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ABSTRACT 

An i n v e s t i g a t i o n  was  c o n d u c t e d  to d e t e r m i n e  the  b a s e  r e c i r c u l a t i o n  
c h a r a c t e r i s t i c s  of the  s i m u l a t e d  p r o p e l l a n t  p u m p  t u r b i n e  e x h a u s t  g a s e s  
of a 5 . 4 7 - p e r c e n t  s c a l e  m o d e l  of the  SA-1 S a t u r n  a f t e r b o d y .  G a s e o u s  
h y d r o g e n  was  u s e d  to s i m u l a t e  the  c o m b u s t i b l e  t u r b i n e  e x h a u s t  g a s  of 
the  f u l l - s c a l e  m i s s i l e .  B a s e  h e a t i n g  and  p r e s s u r e  da t a  w e r e  o b t a i n e d  
at s i m u l a t e d  f l igh t  t r a j e c t o r y  c o n d i t i o n s  of M a c h  n u m b e r  0 . 8  ( 1 6 , 0 0 0 - f t  
a l t i t ude )  and  M a c h  n u m b e r  1. 15 ( 2 7 , 5 0 0 - f t  a l t i t ude )  u s i n g  s e v e r a l  t u r -  
b ine  e x h a u s t  duct  c o n f i g u r a t i o n s .  In add i t i on ,  the  e f f ec t  on b a s e  h e a t i n g  
wi th  one  e n g i n e  i n o p e r a t i v e ,  of v a r i a t i o n  in  t u r b i n e  e x h a u s t  g a s  m o m e n -  
t u m ,  of f i n n e d - m o d e l  o p e r a t i o n ,  of v a r i a t i o n  in e n g i n e  O ] F  r a t i o ,  and  of 
v a r i a t i o n  in a l t i t u d e  was  a l s o  i n v e s t i g a t e d .  

At bo th  s i m u l a t e d  f l igh t  t r a j e c t o r y  c o n d i t i o n s ,  the  l o w e s t  b a s e  h e a t -  
ing r a t e s  w e r e  o b t a i n e d  u s i n g  a s t r e a m l i n e d  t u r b i n e  e x h a u s t  duc t  c o n f i g -  
u r a t i o n .  T h e  f o l l o w i n g  c o n d i t i o n s  w e r e  found to r e d u c e  b a s e  h e a t i n g ,  
b a s e d  on d a t a  o b t a i n e d  wi th  the  long  t u r b i n e  e x h a u s t  duc t s :  o p e r a t i o n  
wi th  one  e n g i n e  i n o p e r a t i v e ,  i n c r e a s e d  t u r b i n e  e x h a u s t  g a s  d i s c h a r g e  
m o m e n t u m ,  and  i n c r e a s e d  e n g i n e  O I F  r a t i o .  With a i r f l o w  o v e r  t h e  
m o d e l ,  h e a t i n g  r a t e s  to the  f l a m e  s h i e l d  ( l o c a t e d  b e t w e e n  the  f o u r  
c e n t e r  e n g i n e s )  i n c r e a s e d  as  a l t i t u d e  was  i n c r e a s e d  f r o m  15 ,000  to 
27, 500 ft. Wi thou t  a i r f l o w ,  no f u r t h e r  i n c r e a s e  w a s  n o t e d  at  a l t i t u d e s  
f r o m  4 0 , 0 0 0  to 85 ,000  ft. B a s e  h e a t i n g  r a t e s  o b t a i n e d  u s i n g  the  f i n n e d  
m o d e l  w e r e  40 p e r c e n t  h i g h e r  t han  t h o s e  o b t a i n e d  u s i n g  the  n o n - f i n n e d  
m o d e l .  

"l'h+_,+ u",- " : . . . .  
i"': :[ ; : :  
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A 
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P 

q 

T 
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INTRODUCTION. 

The  i n t e r a c t i o n  of the e x t e r n a l  f low s t r e a m  and the eng ine  e x h a u s t  
j e t s  and the  i m p i n g e m e n t  of the exhaus t  j e t s  upon e a c h  o t h e r  p r o d u c e  a 
f low p h e n o m e n o n  which  r e s u l t s  in r e c i r c u l a t i o n  of hot, f u e l - r i c h  g a s e s  
in to  the  b a s e  of the  SA-1 Sa tu rn  b o o s t e r .  T h e s e  g a s e s  c o m e  f r o m  the  
m a i n  e n g i n e  e x h a u s t  and f r o m  the  p r o p e l l a n t  pump  t u r b i n e  e x h a u s t  and 
m a y  c o m b i n e  with a t m o s p h e r i c  a i r ,  ign i te ,  and  b u r n  at the b a s e .  Such 
b u r n i n g ,  wi th  the  a t t e n d a n t  h igh hea t  r e l e a s e ,  m a y  c a u s e  d a m a g e  to v i t a l  
e n g i n e  c o n t r o l s  and a c c e s s o r i e s .  The  a r r a n g e m e n t  of the  f o u r  c e n t e r  
e n g i n e s  p r o d u c e s  a s e p a r a t e  f low r e c i r c u l a t i o n  p h e n o m e n a  which  can  r e -  
su l t  in v e r y  s e v e r e  b a s e  hea t ing ,  e s p e c i a l l y  at h igh a l t i t u d e s ,  as  ex -  
p l a i n e d  in Refs .  1 and 2. B e c a u s e  the S a t u r n  b o o s t e r  has  a v e r y  c o m p l e x  
e n g i n e  c l u s t e r  a r r a n g e m e n t ,  the  h e a t i n g  in the c e n t e r  of the  i n s i d e  
c l u s t e r  m a y  be  s i gn i f i c an t ,  e v e n  at low a l t i t u d e s ,  

T h i s  r e p o r t  p r e s e n t s  the r e s u l t s  of t e s t s  c o n d u c t e d  in the  R o c k e t  
T e s t  Fac i l i t y .  (RTF) ,  A r n o l d  E n g i n e e r i n g  D e v e l o p m e n t  C e n t e r  (AEDC),  
A i r  F o r c e  S y s t e m s  C o m m a n d  (AFSC), wi th  a 5 . 4 7 - p e r c e n t  s c a l e  m o d e l  
of the  S a t u r n  SA-1 a f t e r b o d y .  The  p r i m a r y  p u r p o s e  of th i s  i n v e s t i g a t i o n  
was  to e v a l u a t e  the  e f fec t  on b a s e  h e a t i n g  of the  d i s c h a r g e  of c o m b u s t i b l e  
g a s e s  f r o m  the  t u r b i n e  e x h a u s t e r a t o r s  and s e v e r a l  d i f f e r e n t  o v e r b o a r d  
t u r b i n e  e x h a u s t  duct  c o n f i g u r a t i o n s .  In a d d i t i o n  to the  p r i m a r y  o b j e c t i v e ,  
b a s e  h e a t i n g  da ta  w e r e  o b t a i n e d  wi th  one e n g i n e  i n o p e r a t i v e ,  f o r  a v a r i a -  
t i on  in t u r b i n e  e x h a u s t  gas m o m e n t u m ,  f o r  a f i n n e d - m o d e l  c o n f i g u r a t i o n ,  
f o r  a v a r i a t i o n  in e n g i n e  O / F  r a t i o ,  and at v a r i o u s  a l t i t u d e s .  The  i n v e s t i -  
ga t ion  was c o n d u c t e d  d u r i n g  the  p e r i o d  F e b r u a r y  15 t h r o u g h  J u n e  28, 1961, 
and was  s p o n s o r e d  by the  Na t iona l  A e r o n a u t i c s  and  Space  A d m i n i s t r a t i o n .  

APPARATUS 

TEST ARTICLE 

T h e  5 . 4 7 - p e r c e n t  s c a l e  m o d e l  of the  SA- 1 Sa tu rn  a f t e r b o d y  u s e d  in 
t h i s  i n v e s t i g a t i o n  was  c o n s t r u c t e d  to  m a t c h  the  d i a m e t e r  ( 1 3 . 9 2 - i n . )  of 
e x i s t e n t  m o u n t i n g  h a r d w a r e  (F ig s .  1 and 2). S i m u l a t i o n  of the  aft  s h r o u d  
c o n t o u r s  was  p r o v i d e d  f r o m  m o d e l  s t a t i o n  0 f o r w a r d  to m o d e l  s t a t i o n  9 .2 ,  
a s e c t i o n  w h i c h  is e q u i v a l e n t  to the  a f t - m o s t  1 6 7 . 5 - i n .  of the  p r o t o t y p e  

M a n u s c r i p t  r e l e a s e d  fo r  pub l i c a t i on  O c t o b e r  1961. 
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b o o s t e r .  T h a t  p o r t i o n  of the m o d e l  f o r w a r d  of m o d e l  s t a t i o n  9 . 2  was  
c y l i n d r i c a l  in c r o s s  s e c t i o n  i n s t e a d  of h a v i n g  the s c a l l o p e d  c r o s s  s e c t i o n  
of the  p r o t o t y p e  b o o s t e r  c a u s e d  by the  e igh t  p r o p e l l a n t  t a n k s .  M i n o r  ex-  
t e r n a l  p r o t u b e r a n c e s  s u c h  as  t i e - d o w n  lugs ,  r e t r o - r o c k e t s ,  and u m b i l -  
i c a l  d i s c o n n e c t s  w e r e  not s i m u l a t e d  on the  m o d e l .  A i r  s c o o p s  (F ig .  2a) 
w e r e  s i m u l a t e d  b e c a u s e  it  was  f e l t  t ha t  t h e s e  would have  a d i r e c t  i n f l u e n c e  
on b a s e  h e a t i n g .  

E igh t  l i qu id  oxygen ,  R P - 1  f u e l e d  r o c k e t  e n g i n e s  (Fig .  3), e a c h  
d e v e l o p i n g  about  500-1b t h r u s t ,  w e r e  u s e d  to s i m u l a t e  the  p r o t o t y p e  e n -  
g i n e s .  D e s i g n  da ta  on the e n g i n e s  a r e  p r e s e n t e d  in T a b l e  1. I gn i t i on  
was  a c c o m p l i s h e d  u s i n g  a p y r o p h o r i c  fuel ,  t r i e t h y l a l u m i n u m .  The  en-  
g i n e s  w e r e  o p e r a t e d  at  a n o m i n a l  c h a m b e r  p r e s s u r e  of 500 p s i a  and at  
n o m i n a l  O / F  r a t i o s  of 1 .7  and  2 .2 .  

The  m o d e l  e n g i n e s  w e r e  c l u s t e r e d ,  a s  shown in F i g .  2d, wi th  the  f o u r  
i n b o a r d  e n g i n e s  p a r a l l e l  to the  m o d e l  c e n t e r l i n e  and the  f o u r  o u t b o a r d  
e n g i n e s  f ixed  at  a 6 - d e g  o u t b o a r d  can t  f r o m  the m o d e l  c e n t e r l i n e .  The  
a r r a n g e m e n t  d i f f e r e d  f r o m  tha t  of the  p r o t o t y p e  eng ine  m o u n t i n g  in  wh ich  
the f o u r  p r o t o t y p e  i n b o a r d  e n g i n e s  a r e  f i xed  at  a 3 - d e g  o u t b o a r d  can t .  
T h i s  can t  cou ld  not  be d u p l i c a t e d  on the  m o d e l  e n g i n e s  b e c a u s e  of p r o p e l -  
1ant and  coo lan t  l i n e  i n t e r f e r e n c e  f o r w a r d  of the  e n g i n e  m o u n t i n g  p l a t e .  

