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ABSTRACT 

A 1 - 1 b - t h r u s t  r o c k e t  e n g i n e  w a s  t e s t e d  to  d e t e r m i n e  p l u m e  s y m m e t r y  
and  M a c h  n u m b e r  c o n t o u r s  at  400, 000 - f t  a l t i t u d e .  T o t a l  p r e s s u r e  s u r -  
v e y s  w e r e  m a d e  w i t h  and  w i t h o u t  a f la t  p l a t e  in  t he  p l u m e .  T h e  t e s t s  
w i t h o u t  t h e  p l a t e  i n d i c a t e d  t h e  p l u m e  w a s  s y m m e t r i c a l ,  and  m e a s u r e d  
r e s u l t s  c o m p a r e d  w e l l  w i t h  c o m p u t e d  v a l u e s .  In  t e s t s  w i t h  t h e  p l a t e ,  
t h e  s h o c k  i n t e r a c t i o n  and  b o u n d a r y - l a y e r  b u i l d u p  on t h e  p l a t e  w e r e  
m e a s u r e d .  

This document may be further distributed by any holder 
only with specific prior approval of MOL Project Office 
(SAFSL-SB), AF Unit Post Office, Los Angeles, 
California 90045. 
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SECTION I 

INTRODUCTION 

The  exhaus t  p l u m e s  f r o m  a t t i tude  c o n t r o l  r o c k e t  eng ine s  f i r e d  at 
o r b i t a l  a l t i t udes  expand so that  the  exhaus t  p r o d u c t s  s t r i k e  s p a c e c r a f t  
s u r f a c e s  and e x t e r n a l l y  m o u n t e d  c o m p o n e n t s  l o c a t e d  wi th in  a l a r g e  
e n v e l o p e  ex t end ing  d o w n s t r e a m  f r o m  the  n o z z l e  exi t  p lane .  The  i m -  
p i n g e m e n t  of the  gas r e s u l t s  in loca l  s u r f a c e  hea t ing ,  s u r f a c e  p r e s -  
s u r e s ,  and p o s s i b l e  c o n t a m i n a t i o n  of s p a c e c r a f t  s u r f a c e s .  T h e s e  
e f fec t s  m a y  c a u s e  m a l f u n c t i o n s  of a p p a r a t u s  m o u n t e d  on or  i n s i d e  the  
s p a c e c r a f t .  It is ,  t h e r e f o r e ,  i m p o r t a n t  to iden t i fy  and u n d e r s t a n d  the  
cond i t ions  that  c a u s e  t h e s e  e f fec t s  so  that  t hey  m a y  be p r o p e r l y  con -  
s i d e r e d  in the  d e s i g n  and o p e r a t i o n  of the s p a c e c r a f t .  T h e r e  have  been  
s e v e r a l  a n a l y t i c a l  p r e d i c t i o n s  of exhaus t  p l u m e  b e h a v i o r  (Refs .  1 and 2) 
and s o m e  l i m i t e d  e x p e r i m e n t a l  t e s t s  at h igh a l t i t ude  (Refs .  1 t h r o u g h  4). 
T h e s e  t e s t s  have  been  l i m i t e d  to s h o r t  d u r a t i o n s  with t r a n s i e n t  a l t i t udes  
f r o m  400, 000 to 200, 000 ft. 

The  p u r p o s e  of th is  t e s t  was to d e t e r m i n e  if t h e r e  was  p l u m e  s y m -  
m e t r y  and to d e t e r m i n e  the  i n t e r a c t i o n  of a 1 -1b- th rus t  s c a l e d  t h r u s t e r  
p l u m e  with a flat  p l a t e  which  s i m u l a t e d  the v e h i c l e  sk in .  The  t e s t  r e -  
q u i r e d  f i r i ng  the  1 -1b - th rus t  s c a l e d  a t t i tude  c o n t r o l  t h r u s t e r  con t inu -  
ous ly  for  up to 205 sec  whi le  m a i n t a i n i n g  a 400, 000-f t  a l t i tude .  

