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ABSTRACT 

T h e  f l o w  f i e l d  of  n o z z l e s  e x h a u s t i n g  i n t o  a v a c u u m  w a s  i n v e s t i g a t e d  
b o t h  a n a l y t i c a l l y  a n d  e x p e r i m e n t a l l y .  T h e  a p p l i c a b i l i t y  of  t h e  m e t h o d  
of  c h a r a c t e r i s t i c s  f o r  j e t  e x p a n s i o n s  i n t o  a f r e e  m o l e c u l a r  e n v i r o n m e n t  
i s  d i s c u s s e d .  F i f t e e n - d e g r e e ,  h a l f - a n g l e ,  c o n i c a l  n o z z l e s  w i t h  a r e a  
r a t i o s  of  1 . 0  to  207 w e r e  t e s t e d  w i t h  a r g o n  a n d  n i t r o g e n  a t  t o t a l  p r e s -  
s u r e s  o f  100, 50, a n d  35 p s i a .  A m b i e n t  p r e s s u r e s  of  10 - 4  to  10 - 6  t o r r  
y i e l d e d  t o t a l  p r e s s u r e  to  a m b i e n t  p r e s s u r e  r a t i o s  of  107 to  109 . P r o p -  
e r t i e s  o f  t h e  f l o w  f i e l d  w e r e  d e t e r m i n e d  b y  t h e  u s e  of  f l a t  p l a t e s  a n d  f l o w  
d i r e c t i o n  v a n e s .  
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SECTION I 
INTRODUCTION 

W h e n  t h e  e x h a u s t  f r o m  a n o z z l e  d i s c h a r g e s  i n t o  a l o w  a m b i e n t  p r e s -  
s u r e ,  i t  e x p a n d s  to  a m u c h  l a r g e r  e x t e n t  t h a n  a t  s e a  l e v e l  p r e s s u r e .  It 
i s  d e s i r a b l e  to  s t u d y  t h i s  p l u m e  f o r  s e v e r a l  r e a s o n s .  T h e  e f f e c t s  of  t h e  
j e t  p l u m e  on  a v e h i c l e  s y s t e m ,  s u c h  a s  i m p i n g e m e n t  on  v e h i c l e  s u r -  
f a c e s  a n d  r a d i o  w a v e  a t t e n u a t i o n ,  r e q u i r e  k n o w l e d g e  of  t h e  p l u m e  p r o p -  
e r t i e s .  T h e  u s e  o f  e x h a u s t  s c a v e n g i n g  s y s t e m s  in  s p a c e  e n v i r o n m e n t a l  
c h a m b e r s  r e q u i r e s  d e t a i l e d  i n f o r m a t i o n  of  t he  j e t  p r o p e r t i e s .  A l s o  t h e  
f r e e  e x p a n d i n g  j e t  m a y  be  u s e d  a s  a r e s e a r c h  t o o l  f o r  s t u d y i n g  t h e  r a r e -  
f i e d  g a s  f l o w  r e g i m e  if  i t s  p r o p e r t i e s  c a n  be  d e t e r m i n e d .  

M o s t  of  t h e  p a s t  m e a s u r e m e n t s  (Re f .  1, 2, a n d  o t h e r s )  h a v e  b e e n  
m a d e  to  d e t e r m i n e  t h e  s h a p e  of  t h e  b o u n d a r y  of  t h e  j e t  b y  o b s e r v i n g  t h e  
b o u n d a r y  s h o c k  w a v e  by  o p t i c a l  m e t h o d s .  H o w e v e r ,  a t  t h e  p r e s s u r e s  
c h a r a c t e r i s t i c  o f  t h e  s p a c e  e n v i r o n m e n t ,  t h e  m e a n  f r e e  p a t h  i s  m u c h  
t o o  g r e a t  f o r  a s h o c k  w a v e  to  be  d e f i n e d .  T h u s ,  i t  b e c o m e s  n e c e s s a r y  
to  s u r v e y  t h e  j e t  f l o w  f i e l d  to  d e t e r m i n e  t h e  s p a t i a l  d i s t r i b u t i o n  of  i t s  
p r o p e r t i e s ,  i . e . ,  v e l o c i t y ,  d e n s i t y ,  e t c .  

T h e  p r e s e n t  s t u d y  i s  an  e x t e n s i o n  of  a d e v e l o p m e n t  t e s t  f o r  t h e  
N i m b u s  a t t i t u d e  c o n t r o l  j e t  r e p o r t e d  in R e f .  3. In  t h a t  w o r k ,  t h e  j e t  
f r o m  a s p e c i f i c  n o z z l e  w a s  s u r v e y e d  by  d e t e r m i n i n g  t h e  n o r m a l  f o r c e  
o n  a s m a l l  f l a t  p l a t e .  T h e  t e s t s  r e p o r t e d  h e r e i n  a r e  p r i m a r i l y  c o n -  
c e r n e d  w i t h  d e t e r m i n i n g  t h e  a p p l i c a b i l i t y  o f  t h e  m e t h o d  of  c h a r a c t e r i s -  
t i c s  f o r  p r e d i c t i n g  t h e  f l o w  f i e l d  a n d  d e v e l o p i n g  t e c h n i q u e s  f o r  r a r e f i e d  
f l o w  i n v e s t i g a t i o n s .  

SECTION II 

CALCULATION OF THE FLOW FIELD DOWNSTREAM FROM A 
NOZZLE EXHAUSTING INTO A LOW PRESSURE ENVIRONMENT 

2.1 METHOD OF CHARACTERISTICS 

T h e  m e t h o d  of  c h a r a c t e r i s t i c s  i s  a c o m p u t a t i o n a l  p r o c e d u r e  by  
w h i c h  t h e  p r o p e r t i e s  of  a f l o w  f i e l d  o f  a c o m p r e s s i b l e  f l u i d  c a n  be  
d e t e r m i n e d .  T h e  s t a t e  of  t h e  i d e a l  e x h a u s t  g a s  a n d  i t s  l o c a l  v e l o c i t y  
v e c t o r  c a n  be  m a p p e d  o v e r  a f i e l d  d e f i n e d  b y  t h e  b o u n d a r y  c o n d i t i o n s .  
In  e s s e n c e ,  a p o i n t  in  t h e  f i e l d  h a s  a z o n e  of  i n f l u e n c e  o v e r  a r e g i o n  
d o w n s t r e a m  w i t h i n  a w a v e  w h i c h  m a k e s  a n  a n g l e  s i n - 1  ( a c o u s t i c  s p e e d /  
s t r e a m  s p e e d )  w i t h  t h e  v e l o c i t y  v e c t o r .  T h r o u g h  t h e  i s e n t r o p i c  f l o w  
r e l a t i o n s h i p s ,  t h e  e f f e c t s  on  f l o w  v e l o c i t y  a n d  g a s  s t a t e  w i t h i n  t h e  z o n e  
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of i n f l u e n c e  can  be e v a l u a t e d  (Ref .  4 and  5). The  b o u n d a r i e s  of t he  
z o n e s  of i n f l u e n c e  a r e  t e r m e d  c h a r a c t e r i s t i c  l i n e s .  T h e  b e h a v i o r  of 
t he  f low p r o p e r t i e s  a l o n g  t h e s e  l i n e s  is  g o v e r n e d  by d i f f e r e n t i a l  e q u a -  
t i o n s  w h i c h  a r e  put  in f i n i t e  d i f f e r e n c e  f o r m  fo r  c o m p u t a t i o n .  T h e  
p r o g r a m  u s e d  in the  p r e s e n t  c a l c u l a t i o n s  was  d e v e l o p e d  f o r  the  IBM 7090 
c o m p u t e r  by L o c k h e e d  M i s s i l e  and  S p a c e  C o m p a n y  (Ref .  6). T h e  c o m -  
p u t a t i o n  s t a r t s  wi th  u n i f o r m  f low p r o p e r t i e s  on a s p h e r i c a l  s u r f a c e  at t h e  
n o z z l e  ex i t .  T h e  o t h e r  i n i t i a l  c o n d i t i o n  is  d e f i n e d  by a P r a n d t l - M e y e r  
e x p a n s i o n  of the  f low at  the  n o z z l e  l i p  to the  a m b i e n t  p r e s s u r e ,  P . 

Boundary 

e N = Nozzle Half-Angle 

vm= PrandtI-Meyer Angle Corresponding to Background 
to Stagnation Pressure Ratio 