T h e  p r o t o t y p e  p r o p e l l a n t - p u m p  t u r b i n e  e x h a u s t  s y s t e m  was  s i m u l a t e d  
by  h y d r o g e n  d i s c h a r g e d  f r o m  e x h a u s t e r a t o r s  p l a c e d  a r o u n d  e a c h  of the  
f o u r  o u t b o a r d  e n g i n e s  and  f r o m  o v e r b o a r d  duc t s  to e a c h  of the  f o u r  in -  
b o a r d  e n g i n e s  (F ig .  2). D e t a i l s  of the  m o d e l  e x h a u s t e r a t o r  d e s i g n  and  c o m -  
p a r i s o n  wi th  the  p r o t o t y p e  a r e  p r e s e n t e d  in  F ig .  4. E x a c t  s i m u l a t i o n  of 
the  t u r b i n e  e x h a u s t  g a s  f low d i r e c t i o n  f r o m  the e x h a u s t e r a t o r s  cou ld  not  be  
a c h i e v e d  b e c a u s e  the  m o d e l  eng ine  n o z z l e  coo lan t  j a c k e t  d e s i g n  did not  con -  
f o r m  to the e x t e r n a l  c o n t o u r s  of the  p r o t o t y p e  e n g i n e s .  

T h r e e  o v e r b o a r d  duct  c o n f i g u r a t i o n s  w e r e  i n v e s t i g a t e d ;  the  d e t a i l s  of 
e a c h  a r e  s h o w n  in  F i g .  5. The  long  o v e r b o a r d  duct  c o n f i g u r a t i o n  was  in -  
v e s t i g a t e d  f i r s t  and  m o s t  e x t e n s i v e l y .  C o m p a r i s o n  of the  b a s e  h e a t i n g  
r a t e s  o b t a i n e d  u s i n g  t h i s  c o n f i g u r a t i o n  wi th  t h o s e  ob t a ined  u s i n g  the  o t h e r  
duc t  c o n f i g u r a t i o n s  and f r o m  the  c o n f i g u r a t i o n  wi th  s t a b i l i z i n g  f i n s  {Fig.  6) 
w e r e  t hen  ob t a ined .  

INSTRUMENTATION 

D e s i g n  and  f a b r i c a t i o n  of the  m o d e l  hea t  and f l a m e  s h i e l d  ( F i g s .  1 and  2) 
and  t o t a l  hea t  t r a n s f e r  c a l o r i m e t e r y  f o l l o w e d  c l o s e l y  the  c o n c e p t s  p r o p o s e d  
in Ref.  3. The  s h i e l d s  w e r e  of a s a n d w i c h - t y p e  c o n s t r u c t i o n ,  a s  shown  in 
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Fig .  7. T he  c o p p e r  s h e e t  was  p r e p a r e d  by s a n d b l a s t i n g  and then  p l a t e d  
wi th  coba l t  su l f ide  to g ive  a b l a c k  s u r f a c e  of h igh e m i s s i v i t y .  T h i s  s h e e t  
was  b a c k e d  up by 0 . 3 8 - i n .  t h i ck  i n s u l a t i o n  m a t e r i a l  to e l i m i n a t e  hea t  
l o s s e s  t h r o u g h  the  back  s ide  of the c o p p e r .  The  c o n s t r u c t i o n  was c o m -  
p l e t e d  wi th  a so l i d  s t e e l  b a c k i n g  p la t e  f o r  s t r u c t u r a l  r i g i d i t y .  

The  calori~n, e t e r s  u s e d  to m e a s u r e  to ta l  ( c o n v e c t i v e  p lus  r a d i a t i o n )  
hea t  t r a n s f e r  w e r e  p u n c h e d  f r o m  c o p p e r  s h e e t  p r e p a r e d  in the  s a m e  m a n n e r  
as  the  hea t  s h i e l d  to g ive  an i d e n t i c a l  s u r f a c e .  T h e s e  s l u g s  w e r e  i n s e r t e d  
in h o l e s  cut f r o m  the  c o p p e r  hea t  s h i e l d  and w e r e  c e m e n t e d  in p l a c e  wi th  
a h igh  t e m p e r a t u r e ,  low c o n d u c t i v i t y  p o r c e l a i n  c e m e n t  so that  the  s l u g  was  
f l u s h  wi th  the  hea t  s h i e l d  s u r f a c e .  T w e n t y - e i g h t  gage  c h r o m e l - a l u m e l  
t h e r m o c o u p l e  w i r e s  s i l v e r - s o l d e r e d  to the  r e a r  f ace  of the  s l u g s  w e r e  
p a s s e d  t h r o u g h  the  i n s u l a t i o n  and  b a c k i n g  p la t e  and  c o n n e c t e d  to a t e m p e r -  
a t u r e  r e c o r d i n g  d e v i c e .  

Hea t  and  f l a m e  s h i e l d  p r e s s u r e  m e a s u r e m e n t s  w e r e  o b t a i n e d  f r o m  
s t a t i c  p r e s s u r e  o r i f i c e s  m o u n t e d  f l u sh  on the  s h i e l d s .  L o c a t i o n  of a l l  h e a t  
and  f l a m e  s h i e l d  i n s t r u m e n t a t i o n  is  shown in F ig .  8. 

T h e  c a l o r i m e t e r  t h e r m o c o u p l e  m i l l i v o l t  outputs  w e r e  r e c o r d e d  at 
0 . 3 - s e c  i n t e r v a l s  on m a g n e t i c  tape  by a h igh  s p e e d  d ig i t a l  r e c o r d i n g  s y s -  
t e m .  P l a y b a c k  of t h i s  t ape  on an I B M - 7 0 7 0  c o m p u t e r  gave  a p r i n t e d  d ig i t a l  
output  of t e m p e r a t u r e  v a r i a t i o n  wi th  t i m e .  Mi l l i vo l t  ou tputs  f r o m  t r a n s -  
d u c e r s  m e a s u r i n g  b a s e  l ~ r e s s u r e s ,  t e s t  c e l l  to ta l  and s t a t i c  p r e s s u r e s ,  and  
t e s t  s e c t i o n  f r e e - s t r e a m  p r e s s u r e  (ps) w e r e  r e c o r d e d  at a p p r o x i m a t e l y  
1 . 2 - s e c  i n t e r v a l s  and  s i m i l a r l y  c o n v e r t e d  to  a t a b u l a t e d  d ig i t a l  p r i n t o u t .  

O x i d i z e r  and  fue l  t ank  p r e s s u r e s ,  i n j e c t o r  p r e s s u r e s ,  and  the  i n d i -  
v i d u a l  e n g i n e  c h a m b e r  p r e s s u r e s  w e r e  r e c o r d e d  on con t inuous  d i r e c t -  
i nk ing  a n a l o g  r e c o r d e r s .  I nd iv idua l  o x i d i z e r  and  fuel  f lows  w e r e  m e a s u r e d  
wi th  t u r b i n e - t y p e  f l o w m e t e r s  whose  f r e q u e n c y  outputs  w e r e  r e c o r d e d  on an  
o s c i l l o g r a p h .  E n g i n e  coo lan t  s y s t e m  p r e s s u r e s ,  t e m p e r a t u r e s ,  and  f lows  
w e r e  m e a s u r e d ,  and  s a f e t y  c u t - o u t s  w e r e  p r o v i d e d  as  r e q u i r e d  to d e t e r -  
m i n e  and  a s s u r e  p r o p e r  and sa fe  o p e r a t i o n .  

Two 1 6 - r a m  m o v i e  c a m e r a s  w e r e  m o u n t e d  on the  p e r f o r a t e d  duct  t e s t  
s e c t i o n  at the  exi t  p l ane  of the  e n g i n e  e x h a u s t  n o z z l e s  to r e c o r d  the i g n i t i o n  
s e q u e n c e ,  m a i n  s t a g e  l ightoff ,  and  b u r n i n g  p a t t e r n  of t he  r e c i r c u l a t e d  c o m -  
b u s t i b l e  g a s e s .  

A s u m m a r y  of m o d e l  and  t e s t  c e l l  i n s t r u m e n t a t i o n  s h o w i n g  the  m e t h o d  
and p r e c i s i o n  of m e a s u r i n g  and r e c o r d i n g  data  is g iven  in T a b l e  2. 
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INSTALLATION 

The  m o d e l  and c e n t e r b o d y  w e r e  c a n t i l e v e r - m o u n t e d  f r o m  a s p i d e r  
a r r a n g e m e n t  in the  f o r w a r d  p o r t i o n  of the  t e s t  ce l l  and e x t e n d e d  aft  
t h r o u g h  a 4 2 - i n . - d i a m  b e l l m o u t h  n o z z l e  (F ig .  9). The  m o d e l  was  e n c l o s e d  
in a p e r f o r a t e d  duct  t e s t  s e c t i o n  to p e r m i t  a p o r t i o n  of the  p r i m a r y  a i r -  
f low to be b l e d  into the  s u r r o u n d i n g  low p r e s s u r e  r e g i o n .  The r e s u l t i n g  
f low e x p a n s i o n  p e r m i t t e d  the  p r i m a r y  a i r f l o w  to r e a c h  s u p e r s o n i c  f low 
wi thout  an i n c r e a s e  in t e s t  s e c t i o n  a r e a  b e i n g  n e c e s s a r y .  B l e e d  s u c t i o n  
was  p r o v i d e d  by  the a u x i l i a r y  b l e e d  duct  shown in F ig .  9. A 5 - f t - d i a m  
duct  wi th  a c o n i c a l  in le t  l o c a t e d  at the ex i t  of the  p e r f o r a t e d  duct  a c t e d  
as  a d i f f u s e r  f o r  the  p r i m a r y  a i r f low.  A 2 - f t - d i a m  duct  was  l o c a t e d  c o n -  
c e n t r i c a l l y  in the  5 - f t - d i a m  duc t ing  to c a p t u r e  the  e x h a u s t  g a s e s ;  t h i s  
p r e v e n t e d  m i x i n g  wi th  the  p r i m a r y  a i r f l o w  and  thus  p r e v e n t e d  t h e r m a l  
c hok in g  in the  5 - f t - d i a m  duct .  