SECTION II 
TEST FACILITY 

The  t e s t  was conduc ted  in the  A e r o s p a c e  R e s e a r c h  C h a m b e r  (ARC) 
(8V) of the  A e r o s p a c e  E n v i r o n m e n t a l  F a c i l i t y .  The  s t a i n l e s s  s t e e l  
c h a m b e r  {Fig. 1, Append ix  I) is 20 ft long and 10 ft in d i a m e t e r .  The  
c r y o p u m p i n g  s u r f a c e s  and a r r a n g e m e n t s  w e r e  d e s i g n e d  for  r e m o v i n g  
gas  p r o d u c t s  f r o m  r o c k e t  eng ine s  and low dens i t y  n o z z l e s  of h igh  
en tha lpy .  The  620 ft 2 of l i q u i d - n i t r o g e n  ( L N 2 ) - c o o l e d  s u r f a c e s ,  800 ft 2 
of g a s e o u s - h e l i u m  ( G H e ) - c o o l e d  s u r f a c e s ,  and 50 ft 2 of l i q u i d - h e l i u m  
( L H e ) - c o o l e d  s u r f a c e s  w e r e  a r r a n g e d  to r e m o v e  16 kw f r o m  the  exhaus t  
gas p r o d u c t s  in an o p t i m u m  m a n n e r .  

The  s k e t c h  be low and Fig.  1 show the  a r r a n g e m e n t  of the  c r y o -  
s u r f a c e s  to pump  the  h igh  en tha lpy  exhaus t  gas p r o d u c t s .  The  gas  
l e a v i n g  the  eng ine  p a s s e s  t h r o u g h  the  r a d i a l l y  a r r a n g e d  f o r w a r d  GHe 
s u r f a c e s  and i m p i n g e s  on the  a n n u l a r  LN 2 c r y o s u r f a c e  w h e r e  8 kw is  
r e m o v e d .  The  coo led  gas is then  e i t h e r  c r y o p u m p e d  by the  LN 2 s u r f a c e  
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o r  r e f l e c t e d  back  onto the  GHe c r y o s u r f a c e  w h e r e  it is  c o n d e n s e d .  T h e r e  
is a to t a l  GHe r e f r i g e r a t i o n  c a p a c i t y  of 8 kw - 7 kw fo r  the  f ron t  GHe 
c r y o p u m p  and the  r e m a i n i n g  1 kw for  the  r e a r .  S ince  h y d r o g e n  (H2) has  
a h igh  v a p o r  p r e s s u r e  (10 -4 t o r r )  on 15°K GHe s u r f a c e s ,  L H e  (4 .2°K)  
was  u sed  to r e m o v e  the  H 2. The  H 2 and n i t r o g e n  (N 2) e x h a u s t  g a s e s  
m o v i n g  a x i a l l y  down the  c h a m b e r  i m p i n g e  on the  LN 2 p r e c o o l e r ,  w h e r e  
e n e r g y  is r e m o v e d ,  and t hen  a r e  c r y o p u m p e d  on the  LHe  c r y o s u r f a c e s .  

/J 
 n ioeq  

f LN L i n e r ,  77°K 

I ! 
• L roo, o / -  

GHe, 15 K / 

J ~ -,~--LHe, 4.2°K 
'~'~ 

• LN 2 P r e c o o l e r  ~ ~"  

I ' \  .. i 

The  f ron t  GHe c r y o s u r f a c e s  c o n s i s t  of f i f t y - two  8- by 1-ft pane l s  
p o s i t i o n e d  in a r a d i a l  a r r a y  about  the  axis  of the  c h a m b e r .  T h e  r e a r  GHe 
c r y o s u r f a c e  is 8 ft long and 6 ft in d i a m e t e r .  The  supp ly  of the  gas  to the  
f ron t  o r  r e a r  GHe c r y o s u r f a c e s  cou ld  be d i s t r i b u t e d  by e x t e r n a l l y  o p e r -  
a t ed  v a l v e s .  

The  LHe  was  m a d e  in the  A e r o s p a c e  E n v i r o n m e n t a l  F a c i l i t y .  A 
3 0 - 1 i t e r / h r  He l i q u e f i e r  in c o n j u n c t i o n  wi th  a 4 -kw GHe r e f r i g e r a t o r  was  
u s e d  as a p r e c o o l e r  for  the  ga s .  A 1 0 0 0 - l i t e r  d e w a r  l o c a t e d  on top of 
the  c h a m b e r  h o u s e d  a J o u l e - T h o m p s o n  va lve  for  the  f ina l  s t a g e s  of 
l i q u e f a c t i o n  and s t o r a g e  of LHe .  