v e = PrandtI-Meyer Angle Corresponding to Nozzle Exit 
Mach Number 

r* = Throat Radius 

U e = Velocity at Exit 

F r o m  a n u m b e r  of p o i n t s  at  t h e  exi t ,  a n e t w o r k  of c h a r a c t e r i s t i c s  
l i n e s  is  bu i l t  up  s t e p - b y - s t e p  to y i e l d  t he  f low p r o p e r t i e s  at  t he  i n t e r -  
s e c t i o n  p o i n t s .  T h e  r e s u l t s  of t he  c o m p u t a t i o n  a r e  c o o r d i n a t e s  of t he  
i n t e r s e c t i o n  p o i n t s ,  M a c h  n u m b e r ,  and  f l ow  i n c l i n a t i o n  to t h e  a x i s .  S ince  
t h e  f low is  i s e n t r o p i c ,  the  M a c h  n u m b e r  u n i q u e l y  r e l a t e s  t he  d e n s i t y ,  
p r e s s u r e ,  t e m p e r a t u r e ,  and  v e l o c i t y  to  the  s t a t e  in  the  r e s e r v o i r .  A s u b -  
p r o g r a m  d e v i s e d  by  the  S c i e n t i f i c  C o m p u t i n g  B r a n c h  of AEDC i n t e r p o l a t e d  
t h e  da ta  to p r o v i d e  c o n t o u r s  of c o n s t a n t  M a c h  n u m b e r  and  c o n s t a n t  m a s s  
f low s t r e a m  t u b e  b o u n d a r i e s .  F i g u r e  l s h o w s  a t y p i c a l  e x a m p l e  of  t h e  
f o r m  of t he  c o m p u t e d  r e s u l t s .  T h e  s p r e a d  of the  c o m p u t e d  p o i n t s  abou t  
t he  f a i r e d  c o n t o u r  r e s u l t s  f r o m  a f i n i t e  m e s h  s i z e .  T h e  n u m e r i c a l  d i f f i -  
c u l t i e s  in the  v i c i n i t y  of the  a x i s  a r e  m e n t i o n e d  by F e r r i  (Ref .  5) and  r e -  
q u i r e  j u d g m e n t  in t he  f a i r i n g  of the  c o n t o u r s .  
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T h e  v a r i a b l e s  of  t h e  p r o b l e m  a r e :  r a t i o  of a m b i e n t  p r e s s u r e  to  
n o z z l e  c h a m b e r  p r e s s u r e  ~ P ~ / P ~ ) ,  ga s  s p e c i f i c  h e a t s  r a t i o  (7) ,  n o z z l e  
a r e a  r a t i o ,  and  n o z z l e  e x i t  h a l f - a n g l e  ( 0 w ) .  F o r  t h e  p r e s e n t  c a l c u l a -  
t ion ,  the  n o z z l e  h a l f - a n g l e  w a s  c o n s t a n t  a t  15 °, and  t h e  a r e a  r a t i o  v a r i e d  
f r o m  3 . 7 3  to 207 to c o n f o r m  to t he  e x p e r i m e n t s .  T w o  s p e c i f i c  h e a t  
r a t i o s ,  y = 1 .4  and  1 .67 ,  w h i c h  a p p l y  to d i a t o m i c  a n d  m o n a t o m i c  g a s e s  
w e r e  u s e d .  No s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  the  c o m p u t e d  f l o w  p r o p -  
e r t i e s  w i t h i n  t h e  ,n/m* =.  9 c o n t o u r  f o r  t he  two  p r e s s u r e  r a t i o s  
( P c c . : ' P c  = 2 ~ ] 0  - 6  and 2 x 10 -7) w a s  o b s e r v e d ,  a n d  it c a n  be  c o n c l u d e d  
t h a t  t h e  f low f i e l d  c o m p r i s i n g  at l e a s t  90 p e r c e n t  of  t h e  m a s s  f l ux  w o u l d  
be  t he  s a m e  if t h e  a m b i e n t  p r e s s u r e  w e r e  r e d u c e d  to  z e r o .  

T h e  M a c h  n u m b e r  l o s e s  i t s  p h y s i c a l  s i g n i f i . c a n c e  in a r a p i d l y  e x p a n d -  
ing  f low.  T h e  c o n s t a n t  M a c h  n u m b e r  c o n t o u r s  a r e  r e p l a c e d  in F i g s .  2 
t h r o u g h  11 wi th  c o n s t a n t  d e n s i t y  r a t i o  c u r v e s  t h a t  c a n  be i n t e r p r e t e d  as  
m a s s  o r  n u m b e r  d e n s i t y .  T h e s e  f i g u r e s  g ive  a d e s c r i p t i o n  of t h e  m o m e n -  
t u m  f lux  f i e ld ,  w h i c h  d e t e r m i n e s  t h e  f o r c e s  and  h e a t  t r a n s f e r  to s u r f a c e s  
in t h e  f low.  It i s  i m p o r t a n t  to o b s e r v e  t h a t  b e y o n d  2 0 0 - 3 0 0  t h r o a t  r a d i i  
f r o m  the  exit" t he  s t r e a m l i n e s  b e c o m e  p r a c t i c a l l y  ~.~straight.' and  t h e  d e n s i t y  
v a r i a t i o n  is  i n v e r s e  w i t h  t he  s q u a r e  of d i s t a n c e  ( : sou rce  f low) .  T h e  
s o u r c e - l i k e  f l o w  is  e s t a b l i s h e d  in  abou t  100 t h r o a t  r a d i i  f o r  y = 1 .67  a n d  
by  400 f o r  ~ = 1 .4 .  If t h e  f l o w  b e h a v e s  i d e a l l y  to a d e n s i t y  r a t i o  of  
P/Pc = 1 x 10 -5 , t h e n  s u b s e q u e n t  d e v i a t i o n s  ( s u c h  as  n o n - c o n t i n u u m  o r  

i n t e r n a l  m o d e  f r e e z i n g  e f f e c t s )  wi l l  no t  i n f l u e n c e  t he  f l ow f i e l d  she-w-n. 
T h e  f i e l d  c a n  t h e r e f o r e  be  e x t e n d e d  to  i n f i n i t y  f o r  t he  z e r o  a m b i e n t  p r e s -  
s u r e  s i t u a t i o n .  

In t he  p r e s e n t  e x p e r i m e n t s  (P~ - I0 -"  to 10 -5 t o r r )  , t he  m e a n  f r e e  
p a t h  in  t h e  a m b i e n t  r e g i o n  is  a b o u t  t h e  l e n g t h  of t h e  f l o w  f i e l d  s h o w n  in 
t he  f i g u r e s  a n d  abou t  t he  s a m e  a s  a l o n g  t h e  P/Pc < I0-7  c o n t o u r .  A 
b o u n d a r y  s h o c k ,  c h a r a c t e r i s t i c  of h i g h e r  a m b i e n t  p r e s s u r e s ,  c o u l d  not  
f o r m  a n d  t h e  i n t e r f e r e n c e  b e t w e e n  t h e  n o z z l e  f l o w  a n d  b a c k g r o u n d  g a s  is  
s i m p l y  a l i n e a r  a d d i t i o n  in d e n s i t y  w i th  no s i g n i f i c a n t  m o m e n t u m  e x c h a n g e .  

F i g u r e s  12 a n d  13 s h o w  the  e f f e c t  of  n o z z l e  a r e a  r a t i o  on t h e  e x p a n -  
s i o n  of  t h e  f l ow f i e l d  f o r  d i a t o m i c  and  m o n a t o m i c  g a s e s .  .As m o r e  e x -  
p a n s i o n  o c c u r s  w i t h i n  t h e  n o z z l e  - i . e . ,  h i g h e r  a r e a  r a t i o s  - t h e  c l o s e r  
t h e  f l u x  wi l l  be to t he  a x i s .  T h e  e f f e c t  of  ~, r e f l e c t s  t h e  d i s t r i b u t i o n  of 
e n e r g y  in t he  i n t e r n a l  m o d e s  of t he  gas  m o l e c u l a r  m o t i o n .  At t h e  n o z z l e  
ex i t ,  t he  d e n s i t y  r a t i o  is  a b o u t  t he  s a m e  f o r  t he  d i a t o m i c  and  m o n a t o m i c  
g a s .  H o w e v e r ,  t he  t e m p e r a t u r e  of  t he  m o n a t o m i c  g a s  is  o n l y  60 p e r c e n t  
of  t h e  o t h e r ;  t h u s  it  i s  m u c h  n e a r e r  to  fu l l  e x p a n s i o n  ( s t a t i c  t e m p e r a -  
t u r e - 0 )  a t  t h e  n o z z l e  ex i t ,  and  t h e  j e t  l i e s  c l o s e r  to t h e  a x i s .  A l i m i t a -  
t i o n  of  t he  n u m e r i c a l  s o l u t i o n  by  the  m e t h o d  of c h a r a c t e r i s t i c s  is  t h e  
c o n v e r g e n c e  of t he  c h a r a c t e r i s t i c s  l i n e s  at  h igh  e x p a n s i o n s .  T h e  a n g l e  
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b e t w e e n  t h e  c h a r a c t e r i s t i c s  a n d  t h e  s t r e a m l i n e s  is  t h e  M a c h  a n g l e  

s i n - ' )  l a r g e  M a c h  n u m b e r ,  t h e  i n t e r s e c t i o n s  o f  t h e  l i 8 At 
u 

c h a r a c t e r i s t i c  n e t  b e c o m e  f a r  a p a r t  a n d  p o o r l y  d e f i n e d .  T h e  n u m e r i c a l  
d i f f i c u l t y  c o m b i n e d  w i t h  t h e  f a c t  t h a t  t h e  i d e a l  r e p r e s e n t a t i o n  of  t h e  g a s  i s  
no  l o n g e r  p h y s i c a l l y  r e a l i s t i c ,  d i c t a t e s  t e r m i n a t i n g  t h e  s o l u t i o n  a t  a M a c h  
n u m b e r  o f  40 in  t h e  p r o g r a m .  T h i s  i s  t h e  r e a s o n  t h a t  t h e  m o n a t o m i c  f l o w  
f i e l d s  a r e  r e p r o d u c e d  to  a l a r g e r  s c a l e  t h a n  a r e  t h e  d i a t o m i c  (y = 1 . 4 )  
f i e l d s .  

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

(a) T h e  g a s  h a s  a n  i d e a l  i s e n t r o p i c  b e h a v i o r ,  i . e . ,  i t  c a n  be  r e -  
p r e s e n t e d  a s  h a v i n g  a c o n s t a n t  r a t i o  of  s p e c i f i c  h e a t s  b e y o n d  
t h e  n o z z l e  e x i t .  

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

(c)  T h e  g a s  i s  a c o n t i n u o u s  m e d i u m .  

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

2.1.1 Condensation 

C o n d e n s a t i o n  m a y  o c c u r  w i t h i n  t h e  n o z z l e  o r  b e y o n d  t h e  e x i t  p l a n e .  
W i t h i n  t h e  n o z z l e  it  c a n  t a k e  t h e  f o r m  of  a c o n d e n s a t i o n  s h o c k  r e s u l t i n g  
f r o m  t h e  r e l e a s e  o f  t h e  h e a t  of  c o n d e n s a t i o n .  T h e  M a t h  n u m b e r  b e h i n d  
t h e  s h o c k  w i l l  be  r e d u c e d  to  a s u b s o n i c  o r  a l o w e r  s u p e r s o n i c  v a l u e  
(Re f .  7) w i t h  t h e  r e s u l t  t h a t  t h e  n o z z l e  e x i t  M a c h  n u m b e r  i s  l e s s ,  a n d  
j e t  e x p a n s i o n  o u t s i d e  t h e  n o z z l e  w i l l  b e  l a r g e r  t h a n  p r e d i c t e d  b y  t h e  
i s e n t r o p i c  c a l c u l a t i o n .  T h e  e x p e r i m e n t a l  r e s u l t s  f o r  a r g o n  s t r o n g l y  
s u g g e s t  t h a t  c o n d e n s a t i o n  c a u s e d  t h e  l a r g e  e x p a n s i o n .  