Al l  the  m o d e l  i n s t r u m e n t a t i o n  and  c o n t r o l  l i n e s  and  the  e n g i n e  p r o -  
p e l l a n t  and  coo lan t  supply ,  b l eed ,  and r e t u r n  l i n e s  w e r e  run  t h r o u g h  the  
m o d e l  and out the  s u p p o r t  s p i d e r  and w e r e  t h e n  c o n n e c t e d  to f a c i l i t y  
p l u m b i n g  and  i n s t r u m e n t a t i o n  in the  p l e n u m  c h a m b e r .  Ma t ing  l i n e s ,  in  
tu rn ,  e n t e r e d  the  p l e n u m  c h a m b e r  t h r o u g h  a p r e s s u r e - t i g h t  p o r t h o l e  f r o m  
t h e  v a r i o u s  f a c i l i t y  p r o p e l l a n t ,  coo lan t ,  and  i n s t r u m e n t a t i o n  s y s t e m s  
(Ref. 4). 

H y d r o g e n  gas ,  wh ich  s i m u l a t e d  the  p r o t o t y p e  t u r b i n e  e x h a u s t  g a s e s ,  
was  s u p p l i e d  f r o m  a c o m m o n  m a n i f o l d  h a v i n g  e igh t  ou t l e t s ;  e a c h  ou t l e t  
i n c o r p o r a t e d  a 0. 0 5 5 - i n . - d i a m  o r i f i c e  f o r  f low r e g u l a t i o n .  

PROCEDURE 

A i r f l o w  c a l i b r a t i o n s  w e r e  p e r f o r m e d ,  and  the t e s t  s e c t i o n  p e r f o r a -  
t i o n s  w e r e  a l t e r e d  unt i l  a u n i f o r m  ax ia l  f low f i e l d  was  o b t a i n e d  a long  the  
c o n t o u r e d  m o d e l  s h r o u d .  T h e r e a f t e r ,  n o z z l e  in l e t  to ta l  p r e s s u r e  and  t e s t  
s e c t i o n  s t a t i c  p r e s s u r e  (p®) w e r e  s e t  at  v a l u e s  c o r r e s p o n d i n g  to the  d e -  
s i r e d  a l t i t ude  and  Mach  n u m b e r .  N o z z l e  in l e t  to ta l  t e m p e r a t u r e  was  
m a i n t a i n e d  at 100°F ± 5°F f o r  a l l  t e s t i n g .  

High  a l t i tude ,  M a c h  n u m b e r  z e r o  r u n s  w e r e  a c c o m p l i s h e d  by  c l o s i n g  
the  m a i n  a i r f l o w  v a l v e s  and  e x h a u s t i n g  the  t e s t  c e l l  to the  d e s i r e d  p r e s -  
s u r e  a l t i t ude  p r i o r  to f i r i n g .  

P r i o r  to e a c h  t e s t  run,  the  hea t  and  f l a m e  s h i e l d s  w e r e  b l a c k e n e d  by  
a f u e l - r i c h  o x y a c e t y l e n e  t o r c h  to p r o v i d e  s i m i l a r  s u r f a c e  c o n d i t i o n s  f o r  
al l  r u n s .  
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When the  d e s i r e d  t unne l  c o n d i t i o n s  w e r e  e s t a b l i s h e d ,  the  r o c k e t  f i r i n g  
s e q u e n c e  was  i n i t i a t e d  at a t i m e  d e s i g n a t e d  T + O. A typ i ca l  t i m e  h i s t o r y  
s h o w i n g  t e s t  c e l l  and e n g i n e  c h a m b e r  p r e s s u r e  bu i ldup  is p r e s e n t e d  in 
F ig .  10. 

H y d r o g e n  was d i s c h a r g e d  f r o m  the  e x h a u s t e r a t o r s  only,  f r o m  the  o v e r -  
b o a r d  duc t s  only,  and  f r o m  both  s i m u l t a n e o u s l y .  A typ i ca l  c a l o r i m e t e r  
t e m p e r a t u r e  and  hea t  t r a n s f e r  h i s t o r y  is shown  in F ig .  11. E n g i n e - o n l y  
da ta  w e r e  o b t a i n e d  a f t e r  s t e a d y - s t a t e  e n g i n e  o p e r a t i o n  had b e e n  e s t a b l i s h e d  
and b e f o r e  the  h y d r o g e n  f low had b e e n  i n i t i a t ed .  The  f low r a t e  of h y d r o g e n  
gas  is  r e f e r r e d  to in th i s  r e p o r t  in t e r m s  of hea t  r a t i o ,  wh ich  is  the  r a t i o  
of the  hea t  con t en t  of the  d i s c h a r g e d  h y d r o g e n  gas  to the e q u i v a l e n t  hea t  
c o n t e n t  of the  p r o t o t y p e  m i s s i l e  t u r b i n e  e x h a u s t  g a s e s .  F u r t h e r  d e f i n i t i o n  
and  the  m e t h o d s  of c a l c u l a t i o n  a r e  g i v e n  in the  append ix .  When  h y d r o g e n  
gas  f low was  e q u i v a l e n t  to a hea t  r a t i o  of 1 .0 ,  the  f low m o m e n t u m  p e r  
uni t  a r e a  f r o m  the  o v e r b o a r d  ducts  was  c a l c u l a t e d  to be a p p r o x i m a t e l y  
38 p e r c e n t  of t he  p r o t o t y p e  t u r b i n e  e x h a u s t  m o m e n t u m .  

I n c r e a s e d  m o m e n t u m  was o b t a i n e d  by d e c r e a s i n g  the  t u r b i n e  e x h a u s t  
duct  ex i t  a r e a  o r  by i n c r e a s i n g  the  m a s s  of the  d i s c h a r g e d  gas  by m i x i n g  
h y d r o g e n  and  n i t r o g e n .  

The  exi t  to ta l  and  s t a t i c  p r e s s u r e s  and the  t e m p e r a t u r e  of the  p r o t o -  
type  t u r b i n e  e x h a u s t  w e r e  not s i m u l a t e d .  

RESULTS AND DISCUSSION 

The  5 . 4 7 - p e r c e n t  Sa tu rn  SA-1 b o o s t e r  m o d e l  was  t e s t e d  at two p o i n t s  
on the  s i m u l a t e d  f l igh t  t r a j e c t o r y  p r i m a r i l y  to d e t e r m i n e  the  b a s e  h e a t i n g  
r a t e s  wh ich  r e s u l t e d  when  a s i m u l a t e d  t u r b i n e  e x h a u s t  gas was  d i s c h a r g e d  
f r o m  d i f f e r e n t  t u r b i n e  e x h a u s t  duct  c o n f i g u r a t i o n s .  T e s t  r e s u l t s  a r e  p r e -  
s e n t e d  c o n c e r n i n g :  

i 

- C o m p a r i s o n  of m a x i m u m  b a s e  h e a t i n g  r a t e s  f o r  t h r e e  o v e r b o a r d  
t u r b i n e  e x h a u s t  duct  c o n f i g u r a t i o n s  

- D i s t r i b u t i o n  of hea t  f lux o v e r  the  m o d e l  b a s e  

- E f fec t  on b a s e  h e a t i n g  of o p e r a t i o n  wi th  one e n g i n e  i n o p e r a t i v e  

- Effec t  of s t a b i l i z i n g  f ins  on b a s e  h e a t i n g  

- Effec t  of v a r i a t i o n s  in O / F  r a t i o  on b a s e  h e a t i n g  

- V a r i a t i o n  of f l a m e  s h i e l d  h e a t i n g  r a t e s  with a l t i t ude  
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- E f f e c t  of v a r i a t i o n  in  t u r b i n e  e x h a u s t  gas  m o m e n t u m  on b a s e  
h e a t i n g  

- Base pressures 

Total heat rate, as used in this report, is the sum of the heat transfer 
rates (radiation and convection) resulting from the engine exhaust gas 
recirculation to the base and from the hydrogen gas which recirculated and 
burned at the model base. The method used to obtain these values is pre- 

sented in the appendix. 

Attempts were made to set a hydrogen gas flow equivalent to a heat 
ratio of i. 0 (see appendix) for each test firing, but actual heat ratios 
varied between 0.95 and I. 09 during the primary investigation, and larger 
variations were tolerated during the secondary investigations (see Table 3). 
Therefore, to correct for these variations, indicated heat transfer rates 
resulting from hydrogen burning were adjusted to a heat ratio of 1.0 by 
dividing by the actual heat ratio for the particular firing. It is felt that 
use of these adjusted values of heat rates puts the comparison of configura- 
tions on a more equitable basis. 

B e f o r e  h y d r o g e n  was  d i s c h a r g e d  s i m u l t a n e o u s l y  f r o m  the e x h a u s t e r a -  
t o r s  and  o v e r b o a r d  t u r b i n e  e x h a u s t  duc t s ,  s e v e r a l  f i r i n g s  w e r e  m a d e  wi th  
h y d r o g e n  f low f r o m  the  e x h a u s t e r a t o r s  on ly .  B a s e  b u r n i n g  was  not de-  
t e c t e d  d u r i n g  a n y  of t h e s e  f i r i n g s .  

COMPARISON OF BASE HEATING RATES FOR THREE OVERBOARD TURBINE 
EXHAUST CONFIGURATIONS 

In the case of the prototype booster the turbine exhaust gases are 
relatively cool (650°F) in comparison with the temperature of the engine 
exhaust jets (5, 200°F). Therefore, little increase in base heating should 
occur, even ff these gases do recirculate into the base, unless the gases 
when combined with atmospheric air ignite and burn in or very near the 
base. Because the gases are fuel rich, the possibility of ignition does 
exist, provided the proper conditions of mixture ratio and stay time are 
present. The most obvious solution to the base heating problem then is 
to minimize the amount of recirculated turbine exhaust gases because it 
is not possible to control either mixture ratio or stay time. 

T h r e e  d i f f e r e n t  o v e r b o a r d  t u r b i n e  e x h a u s t  duct  c o n f i g u r a t i o n s  (F ig .  5) 
w e r e  t e s t e d  at  s i m u l a t e d  f l igh t  t r a j e c t o r y  c o n d i t i o n s  of Mach  0 . 8  (16, 000f t )  
and M a c h  1 .15  (27, 500 ft) to d e t e r m i n e  the c o n f i g u r a t i o n  f o r  wh ich  the  
to t a l  h e a t i n g  r a t e s  w e r e  l o w e s t .  The  r e s u l t s  of t h e s e  t e s t s  a r e  p r e s e n t e d  
in F ig .  12 as  a c o m p a r i s o n  of the  m a x i m u m  to t a l  h e a t i n g  r a t e s  ob ta ined .  
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The cross-hatched section of each bar represents the average engines- 
only heating rates, and the solid section represents heating rates caused 
by hydrogen burning. The total heating rates shown are the maximum 
obtained with each configuration; however, values higher than those shown 
could have been present at non-instrumented locations on the heat and 
flame shields. 

