) ,  t h e  f i l m  tempera ture  would be above t h e  t o l e r a b l e  level f o r  

thermal  decomposi t ion (1160"R). By d e s i g n i n g  f o r  a lower w a l l  tempera- 

t u r e ,  o r  by i n c r e a s i n g  t h e  w a l l  t h i c k n e s s ,  t h e  butene-1  f i l m  tempera ture  

can  b e  maintained below 1160"R, and t h e  chamber can  be cooled  t o  a chamber 

p r e s s u r e  above 1000 p s i a  w i t h o u t  exceeding t h e  c o o l i n g  j a c k e t  p r e s s u r e  

d r o p  c r i t e r i o n .  The r e q u i r e d  w a l l  t empera tures  f o r  main ta in ing  t h e  f i l m  

tempera ture  a t  1160"R a r e  g iven  by t h e  middle s e t  of c u r v e s  (b) .  The 

lower c u r v e  (c)  shows t h e  w a l l  t h i c k n e s s  r e q u i r e d  t o  m a i n t a i n  1160"R f i l m  

tempera ture  i f  2100°F w a l l  t empera ture  i s  used.  
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A Haynes 25 chamber w i t h  a t he rma l  b a r r i e r  c o a t i n g  was ana lyzed  f o r  

u s e  w i t h  OF2/butene-1 p r o p e l l a n t s  a t  1000-lb t h r u s t  f o r  Qm/Q 

h e a t  r e d u c t i o n  due t o  ca rbon  d e p o s i t i o n  on t h e  chamber w a l l s ) .  The 

r e s u l t s  a r e  summarized i n  f i g u r e  4 8 ,  which p r e s e n t s  c o o l a n t  p r e s s u r e  

d rop ,  c o o l a n t  f i l m  t empera tu re  , and w a l l  t empera ture  a t  the i n t e r f a c e  

between t h e  c o a t i n g  and t h e  Haynes 25 b a s e  m a t e r i a l  a s  f u n c t i o n s  of 

chamber p r e s s u r e .  A t  t h i s  s e t  of c o n d i t i o n s ,  t h e  c o o l a n t  p r e s s u r e  d rop  

would have t o  be  ex t r eme ly  h igh  and above t h e  a l l o w a b l e  l i m i t  of 112 of  

chamber p r e s s u r e  t o  keep (1) t h e  i n t e r f a c e  w a l l  t empera tu re  below i t s  

a l l o w a b l e  v a l u e  of 2560"R and (2) t h e  bu tene -1  f i l m  tempera ture  t o  a n  

a c c e p t a b l e  level  (1160"R). Note i n  f i g u r e  48 t h a t  t h e  i n t e r f a c e  w a l l  

t empera ture  and f i l m  tempera ture  v a l u e s  a r e  a c c e p t a b l e  o n l y  a t  500 p s i a  

chamber p r e s s u r e .  However, a t  t h i s  chamber p r e s s u r e  t h e  c o o l a n t  p r e s s u r e  

drop would b e  over  1000 p s i a ,  and t h e  p r e s s u r e  d rop  cu rve  i s  v e r t i c a l ,  

i n d i c a t i n g  t h a t  t h e  c o o l a n t  passages  a r e  choked. 

= 1 (no 
P 

Even i f  t h e  f i l m  t empera tu re  requi rement  were t o  b e  r e l a x e d  on t h e  

assumption t h a t  t h e  l i m i t  was conservh t i v e ,  t h e  c o o l a n t  p r e s s u r e  d rop  

r e q u i r e d  t o  ma in ta in  t h e  w a l l  i n t e r f a c e  t empera tu re  a t  a n  a c c e p t a b l e  

va lue  would s t i l l  be above t h e  a l l o w a b l e  level  of 112 chamber p r e s s u r e .  

The re fo re  r e g e n e r a t i v e  c o o l i n g  a t  t h e s e  c o n d i t i o n s  does  n o t  appea r  

f e a s i b l e .  

3 .  I n f l u e n c e  c f  Asbumptions 

A s  exp la ined  i n  paragraph  A2, i t  was necessa ry  t o  assume v a l u e s  f o r  a 

number of impor t an t  parameters  so  t h a t  t h e  f o r e g o i n g  r e g e n e r a t i v e  c o o l i n g  

l i m i t s  cou ld  be de termined .  I t  was a l s o  n e c e s s a r y  t o  assume a s y s t e m a t i c  

v a r i a t i o n  of  c o o l a n t  pas sage  geometry,  r a t h e r  t h a n  t o  op t imize  t h e  pas sages  

f o r  each  c a s e .  To a s s e s s  t h e  e f f e c t  of t h e  assumptions on chamber p r e s s u r e  

l i m i t s  , r anges  of v a l u e s  f o r  t h e  assumed parameters  were e v a l u a t e d  f o r  

s e l e c t e d  c a s e s  and a c o o l a n t  passage  o p t i m i z a t i o n  was completed f o r  one 

t h r u s t  chamber d e s i g n .  
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F i g u r e  48. Regenera t ive  Cooling S tudy R e s u l t s  DF 59341 
f o r  a 1000-lb T h r u s t ,  OF2/Butene-l, 
Thermal Barrier Coated Chamber 

a .  Paramet r ic  Study 

T y p i c a l  r e s u l t s  of  p a r a m e t r i c  e v a l u a t i o n s  o f  Qm/Q f c ,  and Pin/Pc P’ 
a r e  p r e s e n t e d  i n  f i g u r e s  49 through 51. F igure  49 shows t h e  e f f e c t  

of Q /Q on che r e g e n e r a t i v e  c o o l i n g  chamber p r e s s u r e  l i m i t  f o r  f l o x /  

methane. The s o - c a l l e d  average  v a l u e  f o r  f lox lmethane  i s  0.765. The 
m P  

s e l e c t i o n  of t h i s  v a l u e  f o r  primary c o n s i d e r a t i o n  was based on previous  

exper imenta l  r e s u l t s .  Note t h a t  t h e  a l l o w a b l e  chamber p r e s s u r e  c o o l i n g  

l i m i t  d e c r e a s e s  s i g n i f i c a n t l y  w i t h  i n c r e a s e s  i n  Qm/Q 

v a l u e  t o  1 .0 .  

from t h e  average  
P 
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F i g u r e  51. E f f e c t  o f  Cycle C o n s i d e r a t i o n s  DF 59344 
(Pin/Pc) on  Regenera t ive  Cooling 
Chamber P r e s s u r e  L i m i t s  

The e f f e c t  o f  chamber c o n t r a c t i o n  r a t i o  on r e g e n e r a t i v e  c o o l i n g  

chamber p r e s s u r e  l i m i t  i s  shown i n  f i g u r e  50 f o r  f lox/methane a t  t h e  

5000-lb t h r u s t  l e v e l .  The chamber p r e s s u r e  c o o l i n g  l i m i t  d e c r e a s e s  w i t h  

d e c r e a s i n g  c o n t r a c t i o n  r a t i o  because t h e  h i g h e r  v e l o c i t i e s  a s s o c i a t e d  w i t h  

s m a l l e r  chambers produce h i g h e r  h e a t  f l u x e s .  

The e f f e c t s  of changes i n  t h e  c o o l i n g  j a c k e t  i n l e t  p r e s s u r e - t o -  

chamber p r e s s u r e  r a t i o  a r e  shown i n  f i g u r e  51. The c o o l i n g  l i m i t s  

d e c r e a s e  a s  t h i s  p r e s s u r e  r a t i o  d e c r e a s e s .  T h i s  r e s u l t s  from t h e  reduc-  

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

level .  Reduced d e n s i t y  n e c e s s i t a t e s  a h i g h e r  c o o l a n t  veLoci ty  and thus  a 

h i g h e r  c o o l a n t  p r e s s u r e  drop  t o  cool t h e  chamber w a l l  a t  a g iven  h e a t  

f l u x  leve l .  
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The v a r i a t i o n  of  t h e  c o o l i n g  l i m i t s  w i t h  combustion chamber c h a r a c t e r -  

i s t i c  l e n g t h  i s  i l l u s t r a t e d  i n  f i g u r e  52. 

i n c r e a s e d  by d e c r e a s i n g  L*. 

Note t h a t  l i m i t s  c a n  be 

F i g u r e  52. E f f e c t  of L* on  Regenera t ive  DF 60148 
Cooling Chamber P r e s s u r e  L i m i t s  

b .  Coolant  Passage O p t i m i z a t i o n  

(1) C o n t r a c t  S t u d i e s  

A s  e x p l a i n e d i n  Paragraph  A 2 ,  c o o l a n t  passages were s i z e d  so t h a t  t h e  

combustion-side w a l l  t empera ture  was e q u a l  t o  t h e  maximum p e r m i s s i b l e  des ign  

v a l u e  a t  t h e  t h r o a t  s t a t i o n .  On e i t h e r  s i d e  of t h e  t h r o a t ,  passage w i d t h s  

w e r e  p e r m i t t e d  t o  i n c r e a s e  (whi le  m a i n t a i n i n g  t h e  w i d t h  e q u a l  t o  t h e  web 

t h i c k n e s s )  as r e q u i r e d  t o  s u i t  chamber geometry u n t i l  stress c o n s i d e r a -  

t i o n s  d i c t a t e d  branching .  With t h e  consequent  a r e a  s c h e d u l e ,  w a l l  t e m -  

p e r a t u r e s  were reduced i n  t h e  combustion chamber and nozz le  r e g i o n .  
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F igure  53 shows a t y p i c a l  p l o t  o f  w a l l  t empera ture  v e r s u s  chamber pos i -  

t i o n .  The w a l l  t empera ture  i s  e q u a l  t o  t h e  d e s i g n  v a l u e  o n l y  a t  t h e  t h r o a t  

and t h e r e f o r e  t h e  res t  of t h e  chamber i s  overcooled .  I n  the  overcooled 

a r e a s ,  t he  c o o l a n t  f i l m  c o e f f i c i e n t s  and hence c o o l a n t  v e l o c i t i e s  a r e  

h i g h e r  t han  r e q u i r e d .  I f  t h e  c o o l a n t  passage wid ths  a r e  i n c r e a s e d  i n  

the  overcooled a r e a s  so  t h a t  t h e  w a l l  t empera ture  i s  i n c r e a s e d ,  c o o l a n t  

v e l o c i t i e s  and hence c o o l a n t  p r e s s u r e  drop  can  be reduced .  

The c o o l a n t  p r e s s u r e  d rop  w i l l  be minimized when t h e  c o o l a n t  passages  

a r e  opt imized so t h a t  t h e  w a l l  t empera ture  i s  e q u a l  t o  t h e  d e s i g n  v a l u e  

throughout  t he  chamber. However, because most of t he  c o o l a n t  p r e s s u r e  

drop  occur s  i n  the  h i g h  h e a t  f l u x  r e g i o n s  of  t he  chamber, o p t i m i z a t i o n  

of  t he  c o o l a n t  passages  i n  t h e  combustion chamber and i n  t h e  t h r o a t  a r e a  

provides  the  most s i g n i f i c a n t  r e d u c t i o n  i n  c o o l a n t  p r e s s u r e  drop .  I n  t h e  

h i g h  expans ion  r a t i o  p o r t i o n  of  t he  nozz le  where the  h e a t  f l u x e s  a r e  low, 

t h e  c o o l a n t  p r e s s u r e  drop  i s  a l s o  low and thus  passage  o p t i m i z a t i o n  does 

no t  have a s i g n i f i c a n t  e f f e c t  on t h e  o v e r a l l  c o o l a n t  p r e s s u r e  drop .  

F i g u r e  53. V a r i a t i o n  of Combustion-Side Wall DF 60448 
Temperature With Chamber Loca t ion  
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S ince  t h e  c o o l a n t  p r e s s u r e  drop  c r i t e r i o n  s e t  t h e  r e g e n e r a t i v e  c o o l i n g  

l i m i t s  j u s t  p r e s e n t e d ,  c o o l a n t  passage  o p t i m i z a t i o n  can  b e  expec ted  t o  

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

The o p t i m i z a t i o n  procedure i s  a n  i t e r a t i v e  one r e q u i r i n g  t h e  comple t ion  

of s u c c e s s i v e  t h r u s t  chamber d e s i g n  c a l c u l a t i o n s  w i t h  ad jus tmen t  of i n p u t s  

between c a l c u l a t i o n s .  It i s  t h e r e f o r e  a much more unwieldy procedure than  

would be p r a c t i c a b l e  t o  u s e  i n  a s t u d y  of t h i s  n a t u r e .  The omiss ion ,  

however, s e r v e s  t o  make the  r e su l t s  c o n s e r v a t i v e .  

To determine how c o n s e r v a t i v e  t h e  l i m i t s  determined might be ,  op t imiza-  

t i o n  s t u d i e s  f o r  a 5000-lb t h r u s t  f lox/methane chamber were completed.  

I n  t h i s  o p t i m i z a t i o n ,  t h e  c o o l a n t  passage  wid ths  were i n c r e a s e d  t o  t h e  

maximum p e r m i s s i b l e  v a l u e ,  which w a s  d i c t a t e d  by e i t h e r  stresses o r  t h e  

assumed minimum land  wid th  of 0 .015- in .  The r e s u l t i n g  w a l l  t empera ture  

p r o f i l e  i s  shown i n  f i g u r e  53. A comparison of t h e  c o o l a n t  p r e s s u r e  

drops  f o r  op t imized  and unopt imized passages  i s  shown i n  f i g u r e  54. 

F i g u r e  54. Coolant  Passage P r e s s u r e  Drop 
Comparison f o r  Optimized and 
Unop t imized  Coolant  Passage 
Conf igu ra t ions  

DF 60449 
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Note from f i g u r e  54 t h a t  t h e  c o o l i n g  l i m i t s  would be  1190 p s i a  f o r  t h e  

op t imized  chamber r a t h e r  t h a n  t h e  quoted v a l u e  of 989 p s i a  f o r  t h e  

unopt imized chamber. F u r t h e r  o p t i m i z a t i o n  i s  p e r m i s s i b l e  by going  t o  a 

v a r i a b l e  d e p t h  pas sage ,  and hence t h e  c o o l i n g  l i m i t  could  be  i n c r e a s e d  

s t i l l  f u r t h e r  as d i s c u s s e d  i n  t h e  f o l l o w i n g  subparagraph .  

(2)  Independent  Thermal S k i n  S t u d i e s  

I n  c o n t i n u i n g  e f f o r t s  t o  ex tend  t h e  a p p l i c a b i l i t y  of  t h e  Thermal 

Sk in  t h r u s t  chamber d e s i g n ,  we have i n i t i a t e d  s t u d i e s  independent  of t h e  

C o n t r a c t  NAS3-11190 e f f o r t  t o  i n v e s t i g a t e  t h e  e f f e c t s  of t h e  l i m i t a t i o n s  

imposed by c u r r e n t  f a b r i c a t i o n  technology.  R e s u l t s  ob ta ined  t o  d a t e  i n  

t h e s e  s t u d i e s  are summarized i n  f i g u r e  55.  

at 

I I1 I11 IV V VI VI1 
d 

6 
w/s 
d/w 

Throat 

Thrust - 5OOO lbf 

m m m m m m m  
I1 I11 Iv V VI VI1 

F i g u r e  55. I n c r e a s e d  Chamber P r e s s u r e  With FD 245758 
F a b r i c a t i o n  Improvements 

This  i l l u s t r a t i o n  p r e s e n t s  chamber p r e s s u r e  r e g e n e r a t i v e  c o o l i n g  

l i m i t s  ( a s  s e t  by t h e  c o o l a n t  p r e s s u r e  d r o p  l i m i t a t i o n  of 50% Pc) f o r  

f lox /me thane ,  n i c k e l  t h r u s t  chambers a t  t h e  5000-lb t h r u s t  l e v e l  f o r  

t h e  optimum mix tu re  r a t i o  (5.75) and a c o n t r a c t i o n  r a t i o ,  an  expans ion  
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r a t i o ,  and a Qm/Qp of  4 ,  100, and 0.765, r e s p e c t i v e l y .  The b a r s  r e p r e s e n t  

c o o l i n g  l i m i t s  de te rmined  when t h e  assumptions r e l a t i n g  t o  c o o l a n t  passage  

d e p t h  (e) , h o t  w a l l  t h i c k n e s s  (6) , dep th /wid th  r a t i o  (//w) , and width/web 

t h i c k n e s s  (w/s) a r e  changed from those  used i n  d e f i n i n g  t h e  c o o l i n g  l i m i t s  

under C o n t r a c t  NAS3-11190. The f i r s t  b a r  shows t h e  c o o l i n g  l i m i t  

determined under t h e  c o n t r a c t  and, t hus  i s  cons ide red  the  b a s e  case. Note 

t h a t  t h i s  l i m i t  i s  

t h i c k n e s s  o f  0.025 

w / s  r a t i o  o f  1.0.  

case s t u d i e d  under 

combustion chamber 

t empera tu re  c l o s e r  

f o r  c o n s t a n t  d e p t h  c o o l a n t  pas sages ,  a c o n s t a n t  w a l l  

i n . ,  a maximum Q/w r a t i o  of 1.33, and a c o n s t a n t  

The second b a r  shows t h e  l i m i t  f o r  t h e  opt imized  

t h e  c o n t r a c t ,  i n  which c o o l a n t  passage  wid ths  i n  t h e  

and t h r o a t  r e g i o n  were i n c r e a s e d  t o  b r i n g  t h e  w a l l  

t o  t h e  d e s i g n  l i m i t  of 1700°F. This  moderate c o o l a n t  

passage  o p t i m i z a t i o n  i n c r e a s e d  t h e  c o o l i n g  l i m i t  t o  1190 p s i a .  

ca ses  (111 through VII)  show t h e  l e v e l s  t h a t  can  be achieved  w i t h  i m -  

provements i n  f a b r i c a t i o n  technology.  The assumptions f o r  which t h e s e  

l i m i t s  were ob ta ined  are g iven  below. 

The o t h e r  

0 Bar I11 shows the  e f f e c t  of i n c r e a s i n g  t h e  c o o l a n t  

passage  maximum dep th /wid th  r a t i o  from 1.33 t o  3 .0 .  

Note t h a t ,  f o r  t h i s  case, t h e  w / s  r a t i o  was maintained 

e q u a l  t o  one throughout  t h e  chamber. By comparing 

the  l i m i t  ob t a ined  wi th  b a r  I, t h e  e f f e c t  of i n c r e a s -  

i n g  the  maximum e / w  r a t i o  i s  seen  t o  be approximate ly  

50 p s i .  

0 B a r  I V  shows t h e  combined e f f e c t  of c o o l a n t  passage  

o p t i m i z a t i o n  and deeper  c o o l a n t  s l o t s .  Comparing 

t h i s  l i m i t  t o  t h e  base  case ( b a r  I) a n  i n c r e a s e  of 

approximate ly  600 p s i  i s  a p p a r e n t .  

0 Bar V shows t h e  e f f e c t  of d e c r e a s i n g  t h e  h o t - s i d e  w a l l  

t h i c k n e s s  from 0.025 t o  0.010 i n .  This  wall t h i c k n e s s  

r e d u c t i o n  has  the  e f f e c t  of i n c r e a s i n g  t h e  chamber p r e s -  

s u r e  c o o l i n g  l i m i t s  by approxifnately 300 p s i ,  as can  be 

s e e n  by comparing b a r s  I V  and V.  

i n c r e a s i n g  t h e  c o o l a n t  passage  dep th ,  c o o l a n t  passage  

o p t i m i z a t i o n  ( v a r i a b l e  w / s )  , and t h i n n e r  walls i s  t o  

i n c r e a s e  t h e  c o o l i n g  l i m i t  from 990 t o  1900 p s i a .  

The combined e f f e c t  of 
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Bar V I  shows the  c o o l a n t  l i m i t  t h a t  can be ob ta ined  

by va ry ing  h o t  w a l l  t h i c k n e s s .  A t  t h e  t h r o a t  s t a t i o n  

t h e  w a l l  t h i c k n e s s  would be  0.010 i n . ;  i n  t h e  com- 

b u s t i o n  chamber a t h i c k e r  w a l l  would be used.  

Bar V I 1  i l l u s t r a t e s  t h e  advantage  of u s i n g  v a r i a b l e  depth 

pas sages .  Comparing t h i s  l i m i t  t o  t h e  b a s e  c a s e ,  a n  

i n c r e a s e  of from 990 t o  2800 p s i a  i n  the  c o o l i n g  l i m i t s  

can  be r e a l i z e d .  

The advantages  of t h e  fo rego ing  chamber c o o l a n t  passage  c o n f i g u r a t i o n s  

a t  a chamber p r e s s u r e  l e v e l  of 1000 p s i a  a r e  shown i n  f i g u r e s  56 and 57.  

F i g u r e  56 compares t h e  w a l l  t empera ture  p r o f i l e s  t h a t  are ob ta ined  w i t h  

t h e  v a r i o u s  assumpt ions .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  on ly  by going 

t o  v a r i a b l e  dep th  passages  and v a r i a b l e  h o t  w a l l  t h i c k n e s s  can  a n e a r l y  

c o n s t a n t  wal l  tempera ture  p r o f i l e  be  achieved  i n  the  combustion chamber. 

Fur thermore ,  f o r  t h i s  case the  nozz le  p o r t i o n  of the  chamber i s  s t i l l  

overcooled .  

I 

Flox/CH 4 
1.2 

F - 5000 lbf 

" 
0 1.0 2.0 3.0 4.0 

FLOW DISTANCE/FLOW DISTANCE TO THROAT 

F i g u r e  56. Wall Temperature P r o f i l e  f o r  
Various Thermal Skin  Channel 
Designs 

FD 24646A 
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AT 1000 psid CHAMBER PRESSURE 

F i g u r e  57.  Required Coolant  P r e s s u r e  Drop FD 24644A 
a t  Pc = 1000 p s i a  

Coolant  j a c k e t  p r e s s u r e  d r o p s  a t  1000-psia  chamber p r e s s u r e  are  

shown i n  f i g u r e  57 f o r  each of t h e  c o n f i g u r a t i o n s .  The c o o l a n t  j a c k e t  

AP d e c r e a s e s  s i g n i f i c a n t l y  as t h e  wall  tempera ture  approaches t h e  d e s i g n  

v a l u e  throughout  t h e  chamber. However, a l t h o u g h  s t a r t l i n g  g a i n s  i n  

maximum chamber p r e s s u r e  occur  as more complex s t r u c t u r a l  c o n f i g u r a t i o n s  

are i n c o r p o r a t e d ,  (see f i g u r e  55), f i g u r e  57 shows t h e  j a c k e t  p r e s s u r e  

drop  achieved  f o r  a 1000-psia  chamber p r e s s u r e  engine  does n o t  d e c r e a s e  

i n  p r o p o r t i o n .  The p r e s s u r e  loss f o r  c o o l a n t  passage  o p t i m i z a t i o n ,  

i n c r e a s e d  passage  d e p t h ,  and reduced w a l l  t h i c k n e s s  (Case V) i s  n o t  much 

g r e a t e r  than  t h a t  which can be achieved  when a l l  r e s t r a i n t s  are n e g l e c t e d  

(Case VII). 

4 .  Off-Design Opera t ion  

A t  t h e  r e q u e s t  of t h e  NASA Program Manager, d e t a i l e d  h e a t  t r a n s f e r  

s t u d i e s  of o f f - d e s i g n  o p e r a t i o n  were made a t  t h e  8000-lb t h r u s t  level 

u s i n g  f lox lmethane ,  0F2/55% methane - 45% e t h a n e ,  and OF /propane pro-  

p e l l a n t s .  The 8000-lb t h r u s t  chambers were des igned  f o r  o p e r a t i o n  a t  a 

500-psia chamber p r e s s u r e  l e v e l  w i t h  a t h r o a t  w a l l  t empera ture  of 1700°F 

2 
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for*Qm/Qp = 1.0 ( i .e . ,  f o r  no  h e a t  r e d u c t i o n  due t o  ca rbon  d e p o s i t i o n  on 

t h e  chamber w a l l s ) .  t o  t h e  average v a l u e s  

and of v a r y i n g  chamber p r e s s u r e  from t h e  d e s i g n  p o i n t  were then  a s s e s s e d .  

The t h r u s t  chamber material w a s  n i c k e l  i n  a l l  cases. R e s u l t s  o b t a i n e d  

are p r e s e n t e d  i n  f i g u r e s  58 through 6 3 .  

The e f f e c t s  o f  r educ ing  Q /Q 
m P  

Note t h a t  

1. A t  t h e  d e s i g n  p o i n t ,  t h e  c o o l i n g  j a c k e t  p r e s s u r e  drop  i s  
h i g h e s t  w i t h  methane, b u t  s t i l l  w i t h i n  t h e  1 / 2  chamber 
p r e s  s u r e  l i m i t  . 

t h e  c o o l a n t  e x i t  t empera tu re  a r e  lower f o r  ave rage  v a l u e s  
of Qm/Qp t h a n  f o r  Qm/Qp = 1 .0 .  

For  e i t h e r  v a l u e  of QI?/Qp (average o r  1.0) and f o r  a l l  
t h r e e  p r o p e l l a n t  combina t ions  ) t h e  c o o l a n t  p r e s s u r e  d rops  and 
w a l l  t empera tu res  i n c r e a s e )  and c o o l a n t  e x i t  t empera tu res  
d e c r e a s e  w i t h  i n c r e a s i n g  chamber p r e s s u r e .  

2 .  The c o o l a n t  p r e s s u r e  d r o p ,  t h r o a t  w a l l  t empera tu re )  and 

3 .  