T h e  c o n d e n s a t i o n  of  n i t r o g e n  i s  d i s c u s s e d  in  d e t a i l  in  A p p e n d i x  I. 
It i s  c o n c l u d e d  t h a t  c o n d e n s a t i o n  of  n i t r o g e n  in  t h e  n o z z l e  w i l l  no t  o c c u r  
in  t h e  p r e s e n t  g e o m e t r y  w h e n  t h e  a r e a  r a t i o  i s  l e s s  t h a n  70. F o r  t h e  
two  l a r g e r  a r e a  r a t i o s  ( A e / A *  = 70 a n d  200) ,  t h e  d a t a  on  w h i c h  t h e  e s t i -  
m a t e s  w e r e  m a d e  l e a v e  u n c e r t a i n t y  a s  to  t h e  p r o b a b i l i t y  o f  c o n d e n s a t i o n .  
T h e r e  a r e  i n s u f f i c i e n t  d a t a  f o r  a r g o n  to  m a k e  a s i m i l a r  p r e d i c t i o n .  

B e y o n d  t h e  n o z z l e  e x i t ,  t h e  c o l l i s i o n  f r e q u e n c y  d e c r e a s e s  r a p i d l y  
a n d  c o n d e n s a t i o n  i s  l e s s  p r o b a b l e  t h a n  in  t h e  n o z z l e .  H o w e v e r ,  t h e  t o t a l  
n u m b e r  of  c o l l i s i o n s  i s  p r o p o r t i o n a l  to  s i z e  of  t h e  n o z z l e  a n d  s u p p l y  
s t a g n a t i o n  d e n s i t y .  If  c o n d e n s a t i o n  o c c u r s  in  t h e  i n t e r m e d i a t e  f i e l d  b e -  
t w e e n  t h e  e x i t  a n d  t h e  s o u r c e - l i k e  o u t e r  p a r t ,  a two  p h a s e  s e p a r a t i o n  of  
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f lux would  be  e x p e c t e d  wi th  the  g a s e o u s  c o m p o n e n t  expand ing  f u r t h e r  than  
fo r  no c o n d e n s a t i o n .  The so l id  p a r t  of the  m a s s  f lux would  be m o r e  
c o n c e n t r a t e d  n e a r  the ax i s .  

If c o n d e n s a t i o n  a p p e a r s  in the  f i e ld  w h e r e  the  s t r e a m l i n e s  a r e  
a l r e a d y  l i n e a r ,  it would  be i m p o s s i b l e  to d e t e c t  it by m o m e n t u m  flux 
m e a s u r i n g  t e c h n i q u e s  s u c h  as a r e  p r e s e n t l y  e m p l o y e d .  The  e n e r g y  in 
m o d e s  o t h e r  than  d i r e c t e d  v e l o c i t y  is so s m a l l  tha t  c o n d e n s a t i o n  would  
be a m i n o r  p e r t u r b a t i o n .  

2.1.2 Viscosity 

V i s c o u s  e f f e c t s  on the f low f i e ld  wi l l  have  an i n f l u e n c e  w h e r e  v e l o c i t y  
g r a d i e n t s  o r  l a r g e  r a t e s  of c h a n g e  of d e n s i t y  a r e  p r e s e n t .  T h e s e  con-  
d i t i ons  ex i s t  at the n o z z l e  wal l  and at the  exi t  l ip  w h e r e  the c o r n e r  of the 
P r a n d t l - M e y e r  e x p a n s i o n  s t a r t s .  The  m o s t  obv ious  e f f ec t  of the  n o z z l e  
b o u n d a r y  l a y e r  is to r e d u c e  the  e f f e c t i v e  a r e a  r a t i o  be low the g e o m e t r i c a l  
a r e a  r a t i o .  The s u b s o n i c  p o r t i o n  of the b o u n d a r y  l a y e r  wi l l  expand  into 
the b a c k g r o u n d  gas  to he lp  e s t a b l i s h  the  a m b i e n t  p r e s s u r e .  The  f low out-  
s ide  the  b o u n d a r y  l a y e r  wi l l  t u r n  t h r o u g h  the  P r a n d t l - M e y e r  ang le  d e t e r -  
m i n e d  by exi t  Mach  n u m b e r  and a m b i e n t  p r e s s u r e .  The  s u p e r s o n i c  r e g i o n  
of the b o u n d a r y  l a y e r  wi l l  t u r n  t h r o u g h  an ang le  d e t e r m i n e d  by the  l o c a l  
Mach  n u m b e r .  The  l ip  of the n o z z l e  wi l l  be e f f e c t i v e l y  r o u n d e d  by the  
b o u n d a r y - l a y e r  ( s ee  f i g u r e  be low) .  

....,. 

Supersonic Bounda~:y'~ J 

Boundary 6 ~ ~ - ' ~ ' ~ ' ~ - / -  ~ 1 - 
Layer t~'~C " f  

~ - -  Sonic Line ~ 1st Characteristic 

The  p r i m a r y  e f fec t  of the nozz l e  b o u n d a r y  l a y e r  is to m o v e  the  l i m i t  
e x p a n s i o n  l i ne  d o w n s t r e a m  f r o m  the l ip  l e a v i n g  a gap t h r o u g h  w h i c h  the 
b o u n d a r y  l a y e r  gas  expands  into the a m b i e n t  b a c k g r o u n d .  The  c h a n g e  

;o-" 
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f r o m  the i n v i s c i d  f low f i e ld  to that  wi th  a b o u n d a r y  l a y e r  is  i n d i c a t e d  
in the  f i g u r e  be low.  

/ k  
Nozzle---~ ~.'.~'~// / /  X "'~. 

" h" / "  n lm - 9 

/ / / / / / / / / / / / / / / / / / / ~ . ' . ~ , ' ~ ~  I ~ O. 8 
Boundaryt '~::" ~_~ .: i- " ~ ~ j ~  
Layer " ~ ~ ' -  ---- ~ _ _ ~  

. . . .  - u., P/Pc -.%.. 
= Constant 

- -  I nviscid 
- - - - - -  Viscous 

If, f o r  e x a m p l e ,  the b o u n d a r y  l a y e r  is 10 p e r c e n t  of the  to t a l  f low, 
the  90 p e r c e n t  m a s s  f lux s t r e a m l i n e  t a k e s  the s lope  of the  l i m i t  e x p a n s i o n  
l ine ,  and  t h e r e  is a s l igh t  d i s p l a c e m e n t  of the o t h e r  m a s s  f lux l i n e s .  The  
c o n s t a n t  d e n s i t y  l i n e s  a r e  s h i f t e d  t o w a r d  the  ax i s  f o r  ~/~* > 0.8 s i n c e  
the to t a l  f lux b e t w e e n  80 p e r c e n t  and  90 p e r c e n t  r e m a i n s  the  s a m e .  The  
e f f ec t  of the n o z z l e  b o u n d a r y  l a y e r  wi l l  be  to r e d u c e  the m o m e n t u m  flux 
n e a r  the  o u t e r  edge  of the  i n v i s c i d  j e t .  The  e f f e c t i v e  a r e a  r a t i o  of the  
n o z z l e  wi l l  be r e d u c e d  f r o m  the g e o m e t r i c a l  a r e a  r a t i o  by the  b o u n d a r y  
l a y e r  d i s p l a c e m e n t  t h i c k n e s s .  The  n o z z l e  b o u n d a r y  l a y e r  h a s  b e e n  c o m -  
pu ted  by the C o h e n - R e s h o t k o  m e t h o d  (Ref.  8) f o r  the r a n g e  of p r e s s u r e s  
u s e d  in the  e x p e r i m e n t s .  F i g u r e s  14a and 14b show the  r e s u l t s  in t e r m s  
of the  e f f ec t  on n o z z l e  Mach  n u m b e r  and the  b o u n d a r y  l a y e r  t h i c k n e s s .  
At the  s a m e  supp ly  p r e s s u r e ,  b o u n d a r y  l a y e r  wi l l  be  t h i c k e r  f o r  a r g o n  
than  f o r  n i t r o g e n .  

The  e s t i m a t e d  e f f ec t  of the b o u n d a r y  l a y e r  on exi t  Mach  n u m b e r  is 
s m a l l  (< 4% ) f o r  n i t r o g e n  and would  not p r o d u c e  an a p p r e c i a b l e  i n f l u e n c e  
on the f low f ie ld .  H o w e v e r .  when  the  v i s c o u s  l a y e r  r e a c h e s  10 p e r c e n t  
of the n o z z l e  r a d i u s ,  20 p e r c e n t  of the  m a s s  f low wi l l  be e n t r a i n e d .  T h e r e -  
fo re ,  the f low f i e ld  o u t s i d e  the  s t r e a m t u b e  f o r  0 . 8  m a s s  f lux wi l l  be m o d i -  
f i ed  by the  e f f e c t s  of v i s c o s i t y .  Th i s  is the s i t u a t i o n  when  n i t r o g e n  is the  
gas  at a p r e s s u r e  of 2 . 4  a tm  in the  a r e a  r a t i o  70 n o z z l e  and about  5 a tm  
for  the l a r g e s t  a r e a  r a t i o  (207). 