SECTION III 
TEST ARTICLES 

3.1 1-LB-THRUST SCALED THRUSTER 

The  1 - 1 b - t h r u s t  M a n n e d  O r b i t i n g  L a b o r a t o r y  (MOL) s c a l e d  t h r u s t e r  
u s e d  in the  t e s t  was  s u p p l i e d  by M c D o n n e l l  D o u g l a s .  The  b i p r o p e l l a n t ,  
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m o n o m e t h y l h y d r a z i n e  and n i t r i c  oxide  (MMH-N204) ,  t h r u s t e r  (F ig .  2) 
was  d e s i g n e d  for  both s t e a d y  and pu l s ing  o p e r a t i o n .  The  p e r f o r m a n c e  
of the  eng ine  was i n v e s t i g a t e d  by M a r q u a r d t  C o r p o r a t i o n  p e r s o n n e l  who 
found that  the  l o w e r  t h r u s t  l e v e l  r e s u l t e d  in l o w e r  c o m b u s t i o n  e f f i c i e n c y  
and pu l s ing  p e r f o r m a n c e .  Dur ing  the  f i r ing ,  the  p r o p e l l a n t  va lve s  and 
i n j e c t o r s  w e r e  he ld  at 60°F wi th  coo l ing  w a t e r .  

The  t h r u s t e r  d e s i g n  p a r a m e t e r s  and p e r f o r m a n c e  a r e  shown be low.  

T h r u s t  
F u e l  
O x i d i z e r  
C h a m b e r  P r e s s u r e  
M i x t u r e  Rat io  
Nozz l e  E x p a n s i o n  Rat io  
Nozz l e  G e o m e t r y  
C h a m b e r  T e m p e r a t u r e  
T h r o a t  D i a m e t e r  
Nozz l e  Exi t  D i a m e t e r  
C o m b u s t i o n  E f f i c i e n c y  

1 . 0 1 b  
MMH ( M o n o m e t h y l h y d r a z i n e )  
N 2 0 4  
90 p s i  
1 .65 + 1.5 
40:1 
C o n t o u r e d  
4000°F 
0. 090 in. 
0. 569 in. 
0. 830 

Shown in Fig .  2 is the  a s s e m b l e d  1-1b t h r u s t e r .  It c o n s i s t s  of a 
s i n g l e - d o u b l e t  w a t e r - c o o l e d  i n j e c t o r  head,  h igh  r e s p o n s e  s o l e n o i d  
v a lv e s ,  and two 5 - m i c r o n  n o m i n a l  f i l t e r s  u p s t r e a m  of each  va lve .  The  
n o z z l e  and c o m b u s t i o n  c h a m b e r  a r e  an i n t e g r a l  par t ,  m a c h i n e d  f r o m  
m o l y b d e n u m .  

F i g u r e  3 shows  the  1-1b t h r u s t e r  p r o p e l l a n t  s y s t e m .  The  s y s t e m  
c o n s i s t s  m a i n l y  of t h r e e  p a r t s :  the  eng ine  n i t r o g e n  pu rge ,  h i g h - p o i n t  
b l e e d s ,  and p r o p e l l a n t  supp ly  s y s t e m .  E a c h  p r o p e l l a n t  t ank  has  a 
c a p a c i t y  of 2 l i t e r s .  The  p r o p e l l a n t s  w e r e  p r e s s u r i z e d  wi th  d ry  n i t r o -  
gen.  The  p r o p e l l a n t  l ine  was  0. 180-in.  -ID s t a i n l e s s  s t e e l  tub ing .  