Based on t h e s e  i n d i c a t i o n s ,  i t  can  b e  concluded t h a t  t h e  t h r u s t  chamber 

c o o l i n g  j a c k e t  should b e  des igned  f o r  t h e  h i g h e s t  chamber p r e s s u r e  level 

i n  t h e  o p e r a t i n g  r ange .  

5 .  Lower Regenera t ive  Cooling L i m i t s  S e t  By B o i l i n g  Cons ide ra t ion  

I n  t h e  p reced ing  pa rag raphs ,  a t t e n t i o n  was devoted e n t i r e l y  t o  t h e  

upper chamber p r e s s u r e  l i m i t s  f o r  r e g e n e r a t i v e  c o o l i n g .  The lowes t  

chamber p r e s s u r e  a t  which r e g e n e r a t i v e  c o o l i n g  c a n  be  employed w i t h o u t  

r i s k i n g  t r a n s i t i o n  i n t o  t h e  f i l m  b o i l i n g  r e g i o n  was a l s o  de te rmined .  I n  

e s t a b l i s h i n g  t h e  lower c o o l i n g  l i m i t s ,  t h e  two c o n d i t i o n s  under  which 

f i l m  b o i l i n g  c a n  occur ,  b u l k  b o i l i n g  and h igh  h e a t  f l u x e s ,  were con- 

s i d e r e d  (see Appendix E ) .  Fo r  b u l k  b o i l i n g ,  t h e  s a t u r a t i o n  s t a t e  d e f i n e s  

t h e  maximum a l l o w a b l e  c o o l a n t  c o n d i t i o n  and t h e r e f o r e  t h e  approach t a k e n  

was t h e  same a s  t h a t  fol lowed i n  t h e  f e a s i b i l i t y  s t u d y .  For  i n s t a n c e s  

i n  which b u l k  b o i l i n g  was n o t  a problem, h e a t  f l u x  levels  w e r e  compared 

t o  t h e  upper l i m i t  h e a t  f l u x  f o r  n u c l e a t e  b o i l i n g  t o  check  f o r  subcooled 

f i l m  b o i l i n g .  
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The lower chamber pressure c o o l i n g  l i m i t s  s e t  by t h e  b u l k  b o i l i n g  

c o n s i d e r a t i o n  a r e  p re sen ted  i n  t a b l e  X I .  Both methane and t h e  methane- 

e thane  b l end  have low l i q u i d  phase h e a t  c a p a c i t i e s  and thus  c a n  n o t  be  

used a s  s u b c r i t i c a l  c o o l a n t s  w i t h o u t  o p e r a t i n g  i n  t h e  b u l k  b o i l i n g  regime.  

Consequent ly ,  t h e  lower chamber p r e s s u r e  l i m i t s  f o r  f lox/methane and 

OF2/55% methane - 45% e thane  were e s t a b l i s h e d  by t h e  lowes t  chamber 

p r e s s u r e  t h a t  has  a s u p e r c r i t i c a l  c o o l a n t  p ressure  a t  t h e  h e a t  exchanger  

e x i t  . 
Propane and bu tene -1  have l a r g e  l i q u i d  phase h e a t  c a p a c i t i e s  and 

thus  c a n  be  used a s  s u b c r i t i c a l  c o o l a n t s  a t  chamber p r e s s u r e s  down t o  

100 p s i a  wi thou t  r e a c h i n g  t h e  s a t u r a t i o n  s t a t e  and hence t h e  bu lk  b o i l i n g  

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

subcooled f i l m  b o i l i n g .  A s  chamber p r e s s u r e  i s  i n c r e a s e d  above 100 p s i a ,  

t h e  h e a t  f l u x  a t  t h e  t h r o a t  i n c r e a s e s  u n t i l ,  a t  some l e v e l ,  t h e  upper  

l i - m i t  h e a t  f l u x  f o r  n u c l e a t e  b o i l i n g  i s  exceeded.  Under t h i s  c o n d i t i o n ,  

even though t h e  o v e r a l l  e n t h a l p y  r i s e  i s  low, h igh  l o c a l  h e a t  f l u x e s  i n  

the  chamber p r o h i b i t  t h e  use  of r e g e n e r a t i v e  c o o l i n g  u n t i l  t h e  p r e s s u r e  

i n  the  c o o l a n t  j a c k e t  r eaches  a s u p e r c r i t i c a l  l eve l .  

F i g u r e s  64 and 65 show t h e  chamber p r e s s u r e s  a t  which subcooled 

f i l m  b o i l i n g  w i l l  occur  w i t h  OF2/butene-1 a t  1000-lb t h r u s t  and OF2/propane 

a t  20,000-lb t h r u s t  r e s p e c t i v e l y .  I n  b o t h  f i g u r e s ,  cu rves  d e f i n i n g  t h e  

v a r i a t i o n  i n  t h r o a t  h e a t  f l u x  w i t h  chamber p r e s s u r e  a r e  compared w i t h  

curves f o r  t h e  upper  l i m i t  h e a t  f l u x  f o r  n u c l e a t e  b o i l i n g .  The upper  

l i m i t  h e a t  f l u x  v a l u e s  a r e  computed by equa t ions  developed by P r a t t  & 

Whitney A i r c r a f t  g i v e n  i n  Appendix E .  

F i g u r e s  64 and 65 show t h a t  subcooled  f i l m  b o i l i n g  would n o t  

occur  u n t i l  chamber p r e s s u r e s  of approximate ly  260 p s i a  f o r  bu tene -1  o r  

140 p s i a  f o r  propane were reached .  T h e r e f o r e ,  t h e s e  two f u e l s  can be  

used  a s  s u b c r i t i c a l  c o o l a n t s  from t h e s e  respective chamber p r e s s u r e  

l e v e l s  t o  below 100 p s i a .  Because they  c a n  a l s o  be  used a s  s u p e r c r i t i c a l  

c o o l a n t s  a t  h igh  chamber p r e s s u r e s ,  t hey  have two r e g i o n s  of  a p p l i c a b i l i t y ,  

one f o r  s u b c r i t i c a l  p r e s s u r e s  and one f o r  s u p e r c r i t i c a l  p r e s s u r e s .  These 

r e g i o n s  a r e  i l l u s t r a t e d  and d i s c u s s e d  f u r t h e r  i n  t h e  fo l lowing  summary. 
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C .  SUMMARY OF RESULTS 

F i g u r e s  66 through 70 summarize t h e  r e s u l t s  o b t a i n e d  i n  t h e  d e t a i l e d  

h e a t  t r a n s f e r  s t u d y .  The f i r s t  t h r e e  of t h e s e  f i g u r e s  i l l u s t r a t e  

t h e  r e g i o n s  (on chamber p r e s s u r e  - nozz le  expans ion  r a t i o  maps) i n  which 

r e g e n e r a t i v e  c o o l i n g  can  b e  used a t  t h e  1000, 5000, and 20,000-lb t h r u s t  

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

of 4 ,  optimum mixture  r a t i o s ,  n i c k e l  200 t h r u s t  chamber m a t e r i a l ,  maximum 

w a l l  t empera tu re  e q u a l  t o  1700"F, and ave rage  v a l u e s  f o r  t h e  Qm/Q 

The c o o l i n g  j a c k e t  i n l e t  p ressure /chamber  p r e s s u r e  r a t i o  w a s  s e l e c t e d  f o r  

t h e  r e s p e c t i v e  p r o p e l l a n t  combina t ions  based on engine  c y c l e  c o n s i d e r a t i o n s .  

f a c t o r .  
P 

The c o o l i n g  r e g i o n s  f o r  f lox lme thane  and t h e  OF 155% methane - 45% e thane  
2 

blend a r e  c o n t i n u o u s .  Throughout t h e  r e g i o n s  shown f o r  t h e s e  two pro-  

p e l l a n t s ,  t h e  f u e l  c o o l a n t  would be  a t  s u p e r c r i t i c a l  p r e s s u r e s .  For  

OF /bu tene -1  and OF /propane ,  two c o o l i n g  r e g i o n s ,  one f o r  s u p e r c r i t i c a l  

and the  o t h e r  f o r  s u b c r i t i c a l  c o o l a n t  p r e s s u r e s ,  a r e  shown. The super -  

c r i t i c a l  and s u b c r i t i c a l  r e g i o n s  a r e  s e p a r a t e d  by a r e a s  i n  which subcooled 

f i l m  b o i l i n g  i s  a n t i c i p a t e d  and t h e r e f o r e  i n  which r e g e n e r a t i v e  c o o l i n g  

i s  n o t  p r a c t i c a b l e .  

2 2 
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F i g u r e  69 i l l u s t r a t e s  t h e  c o o l i n g  r e g i o n s  f o r  f lox lmethane  and 

OF2/55% methane - 45% e t h a n e  f o r  t h e  case of  no h e a t  r e d u c t i o n  ( i . e . ,  

f o r  Qm/Qp = 1). 

o f  t h e  Qm/Qp f a c t o r  can  be r e a l i z e d .  

By comparing t h i s  f i g u r e  w i t h  f i g u r e  67,  t h e  e f f e c t  
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The l as t  f i g u r e  ( f i g u r e  70) shows t h e  a p p l i c a b l e  r e g e n e r a t i v e  cool -  

i n g  r e g i o n  f o r  f lox lmethane  (which was e v a l u a t e d  a t  a l l  t h r u s t  l e v e l s )  

on a chamber p r e s s u r e  - t h r u s t  map. Th i s  i s  t h e  same type  map t h a t  was 

ob ta ined  i n  the  f e a s i b i l i t y  s tudy .  By comparing f i g u r e  70 w i t h  t h e  

co r re spond ing  map o b t a i n e d  f o r  f lox lmethane  i n  the  f e a s i b i l i t y  s t u d y  

( f i g u r e  3 3 ) ,  i t  can be  seen  t h a t  l i m i t s  a s s o c i a t e d  wi th  l o c a l  h e a t  

f l u x  c o n d i t i o n s  and c o o l a n t  passage  d e s i g n s  (namely t h e  c o o l a n t  j a c k e t  

p r e s s u r e  d rop  l i m i t a t i o n  of 112 chamber p r e s s u r e )  r e s t r i c t  r e g e n e r a t i v e  

c o o l i n g  t o  a s m a l l e r  a r e a  than  t h a t  i n d i c a t e d  when o n l y  high c o o l a n t  

t empera tu re  l i m i t s  de te rmined  u s i n g  c o o l a n t  h e a t  c a p a c i t i e s  a r e  cons ide red .  
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SECTION V I  
ENGINE CYCLE STUDIES 

A.  INTRODUCTION 

To p rov ide  performance informa t i o n  t h a t  would supplement h e a t  t r a n s f e r  

s t u d i e s  f o r  p r o p e l l a n t  e v a l u a t i o n ,  eng ine  c y c l e  s t u d i e s  were accomplished 

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

was c o n c e n t r a t e d  on a comparison of h i g h  chamber p r e s s u r e  turbo-expander  

and gas  g e n e r a t o r  engine  c y c l e s  a t  t h e  5000-lb t h r u s t  (which was cons ide red  

a l i k e l y  l e v e l  f o r  subsequent  hardware d e s i g n ) .  The p r o p e l l a n t  combina t ions  

f lox lme thane ,  OF2/55% methane - 45% e t h a n e ,  OF /propane and OF /methane were 

cons ide red  i n  t h e  s t u d i e s ;  bu tene-1  was n o t  t r e a t e d ,  s i n c e  i t  i s  more 

a p p r o p r i a t e  f o r  low chamber p r e s s u r e ,  p re s su re - f ed  a p p l i c a t i o n s  . 

f 

2 2 

B.  TURBO-EXPANDER CYCLE 

Turbo-expander engine  c y c l e s  r e l y  upon t h e  energy  absorbed by t h e  

c o o l a n t ,  which i s  the  t u r b i n e  working f l u i d  t o  power the turbopumps 

( f i g u r e  7 1 ) .  Thus engine  o p e r a t i n g  l i m i t s  a r e  dependent  upon f u e l  

p r o p e r t i e s  and t h r u s t  chamber h e a t  t r a n s f e r .  Heat t r a n s f e r  and c y c l e  

s t u d i e s  i n d i c a t e d  t h a t  ene rgy  absorbed i s  adequate  t o  power the  t u r b i n e  

when methane and t h e  55% methane - 45% e t h a n e  blend a r e  used. The 

p r o p e r t i e s  o f  t he  o t h e r  f u e l s  cons ide red  i n  the  d e t a i l e d  h e a t  t r a n s f e r  

s t u d i e s ,  butene-1 and propane ,  do n o t  s u i t  them f o r  a p p l i c a t i o n  t o  t h e  

expander  system. Expander c y c l e  s t u d i e s  were t h e r e f o r e  conf ined  t o  

me thane and t h e  me thane-e thane  b lend .  

F i g u r e  72 shows t h e  v a r i a t i o n  i n  turbo-expander  c y c l e  chamber p r e s -  

s u r e  limits w i t h  Q /Q 
methane,  OF2/methane, and OF2/55% methane - 45% e t h a n e .  

assumed t h e  u s e  of n i c k e l  t h r u s t  chambers. Both c o o l a n t  j a c k e t  p r e s s u r e  

drop  and t empera tu re  r ise  w e r e  v a r i e d  w i t h  chamber p r e s s u r e  and Q /Q 

as r e q u i r e d  f o r  j a c k e t  c o o l i n g .  

h igh-speed  p a r t i a l - a d m i s s i o n  t u r b i n e s  w i t h  e f f i c i e n c y  l e v e l s  of 70%. 

r a t i o  a t  t h e  5000-lbf  t h r u s t  l e v e l  f o r  f l o x /  

The l i m i t s  
m P  

m P  
The l i m i t s  g i v e n  were gene ra t ed  assuming 
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Note i n  f i g u r e  72 t h a t  t h e  OF2/methane limits exceed t h o s e  of t h e  

f lox/methane p r o p e l l a n t  combinat ion f o r  Qm/Qp l e v e l s  g r e a t e r  t han  0 . 8 6 4 ,  

whereas f o r  lesser Q /Q va lues  t h e  r e v e r s e  is t r u e .  The i n t e r r e l a t i o n -  

s h i p s  between j a c k e t  c o o l a n t  flow ra te ,  p r e s s u r e  d rop ,  and tempera ture  

r ise are  r e s p o n s i b l e  f o r  t h i s  c h a r a c t e r i s t i c .  

m P  

The a t t a i n a b l e  o p e r a t i n g  chamber p r e s s u r e s  f o r  OF /55% methane - 2 
45% e t h a n e  a r e  the lowes t  o f  t h e  t h r e e  cons idered  p r o p e l l a n t  combina t ions .  

These low a t t a i n a b l e  chamber p r e s s u r e  l i m i t s  a r e  d i r ec t  r e s u l t s  o f  t h e  

low amounts o f  energy  absorbed by t h e  c o o l a n t  o r  working f l u i d  (approximate ly  

76% of  t h a t  absorbed Tn t h e  f lox/methane c y c l e ) .  

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

t u r b i n e  work and hence t h e  lower l i m i t s .  

,* 

The reduced energy  

Mixture Ratio Contro 

F i g u r e  71 .  Turbo-Expander Schematic  FD 1281u) 
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F i g u r e  72. E f f e c t  o f  Heat T r a n s f e r  
On Expander Cycle L i m i t  

C .  GAS GENERAmR CYCLE 

DF 60434 

The chamber p r e s s u r e  l i m i t s  f o r  t he  gas  g e n e r a t o r  c y c l e  a r e  a f f e c t e d  

by  t h r u s t  chamber h e a t  t r a n s f e r  o n l y  t o  a smal l  e x t e n t .  However, t h e  

c y c l e  i s  s u b j e c t  t o  s p e c i f i c  impulse l o s s e s  t h a t  r e s u l t  from t h e  d i v e r s i o n  

o f  smal l  q u a n t i t i e s  of o x i d i z e r  and f u e l  t o  t h e  gas  g e n e r a t o r  f o r  t u r b i n e  

power ( f i g u r e  73). The e x t e n t  of  t h e s e  l o s s e s  f o r  t h e  f lox/methane,  

OF2/methane, 0F2/55% methane - 45% e thane ,  and the  OFz/propane p r o p e l l a n t  

combina t ions ,  f o r  a t h r u s t  l e v e l  of  5000 l b f  is shown i n  f i g u r e  74 f o r  

ave rage  Qm/Q r a t i o s  and i n  f i g u r e  75 f o r  Qm/Q = 1.0.  The l o s s e s  

were minimized by assuming t h a t  t h e  t u r b i n e  exhaus t  g a s e s  were expanded 

through a nozz le  having a n  expansion r a t i o  of 60 t o  provide  u s e f u l  t h r u s t .  

A s  f o r  t h e  expander c y c l e ,  n i c k e l  t h r u s t  chambers were assumed. 

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

levels  o f  chamber p r e s s u r e  because o f  i n c r e a s e d  pump head r ise and horse-  

power r e q u i r e m e n t s ;  t h i s  i n c r e a s e  i s  r e f l e c t e d  i n  g r e a t e r  t u r b i n e  f low 

requi rements .  Also t h e  l o s s e s  i n c r e a s e  as Q /Q i n c r e a s e s  from t h e  

average  v a l u e  t o  1.0 because h i g h e r  c o o l a n t  j a c k e t  p r e s s u r e  d r o p s  and 

hence h i g h e r  pump d i s c h a r g e  p r e s s u r e s  are r e q u i r e d  w i t h  Qm/Q 

m P  

= 1.0. P 

Note from f i g u r e s  74  and 75 t h a t  t h e  s p e c i f i c  impulse l o s s  is gener -  

a l l y  less w i t h  t h e  more dense  f u e l s .  T h i s  i s  t h e  r e s u l t  o f  lower r e q u i r e d  

j a c k e t  c o o l a n t  p r e s s u r e  drops  w i t h  t h e s e  f u e l s  and hence lower pump head 

rise and t u r b i n e  work requi rements .  The n o t a b l e  e x c e p t i o n  t o  t h i s  i s  

t h e  OF 155% methane - 45% e t h a n e  p r o p e l l a n t  combinat ion which,  f o r  

chamber p r e s s u r e s  less t h a n  a b o u t  650 p s i a ,  demonst ra tes  l o s s  v a l u e s  

g r e a t e r  than t h o s e  f o r  t h e  methane p r o p e l l a n t  combinat ions.  T h i s  

e x c e p t i o n  i s  caused by t h e  h i g h  c r i t i c a l  p r e s s u r e  of  the  methane-ethane 

b lend .  To avoid t h e  b u l k  b o i l i n g  h e a t  t r a n s f e r  regime,  t h e  j a c k e t  

c o o l a n t  d i s c h a r g e  p r e s s u r e  was maintained above c r i t i c a l .  The 55% methane - 
45% e t h a n e  blend h a s  a h i g h  c r i t i c a l  p r e s s u r e  of  976 p s i a .  

t h e  a t t e m p t  t o  hold t h e  i n j e c t o r  i n l e t  p r e s s u r e  a t  115% of  chamber p r e s s u r e  

and circumvent  t h e  bulk  b o i l i n g  h e a t  t r a n s f e r  regime f a i l e d  a t  a l l  chamber 

p r e s s u r e s  less  t h a n  845 p s i a .  E l i m i n a t i o n  o f  b o i l i n g  r e q u i r e d  t h a t  t h e  

j a c k e t  c o o l a n t  d i s c h a r g e  p r e s s u r e  be maintained a t  976 p s i a  f o r  a l l  

chamber p r e s s u r e  v a l u e s  below 845 p s i a  l eve l .  This  requirement  re- 

s u l t e d  i n  h i g h  pump head r i se  and horsepower requi rements  and hence 

i n c r e a s e d  s p e c i f i c  impulse l o s s e s .  

2 

Consequent ly ,  

Main Chamber Cooling Flow 

Gee Generator Node 

Oxidizer Control Valve 

F i g u r e  7 3 .  Gas Genera tor  Schematic FD 23485 
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F i g u r e  74. V a r i a t i o n  i n  Impulse Loss With DF 60435 
Chamber P r e s s u r e  f o r  Gas Generator  
Cycles a t  Average Qm/Q P 

F i g u r e  75. V a r i a t i o n  i n  Impulse Loss  With DF 60436 
Chamber P res su re  f o r  Gas Generator  
Cycles a t  Qm/Q, = 1 .0  
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For methane and propane,  w i t h  c r i t i c a l  p r e s s u r e s  of  673 p s i a  and 

619 p s i a , r e s p e c t i v e l y ,  f u e l  i n j e c t o r  i n l e t  p r e s s u r e s  were he ld  t o  115% 

of  chamber p r e s s u r e  a s  long  a s  t h e s e  v a l u e s  exceeded the  c r i t i c a l  p r e s s u r e .  

A s  a r e s u l t ,  pump head ,  t u r b i n e  work, and hence impulse loss  v a l u e s  were 

minimized. 

D. 

and 

1.0 

PERFORMANCE COMPARISON 

F i g u r e s  76and 77 compare i d e a l  performance* f o r  bo th  t h e  expander 

gas  g e n e r a t o r  c y c l e s  a t  a 5000-lbf  t h r u s t  l e v e l  f o r  average  and 

Qm/Qp r a t i o s ,  r e s p e c t i v e l y .  Regard less  of  t he  chamber p r e s s u r e  o r  

Qm/Qp r a t i o  l e v e l s  c o n s i d e r e d ,  h e a t  t r a n s f e r  and c y c l e  l i m i t s  n o t w i t h s t a n d i n g ,  

t he  f lox/methane expander c y c l e  provides  the  h i g h e s t  va lue  of  i d e a l  

vacuum s p e c i f i c  impulse.  

d e s i r e  t o  p r e s s  f o r  chamber p r e s s u r e  l e v e l s  g r e a t e r  t han  approximate ly  

700 p s i a  exceeds the  b e n e f i t s  of h igh  d e l i v e r e d  performance,  t he  f l o x /  

methane turbo-expander  c y c l e  r e p r e s e n t s  t he  most f avorab le  engine  con- 

f i g u r a t i o n .  Fur thermore ,  i f  t he  t h r u s t  chamber c o o l i n g  j a c k e t  c o o l a n t  

passage c o n f i g u r a t i o n  were opt imized ( see  S e c t i o n  V ,  Paragraph B3a) s o  

t h a t  the  w a l l  t empera ture  were c o n s t a n t  throughout  t h e  chamber, the  c o o l i n g  

j a c k e t  p r e s s u r e  d r o p  would be reduced and o p e r a t i o n  a t  chamber p r e s s u r e s  

h i g h e r  t han  700 p s i a  could  be accomplished wi th  f lox /methane .  

- 

It i s  t h e r e f o r e  cons ide red  t h a t ,  u n l e s s  t h e  

* I d e a l  performance i s  de f ined  a s  t h e  performance level f o r  'I * = 100% 
and qCF = 100%. 
t o  t h e o r e t i c a l ,  and i d e a l  gas  g e n e r a t o r  c y c l e  performance i s  e q u a l  t o  
t h e o r e t i c a l  l e s s  the  impulse l o s s  r e s u l t i n g  from p r o p e l l a n t  use i n  the  
gas  g e n e r a t o r .  

C 
The re fo re ,  i d e a l  expander c y c l e  performance i s  equa l  
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F igure  76. T h e o r e t i c a l  Performance Comparison DF 60437 
of 5 K  Thrus t  Level  Expander and Gas 
Generator  Cycles a t  Average %/Q 

P 

F igure  77. T h e o r e t i c a l  Performance Comparison DF 60438 
of 5 K  Thrus t  Level Expander and Gas 
Generator  Cycles a t  Qm/Q, = 1.0 
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APPENDIX A 
THERMAL SKINTM CJIAMBERS 

A new approach f o r  f a b r i c a t i o n  of r e g e n e r a t i v e l y  cooled  r o c k e t  engine  

t h r u s t  chambers,  c a l l e d  Thermal Sk in ,has  been developed and demonstrated 

a t  P r a t t  & Whitney A i r c r a f t ' s  F l o r i d a  Research and Development Center .  

The Thermal Sk in  concept  f e a t u r e s  a bonded sandwich c o n s t r u c t i o n  of 

p l a t e s  (wi th  preformed i n t e r n a l  c o o l i n g  passages )  , which a r e  formed intcr 

t h r u s t  chamber c o n t o u r s .  The c o o l a n t  passages i n  t h e  Thermal Skin  

p l a t e s  are  engraved by a photochemical  m i l l i n g  p rocess  t h a t  i s  con- 

t r o l l a b l e  and r a p i d ,  and r e q u i r e s  no s p e c i a l  t o o l i n g  o t h e r  t han  a photo-  

g raph ic  master. 

To demonst ra te  t h e  f e a s i b i l i t y  of t h e  Thermal Skin concep t ,  two sub-  

scale r o c k e t  t h r u s t  chambers (1 ,000-lb t h r u s t  a t  300 p s i a  chamber 

p r e s s u r e )  were f a b r i c a t e d  from n i c k e l  f o r  t e s t s  w i t h  f luo r ine /hydrogen  

p r o p e l l a n t s .  F i g u r e  A-1  i l l u s t r a t e s  t he  f a b r i c a t i o n  s t e p s .  A f t e r  t h e  

coo lan t  passages were s i z e d ,  a n  engrav ing  mas ter  w a s  made and then used 

f o r  engrav ing  t h e  passages i n t o  t h e  n i c k e l  p l a t e s .  The engraved plates 

were then  brazed t o g e t h e r ,  formed t o  t h e  d e s i r e d  c o n t o u r ,  trimmed and 

placed on a welding f i x t u r e  so t h e y  could  be seam-welded t o g e t h e r .  A f t e r  

t h e  welding o p e r a t i o n ,  t h e  c o o l a n t  i n l e t  and e x i t  manifolds  were added 

t o  complete  t h e  chamber c o n s t r u c t i o n .  

shown i n  f i g u r e  A - 1 .  