2.1.3 Continuum limitations 

One of the interesting aspects of the expansion of a jet into a vacuum 
is that the gas traverses smoothly through a series of gas dynamic 
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r e g i m e s  t h a t  a r e  u s u a l l y  r e p r e s e n t e d  by  d i f f e r e n t  a n a l y t i c a l  m o d e l s :  
(a) t h e  c o n t i n u u m ,  (b) a t r a n s i t i o n ,  a n d  (c) f r e e - m o l e c u l e .  T h e s e  a r e  
d i s t i n g u i s h e d  by  t h e  m a g n i t u d e  of  t h e  K n u d s e n  n u m b e r :  t h e  r a t i o  of  t he  
m e a n  f r e e  p a t h  to s o m e  s i g n i f i c a n t  b o d y  o r  b o u n d a r y  s u r f a c e  d i m e n -  
s i on .  If t he  d i s t a n c e  b e t w e e n  m o l e c u l a r  c o l l i s i o n s  is  s m a l l  r e l a t i v e  to  
the  s i z e  of t h e  s u r f a c e ,  a c o n t i n u u m  m o d e l - -  s u c h  as  t he  m e t h o d  oI 
c h a r a c t e r i s t i c s - - i s  a p p l i c a b l e .  In f r e e - m o l e c u l e  f low,  t he  i n t e r -  
m o l e c u l a r  c o l l i s i o n s  h a v e  no i n f l u e n c e  on t h e  f l o w  a b o u t  t h e  b o d y  in  
t he  s t r e a m .  T h e  s t r e a m l i n e s  a r e  l i n e a r  w h i l e  the  p a t h s  of t he  i n d i v i d u a l  
m o l e c u l e s  a r e  t he  r e s u l t a n t  of  t he  m e a n  s t r e a m  v e l o c i t y  a n d  the  r a n d o m  
v e l o c i t y  c o r r e s p o n d i n g  to t h e  t r a n s l a t i o n a l  t e m p e r a t u r e .  

In t h e  t r a n s i t i o n  r e g i m e ,  t h e r e  is  an  i n t e r a c t i o n  of one  r e g i o n  of t he  
f l o w  f i e l d  on a n o t h e r .  T h i s  r e g i o n  h a s  b e e n  a t t a c k e d  f r o m  the  f r e e -  
m o l e c u l e  l i m i t  f o r  d e r i v i n g  p r e s s u r e s  on b o d i e s  i m m e r s e d  in t he  f low.  
T h e  f r e e - m o l e c u l e  f l o w  is  m o d i f i e d  in t h e  " f i r s t  c o l l i s i o n "  t h e o r y  by  
i m p a c t s  of s u r f a c e  e m i t t e d  m o l e c u l e s  w i th  t h o s e  a p p r o a c h i n g  t h e  s u r f a c e .  
H o w e v e r ,  in t h e  c a s e  of a f r e e  e x p a n s i o n  f i e l d ,  i t  i s  d i f f i c u l t  to d e s i g n a t e  
a s i g n i f i c a n t  d i m e n s i o n  to  d e f i n e  a K n u d s e n  n u m b e r .  T h e  r a d i u s  of c u r -  
v a t u r e  of a s t r e a m l i n e  m i g h t  be  c o n s i d e r e d ,  bu t  t h e  f u n c t i o n a l  r e l a t i o n -  
s h i p  b e t w e e n  s u c h  an  a r b i t r a r y  d i m e n s i o n  a n d  t h e  m e a n  f r e e  p a t h  is  no t  
obvious. 

T h e r e  is  a c l o s e  a n a l o g y  b e t w e e n  the  d i s t u r b a n c e  w a v e  of t h e  c o n -  
t i n u u m  t h e o r y  a n d  the  p a r t i c l e  v e l o c i t y  in t h e  a c t u a l  g a s  t h a t  s u g g e s t s  
t h a t  t he  t r a n s i t i o n  r e g i m e  is  not  s h a r p l y  d i s t i n g u i s h a b l e  f o r  an  e x p a n -  
s i o n .  F o r  t he  c o n t i n u u m ,  t he  z o n e  of  i n f l u e n c e  is  a c o n e  w h o s e  h a l f -  

- Ju.  f o r  t he  k i n e t i c  m o d e l  gas ,  t he  m e a n  z o n e  of  i n f l u e n c e  a n g l e  is sin ' a '  

i s  a l s o  a c o n e  a b o u t  the  v e l o c i t y  v e c t o r  s i n - '  ~ . . . .  u a is t he  a c o u s t i c  

/ ,W . and  ~ is  t he  m o l e c u l a r  %/ _8 , T  w h i l e  s p e e d ,  y --~---, m e a n  s p e e d ,  ~ ~ U I 

i s  t he  f l ow s p e e d .  T h e  s i m i l a r i t y  of  t h e s e  q u a n t i t i e s  and  the  f a c t  t h a t  
m a c r o s c o p i c  p r o p e r t i e s  of t he  gas  c a n  be  p r e d i c t e d  f r o m  the  k i n e t i c  m o l e c -  
u l a r  m o d e l  l e a d  to t he  e x p e c t a t i o n  t h a t  t h e  t r a n s i t i o n  f r o m  a c o n t i n u u m  f low 
m o d e l  at t he  n o z z l e  e x i t  to  a f r e e  m o l e c u l e  s t a t e  d o w n s t r e a m  wi l l  be  n e a r l y  
t h e  s a m e  as  t he  c h a r a c t e r i s t i c s  m e t h o d  r e s u l t s .  

A c o n s e r v a t i v e  c r i t e r i o n  f o r  a p p l i c a b i l i t y  of  t he  c o n t i n u u m  a n a l y s i s  
c a n  be  s p e c i f i e d  as  f o l l o w s :  

of  t h e  c o n t o u r ,  _2_ = 10-s 
Pr 

Kn~ (Kn"  =-rA,-- ) is 1 0 - ' .  

Kn = .1 , f o r  a 100 r * - l o n g  s e g m e n t ,  s ,  

T h e n  Kn = )t = 105 Ac = 10' Kn* o r  
s 10 2 r* 

F o r  t h e  t e s t  n o z z l e  w i t h  a 0 . 5  m m  t h r o a t .  the  

r e s e r v o i r  d e n s i t y  m u s t  be  u n i t y  o r  g r e a t e r  ( the  p r o d u c t  ~Pc r* -> 0.5 
a m a g a t  - m m .  

7 
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2.1.4 Freezing of Internal Energy Modes 

T h e  i n t e r n a l  e n e r g y  of  a g a s  is  d i s t r i b u t e d  a m o n g  s e v e r a l  m o d e s :  
i o n i z a t i o n ,  c h e m i c a l  ( c o m m o n l y  d i s s o c i a t i o n  f o r  p o l y - a t o m i c  m o l e -  
c u l e s ) ,  v i b r a t i o n ,  r o t a t i o n ,  a n d  t r a n s l a t i o n  of  t h e  m o l e c u l e s .  In  e q u i l i b -  
r i u m  t h e s e  m o d e s  b e c o m e  i n a c t i v e  a t  p r o g r e s s i v e l y  l o w e r  t e m p e r a t u r e s  
a n d  i n f l u e n c e  t h e  f o r m  of  t h e  s t a t e  e q u a t i o n .  W h e n  a g a s  u n d e r g o e s  
a r a p i d  e x p a n s i o n ,  t h e  t i m e  to  d e a c t i v a t e  t h e  v a r i o u s  m o d e s  i s  i m p o r t a n t ,  
a n d  it  i s  r e a s o n a b l e  to  a s s o c i a t e  t h i s  t i m e  w i t h  t h e  n u m b e r  of  p a r t i c l e  
c o l l i s i o n s .  T h e r e  i s  a p p r o x i m a t e l y  o n e  c o l l i s i o n  f o r  t r a n s l a t i o n  a n d  10 
f o r  r o t a t i o n ,  e t c .  It i s  u s u a l  to  c o n s i d e r  t h e  e x p a n d i n g  g a s  an  i d e a l  
( c o n s t .  y) m e d i u m  u n t i l  " f r e e z i n g "  of  a m o d e  o c c u r s .  At  t h i s  p o i n t  a 
n e w  y d e s c r i b e s  t h e  e x p a n s i o n  p r o c e s s  u n t i l  t h e  n e x t  m o d e  f r e e z e s .  

V i b r a t i o n a l  e q u i l i b r i u m  in  n o z z l e s  i s  c o n s i d e r e d  in  R e f .  9. T h e  
n o z z l e  s u p p l y  t e m p e r a t u r e  w a s  n e a r  300°K f o r  t h e  p r e s e n t  e x p e r i m e n t s  
s o  t h a t  o n l y  r o t a t i o n  a n d  t r a n s l a t i o n  e n e r g i e s  a r e  i m p o r t a n t  f o r  t h e  d i a -  
t o m i c  g a s  (N2) • A s  t h e  e x p a n s i o n  p r o g r e s s e s ,  t h e  c o l l i s i o n  r a t e  d r o p s  
(c f  A p p e n d i x  I), a n d  e q u i l i b r a t i o n  of  t h e  r o t a t i o n a l  m o d e  c e a s e s  t o  b e  
i m p o r t a n t .  T h e  g a s  t h e n  a c t s  l i k e  a m o n a t o m i c  m e d i u m  w i t h  y = 1 . 6 7  
r a t h e r  t h a n  i .  4. F u r t h e r  e x p a n s i o n  r e s u l t s  in  t r a n s l a t i o n a l  f r e e z i n g  
w h i c h  i s  e q u i v a l e n t  to  f r e e - m o l e c u l e  f l o w .  R e f e r e n c e  10 d e r i v e s  a 
d i m e n s i o n l e s s  p a r a m e t e r  to  p r e d i c t  t h e  r o t a t i o n a l  f r e e z i n g  M a c h  n u m -  
b e r  in  an  i s e n t r o p i c  e x p a n s i o n  f r o m  a s o n i c  o r i f i c e :  

f ( i , 1 )  aM = a* 
d ( x / d *  ~ rrc a c 

d* i s  t h e  t h r o a t  d i a m e t e r ,  a~ i s  s t a g n a t i o n  a c o u s t i c  s p e e d ,  a n d  r r  c iS t h e  
r o t a t i o n a l  r e l a x a t i o n  t i m e .  F i g u r e  15 s h o w s  t h e  f r e e z i n g  p a r a m e t e r .  
d* .' r r c ac , a s  a f u n c t i o n  of  Mach. n u m b e r  f o r  t h e  sonic '  o r i f i c e  f l o w  f r o m  
Her .  10 a n d  f o r  tw o  n o z z l e s  a l o n g  s t r e a m l i n e s  b o u n d i n g  0, 50 p e r c e n t ,  
a n d  90 p e r c e n t  of  t h e  m a s s  f l ux .  T h e  r o t a t i o n a l  f r e e z i n g  p a r a m e t e r  c a n  
be  p u t  in a c o n v e n i e n t  f o r m  f o r  a r i g i d  s p h e r e  m o l e c u l e :  

d* Pc T ( 3 0 0  Pc d* = 0 4 ( P ~ - )  
d * ' / r r e  ac  = rr:  e a¢) P.~ Tc  " = 3 .9  x 10" -v~-c )  T o  3 .9  x I d ~ 

Pc 
f o r  N~ ; ~-  i s  t h e  s u p p l y  p r e s s u r e  in  a t m  a n d  d* i s  in  c m .  In  F i g s .  2 a n d  

• O 

/ t h e  c o n t o u r s  of  r o t a t i o n a l  f r e e z i n g  p o i n t s  a r e  s u p e r i m p o s e d  f o r  a t h r o a t  
d i a m e t e r  of  1 . 0  r a m .  F o r  t h e  n o z z l e s  u s e d  in t h e s e  e x p e r i m e n t s ,  r o t a -  
t i o n a l  f r e e z i n g  e f f e c t s  on  t h e  f l o w  f i e l d  m a y  b e  a n t i c i p a t e d  a t  s u p p l y  p r e s -  
s u r e s  l e s s  t h a n  a b o u t  2 a t m .  