Of the t h r e e  t e s t  c o n f i g u r a t i o n s ,  the  s t r e a m l i n e d  t u r b i n e  e x h a u s t  duct  
c o n f i g u r a t i o n  r e s u l t e d  in  the  l o w e s t  t o t a l  p e a k  h e a t i n g  r a t e s  a t  bo th  
M a c h  0 . 8  and  1 .15 .  At M a c h  0 . 8  no i n c r e a s e  in hea t  f lux f r o m  h y d r o g e n  
b u r n i n g  o c c u r r e d  at  e i t h e r  the  hea t  o r  f l a m e  s h i e l d s .  It cou ld  not  be  
d e t e r m i n e d  w h e t h e r  t h i s  was  the  r e s u l t  of a l a c k  of h y d r o g e n  r e c i r c u l a -  
t i on  in to  the  b a s e  o r  of r e c i r c u l a t i o n  wi thout  ign i t ion .  At M a c h  1 .15  the  
h y d r o g e n  d e f i n i t e l y  r e c i r c u l a t e d  and  b u r n e d  n e a r  the  hea t  sh i e ld ,  a s  s h o w n  
by  the  i n c r e a s e  in hea t  s h i e l d  h e a t i n g  r a t e s  (8 B t u / f t 2 - s e c )  c a u s e d  b y  
h y d r o g e n  b u r n i n g ;  b u r n i n g  did not  o c c u r  at  the  f l a m e  s h i e l d .  

The  m o s t  s e v e r e  b a s e  h e a t i n g  o c c u r r e d  wi th  the  s h o r t  o v e r b o a r d  d u c t  
con f igu ra t i on ; -  p e a k  t o t a l  b a s e  h e a t i n g  r a t e s  of 5 2 . 5  and  3 6 . 0  B t u / f t 2 - s e c  
at  M a c h  0 . 8  and  1 .15,  r e s p e c t i v e l y ,  w e r e  p r o d u c e d .  

The  two e x t r e m e s  in h e a t i n g  r a t e s  w e r e  c a u s e d  by  the  d i f f e r e n t  
a m o u n t s  of h y d r o g e n  b e i n g  d r a w n  in to  the  b a s e .  T h u s  the s h o r t  d u c t s  w i t h  
the  l a r g e r  f r o n t a l  a r e a  p r o d u c e d  a l a r g e r  and  m o r e  t u r b u l e n t  wake  t h a n  the  
a i r f o i l - s h a p e d  s t r e a m l i n e d  duc t s  and,  c o n s e q u e n t l y ,  e n t r a i n e d  a g r e a t e r  
q u a n t i t y  of the  d i s c h a r g e d  h y d r o g e n ,  wh ich  was  s u b s e q u e n t l y  d r a w n  in to  
the  m o d e l  b a s e  to f o r m  a c o m b u s t i b l e  h y d r o g e n - a i r  m i x t u r e .  T h i s  l a r g e r  
q u a n t i t y  of h y d r o g e n  p r o d u c e d  a l a r g e r  hea t  r e l e a s e  v-hen the h y d r o g e n - a i r  
m i x t u r e  was  i gn i t ed ;  the  da ta  show tha t  the  i n c r e a s e  was  a p p r o x i m a t e l y  
60 p e r c e n t  a t  M a c h  1 .15 .  

T h e  e f f ec t  of the  duct  t r a i l i n g  wake  was  i n v e s t i g a t e d  f u r t h e r  d u r i n g  
two f i r i n g s  of the  -long o v e r b o a r d  duct  c o n f i g u r a t i o n  m a d e  at  the  s a m e  
s i m u l a t e d  t r a j e c t o r y  c o n d i t i o n s ;  in  one c a s e  the  long  duc t s  w e r e  m o u n t e d  
on a i r f o i l - s h a p e d  b r a c k e t s ;  in  the  o t h e r  c a s e  t hey  w e r e  m o u n t e d  on s t r u c -  
t u r a l  ( h i g h b l o c k a g e )  b r a c k e t s  (F ig .  5). As  shown  in F ig .  12, the  b a s e  
t o t a l  h e a t i n g  r a t e s  w e r e  r e d u c e d  a p p r o x i m a t e l y  35 p e r c e n t  when  the  a i r f o i l -  
s h a p e d  b r a c k e t s  w e r e  u sed .  

DISTRIBUTION OF HEAT FLUX OVER MODEL BASE 

To g ive  a c o m p l e t e  d i s t r i b u t i o n  p i c t u r e ,  the  t o t a l  h e a t i n g  r a t e s  f r o m  
i n d i v i d u a l  c a l o r i m e t e r s  a r e  shown  in F i g .  13 f o r  e a c h  t u r b i n e  e x h a u s t  duct  
c o n f i g u r a t i o n  and  M a c h  n u m b e r .  At M a c h  0 . 8  (F ig .  13a) when  h y d r o g e n  
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was  d i s c h a r g e d  f r o m  the  long  and  s h o r t  o v e r b o a r d  duc ts ,  the  h i g h e s t  t o t a l  
b a s e  h e a t i n g  r a t e s  w e r e  m e a s u r e d  in the  r e g i o n  l o c a t e d  b e t w e e n  the  in = 
b o a r d  and  o u t b o a r d  e n g i n e s ;  thus ,  the  g r e a t e s t  c o n c e n t r a t i o n  of h y d r o g e n  
o c c u r r e d  in th i s  r e g i o n .  H y d r o g e n  d i s c h a r g e d  f r o m  the s t r e a m l i n e d  duc t s  
d id  not  burn ,  and  c o n s e q u e n t l y ,  a low, u n i f o r m  hea t  f lux d i s t r i b u t i o n  was 
o b t a i n e d  wi th  t h i s  c o n f i g u r a t i o n .  

At M a c h  1.15 the  hea t  f lux d i s t r i b u t i o n  ob t a ined  when  h y d r o g e n  was  
d i s c h a r g e d  f r o m  the  s h o r t  and  s t r e a m l i n e d  duc ts  was  s i m i l a r  to tha t  ob-  
t a i n e d  at M a c h  0 . 8  (F ig .  13b). A s o m e w h a t  d i f f e r e n t  d i s t r i b u t i o n  was  
o b t a i n e d  wi th  the  long  duc t s .  In th i s  case ,  when  the long  duc t s  w e r e  
m o u n t e d  on the  h igh  b l o c k a g e  b r a c k e t s ,  the  h i g h e s t  h e a t i n g  r a t e s  w e r e  
m e a s u r e d  in the  b a s e  r e g i o n  l o c a t e d  b e t w e e n  the  i n b o a r d  and  o u t b o a r d  en -  
g i n e s  a d j a c e n t  to the duc t s .  When  the  a i r f o i l - s h a p e d  b r a c k e t s  w e r e  used ,  
a r e d u c t i o n  in h e a t i n g  r a t e s  o c c u r r e d  in th i s  r e g i o n ,  and  the p e a k  h e a t i n g  
r e g i o n  was  s h i f t e d  to a l o c a t i o n  b e t w e e n  the  o u t b o a r d  e n g i n e  and  the  m o d e l  
skirt. 

Thus ,  b a s e d  on t o t a l  hea t  t r a n s f e r  r a t e s ,  the  m o s t  u n i f o r m  b a s e  h e a t  
f lux d i s t r i b u t i o n  was  o b t a i n e d  wi th  the  s t r e a m l i n e d  duc ts  and  the  m o s t  non -  
u n i f o r m  wi th  the  s h o r t  duc t s .  

EFFECT ON BASE HEATING OF OPERATION WITH ONE ENGINE INOPERATIVE 

Since  the  S a t u r n  b o o s t e r  is c a p a b l e  of o p e r a t i o n  wi th  one of the  e igh t  
e n g i n e s  i n o p e r a t i v e ,  it was  d e s i r e d  to d e t e r m i n e  what  c h a n g e s  would  o c c u r  
in the  b a s e  h e a t i n g  r a t e s  in s u c h  a c a s e .  The  c o n d i t i o n  was  i n v e s t i g a t e d  
wi th  the  No. 8 e n g i n e  i n o p e r a t i v e  ( p r o p e l l a n t  l i n e s  capped)  b e c a u s e  it was  
b e l i e v e d  tha t  a f a i l u r e  on an i n b o a r d  e n g i n e  would p r o d u c e  the  m o s t  a d v e r s e  
e f f ec t  on b a s e  h e a t i n g .  ( H y d r o g e n  was  d i s c h a r g e d  f r o m  the  long  o v e r b o a r d  
duc t s  and  e x h a u s t e r a t o r s  f o r  a l l  f i r i n g s .  ) 

Flame Shield 

When the  S a t u r n  r i n g - c l u s t e r  n o z z l e  a r r a n g e m e n t  ( c e n t e r  f o u r  e n g i n e s )  
is  o p e r a t e d  in the  l o w e r  a l t i t ude  r e g i o n  wi th  a l l  e n g i n e s  o p e r a t i n g ,  the  j e t s  
do not  i m p i n g e ,  and  t h e r e f o r e ,  an a s p i r a t i n g  e f f ec t  is  p r o d u c e d  wh ich  pu l l s  
hot  g a s e s  f r o m  the  m o d e l  b a s e  r e g i o n  into the  a r e a  b e t w e e n  the  r i n g - c l u s t e r  
j e t s .  Th i s  f low c h a r a c t e r i s t i c  was  c o n f i r m e d  by the i n c r e a s e  in f l a m e  
s h i e l d  h e a t i n g  r a t e s  wh ich  o c c u r r e d  when  h y d r o g e n  gas  was  d i s c h a r g e d  f r o m  
the  o v e r b o a r d  duc t s  only.  ( B e c a u s e  the  h y d r o g e n  o r i g i n a t e d  o u t s i d e  the  
c e n t e r  a r e a ,  a s p i r a t i o n  had  to o c c u r  f o r  the  h y d r o g e n  to be d r a w n  into  the  
c e n t e r  a r e a .  ) H o w e v e r ,  when  one  of the  r i n g - c l u s t e r  e n g i n e s  is  i n o p e r a t i v e ,  
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the c e n t e r  r eg ion  is not enclosed,  and much  of the a s p i r a t i n g  effect  is  
los t ,  as ind ica ted  by the i n c r e a s e  in the r a t i o  of f l ame  sh ie ld  to base  
p r e s s u r e  (PFS/PB) shown below: 

PFS/PB 

Conf igura( ion  

Eight Engines 

Seven Engines 

M=0.8 

0 .72  

1.00 

M= 1.15 

0 . 9 0  

Not ob ta ined  

It is concluded that  the m a j o r  ef fec ts  on f l ame  sh ie ld  hea t ing  of s even -  
engine ope ra t i on  a re :  (1) the d e c r e a s e  in a s p i r a t i o n  which r educes  the 
amount  of hot gases  (combus t ib le  o r  not) drawn into the c e n t e r  reg ion ,  
(2) the r educ t ion  of the r a d i a t i o n  heat  sou rce  by 25 pe rcen t ,  and (3) the 
d e c r e a s e  in back flow of hot gases  f r o m  the exhaust  j e t s  into the c e n t e r  
r eg ion  as c o m p a r e d  with that  which p robab ly  occu r s  with e igh t - eng ine  
ope ra t ion  (even with a sp i r a t i on ) .  