A completed t h r u s t  chamber i s  

Seven t e s t s  were made w i t h  t h e  Thermal Skin  chambers a t  chamber p r e s -  

s u r e s  from 300 t o  820 p s i a  u s i n g  f luo r ine /hydrogen  p r o p e l l a n t s  a t  mix tu re  

r a t i o s  from 8 t o  13 .3 .  The chambers were cooled  w i t h  gaseous hydrogen. 

The t o t a l  accumulated f i r i n g  t i m e  w a s  145 seconds .  A photograph t aken  

d u r i n g  one o f  t h e  t es t  f i r i n g s  is shown i n  f i g u r e  A-2 ,  A p o s t - t e s t  chamber 

photograph is shown i n  f i g u r e  A-3.. The t h r o a t  h e a t  f l u x  f o r  t h e  820-ps ia  

chamber p r e s s u r e  t es t  h a s  been c a l c u l a t e d  

compares t o  c a l c u l a t e d  v a l u e s  of  13 and 17 Btu / in2-sec  f o r  t h e  RLlO and 

52  engines ,  r e s p e c t i v e l y .  

t o  be 32 B tu / in2 - sec ,  which 
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Engraved Plates Brazed Together 

Staves on Welding Mandrel ' ,. 
> '  

Completed Thermal 
Skin TM Chamber 

F i g u r e  A - 1 .  Thermal Skinm T h r u s t  Chamber 
F a b r i c a t i o n  

A- 2 

GS 7035A 
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F i g u r e  A - 2 .  Photograph o f  1 K  Engine During FE 64950 
H o t  F i r i n g  Tes t  

F i g u r e  A - 3  e Thermal S k i n m  Chamber Assembly FE 62698 
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Based on t h e  s u b s c a l e  Thermal Skin  chamber demonst ra t ion  program and 

des ign  s t u d i e s  f o r  o t h e r  a p p l i c a t i o n s ,  t h e  fo l lowing  advantages have 

become appa ren t  f o r  Thermal Skin  t h r u s t  chambers: 

1. The c o o l a n t  passage  flow a r e a  c a n  be v a r i e d  a long  t h e  
l e n g t h  of t h e  chamber t o  permi t  c l o s e  matching of t h e  
c o o l a n t  h e a t  t r a n s f e r  c o e f f i c i e n t  w i t h  l o c a l  h e a t  f l u x e s .  
This  f e a t u r e  can  be used t o  minimize t h e  c o o l a n t  p r e s s u r e  
drop .  

ach ieved  t o  minimize stresses i n  t h e  la rge-d iameter  por -  
t i o n s  of  t h e  t h r u s t  chamber. 

2 .  I n t e r n a l  branching  o f  t h e  c o o l a n t  s l o t s  can  be r e a d i l y  

3 .  The t h i c k n e s s  of  t he  metal web s e p a r a t i n g  t h e  c o o l a n t  
passages can be s i z e d  t o  provide  i n t e r n a l  h e a t  conduct ion  
w i t h i n  the  Thermal Skin  w a l l  so t h a t  t h e  webs a r e  e f f e c t i v e  
c o o l i n g  f i n s .  The degree  t o  which t h e  f i n  e f f e c t  can  be 
used depends on t h e  w a l l  h e a t  f l u x ,  thermal  c o n d u c t i v i t y  of 
t h e  w a l l  m a t e r i a l ,  passage spac ing  and h e i g h t ,  and w a l l  
t h i c k n e s s .  By j u d i c i o u s  c h o i c e  of d imens iona l  pa rame te r s ,  
i t  is  p o s s i b l e  t o  make t h e  e f f e c t i v e  a r e a  f o r  h e a t  r e j e c t i o n  
t o  t h e  c o o l a n t  g r e a t e r  t h a n  t h e  a r e a  of a b s o r p t i o n  from t h e  
combustion g a s e s .  This  f e a t u r e  improves t h e  c o o l i n g  
c a p a b i l i t y  of t h e  w a l l  f o r  a g iven  c o o l a n t  p r e s s u r e  drop o r ,  
conve r se ly ,  minimizes t h e  r e q u i r e d  c o o l a n t  p r e s s u r e  drop  
f o r  a g iven  h e a t  l oad .  

4 .  The smooth w a l l  i n  c o n t a c t  w i t h  t h e  combustion g a s e s ,  a s  
c o n t r a s t e d  t o  t h e  s u r f a c e  provided by t u b u l a r  c o n s t r u c t i o n ,  
reduces  t o t a l  h e a t  flow t o  t h e  c o o l a n t  by minimizing t h e  
chamber s u r f a c e  a r e a  f o r  a g iven  chamber d i ame te r .  

5 .  The m a t e r i a l s  used f o r  t h e  v a r i o u s  l a y e r s  can be s e l e c t e d  
t o  provide  t h e  b e s t  combinat ion of thermal  and s t r u c t u r a l  
performance.  

6 .  T h r u s t  chamber f a b r i c a t i o n  i s  s i m p l i f i e d ;  t h i s  r e s u l t s  i n  
reduced c o s t s  and s h o r t e r  l ead  t ime f o r  Thermal Skin  
chambers than  f o r  t u b u l a r  w a l l  chambers. 

7 .  Thermal Sk in  chambers can  be des igned  f o r  l i g h t w e i g h t  u n i t s .  
The weight  of  a f lox/methane 10,000-lb t h r u s t ,  500-psia  
chamber p r e s s u r e ,  6 0  expans ion  r a t i o  t h r u s t  chamber has  
been e s t ima ted  t o  be approximate ly  85 l b .  

The advantage o f  Thermal Sk in  c o n s t r u c t i o n  over  t u b u l a r  w a l l  con- 

s t r u c t i o n  f o r  a p p l i c a t i o n  i n  the  1000 t o  20,000-lb t h r u s t  range w i t h  

f lox/methane p r o p e l l a n t s  has  been e v a l u a t e d .  F i g u r e  A - 4  shows t h e  

e s t ima ted  c o o l i n g  l i m i t s  f o r  bo th  tubu la r -wa l l  and thermal  s k i n  t h r u s t  

chambers. The chamber p r e s s u r e  c o o l i n g  l i m i t  curve  f o r  Thermal Skin  chambers 
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r e f l e c t  t h e  l i m i t s  o b t a i n e d  i n  t h e  d e t a i l e d  h e a t  t r a n s f e r  s t u d y .  They 

were s e t  by t h e  c o o l a n t  j a c k e t  p r e s s u r e  d r o p  c r i t e r i o n  of 1/2 chamber 

p r e s s u r e .  The c o o l i n g  l i m i t s  g i v e n  f o r  t u b u l a r  w a l l  chambers were ob- 

t a i n e d  u s i n g  the s m a l l e s t  I D  double- tapered  t u b e s  c u r r e n t l y  a v a i l a b l e .  

The c o o l i n g  l i m i t  f o r  t u b u l a r  chambers a r e  s e t  by s t ress  and w a l l  t e m -  

p e r a t u r e  c o n s i d e r a t i o n s .  

The c o o l i n g  l i m i t s  a re  i n c r e a s e d  by approx ima te ly  200 t o  800 p s i  depend- 

i n g  on t h r u s t  level .  

The advantage  of Thermal S k i n  i s  a p p a r e n t .  

F i g u r e  A-4. Comparison of Chamber P r e s s u r e  vs DF 60235 
Thrus t  f o r  Thermal Skinm and 
Tubular  Chambers 
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APPENDIX B 
HEAT TRANSFER REDUCTION DUE TO CARBON 

DEPOSITION ON CHAMBER WALLS 

1. DISCUSSION 

With t h e  flox/LPG p r o p e l l a n t s ,  a s  w i t h  any combinat ion u s i n g  hydro- 

carbon f u e l s ,  carbonaceous m a t e r i a l  i s  d e p o s i t e d  on t h r u s t  chamber w a l l s  

d u r i n g  combustion. Experience has  shown t h a t  t h e  t h i c k n e s s  o f  the  

d e p o s i t e d  l a y e r  v a r i e s  throughout  t h e  chamber and n o z z l e ,  w i t h  t h e  

g r e a t e s t  t h i c k n e s s  b e i n g  observed i n  t h e  combustion zone and t h r o a t  

e n t r a n c e ,  where gas  v e l o c i t i e s  a re  lowest  and t h e  o p p o r t u n i t y  f o r  f r e e  

carbon format ion  is  g r e a t e s t .  Downstream of t h e  t h r o a t ,  where high 

Mach numbers p r e v a i l  and combustion is  e s s e n t i a l l y  complete ,  lesser 

d e p o s i t s  a r e  encountered .  

The e f f e c t  of a carbon l a y e r  i s  t o  reduce h e a t  f l u x  i n  t h e  same manner 

a s  a thermal  b a r r i e r  c o a t i n g .  Schematic r e p r e s e n t a t i o n s  of coa ted  and 

uncoated w a l l s  a r e  compared i n  f i g u r e  B - 1 .  The l o c a l  h e a t  f l u x  can  be 

w r i t t e n  f o r  b o t h  t h e  uncoated and coa ted  w a l l s  a s :  

where : 

q = h e a t  f l u x  t o  uncoated w a l l s  

= h e a t  f l u x  t o  w a l l  w i t h  c o a t i n g  

= t h i c k n e s s  o f  c o a t i n g  

qco 

tco 

k = thermal  c o n d u c t i v i t y  o f  c o a t i n g  co  

h = h e a t  t r a n s f e r  c o e f f i c i e n t  between the  combustion 
g a s e s  and the  chamber w a l l  

T = a d i a b a t i c  w a l l  t empera ture  of  t h e  combustion g a s e s  
aw 

T = chamber w a l l  t empera ture  on t h e  combustion gas  s i d e  
W 
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Coolant Flow 

UNCOATED WALL 

Coolant Flow 

Cooled-Wall 

COATED WALL 

F i g u r e  B-1. Schematic Diagram Showing Temperature FD 216356 
D i s t r i b u t i o n  Through Coated and 
Uncoated Heated Walls 

The r a t i o  o f  t h e  h e a t  f l u x e s  f o r  a coa ted  and uncoated w a l l  f o r  a 

g i v e n  v a l u e  of  w a l l  meta l  t empera ture  T can  be determined by d i v i d i n g  

e q u a t i o n  B-2 by e q u a t i o n  B-1. 
W 

A s  t h e  q u a n t i t y  h t and t h u s  as t h e  c o a t i n g  t h i c k n e s s  is i n c r e a s e d ,  

t h e  e f f e c t i v e n e s s  of t h e  c o a t i n g  i n  r e d u c i n g  h e a t  f l u x  is a l s o  i n c r e a s e d .  

/k  
g co  co  

The e q u i l i b r i u m  t h i c k n e s s  of  t h e  carbon l a y e r  is dependent on t h e  amount 

of f r e e  carbon and on s u r f a c e  s h e a r  stresses induced by v e l o c i t y  g r a d i e n t s  

i n  t h e  boundary l a y e r .  It  i s  determined by a ba lance  of  t h e  d e p o s i t i o n  

and e r o s i o n  r a t e s  a t  t h e  s u r f a c e .  Depos i t ion  of  s o l i d  p a r t i c l e s  i n c r e a s e s  

w i t h  t h e  amount o f  f r e e  carbon i n  t h e  combustion g a s e s ,  whereas e r o s i o n  

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

B-2 
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The f a c t o r s  i n f l u e n c i n g  format ion  and e r o s i o n  of carbon c o a t i n g s  do 

n o t  lend themselves  t o  a n a l y s i s ,  and t h e r e f o r e  i t  i s  n o t  p o s s i b l e  t o  

p r e d i c t  c o a t i n g  t h i c k n e s s e s  t h e o r e t i c a l l y .  I n  a d d i t i o n ,  t h e r e  i s  a wide 

v a r i a t i o n  i n  t h e  thermal  c o n d u c t i v i t y  of  v a r i o u s  forms of  carbon (from 

0 . 2  BtuIhr-ft-OR f o r  Acheson 2301 t o  215 Btu/hr-f t -"R f o r  p y r o l y t i c  

c a r b o n ) .  Therefore  , t h e  e x a c t  c h a r a c t e r i s t i c s  of  t h e  carbonaceous 

m a t e r i a l  t h a t  would have t o  be known t o  use t h e  r e l a t i o n s  f o r  i n s u l a t i n g  

c o a t i n g s  cannot  r e a d i l y  be o b t a i n e d ,  so an  a l t e r n a t i v e  approach was 

taken  i n  t h e  s t u d y .  

The procedure used t o  account  f o r  accumulat ion o f  carbon on t h r u s t  

chamber w a l l s  was t h e  ad jus tment  o f  t h e  g a s - s i d e  f i l m  c o e f f i c i e n t .  

Data o b t a i n e d  i n  t e s t i n g  under C o n t r a c t s  NAS3-4195 and NAS3-6296 (Ref- 

e r e n c e s  1 and 2)  show t h a t  bo th  i n j e c t o r  c o n f i g u r a t i o n  and f u e l  hydrogen/ 

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

f i g u r e  B-2, which p r e s e n t s  t h e  r a t i o  of  measured-to-predicted h e a t  t r a n s f e r  

(Qrn/Qp) a s  a f u n c t i o n  of  f u e l  hydrogen/carbon r a t i o  f o r  bo th  l i q u i d /  

l i q u i d  and l i q u i d  o x i d i z e r / g a s e o u s  f u e l  i n j e c t o r s .  Although t h i s  f i g u r e  

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

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

a l t i t u d e  chambers. I n  t h e  s t u d y ,  t h e  average-value curve  was used 

p r i m a r i l y .  The e f f e c t  of changes i n  Q /Q from t h e  average v a l u e  t o  

1 . 0  (no r e d u c t i o n  i n  h e a t  t r a n s f e r )  was a l s o  e v a l u a t e d .  
m P  

2 .  APPENDIX B REFERENCES 

1. "Fina l  R e p o r t ,  I n v e s t i g a t i o n  of L i g h t  Hydrocarbon F u e l s  
With F lox  Mixtures  a s  Liquid  Rocket P r o p e l l a n t s  ," C o n t r a c t  
NAS3-4195, NASA CR-54445, PWA FR-1443, September 1965.  

With Fluorine-Oxygen Mixtures  a s  Liquid  Rocket P r o p e l l a n t s , "  
C o n t r a c t  NAS3-6296, NASA CR-72147, PWA FR-2227, 
1 5  September 1967. 

2 .  "F ina l  R e p o r t ,  I n v e s t i g a t i o n  o f  L i g h t  Hydrocarbon F u e l s  
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1.00 I I I I 1 

Average 

limits of Qm/Qp Experimental 
Values I 

Methane 4.0 0.765 
55% Methane- 3.54 0.645 

Ethane 3.00 0.505 
45% Ethane 

I I  2.00 0.255 
Propane 
Butene-1 

v 
2.0 2.5 3.0 3.5 4.0 

FUEL HYDROGEN/CARBON ATOMIC RATIO 

F i g u r e  E - 2 .  E f f e c t  of Fue l  Hydrogen-To-Carbon GS 7 0 1 5 E  
R a t i o  on T o t a l  Engine Heat  T r a n s f e r  
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APPENDIX C 
TKERMAL DECOMPOSITION OF FUELS 

1. DISCUSSION 

I n  t h e  t h r u s t  chamber c o o l a n t  p a s s a g e s ,  i t  i s  d e s i r a b l e  t o  keep t h e  

hydrocarbon c o o l a n t  tempera ture  a t  a low l e v e l  so t h a t  carbon format ion ,  

which can  r e s u l t  i n  t h e  p lugging  and f o u l i n g  of t h e  p a s s a g e s ,  i s  n o t  

e x c e s s i v e .  For  t h e  r e g e n e r a t i v e  c o o l i n g  a n a l y s i s ,  t h e  i n c i p i e n t  thermal  

decomposi t ion tempera ture  (T 

p o s i t i o n  r a t e  p e r  h o u r ,  a s  t h e  upper c o o l a n t  tempera ture  l i m i t  (Reference 1). 

Reasons f o r  u s i n g  t h e  i n c i p i e n t  thermal  decomposi t ion tempera ture  concept  

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

) was used ,  which i s  based  upon a 1% decom- 
I D  * 

1. I f  thermal  decomposi t ion of  t h e  f u e l  does n o t  o c c u r ,  carbon 
w i l l  n o t  form and passage f o u l i n g  w i l l  n o t  be a problem 

2 .  E s t a b l i s h m e n t  of  t h e  concept  i s  based upon e x p e r i m e n t a l  
d a t a  f o r  t h e  hydrocarbons of i n t e r e s t  

3 .  The concept  i s  e a s y  t o  a p p l y  because t h e  l i m i t i n g  tempera- 
t u r e  becomes a f u n c t i o n  o n l y  o f  t h e  hydrocarbon f u e l .  

Although t h e  p h y s i c a l  s i t u a t i o n  e x i s t i n g  i n  t h e  r o c k e t  engine  c o o l a n t  

passage i s  n o t  e x a c t l y  t h e  same a s  t h a t  which e x i s t e d  i n  t h e  exper imenta l  

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

method, t h e  r e l a t i v e  v a l u e s  f o r  T f o r  t h e  v a r i o u s  f u e l s  a r e  b e l i e v e d  

t o  be v a l i d .  
I D  

The procedure  f o r  c a l c u l a t i n g  TID f o r  a g e n e r a l  r e a c t i o n  (com- 
K ponent  A A P r o d u c t s )  i s  s t r a i g h t - f o r w a r d  and may b e  found i n  sources  

such  a s  Reference 2.  The e q u a t i o n s  used i n  c a l c u l a t i n g  TID a r e  reviewed 

i n  t h i s  Appendix and r e q u i r e  t h a t  t h e  f o l l o w i n g  assumptions b e  made. 

1. Gas phase r e a c t i o n  

2 .  I so therma 1 proce s s 

3. I s o b a r i c  p r o c e s s  

4 .  C l a s s i c  c o l l i s i o n  t h e o r y  

5. I r r e v e r s i b l e  r e a c t i o n  

6.  R e a c t i o n  i n  f i r s t  o.rder w i t h  r e s p e c t  t o  Component A .  

*References used i n  t h i s  Appendix a r e  p r e s e n t e d  i n  Paragraph  2 .  
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The f o l l o w i n g  b a s i c  e q u a t i o n s  a p p l y .  

-- - K CA 'A 
d t  

J 

'A0 

L = K J  d t  

0 
cA 

where : 

Equat ion  

K ' exp { -AE /RT) 
c o n c e n t r a t i o n  of  A a t  t i m e  t 

i n i t i a l  c o n c e n t r a t i o n  of A 

a c t  i v a  t ion  energy  
s p e c i f i c  r a t e  c o n s t a n t  
f requency f a c t o r  
gas c o n s t a n t  

( C - 3 )  i s  o f t e n  r e f e r r e d  t o  a s  t h e  Arrhenius  Equat ion .  I n t e -  

g r a t i o n  o f  e q u a t i o n  (C-2 )  and s u b s t i t u t i o n  of  e q u a t i o n  (C-3 )  f o r  K y i e l d s  

t h e  fo l lowing  e q u a t i o n .  

I n  (CAo / C A )  = K '  t exp (-AE/RT) 

The c o n c e n t r a t i o n  o f  A a t  any t i m e  may be expressed  i n  terms of t h e  

o r i g i n a l  c o n c e n t r a t i o n  and t h e  degree  of  comple t ion  of  t h e  r e a c t i o n ,  i . e .  

S u b s t i t u t i n g  (C-5 )  i n t o  ( C - 4 )  and s o l v i n g  f o r  T y i e l d s  

-AE /R 
I n  [ - In  (l-xA)] - I n  ( K ' t )  T =  

The v a l u e  T i s  c a l c u l a t e d  by s u b s t i t u t i n g  t = 3600 s e c  and x A = 0.01 ID 
(one p e r c e n t  by weight  decomposi t ion p e r  h o u r ) .  Table  C - 1  l i s t s  t h e  

a c t i v a t i o n  e n e r g y ,  f requency  f a c t o r ,  thermal  decomposi t ion t e m p e r a t u r e ,  

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

i n t e r e s t .  
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Table  C - 1 .  Thermal Decomposition Temperature f o r  the  
Hydrocarbon F u e l s  o f  I n t e r e s t  

FUEL AE , K '  3 T ,  REFERENCE 
Kcal/gm-mole sec-1 "R 

Me thane  91 .0  4 . 5 ~ 1 0  1865 3 1 3  

E thane  70.2 1 . 5 3 5 ~ 1 0  l4 1715 3 

Propane 67 .1  2 . 5 8 ~ 1 0  l4 1320 4 

55% Methane- 84.8 7 . 7 7 ~ 1 0  1400 * 
45% Ethane 

1 3  

Butene -1 45.0 5 . 0 ~ 1 0  1160 5 9 

9; Values f o r  AE and K '  ob ta ined  by molar-averaging v a l u e s  f o r  
methane and e t h a n e .  

A f t e r  e s t a b l i s h i n g  t empera tu res  a t  which i n c i p i e n t  thermal  decom- 

p o s i t i o n  would occur  f o r  t h e  f u e l s  of i n t e r e s t ,  i t  was s t i l l  necessa ry  

t o  de te rmine  which c o o l a n t - s i d e  t empera tu re  should  b e  l i m i t e d  by t h e  

TI D 
not  c o n s i d e r e d ,  t h e  computed b u l k  tempera ture  a t  t h e  c o o l i n g  j a c k e t  

o u t l e t  was used.  I n  t h e  d e t a i l e d  h e a t  t r a n s f e r  s t u d y ,  where t h e  c o o l i n g  

system was ana lyzed  and t h e r e f o r e  c o o l a n t  tempera ture  v a r i a t i o n s  a long  

t h e  t h r u s t  chamber were computed, t h e  f i l m  tempera ture  was l i m i t e d  by 

t h e  TID l e v e l s .  Use o f  bu lk  tempera ture  would g i v e  o p t i m i s t i c  r e s u l t s  

s i n c e  there a r e  r eg ions  nea r  t h e  w a l l  t h a t  a r e  a t  h i g h e r  t empera tu res .  

Converse ly ,  u se  o f  w a l l  t empera tu re  would g ive  p e s s i m i s t i c  r e s u l t s  

because o n l y  a m i c r o s c o p i c a l l y  t h i n  l a y e r  o f  f l u i d  approaches the w a l l  

t empera tu re .  Thus,  the f i l m  t empera tu re ,  de f ined  a s  the  average  of  t he  

bulk  and w a l l  t e m p e r a t u r e s ,  i s  cons ide red  t o  be t h e  b e s t  c h o i c e .  

l eve l .  I n  t h e  f e a s i b i l i t y  s t u d y ,  s i n c e  c o o l a n t  passage  d e s i g n  was 

P r a t t  & Whitney A i r c r a f t  t e s t e d  propane i n  e l e c t r i c a l l y  hea ted  tubes  

t o  de te rmine  t h e  e f f e c t s  of  coke fo rma t ion  (due t o  f u e l  thermal  decom- 

p o s i t i o n )  on t h e  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  (Reference 6 ) .  For  two- 

hour t e s t  p e r i o d s , r e s u l t s  showed t h 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 s  were 

r e p r o d u c i b l e  and no  d e p o s i t s  were formed. For  t e s t i n g  p e r i o d s  of approx i -  

mate ly  n i n e  hour s ,  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 reduced up t o  48% and 

carbonaceous d e p o s i t s  were formed i n  t h e  i n l e t  s e c t i o n  of t h e  tubes  where 

f i l m  b o i l i n g  and accompanying h igh  w a l l  t empera tu res  (approximately 

2100"R) were p r e s e n t .  However, t h e  midsec t ion  of t h e  tubes  were s t i l l  
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comple te ly  f r e e  of  d e p o s i t s .  Examinat ion of t h e  t e s t  d a t a  r e v e a l e d  t h a t  

t h e  a v e r a g e  w a l l  and f i l m  tempera tures  i n  t h e  m i d s e c t i o n  were approximate ly  

1470" and 1300"R, r e s p e c t i v e l y ,  f o r  t h e  t e s t  p e r i o d .  Although t h e s e  t e s t  

r e s u l t s  were o b t a i n e d  w i t h  only  one of t h e  f u e l s  of  i n t e r e s t ,  t h e y  do 

i n d i c a t e  t h a t  t h e  coke d e p o s i t i o n  should n o t  b e  a problem i n  r o c k e t  

engines  a s  long a s  f i l m  t e m p e r a t u r e s  a r e  not  e x c e s s i v e l y  h i g h .  
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APPENDIX D 
FEASIBILITY STUDY - METHOD OF ANALYSIS 

1. GENEWL 

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

carbon f u e l s  were e v a l u a t e d  on t h e  b a s i s  o f  the  h e a t  c a p a c i t y  o f  t h e  f u e l s  

and t h e  i n t e g r a t e d  o r  t o t a l  h e a t  t r a n s f e r  t o  the t h r u s t  chamber. For super -  

c r i t i c a l  p r e s s u r e s ,  t h e  f e a s i b i l i t y  of r e g e n e r a t i v e  c o o l i n g  was determined 

by comparing t h e  computed f u e l  c o o l a n t  t e m p e r a t u r e  a t  t h e  e x i t  of  t h e  

c o o l i n g  j a c k e t  t o  l i m i t s  s e t  e i t h e r  by f u e l  thermal  decomposi t ion o r  by 

t h e  a l l o w a b l e  s t r u c t u r a l  t empera ture  l i m i t .  A t  s u b c r i t i c a l  p r e s s u r e s ,  

b u l k  b o i l i n g  was t h e  l i m i t i n g  c r i t e r i o n  and t h u s  t h e  s a t u r a t e d  l i q u i d  

s t a t e  was t h e  l i m i t i n g  c o o l i n g  j a c k e t  e x i t  c o n d i t i o n .  The method of 

a n a l y s i s  fol lowed i n  t h e  f e a s i b i l i t y  s t u d y  i s  d e s c r i b e d  i n  t h i s  Appendix. 