The freezing of the translational mode is downstream of the rotational 
freezing point and will not influence the flow field in terms of velocity and 
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d e n s i t y .  Of c o u r s e  the  p r e s s u r e  and  t e m p e r a t u r e  a r e  e n t i r e l y  d i f f e r e n t  
when t r a n s l a t i o n a l  f r e e z i n g  o c c u r s  s i n c e  the t e m p e r a t u r e  a p p r o a c h e s  a 
c o n s t a n t  i n s t e a d  of z e r o .  Th i s  p h e n o m e n o n  has  been  w i d e l y  i n v e s t i -  
ga ted  in the  l i t e r a t u r e  of m o l e c u l a r  b e a m  v e l o c i t y  d i s t r i b u t i o n s  ( fo r  
i n s t a n c e ,  Ref .  11 is  a good e x a m p l e  ). 

2.1.5 Summary of Limitations of Applicability of Characteristics Calculations 

I .  C o n d e n s a t i o n :  At supp ly  p r e s s u r e s  f r o m  i - 7 a rm and t e m p e r a -  
t u r e  of 3000K, c o n d e n s a t i o n  m a y  o c c u r  f o r  n o z z l e  a r e a  
r a t i o  > 70 fo r  n i t r o g e n .  F o r  a rgon ,  t h e r e  a r e  i n s u f f i c i e n t  da ta  
to p r e d i c t  c o n d e n s a t i o n ,  cf  Append ix  I. 

2. V i s c o s i t y :  The  n o z z l e  b o u n d a r y  l a y e r  r e d u c e s  the exi t  Mach  n u m -  
b e r  and  the  d e n s i t y  in the o u t e r  edge  of the je t .  The  e f f ec t  of 
v i s c o s i t y  is  e x p e c t e d  to be n e g l i g i b l e  o u t s i d e  the  b o u n d a r y  l a y e r  
b e c a u s e  the  v e l o c i t y  is p r a c t i c a l l y  u n i f o r m .  

3. C o n t i n u u m  E f f e c t s :  At supp ly  c o n d i t i o n s  w h e r e  the  p r o d u c t  of 

r e s e r v o i r  d e n s i t y  and  t h r o a t  r a d i u s ,  p~- r* > 0.5 a m a g a t - m m ,  

the f low f ie ld  wi l l  be u n c h a n g e d  by the  t r a n s i t i o n  f r o m  a con-  
t i nuous  m e d i u m .  

4. R o t a t i o n a l  F r e e z i n g :  R o t a t i o n a l  f r e e z i n g  wi l l  not  a f fec t  the f low 

f i e l d  a p p r e c i a b l y  if Pc r* > I a m a g a t - m m .  
po 

SECTION III 
APPARATUS 

3.1 GENERAL TEST DESCRIPTION 

T h e  t e s t s  w e r e  p e r f o r m e d  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). The  n o z z l e  f low was  p u m p e d  wi th  20°K c r y o s u r f a c e s  and a 
d i f fu s ion  p u m p - m e c h a n i c a l  pump s y s t e m .  The  j e t  e x h a u s t  f low f i e l d  was  
i n v e s t i g a t e d  wi th  f la t  p l a t e s  n e a r l y  n o r m a l  to the  f low d i r e c t i o n  pi to t  
p r o b e s ,  and s t r e a m l i n e  v a n e s .  

3.2 AEROSPACE RESEARCH CHAMBER 

T h e  A e r o s p a c e  R e s e a r c h  C h a m b e r  (8V) is  a n i c k e l - p l a t e d  s t e e l  c h a m -  
be r ,  8 ft in d i a m e t e r  by 16 ft long;  a r e m o v a b l e  e l l i p s o i d a l  d i s h e d  head  
on one end  p r o v i d e s  a c c e s s  to the  c h a m b e r .  A 6- in .  d i f fus ion  p u m p  in 
s e r i e s  wi th  a m e c h a n i c a l  pump  is  i n s t a l l e d  on the  c h a m b e r .  A l i q u i d -  
n i t r o g e n - c o o l e d  l i n e r  s h r o u d s  the  s i d e s  and d o w n s t r e a m  end  and p r o v i d e s  
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a r a d i a t i v e  h e a t  s i n k  ( F i g .  16). A 1-kw g a s e o u s  hcLiurn  r e f r i g e r a t o r  is  
a v a i l a b l e  f o r  c o o l i n g  240 f t  2 of  20°K c r y o s u r f a c e s .  T h e  p u m p i n g  s y s t e m  
i s  a b l e  to  m a i n t a i n  10 -4  to  10 -6  t o r r  a t  t e s t  n o z z l e  m a s s  f low r a t e s  of  
up  to  1 . 0  g m / s e c  w i t h  a r g o n  a n d  n i t r o g e n ,  l ~ e f e r e n c e  12 g i v e s  f u r t h e r  
i n f o r m a t i o n  on t he  c h a m b e r  d e s i g n .  A s c h e m a t i c  o f  t h e  n o z z l e  i n s t a l l a -  
t i o n  i s  s h o w n  in F i g .  16. 

3.3 NOZZLE ASSEMBLY 

T h e  t e s t  a r t i c l e s  w e r e  a 15 ° h a l f - a n g l e  c o n i c a l  s e g m e n t e d  n o z z l e  
a n d  a s o n i c  o r i f i c e  ( F i g .  17).  T h e  t h r o a t  d i a m e t e r  f o r  a l l  n o z z l e s  a n d  
t h e  o r i f i c e  w a s  0. 044 i n c h .  D e t a c h a b l e  s e g m e n t s  p r o v i d e d  a r e a  r a t i o s  
o f  3 . 7 3 : 1 ,  1 2 . 8 : 1 ,  3 6 . 9 : 1 ,  6 9 . 6 : 1 ,  a n d  2 0 7 : 1 .  

A s t a i n l e s s  s t e e l  s t a g n a t i o n  c h a m b e r  s u p p o r t e d  t h e  n o z z l e  a n d  t h e  
p r o p e l l a n t  s u p p l y  l i n e .  T h e  s t a g n a t i o n  c h a m b e r  a n d  n o z z l e  a s s e m b l y  
w e r e  r o t a t e d  in  t h e  v e r t i c a l  p l a n e  t h r o u g h  50 d e g r e e s  o f  p i t c h  f r o m  t h e  
h o r i z o n t a l  p o s i t i o n  b y  a 10:1 w o r m  g e a r  d r i v e n  b y  a s h a f t  e x t e n d i n g  
t h r o u g h  t h e  d o o r .  T h i s  s h a f t  a l s o  p r o v i d e d  n o z z l e  a s s e m b l y  a x i a l  m o v e -  
m e n t  of  20 i n c h e s  by a p u s h - p u l l  m o t i o n  of  t h e  h a n d l e .  T h e  c o m b i n a t i o n  
of  p i t c h  a n d  a x i a l  m o v e m e n t  w a s  u s e d  to  m a p  t h e  p l u m e s  u s i n g  s t a t i o n a r y  
i n s t r u m e n t a t i o n .  N o z z l e  a n g l e  w a s  m e a s u r e d  by  a p o t e n t i o m e t e r  
a t t a c h e d  to  t h e  r o t a t i o n  s h a f t ;  a x i a l  p o s i t i o n  w a s  m e a s u r e d  e x t e r n a l l y  on  
t h e  d r i v i n g  s h a f t  by  a t a p e  m e a s u r e .  

3.4 PROPELLANT SUPPLY SYSTEMS 

A s c h e m a t i c  of  t h e  n o z z l e  p r o p e l l a n t  s u p p l y  s y s t e m  i s  s h o w n  in 
F i g .  18. S t a g n a t i o n  p r e s s u r e  w a s  c o n t r o l l e d  by  l i n e  r e g u l a t o r s  a n d  
m o n i t o r e d  b y  a K o l l s m a n  g a g e .  