At the h ighe r  a l t i tude  (Mach 1.15) the exhaus t  j e t s  were  l a r g e r ,  and 
the je t  bounda r i e s  of the c e n t e r  four  engines  began to impinge;  however ,  
dur ing  e igh t -eng ine  opera t ion ,  the p r e s s u r e  r a t i o  (shown above) i nd i ca t e s  
that  some  a s p i r a t i o n  s t i l l  ex is ted .  Apparen t ly ,  however ,  it was not g r ea t  
enough to draw hydrogen  into the c e n t e r  a r e a  because  no hydrogen  bu rned  
dur ing  e igh t - eng ine  opera t ion .  During s e v e n - e n g i n e  ope ra t i on  hyd rogen  
burned  in the c e n t e r  region,  and heat  flux i n c r e a s e d  by 3.5 B t u / f t 2 - s e c ,  
as sho~n  in Fig.  14a. F l a m e  sh ie ld  p r e s s u r e s  were  not obta ined dur ing  
the s e v e n - e n g i n e  runs  made  at Mach 1.15. 

Heat Shield 

In genera l ,  base  heat  flux d e c r e a s e d  when the No. 8 engine  was in-  
ope ra t ive  (Fig.  14b). However ,  at Mach 0 .8  base  burn ing  was a p p a r e n t l y  
m a r g i n a l ;  one of the two seven -eng ine  f i r i ngs  r e s u l t e d  in hea t ing  r a t e s  
s l igh t ly  h ighe r  than those  obta ined fo r  the e igh t - eng ine  f i r ing ,  and the 
o the r  p roduced  c o n s i d e r a b l y  lower  hea t ing  r a t e s ,  a l though t r a j e c t o r y  con-  
d i t ions  fo r  these  two f i r i ngs  were  a lmos t  iden t ica l .  At Mach 1. 15, 
ope ra t ion  with one engine  inope ra t ive  r e s u l t e d  in a l a rge  r educ t ion  in base  
hea t ing  r a t e s ,  e s p e c i a l l y  in the reg ion  loca ted  between the inboa rd  and 
outboard  engines  (Fig.  14b). 
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EFFECT OF STABILIZING FINS ON BASE HEATING 

F o u r  s t a b i l i z i n g  f ins  w e r e  i n s t a l l e d  on the  m o d e l  a f t e r b o d y  as  shown  
in F ig .  6, and  two f i r i n g s  w e r e  m a d e  at Mach  0 .8  with h y d r o g e n  d i s -  
c h a r g e d  f r o m  the  long  o v e r b o a r d  duc ts  and  e x h a u s t e r a t o r  to ob ta in  b a s e  
h e a t i n g  da ta  f o r  c o m p a r i s o n  with da ta  o b t a i n e d  f r o m  the n o n - f i n n e d  con  ° 
f i g u r a t i o n .  The  r e s u l t s  a r e  p r e s e n t e d  in Fig .  15. The  change  in the  
b a s e  f low p a t t e r n  p r o d u c e d  by  the  a d d i t i o n  of the  f ins  c a u s e d  a 4 0 - p e r c e n t  
i n c r e a s e  in a v e r a g e  b a s e  hea t  f lux.  The  f ins  a l t e r e d  the  e x t e r n a l  f low 
f i e l d  l o c a l l y  and c r e a t e d  a l a r g e  t u r b u l e n t  wake  u p s t r e a m  of the  m o d e l  
s k i r t  t r a i l i n g  edge .  Th i s  e f fec t  is e v i d e n t  f r o m  an e x a m i n a t i o n  of the  
b a s e  p r e s s u r e  r a t i o s ,  pB/p®, f o r  the two c o n f i g u r a t i o n s  ( s e e  s e c t i o n  on 
B a s e  P r e s s u r e ) .  P r i o r  to e n g i n e  ign i t ion  at Mach  0 . 8  e x t e r n a l  f low, 
the  r a t i o  was  1 .07;  a f t e r  the  add i t i on  of f ins ,  the  r a t i o  d e c r e a s e d  to 0 .75 .  
E f f e c t i v e l y  then ,  the  f ins  i nduced  a l o w e r  b a s e  p r e s s u r e  wh ich  e i t h e r  
c a u s e d  a l a r g e r  quan t i t y  of h y d r o g e n  to be d r a w n  into  the  b a s e  r e g i o n  o r  
a l t e r e d  the  h y d r o g e n - a i r  r a t i o  in the  b a s e  r e g i o n  o r  both.  E i t h e r  cou ld  
c a u s e  m o r e  s e v e r e ,  b a s e  b u r n i n g .  

EFFECT OF O/F RATIO ON BASE HEATING 

U n l e s s  o t h e r w i s e  no t ed  a l l  da ta  p r e v i o u s l y  p r e s e n t e d  w e r e  o b t a i n e d  
at a n o m i n a l  O / F  r a t i o  of 1 .7 .  To d e t e r m i n e  the  e f fec t  of O / F  r a t i o  on 
b a s e  hea t ing ,  a d d i t i o n a l  f i r i n g s  w e r e  m a d e  at a n o m i n a l  O / F  r a t i o  of 2 . 2 .  
T h e s e  da ta  a r e  p r e s e n t e d  in F i g s .  16a, b, and c fo r  the  t h r e e  b a s i c  t u r -  
b ine  e x h a u s t  duct  c o n f i g u r a t i o n s .  The  c o m p a r i s o n  is  p r e s e n t e d  p r i m a r i l y  
to show the t r e n d  in h e a t i n g  r a t e s  p r o d u c e d  by v a r i a t i o n s  in O / F  r a t i o .  
A d j u s t m e n t s  have  not b e e n  m a d e  f o r  v a r i a t i o n s  in Mach  n u m b e r ,  a l t i t ude ,  
h y d r o g e n  p r e s s u r e ,  c h a m b e r  p r e s s u r e ,  e x h a u s t  f l a m e  t e m p e r a t u r e ,  and  
e x h a u s t  gas  to ta l  we igh t  f low, a l l  of which  cou ld  a l t e r  the  m a g n i t u d e  of the  
h e a t i n g  r a t e s  shown.  

Total heating rates measured on the flame shield (Fig. 16e) indicate 
that operation at the higher O/F ratio decreased hydrogen burning in the 
center region when the long and short duct configurations were used but 
increased burning when the streamlined ducts were used (Fig. 16f). The 
average flame shield heating rates resulting from engines-only operation 
remained fairly constant in spite of variations in O/F ratio. 

B a s e  to t a l  h e a t i n g  r a t e s  d e c r e a s e d ,  in g e n e r a l ,  when O / F  r a t i o  was  
i n c r e a s e d  f r o m  1.7  to 2 .2 .  (The e x c e p t i o n  was the  c a s e  of the  s t r e a m l i n e d  
duct  c o n f i g u r a t i o n .  ) The  l o w e r  h e a t i n g  r a t e s  at the  h i g h e r  O / F  r a t i o  w e r e  
a s s u m e d  to be the r e s u l t  of a l o w e r  hea t  r e l e a s e  f r o m  h y d r o g e n  b u r n i n g  in 
the  b a s e .  No s i g n i f i c a n t  d i f f e r e n c e  in b a s e  h e a t i n g  r a t e s  was  o b s e r v e d  f o r  
e n g i n e s -  only  o p e r a t i o n .  
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When the streamlined ducts were tested at Mach 0.8 and an O/F 
ratio of 1.7, no hydrogen burning occurred; however, with an O/F ratio 
of 2.24 the hydrogen definitely burned. It should be noted that only one 
f i r i n g  was m a d e  wi th  the  s t r e a m l i n e d  duc ts  at the  h igh  O / F  r a t i o  and  
tha t  d u r i n g  th i s  t e s t  only  t h r e e  b a s e  c a l o r i m e t e r s  w e r e  o p e r a t i v e  (F ig .  16c). 

Hea t  f lux d i s t r i b u t i o n  o v e r  the b a s e  was  e s s e n t i a l l y  the  s a m e  at O / F  
r a t i o s  of 1 .7  and  2 .2  f o r  the  s h o r t  and long  duct  c o n f i g u r a t i o n s .  The  
d i s t r i b u t i o n  cou ld  not be  d e t e r m i n e d  f o r  the  s t r e a m l i n e d  duc t s  at  an O / F  
r a t i o  2 . 2  b e c a u s e  of the  l i m i t e d  c a l o r i m e t e r  i n s t r u m e n t a t i o n .  

VARIATION IN FLAME SHIELD HEATING RATES WITH ALTITUDE 

When the ring-cluster nozzle arrangement of the four inboard engines 
is operated in the lower altitude regions, the non-interfering jets produce 
an aspirating effect which, by pulling hot gases from the base region into 
the center of the cluster, can produce heating on the flame shield. The 
variation of the heat flux in the center of the inboard engine cluster is 
presented in Fig. 17 as a function of flame shield to base pressure ratio. 
Data obtained at low altitudes are shown for the conditions non-burning 
and burning. Because the hydrogen which burned in this region originated 
outside the region, the flow characteristic had to be that of aspiration 
to influence the heat flux to the flame shield. 

At a p r e s s u r e  r a t i o  of one it was  a s s u m e d  tha t  no f low e x i s t e d  t h r o u g h  
the  c e n t e r  a r e a  in e i t h e r  d i r e c t i o n ;  at p r e s s u r e  r a t i o s  g r e a t e r  t han  one,  
gas  was  e j e c t e d  f r o m  the j e t  b o u n d a r i e s  into the  c e n t e r  r e g i o n  and t h e n  
e j e c t e d  at a 9 0 - d e g  ang le  to t h i s  r e a r w a r d  f low t h r o u g h  the f o u r  t r i a n g u l a r  
o p e n i n g s  b e t w e e n  the  n o z z l e  l ip s  and  the  point  of in i t i a l  je t  i m p i n g e m e n t  
(F ig .  17). The  r e s u l t i n g  hea t  f lux to the  f l a m e  s h i e l d  a p p e a r e d  f r o m  the  
da ta  to  r e a c h  a m a x i m u m  va lue  which  was not e x c e e d e d  in sp i t e  of any  
f u r t h e r  i n c r e a s e  in the  f l a m e  s h i e l d  to b a s e  p r e s s u r e  r a t i o .  

The  f l a m e  s h i e l d  c a l o r i m e t e r  was  l o c a t e d  o f f - c e n t e r  and  thus  d id  not  
m e a s u r e  t he  m a x i m u m  hea t  t r a n s f e r  r a t e  w h i c h  o c c u r r e d  at the  c e n t e r  of 
the  f l a m e  s h i e l d .  If a m e a s u r e m e n t  of m a x i m u m  h e a t i n g  r a t e s  had b e e n  
p o s s i b l e ,  the  l e v e l  of the  c u r v e  in F ig .  17 would  be h i g h e r ,  but the t r e n d  
would  be  u n a l t e r e d .  