2 .  CALCULATION OF THRUST CHAMBER HEAT TRANSFER 

The t o t a l  h e a t  t r a n s f e r  t o  t h e  t h r u s t  chamber was c a l c u l a t e d  by 

performing t h e  fo l lowing  i n t e g r a t i o n  us ing  an I B M  360 computer program. 

The combust ion-side h e a t  t r a n s f e r  c o e f f i c i e n t ,  h was computed u s i n g  

t h e  s i m p l i f i e d  B a r t z  e q u a t i o n  (Reference 1) .* This  e q u a t i o n  was s e l e c t e d  

because  i t  can  be r e a d i l y  a p p l i e d  and a l s o  because  (as  shown i n  f i g u r e  D-1) 

i t  a g r e e s  c l o s e l y  w i t h  t h e  more r i g o r o u s  boundary l a y e r  s o l u t i o n s  by 

S i b u l k i n  (Reference 2 )  and E l l i o t t  (Reference 3 ) .  I n  a d d i t i o n ,  w i t h  t h e  

hydrocarbon f u e l s  carbon d e p o s i t i o n  on t h e  chamber w a l l s  has a s i g n i f i -  

c a n t  e f f e c t  on h e a t  t r a n s f e r ,  and based on c u r r e n t l y  a v a i l a b l e  d a t a  ( see  

Appendix B),  i s  b e s t  handled by r e d u c i n g  t h e  f i l m  c o e f f i c i e n t s  by t h e  f a c -  

t o r  Qm/Qp. f a c t o r  

f o r  a g i v e n  f u e l  i s  r e l a t e d  t o  i n j e c t o r  d e s i g n  and consequent ly  t h e  unknowns 

g’ 

The amount of carbon format ion ,  and t h e r e f o r e  t h e  Qm/Q 
P 

JcReferences f o r  t h i s  Appendix a r e  g i v e n  i n  Paragraph  6.  
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i n  Q /Q  

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

a r e  b e l i e v e d  t o  o v e r r i d e  comple te ly  any s l i g h t  e r r o r  in t roduced  
m P  

The form of t h e  B a r t z  e q u a t i o n  used i s  

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

p e r a t u r e ,  T f ,  which i s  t h e  a r i t h m e t i c  average  of t h e  s t a t i c  g a s  tempera ture  

and t h e  w a l l  t empera ture .  

was c a l c u l a t e d  from t h e  e q u a t i o n  Taw 9 
The a d i a b a t i c  w a l l  t empera ture ,  

T aw = (To - Ts) k2 + Ts 

where 

To = TL 

3 -  
R = vir,, 

0 4 8 12 16 20 24 28 
AXIAL DISTANCE - in. 

F i g u r e  D-1. Comparison o f  Combustion Gas FD 2167211 
Heat Trans fer P r e d i c t i o n  Methods 
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By use  of one-dimensional  i s e n t r o p i c  gas  dynamic e q u a t i o n s ,  t h e  s t a t i c  

tempera ture  and p r e s s u r e  can  be  expressed  a s  f u n c t i o n s  of a r e a  r a t i o .  Thus, 

by knowledge of  t h e  fo l lowing  i t e m s ,  which a r e  i n p u t s  t o  t h e  I B M  360 com- 

p u t e r  program, e q u a t i o n  D-1 can  b e  i n t e g r a t e d .  

1. P r o p e l l a n t  f low r a t e  

2. T o t a l  t empera tu re  

3 .  Combustion g a s  t r a n s p o r t  p r o p e r t i e s  a s  f u n c t i o n s  of tempera ture  

4 .  Nozzle t h r o a t  d i a m e t e r  

5. S p e c i f i c  h e a t  r a t i o  of t h e  gases  

6. C o n t r a c t i o n  r a t i o  and c h a r a c t e r i s t i c  l e n g t h  of t h e  combustion 
chamber 

7 .  Unt runca ted  d e s i g n  a r e a  r a t i o  and l e n g t h  of t h e  nozz le .  

The p r o p e l l a n t  f l ow r a t e  and t h r o a t  d i ame te r  a r e  computed u s i n g  t h e  

e q u a t  i o n s  

t j =  
P 

F 
I '  qc* cs va c 

(D-4) 

I n  t h e s e  e q u a t i o n s ,  t h e  t h e o r e t i c a l  performance pa rame te r s ,  I '  and c*',  

a s  w e l l  a s  t h e  combustion t empera tu re ,  T:, and t h e  r a t i o  of s p e c i f i c  h e a t s  

f o r  t h e  combustion g a s e s ,  Y ,  a r e  determined by p r o p e l l a n t  t h e o r e t i c a l  

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

performance v a l u e s  w e r e  computed f o r  a l l  f i v e  f u e l s  s p e c i f i e d  w i t h  bo th  

f l o x  (us ing  t h e  optimum f l u o r i n e  c o n c e n t r a t i o n  f o r  each  f u e l )  and OF2 

o x i d i z e r s .  The h e a t  of  fo rma t ion  used f o r  OF was t h e  new NBS v a l u e  of 

+5.86 Kcal/mole f o r  t h e  g a s  a t  298°K. 

va lue  of  65.2 Btu / lbm a t  t h e  OF2 normal b o i l i n g  p o i n t .  

f o r  t h e  p r o p e l l a n t s  a r e  p r e s e n t e d  i n  Appendix G .  

va c 

2 
Th i s  p rov ides  a r e f e r e n c e  e n t h a l p y  

Performance curves 

T r a n s p o r t  p r o p e r t i e s  of t h e  combustion g a s e s  f o r  a l l  t h e  o x i d i z e r /  

f u e l  combina t ions  of  i n t e r e s t  were gene ra t ed  a s  f u n c t i o n s  of m i x t u r e  r a t i o  

and tempera ture .  The c* e f f i c i e n c y  was assumed t o  b e  96% and t h e  nozz le  
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was taken  t o  be 97%. Because o f  t h e  d i f f i c u l t y  
cS '  

aerodynamic e f f i c i e n c y ,  

of  a s s i g n i n g  a v a l u e  f o r  k i n e t i c  l o s s e s  (accepted p r e d i c t i o n  procedures  

have n o t  agreed  w i t h  e x p e r i m e n t a l  r e s u l t s  a s  d e s c r i b e d  i n  Reference  5), 

t h e s e  were n e g l e c t e d .  

The geometry of t h e  s u b s o n i c  p o r t i o n  of t h e  t h r u s t  chamber was com- 

puted assuming a g e n e r a l i z e d  contour  ( f i g u r e  D - 2 )  which i s  dependent  upon 

i n p u t  v a l u e s  of c h a r a c t e r i s t i c  l e n g t h ,  c o n t r a c t i o n  r a t i o , a n d  t h r o a t  diam- 

e t e r .  The geometry of t h e  s u p e r s o n i c  nozz le  was computed u s i n g  t h e  

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

r a t i o  and nozz le  l e n g t h .  

F igure  D-2. Chamber Contour FD 23470 

3 .  GEmRATION OF BASIC PARAMETRIC CURVES 

The h e a t  t r a n s f e r  t o  t h e  t h r u s t  chamber was determined u s i n g  t h e  

computer program d e s c r i b e d  i n  t h e  p r e v i o u s  paragraph  f o r  approximate ly  

7 2  c a s e s .  A "case" i s  d e f i n e d  by t h e  f u e l  and o x i d i z e r  combinat ion,  

mix ture  r a t i o ,  c o n t r a c t i o n  r a t i o ,  expans ion  r a t i o ,  w a l l  t empera ture ,  

chamber p r e s s u r e ,  and t h r u s t  level .  

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

t r a n s f e r  v a l u e  by t h e  c o o l a n t  f low r a t e .  

i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  e n t h a l p y  r ise  and t h e r e f o r e  t o  determine 

D-4 

For each of t h e  c a s e s  c o n s i d e r e d  

With d a t a  from t h e s e  few c a s e s ,  
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tempera ture  r ise  and c o o l a n t  s t a t e  ( g a s , l i q u i d , o r  two-phase) f o r  a l l  

combinat ions of  the  v a r i a b l e s  and p r o p e l l a n t s  c o n s i d e r e d  i n  t h e  f e a s i b i l i t y  

s tudy .  These c a l c u l a t i o n s  a r e  p o s s i b l e  because t h e  r e l a t i v e  e f f e c t s  on 

t h r u s t  chamber h e a t  t r a n s f e r  of  most of t h e  v a r i a b l e s  c o n s i d e r e d  a r e  i n -  

dependent o f  changes i n  t h e  o t h e r  v a r i a b l e s .  For  example,  t h e  percentage  

i n c r e a s e  i n  h e a t  t r a n s f e r  between two t h r u s t  l eve ls  i s  independent  of  t h e  

w a l l  t empera ture .  F i g u r e  D-3 shows the  v a r i a t i o n  o f  t h e  t o t a l  h e a t  t r a n s -  

f e r r e d  t o  t h e  t h r u s t  chamber a s  a f u n c t i o n  of  t h r u s t  f o r  w a l l  t empera tures  

of  1700 and 2100°F. The p e r c e n t a g e  i n c r e a s e  i n  h e a t  t r a n s f e r  between 1000 

and 20,000-lb t h r u s t  i s  638.6% a t  Tw = 1700°F and 631.6% a t  Tw = 2100°F. It  

c a n  t h u s  be concluded t h a t  the  e f f e c t  o f  a change i n  t h r u s t  on h e a t  t r a n s f e r  

i s  e s s e n t i a l l y  independent  o f  t h e  v a l u e  of w a l l  t empera ture .  S i m i l a r l y ,  i t  

c a n  b e  shown t h a t  t h e  r a t i o  of t o t a l  h e a t  t r a n s f e r  v a l u e s  a t  any t h r u s t  

l eve l  i s  e s s e n t i a l l y  independent  of  t h e  f u e l ,  t h e  o x i d i z e r ,  and t h e  

mixture  r a t i o .  This  l e a v e s  only  c o n t r a c t i o n  r a t i o ,  expansion r a t i o ,  and 

chamber p r e s s u r e  a s  parameters  t h a t  i n f l u e n c e  t h e  A h e a t  t r a n s f e r  - 
A t h r u s t  r e l a t i o n s h i p .  

* 

h 

z THRUST, F - lb e 
F i g u r e  D-3. V a r i a t i o n  i n  T h r u s t  Chamber 

T o t a l  Heat T r a n s f e r r e d  With 
T h r u s t  L e v e l  

FD 21632 
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Group A Group B 

F u e l ,  O x i d i z e r ,  r pc’ Tw 

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

t h r u s t  l eve l  can  b e  shown f o r  each of t h e  e i g h t  pr imary v a r i a b l e s  t h a t  

were e v a l u a t e d  i n  t h e  s t u d y .  I n  t a b l e  D-1, t h e  e i g h t  v a r i a b l e s  f o r  t h e  

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

column a s  t h e  pr imary v a r i a b l e .  The v a r i a b l e s  t h a t  have s i g n i f i c a n t  

e f f e c t s  on t h e  p e r c e n t a g e  change i n  h e a t  t r a n s f e r  and t h o s e  t h a t  have 

n e g l i g i b l e  e f f e c t s  f o r  i n c r e m e n t a l  changes o f  t h e  p a r t i c u l a r  pr imary 

v a r i a b l e  a r e  l i s t e d  i n  t h e  second and t h i r d  columns, r e s p e c t i v e l y .  

Group C 

F ,  PC’ cc, ce 

Table  D - 1 .  V a r i a b l e s  t o  b e  Considered i n  
Cooling F e a s i b i l i t y  A n a l y s i s  

Prima r y  V a r i a b l e  With V a r i a b l e  With N e g l i g i b l e  
V a r i a b l e  S i g n i  f i c a n t  E f f e c t s  E f f e c t s  

F 

pC 

EC 

ee 
TW 
Fuel  

O x i d i z e r  

r 

O x i d i z e r ,  r 

F u e l ,  r 

O x i d i z e r ,  F u e l  

F u e l ,  O x i d i z e r ,  r ,  Tw 

F u e l ,  O x i d i z e r ,  F ,  r ,  C C ,  ee 
F u e l ,  O x i d i z e r ,  r ,  Tw 

F u e l ,  O x i d i z e r ,  r ,  T 

F u e l ,  O x i d i z e r ,  r ,  eC, E, 
W 

F ,  PC’ CCY Ce¶ T 

F,  PC’ CcY EeY Tw 
F ,  PCY ec, Ce¶ T 

L 
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Group 1 Group 2 Group 3 

F u e l ,  O x i d i z e r ,  r Pc, Tw F ,  ee 

. 

Group 4 

F ,  ec 

Combustion chamber h e a t  t r a n s f e r  dependency on expans ion  r a t i o  i s  

caused by changes i n  s p e c i f i c  impulse w i t h  expans ion  r a t i o .  Changes i n  

s p e c i f i c  impulse a f f e c t  t h r o a t  d i a m e t e r  ( see  equa t ions  D - 4  and D - 5 )  and 

t h u s  combust ion chamber s u r f a c e  a r e a .  However, s p e c i f i c  impulse changes 

on ly  approximate ly  3% a s  expans ion  r a t i o  i s  i n c r e a s e d  from 40 t o  100; 

t h e r e f o r e ,  t h e  dependency of combustion chamber h e a t  t r a n s f e r  on expans ion  

r a t i o  i s  q u i t e  s m a l l .  

The e f f e c t  of chamber p r e s s u r e  on t h e  h e a t  t r a n s f e r  - t h r u s t  r e l a t i o n -  

s h i p  a s  r e l a t e d  t o  t h e  chamber geometry terms t 

e n t i r e l y  from r e l a t i v e  changes i n  chamber s u r f a c e  a r e a  and nozz le  s u r f a c e  

a r e a  a s  t h e  t h r o a t  d i ame te r  v a r i e s .  S i n c e  t h e  chamber c h a r a c t e r i s t i c  

l e n g t h ,  L*, was he ld  c o n s t a n t  a t  30 i n c h e s  i n  t h e  s t u d y ,  t he  chamber 

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

r a t i o ,  whereas  t h e  n o z z l e  s u r f a c e  a r e a  f o r  a g iven  expans ion  r a t i o  and 

and te r e s u l t s  a lmost  
C 

’ con tour  i s  p r o p o r t i o n a l  t o  t h e  squa re  of  t h e  t h r o a t  d i ame te r .  By 

e s t i m a t i n g  t h e  nozz le  and combust ion chamber h e a t  t r a n s f e r  r a t e s  s e p a r a t e l y  

f o r  t h e  v a r i a b l e s  i n  groups B and C above,  t h e  v a r i a b l e s  of i n t e r e s t  can  

thus  now be  grouped a s  shown i n  t a b l e  D-2 .  

Table  D - 2 .  Parameter  Groups 

With t h i s  grouping ,  i t  i s  p o s s i b l e  t o  summarize i n  on ly  s i x  curves 

a l l  h e a t  t r a n s f e r  d a t a  necessa ry  t o  de te rmine  t h e  c o o l a n t  e n t h a l p y  r i s e  

r e q u i r e d  f o r  a l l  combina t ions  of  t h e  v a r i a b l e s  of i n t e r e s t .  F i g u r e s  D - 4  

through D - 9  show t h e  b a s i c  pa rame t r i c  c u r v e s .  

The s i g n i f i c a n c e  of  t h e s e  cu rves  a s  w e l l  a s  t h e i r  development can  be 

expla ined  by t h e  u s e  of p a r t i a l  d e r i v a t i v e s .  

r i s e  f o r  c o o l i n g  t h e  t h r u s t  chamber i s  a f u n c t i o n  of  t h e  e i g h t  v a r i a b l e s  

invo lved  i n  t h e  s t u d y ,  i . e . ,  

The f u e l  c o o l a n t  e n t h a l p y  

AH = f ( f u e 1 ,  o x i d i z e r ,  r ,  Pc, T,, F ,  f c ,  E e l  
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I n  t h e  s t u d y  a base e n t h a l p y  rise (AH ) was e s t a b l i s h e d  f o r  f lox/methane 

a t  i t s  optimum mixture  r a t i o  (5 .75) ,  5000-lb t h r u s t ,  250-psia chamber p r e s s u r e ,  

c o n t r a c t i o n  r a t i o  of  3 ,  an  expansion r a t i o  of  60 and a w a l l  t empera ture  

of  2 1 0 0 ° R .  The change i n  f u e l  e n t h a l p y  r ise from t h i s  p r e s e l e c t e d  base  

p o i n t ,  i n  terms of  the  v a r i a b l e s  of  i n t e r e s t ,  i s  g iven  a s  fo l lows:  

0 

- H ) r e f e r s  t o  a change i n  f u e l  ( c o o l a n t )  e n t h a l p y  r i se  The symbol (Hfuel 

due t o  a change i n  f u e l  type  from a base f u e l  (methane) w i t h  a l l  remaining 

v a r i a b l e s  he ld  c o n s t a n t .  

a change i n  f u e l  ( c o o l a n t )  e n t h a l p y  rise due t o  a change i n  o x i d i z e r  

type  from the  base o x i d i z e r  ( f l o x )  w i t h  a l l  remaining v a r i a b l e s  he ld  

c o n s t a n t .  A s  p r e v i o u s l y  s t a t e d ,  the  chamber and nozz le  h e a t  l oads  can  

be s e p a r a t e d ;  t h e r e f o r e  

CH4 

S i m i l a r l y ,  t h e  symbol (Hox - Hflox) r e f e r s  t o  

(D-10) 

(D-11) 

(D-12) 
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The e f f e c t s  of f u e l  t ype  and mix tu re  r a t i o  on t h r u s t  chamber hea t  t r a n s f e r  

cannot  b e  p r o r a t e d  among t h e  chamber and nozz le  s e c t i o n s  s i n c e  t h e s e  v a r i -  

a b l e s  a r e  assumed t o  e x e r t  e q u a l  i n f l u e n c e  a t  a 1 1  l o c a t i o n s .  S u b s t i t u t i n g  

e q u a t i o n s  D-8  th rough D-12 i n t o  e q u a t i o n  D-7 y i e l d s  t h e  fo l lowing  r e l a t i o n  

f o r  t o t a l  change i n  f u e l  e n t h a l p y  r i s e .  

(D-13) 

It i s  now p o s s i b l e  t o  a r r a n g e  t h e  p a r t i a l  d i f f e r e n t i a l s  acco rd ing  

t o  t h e i r  r e l a t i o n s h i p s .  Based on t h e  groupings  g iven  i n  t a b l e  D-2, t h e  

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

t h a t  do n o t  can  be i d e n t i f i e d  as shown in  t a b l e  D-3. Based on t h e  

r e l a t i o n s h i p s  i n d i c a t e d  i n  t a b l e  D-3, the s i x  p a r a m e t r i c  cu rves  were 

formula ted .  The p a r t i a l  d i f f e r e n t i a l s  a re  i d e n t i f i e d  w i t h  t h e  curves  

as d e s c r i b e d  i n  t h e  fo l lowing  pa rag raphs .  

The f u e l  e n t h a l p y  r i s e s  i n  t h e  chamber and n o z z l e  can  be  ob ta ined  

from t h e  v a r i a b l e s  con ta ined  i n  Groups 3 and 4 of t a b l e  D-2 by s e p a r a t i n g  

t h e  fo l lowing  t e r m s  

(D-14) 

from e q u a t i o n  D - 1 3 .  and AHeo b i a s  t he  f u e l  e n t h a l p y  

rises t o  t h e  base  c a s e  v a l u e s .  F igu re  D - 4  prov ides  t h e  c o o l a n t  e n t h a l p y  

r i s e  (AH') f o r  t h e  combust ion chamber r e g i o n  ups t ream of  t h e  t h r o a t  a s  a 

f u n c t i o n  of t h r u s t  and c o n t r a c t i o n  r a t i o  f o r  f lox /methane  a t  a mix tu re  

r a t i o  of 5.75,  a chamber p r e s s u r e  of 250 ps i a , and  a w a l l  t empera tu re  of 

2100°F. F i g u r e  D-5  p r e s e n t s  AH' f o r  the expans ion  nozz le  f o r  t h e  same 

c o n d i t i o n s .  

The q u a n t i t i e s  AH c o  

C 

e 
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F i g u r e  D-4. V a r i a t i o n  i n  Combustion Chamber F u e l  DF 58062 
En tha lpy  R i s e  With Thrus t  L e v e l  and 
Chamber C o n t r a c t i o n  R a t i o  

F i g u r e  D-5. V a r i a t i o n  i n  Nozzle Fue l  En tha lpy  
R i s e  With Thrus t  Leve l  and Nozzle 
Expansion R a t i o  

DF 58063 

D - 1 1  
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Adjustments  t o  t h e  chamber and n o z z l e  e n t h a l p y  r i s e  f o r  v a r i a t i o n s  

i n  w a l l  t empera tu re  and chamber p r e s s u r e  from b a s e  v a l u e s  c a n  be  made 

by d e f i n i n g  a r a t i o  o r  ad jus tmen t  f a c t o r  d e f i n e d  by e q u a t i o n s  D - 1 6  and 

0-17. Equa t ion  D - 1 6  i s  ob ta ined  by s e p a r a t i n g  t h e  v a r i a b l e s  g i v e n  i n  

Group 2 from e q u a t i o n  D - 1 3 .  

Equat ion  D - 1 7  i s  ob ta ined  i n  a s i m i l a r  manner a s  e q u a t i o n  D - 1 6 .  

( D - 1 6 )  

( D - 1 7 )  

F i g u r e  D - 6  i s  a p l o t  of t h e  c o r r e c t i o n  t o  chamber h e a t  f l u x  f o r  

v a r i a t i o n s  i n  chamber p r e s s u r e  and w a l l  t empera tu re .  While f i g u r e  D - 6  

i s  based  on c a l c u l a t i o n s  f o r  a p a r t i c u l a r  p r o p e l l a n t  combina t ion ,  m i x t u r e  

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

mix tu re  r a t i o s ,  t h r u s t ,  and c o n t r a c t i o n  r a t i o s  because  t h e s e  a r e  parameters  

t h a t  have n e g l i g i b l e  e f f e c t s  on t h e  A h e a t  t r a n s f e r  - A chamber p r e s s u r e  

and t h e  A h e a t  t r a n s f e r  - A w a l l  t empera tu re  r e l a t i o n s h i p s .  

p rov ides  a chamber p r e s s u r e  and w a l l  t empera tu re  c o r r e c t i o n  f o r  t h e  

nozz le  s i m i l a r  t o  t h a t  of  f i g u r e  D - 6  f o r  t h e  combust ion chamber. 

F i g u r e  D-7  

The e n t h a l p y  r i s e  f o r  t h e  e n t i r e  t h r u s t  chamber i s  t h e  sum of t h e  

c o r r e c t e d  chamber and nozz le  e n t h a l p y  r i s e s .  T h e r e f o r e ,  e q u a t i o n  D - 1 8  

r e p r e s e n t s  t h e  e n t h a l p y  r i s e  f o r  a l l  v a r i a b l e s  e x c e p t  changes i n  f u e l  

t ype ,  o x i d i z e r  t y p e ,  and mix tu re  r a t i o .  

D- 12 
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F i g u r e  D-6. V a r i a t i o n  o f  Wall Temperature DF 58064 
C o r r e c t i o n  F a c t o r  With Chamber 
P r e s s u r e  f o r  Chamber F u e l  
Entha lpy  R i se  

F igu re  D-7. V a r i a t i o n  o f  Wall Temperature DF 58065 
C o r r e c t i o n  F a c t o r  With P r e s s u r e  
f o r  Nozzle Fuel  Entha lpy  R i s e  
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The above e q u a t i o n  c a n  b e  s i m p l i f i e d  w i t h  t h e  a i d  of t h e  i d e n t i t i e s  g i v e n  

by e q u a t i o n s  D-8 th rough D-12. 

(D-18) 

where 

eo  AHo = AHco + AH 

The c o r r e c t i o n  f o r  f u e l  t y p e ,  o x i d i z e r  t y p e ,  and mixture  r a t i o  i s  

g iven  i n  e q u a t i o n  D-19 and i s  obta ined  by s e p a r a t i n g  t h e s e  v a r i a b l e s  from 

e q u a t i o n  D - 1 3 .  

(D-19) 

S i n c e  t h e  c o r r e c t i o n  f a c t o r  AH/AH' i s  a f u n c t i o n  of  t h r e e  v a r i a b l e s ,  and 

because o n l y  two o x i d i z e r s  a r e  c o n s i d e r e d ,  two c u r v e s  f o r  AH/AH' a r e  

p r e s e n t e d ,  one f o r  each o x i d i z e r .  

e n t h a l p y  r i se  (AH')  f o r  o t h e r  mixture  r a t i o s  o r  o t h e r  f u e l s ;  t h e  c u r v e s  

f o r  each  f u e l  a r e  based on t h e  optimum f l o x  c o n c e n t r a t i o n  f o r  t h a t  par -  

t i c u l a r  compound o r  b lend .  