3.5 CANTILEVERED FLAT PLATE 

T h e  j e t  p r o p e r t i e s  w e r e  d e f i n e d  b y  m e a s u r i n g  t h e  f o r c e s  on  
I in .  x 1 in .  a n d  I / 4  in.  x I / 4  in.  s q u a r e  f l a t  p l a t e s  n e a r l y  n o r m a l  to  t h e  
f l o w  d i r e c t i o n .  T h e  p l a t e s  w e r e  m a i n t a i n e d  s t a t i o n a r y  w h i l e  t h e  n o z z l e  
w a s  p o s i t i o n e d  a s  d e s c r i b e d  in  S e c t i o n  3 . 3 .  T h e  f l a t  p l a t e  w a s  m o u n t e d  
on  a 3 6 - i n .  a l u m i n u m  b e a m .  T h e  l o w e r  e n d  of  t h e  b e a m  w a s  c l a m p e d  to  
a s u p p o r t  m o u n t  in  t h e  c h a m b e r  f l o o r .  T h e  b e a m  w a s  s h i e l d e d  f r o m  t h e  
f l o w  b y  3 - i n .  d i a m e t e r  t u b i n g  a n d  a l u m i n u m  s h e e t  ( F i g .  19).  F o u r  
1 2 0 - o h m  t h i n - f i l m  s t r a i n  g a g e s  w e r e  c e m e n t e d  to  t h e  b a s e  o f  t h e  a l u m i n u m  
b e a m .  T h e s e  g a g e s  y i e l d e d  a n  o u t p u t  p r o p o r t i o n a l  to  t h e  h o r i z o n t a l  f o r c e  
on  t h e  f l a t  p l a t e .  E d d y - c u r r e n t  d a m p i n g  w a s  e m p l o y e d  to  d i m i n i s h  t h e  
e f f e c t  of  v i b r a t i o n  on s t r a i n - g a g e  o u t p u t .  
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T h e  f l a t  p l a t e  w a s  c a l i b r a t e d  a f t e r  i n s t a l l a t i o n  a s  i l l u s t r a t e d  in  
F i g .  20.  T h e  m e t h o d  p r o v i d e d  a h o r i z o n t a l  r e s u l t a n t  f r o m  a v e r t i c a l  
f o r c e  by  t h e  u s e  o f  a 4 5 - d e g  i n c l i n e d  t h r e a d .  H o r i z o n t a l  f o r c e  a n d  
p l a t e  d i s p l a c e m e n t  w e r e  c a l i b r a t e d  w i t h  s t r a i n  g a g e  o u t p u t .  T h e  c a l i -  
b r a t i o n  c u r v e  i s  s h o w n  in F i g .  21.  

3.6 PITOT PROBES 

P i t o t  p r e s s u r e  w a s  d e t e r m i n e d  by  two  p i t o t  p r o b e s  ( 1 / 1 6  in .  OD, 
1 / 3 2  in .  ID) a t t a c h e d  t o  5 a n d  1 5 - p s i  f u l l - s c a l e  t r a n s d u c e r s ,  r e s p e c t i v e l y .  
A s w i n g  a r m  s u p p o r t e d  t h e  p i t o t  p r o b e  t r a n s d u c e r  u n i t s  a n d  a l l o w e d  t h e  
p r o b e s  to  be  s w u n g  a w a y  f r o m  t h e  n o z z l e  d u r i n g  f l a t  p l a t e  a n d  s t r e a m -  
l i n e  v a n e  r u n s .  P i t o t  p r e s s u r e  w a s  i n v e s t i g a t e d  in t h e  r e g i o n  0 to  1 - i n .  
f r o m  t h e  n o z z l e  e x i t .  M i n i m u m  r e s o l u t i o n  f o r  t h e  t r a n s d u c e r s  w a s  
a p p r o x i m a t e l y  0 . 0 5  p s i .  

3.7 STREAMLINE VANE ASSEMBLY 

T h e  s t r e a m l i n e  v a n e s  w e r e  c o n s t r u c t e d  of  0. 0 0 1 5 - i n .  t h i c k  s t e e l  
s h i m  s t o c k .  T h e  v a n e s  w e r e  m o u n t e d  on  s t e e l  p i n s  p r o t r u d i n g  f r o m  t h e  
t o p  a n d  b o t t o m  of  t h e  a s s e m b l y  w h i c h  p e r m i t t e d  t h e  v a n e s  to  r o t a t e  w i t h  
a m i n i m u m  of  f o r c e  to  a l i g n  w i t h  t h e  f l o w  d i r e c t i o n  ( F i g .  23) .  P h o t o -  
g r a p h s  o f  t h e  v a n e s  w e r e  m a d e  t h r o u g h  a p o r t  in  t h e  t o p  of  t h e  c h a m b e r .  
T w o  5 0 0 - w a t t  f l o o d  l a m p s  w e r e  i n s t a l l e d  a b o v e  t h e  v a n e  a s s e m b l y  to  
i l l u m i n a t e  t h e  v a n e s .  

3.8 PRESSURE AND TEMPERATURE INSTRUMENTATION 

A m b i e n t  p r e s s u r e  .was m o n i t o r e d  b y  an  i o n i z a t i o n  g a g e  m o u n t e d  on  
t h e  n o z z l e  a s s e m b l y  a n d  p o i n t e d  t o w a r d  t h e  c h a m b e r  w a l l .  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 s ,  r e f e r e n c e d  to  l i q u i d  n i t r o g e n ,  w e r e  u s e d  t o  
m o n i t o r  t e m p e r a t u r e s  of  t h e  i n s u l a t e d  h e a t e r  box ,  f l a t  p l a t e  s t r a i n  g a g e s ,  
a n d  n o z z l e  s u r f a c e .  A t h e r m o c o u p l e  p r o b e  w a s  i n s e r t e d  i n t o  t h e  n o z z l e  
s t a g n a t i o n  c h a m b e r  to  m o n i t o r  p r o p e l l a n t  t o t a l  t e m p e r a t u r e .  

3.9 DATA RECORDING SYSTEM 

C a n t i l e v e r e d  p l a t e  f o r c e s ,  n o z z l e  p i t c h  a n g l e s ,  p r e s s u r e s ,  a n d  
t e m p e r a t u r e s  w e r e  r e c o r d e d  on  a r e c o r d i n g  d i g i t a l  v o l t m e t e r .  S t r e a m -  
l i n e  d i r e c t i o n  v a n e  p h o t o g r a p h s  w e r e  t a k e n  w i t h  a 7 0 - r a m  c a m e r a  u s i n g  
T r i - X  f i l m .  
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SECTION IV 
PROCEDURE 

4.1 FORCE AND PRESSURE RUNS 

D u r i n g  c o o l d o w n  of  t h e  A R C  (8V) c r y o s u r f a c e s  to  o p e r a t i n g  t e m -  
p e r a t u r e ,  t h e  b e a m  t e m p e r a t u r e  n e a r  t h e  s t r a i n  g a g e s  w a s  m o n i t o r e d  
to  a s s u r e  t h a t  n o  z e r o  s h i f t  o c c u r r e d .  P r o p e l l a n t  f l o w  wa~ t h e n  
s t a r t e d  a n d  c o n t i n u e d  u n t i l  e q u i l i b r i u m  p r e s s u r e  h a d  b e e n  r e a c h e d .  
T h e  n o z z l e  a s s e m b l y  w a s  t h e n  m o v e d  to  t h e  m o s t  r e m o t e  p o s i t i o n  f r o m  
t h e  f l a t  p l a t e  a n d  w a s  r o t a t e d  u p w a r d  to  t h e  5 0 - d e g  p o s i t i o n .  

T h e  n o z z l e  w a s  t h e n  r o t a t e d  f r o m  50 to  - 5 0  d e g  a n d  r e t u r n e d  w h i l e  
r e c o r d i n g  t h e  f o r c e  on t h e  p l a t e .  T h i s  w a s  d o n e  at  a , ~ e r i e s  of  d i f f e r e n t  
a x i a l  p o s i t i o n s .  F o r  t h e  1 - i n .  p l a t e ,  s w e e p s  w e r e  m a d e  at  2 - i n .  a x i a l  
i n t e r v a l s  a t  d i s t a n c e s  b e t w e e n  8 a n d  29 i n c h e s  f r o m  t h e  n o z z l e  e x i t  a n d  
f o r  t h e  1 / 4 - i n .  p l a t e  a t  1 - i n .  a x i a l  i n t e r v a l s  a t  d i s t a n c e s  b e t w e e n  1 a n d  
10 i n c h e s  f r o m  t h e  n o z z l e  e x i t .  P i t o t  p r e s s u r e  s w e e p s  w e r e  m a d e  at  
1 / 4 - i n .  a x i a l  i n t e r v a l s  a t  d i s t a n c e s  0 to  1 i n c h  f r o m  tile n o z z l e  e x i t ,  
a l t h o u g h  p r o b e  c o n t a c t  w i t h  t h e  n o z z l e  p r e v e n t e d  f u l l  ~ 5 0 - d e g r e e  s w e e p s .  
E a c h  r u n  t o o k  a p p r o x i m a t e l y  10 m i n u t e s .  

4.2 STREAMLINE VANE RUNS 

T h e  s t a r t u p  p r o c e d u r e s  w e r e  s i m i l a r  to  t h o s e  d e s c r i b e d  f o r  t h e  f o r c e  
r u n s .  W h e n  f l o w  w a s  s t a b i l i z e d ,  t h e  f l o o d  l a m p s  w e r e  e n e r g i z e d  a n d  t h e  
n o z z l e  m o v e d  t o  t h e  2 6 - i n .  a x i a l  p o s i t i o n  a n d  s e t  at  z e r o  d e g r e e s .  
P h o t o g r a p h s  w e r e  t h e n  m a d e  of  t h e  v a n e  a n g u l a r  p o s i t  Lons at  2 - i n .  a x i a l  
i n t e r v a l s  f r o m  26 i n c h e s  t o  6 i n c h e s .  

4.3 RANGE OF VARIABLES 

N o z z l e s  w i t h  s t a g n a t i o n  p r e s s u r e s  of  35, 50 a n d  100 p s i a  a n d  a s t a g n a -  
t i o n  t e m p e r a t u r e  of  300°K w e r e  i n v e s t i g a t e d .  A r g o n  a n d  n i t r o g e n  w e r e  
u s e d  a s  n o z z l e  f l u i d s .  N o z z l e  a r e a  r a t i o s  of  1 . 0 ,  3 . 7 3 ,  1 2 . 8 ,  3 6 . 9 ,  6 9 . 6  
a n d  207 w e r e  t e s t e d .  