3.2 TEST PLATE 

The  t e s t  p la te  which  was s u p p l i e d  by McDonne l l  Douglas  C o r p o r a -  
t ion  (NISSD) was 30 by 32 in. and 1 in. th ick .  The  a l l - w e l d e d  h o n e y c o m b  
s a n d w i c h  p la te  was c o n s t r u c t e d  f r o m  s t a i n l e s s  s t e e l .  The  faces  of the  
p la te  a r e  0 .017  in. th ick  and the  c o r e  t h i c k n e s s  is 0. 0025 in. 
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SECTION IV 
TEST INSTRUMENTATION 

T h e  p i t o t  r a k e  ( F i g s .  4, 5, a n d  6) c o n s i s t e d  o f  n i n e  0 . 2 5 - i n .  - O D  
p i t o t  t u b e s  w h i c h  w e r e  10 in .  l o n g .  T h e  m i d d l e  t u b e  w a s - p o s i t i o n e d  on  
t h e  c e n t e r l i n e  of  t h e  t h r u s t e r .  T h e  r e m a i n i n g  e i g h t  t u b e s  w e r e  p o s i -  
t i o n e d  at  a n g l e s  r e l a t i v e  to  t h e  t h r u s t e r  a x i s .  E a c h  p i t o t  t u b e  w a s  c o n -  
n e c t e d  to  a B a r a t r o n  ® p r e s s u r e  t r a n s d u c e r  w h i c h  w a s  m o u n t e d  on  t h e  
r a k e .  T h e  r a k e  w a s  d e s i g n e d  s o  i t  c o u l d  be  m o u n t e d  in  b o t h  v e r t i c a l  
a n d  h o r i z o n t a l  p o s i t i o n s .  T h e  r a k e  w a s  a t t a c h e d  in  e i t h e r  of  t h e  p o s i -  
t i o n s  to  a s l i d e  m e c h a n i s m  s o  i t  c o u l d  be  m o v e d  a x i a l l y  and  l a t e r a l l y  
w i t h  r e s p e c t  t o  t h e  t h r u s t e r .  T h e  s l i d e  m e c h a n i s m  w a s  m a n u a l l y  o p e r -  
a t e d  f r o m  o u t s i d e  t h e  c h a m b e r .  T h e  n i n e  B a r a t r o n s  h a d  a m a x i m u m  
r a n g e  of  10 t o r r .  T h e  r e s p o n s e  t i m e  of  t h e  p r e s s u r e  t r a n s d u c e r s  in  
t h i s  i n s t a l l a t i o n  w a s  l e s s  t h a n  a s e c o n d .  T h e r e  w a s  a c o p p e r - c o n s t a n t a n  
t h e r m o c o u p l e  m o u n t e d  o n  e a c h  of  t h e  n i n e  p i t o t  p r o b e s .  T h e y  w e r e  p o s i -  
t i o n e d  1 in .  f r o m  t h e  l i p  o f  t h e  p r o b e .  

T h e r e  w e r e  f o u r  V e e c o  ® i o n i z a t i o n  g a g e s  l o c a t e d  a t  v a r i o u s  p o s i -  
t i o n s  in  t h e  c h a m b e r .  O n e  g a g e  w a s  l o c a t e d  b e h i n d  t h e  t h r u s t e r  f o r  
m e a s u r i n g  t h e  p r e s s u r e  a l t i t u d e  d u r i n g  f i r i n g .  T h e  r e m a i n i n g  g a g e s  
w e r e  l o c a t e d  n e a r  t h e  L H e  c r y o p u m p  in  o r d e r  to  e v a l u a t e  i t s  p e r f o r m -  
a n c e .  O n e  A l p h a t r o n  ® g a g e  w a s  i n s t a l l e d  b e h i n d  t h e  t h r u s t e r  t o  m e a s -  
u r e  p r e s s u r e s  a b o v e  10 -3  t o r r .  

T h e  t h r u s t e r  w a s  i n s t r u m e n t e d  w i t h  t h r e e  T a b e r  ® 5 0 0 - p s i a  p r e s s u r e  
t r a n s d u c e r s  and  t w o  P o t t e r  ® f l o w m e t e r s  w i t h  a r a n g e  up  to  3 g m / s e c .  
T h e  r e s p o n s e  t i m e  of  t h e  f l o w m e t e r s  i s  o n e  s e c o n d .  