F i g u r e  D-8 i s  used t o  a d j u s t  t h e  

D- 14 
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I f  OF r a t h e r  t h a n  f l o x  i s  used a s  t h e  o x i d i z e r ,  f i g u r e  D - 9  i s  used 2 
r a t h e r  t h a n  f i g u r e  0-8 .  

average  v a l u e  f o r  Qm/Q 
P 

I n  b o t h  f i g u r e s  D - 8  and D - 9 ,  t h e  a p p r o p r i a t e  

f o r  each of t h e  f u e l s  has  b e e n  used. 

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

v a r i a b l e s  and d e s i r e d  f u e l  and o x i d i z e r  c a n  b e  o b t a i n e d  by m u l t i p l y i n g  

e q u a t i o n  D - 1 8  by e q u a t i o n  D - 1 9 .  

AH = AH' (AH/AH') 

( D - 2 0 )  

Equat ion  D - 2 0  i s  i d e n t i c a l  t o  e q u a t i o n  D-7 s i n c e  AH-AH = A(AH). 
0 

Given t h e  c o o l a n t A H ,  t h e  c o o l a n t  s t a t e  and o u t l e t  t empera ture  may be 

determined from a tempera ture-en tha lpy  c h a r t  f o r  t h e  f u e l  o f  i n t e r e s t .  

F i g u r e  0-8. V a r i a t i o n  o f  Fuel  Type C o r r e c t i o n  DF 58066 
F a c t o r  With P r o p e l l a n t  M i x t u r e  
R a t i o  f o r  Fuel  Entha lpy  R i s e  
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F i g u r e  D - 9 .  V a r i a t i o n  o f  Fuel  Type C o r r e c t i o n  
F a c t o r  With P r o p e l l a n t  Mixture  R a t i o  
f o r  F u e l  Entha lpy  R i s e  

DF 58067 

4.  METHOD ACCURACY 

TO demonst ra te  t h e  a c c u r a c y  of t h e  method used i n  t h e  f e a s i b i l i t y  

s t u d y ,  t h e  c a s e s  shown i n  t a b l e  D-4 were e v a l u a t e d  us ing  t h e  b a s i c  c u r v e s  

and t h e n  compared t o  v a l u e s  o b t a i n e d  by t h e  I B M  360 computer program 

r e f e r r e d  t o  i n  Paragraph 2 of t h i s  Appendix. Note t h a t  t h e  d i f f e r e n c e s  

o b t a i n e d  by t h e  two methods and hence t h e  e r r o r s  in t roduced  by u s i n g  t h e  

p a r a m e t r i c  curves  are  q u i t e  s m a l l .  

Table  D-4. Cases Evalua ted  Using Basic Curves and 
Compared t o  IBM 360 Computer Values 

Fuel  Oxidizer Mixture Contrac- Expansion Wall Thrust, Chamber Fuel Computed Error, 
Rat io  t i o n  Ra t io  Tempera- Ib Pressure,  Enthalpy Fae l  'I. 

Rat io  t u r e ,  "F p s i a  Based on Enthalpy 
Parametric Btullb, 
Curves 
Btullbm 

100 1700 5000 850 581 592 1.33 

100 1700 4157 100 222.9 221 0.86 

114.27 113.26 1.29 

Methane Flox 4.0 2.0 

Propane OF2 3.79 2.0 

Butene-1 OF2 2.7 4.0 40 3200 1000 1000 

D - 1 6  
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5.  ANALYSIS 

To f a c i l i t a t e  o b t a i n i n g  numerical  r e s u l t s ,  t h e  s i x  b a s i c  c u r v e s  shown 

i n  f i g u r e s  D-4 through D-9 were s t o r e d  i n  an  I B M  1130 computer program. 

Upon t h e  s p e c i f i c a t i o n  of  t h e  e i g h t  v a r i a b l e s ,  t h e  program was a b l e  t o  

compute t h e  c o o l a n t  ( f u e l )  e n t h a l p y  r i se .  A l s o ,  by s p e c i f y i n g  t h e  d e s i r e d  

c o o l a n t  e n t h a l p y  r i s e  and seven of  t h e  e i g h t  v a r i a b l e s ,  t h e  program h a s  

t h e  c a p a b i l i t y  t o  s o l v e  f o r  t h e  remaining v a r i a b l e .  
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APPENDIX E 
DETAILED HEAT TRANSFER STUDY - METHOD OF ANALYSIS 

1. GENERAL 

Two computer programs were used f o r  t h e  d e t e r m i n a t i o n  of r e g e n e r a t i v e  

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

f i r s t  program, f o r  an  I B M  1130 computer,  performed a p r e l i m i n a r y  d e s i g n  

a n a l y s i s  t o  e s t a b l i s h  t h r u s t  chamber geometry and t o  provide  a f i r s t  

approximat ion  o f  c o o l a n t  passage  s i z e s  f o r  c o u n t e r  and p a r a l l e l  c o o l a n t  

flows. The p r e l i m i n a r y  passage  s i z i n g  in fo rma t ion  was used t o  s e l e c t  

t h e  p r e f e r r e d  c o o l a n t  f l ow d i r e c t i o n .  The second program, f o r  a n  I B M  

360 computer ,  performed a d e t a i l e d  Thermal Skin  h e a t  t r a n s f e r  a n a l y s i s .  

This  program provided  a s t e p w i s e  s o l u t i o n  f o r  d e t e r m i n a t i o n  of t he  f l u i d  

s t a t e  and w a l l  t empera ture  a t  p o i n t s  a long  t h e  c o o l a n t  passage .  

L 

The two computer programs, used i n  ser ies ,  pe rmi t t ed  t h e  d e t e r m i n a t i o n  

of r e g e n e r a t i v e  c o o l i n g  l i m i t s .  Upper chamber p r e s s u r e  l i m i t s  (wi th  t h e  

f u e l s  a t  s u p e r c r i t i c a l  p r e s s u r e s  i n  t h e  pas sages )  were g e n e r a l l y  s e t  by 

c o o l a n t  p r e s s u r e  d rop  l i m i t a t i o n s ;  lower chamber p r e s s u r e  l i m i t s  ( a t  

s u b c r i t i c a l  p r e s s u r e s )  were determined by a n a l y s i s  f o r  b u l k  o r  f i l m  

b o i l i n g .  

Th i s  Appendix c o n t a i n s  a d e s c r i p t i o n  of  t he  computer programs and 

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

2 .  PRELIMINARY DESIGN ANALYSIS (1130 COMPUTER PROGRAM) 

The 1130 computer program performed t h e  fo l lowing  o p e r a t i o n s :  

1. Combustion chamber s i z i n g  

2 .  Coolant  passage  s i z i n g  a t  t h e  t h r o a t  and i n j e c t o r  l o c a -  

3 .  S t r e s s  a n a l y s i s .  

t i o n s  

The e q u a t i o n s  used i n  t h e s e  o p e r a t i o n s  a r e  d i s c u s s e d  i n  t h e  fo l lowing  

subparagraphs .  

a .  Combustion Chamber S i z i n g  

The combust ion chamber was s i z e d  f o r  a s p e c i f i e d  s e t  of c o n d i t i o n s  

d e f i n e d  by v a l u e s  f o r  (1) t h r u s t ,  (2) chamber p r e s s u r e ,  (3) expans ion  

r a t i o ,  ( 4 )  c o n t r a c t i o n  r a t i o ,  (5) mixture  r a t i o ,  and (6)  an  o x i d i z e r /  

f u e l  p r o p e l l a n t  combina t ion .  The p r o p e l l a n t  f low r a t e  and f u e l  c o o l a n t  
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f low ra te  were determined from t h e  familiar e q u a t i o n s ,  

where I '  i s  t h e  t h e o r e t i c a l  s p e c i f i c  impulse f o r  s h i f t i n g  e q u i l i b r i u m  

and t h e  c* e f f i c i e n c y  and  n o z z l e  e f f i c i e n c y  v a l u e s  were assumed t o  be 

96% and 97.5% r e s p e c t i v e l y  (kinetic l o s s e s  were n o t  c o n s i d e r e d ) .  The 

r e q u i r e d  t h r o a t  area,  t h r o a t  r a d i u s  , and chamber l e n g t h  were determined 

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

va c 

A* = (c*'V % ) /Pcgc 
C P  

R * =  4%' 
R = (R*) 

C C 

V = L*A* 

L = V I &  

where 

(E-6) 

b .  Coolant  Passage S i z i n g  

Coolant  passages  were s i z e d  by d e t e r m i n i n g  t h e  c o o l a n t - s i d e  f i l m  

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

and t h e n  computing t h e  dimensions n e c e s s a r y  t o  produce t h e  c o e f f i c i e n t .  

The h e a t  i n p u t  a t  any g iven  s t a t i o n  was determined a s  

where 

Y -  1 
0 Taw = 

E-2 

03-91 

(E-10) 
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The combust ion-s ide  h e a t  t r a n s f e r  c o e f f i c i e n t ,  h , was computed 
g 

u s i n g  t h e  B a r t z  s h o r t  form e q u a t i o n  (see Appendix D). Average va lues  

f o r  h e a t  r e d u c t i o n  due t o  carbon d e p o s i t i o n ,  Qm/Qp, were employed ( see  

Appendix B). 

The c o o l a n t - s i d e  c o e f f i c i e n t  i s  d e f i n e d  a s :  

where 

(E-11)  

(E-12)  

The w a l l  t h i c k n e s s  6 ,  and o t h e r  p e r t i n e n t  c o o l i n g  passage  dimensions 

a r e  d e f i n e d  i n  f i g u r e  E - 1 .  Wall  t empera tu re  (T ) was s p e c i f i e d ,  a s  was 

t h e  co r re spond ing  m a t e r i a l ,  which i n  t u r n  d e f i n e d  t h e  wall t he rma l  con- 

d u c t i v i t y ,  K . 

W 

W 

F i g u r e  E - 1 .  Cross  S e c t i o n  of Thermal Sk in  Wall FD 23455 TM 
Showing Symbols Used 

The purpose  of t h e  IBM 1130 computer c a l c u l a t i o n  was t o  p e r m i t  

s e l e c t i o n  of t h e  c o o l a n t  f l ow d i r e c t i o n  f o r  which passage  dimensions 

were l a r g e s t .  For  t h i s  pu rpose ,  i t  was necessa ry  on ly  t o  e v a l u a t e  

l o c a t i o n s  where minimum dimensions would b e  expec ted .  These l o c a t i o n s  

were a t  t h e  t h r o a t  and a t  t h e  i n j e c t o r  s t a t i o n .  The t h r o a t  i s  t h e  

r e g i o n  of  h i g h e s t  t h e o r e t i c a l  h e a t  f l u x e s ;  t h e  i n j e c t o r  s t a t i o n  i s  of 

E -3 
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concern  p r i m a r i l y  because  of t h e  p a r a l l e l  c o o l a n t  f low c a s e .  While 

h e a t  f l u x e s  n e a r  t h e  i n j e c t o r  a r e  not  a s  h i g h  a s  a t  t h e  t h r o a t ,  t h e y  

a r e  s i g n i f i c a n t  and w i t h  p a r a l l e l  f l o w  t h e  c o o l a n t  i s  a t  i t s  maximum 

d e n s i t y  a t  t h a t  s t a t i o n ,  and hence small passages are r e q u i r e d  t o  a c h i e v e  

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

(see Appendix D), which c o n s i d e r e d  combustion chamber and nozz le  h e a t  

t r a n s f e r  s e p a r a t e l y ,  were used t o  e s t i m a t e  c o o l a n t  b u l k  tempera ture  (Tb) 

a t  t h e  t h r o a t  and i n j e c t o r  s t a t i o n s  f o r  use i n  t h e  c a l c u l a t i o n s .  

The D i t t u s - B o e l t e r  e q u a t i o n  f o r  h e a t i n g  of a f l u i d  w i t h  f u l l y  

developed t u r b u l e n t  flow 

h =  0.023Kf (Reb)Oa8(2) O B 8  (Prf)Om4 
Dh C 

(E-13) 

was used t o  e s t a b l i s h  c o o l a n t  passage  dimensions r e q u i r e d  t o  a c h i e v e  

t h e  r e q u i r e d  c o e f f i c i e n t .  

By e x p r e s s i n g  c o o l a n t  passage  dimensions by i d e n t i t i e s  based on 

r a t i o s  t h a t  were h e l d  c o n s t a n t  f o r  t h e  studyJe 

e =  w/(w/E> = w11.33 (E-14) 

s = w/(w/s) = wl1.0 (E-15)  

and n o t i n g  t h a t , t h e r e f o r e ,  t h e  number of s l o t s  f o r  a g iven  chamber r a d i u s  

and w a l l  t h i c k n e s s  i s  a unique f u n c t i o n  of t h e  s l o t  wid th  

- 2 K  (R + 6 (w/s) W(R + 6 )  
Ns - W -wJs- = W 

(E-16)  

t h e  Reynolds number i n  e q u a t i o n  (E-13) can  be expressed  i n  t e r m s  of t o t a l  

f low and t o t a l  c o o l a n t  flow area,  and t h e n  t h e  t e r m s  can be r e a r r a n g e d  t o  

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

(1.01)Kf<w/l + l).. (prf)  0.4 w =  
hC 

(E-17) 

%/k! was he ld  c o n s t a n t  a t  1.33 based  on c u r r e n t  s t a t e - o f - t h e - a r t  engraving  
p r a c t i c e ,  and w / s  was assumed t o  b e  1 .0 ,  which was a v a l u e  shown t o  pro-  
duce maximum f i n  e f f i c i e n c i e s  i n  prev ious  s t u d i e s .  

E-4 
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When t h e  minimum passage w i d t h  f o r  a g iven  c a s e  was e s t a b l i s h e d  a t  one 

of t h e  two l o c a t i o n s  a n a l y z e d ,  t h e  depth  (which was assumed c o n s t a n t  

a l o n g  t h e  c o o l a n t  passage  f o r  e a s e  of engraving)  was f i x e d .  The wid th  

a t  t h e  o t h e r  s t a t i o n  was t h e n  de termined ,  u s i n g  e q u a t i o n  ( E - 1 7 ) )  assuming 

t h e  same number of passages .  Subsequent s t ress  a n a l y s i s  showed t h a t  

branching  was n o t  n e c e s s a r y  i n  t h e  combustion chamber r e g i o n s ;  t h e  

c o o l a n t  passage wid ths  a t  t h e  i n j e c t o r  s t a t i o n  were n o t  s u f f i c i e n t  t o  

n e c e s s i t a t e  s p l i t t i n g  of t h e  passages  even a t  t h e  h i g h e s t  t h r u s t  l e v e l  

(20,000 l b ) .  I n  t h e  s t u d i e s  made, t h e  minimum r e q u i r e d  dimensions always 

occurred  a t  t h e  t h r o a t  s t a t i o n .  

c .  Wall  S t r e s s  C a l c u l a t i o n  

Independent ly  of  t h e  h e a t  t r a n s f e r  c a l c u l a t i o n s ,  Thermal S k i n  

chamber w a l l  t h i c k n e s s e s  ( 6 )  a t  t h e  t h r o a t  and chamber s t a t i o n s  were 

determined based on s t r e s s  c a l c u l a t i o n s .  The s t r e s s e s  of concern  were 

t h e  bending and s h e a r  s t resses  i n  t h e  i n n e r ,  o r  chamber w a l l ,  t h e  b r a z e  

t e n s i l e  s t r e n g t h ,  and t h e  thermal  s t r e s s e s .  I n  a l l  c a l c u l a t i o n s ,  

c o o l a n t  passages were assumed t o  have square  c o r n e r s .  S i n c e  p a s t  

e x p e r i e n c e  has  shown t h a t  rounded c o r n e r s  a r e  o b t a i n e d  i n  e tched  c o o l a n t  

passages ,  t h i s  assumption y i e l d s  c o n s e r v a t i v e  r e s u l t s .  

The a l l o w a b l e  w a l l  t h i c k n e s s  based upon bending stress was determined 

from a f ixed-end  uniform load  beam a n a l y s i s  w i t h  bending a b o u t  t h e  f i x e d  ends :  

6b = JPw2/2(Ty (E-18)  

The a l l o w a b l e  w a l l  t h i c k n e s s  based  upon t h e  i n n e r  w a l l  y i e l d i n g  i n  

s h e a r  i s  

= Pw/2(Ty (E-19) % 
The a l l o w a b l e  passage space  r e q u i r e d  t o  p r e v e n t  t e n s i l e  f a i l u r e  of t h e  

b r a z e  j o i n t  i s  determined a s  f o l l o w s :  

(E-20)  

The a l l o w a b l e  w a l l  t h i c k n e s s  based  on thermal  s t r e s s  c o n s i d e r a t i o n  was 

based on t h e  d i f f e r e n c e  i n  expansion a t  t h e  o u t e r  r a d i u s  ( l o c a t i o n  2 

on f i g u r e  E - 1 )  a s  compared t o  t h a t  a t  t h e  i n n e r  r a d i u s  (location 1 on 

f i g u r e  E - 1 ) .  

E - 5  
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L - - 
'TH [(&) +(&)I by 

(E-21) 

The the rma l  s t r e s s  i s  caused by t h e  d i f f e r e n c e s  i n  expans ion  a t  t h e  

o u t e r  and i n n e r  r a d i i .  The t empera tu re  d i f f e r e n c e s  AT and AT a r e  t h e  

d i f f e r e n c e s  i n  t empera tu res  between ambient  and t h e  respective w a l l  tem- 

p e r a t u r e s  and E and E a r e  t h e  co r re spond ing  moduli of e l a s t i c i t y  a t  

t h e s e  l o c a t i o n s .  I n  t h e s e  e q u a t i o n s ,  t h e  c o o l a n t  p r e s s u r e  (P) f o r  c o u n t e r -  

f low was based  on a n  assumed p r e s s u r e  loss  of h a l f  t h e  a l lowab le  a t  t he  

t h r o a t  s t a t i o n  and of  t h e  t o t a l  a l l o w a b l e  a t  t h e  i n j e c t o r  s t a t i o n .  For  

p a r a l l e l  f low,  t h e  p r e s s u r e  a t  t h e  i n j e c t o r  was assumed t o  be t h e  i n l e t  

p r e s s u r e  and h a l f  t h e  a l l o w a b l e  p r e s s u r e  loss was assumed a t  t h e  t h r o a t  

s t a t i o n .  The 0.2% y i e l d  s t r e n g t h  was eva lua ted  a t  t h e  mean of t h e  o u t -  

s i d e  w a l l  t empera tu re  (Tw) and t h e  c o o l a n t  s i d e  w a l l  t empera ture  (Twc). 

The a l l o w a b l e  b r a z e  s t ress  was based upon t h e  t e n s i l e  s t r e n g t h  of t h e  

1 2 

1 2 

braze  e v a l u a t e d  a t  t h e  c o o l a n t  b u l k  t empera tu re .  

I f  t h e  w a l l  t h i c k n e s s e s  de te rmined  from t h e  s t r e s s  c a l c u l a t i o n s  of 

e q u a t i o n s  E - 1 8  through E - 2 1  were g r e a t e r  t h a n  t h o s e  assumed f o r  t h e  h e a t  

t r a n s f e r  c a l c u l a t i o n s ,  a g r e a t e r  w a l l  t h i c k n e s s  was assumed and t h e  h e a t  

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

s t r e n g t h  was less than  t h a t  used i n  t h e  h e a t  t r a n s f e r  c a l c u l a t i o n s  f o r  

pass  age  w i d t h  . 
3 .  THERMAL SKIN HEAT TRANSFER ANALYSIS (IBM 360 PROGRAM) 

a .  Gene ra l  

A d e t a i l e d  Thermal S k i n  h e a t  t r a n s f e r  a n a l y s i s  was performed us ing  a n  

I B M  360 computer program. The a n a l y s i s  c o n s i s t e d  of  a s t epwise  s o l u t i o n  

of t h e  c o n t i n u i t y ,  ene rgy ,  momentum, and s t a t e  equa t ions  f o r  d e t e r m i n a t i o n  

of t h e  c o o l a n t  c o n d i t i o n s  and w a l l  t empera ture  a t  s t a t i o n s  a long  t h e  

c o o l a n t  passages .  The I B M  360 computer was used i n  c o n j u n c t i o n  w i t h  t h e  

IBM 1130 computer.  For  a s p e c i f i e d  s e t  of c o n d i t i o n s  ( i . e . ,  f o r  v a l u e s  

of t h r u s t ,  chamber p r e s s u r e ,  expans ion  r a t i o ,  c o n t r a c t i o n  r a t i o ,  mix tu re  

r a t i o ,  and an  o x i d i z e r / f u e l  p r o p e l l a n t  combina t ion)  computed v a l u e s  (from 

the  I B M  1130 program) of t h e  f o l l o w i n g  parameters  were i n p u t  t o  t h e  
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IBM 360 program: (1) t h r o a t  d i a m e t e r ,  (2)  f u e l  f l o w  r a t e ,  (3)  t h e  w a l l  

t h i c k n e s s ,  which i s  h e l d  c o n s t a n t  t h roughou t  t h e  chamber, and ( 4 )  number 

of c o o l a n t  s l o t s  a t  t h r o a t  l o c a t i o n .  By s p e c i f y i n g  t h e  number of c o o l a n t  

s l o t s  a t  t h e  t h r o a t  and t h e  w a l l  t h i c k n e s s ,  t h e  c o o l a n t  passage  geometry 

was comple t e ly  d e f i n e d  because: (1) t h e  s l o t  s p a c i n g  dimension (s) was 

e q u a l  t o  t h e  s l o t  w i d t h  a t  a l l  s t a t i o n s  throughout  t h e  t h r u s t  chamber f o r  

b e s t  f i n  e f f i c i e n c y  ( see  subparagraph b )  and (2) t h e  c o o l a n t  passage  d e p t h  was 

a l s o  ma in ta ined  c o n s t a n t ;  t h e  d e p t h  was e q u a l  t o  1 . 3 3  times t h e  t h r o a t -  

s t a t i o n  passage  w i d t h .  

The number of s l o t s  was he ld  c o n s t a n t  i n  t h e  combustion chamber because 

s t r e s s  a n a l y s i s  u s i n g  t h e  I B M  1130 program i n d i c a t e d  t h a t  t h e  i n j e c t o r -  

s t a t i o n  passage  wid ths  were n o t  l a r g e  enough a t  any t h r u s t  l e v e l  and 

chamber p r e s s u r e s  up  t o  1000 p s i a  t o  r e q u i r e  b r a n c h i n g .  However,coolant 

passage  b ranch ing  was employed i n  t h e  nozz le  p o r t i o n  of t h e  chamber; a 

c o n s e r v a t i v e  approach was t a k e n  by s p l i t t i n g  t h e  passages  a t  s t a t i o n s  

where t h e  wid th  equa led  t h e  i n j e c t o r - s t a t i o n  c o o l a n t  passage  wid th .  

For  a g i v e n  s e t  o f  c o n d i t i o n s ,  i t e r a t i o n s  were made on t h e  number of 

c o o l a n t  s l o t s  u s i n g  t h e  I B M  360 computer program u n t i l  t he  combustion- 

s i d e  w a l l  t empera tu re  a t  t h e  t h r o a t  l o c a t i o n  was e q u a l  t o  t h e  maximum 

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

number of c o o l a n t  s l o t s  had been de te rmined ,  t h e  c o o l a n t  p r e s s u r e  d rop ,  

maximum f i l m  t empera tu res ,  e t c .  w e r e  compared t o  a l l o w a b l e  v a l u e s  t o  

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

passage  geometry was made a f t e r  l i m i t s  had been e s t a b l i s h e d .  

The f o l l o w i n g  pa rag raphs  c o n t a i n  t h e  assumpt ions  and impor t an t  e q u a t i o n s  

used i n  t h e  I B M  360 h e a t  t r a n s f e r  computer program. 

b .  Assumptions 

The f o l l o w i n g  g e n e r a l  assumptions were made i n  t h e  a n a l y s i s .  

1. The c o o l a n t  f l ow i s  b o t h  s t e a d y  and one-dimensional.  

2 .  Conduction h e a t  t r a n s f e r  w i t h i n  t h e  c o o l a n t  i s  n e g l i g i b l e .  

3. Hea t ing  of t h e  c o o l a n t  due t o  v i s c o u s  d i s s i p a t i o n  i s  n e g l i g i b l e .  

4 .  R a d i a t i o n  i s  n e g l i g i b l e  w i t h  r e s p e c t  t o  f o r c e d  convec t ion  h e a t  
t r a n s f e r  i n  t h e  c o o l a n t  p a s s a g e s .  

5. En t r ance  e f f e c t s  on c o o l a n t  h e a t  t r a n s f e r  c o e f f i c i e n t s  a r e  
n e g l i g i b l e .  
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6 .  The combust ion-side h e a t  t r a n s f e r  c o e f f i c i e n t  (hg) and 
a d i a b a t i c  w a l l  t empera tu re  (Taw) a r e  independent  of  t h e  
c o o l i n g  p r o c e s s  and c a n  b e  e v a l u a t e d  i n d e p e n d e n t l y .  The 
Bar t z  s h o r t - f o r m  e q u a t i o n  was used f o r  c a l c u l a t i n g  hg,and 
Taw was c a l c u l a t e d  u s i n g  one-dimensional i s e n t r o p i c  e q u a t i o n s  
a s  i n  t h e  f e a s i b i l i t y  s t u d y .  