4.4 DATA REDUCTION 

8 

N o n d i m e n s i o n a l i z e d  f l a t  p l a t e  f o r c e  a n d  p o s i t i o n  d a t a  w e r e  r e d u c e d  
by  a c o m p u t e r  p r o g r a m .  P l o t s  o f  n o n d i m e n s i o n a l i z e d  f o r c e  v e r s u s  
a n g u l a r '  p o s i t i o n  f o r  v a r i o u s  r a d i a l  p o s i t i o n s  f r o m  t h e  n o z z l e  e x i t  w e r e  
o b t a i n e d  f r o m  t h e  c a n t i l e v e r e d  f l a t  p l a t e  r u n s  ( t y p i c a l ,  F i g .  23) .  A 
f i f t h - o r d e r ,  l e a s t - s q u a r e s  c u r v e  w a s  f i t t e d  to  t h e  e x p e r i m e n t a l  d a t a ,  
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a n d  t h e  c o n s t a n t - f o r c e  c o n t o u r s  w e r e  c r o s s p l o t t e d  f r o m  t h e  f i t t e d  c u r v e s .  
D a t a  p o i n t  s c a t t e r  b a n d s  w e r e  d e t e r m i n e d  f r o m  t h e  n o n d i m e n s i o n a l i z e d  
f o r c e  v e r s u s  a n g u l a r  p o s i t i o n  p l o t s  a n d  is  i n d i c a t e d  on  t h e  c o r r e s p o n d i n g  
c o n s t a n t - f o r c e  m a p s .  

SECTION V 
RESULTS 

C o m p u t e d  M a c h  n u m b e r  d i s t r i b u t i o n  a n d  b o u n d a r y  l a y e r  d i s p l a c e -  
m e n t  t h i c k n e s s  ( C o h e n  a n d  R e s h o t k o  s o l u t i o n )  in  t h e  n o z z l e s  f o r  y = 1 . 4  
a n d  y = 1 . 6 7  a r e  s h o w n  ( F i g s .  14a  a n d  14b).  T h e  c e n t e r l i n e  e x i t  p l a n e  
M a c h  n u m b e r  o b t a i n e d  f r o m  p i t o t  p r o b e  r e s u l t s  f o r  A~/A ~ = 207 a r e  c o m -  
p a r e d  w i t h  i n v i s c i d  a n d  v i s c o u s  M a c h  n u m b e r  s o l u t i o n s .  E x p e r i m e n t a l  
M a c h  n u m b e r s  w e r e  c o m p u t e d  f o r  i s e n t r o p i c  f l o w  u s i n g  t h e  R a y l e i g h  
f o r m u l a  f o r  p i t o t  p r e s s u r e .  

E x p e r i m e n t a l  c o n s t a n t  f o r c e  c o n t o u r s  a n d  c e n t e r l i n e  f o r c e  p l o t s  a r e  
c o m p a r e d  w i t h  t h e  c h a r a c t e r i s t i c s  m e t h o d  c a l c u l a t i o n s  f o r  Ae/A* = 1 . 0  
t h r o u g h  207 w i t h  n i t r o g e n  at  Pc = 100 p s i a  a n d  f o r  A J A *  = 1 . 0  a n d  3 . 7 3  
w i t h  a r g o n  a t  Pc = 100 p s i a  ( F i g s .  24 t h r o u g h  33).  T h e  f o r c e  p l o t s  f o r  
Ae/A*= 1. 0 w i t h  a r g o n  a n d  n i t r o g e n  a r e  c o m p a r e d  w i t h  t h e  p r e d i c t i o n s  of  
S h e r m a n  (Ref .  13) s i n c e  t h e  p r e s e n t  c h a r a c t e r i s t i c s  p r o g r a m  c o u l d  no t  
be  u s e d  f o r  Me = 1 ( s o n i c  o r i f i c e )  a t  t h e  e x i t .  S h e r m a n  c a l c u l a t e d  b y  t h e  
m e t h o d  of  c h a r a c t e r i s t i c s  t h e  c e n t e r l i n e  M a c h  n u m b e r  o f  t h e  s o n i c  o r i f i c e  
e x h a u s t  f l o w  f i e l d  by  a s s u m i n g  an  e x i t  M a c h  n u m b e r  s l i g h t l y  g r e a t e r  t h a n  
u n i t y .  D e n s i t y  a n d  M a c h  n u m b e r  v a l u e s  w e r e  o b t a i n e d  f r o m  t h e  c h a r a c -  
t e r i s t i c s  m e t h o d  c a l c u l a t i o n s ;  n o r m a l  f l a t  p l a t e  f o r c e  w a s  d e t e r m i n e d  by  
t h e  m e t h o d  o u t l i n e d  in  A p p e n d i x  II a n d  t h e  s o l u t i o n  c o m p a r e d  w i t h  e x -  
p e r i m e n t a l  r e s u l t s .  K n u d s e n  n u m b e r ,  b a s e d  on  t h e  f i a t  p l a t e  d i m e n s i o n  
( 1 / 4  in .  a n d  1 in.  ), i s  s h o w n  in  F i g .  33. 

T h e  r a n d o m  e r r o r  in  d a t a ,  i n d i c a t e d  b y  t h e  m a x i m u m  d e v i a t i o n s  f r o m  
t h e  l e a s t  s q u a r e s  c u r v e  f i t ,  i s  s h o w n  o n  t h e  c o n s t a n t  f o r c e  d a t a  p o i n t s .  
T h e  s y s t e m a t i c  e r r o r  i s  s u m m a r i z e d  in T a b l e  I. T h e  t a r e  d r a g  on  t h e  
1 / 4  in .  x 1 / 4  in .  f l a t  p l a t e  s u p p o r t  b e y o n d  t h e  w i n d s h i e l d  c a u s e d  t h e  1 / 4 - i n .  
f l a t  p l a t e  f o r c e  r e a d i n g s  to  be  a p p r o x i m a t e l y  12 p e r c e n t  h i g h .  T h e  f l a t  
p l a t e  c a l i b r a t i o n  ( F i g .  21) i n d i c a t e s  a p o s s i b l e  z e r o  s h i f t  o r  n o n l i n e a r i t y  
of  t h e  b a l a n c e  of  a p p r o x i m a t e l y  + 0 . 5  x 10 - 4  lb .  T h e  n o z z l e  c h a m b e r  p r e s -  
s u r e  d e v i a t i o n  i s  n e g l i g i b l e  ( + 0 . 5  p e r c e n t ) .  T h e  p o s s i b l e  s y s t e m a t i c  
e r r o r s  i r h t h e  d a t a  a r e  s h o w n  on  t h e  c o n s t a n t  f o r c e  c o n t o u r s  a n d  c e n t e r l i n e  
p l o t s .  

S t r e a m l i n e  v a n e  p h o t o s  f o r  A e / A *  = 1 . 0  t h r o u g h  207 w i t h  n i t r o g e n  a n d  
f o r  A~/A*= 1 . n  and  3 . 7 3  wi th  a r g o n  a r e  c o m p a r e d  w i t h  c h a r a c t e r i s t i c s  
p r e d i c t i o n s  ( F i g s .  37 t h r o u g h  44) .  
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SECTION Vl 
DISCUSSION OF RESULTS 

6.1 EXIT MACH NUMBER 

T h e o r e t i c a l  c a l c u l a t i o n s  a n d  e x p e r i m e n t a l  t e s t  r e s u l t s  b o t h  i n d i c a t e  
t h a t  b o u n d a r y  l a y e r  e f f e c t s  on  t h e  e x i t  M a c h  n u m b e r  f o r  n i t r o g e n  a t  
Pc = 100 p s i a  a r e  n e g l i g i b l e .  T h e  a c t u a l  M a c h  n u m b e r  d i s t r i b u t i o n  a c r o s s  
t h e  e x i t  p l a n e  c o u l d  no t  be  d e t e r m i n e d  b e c a u s e  of  t h e  s m a l l  s i z e  of  t h e  
n o z z l e .  T h e  t r e n d  in  t h e  p i t o t  r e s u l t s  f o r  a r g o n  is  i n c o n c l u s i v e  b e c a u s e  
o f  p o s s i b l e  c o n d e n s a t i o n  in  a l l  n o z z l e s .  E x i t  M a c h  n u m b e r s  f o r  a r g o n  
c o u l d  n o t  be  d e t e r m i n e d  b e c a u s e  s t a t i c  p r e s s u r e  w a s  n o t  m o n i t o r e d  a n d  
c a n n o t  b e  i n f e r r e d  f r o m  Ppitot/Pc s i n c e  i s e n t r o p i c  t h e o r y  i s  n o t  a p p l i -  
c a b l e  if  c o n d e n s a t i o n  s h o c k s  o c c u r  in  t h e  n o z z l e .  

6.2 EXHAUST FLOW FIELD-NITROGEN 

C o n s t a n t  f o r c e  c o n t o u r s  f o r  N2 s u g g e s t  t h a t  n o n c o n d e n s e d  f l o w  
e x i s t e d  f o r  a l l  a r e a  r a t i o  n o z z l e s  s i n c e  a l l  f o r c e s  f e l l  i n s i d e  t h e  t h e o r e t i -  
c a l  m a x i m u m  e x p a n s i o n  a n g l e .  T h e  f l a t  p l a t e  r e s u l t s  c o v e r  t h e  p l u m e  
e x p a n s i o n  up  to  a m e a n  f r e e  p a t h  of  a p p r o x i m a t e l y  5 c m  (K,  = 2 f o r  1 - i n .  
f l a t  p l a t e }  b a s e d  on  t h e  a s s u m p t i o n  p~, = c o n s t a n t .  

T h e  1 - i n .  f l a t  p l a t e  r e s u l t s  s h o w  a g r e e m e n t  w i t h  t h e  p r e d i c t i o n s  
e x c e p t  n e a r  t h e  a x i s  w h e r e  t h e  m e a s u r e d  d e n s i t y  i s  l o w e r  t h a n  p r e d i c t e d .  
C o m p u t a t i o n  d i f f i c u l t i e s  w i t h  t h e  m e t h o d  of  c h a r a c t e r i s t i c s  a l o n g  t h e  
c e n t e r l i n e  m a y  a c c o u n t  f o r  p a r t  of  t h i s  d e v i a t i o n .  C h a r a c t e r i s t i c s  p r e -  
d i c t i o n s  in  t h i s  r e g i o n  w e r e  a p p r o x i m a t e d  b y  f a i r i n g  f r o m  t h e  o u t e r  
p o r t i o n s  o f  e a c h  c u r v e .  In F i g .  29a ,  t h e  (I.'/A)Pc. = 2 . 5  x 10 -5  c o n t o u r  
f o r  Pr = 35 p s i a  s h o w s  t h e  t r e n d  of  t h e  f o r c e  f i e l d  w i t h  d e c r e a s i n g  n o z z l e  
c h a m b e r  p r e s s u r e .  T h e  o u t w a r d  s h i f t  of  t h e  2 . 5  x 10 -5  c o n t o u r  i s  p r e -  
d i c t e d  by  t h e  o u t w a r d  s h i f t  of  t h e  t h e o r e t i c a l  c o n t o u r  w i t h  i n c r e a s i n g  
K n u d s e n  n u m b e r .  T h e  e x p e r i m e n t a l  c o n t o u r s  (P~ = 100, 35} s h o w  t h e  
s a m e  t r e n d  a s  t h e  c o r r e s p o n d i n g  t h e o r e t i c a l  c o n t o u r s .  