EFFECT OF VARIATION OF TURBINE EXHAUST GAS 
MOMENTUM ON BASE HEATING 

The  r a t e  of h y d r o g e n  d i s c h a r g e  f r o m  the  t u r b i n e  e x h a u s t  duc t s  s i m u -  
l a t e d  the  hea t  c o n t e n t  a v a i l a b l e  f r o m  the  t u r b i n e  e x h a u s t  g a s e s  of t he  
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full-scale system (for HR = I. 0). However, momentum simulation is 
also important because momentum determines the distance from the 
base the gases will travel before they mix with the external airstream. 
If this distance is small, as it would be with a low discharge momentum, 
most of the discharged gases can be drawn into the base region; ff a 
high discharge momentum is used, the distance can be large and can re- 
sult in little or no recirculation. This effect was investigated during 
several firings which were made with varying values of hydrogen gas 
discharge momentum. (Hydrogen was discharged from the overboard 
ducts only. ) 

Two me thods  of v a r y i n g  MV/A were  used.  The f i r s t  me thod  con-  
s i s t e d  of changing  the exi t  a r e a  of the hydrogen  ducts  and d i s c h a r g i n g  
pure  hydrogen .  Va lues  of MV/A in the r ange  of 36 to 244 p e r c e n t  of the 
f u l l - s c a l e  exhaus t  duct MV/A (965 lb f / f t  2) were  obtained.  The second  
me thod  u t i l i zed  a cons tan t  duct exi t  a r e a  and v a r i e d  MV/A by changing  
the m a s s  of the d i s c h a r g e d  gas .  This  was done by mix ing  a h e a v i e r  gas  
(n i t rogen)  with the hydrogen  gas  (flow o r i f i c e s  were  s i zed  to d i s c h a r g e  
the  s a m e  quant i ty  of hyd rogen  as  in the f i r s t  method) .  Two m i x t u r e s  
we re  used,  one with 6 0 - p e r c e n t  hydrogen  and 4 0 - p e r c e n t  n i t rogen ,  the 
o the r  with 2 0 - p e r c e n t  hydrogen  and 8 0 - p e r c e n t  n i t r ogen  by vo lume.  
The r e s u l t i n g  va lues  of MV/A r anged  f rom 51 p e r c e n t  to 165 p e r c e n t  of 
f u l l - s c a l e  MV/A.  

Data from firings made using both methods of MV/A simulation are 
presented in Fig. 18. The heat transfer rates shown represent the 
maximum change in base heating rates attributed to the pure hydrogen 
or the hydrogen-nitrogen mixtures and therefore, do not reflect engines- 
only heating rates. 

The curve obtained when MV/A was increased by decreasing the 
exit area of the ducts shows that base heating rates decreased from a 
maximum value of 37.5 Btu/ft2-sec at 38 percent of full-scale MV/A to 
17.5 Btu/ft2-sec at 120 percent of full-scale MV/A. Between 120 and 
244 percent of full-scale MV/A, no heat flux from hydrogen burning was 
measured, an indication that the increased discharge momentum carried 
the hydrogen far enough into the external airstream to prevent recircula- 
tion. Between 36 and 120 percent of full-scale MV/A the duct was not 
choked, and the exit velocity increased as the duct exit area was de = 
creased. When MV/A was greater than 180 percent of the full-scale value, 
the duct exit was choked, and no further increase in velocity occurred. 

When the hydrogen-nitrogen mixture was used to change MV/A, the 
same trend in base heating rates was obtained that resulted from variation 
in the duct area. However, the base heating rates were much lower for the 

20 



AEDC-TN-61-134 

m i x t u r e s  (F ig .  18) t han  fo r  p u r e  h y d r o g e n  wi th in  the  s a m e  M V / A  r a n g e  
in sp i t e  of the  a l m o s t  equa l  a v a i l a b l e  hea t  con ten t .  It is a s s u m e d ,  
then,  tha t  the  n i t r o g e n  in the  6 0 - p e r c e n t  h y d r o g e n  - 4 0 - p e r c e n t  n i t r o -  
gen  m i x t u r e  a c t e d  as  a hea t  s ink  o r  s h i e l d e d  the  h y d r o g e n  and r e d u c e d  
the  d e g r e e  of b a s e  b u r n i n g .  The  2 0 - p e r c e n t  h y d r o g e n  - 8 0 - p e r c e n t  
n i t r o g e n  m i x t u r e  was  wi th in  the  n o n - f l a m m a b l e  l i m i t s  (Ref.  5) and t h e r e -  
f o r e  did not  ign i t e .  Thus  the  n e g a t i v e  hea t  f lux c h a n g e  m e a s u r e d  s h o w s  
tha t  the  m i x t u r e  was  r e c i r c u l a t e d  and p r o v i d e d  a c o o l i n g  e f fec t  in the  b a s e .  

BASE AND FLAME SHIELD PRESSURE 

Base pressure data presented in this report were obtained from an 
arithmetical average of the seven base pressure taps located as shown in 
Fig. 8. Flame shield pressure data were similarly obtained using the 
three flame shield pressure taps. No trend in pressure could be detected 
over either the base or the flame shield during any individual run. In 
general, the variation in individual base pressures was within ±5 percent 
of the average base pressure, and the variation in individual flame shield 
pressures was within ±1 percent of the average pressure. 

The variation with Mach number of base pressure coefficient and of 
base to free-stream pressure ratio is shown in Figs. 19 and 20, respec- 
tively. With no base burning, as when no hydrogen was emitted or when 
hydrogen was emitted from the exhausterators only (Figs. 19a and 20a), 
both the base pressure coefficient and the pressure ratio decreased when 
Mach number was increased from 0.8 to 1.15. Thus the absolute base 
pressure decreased at a more rapid rate than did free-stream static pres- 
sure. This condition should be expected, however, because the higher 
velocity external airstrearn at Mach I. 15 would tend to exert a stronger 
pumping action at the base of the model. 

When base burning occurred, the effect was an increase in the abso- 
lute base presure, as shown by Figs. 19b and 20b. As stated previously, 
no base burning occurred when the streamlined ducts were used at Mach 0.8. 
The figures show base pressure coefficient and pressure ratio values for 
this configuration and condition to be in good agreement with the no-base 
burning condition. At Mach 1.15, however, some burning was obtained, and 
the result is a net positive slope to the lines connecting Mach 0.8 and i. 15 
data (Figs. 19b and 20b). Similar trends are shown for data obtained with 
the long and short overboard ducts. The differences in magnitude of the 
base pressure coefficient and the pressure ratio between configurations was 
the result, in part, of the degree of base burning which resulted and, in 
part, of the change in flow field at the model base created by the different 
duct shapes. 
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The effect of changes in the degree of base burning or of change in 
overboard duct configuration on flame shield pressures could not be de- 
tected. All flame shield pressure coefficient data fell within the envelope 
shown in Fig. 21a. Of interest, however, is the increased slope of the 
flame shield pressure coefficient data over the slope shown for base pres- 
sure coefficient (Fig. 19b) with increasing Math number. This change is 
attributed to the fact that, as Mach number was increased from 0.8 to 1. 15, 
free-stream pressure was de.creased about 35 percent to maintain missile 
trajectory conditions. The slight spreading of the engine exhausts jets which 
resulted effectively decreased the vent area between the adjacent inboard 
engines. The net effect was that.only a 26-percent decrease in flame shield 
pressure occurred as Mach number was increased, and the result is the 
steep positive slope of the flame shield pressure coefficient data (Fig. 19b). 

T h e  v a r i a t i o n  wi th  M a c h  n u m b e r  of the  r a t i o s  of f l a m e  s h i e l d  to  b a s e  
p r e s s u r e  and  f l a m e  s h i e l d  to  f r e e - s t r e a m  p r e s s u r e  i s  shown  in F i g .  2 lb .  
At the  l o w e r  M a c h  n u m b e r  cond i t ion ,  f l a m e  s h i e l d  p r e s s u r e  was  about  
71 p e r c e n t  of f r e e - s t r e a m  p r e s s u r e  and 74 p e r c e n t  of b a s e  p r e s s u r e .  At 
M a c h  1 .15,  f l a m e  s h i e l d  p r e s s u r e  was  about  80 p e r c e n t  of f r e e - s t r e a m  
p r e s s u r e  (wh ich  r e f l e c t s  t h e  a p p r o x i m a t e l y  9 - p e r c e n t  d e c r e a s e  in  p r e s -  
s u r e  m e n t i o n e d  in the  p r e v i o u s  p a r a g r a p h )  and about  88 p e r c e n t  of b a s e  
pressure. 

When only seven of the eight engines were operated, a considerable 
decrease in base pressure parameters resulted (Fig. 22). This increase 
in base area purge was indicated by the base static pressure taps located 
opposite the non-burning engine (Fig. 8). In theory, base pressure in the 
region of the non-burning engine was even lower than that measured in the 
region of the static taps, because, as was pointed out earlier, a general 
decrease in heat flux was indicated when this configuration was used. 

The  n e g a t i v e  s l ope  of b a s e  p r e s s u r e  r a t i o  da ta  wi th  i n c r e a s i n g  M a c h  
n u m b e r  d u r i n g  o p e r a t i o n  wi th  s e v e n  e n g i n e s  i n d i c a t e d  tha t  b a s e  p r e s -  
s u r e  d e c r e a s e d  at  a f a s t e r  r a t e  t h a n  did f r e e - s t r e a m  p r e s s u r e .  The  s lope ,  
h o w e v e r ,  i s  a l m o s t  i d e n t i c a l  wi th  tha t  s h o w n  f o r  the  e i g h t - e n g i n e ,  no b a s e  
b u r n i n g  c o n d i t i o n  (F ig .  20a).  Thus ,  the  n e g a t i v e  s lope  shown  f o r  s e v e n -  
e n g i n e  o p e r a t i o n  was  the  r e s u l t  of the  i n c r e a s e  in b a s e  p u r g e  c a u s e d  by  
the  h i g h e r  v e l o c i t y  e x t e r n a l  a i r s t r e a m ;  i n c r e a s i n g  Mach  n u m b e r  had  no 
e f f ec t  on the  a m o u n t  of b a s e  p u r g e  p r o v i d e d  w h e n  the  eng ine  was  not f i r i n g .  

Data were obtained at Mach number 0.8 with eight engines operating 
and with the stabilizing fins (Fig. 6) installed to evaluate the effect of the 
fins on base heating and pressure. Base heating increased 40 percent 
when the fins were installed over the rate obtained without fins. Thus, it 
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migh t  be concluded tha t  the base  p r e s s u r e  coe f f i c i en t  would be pos i t i ve  
and that  the base  p r e s s u r e  r a t i o  would be g r e a t e r  than 1.0 (F igs .  19b 
and 20b). Th i s  was not the case ,  however ,  as  shown in F ig s .  22a and 
22b. Ope ra t i on  with the s t a b i l i z i n g  f ins  i n s t a l l e d  i n c r e a s e d  the b a s e  
purge ,  a p p a r e n t l y  because  of the loca l  a c c e l e r a t i o n  of the e x t e r n a l  a i r -  
s t r e a m  as  it f lowed a round  and pas t  the f ins .  The r e s u l t  was a 1 7 - p e r -  
cent  d e c r e a s e  in ba se  p r e s s u r e  f r o m  that  obta ined without the f ins  in-  
s t a l l ed .  