F i g u r e  7 show-s t h e  d a t a  s y s t e m  w h i c h  w a s  u s e d  d u r i n g  t h e  t e s t .  
T h e  p i t o t  p r e s s u r e s ,  t e m p e r a t u r e s ,  and  e n g i n e  f low r a t e s  w e n t  i n t o  
s i g n a l  c o n d i t i o n i n g  e q u i p m e n t ,  a c o m m u t a t o r ,  a n a l o g - t o - d i g i t a l  c o n -  
v e r t e r ,  d i g i t a l  t a p e ,  a n d  t h e n  to  t h e  c o m p u t e r  a n d / o r  d a t a  p r i n t o u t .  I n  
a d d i t i o n ,  f o r  r a p i d  a n a l y s i s ,  t h e  e n g i n e  p r e s s u r e s  a n d  f l ow  r a t e s  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 .  

SECTION V 
PROCEDURE 

5.1 PROPELLANT SYSTEM PREPARATION 

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

4 
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w e r e  l o a d e d  into  the  s y s t e m  to e n s u r e  tha t  the s p e c i f i e d  p r o p e l l a n t  clean- 
liness was  m a i n t a i n e d .  

5.2 TEST PROCEDURE WITHOUT PLATE 

T h e r e  w e r e  four  f i r i n g s  wi th  the pi tot  r a k e  m o u n t e d  in a v e r t i c a l  
p o s i t i o n  and fou r  in the  h o r i z o n t a l  pos i t i on .  F o r  both of the  p o s i t i o n s ,  
the  pi tot  r a k e  was  l o c a t e d  at 19.75 and 30 .5  in. f r o m  the  n o z z l e  exi t  
a long  the  t h r u s t e r  c e n t e r l i n e .  The  e ight  t e s t s  w e r e  c o n d u c t e d  at s i m u -  
l a t e d  a l t i t u d e s  b e t w e e n  350, 000 and 400, 000 ft. The  t e s t  c o n d i t i o n s  fo r  
e a c h  r u n  a r e  l i s t e d  in T a b l e  I, Append ix  II.  

In p r e p a r a t i o n  for  f i r i ng ,  the  c h a m b e r  was  p u m p e d  down wi th  the  
m e c h a n i c a l  and d i f fus ion  p u m p s ,  and al l  c r y o s u r f a c e s  excep t  the  L H e -  
c o o l e d  s u r f a c e s  w e r e  c o o l e d  to o p e r a t i n g  t e m p e r a t u r e s .  I m m e d i a t e l y  
b e f o r e  f i r i ng ,  the  LHe  c r y o p u m p  was  c o o l e d  to 4 .2°K.  When  th i s  s u r -  
f a ce  was  cold ,  the  c h a m b e r  p r e s s u r e  was  1 x 10 -7 t o r t .  The  eng ine  
was  then  f i r e d  for  p e r i o d s  r a n g i n g  f r o m  46 to 304 s e c .  B e t w e e n  f i r i n g s  
the  pi tot  r a k e  was  m o v e d  to a n o t h e r  ax ia l  pos i t i on .  A c h e c k  f i r i n g  was  
c o n d u c t e d  at e a c h  p o s i t i o n  in o r d e r  to c h e c k  the  r e p e a t a b i l i t y  of da ta .  

The  c h a m b e r  was  b rough t  to a t m o s p h e r i c  p r e s s u r e  in o r d e r  to 
p o s i t i o n  the  r a k e  in an o r i e n t a t i o n  90 deg  r e l a t i v e  to the  p r e v i o u s  r a k e  
l o c a t i o n ,  and the  t e s t  s e q u e n c e  was  r e p e a t e d  wi th  the  r a k e  r o t a t e d .  