S k i n  w a l l  a r e  a d e q u a t e l y  r e p r e s e n t e d  by a f i n  a n a l y s i s .  
7 .  Two-dimensional h e a t  t r a n s f e r  e f f e c t s  w i t h i n  t h e  Thermal 

Assumptions 1 through 6 a r e  s e l f - e x p l a n a t o r y  b u t  some comment i s  

r e q u i r e d  t o  c l a r i f y  assumption 7. Conduction between passages  c o n t r i b u t e s  

s i g n i f i c a n t l y  t o  h e a t  t r a n s f e r  i n  Thermal S k i n  t s t  chambers. To eval- 

ua t e  t h i s  e f f e c t  , two-dimensi ona 1 conduc t ion  ea  l c u l a  t i  ons a r e  g e n e r a l l y  used ; 

however, t h e s e  a r e  unwieldy and time-consuming. To de te rmine  whe the r  a 

more a d a p t a b l e  c a l c u l a t i o n  could  b e  used , combustion- and c o o l a n t - s i d e  

w a l l  t empera tu res  a s  p r e d i c t e d  by (1) two-dimensional and ( 2 )  one- 

dimensional  p l u s  f i n  e f f e c t  a n a l y s e s  were compared. For  t h e  compar ison ,  

t h e  t h r o a t  w a l l  t empera tu res  f o r  a flox/methane , 5000-lb t h r u s t ,  350-ps ia  

chamber p r e s s u r e  e n g i n e  w i t h  n i c k e l  w a l l s  were e v a l u a t e d .  The two-dimen- 

s i o n a l  r e s u l t s  i n d i c a t e d  combustion- and c o o l a n t - s i d e  w a l l  t empera tu res  

of 1 7 2 1  and 1459"R, whereas t h e  one-dimensional p l u s  f i n  e f f e c t s  gave 

1776 and 1500"R, r e s p e c t i v e l y .  The agreement between t h e  methods i s  

c o n s i d e r e d  t o  b e  adequa te  and t y p i c a l ,  and t h u s  forms t h e  b a s i s  f o r  

assumption 7 .  

c .  Equat ions 

F i g u r e  E-2 shows a n  e l e m e n t a l  s e c t i o n  of a c o o l a n t  f low passage  i n  

t h e  d i r e c t i o n  o f  flow. The c a l c u l a t i o n  o f  the c o o l a n t - s i d 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 s  based upon knowledge of t h e  w a l l  t e m p e r a t u r e ,  t hus  r e q u i r i n g  

an  i t e r a t i v e  s o l u t i o n  of t h e  h e a t  t r a n s f e r  th rough t h e  chamber w a l l .  

The i t e r a t i v e  t echn ique  employed may b e  summarized i n  words a s  f o l l o w s .  

Assuming t h a t  a l l  q u a n t i t i e s  and t h e i r  g r a d i e n t s  a r e  known a t  s t a t i o n  j-1, 

t h e  b u l k  t empera tu re ,  s t a t i c  p r e s s u r e ,  and h e a t  f l u x  a r e  e s t i m a t e d  a t  

s t a t i o n  j .  

c a l c u l a t e d .  The c o o l a n t - s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  c a n  now b e  e v a l u a t e d  

and t h e  f l u i d  b u l k  t empera tu re  a t  s t a t i o n  j i s  e s t i m a t e d  by  making c a l c u l a -  

The g a s - s i d e  and c o o l a n t - s i d e  w a l l  t empera tu res  a r e  t h e n  

t i o n s  a c r o s s  t h e  w a l l .  Comparison i s  made of t h e  b u l k  t empera tu res  c a l c u l a -  

t e d  from t h e  e n t h a l p y  r i s e  of t h e  c o o l a n t  s t r e a m  from j-1 t o  j and t h e  v a l u e  

c a l c u l a t e d  a c r o s s  t h e  w a l l  a t  j (see f o l l o w i n g  s k e t c h ) .  
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j -1  j 
I- Ax. 
I I 
I I 
I I 

i I 
I 

P I 
T I -  

I I H + d H  
I f U + d U  

H 
U I 

c- 

P + d P  
I- T + d T  

I 
I 
I 

.......... ............ A 

......... 

F i g u r e  E-2. Elemental  S e c t i o n  of Coolant  FD 23456 
Flow Passage 

j-1 j 
I 
I 
I 
I 

I 
I 

I 
I 

I I 

Tb 

FD 23457 

If ( T i  - T ) i s  n o t  w i t h i n  a s p e c i f i e d  t o l e r a n c e ,  t h e  i t e r a t i v e  c a l c u l a t i o n s  

a r e  r e p e a t e d  u n t i l  convergence i s  made. 
b 

I t e r a t i o n s  f o r  p r e s s u r e  drop a r e  

a l s o  made. 

The combust ion-side w a l l  t empera ture  i s  c a l c u l a t e d  by e q u a t i o n  (E-22). 
a 

(E-22) 

The combustion gas  h e a t  t r a n s f e r  c o e f f i c i e n t  (h ) and t h e  a d i a b a t i c  w a l l  

t empera ture  (T ) a r e  known q u a n t i t i e s  and a r e  independent ly  c a l c u l a t e d  

a s  d i s c u s s e d  i n  Appendix D .  

de te rmine  t h e  c o o l a n t  s i d e  w a l l  t empera ture  a s  g i v e n  by e q u a t i o n  (E-23). 

g 

aw 
One-dimensional c a l c u l a t i o n s  a r e  made t o  

(E-23) 
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The thermal  c o n d u c t i v i t y  i s  e v a l u a t e d  a t  t h e  ave rage  w a l l  t empera tu re .  

Bulk tempera ture  c a l c u l a t i o n s  a t  s t a t i o n  j a r e  made by c o n s i d e r i n g  h e a t  

t r a n s f e r  from t h e  p e r i p h e r y  of t h e  s l o t .  Two-dimensional e f f e c t s  a r e  

approximated by assuming t h a t  t h e  web m a t e r i a l  a c t s  a s  a s t u b  f i n  w i t h  a 

b a s e  t empera tu re  of Twc. 

terms of t h e  symbols of f i g u r e  E - 1 .  

F igu re  E - 3  shows t h e  e q u i v a l e n t  f i n  geometry i n  

r-- ----- 

I I 
hg3 Tb I I 

I 
I I 

F i g u r e  E - 3 .  E q u i v a l e n t  F i n  Geometry f o r  Thermal FD 23458 
Skinm Passage 

T b = T  - ‘ h (E) 
wc “ f i n  c 

where,  

PB = 2r (R  6 

(E-24) 

The t e r m  AR i s  used t o  c o n t r o l  t h e  amount of p e r i p h e r y  t h a t  t r a n s f e r s  

h e a t .  Based upon two-dimensional  s t u d i e s ,  b e s t  r e s u l t s  were obta ined  f o r  

AR = 0 ,  which co r re sponds  t o  h e a t  t r a n s f e r  from a l l  c o o l a n t  passage  w a l l s  

excep t  t h e  back w a l l .  
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The c o o l a n t  hea t  t r a n s f e r  c o e f f i c i e n t  t h a t  was used i n  t h e  a n a l y s i s  i s  

based  upon work r e p o r t e d  i n  Reference  1*, which was developed t o  account  

f o r  s u r f a c e  roughness  e f f e c t s  on h e a t  t r a n s f e r .  
0 .55 

C = st(%) 'pb(&) 

where 

(E-25) 

(E-26) 

(E-27) 

A@*) = + 2.5 ln(2e/Dh) + 3.75 (E-28) 

The t e r m  f i n  equa t ions  E-27 and E-28 i s  the  passage  s u r f a c e  roughness  

(10011 - i nches  was used i n  t h e  d e t a i l e d  h e a t  t r a n s f e r  s t u d y ) .  

i s o t h e r m a l  f r i c t i o n  f a c t o r  was ob ta ined  by per forming  i t e r a t i v e  c a l c u l a -  

t i o n s  f o r  t h e  f u n c t i o n  shown i n  f i g u r e  E - 4 .  The d imens ion le s s  terms e *  

and A(eJe) a r e  used t o  c o r r e l a t e  t h e  f r i c t i o n  f a c t o r  d a t a  normally p re sen ted  

on a Moody Diagram. 

The 

11.01 I 1 i 

In e 
10.0 

A 

& 3 9.0 
E? 

q 8.0 
+ 6 7.0 
E 
rl 

hl 

I I  
c I 
25 6'o Smooth+- - .. Transition --Fully Rough 
4 

5.0 
1 10 100 1000 

F i g u r e  E - 4 .  F r i c t i o n  S i m i l a r i t y  Func t ion  €o r  
Close-Packed Sand Gra in  Roughness 

FD 23459 

*References f o r  t h i s  Apiendix a r e  g iven  i n  Paragraph  5 .  
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The c o o l a n t  t empera tu re ,  p r e s s u r e  and s t a t e  was determined by s i m u l -  

t aneous ly  i n t e g r a t i n g  t h e  c o n t i n u i t y ,  energy , momentum, and thermodynamic 

s t a t e  e q u a t i o n s .  The e q u a t i o n  of s t a t e  i s  g i v e n  i n  terms of t h e  BWR 

e q u a t i o n  a s  d e s c r i b e d  i n  Appendix F. S ince  t h e  f low i s  s t e a d y ,  t h e  use  of 

a c o n s t a n t  mass f low r a t e  i n  t h e  c a l c u l a t i o n s  s a t i s f i e s  t h e  c o n t i n u i t y  

e q u a t i o n .  With t h e  a i d  of f i g u r e  E-2, t h e  energy and momentum equa t ions  

can  b e  w r i t t e n  a s  f o l l o w s .  

(E-29) 
w 

(E-30) 

The b a r s  over  t h e  symbols i n  e q u a t i o n s  E-29 and E-30 r e f e r  t o  average  

va lues  over  t he  increment  of l e n g t h  Ax. The p r e s s u r e  i s  de te rmined  by 

e q u a t i o n  E - 3 1 .  

(E-31)  

The f r i c t i o n  f a c t o r  (f  ) r e p r e s e n t s  t h e  i s o t h e r m a l  f r i c t i o n  f a c t o r  c o r r e c t e d  

f o r  h e a t  t r a n s f e r  a s  g iven  by e q u a t i o n  E-32 and based on work r e p o r t e d  i n  

Reference 2 .  

h 

f f (G) P w  1ofJ-v pw/pb 
h (E-32) 

Sudden expans ions  and c o n t r a c t i o n s  i n  f low a r e a  a r e  t r e a t e d  by incompress ib l e  

f low e q u a t i o n s  and a r e  lumped a t  t h e  ups t ream s t a t i o n  (j-1). Once t h e  p r e s -  

su re  and e n t h a l p y  a r e  known a t  a s t a t i o n  j ,  t h e  b u l k  tempera ture  i s  de termined  

from en tha lpy -p res su re - t empera tu re  d a t a .  The thermodynamic and t r a n s p o r t  

p r o p e r t i e s  a r e  an  i n t e g r a l  p a r t  of t h e  a n a l y s i s  and a r e  d i s c u s s e d  s e p a r a t e l y  

i n  Appendix F. 
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A t  t h e  upper  chamber p r e s s u r e  l i m i t s  f o r  r e g e n e r a t i v e  c o o l i n g ,  t h e  

f u e l s  were a t  s u p e r c r i t i c a l  p r e s s u r e  i n  t h e  c o o l a n t  pas sages .  I t  was found 

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

a l m o s t  a l l  c a s e s ,  and t h e s e  were de termined  u s i n g  a r e l a t i v e l y  s t r a i g h t f o r w a r d  

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

A t  t h e  lower chamber p r e s s u r e  limits, t h e  f u e l s  a r e  a t  s u b c r i t i c a l  p re s -  
.. sures  and t h u s  t h r e e  d i f f e r e n t  h e a t  t r a n s f e r  p rocesses  a r e  p o s s i b l e  i n  

r o c k e t  t h r u s t  chambers: fo rced  convec t ion ,  fo rced  convec t ion  n u c l e a t e  

b o i l i n g ,  o r  fo rced  convec t ion  f i l m  b o i l i n g .  I f  t h e  f i r s t  p rocess  occur s ,  

t h e  w a l l  i n  c o n t a c t  w i t h  t h e  c o o l a n t  w i l l  be  a t  a t empera tu re  l e s s  t h a n  

t h e  l o c a l  s a t u r a t i o n  t empera tu re .  A s  t h e  w a l l  t empera tu re  is inc reased  t o  

approximate ly  t h e  s a t u r a t i o n  t empera tu re ,  b o i l i n g  w i l l  occur .  E x i s t e n c e  of 

t h e  b o i l i n g  mode can  be  de te rmined  by comparing t h e  h e a t  f l u x  t o  t h e  upper -  

l i m i t  h e a t  f l u x  f o r  n u c l e a t e  b o i l i n g .  For  h e a t  f l u x e s  g r e a t e r  t han  t h i s  

u p p e r - l i m i t  v a l u e ,  f i l m  b o i l i n g  w i l l  occu r .  F i lm b o i l i n g  w i l l  a l s o  occur ,  

r e g a r d l e s s  of t h e  hea t  f l u x  l e v e l ,  when t h e  b u l k  tempera ture  r eaches  t h e  

s a t u r a t i o n  leve l  and t h e r e  i s  b u l k  b o i l i n g ,  o r  n e t  vapor  g e n e r a t i o n ,  t h a t  

causes  t h e  amount of a v a i l a b l e  l i q u i d  t o  b e  i n s u f f i c i e n t  t o  w e t  t h e  w a l l .  

The t r a n s i t i o n  t o  f i l m  b o i l i n g  i s  accompanied by a l a r g e  i n c r e a s e  i n  w a l l  

t empera ture  and t h e r e f o r e  the  c o n d i t i o n s  t h a t  produce it  s e t  t h e  low 

chamber p r e s s u r e  c o o l i n g  l i m i t s ,  

For  b u l k  b o i l i n g  t h e  s a t u r a t i o n  s t a t e  d e f i n e s  t h e  maximum a l lowab le  

c o o l a n t  c o n d i t i o n  and t h e r e f o r e  t h e  approach  t aken  was the  same a s  t h a t  

fo l lowed  i n  t h e  f e a s i b i l i t y  s tudy .  Lower p r e s s u r e  l i m i t s  were a t  t h e  

lowes t  chamber p r e s s u r e s  t h a t  would a l l o w  t h e  f u e l  t o  remain a t  a super -  

c r i t i c a l  p r e s s u r e  i n  t h e  j a c k e t  u n t i l  t h e  c r i t i c a l  t empera ture  was 

exceeded. The l i m i t s  were t h e r e f o r e  l a r g e l y  dependent  upon t h e  l i q u i d  

phase h e a t  c a p a c i t i e s  of t h e  i n d i v i d u a l  f u e l s .  

I n  t h e  s t u d y ,  when i t  was found t h a t  c r i t i c a l  t empera tu res  were 

exceeded,  i t  was assumed t h a t  t h e  lower chamber p r e s s u r e  c o o l i n g  l i m i t  

occur red  when t h e  j a c k e t  o u t l e t  p r e s s u r e  was j u s t  e q u a l  t o  t h e  c r i t i c a l  

p r e s s u r e .  This  p o i n t  was e s t a b l i s h e d  by comparing t h e  p r e d i c t e d  c o o l a n t  

p r e s s u r e  drop  w i t h  t h e  l i m i t i n g  p r e s s u r e  d rop  f o r  which s u p e r c r i t i c a l  
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p r e s s u r e s  were main ta ined  i n  t h e  j a c k e t .  S o l u t i o n s  were ob ta ined  g r a p h i c a l l y ,  

a s  i l l u s t r a t e d  i n  f i g u r e  E-5 .  The p r e d i c t e d  j a c k e t  p r e s s u r e  d rops  i n  t h e  

i l l u s t r a t i o n  a r e  t h e  levels r e q u i r e d  t o  m a i n t a i n  t h e  assumed w a l l  tempera- 

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

j a c k e t  d i s c h a r g e  p r e s s u r e  e q u a l s  c r i t i c a l  p r e s s u r e .  J a c k e t  i n l e t  p r e s s u r e s  

w e r e  assumed f o r  t h e  v a r i o u s  f u e l s  based  on t h e  t y p e  of engine  c y c l e  f o r  

which they  were a p p r o p r i a t e ,  g a s  g e n e r a t o r  o r  expander .  

Note t h a t  curves such  a s  t h o s e  of f i g u r e  E-5  were a l s o  used t o  e s t a b -  

l i s h  t h e  upper  c o o l i n g  l i m i t .  The upper l i m i t  cor responds  t o  t h e  chamber 

p r e s s u r e  a t  which t h e  p red ic t ed -coo lan t -p res su re -d rop  curve i n t e r s e c t s  

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

w 

F i g u r e  E-5. Graph ica l  De te rmina t ion  of  Chamber 
P r e s s u r e  Corresponding t o  C r i t i c a l  
J a c k e t  O u t l e t  P r e s s u r e  

DF 60252 
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F u e l s  w i t h  l a r g e  l i q u i d  phase h e a t  c a p a c i t i e s  c a n  b e  used a s  

c o o l a n t s  a t  s u b c r i t i c a l  p r e s s u r e s  w i t h o u t  t h e  occur rence  of b u l k  b o i l i n g .  

However, i f  l o c a l  h e a t  f l u x e s  i n  t h e  chamber a r e  s u f f i c i e n t l y  h igh ,  sub-  

cooled  f i l m  b o i l i n g  could  occur .  To check f o r  t h i s  p o s s i b i l i t y ,  t h e  

u p p e r - l i m i t  h e a t  f l u x e s  w e r e  determined from Reference  3 u s i n g  t h e  

fo l lowing  e q u a t i o n :  

qmax - Tb)Uc] fd + eP 1 (E-33) 

w 

where 

= f u e l  s a t u r a t i o n  t empera tu re  T s a t  
Tb = f u e l  b u l k  tempera ture  

U = b u l k  v e l o c i t y  

P = f u e l  p r e s s u r e  

I n  e q u a t i o n  E-33, a ,  b ,  c ,  d ,  and e a r e  e x p e r i m e n t a l l y  determined 

c o n s t a n t s  f o r  each  f u e l .  For bu tene -1  and propane,  which have l a r g e  

l i q u i d  phase  h e a t  c a p a c i t i e s ,  t h e s e  v a l u e s  a r e  a s  fo l lows :  

Fue 1 a b C d e 

Propane 0.3227 9.43 0.5 1.0376 -2.51 

Butene-1 0.2736 7.43 0.6 1.0619 -4.11 10-4 

The fo l lowing  v a l u e s  were assumed f o r  t h e  terms T s a t ,  Tb, U ,  and P. 

Tb 9 O R  U, f t / s e c  P Tsa t 

Propane f (P) 400 70 1 .65  Pc 

Butene - 1 f (PI 350 45  1 .65  Pc 

The c o o l a n t  v e l o c i t i e s  (U) were s e l e c t e d  a s  b e i n g  nomi 1 v a l u e s  used 

f o r  t h e  r e s p e c t i v e  f u e l s  a t  low chamber p r e s s u r e s .  The t h r o a t  b u l k  t e m -  

p e r a t u r e s  (T ) were computed a t  a chamber p r e s s u r e  of 250 p s i a ;  a c o n s t a n t  

va lue  was used because  t h e  c o o l a n t  e n t h a l p y  r i s e  i n  t h e  nozz le  of t h e  

t h r u s t  chamber i s  n o t  a s t r o n g  f u n c t i o n  of chamber p r e s s u r e .  The c o o l a n t  

p r e s s u r e  was assumed t o  be  1.65 times chamber p r e s s u r e .  This  i s  cons ide red  

t o  be  t h e  maximum probab le  s i n c e  w i t h  b o t h  of t h e s e  p r o p e l l a n t  combina t ions  

(OF2/Butene-1 and OF2/propane) e i t h e r  a g a s  g e n e r a t o r  or  a p re s su re - f ed  

eng ine  c y c l e  would be  used.  

b 

F o r  t h e s e  two c y c l e s ,  t h e  maximum i n l e t  
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coolant- to-chamber p r e s s u r e  r a t i o  would be  approximate ly  1.65. 

more, s i n c e  t h e  c o o l a n t  j a c k e t  p r e s s u r e  drop  w i l l  be  low i n  t h e  nozz le ,  

i t  was n e g l e c t e d  and t h e  t h r o a t  c o o l a n t  p r e s s u r e  was assumed t o  be 1 .65  

t imes chamber p r e s s u r e .  

F u r t h e r -  
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APPENDIX F 
FUEL THERMODYNAMIC AND TRANSPORT PROPERTIES 

1. GENERAL 

This  Appendix p r e s e n t s  t h e  c o r r e l a t i o n s  and methods used i n  t h e  prep-  

a r a t i o n  of t h e  computer programs t o  c a l c u l a t e  thermodynamic and t r a n s p o r t  

p r o p e r t i e s  o f  t h e  hydrocarbon f u e l s  cons ide red  i n  t h e  s t u d y .  F i g u r e s  F-1 

through F-16 a t  t h e  end of t h i s  appendix p r e s e n t  t h e  v a r i a t i o n  of vapor  p r e s -  

s u r e ,  d e n s i t y ,  v i s c o s i t y ,  and thermal  c o n d u c t i v i t y  as f u n c t i o n s  of tempera- 

t u r e  and p r e s s u r e  f o r  methane, 55% methane - 45% e t h a n e ,  propane ,  and 

butene-1 .  Entha lpy  - t empera tu re  diagrams f o r  t h e s e  f u e l s  and f o r  e thane  

are  p r e s e n t e d  i n  S e c t i o n  I V .  

Because o f  t h e  importance of s p e c i f i c  h e a t  i n  h e a t  t r a n s f e r  c a l c u l a -  

t i o n s ,  e q u a t i o n s  a r e  g iven  f o r  each  f u e l ;  however, t h i s  p r o p e r t y  i s  n o t  

p re sen ted  i n  cu rve  form. 

The p r o p e r t i e s  have been eva lua ted  f o r  bo th  l i q u i d  and gas  r e g i o n s  

f o r  t he  p r e s s u r e  and tempera ture  ranges  g i v e n  i n  t a b l e  F-1. The minimum 

tempera tu res  i n  t a b l e  F-1 cor respond t o  10"R above the  f r e e z i n g  p o i n t s  

o f  t he  f u e l s .  

The Benedict-Webb-Rubin (BWR) e q u a t i o n  of s t a t e  (References  1, 2 ,  

and 3)* i s  used t o  p r e d i c t  d e n s i t y ,  e n t h a l p y ,  and s p e c i f i c  h e a t  of t h e  

hydrocarbon f u e l s  i n  t h e  gas  and l i q u i d  r e g i o n s  e x c e p t  where o the rwise  

n o t e d .  The BWR e q u a t i o n  g i v e s  p r e s s u r e  a s  a f u n c t i o n  o f  tempera ture  

and d e n s i t y :  ** 
2 2  3 3 -yp21 (F-1) 

T 
P = RTP f (B,RT - A. - Co/T )P f (bRT - a)P f aap6 f [(I + ?'$)e 

The BWR c o n s t a n t s  (A Bo, C o y  a ,  b ,  c y  a, a n d Y )  f o r  methane, e t h a n e ,  

propane,  and butene-1 a r e  g iven  i n  t a b l e  F-2. F o r  a g iven  tempera ture  

and p r e s s u r e ,  t h e  co r re spond ing  d e n s i t y  i s  so lved  by t h e  Newton-Raphson 

i t e r a t i o n  procedure .  S ince  s i x  s o l u t i o n s  a r e  p o s s i b l e  f o r  t h e  BWR 

e q u a t i o n ,  t h e  c o r r e c t  s o l u t i o n  i s  ob ta ined  by p rov id ing  a s u i t a b l e  f i r s t  

guess  dependent  upon t h e  p a r t i c u l a r  phase (gas  o r  l i q u i d )  be ing  c o n s i d e r e d .  

For  a gas  phase ,  t h e  p e r f e c t  gas  law p rov ides  a f i r s t  e s t i m a t e ,  whereas 

f o r  a l i q u i d  phase t h e  hydrocarbon l i q u i d  d e n s i t y  a t  t h e  normal b o i l i n g  

p o i n t  p rov ides  a good f i r s t  e s t i m a t e .  A vapor  p r e s s u r e  curve  f i t t e d  

by a polynomial e q u a t i o n  i s  used t o  de te rmine  t h e  phase f o r  a g iven  

p r e s s u r e  and t empera tu re .  