SUMMARY OF RESULTS 

The r e s u l t s  obta ined  dur ing  the i nves t i ga t i on  of ba se  hea t ing  with a 
5 . 4 7 - p e r c e n t  Sa turn  SA-1 b o o s t e r  mode l  a r e  s u m m a r i z e d  as  fo l lows:  

1. B a s e d  on peak  tota l  base  heat  t r a n s f e r  r a t e s ,  the  m o s t  e f fec t ive  
conf igu ra t ion  for  the o v e r b o a r d  d i s c h a r g e  of s i m u l a t e d  t u rb ine  
exhaus t  g a s e s  (hydrogen)  was the s t r e a m l i n e d  tu rb ine  exhaus t  
duct configu_ration. P e a k  tota l  ba se  hea t ing  r a t e s  we re  10.0  and 
15.0 B t u / f t 2 - s e c  at Mach 0 .8  and 1.15, r e s p e c t i v e l y .  

Hydrogen  d i s c h a r g e  f r o m  the long tu rb ine  exhaus t  ducts  r e s u l t e d  
in peak  to ta l  ba se  hea t ing  r a t e s  of 26.5  and 33.8  B t u / f t 2 - s e c  at  
Mach 0 .8  and 1.15, r e s p e c t i v e l y .  Modif ica t ion  of the a t t a c h m e n t  
b r a c k e t s  fo r  the long ducts  r educed  the peak to 22 .0  B t u / f t 2 - s e c  
at Mach 1.15.  

Hydrogen  d i s c h a r g e  f r o m  the sho r t  tu rb ine  exhaus t  ducts  r e -  
su l t ed  in the m o s t  s e v e r e  base  hea t ing  at both Mach n u m b e r s ;  
peaks  were  52.5  and 36.0  B t u / f t Z - s e c  at Mach 0 .8  and 1.15,  
r e s p e c t i v e l y .  

2. The r eg ion  on the model  base  which ind ica ted  the h ighes t  hea t  
t r a n s f e r  r a t e  u sua l l y  was loca ted  be tween the inboard  and out-  
boa rd  e n g i n e s ,  

3. Dur ing  f i r i n g s  with one engine  i n t en t i ona l l y  i nope ra t ive ,  the f l a m e  
sh ie ld  and base  heat  t r a n s f e r  r a t e s  were  reduced;  however ,  b a s e  
bu rn ing  a p p e a r e d  to be m a r g i n a l  fo r  th is  con f igu ra t ion  b e c a u s e  one 
f i r i n g  at Mach 0 .8  r e s u l t e d  in base  hea t ing  r a t e s  s l i g h t l y  g r e a t e r  
than those  obta ined dur ing  ope ra t ion  with a l l  e ight  eng ines .  

4. Ope ra t i on  with the s t a b i l i z i n g  f ins  i n s t a l l e d  on the model  a f t e r b o d y  
r e s u l t e d  in a 4 0 - p e r c e n t  i n c r e a s e  in a v e r a g e  b a s e  hea t ing  r a t e s  
above that  of the non- f inned  conf igura t ion .  

5. The m a j o r  effect  on base  and f l ame  sh ie ld  hea t ing  of an i n c r e a s e  
in the nomina l  O / F  r a t io  f r o m  1.7 to 2 .2  was to d e c r e a s e  hyd roge n  
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b u r n i n g  in the c a s e  of the  long  and s h o r t  duct  c o n f i g u r a t i o n s .  
H o w e v e r ,  the  s t r e a m l i n e d  duc t s  did not fo l low th i s  t r e n d  and in-  
d i c a t e d  i n c r e a s e d  b u r n i n g  at both the b a s e  and f l a m e  sh i e ld .  

6. F l a m e  s h i e l d  hea t  t r a n s f e r  r a t e s  i n c r e a s e d  r a p i d l y  when  a l t i t ude  
was i n c r e a s e d  f r o m  15,000 to 40, 000 ft. B e t w e e n  40, 000 and 
8 5 , 0 0 0 - f t  a l t i t u d e  (wi thout  e x t e r n a l  a i r f l o w i  the h e a t i n g  r a t e  was  
e s s e n t i a l l y  c o n s t a n t .  

7. I n c r e a s i n g  the t u r b i n e  e x h a u s t  gas  m o m e n t u m  p e r  uni t  a r e a  f r o m  
36 to 120 p e r c e n t  of the  f u l l - s c a l e  va lue  r e s u l t e d  in d e c r e a s i n g  b a s e  
b u r n i n g  d u r i n g  the  d i s c h a r g e  of p u r e  h y d r o g e n  and a h y d r o g e n -  
n i t r o g e n  m i x t u r e .  B a s e  b u r n i n g  did not o c c u r  when  the  p e r c e n t a g e  
of f u l l - s c a l e  m o m e n t u m  p e r  uni t  a r e a  was  g r e a t e r  than  1 8 0 p e r c e n t .  

8. When  h y d r o g e n  was d i s c h a r g e d  f r o m  the e x h a u s t e r a t o r s  only  
t h e r e  was  no m e a s u r a b l e  i n c r e a s e  in b a s e  h e a t i n g  above  tha t  
o b t a i n e d  f r o m  o p e r a t i o n  wi thout  h y d r o g e n  f low. 

9. With  no b a s e  bu rn ing ,  b a s e  p r e s s u r e  r a t i o  d e c r e a s e d  a p p r o x i m a t e l y  
13 p e r c e n t  ~ts M a c h n u m b e r  was  i n c r e a s e d  f r o m  0 .8  to 1.5 b e c a u s e  of 
the  i n c r e a s e  in b a s e  p u m p i n g  ac t i on  c r e a t e d  by the  h igh  v e l o c i t y  e x t e r -  
na l  a i r s t r e a m .  W h e n b a s e  b u r n i n g  did occu r ,  b a s e  p r e s s u r e  r a t i o  
i n c r e a s e d  about  1 p e r c e n t  o v e r  the  s a m e  Mach  n u m b e r  r a n g e .  

10. F l a m e  s h i e l d  p r e s s u r e  c o e f f i c i e n t  i n c r e a s e d  f r o m  -0 .58  at 
Mach  0.8 to -0 .23  at Mach  1.15. No i n f l u e n c e  of d e g r e e  of b a s e  
b u r n i n g  o r  of o v e r b o a r d  duct  c o n f i g u r a t i o n  on f l a m e  s h i e l d  p r e s -  
s u r e s  cou ld  be d e t e c t e d .  
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APPENDIX 

METHODS OF CALCULATION 

HEAT TRANSFER 

T o t a l  h e a t . t r a n s f e r ,  qT, was  c o m p u t e d  f o r  e a c h  c a l o r i m e t e r  by  ob-  
t a i n i n g  the  i n d i c a t e d  c a l o r i m e t e r  t e m p e r a t u r e  r i s e  o v e r  e a c h  0 . 6 - s e c  
i n t e r v a l  and  u s i n g :  

w h e r e  qT = T o t a l  hea t  f lux,  B t u / f t 2 - s e c  

C p  = S p e c i f i c  h e a t  of c o p p e r ,  B t u / l b - ° F  

m = C a l o r i m e t e r  s l u g  we igh t ,  lb 

A = C a l o r i m e t e r  s l ug  e x p o s e d  s u r f a c e  a r e a ,  f t  2 

dT 
d'-t-" = T e m p e r a t u r e  d e r i v a t i v e  wi th  r e s p e c t  to t i m e ,  ° F / s e c  

BASE PRESSURE 

B a s e  p r e s s u r e  (pB)-da ta  p r e s e n t e d  in th i s  r e p o r t  w e r e  o b t a i n e d  b y  
a v e r a g i n g  the  v a l u e s  f r o m  the  s e v e n  s t a t i c  p r e s s u r e  t aps  l o c a t e d  on the  
b a s e .  F l a m e  s h i e l d  p r e s s u r e  (ps) da t a  w e r e  o b t a i n e d  by a v e r a g i n g  the  
v a l u e s  f r o m  the  t h r e e  s t a t i c  p r e s s u r e  t aps  l o c a t e d  on the  f l a m e  s h i e l d .  
B a s e  and  f l a m e  s h i e l d  p r e s s u r e  c o e f f i c i e n t s  a r e  d e f i n e d  a s  

CPx : (Px - P®)/q,,, 

w h e r e  Px r e f e r s  to e i t h e r  PB o r  PFS,  and  

q® = 0 . 7  p® (m®} 2 

HEAT RATIO 

G a s e o u s  h y d r o g e n  was  u s e d  to s i m u l a t e  the  c o m b u s t i b l e  t u r b i n e  ex -  
h a u s t  g a s e s  of the  p r o t o t y p e  s y s t e m .  H y d r o g e n  was  s e l e c t e d  b e c a u s e  of 
i t s  wide  f l a m m a b i l i t y  l i m i t s  (4 to 7 4 - p e r c e n t  h y d r o g e n  to a i r ,  by  v o l u m e  
- Ref .  3) and was  d i s c h a r g e d  at a r a t e  wh ich  s i m u l a t e d  the  hea t  c o n t e n t  
tha t  would  be a v a i l a b l e  ( e q u i v a l e n t  h e a t  con ten t ) :  

1. If the  t u r b i n e  e x h a u s t  g a s e s  d i s c h a r g e d  f r o m  the  m o d e l  w e r e  of 
the s a m e  c h e m i c a l  c o m p o s i t i o n  a s  t h o s e  of the  p r o t o t y p e ,  and  
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. 

. 

If t h e s e  g a s e s  w e r e  d i s c h a r g e d  f r o m  the  m o d e l  in the  s a m e  p r o -  
p o r t i o n  to m o d e l  e n g i n e  to ta l  p r o p e l l a n t  f low as  the  g a s e s  f r o m  
the  p r o t o t y p e ,  and  

If a c o m b u s t i o n  e f f i c i e n c y  of 100 p e r c e n t  w e r e  a s s u m e d  f o r  
b u r n i n g  of the  t u r b i n e  e x h a u s t  g a s e s .  

B a s e d  on t h e s e  a s s u m p t i o n s ,  the  t u r b i n e  e x h a u s t  f lows  in  t h i s  in-  
v e s t i g a t i o n  w e r e  r e f e r r e d  to in t e r m s  of hea t  r a t i o  c a l c u l a t e d  as  f o l l o w s :  

Given:  1. To t a l  p r o t o t y p e  p r o p e l l a n t  f low = 643 l b / s e c / e n g i n e  

2. To ta l  p r o t o t y p e  t u r b i n e  e x h a u s t  gas  f low = 
13.25 l b / s e c / e n g i n e  

3. 57 p e r c e n t  of p r o t o t y p e  t u r b i n e  e x h a u s t  gas  f low is  
u n b u r n e d  R P - 1  wi th  a h e a t i n g  va lue  = 18, 600 B t u / l b  

4. To ta l  m o d e l  p r o p e l l a n t  f low = 2 . 2 2  l b / s e c / e n g i n e  

5. L o w e r  h e a t i n g  va lue  of g a s e o u s  h y d r o g e n  = 51 ,600  B t u / l b  

T h e r e f o r e ,  the  r a t i o  of p r o t o t y p e  to ta l  p r o p e l l a n t  f low to c o m b u s t i b l e  
643 

t u r b i n e  e x h a u s t  gas  f low = 13 .25  x .  57 = 85 .1 .  