5.3 TEST PROCEDURE WITH PLATE 

T h e r e  was  a t o t a l  of 16 f i r i n g s  wi th  the  pi to t  r a k e  and p la t e  m o u n t e d  
in a v e r t i c a l  p l ane .  The  t h r u s t e r  ax is  was  m o u n t e d  p a r a l l e l  to and four  
n o z z l e  r a d i i  ( 1 .14  in.  ) f r o m  the  s u r f a c e  of the  p l a t e .  The  pi tot  r a k e  was  
p o s i t i o n e d  m a n u a l l y  at ax ia l  d i s t a n c e s  of 15 and 23 .25  in. d o w n s t r e a m  
f r o m  the  n o z z l e  exi t  p l ane .  At e a c h  of t h e s e  ax ia l  s t a t i o n s ,  the  pi tot  
r a k e  was  m o v e d  f r o m  0.5  to 5 . 0  in. f r o m  the  s u r f a c e  of  the  p l a t e  in 
v a r i o u s  i n c r e m e n t s  b e t w e e n  the  f i r i n g s .  E a c h  of the  t h r u s t e r  f i r i n g  
d u r a t i o n s  was  a p p r o x i m a t e l y  11 s e c .  F o u r  p u l s e  f i r i n g s  w e r e  m a d e  
d u r i n g  th i s  t e s t  to e v a l u a t e  c h a m b e r  p e r f o r m a n c e  u n d e r  p u l s e  f i r i n g  
c o n d i t i o n s .  The  p u l s e  width ,  p u l s e  de l ay ,  and p u l s e  n u m b e r  w e r e  v a r i e d  
as  s h o w n  in T a b l e  I. 

SECTION VI 
RESULTS AND DISCUSSION 

Figure 8 shows typical engine combustion chamber pressure, 
oxidizer-to-fuel ratio, and oxidizer flow rate during engine firing. 
These quantities are practically constant after initial transients. 

5 



A E D C.T R.69.75 

F i g u r e  9 shows  the  p r e d i c t e d  r u n  t i m e  and a l t i t ude  c a p a b i l i t y  of the  
ARC 8V c r y o s y s t e m  as func t ions  of eng ine  t h r u s t  l e v e l .  The  da ta  point  
for  the  1-1b eng ine  is p lo t t ed .  F i g u r e  10 shows  m e a s u r e d  c h a m b e r  
p r e s s u r e  v e r s u s  t i m e  for  a t y p i c a l  1-1b eng ine  f i r i ng .  The  con t inuous  
r i s e  in c h a m b e r  p r e s s u r e  is c a u s e d  by the t h e r m a l  l oad ing  of the  f ron t  
GHe c r y o p u m p  (20°K). 

6.t WITHOUT PLATE 

P l o t t e d  in F i g s .  11 and 12 is i m p a c t  p r o b e  p r e s s u r e  v e r s u s  d i s t a n c e  
f r o m  the  n o z z l e  c e n t e r l i n e  at ax ia l  p o s i t i o n s  of 19 .75  and 30.5  i n . ,  
r e s p e c t i v e l y .  

F i g u r e  13 shows  the  c a l c u l a t e d  (Ref .  5) e q u i l i b r i u m  e x p a n s i o n  s o l u -  
t i on  for  Mach  n u m b e r  c o n t o u r s  v e r s u s  ax ia l  d i s t a n c e  f r o m  the  eng ine  
exit  p l ane .  The  e x p e r i m e n t a l  M a c h  n u m b e r s  o b t a i n e d  f r o m  the  r a t i o  of 
i m p a c t  p r e s s u r e  to c o m b u s t i o n  c h a m b e r  p r e s s u r e  a r e  p lo t t ed  fo r  both 
v e r t i c a l  and h o r i z o n t a l  p o s i t i o n s .  The  a v e r a g e  s p e c i f i c  hea t  r a t i o ,  %' 
(1 .25 ) ,  u s e d  for  c a l c u l a t i n g  e x p e r i m e n t a l  l o c a l  M a c h  n u m b e r s  f r o m  the  
i m p a c t  p r o b e  p r e s s u r e s ,  was  ob t a ined  f r o m  the  c o m p u t e r  so lu t ion .  The  
e x p e r i m e n t a l  M a c h  n u m b e r s  n e a r  and on the  c e n t e r l i n e  of the  t h r u s t e r  
a g r e e  v e r y  we l l .  The  d e v i a t i o n  of the  M a c h  n u m b e r s  away  f r o m  the  
c e n t e r l i n e  is l a r g e r ,  h o w e v e r ,  b e c a u s e  of the d i f f i cu l t y  of m a k i n g  
a c c u r a t e  pi tot  r e a d i n g s  in th i s  p r e s s u r e  r a n g e ,  and th i s  is wi th in  the  
e x p e c t e d  a c c u r a c y  of the  m e a s u r e m e n t s .  