* References  f o r  t h i s  Appendix are  g iven  i n  paragraph  7 .  
** Symbols are de f ined  s e p a r a t e l y  f o r  t h i s  Appendix i n  paragraph 6 .  
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Table F-1. F u e l  P r o p e r t y  P r e s s u r e  and Temperature Range 

Fue 1 Temperature ,  O R  P r e s s u r e ,  p s i a  

Methane 173 2100 14.7 3000 

55% Methane - 143 2100 14.7 3000 
45% Ethane 

min max min max 

Propane 

Butene -1 

Hydrocarbon 

Molecular  W t 

BO 

co x 10-6 
A0 

b 

a 

c x 10-6 

10-3 

Y x 

P 

R 

T 

P 
Re f e r e n c e  

164.3 2100 14.7 3000 

168.4 21 00 14.7 3000 

Table  F-2. Benedict-Webb-Rubin-Constants f o r  
Hydrocarbons (Metric U n i t s )  

Me t ha ne 

16.031 

0.0426000 

1.85500 

0.0225700 

0.00338004 

0.0494000 

0.00254500 

0.124359 

0.600000 

Ethane 

30.047 

0.0627724 

4.15556 

0.179592 

0.0111220 

0.345160 

0.0327670 

0.243389 

1.18000 

Pro pane 

44.062 

0.0973130 

6.87225 

0.508256 

0.0225000 

0.9477 00 

0.129000 

0.607175 

2.2000 

Butene - 1 

56.11 

0.116025 

9.060 

0.927280 

0.0348156 

1.682 

0.274920 

0.910889 

0.0295945 

<-Pressure, atm > 
+Gas c o n s t a n t ,  0.08207 l i t e r  atm/gm-mole "K + 
<- Temperature , "K > 
<-.Density , gm-mo 1e./li ter 

2 2 2 4 

T r a n s p o r t  p r o p e r t i e s  ( v i s c o s i t y  and thermal  c o n d u c t i v i t y )  f o r  both 

gas  and l i q u i d  phases  a r e  determined from r e s i d u a l  c o r r e l a t i o n s .  S ince  

t h e r e  a r e  d i f f e r e n c e s  i n  t h e  methods f o r  c a l c u l a t i n g  thermodynamic and 

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

s e p a r a t e  1 y . 
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Most of  t h e  publ i shed  d a t a  a v a i l a b l e  on t h e  hydrocarbons of  i n t e r e s t  

a r e  expressed  i n  cgs  u n i t s .  To avoid c o n v e r s i o n  o f  t h e  d a t a  i n t o  E n g l i s h  

u n i t s ,  computer c a l c u l a t i o n s  a r e  made u s i n g  cgs  u n i t s .  Conversion f a c t o r s  

a r e  t h e n  used t o  o b t a i n  f i n a l  answers  i n  E n g l i s h  u n i t s .  Equat ions  i n -  

c luded i n  t h e  f o l l o w i n g  paragraphs a r e  expressed  i n  c g s  u n i t s  and t h e  

Kelv in  tempera ture  s c a l e  e x c e p t  f o r  t h e  en tha lpy- tempera ture  e q u a t i o n s  

(Btu / lbm and OR) and where o t h e r w i s e  noted .  

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

2. METHANE 

The methods used t o  c a l c u l a t e  

a .  Dens i ty  

Below t h e  normal b o i l i n g  p o i n t  t h e  d e n s i t y  o f  l i q u i d  methane i s  r e p r e -  

sen ted  by e q u a t i o n  F-2. 

p =  36.3 - 0.0872 T (F-2 1 

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

d e n s i t i e s  a r e  c o n s i d e r e d  a p p l i c a b l e  t o  a l l  p r e s s u r e s .  D e n s i t i e s  above 

t h e  normal b o i l i n g  p o i n t  a r e  c a l c u l a t e d  by u s i n g  BWR e q u a t i o n  of s t a t e  

( e q u a t i o n  F-1) f o r  bo th  l i q u i d  and g a s .  

b .  Entha lpy  

The s a t u r a t e d  l i q u i d  e n t h a l p y  f o r  methane from 1 7 3  t o  300"R was 

determined from a polynomial curve  f i t  ( e q u a t i o n  F-3) of t h e  d a t a  given 

i n  References  5 and 6. 

H = 60.80066 + 69.0458T n + 3.191946Tn2 - 4.895118Tn3 + 
S 

(F-3) 
5.780765T: + 4.  577758Tn 5 

where 

T = 0.01369863T - 3.383562 and T i s  i n  "R n 

Compressed l i q u i d  and g a s  e n t h a l p i e s  were c a l c u l a t e d  from e q u a t i o n  F-4 

a s  f u n c t i o n s  o f  p r e s s u r e  and tempera ture .  Equat ion  F-4 i s  d e r i v e d  from 

t h e  BWR e q u a t i o n  i n  Reference 2.  
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RT - 2Ao - 4C /T2)p + (2bRT - 3 a ) p  2 /2  + 6 /5  aap5 + 
0 

-rp2 
+ Tp2e 

e 
2 

2 -v ) - - 

The z e r o  p r e s s u r e  e n t h a l p y  (H")  used i n  e q u a t i o n  F-4 i s  a l s o  g i v e n  i n  

References  5 and 6 and f i t t e d  w i t h  a polynomial curve  ( e q u a t i o n s  F-5a 

and F-5b). 

For 201"R < T- 1460"R, 
3 

H" = 586.2009 + 412.6456T + 98.2059T + 14.84894T - n n n 

(F-5a) 4 
17.16396Tn 

where 

T = 0.001587301T - 1.31746 
n 

For 1460"R < T 5 2100°F 

Ho = 1093 + 0.9276 (T - 1460) (F-5b) 

where 

T i s  i n  "R 

c .  S p e c i f i c  Heat  

Liquid  methane s p e c i f i c  h e a t s  from 173 t o  300"R a r e  o b t a i n e d  by t h e  

numerical  d i f f e r e n t i a t i o n  of  t h e  polynomial curve  r e p r e s e n t i n g  t h e  

en tha lpy- tempera ture  r e l a t i o n s h i p  ( e q u a t i o n  F-3).  The s p e c i f i c  h e a t s  

i n  t h e  remaining r e g i o n s  ( l i q u i d  above 300"R, v a p o r ,  and g a s )  a r e  c a l -  

c u l a t e d  from e q u a t i o n  F-6,  which was d e r i v e d  by t a k i n g  t h e  p a r t i a l  

d e r i v a t i v e  of  e q u a t i o n  F-4 w i t h  r e s p e c t  t o  tempera ture  a t  a c o n s t a n t  

p r e s s u r e  t o  o b t a i n  r 
c =  

P 
a 2 C + -[(B RT - 2Ao - 4C /T2)p + (2bRT - 3 a ) p  /2 + 

P aT 0 0 

+ 5 
6 a a p  / 5  + 

\ 7  

The terms enc losed  i n  b r a c k e t s  a r e  e v a l u a t e d  a t  two tempera tures  b r a c k e t -  

i n g  t h e  g i v e n  tempera ture  b u t  a t  the  same p r e s s u r e .  The tempera ture  

dependence o f  Cpo i s  g i v e n  i n  Reference  7 f o r  t h e  hydrocarbons of  i n t e r e s t .  
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For  methane, Cpo i s :  

2 
Cpo = 4.75 + 1 . 2  x 10m2(T) + 0.303 x 10m5(T) - 

2 .63  I O - ~ ( T ) ~  (F-6a) 

d .  V i s c o s i t y  

The v i s c o s i t i e s  f o r  methane i n  both  the  gas  and l i q u i d  s t a t e s  a r e  

c o r r e l a t e d  by p l o t t i n g  the  l o g a r i t h m  of  r e s i d u a l  v i s c o s i t y  ( p  -pJC) 

v e r s u s  I n  d e n s i t y .  Res idua l  v i s c o s i t y  i s  t h e  d i f f e r e n c e  between the  

a c t u a l  v i s c o s i t y  (p) a t  any tempera ture  and p r e s s u r e  and t h e  v i s c o s i t y  

a t  t he  same tempera ture  and one atmosphere p r e s s u r e  (jM). Actua l  v i s c o s i t y  

(p) was ob ta ined  from publ i shed  exper imenta l  d a t a  and (W) i s  c a l c u l a t e d  

us ing  t h e  H i r s c h f e l d e r  e q u a t i o n  (References 8 and 9 ) :  

-5 ~ M T  

.2Q 
I.cJc = 266.93 x 10 - (F-7) 

The c o l l i s i o n  i n t e g r a l  (Q) i s  curve f i t t e d  a s  a f u n c t i o n  of  the  parameter ,  

k T/E. 

i n  Reference 10. The fo l lowing  i s  the  curve  f i t  o f  (P -pJC)  a s  a f u n c t i o n  

o f  lnp.  

A d e t a i l e d  d e s c r i p t i o n  of t he  c o l l i s o n  i n t e g r a l  Q i s  conta ined  

I f  p 5 1.3012 

In  (p-pJC) x = 0.907 l n p  - 0.1103 

I f  21.9999 ? p  > 1.3012 

D = 0.70704403 lnp  - 1.1855030 

I n  ( p  - p * )  x lom3  = 0.041137695 D8 + 0.067203522 D + 
+ 

7 

5 
0.091308594 D6 + 0.043525696 D 

0.024414062 D 

2 0.31362915 D + 1.5425178 D + 

4 + 0.19119263 D3 + 

1.4961678 (F-9) 
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I f  28.4005 2 P > 21.9999 

D = 7.83224885 l n p  - 25.210553 

I n  ( p - p * )  x LO3 = 0.10251741 D 3 2 + 0.25265281 D + 
0.69327272 D + 4.3542343 

I f  p > 28.4005 

I n  ( p - p * )  x = 5.40267730 

and 

p =  (p-pyc)  + p *  

(F-10) 

(F-11) 

e .  Thermal Conduc t iv i ty  

The thermal  c o n d u c t i v i t y  o f  methane i s  c a l c u l a t e d  by us ing  a r e s i d u a l  

thermal  c o n d u c t i v i t y  c o r r e l a t i o n .  The loga r i thm of  r e s i d u a l  thermal  

c o n d u c t i v i t y  (K - KJc) i s  p l o t t e d  v s  l n p  and curve  f i t t e d  wi th  a poly- 

nomial t h a t  g i v e s  (K - K*) a s  a f u n c t i o n  o f  p .  

I f  p 5 15.0001 

D = 0.73853875 l n p  - 1 .0  

I n  (K - KJc) x LOW5 = -0.39219666 D9 - 0.13617802 D 

0.84539795 D7 + 0.27536392 D 

4 
0.55462646 D5 - 0.1265192 D 

0.14646912 D3 + 0.020587206 D2 + 
1.8664937 D + 0.61243562 

8 

6 
+ 
- 

+ 

I f  15.0001 < p 5 23.0009 

D = 4.6789756 l n p  

I n  (K - K*) x l o m 5  = 0.033517431 D 

- 13.6709 

2 + 0.41812401 D + 
2.9495558 

(F-12) 

(F-13) 

I f  23.0009 < p 

D = 10.167236 l n p  - 32.879309 

I n  (K - KJ;) x = -0.0075839148 D3 + 0.0043566285 D2 + 
0.25289536 D + 3.6421521 (F-14) 

For tempera tures  above t h e  c r i t i c a l  p o i n t ,  K* i s  g iven  by e q u a t i o n  F-15 

from Reference 11. 

(F-15) 
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Below t h e  c r i t i c a l  p o i n t  KJc i s  found by u s i n g  t h e  e q u a t i o n  F-16 

- -  
r KJ'x - 0.455 x T 

C J C  
P 

a nd 

K = (K - KJC) + KJC 

3.  METHANE - ETHANE BLEND 

a .  D e n s i t y  

(F-16) 

(F-17) 

S a t u r a t e d  l i q u i d  d e n s i t i e s  from 143"R t o  t h e  c r i t i c a l  p o i n t  f o r  t h e  

55% methane - 45% e t h a n e  blend a r e  determined from a polynomial curve  

f i t  ( e q u a t i o n  F-18) of d a t a  from t h e  I n s t i t u t e  o f  Gas Technology. Below 

t h e  bubble p o i n t  a t  1 atm, t h e  f l u i d  i s  c o n s i d e r e d  t o  be incompress ib le .  

L iquid  d e n s i t i e s  f o r  2000 and 3000 p s i a  from t h e  bubble  p o i n t  a t  1 atrn 

t o  t h e  c r i t i c a l  t empera ture  a r e  g i v e n  by e q u a t i o n s  F-19 and F-20. 

For s a t u r a t e d  l i q u i d  

Tn = 0.0009661835 T - 2.381642 

p = exp (3.406605 - 0.1599578 Tn - 0.05128347 Tn2) (F-18) 

For  P = 2000 p s i a  

= 0.008888889 T - 2.813333 Tn 
p = exp (3.289638 - 0.2392909 Tn - 0.06437952 Tn2)  (F-19) 

F o r  P = 3000 p s i a  

T = 0.008888889 T - 2.813333 
2 n 

p = exp (3.304783 - 0.1898683 Tn - 0.03577048 Tn - 
(F-20) I 

3 0.01757840 Tn ) 

where 
3 p i s  i n  l b m / f t  

and 

T i s  i n  O R .  

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

r e s p e c t  t o  p r e s s u r e  between e q u a t i o n s  F-18, F-19, and F-20. A l l  o t h e r  

d e n s i t i e s  a r e  c a l c u l a t e d  u s i n g  t h e  BWR e q u a t i o n  ( e q u a t i o n  F-1) .  The 

c o n s t a n t s  f o r  t h e  BWR e q u a t i o n  p e r t a i n i n g  t o  mixtures  a r e  d e f i n e d  a s  

f u n c t i o n s  o f  t h e  i n d i v i d u a l  c o n s i t u e n t s  (methane and e t h a n e ) .  

F-7 
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Bo = xi Boi 

Ao = [ 4 (xi Aoi 

c o  = [ (Xi coi 1/21] 

b = [ ? (xi bi 1 /3 ) ]  3 
1 

a = [ f (xi a i  1/3)13  

c = [ (xi ci 1/3)13  

* = [ (xi ai 1 /3 )13  

Y = [ 4 (Xi  Yi 1 / 2 ) 1 2  

b.  Entha lpy  

S i n c e  no exper imenta l  e n t h a l p y  d a t a  were a v a i l a b l e  f o r  t h e  55% methane - 
45% e t h a n e  b l e n d ,  a method was developed t o  e s t i m a t e  an en tha lpy- tempera ture  

diagram. T h i s  method r e q u i r e s  two b a s i c  assumpt ions ,  which a r e  a s  fol lows:  

1. The t o t a l  e n t h a l p y  o f  t h e  blend was t h e  sum o f  t h e  i n d i v i d u a l  

2 .  The i n t r o d u c t i o n  o f  t h e  e thane  i n t o  t h e  methane had no 

component e n t h a l p i e s  (no h e a t  of  mixing) 

e f f e c t  upon t h e  h e a t  of  v a p o r i z a t i o n  o f  methane f o r  a g iven  
AT from t h e  c r i t i c a l  t empera ture .  

The o n l y  e f f e c t  o f  t h e  e t h a n e  i n t r o d u c t i o n  was t o  s h i f t  t h e  methane c r i t i -  

c a l  t empera ture  t o  t h e  c r i t i c a l  t e m p e r a t u r e  o f  t h e  b lend .  A s i m i l a r  e f f e c t  

was assumed f o r  t h e  e t h a n e .  

The f i r s t  assumption a l l o w s  t h e  e s t i m a t i o n  o f  t h e  superhea ted  and 

low-pressure vapor r e g i o n s  of t h e  diagram. S i n c e  t h e  c r i t i c a l  t empera ture  

and p r e s s u r e  were known from Reference 1 2 ,  t h e  second assumption makes i t  

p o s s i b l e  t o  c a l c u l a t e  t h e  e n t h a l p y  o f  t h e  s a t u r a t e d  l i q u i d  by superimposing 

t h e  domes of  each  component so t h a t  t h e  c r i t i c a l  t empera ture  of  e a c h  

component occurred  a t  t h e  blend c r i t i c a l  t e m p e r a t u r e .  Then, by u s i n g  

t h e  p r o p e r l y  weighted average  of  e a c h  component, t h e  l a t e n t  h e a t  o f  

v a p o r i z a t i o n  was computed a s  a f u n c t i o n  of  AT from t h e  c r i t i c a l  tempera- 

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

both  t h e  e n t h a l p y  o f  t h e  s a t u r a t e d  vapor  and t h e  l a t e n t  h e a t  of v a p o r i z a -  

t i o n  a r e  known a s  f u n c t i o n s  o f  tempera ture .  The t i e  l i n e s  shown on t h e  

L 
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methane-ethane blend e n t h a l p y  diagram ( f i g u r e  F-8) a r e  a l s o  from Ref- 

e rence  1 2  by v i r t u e  of t h e  bubble p o i n t  and dew-point l i n e s  presented  

f o r  t h e  m i x t u r e .  The r e s u l t i n g  e n t h a l p y  diagram was r e p r e s e n t e d  by a 

b i v a r i a n t  t a b l e  f o r  computer ized c a l c u l a t i o n s .  

c .  S p e c i f i c  Heat  

The procedure used t o  c a l c u l a t e  s p e c i f i c  h e a t  f o r  t h e  methane-ethane 

blend c o n s i s t s  of d e t e r m i n i n g  t h e  e n t h a l p y  change (AH) f o r  a n  incrementa l  

t empera ture  change (AT = 1"R) a t  c o n s t a n t  p r e s s u r e  and us ing  t h e  r e l a -  

t i o n s h i p  Cp = (AHIAT). 

t h e  procedure o u t l i n e d  i n  paragraph 3b. 

d .  V i s c o s i t y  

E n t h a l p i e s  a t  any s t a t e  a r e  c a l c u l a t e d  u s i n g  

V i s c o s i t i e s  f o r  t h e  b lend  i n  b o t h  t h e  l i q u i d  and gas  r e g i o n s  can  be 

determined from a p l o t  of r e s i d u a l  v i s c o s i t y .  

c a l c u l a t e  t h e  v i s c o s i t y  of t h e  blend a t  one atmosphere i s  determined by 

u s i n g  W i l k e ' s  e q u a t i o n  (F-21) g i v e n  i n  Reference 13. 

The e q u a t i o n  used t o  

where 

2 

- - 
'em 

(F-21) 

The s u b s c r i p t s  m and e r e f e r  t o  methane and e t h a n e .  

t h e  c u r v e  f i t  of ( g - p * )  vs p a r e  a s  fo l lows:  

The e q u a t i o n s  f o r  

F-9 



Pratt & Whitney aircraft 
PWA FR-2552 

I f  p < 0.5 

D = 1.242670 l n p  + 1.861353 

p - p *  = exp (-16.35109 + 0.8283588 D) 

I f  0 .5  p < 14 .0  

D = 0.6002035 l n p  - 0.5839707 

p - p *  = exp (-13.71449 + 1.864589 D + 0.1261698 D2 + 
4 

0.1215274 D3 + 0.06594565 D ) 

I f  p 1. 1 4 . 0  

D = 2.182713 l n p  - 6.760303 

k - P *  = exp (-10.52535 + 1.336846 D + 0.4254688 D 2 - 

(F-22) 

(F-23) 

3 4 5 
0.04043832 D + 0.5200037 D + 1.473565 D - 
0.6350878 D6 - 2.141313 D7 + 0.3761332 D 

8 + 
1.065608 D9) 

and 

P =  ( p - P * )  + P *  
where 

p i s  i n  l b m / f t  3 

and 

p i s  i n  l b m / f t - s e c  

(F-24) 

(F-25) 

e .  Thermal Conduc t iv i ty  

Thermal c o n d u c t i v i t y  o f  t he  methane-ethane blend i s  c a l c u l a t e d  from 

a r e s i d u a l  c o r r e l a t i o n .  Equat ion  F-26 (Reference 13) i s  used t o  c a l c u l a t e  

the  thermal  c o n d u c t i v i t y  of  t h e  blend a t  one atmosphere: 

K* = 0.5 (Ksm + Krm) 

where 

K = $ Xi Ki s m  

1 z -  'i 
i Ki r m  

- =  
K 

The equa t ions  f o r  (K - K*) a r e :  

I f  p 0.55 

D = 1.661167 l n p +  1.993107 

(K - K*) = exp (-8.516916 + 0.6907582 D) 

(F-26) 

(F-27) 

F-'10 
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* 

I f  0.55 < p 513 .06  

D = 0.6314347 l n p  - 0.6225051 

(K - KJ;) = exp (-5.980042 + 1.911614 D + 0.1098717 D + 2 

0.04439277 D3) (F-28) 

I f  p > 13.06 

D = 2.028821 l n p  - 6.213164 

(K - KJ;) = exp (-3.11672 + 0.8741091 D + 0.1057057 D + 2 

4 0.1029658 D3 + 0.06155806 D 

0.01462934 D5) 

- 

and 

K = (K - K*) + K* 

whe re 

K i s  i n  Btu/hr-ft-OR 

and 
3 p i s  i n  l b m / f t  

(F-29) 

(F-30) 

4 .  PROPANE 

a .  Dens i ty  

Below t h e  normal b o i l i n g  p o i n t ,  t h e  d e n s i t y  of propane i s  c a l c u l a t e d  

by t h e  e q u a t i o n  

p =  (0.8261 - 0.001096 T) 22.65 (F-31) 

A t  a l l  t empera tures  above t h e  normal b o i l i n g  p o i n t ,  d e n s i t y  i s  c a l c u l a t e d  

us ing  t h e  method used f o r  methane. 

b .  Entha lpy  

The s a t u r a t e d  l i q u i d  e n t h a l p y  of propane from 164.3  t o  595"R was 

determined from a polynomial curve  f i t  ( equa t ion  F-32) of  t h e  d a t a  g iven  

i n  References  5 and 6 .  

3 H = 137.7276 + 139.5612 Tn + 23.57331 Tn2 - 27.42277 Tn - 
S 

6 220.2665 T + 144.8025 T + 765.2504 Tn - 
199.8298 T + 983.2995 T + 106.3663 T t  + 

n n 

n n 

10  440.5010 Tn . (F-32) 
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where 

T n =  0.003990423 T - 1.658419 

and 

T i s  i n  OR 

Because o f  t he  i n c o m p r e s s i b i l i t y  o f  propane i n  the  l i q u i d  phase a t  t he  

p r e s s u r e s  of  i n t e r e s t ,  e q u a t i o n  F-32 i s  a l s o  used t o  c a l c u l a t e  compressed 

l i q u i d  e n t h a l p i e s .  The e n t h a l p i e s  f o r  the  remain ing  s t a t e  p o i n t s  a r e  

c a l c u l a t e d  a s  a f u n c t i o n  o f  p r e s s u r e  and t empera tu re  by u s i n g  e q u a t i o n  

F-4. The z e r o  p r e s s u r e  e n t h a l p y  (HO) used i n  e q u a t i o n  F-4 i s  g iven  by 

e q u a t i o n s  F-33 and F-34. 

L 

6' 

For 414"R < T 5 1700"R 
2 

H" = 654.6950 + 457.1841 x T n +  112.8528 x T n  - 
4 

48.01331 x T: + 36.88433 x Tn . 
where 

T = 0.001557996 T - 1.648593 n 
and f o r  

1700"R < T 5 2100"R 

H" = 1134.0 + 0.5056 (T - 1700) 

where 

T i s  i n  "R 

(F-33) 

(F-34) 

e .  S p e c i f i c  Heat 

Below t h e  normal b o i l i n g  p o i n t  a c o n s t a n t  l i q u i d  s p e c i f i c  h e a t  f o r  

propane of 23.5 cal/gm-mole-OK i s  used. 

s p e c i f i c  h e a t  i s  c a l c u l a t e d  us ing  the  method used  f o r  methane. 

Above t h e  normal b o i l i n g  p o i n t ,  

d .  V i s c o s i t y  

V i s c o s i t y  o f  propane i s  determined i n  the  same manner a s  methane. 

The e q u a t i o n  used t o  c a l c u l a t e  v i s c o s i t y  a t  1 atm i s  a s  f o l l o w s :  

(F-35) -5 JMT I.r* = 266.93 x 10 - 
a2Q 

Equa t ions  f o r  t he  cu rve  f i t  o f  ( p - p * )  vs p a r e  a s  follows: 

I f  p 5 0.5005 

P = P *  

F-12 
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I f  - 0.5005 < p 5 2 1 . 9 7 8 0  

D = 0.52851475 l n p  - 0.63313 

I n  ( p - p * )  x = 0.2245 D7 + 0.1647 D6 - 0.292385 D5 - 
4 2 0.131162 D + 0.243959 D3 + 0.139996 D + 

2.865838 D + 7.11 (F-36) 

I f  21.9780 < p 5 3 2 . 9 9 9 1  

D = 4.9326 l n p  - 16.24159 

I n  ( p - p * )  x = 0.041159 D + 0.05796 D + 4 3 

0.074249 D2 + 0.6491676 D + 
10.917767 (F-37) 

I f  p 232.9991 

D = 6.03009 l n p  - 22.0423 

I n  ( p - p * )  x l o m 6  = 0.97673 D + 1.29143 D - 
0.27377 D4 - 0.33330 D + 
0.704704 D2 + 1.44707 D + 

6 5 

3 

(F-38) 

and 12.63167 

I.(= ( cc -P* )  + P *  (F-39) 

e .  Thermal C o n d u c t i v i t y  

Thermal c o n d u c t i v i t y  of propane i s  c a l c u l a t e d  u s i n g  the  same type 

c o r r e l a t i o n  t h a t  was used  t o  c a l c u l a t e  methane thermal  c o n d u c t i v i t y .  

The e q u a t i o n  used t o  de te rmine  K* i s :  

lo6 = (14.52 Tr - 5.14) 2 / 3  (F-40) c *  
P 

The curve fit e q u a t i o n s  f o r  (K - K*) versus d e n s i t y  a r e  a s  fo l lows:  

I f  p C 7.2727 
(F-41) 1.145 (K - K*) = 0.02075p 

I f  p 1 7 . 2 7 2 7  

1.926 (K - K*) = 0.92p 

and 

K = (K - K*) + K* 

(F-42) 

(F-43) 

F-13 



Pratt & Whitney Rircraft 
PWA FR-2552 

5.  BUTENE-1 

a .  D e n s i t y  

Below the normal b o i l i n g  p o i n t ,  d e n s i t y  i s  c a l c u l a t e d  by a polynomial 

curve  f i t  o f  d a t a  g i v e n  i n  References  5, 14, and 15: 

= 0.005839416 T - 1.919708 
2 Tn 

p = exp (3.808464 - 0.1261802 Tn - 0.1021148 T - - 
n 

(F-44)  0.009013067 T: + 0.06139752 T:) 
L 

where : 

T i s  i n  "R 

and 
3 p i s  i n  l b m / f t  

For a l l  t empera tures  above t h e  normal b o i l i n g  p o i n t ,  d e n s i t y  i s  c a l c u l a t e d  

u s i n g  t h e  method used f o r  methane. 

b .  Entha lpy  

S a t u r a t e d  l i q u i d  e n t h a l p y  f o r  butene-1 from 168.4 t o  650"R was de- 

termined from a polynomial curve  f i t  ( e q u a t i o n  F-45) of  t h e  d a t a  g iven  i n  

r e f e r e n c e s  5 and 6. 