To m a i n t a i n  the  model f low r a t i o  at t h i s  va lue  would  r e q u i r e  
2 . 2 2 / 8 5 . 1  = 0. 0261 l b / s e c  of u n b u r n e d  R P - 1 ,  wi th  an a v a i l a b l e  hea t  r a t e  of 
0 .0261  x 18, 600 = 485 B t u / s e c .  To ob ta in  th i s  hea t  r a t e  wi th  h y d r o g e n  gas ,  
a f low of 485 /51 ,  600 = 0 .0094  l b / s e c  would  be r e q u i r e d .  Hea t  r a t i o  was  
t h e n  d e f i n e d  as  the  ac tua l  h y d r o g e n  f low r a t e  d u r i n g  e a c h  p a r t i c u l a r  r un  
d i v i d e d  by  0. 0094. T h e s e  v a l u e s  a r e  t a b u l a t e d  f o r  e a c h  t e s t  r un  in T a b l e  3. 

DETERMINATION OF HEAT RATES 

Tota l  h e a t  r a t e s ,  as  r e f e r r e d  to in the  tex t ,  w e r e  d e f i n e d  as  the  s u m  
of the  c o n v e c t i v e  and  r a d i a n t  hea t  r a t e s  r e s u l t i n g  f r o m :  (1) e n g i n e  e x h a u s t  
gas  r e c i r c u l a t i o n  and  {2) h y d r o g e n  gas  r e c i r c u l a t i o n  and b u r n i n g  at the  
m o d e l  b a s e  and f l a m e  s h i e l d .  The  m e t h o d  u s e d  to ob ta in  t h e s e  v a l u e s  m a y  
be  i l l u s t r a t e d  by the  f i g u r e  on the  f o l l o w i n g  page .  
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I 

bJ 

Z =  
<1:" 

0 - -  ~ " HYDR~E~' ~"0N'-- 

TIME, t,sec 

F r o m  e a c h  c a l o r i m e t e r  h e a t  t r a n s f e r - t i m e  h i s t o r y  the f o l l o w i n g  h e a t  
t r a n s f e r  r a t e s  w e r e  ob ta ined :  

Heat  r a t e  r e s u l t i n g  f r o m  e n g i n e  e x h a u s t  gas  r e c i r c u l a t i o n ,  qE = A 

Hea t  r a t e  r e s u l t i n g  f r o m  h y d r o g e n  b u r n i n g ,  qH = C -  B 

The  hea t  r a t e  a t t r i b u t e d  to h y d r o g e n  bu rn ing ,  qH, was  a s s u m e d  to be  
a d i r e c t  f u n c t i o n  of hea t  r a t io ,  wh ich  cou ld  not be m a i n t a i n e d  c o n s t a n t  f o r  
a l l  f i r i n g s  (Tab le  3). T h e r e f o r e ,  to p e r m i t  a d i r e c t  c o m p a r i s o n  of h e a t  
r a t e s  f o r  the  d i f f e r e n t  t u r b i n e  e x h a u s t  c o n f i g u r a t i o n s ,  the  hea t  r a t e  r e -  
s u l t i n g  f r o m  h y d r o g e n  bu rn ing ,  qH was  a d j u s t e d  to a hea t  r a t i o  (H. R. ) of 
1 . 0  by: 

q_.H___ H c - B 

qHADJ = H . R .  - H . R .  

The  to ta l  h e a t  r a t e  was  t h e n  de f i ned  as :  
C - B  

qT = A + H .  R-""-~ 

The  va lue  of hea t  r a t e  a t t r i b u t e d  to e n g i n e  e x h a u s t  gas  r e c i r c u l a t i o n  
f o r  e a c h  c a l o r i m e t e r  was  ob t a ined  by a v e r a g i n g  qE f o r  a l l  t e s t s  m a d e  wi th  
a g i v e n  t u r b i n e  e x h a u s t  c o n f i g u r a t i o n ,  and t h i s  va lue  is p r e s e n t e d  as  the  
c r o s s - h a t c h e d  p o r t i o n  of the  b a r s  on F ig .  12. 
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TABLE 1 

ROCKET ENGINE DESIGN DATA 

Nozzle shape 

Nozzle throat diam, in. 

Nozzle exit dlam, in. 

Nozzle a rea  ra t io  

L02 flow, l b / s e c / e n g i n e  

RP- 1 flow, l b / s ec / eng ine  

Chamber  p re s su re ,  ps ia  

Coolant (water) flow rate,  l b / s e c  

Model 

Contoured 

0.90 

2.50 

7.72 

1.5 l b / s e c  

0.7 l b / s ec  

500 psia 

3 l b / s ec  nom. 

Prototype 

Contoured 

16.5  

4 6 . 7 4  

8 . 0  

435 

190 

575:1:5 

None 

P a r a m e t e r  

Ca lo r ime te r  
Tempera tu re  

Base 
P r e s s u r e  

Base 
P r e s s u r e  

F r e e - S t r e a m  
Pressure 

Test  Cell  Total 
P r e s s u r e  

Combustion Cham- 
ber  P r e s s u r e  

In j ee to r  
Pressure 

Propel lant  
Flows 

TABLE 2 

INSTRUM.r: NTATION SUMMARY 

Method of Method of Range Response 
Measurement  Recording Time,  mi l l i sec  

C/A The rmo-  Magnetic 0-1800 I. 0 
couple Tape °F 

Strain- Gage Magnetic 0- I 0 I.  0 
Transducer  Tape psia 

Strain-Gage Osci l lo-  0-10 5.0 
Transducer  graph psla  

Strain-Gage Magnetic 0-15 1, 0 
Transducer  Tape psia 

Strain-Gage Magnetic ± 15 I. 0 
Transducer  Tape psid 

Strain-Gage Continuous 0- I000 500 
Transducer  Inking psig 

Recorder  

Strain-  Gage Continuous 0-1000 500 
Transducer  Inking psig 

Recorder  

Turbine-Type  Osci l lo-  0 - I .  5 • 5 .0  
F lowmete r  Kravh Ib /sec  

Max Deviation, ± 
Pe rcen t  of Ful l  Scale 

1.0 

0.75 

2.5 

0.75 

1.0 

2.0 

2.0 

0 .5  
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Run No. 

TAB LE 3 

SUMMARY OF CONDITIONS FOR INDIVIDUAL 

T u r b i n e  Mach  No. Al t i tude ,  ft Hea t  
Exhaus t  Duct Rat io  
C on f i gu r a t i on  

TEST FIRINGS 

O / F  R e m a r k s  
Rat io  

46-2 ==* 1" 1.17 27 ,500  

46 -4***  1 1 .16  27 ,500  

46 -6***  1 0 ,87  17,500 
46 -8***  1 0 .86  17,400 
61-2 1 0.73 14,000 
61-4 1 0 .74  14.000 
66-4 1 0.97 23,000 
66-6 1 1.01 23.500 
66-8 1 0.77 15,500 
66-10 1 0.81 17,500 
67-2 1 0.77 15,000 
67-4 1 0.82 16,600 
68-2 1 0.81 16,000 
68-4 1 0.81 16,500 
70-6 1 0.85 17,500 
81-6 1 1.00 23,500 
4 2 - 2 * * *  2 1.17 27,700 
42 -4***  2 1 .17 28,000 
44 -2***  2 0.83 18,500 
4 4 - 4 " * *  2 0 .83  16,500 
79-10 2 0.86 17,500 
83-2 2 0 .80  15,500 
4 5 - 2 * * *  3 1.15 27,300 
4 5 - 4 " * *  3 1.16 27,500 
4 6 - 1 0 " * *  3 0.85 17,000 
4 6 - 1 2 " * *  3 0.87 17,250 
83-6 3 0 .80 16,000 
51-2 4 0.75 14,200 
51-4 4 0 .76  14, 000 
52-2  4 0 .75  14, 500 
52-4 4 O. 79 15, 000 
53-2 4 0.79 15,000 
53-4 4 0.79 15,500 
73-10 4 ** ** 

73-12 4 ** ** 

80-2 4 0 .72  14,000 

80-4 4 0 .76  15,000 

49-2 None 0 71,000 
55-6 None 0 83 ,000  
55-8 None 0 83,000 

1. 092 

.963 

.984 
850 
872 
895 
875 
857 
874 
953 
89O 
94O 
979 

1. 025 

.990  

. 981  
1. 014 

. 8 9 0  
• 993 

1. 330 
.950 
.988 
.990 

1. 015 
.965 
. 950  
.854 
.974 
. 969  
. 950  
.905 
.930  
.773  

.875 

.713 

.649 

I. 83 A i r fo i l  B r a c k e t  

I. 88 S t r u c t u r a l  B r a c k e t  

1 .88  
1.85  
1.68 F i n s  
I. 70 F i n s  
I. 69 Engine  Out 
I. 80 Engine  Out 
I. 69 Eng ine  Out 
2 .07  Engine  Out 
I. 61 Eng ine  OUt 
2 .09  Eng ine  OUt 
2.28 
2 .28  
2 .29  
2 . 1 8  
1.86 
1.77 
1.74 
1 .68 
2 . 3 8  
2 . 2 9  
1.71 
1.72 
1.68 
1.71 
2.24 
1.73 244% M V / A  
1.69 228% M V / A  
1.75 180% M V / A  
1.79 120% M V / A  
1.76 51% M V / A  
1.79 38% M V / A  
1.77 20% H 2 

80% N 2 
1 .74 20% H 2 

80% N 2 
1.70 60% H 2 

4O% N 2 
1.67 6O% H 2 

40% N 2 
1.69 
1.65 
1.72 

*C onf igu ra t i on  I - Long  o v e r b o a r d  duc ts  and e x h a u s t e r a t o r s  
C o n f i g u r a t i o n  2 - Shor t  o v e r b o a r d  duc t s  and e x h a u s t e r a t o r s  
C o n f i g u r a U o n  3 - S t r e a m l i n e d  o v e r b o a r d  duc t s  and e x h a u s t e r a t o r s  
Confzgura t lon  4 - Shor t  o v e r b o a r d  duc t s  only 

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

* ' * P r i m a r y  I n v e s t i g a t i o n  Runs 
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/ 
PROTOTYPE 

STATION 167.5 STATION 0 

MODEL 

STATION 9.2 STATION 0 

SHIELD 

E SHIELD 

Fig. 1 Comparison of Model External Shroud Contour with Prototype 
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Fig. 2 Views of the 5.47-Percent Saturn Model 
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Fig. 2 Concluded 
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Fig. 3 Cutaway View of Model Engine 
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EXHAUSTERATOR FOR PROTOTYPE ENGINES 
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m 

EXHAUSTERATOR FOR MODEL ENGINES 

Fig. 4 Comparison of Model Exhausterator Design with Prototype 
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CF 
T) 

HEAT SHIELD FLAME SHIELD 

A i .4375 ,3t70 
B ,065 .125 

I~OMINAL 
WEIGHT-GUS 1.397 .987 

Ffg. 7 Details of Heat and Frame Shietd Calorimeters 
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Fig. 8 Location of Heat and Flame Shield Instrumentation 
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