6.2 WITH PLATE 

P l o t t e d  in F i g s .  14 and 15 is the  t o t a l  p r e s s u r e  above  the  s u r f a c e  
of the  p l a t e  at ax ia l  p o s i t i o n s  a long  the  s u r f a c e  of x = 15.0  in. and 
x = 23 .0  i n . ,  r e s p e c t i v e l y .  E a c h  i m p a c t  p r o b e  p r e s s u r e  of the  r a k e  is 
p lo t t ed  v e r s u s  d i s t a n c e  above  the s u r f a c e  of the  p la t e .  In both F i g s .  14 
and 15 the pi tot  p r e s s u r e  i n c r e a s e s  wi th  i n c r e a s i n g  d i s t a n c e  f r o m  the  
p la t e .  At x = 15 in. (F ig .  14) the  p r e s s u r e  r e a c h e s  a m a x i m u m  at a 
p r o b e  he igh t  of about  z = 3 in. and t hen  d r o p s  off, a p p r o a c h i n g  the  r e a d -  
ing ob t a ined  wi th  no p la t e  in the  flow. At x = 23 .25  in. no m a x i m u m  
pi tot  p r e s s u r e  was  r e a c h e d  wi th  the  p r o b e  5 in.  f r o m  the  s u r f a c e .  S ince  
the  a r e a  of p a r t i c u l a r  i n t e r e s t  was  n e a r  the  s u r f a c e  of the  p la te ,  r e a d -  
ings  w e r e  not r e c o r d e d  when  the  p r o b e  was  f a r t h e r  t han  5 in. f r o m  the  
p l a t e .  It is  p o s s i b l e  h o w e v e r ,  p a r t i c u l a r l y  f r o m  Fig .  15, to s e e  tha t  
the  b o u n d a r y  l a y e r  of the  flow a long  the  p la te  i s  qui te  th ick ;  i ts  e s t i -  
m a t e d  o u t e r  l i m i t  is i n d i c a t e d  on the  f i g u r e s .  
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The  flow field,  wh ich  is i n f l uenced  by the  p la te ,  is a r a t h e r  c o m -  
p l i c a t e d  m i x t u r e  of shock  p a t t e r n s ,  bounda ry  l a y e r ,  and con t inued  
e x p a n s i o n  of the  gas .  Some  i n v e s t i g a t i o n s  r e p o r t e d  in Refs .  4 and 6 
which  a r e  c o n s i s t e n t  with the  c u r r e n t  i n v e s t i g a t i o n s  i n d i c a t e  that  t h e r e  
is  an i m p i n g e m e n t  p a t t e r n  on the  p la te  as i l l u s t r a t e d  in Fig .  16. The  
top v iew shows  the i n t e r a c t i o n  r e g i o n  on the  pla te ,  and the bo t t om v iew 
shows  the  zone of i n f l uence  which  the  p la te  p r o d u c e s  on the  u n d i s t u r b e d  
p l u m e  along the  n o z z l e  c e n t e r l i n e .  

SECTION VII 

CONCLUSIONS 

The  to ta l  p r e s s u r e  s u r v e y  by the  pi tot  r a k e  in the  p l u m e  wi thout  
the  p la te  i n d i c a t e d  that  the  p l u m e  was r e a s o n a b l y  a x i s y m m e t r i c ,  and 
the  Mach  n u m b e r s  ob ta ined  f r o m  t h e s e  p r e s s u r e s  a g r e e d  with the  
a n a l y t i c a l  va lues  which  had been  p r e d i c t e d  by the  e q u i l i b r i u m  m e t h o d  
of c h a r a c t e r i s t i c s  c a l c u l a t i o n s .  

The  p l u m e  i m p i n g e m e n t  on the  p la te  r e s u l t e d  in a shock  and 
b o u n d a r y - l a y e r  r eg ion .  The  b o u n d a r y - l a y e r  r e g i o n  was about 4 in. 
t h i ck  23.25 in. f r o m  the n o z z l e  exit .  
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