H = 146.3458 + 155.787 Tn + 1.046343 T: + 53.6013 T: + 
S 

150.8771 T: - 141.8474 T: - 317.8708 T,6  + 
144.538 T: + 203.0093 Tn (F-45)  8 

where 

T = 0.0034602 T - 1.588235 
n 

and 

T i s  i n  O R  

Because o f  t h e  i n c o m p r e s s i b i l i t y  o f  butene-1 i n  t h e  l i q u i d  phase 

a t  t h e  p r e s s u r e s  o f  i n t e r e s t ,  e q u a t i o n  F-45 i s  a l s o  used t o  c a l c u l a t e  

compressed l i q u i d  e n t h a l p i e s .  The e n t h a l p i e s  f o r  t h e  remaining s t a t e  

p o i n t s  a r e  c a l c u l a t e d  a s  f u n c t i o n s  of p r e s s u r e  and tempera ture  by u s i n g  

e q u a t i o n  F-4. The z e r o  p r e s s u r e  e n t h a l p y  (H") used i n  e q u a t i o n  F-4 

i s  g i v e n  by e q u a t i o n s  F-46 and F-47. 
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A 

For 480"R < T 5 1760"R 

H" = 555.146 + 467.6889 Tn  + 126.2882 Tn2 - 21.8505 Tn3 + 
6 22.51021 T: - 11.0125 T: - 14.4352 T, - 

10.49382 Tn  (F-46) 
7 

where 

T = 0.00125 T - 1 . 2  n 
and f o r  

1760"R < T 5 2100"R 

H" = 1125 + 0.84326 (T - 1760) 

and 

T i s  i n  "R 

(F-47) 

c .  S p e c i f i c  Heat 

The procedure used t o  c a l c u l a t e  s p e c i f i c  h e a t  f o r  butene-1 c o n s i s t s  

of  de te rmining  the  e n t h a l p y  change (AH) f o r  an  incrementa l  t empera ture  

change (AT = 1"R) a t  c o n s t a n t  p re s su re  and us ing  t h e  r e l a t i o n s h i p  

C p =  AH/AT. 

o u t l i n e d  i n  paragraph 5b.  

d .  V i s c o s i t y  

E n t h a l p i e s  f o r  any s t a t e  a r e  c a l c u l a t e d  us ing  the  procedure 

The v i s c o s i t y  of  s a t u r a t e d  l i q u i d  butene-1 from 168.4 t o  480.73"R 

(normal b o i l i n g  p o i n t )  i s  g iven  by a polynomial cu rve  f i t  o f  t he  d a t a  

presented  i n  Reference 14. 

D = 0.01503759 T - 3.511278 

p =  exp (-6.558496 - 1.469023 D + 0.5461106 D 
2 

3 5 + 0.1746158 D4 - 0.08284349 D 

- 
0.2365479 D 

where 

T i s  i n  O R  

and 

p i s  i n  l b m / f t - s e c  

(F-48) 

The v i s c o s i t i e s  o f  b o t h  g a s  and l i q u i d  butene-1 above t h e  normal b o i l i n g  

p o i n t  a r e  determined from a r e s i d u a l  v i s c o s i t y  c o r r e l a t i o n .  The v i s c o s i t y  

a t  one atmosphere (P*) i s  c a l c u l a t e d  us ing  t h e  Flynn and Thodos e q u a t i o n  

(Reference 16) : 

F-15 
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I f  Tr > 1 . 5  

5 / 8  
/.if<[ = 17.78 x (4.58 T - 1.67) r 

The r e s i d u a l  v i s c o s i t y  of  butene-1  i s  g iven  by: 

I f  p 5 3.44 

D = 0.02055273 l n p  - 1.5139229 

p-j.LJc = exp (-16.72008 + 1.700598 D) 

I f  3.44 < P 5 1 7 . 0  

D = 1.251766 l n p  - 2.546521 

/ l - / l J c  
2 

= exp (-12.77754 + 1.714417 D - 0.5131499 D ) 

I f  p > 1 7 . 0  

D = 2.408628 l n p  - 7.824157 

p-pJc = exp (-10.48283 + 1.047840 D + 0.2850519 D2 + 
3 0.08635191 D ) 

and 

I.(= (p-p 'k )  + p *  

where 
3 p i s  i n  l b m / f t  

T i s  i n  OR 

and 

p i s  i n  l b m / f t - s e c  

(F-49) 

(F-50) 

(F-51) 
I 

c 

(F-52) 

(F-53) 

e .  Thermal Conduc t iv i ty  

The thermal  c o n d u c t i v i t y  of s a t u r a t e d  l i q u i d  butene-1 from 168.4"R 

t o  the  normal b o i l i n g  p o i n t  i s  g iven  i n  Reference 17. The thermal  con- 

d u c t i v i t y  of butene-1 above t h e  normal b o i l i n g  p o i n t  i s  g iven  by a 

r e s i d u a l  thermal  c o n d u c t i v i t y  c o r r e l a t i o n .  The thermal  c o n d u c t i v i t y  

a t  1 atm i s  c a l c u l a t e d  us ing  the  e q u a t i o n  used f o r  propane.  The r e s i d u a l  

v i s c o s i t y  i s  determined by us ing  the  c o r r e l a t i o n  p resen ted  i n  Reference 18. 

0. 535Pr I f  pr< 0 .5  

(K - K*)X Z c 5  = 14 .0  (e  - 1.0) x (F-54) 

(F-55) 

I f  0 .5  5 P,< 2 . 0  

F-16 
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and 

K = (K - Kfc) + K* 
6 .  APPENDIX F NOMENCLATURE 

Symbol 

C 
P 

P 

c *  
P 

D 

c o  

H 

H0 

HS 

k 

K 
Kfi 

M 

P 

pC 

PS 
R 

T 

Tn 

TC 

Tr 

wf 
X 

P 

P S  

Pr 

D e s c r i p t i o n  

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

S p e c i f i c  h e a t  a t  z e r o  p r e s s u r e  

S p e c i f i c  h e a t  a t  one atmosphere 

f ( p )  f o r  e v a l u a t i o n  o f  r e s i d u a l  t r a n s p o r t  
p r o p e r t i e s  

En tha lpy  

Entha lpy  a t  z e r o  p r e s s u r e  

Entha lpy  o f  s a t u r a t e d  l i q u i d  

Boltzmann c o n s t a n t  

Therma 1 c o n d u c t i v i t y  

Thermal c o n d u c t i v i t y  a t  one atmosphere 

Molecular  weight  

P re  s s u re  

C r i t i c a l  p r e s s u r e  

S a t u r a t i o n  p r e s s u r e  

Gas c o n s t a n t ,  0.0807 

Temper a t u r e  

Normalized tempera ture  f o r  c a l c u l a t i n g  
e n t h a l p y  and d e n s i t y  

C r i t i c  a 1 t e mpe r a t  u r e  

Reduced t e  mpe r a t  ure, T/Tc 

Weight f r a c t i o n  

Mole f r a c t i o n  

Dens i ty  

D e n s i t y  o f  s a t u r a t e d  l i q u i d  

Reduced dens i ty ,  PIP 
C 

(F-56) 

(F-57) 

Un i t s  

c a l  /gm-mole "K 

cal/gm-mole "K 

cal/gm-mole "K 

B t u  / 1 bm 

Btu / lbm 

B t u / 1 bm 

ca l / cm s e c  "K 

ca l / cm sec "K 

p s i a  

a t m  

ps  i a  

l i t e r  atm/gm-mole "K 
"K 

"K 

"K 

gm-mole /1 i t e r  
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Symbol 

x 
t 

c1 

PLJr 
t 

U 

R 

D e s c r i p t i o n  

116 M112/p 213 
C C 

C h a r a c t e r i s t i c  c o n s t a n t ,  T 

C h a r a c t e r i s t i c  c o n s t a n t ,  Tc 

V i s c o s i t y  

V i s c o s i t y  a t  one atmosphere 

Leonard J o n e s  c o n s t a n t  

E f f e c t i v e  c o l l i s i o n  d i a m e t e r  f o r  molecules  

C o l l i s i o n  i n t e g r a l  
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APPENDIX G 
THEORETICAL PERFORMANCE CURVES 

F i g u r e s  G- 1 through G- 10 p r e s e n t  t h e o r e t i c a l  s h i f t i n g  e q u i l i b r i u m  

performance d a t a  f o r  t h e  f i v e  f u e l s  (methane, 55% methane - 45% e t h a n e ,  

e t h a n e ,  propane,  and butene-1) w i t h  optimum f l o x  mixtures  and OF2. A l l  

d a t a  were computed f o r  f u e l  tempera tures  10°R above normal f r e e z i n g  

p o i n t s .  

+65 B t u / l b ,  r e s p e c t i v e l y ,  which cor respond t o  t h e  e n t h a l p i e s  o f  t h e  

o x i d i z e r s  a t  t h e i r  normal b o i l i n g  p o i n t s .  

f l e c t s  t h e  l a tes t  h e a t  of  format ion  v a l u e  of +5.86K ca l /mole ,  based on 

The v a l u e s  used f o r  F2 and OF2 e n t h a l p i e s  w e r e  -145.8 and 

The OF2 e n t h a l p y  v a l u e  re- 

NBS d e  te rmina t  : ion.  f o r  t h e  gas a t  298OK. 

F i g u r e  G-1. T h e o r e t i c a l  Performance: Flox/Methane DF 60409 
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150 P i c 0  Boulevard 
S a n t a  Monica, C a l i f o r n i a  90406 
A t t e n t i o n :  L i b r a r y  

J e t  P r o p u l s i o n  Labora tory  (1) 
4800 Oak Grove Drive 
Pasadena,  C a l i f o r n i a  91103 
A t t e n t i o n  : L i b r a r y  

Jet  P r o p u l s i o n  Labora tory  (1) 
4800 Oak Grove Drive 
Pasadena,  C a l i f o r n i a  91103 
A t t e n t i o n :  W .  B .  Powell  

O f f i c e  of t h e  D i r e c t o r  of (1) 
Defense Research & Engineer ing  

Washington, D .  C .  20301 
A t t e n t i o n :  D r .  H. W .  Schulz ,  

Office o f  A s s i s t a n t  
D i r e c t o r  (Chem. 
Technology) 

Defense Documentation Center  (1) 
Cameron S t a t i o n  
A l e x a n d r i a ,  V i r g i n i a  22314 
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(1) RTD (RTNP) 
Bolling Air Force Base 
Washington, D. C. 20332 

Arnold Engineering Development (1) 

Air Force Systems Command 
Tullahoma, Tennessee 37389 
Attention: AEOIM 

Center 

Advanced Research Projects Agency (1) 
Washington, D. C. 20525 
Attention: D. E. Mock 

(1) Aeronautical Systems Division 
Air Force Systems Command 
Wright-Patterson Air Force Base 
Dayton, Ohio 
Attention: D. L. Schmidt, 

Code ASRCNC-2 

(1) Air Force Missile Test Center 
Patrick Air Force Base, Florida 
Attention: L. J .  Ullian 

Air Force Systems Command (1) 
Andrews Air Force Base 
Washington, D. C. 20332 

Air Force Rocket Propulsion (1) 
Laboratory (RPR) 
Edwards, California 93523 

Air Foxe Rocket Propulsion (1) 
Laboratory (RPM) 
Edwards, California 93523 

Air Force Office of Scientific 

Washington, D. C. 20333 
Attention: SREP, Dr. J .  F. Masi 

(1) 
Res ear c h 

U. S.  Air Force (1) 
Washington 25, D. C. 
Attention: Col. C. K. Stambaugh, 

Code AFRST 

Commanding Officer (1) 
U. S .  Army Research Office 

Box CM, Duke Station 
Durham, North Carolina 27706 

(Durham) 

(1) U. S. Army Missile Command 
Redstone Scientific Information 

Redstone Arsenal, Alabama 35808 
Attention: Chief, Document 

Section 

Center 

U. S .  Army Missile Command (1) 
Redstone Scientific Information 

Redstone Arsenal, Alabama 35808 
Attention: Dr. W. Wharton 

Center 

Bureau of Naval Weapons (1) 
Department of the Navy 
Washington, D. C. 
Attention: J .  Kay, 

Code RTMS-41 

commander (1) 
U. S .  Naval Missile Center 
Point Mugu, California 93041 
Attention: Technical Library 

Commander (1) 
U. S. Naval Ordnance Test 

China Lake, California 93557 
Attention: Code 45 

Station 

Commander (1) 
U. S .  Naval Ordnance Test 

China Lake, California 93557 
Attention: Code 753 

Station 

Commander (1) 
U. S .  Naval Ordnance Test 

China Lake, California 93557 
Attention: W. F. Thorm, 

Station 

Code 4562 

Commanding Officer (1) 
Office of Naval Research 
1030 E. Green Street 
Pasadena, California 9 110 1 

Director (Code 6180) (1) 
U. S. Naval Research Laboratory 
Washington, D. C. 20390 
Attention: H. W. Carhart 
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Picatinny Arsenal (1) 
Dover, New Jersey 
Attention: I. Forsten, Chief 

Liquid Propulsion 
Laboratory 

Air Force Aero Propulsion (1) 
Laboratory 
Research & Technology Division 
Air Force Systems Command 
United States Air Force 
Wright-Patterson AFB, Ohio 45433 
Attention: APRP (C. M. Donaldson) 

Aerojet-General Corporation 
P. 0. Box 296 
Azusa, California 91703 
Attention: Librarian 

Aerojet-General Corporation 
11711  South Woodruff Avenue 
Downey, California 90241 
Attention: F. M. West, 

Chief Librarian 

Aerojet-General Corporation 
P. 0. Box 1947 
Sacramento, California 95809 
Attention: Technical Library 

2484-20158 

Aerojet-General Corporation 
P.O. Box 1947 
Sacramento , California 95809 
Attention: Dr. C. M. Beighley 

Aerojet-General Corporation 
P. 0.  Box 1947 
Sacramento, California 95809 
Attention: D. T. Bedsole 

Aeroprojects, Incorporated 
310 East Rosedale Avenue 
West Chester, Pennsylvania 19380 
Attention: C. D. McKinney 

Aerospace Corporation (1) 
P. 0 .  Box 95085 
Los Angeles, California 90045 
Attention: J. G. Wilder, 

MS - 22 9 3 

Aerospace Corporation 
P. 0. Box 95085 
Los Angeles, California 90045 
Attention: Library-Documents 

Arthur D. Little, Inc. 
Acorn Park 
Cambridge 40,  Massachusetts 
Attention: A. C. Tobey 

Astropower, Incorporated 
Subs. of Douglas Aircraft 

2968 Randolph Avenue 
Costa Mesa, California 
Attention: Dr. George MOC 

Company 

Director, Research 

Astrosystems, Incorporated 
1275 Bloomfield Avenue 
Caldwell Township, New Jersey 
Attention: A. Mendenhall 

ARO , Incorporated 
Arnold Engineering Development 
Center 
Arnold AF Station, 
Tennessee 37389 
Attention: Dr. B. H. Goethert 

Chief Scientist 

Atlantic Research Corporation 
Shirley Highway & Edsall Road 
Alexandria, Virginia 22314 
Attention: A. Scurlock 

Atlantic Research Corporation 
Shirley Highway & Edsall Road 
Alexandria, Virginia 22314 
Attention: Security Office 

for Library 

Battelle Memorial Institute 
505 King Avenue 
Columbus, Ohio 43201 
Attention: Report Library, 

Room 6A 

Beech Aircraft Corporation 
Boulder Facility 
Box 631 
Boulder, Colorado 
Attention: J. H. Rodgers 
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Bell Aerosystems, Inc. 
Box 1 
Buffalo, New York 14205 
Attention: T. Reinhardt 

Bell Aerosystems, Inc. 
Box 1 
Buffalo, New York 14205 
Attention: W. M. Smith 

Bendix Systems Division 
Bendix Corporation 
Ann Arbor, Michigan 
Attention: John M. Bureger 

The Boeing Company 
Aero Space Division 
P. 0. Box 3707 
Seattle, Washington 98124 
Attention: Ruth E. Peerenboom 

(1190) 

The Boeing Company 
Aero Space Division 
P. 0. Box 3707 
Seattle, Washington 98124 
Attention: J. D. Alexander 

Chemical Propulsion Information 

Applied Physics Laboratory 
8621 Georgia Avenue 
Silver Spring, Maryland 20910 

Agency 

Chrysler Corporation 
Missile Division 
Warren, Michigan 
Attention: John Gates 

Chrysler Corporation 
Space Division 
New Orleans, Louisiana 
At tent ion : Librarian 

Curtiss-Wright Corporation 
Wright Aeronautical Division 
Woodridge, New Jersey 
Attention: G. Kelley 

University of Denver 
Denver Research Institute 
P. 0. Box 10127 
Denver , Colorado 802 10 
Attention: Security Office 

(1) Douglas Aircraft Company, Inc. (1) 
Santa Monica Division 
3000 Ocean Park Blvd., 
Santa Monica, California 90405 
Attention: J. L. Waisman 

Douglas Aircraft Company, Inc. (1) 
Santa Monica Division 
3000 Ocean Park Blvd., 
Santa Monica , California 90405 

( 1-1 

(1) Attention: R. W. Hallet 

Douglas Aircraft Company, Inc. (1) 
Santa Monica Division 
3000 Ocean Park Blvd., 

Attention: G. W. Burge 
(1) Santa Monica, California 90405 

General Dynamics/Astronautics (1) 
P. 0. Box 1128 
San Diego, California 92112 
Attention: F. Dore 

General Dynamics/Astronautics (1) 
P. 0. Box 1128 
San Diego, California 92112 
Attention: Library & Informa- 

(1) 

tion Services 
(1) (128-00) 

Convair Division ( 1.1 
General Dynamics Corporation 
P. 0. Box 1128 
San Diego, California 92112 

entaur Resident 
Project O f f  ice 

(1) Attention: Mr. W. Fenning 

General Electric Company (1) 
(1) Re-Entry Systems Dept. 

P. 0. Box 8555 
Philadelphia, Pennsylvania 19101 
Attention: F. E. Schultz 

(1) General Electric Company ( 1) 
Flight Propulsion Lab Dept. 
Cincinnati 15, Ohio 
Attention: D. Suichu 

(1) (1) Grumman Aircraft Engineering 
Corporation 
Bethpage, Long Island, New York 
Attention: Joseph Gavin 
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Hercules Powder Company 
Allegheny Ballistics Laboratory 
P. 0. Box 210 
Cumberland, Maryland 21501 
Attention: Library 

IIT Research Institute 
Technology Center 
Chicago, Illinois 60616 
Attention: Library 

Kidde Aero-Space Division 
Walter Kidde & Company, Inc. 
675 Main Street 
Belleville 9 ,  New Jersey 
Attention: R. J. Hanville, 

Director of Research 
Engineering 

Lockheed Missiles & Space 

P. 0. Box 5 0 4  
Sunnyvale, California 
Attention: Y. C. Lee, 

Company 

Power Systems R&D 

Lockheed Missiles & Space 

P. 0. Box 5 0 4  
Sunnyvale, California 
Attention: Technical Informa- 

Company 

tion Center 

Lockheed-California Company 
10445 Glen Oaks Blvd. , 
Pacoima, California 
Attention: G .  D. Brewer 

Lockheed Propulsion Company 
P. 0. Box 111 
Redlands , California 92374 
Attention: Miss Belle Berlad, 

Librarian 

Lockheed Missiles & Space 

Propulsion Engineering Division 

1111 Lockheed Way 
Sunnyvale, California 94087 

Company 

( D . 5 5 - 1 1 )  

Marquard t Corporation 
16555 Saticoy Street 
Box 2013 - South Annex 
Van Nuys, California 91404 
Attention: Librarian 

Marquardt Corporation 
16555 Saticoy Street 
Box 2013 - South Annex 
Van Nuys, California 91404 
Attention: W. D. Boardman, Jr. 

Martin-Marietta Corporation 
Mart in Division 
Baltimore 3 , Maryland 
Attention: John Calathes 

( 3 2  1 4 )  

McDonnell Aircraft Corporation 
P. 0. Box 6 1 0 1  
Lambert Field, Missouri 
Attention: R. A. Herzmark 

North American Aviation, Inc. 
Space & Information Systems 

12214 Lakewood Boulevard 
Downey, California 90242 
Attention: Technical Informa- 

Division 

tion Center, 
D/O 9 6 - 7 22 (AJO 1) 

North American Aviation, Inc. 
Space & Information Systems 

12214 Lakewood Boulevard 
Downey, California 90242 
Attention: H. Storms 

Division 

Northrop Space Laboratories 
1001 East Broadway 
Hawthorne, California 
Attention: Dr. William Howard 

Purdue University 
Lafayette, Indiana 47907 
Attention: Technical Librarian 

Radio Corporation of America 
Astro-Electronics Division 
Defense Electronic Products 
Princeton, New Jersey 
Attention: S. Fairweather 

Republic Aviation Corporation 
Farmingdale, Long Island 
New York 
Attention: Dr. William O'Donnell 
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Rocket Research Corporation (1) 
520 South Portland Street 
Seattle, Washington 98108 

Rocketdyne Division of (1) 
North American Aviation, Inc. 

6633 Canoga Avenue 
Canoga Park, California 91304 
Attention: Library, 

Department 596-306 

Rocketdyne Division of (1) 
North American Aviation, Inc. 

6633 Canoga Avenue 
Canoga Park, California 91304 
Attention: R. P. Pauckert 

Rocketdyne Division of (1) 
North American Aviation, Inc. 
6633 Canoga Avenue 
Canoga Park, California 91304 
Attention: E. V. Zettle 

Rohm and Haas Company (1) 
Redstone Arsenal Research 

Huntsville, Alabama 35808 
Attention: Librarian 

Division 

Space-General Corporation (1.1 
777 Flower Street 
Glendale, California 
Attention: 6. E. Roth 

Stanford Research Institute (1) 
333 Ravenswood Avenue 
Menlo Park, California 94025 
Attention: Thor Smith 

Texaco Experiment, Incorporated (1) 
P. 0. BOX 1-T 
Richmond, Virginia 23202 
Attention: E. B. Monteath 

Texaco Experiment, Incorporated (1) 
P. 0. BOX 1-T 
Richmond, Virginia 23202 
Attention: Librarian 

Thiokol Chemical Corporation ( 1) 
Reaction Motors Division 
Denville, New Jersey 07834 
Attention: A. Sherman 

Thiokol Chemical Corporation (1) 
Reaction Motors Division 
Denville, New Jersey 07834 
At tent ion : Librarian 

Thiokol Chemical Corporation (1) 
Alpha Division, Huntsville Plant 
Huntsville, Alabama 35800 
Attention: Technical Director 

Thiokol Chemical Corporation (1) 
Redstone Division 
Huntsville, Alabama 
Attention: John Goodloe 

TRW Systems, Incorporated 
1 Space Park 
Redondo Beach, California 90200 
Attention: 6 .  W. Elverum 

TRW Systems, Incorporated 
1 Space Park 
Redondo Beach, California 90200 
Attention: STL Tech. Lib. Doc. 

Acquis i t ions 

TRW, Incorporated 
TAPCO Division 
23555 Euclid Avenue 
Cleveland, Ohio 44117 
Attention: P. T. Angel1 

United Aircraft Corporation (1) 
Corporation Library 
400 Main Street 
East Hartford, Connecticut 06118 
Attention: Dr. David Rix 

United Aircraft Corporation (1-1 
Corporation Library 
400 Main Street 
East Hartford, Connecticut 06118 
Attention: Erle Martin 

United Aircraft Corporation (1) 
United Technology Center 
P. 0. Box 358 
Sunnyvale, California 94088 
Attention: Librarian 

Vought Astronautics 
Box 5907 
Dallas 2 2 ,  Texas 
Attention: Warren C. Trent 
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Command e r (1) 
O f f i c e  of Research  Ana lys i s  (OAR) 
A t t e n t i o n :  RRRD 

Holloman AFB, 
N. M. 88330 

Union Carb ide  Corpora t ion  (1) 
Nuclear  D i v i s i o n  
ORGDP Records Department 
P.O. Box P 
Oak Ridge,  Tennessee 37830 
A t t e n t i o n :  A. P. Huber, 

Super i n t e n d e n  t 
Techn ica l  D i v i s i o n  
ORGDP 

(1) Aeronut ronic  D i v i s i o n  of 
P h i l c o  Corpora t ion  
Ford Road 
Newport Beach, C a l i f o r n i a  92600 
A t t e n t i o n :  D r .  L. H. L inde r ,  

Manager 
Technica l  Informat ion  
Department 

Aerospace Corpora t ion  (1) 
2350 E a s t  E l  Segundo Blvd 
E l  Segundo, C a l i f o r n i a  90045 
A t t e n t i o n :  Toru I u r a  

Applied Mechanics Div 

. .  . 
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