T h e  1 / 4 - i n .  f l a t  p l a t e  r e s u l t s  s h o w  h i g h e r  d e n s i t y  t h a n  p r e d i c t e d  
n e a r  t h e  a x i s  a n d  a l o w e r  d e n s i t y  t h a n  p r e d i c t e d  in  t h e  o u t e r  p o r t i o n s  of  
t h e  p l u m e .  T h e  d i s a g r e e m e n t  in  t h e  o u t e r  p o r t i o n  c o u l d  h a v e  b e e n  
c a u s e d  b y  t h e  b o u n d a r y  l a y e r  e f f e c t s  a n d / o r  b y  t h e  f o r c e  g r a d i e n t  on  t h e  
f l a t  p l a t e .  T h e  f l o w  i m p i n g e m e n t  on  t h e  s u p p o r t i n g  b e a m  w o u l d  r e s u l t  
in  f o r c e s  t h a t  a r e  a p p r o x i m a t e l y  12 p e r c e n t  h i g h  ( s e e  T a b l e  I). 

A x i a l  d i s t r i b u t i o n  of  t h e  f l a t  p l a t e  f o r c e  s h o w s  t h e  e f f e c t s  o f  v a r y i n g  
s t a g n a t i o n  p r e s s u r e ,  t h e r e b y  c h a n g i n g  t h e  K n u d s e n  n u m b e r  a n d  d r a g  
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c o e f f i c i e n t .  T h e  e f f e c t  is  in the  e x p e c t e d  d i r e c t i o n  wi th  the  l o w e r  s t a g n a -  
t i on  p r e s s u r e  y i e l d i n g  a h i g h e r  (F /A)Pc .  T h e  e f f e c t  of p l a t e  s i z e  on the  
K n u d s e n  n u m b e r  (and C D) iS in the  a n t i c i p a t e d  d i r e c t i o n ,  a l t h o u g h  the  d i f -  
f e r e n c e  in the  r e s u l t s  c a n n o t  e n t i r e l y  be a c c o u n t e d  f o r  by t he  e f f e c t s  of  
p l a t e  s i z e  a l o n e .  E v e n  ff t a r e  e f f e c t s  a r e  t a k e n  in to  a c c o u n t ,  t he  1 / 4 - i n .  
f i a t  p l a t e  r e s u l t s  (Ae/A* = 3.73----- 207) i n d i c a t e  a h i g h e r  d e n s i t y  wh i l e  t h e  
1- in .  f l a t  p l a t e  i n d i c a t e s  a l o w e r  d e n s i t y  t h a n  p r e d i c t e d .  T h i s  d i s c r e p a n c y  
c o u l d  be due to a s y s t e m a t i c  e r r o r ,  i . e . ,  a z e r o  sh i f t  o r  a n o n l i n e a r i t y  
w h i c h  is  l a r g e r  t h a n  the  m a g n i t u d e  a s s u m e d .  T h e  i n d i c a t e d  d e n s i t y  by bo th  
f l a t  p l a t e s  f o r  the  s o n i c  o r i f i c e  is  h i g h e r  t han  p r e d i c t e d  by S h e r m a n  
(Ref .  13). 

T h e  s t r e a m l i n e  d i r e c t i o n s  i n d i c a t e d  by the  v a n e s  a l i g n  wi th  the  p r e -  
d i c t e d  d i r e c t i o n s .  T h e  s t r e a m l i n e s  b e c o m e  l i n e a r ,  a s  in s o u r c e  f low,  
a s h o r t  d i s t a n c e  f r o m  t h e  n o z z l e  ex i t .  T h e  a p p a r e n t  s o u r c e  p o s i t i o n  
v a r i e s  w i th  a r e a  r a t i o .  T h e  s t r e a m l i n e  v a n e  m i s a l i g n m e n t  in the  o u t e r  
p o r t i o n s  of the  f low f i e l d  is  l a r g e  b e c a u s e  of low m o m e n t u m  f low and  s t a t i c  
m o m e n t s  on the  v a n e s .  

T h e  a g r e e m e n t  of t he  c o n s t a n t  f o r c e  c o n t o u r s  wi th  the  p r e d i c t i o n s  in 
the  o u t e r ,  n e a r  f r e e  m o l e c u l e ,  p o r t i o n  of t he  p l u m e  i n d i c a t e s  tha t  the  
m e t h o d  of c h a r a c t e r i s t i c s  is  u s e f u l  f o r  f r e e  e x p a n s i o n s  f r o m  i n i t i a l  c o n -  
t i n u u m  c o n d i t i o n s  in to  a r a r e f i e d  e n v i r o n m e n t .  F l o w  v e l o c i t y  and d i r e c -  
t i on  a r e  e s t a b l i s h e d  in the  c o n t i n u u m  ( n e a r  t he  exi t )  f low r e g i m e .  F o r  
y = 1 .4 ,  99 p e r c e n t  Vmax is  r e a c h e d  by M = 16 w h i c h  o c c u r s  in the  c o n -  
t i n u u m  r e g i o n  of the  p l u m e s  i n v e s t i g a t e d .  

E v e n  t h o u g h  M a c h  n u m b e r  and  t e m p e r a t u r e  a r e  f r o z e n  at  s o m e  
po in t  in the  f i e ld ,  d e n s i t y  c a n  s t i l l  be p r e d i c t e d  f r o m  v e l o c i t y  and  m a s s  
f low.  T h e  n o r m a l  f l a t  p l a t e ,  w h i c h  m e a s u r e s  m o m e n t u m ,  is  t h e n  a d e n -  
s i t y  i n d i c a t o r  s i n c e  v e l o c i t y  is  e s s e n t i a l l y  c o n s t a n t .  T h e  s i m i l a r i t y  of 
the  c o n t i n u u m  and f r e e  m o l e c u l a r  f low r e l a t i o n s  is  d i s c u s s e d  in S e c -  
t i on  2 . 1 .  

6.3 EXHAUST FLOW FIELD-ARGON 

T h e  r e s u l t s  f o r  a r g o n  a r e  p r e s e n t e d ,  e v e n  t h o u g h  no d i r e c t  c o m -  
p a r i s o n  wi th  c h a r a c t e r i s t i c s  p r e d i c t i o n s  of the  p r e s e n t  p r o g r a m  is  p o s -  
s i b l e .  T h e  s o n i c  o r i f i c e  ax ia l  d i s t r i b u t i o n  of f l a t  p l a t e  f o r c e  is  c o m p a r e d  
w i th  the  p r e d i c t i o n s  of S h e r m a n  (Ref .  13). 

T h e  c o n s t a n t  f o r c e  m a p s  f o r  At/A* = 12 .8  to 207 s h o w  e x p a n s i o n  
a n g l e s  g r e a t e r  t h a n  t he  m a x i m u m  e x p a n s i o n  w h i c h  s u g g e s t s  c o n d e n s a t i o n ;  
h o w e v e r ,  Ae/A* = 1 .0  and  3 . 7 3  did  not .  D e c r e a s i n g  the  s t a g n a t i o n  p r e s -  
s u r e  in the  Ae/A*= 12. 8 n o z z l e  did not  c a u s e  a s i g n i f i c a n t  d e c r e a s e  in the  
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expans ion ;  th i s  i n d i c a t e s  tha t  the  c o n d e n s a t i o n  s h o c k  w a s  not p o s i t i o n e d  
n e a r  the  exi t .  D e c r e a s i n g  the s t a g n a t i o n  p r e s s u r e  would  i n c r e a s e  the  
s u p e r s a t u r a t i o n  of the  f low, t h e r e b y  p o s i t i o n i n g  the c o n d e n s a t i o n  s h o c k  
f a r t h e r  d o w n s t r e a m  in the n o z z l e .  The  s i m i l a r i t y  of the  Ae/A * = 3 .73  
c o n s t a n t  f o r c e  m a p s  f o r  n i t r o g e n  and a r g o n  shou ld  be  no ted .  The  s i m i -  
l a r i t y  was  not  a n t i c i p a t e d  b e c a u s e  of the  d i f f e r e n t  e x p a n s i o n  p r o p e r t i e s  
of the two g a s e s .  

The  ax ia l  d i s t r i b u t i o n  of f la t  p l a t e  f o r c e  f o r  A , . . . " A  ~ = 1 .0  i n d i c a t e s  
a h i g h e r  d e n s i t y  f o r  both p l a t e s  than  c a l c u l a t e d  by S h e r m a n  (Ref.  13). 
A s l igh t  K n u d s e n  n u m b e r  e f f ec t  is  i n d i c a t e d  with  the  c h a n g i n g  p l a t e  s i z e  
and s t a g n a t i o n  p r e s s u r e ,  w h e r e a s  t h e o r e t i c a l  c a l c u l a t i o n s  i n d i c a t e d  no 
e f f ec t  on the  K n u d s e n  n u m b e r .  

The  s t r e a m l i n e s  i n d i c a t e d  by the v a n e s  a l ign  we l l  wi th  the  e s t i -  
m a t e d  s t r e a m l i n e s ,  wh ich  a r e  l i n e a r  e x t e n s i o n s  of the c a l c u l a t e d  s t r e a m -  
l i n e s .  

E v e n  though Mach  n u m b e r  is not a p h y s i c a l l y  s i g n i f i c a n t  quan t i t y  in 
f r e e  e x p a n s i o n  a n a l y s e s ,  the m e t h o d  of c h a r a c t e r i s t i c s  r e l a t i o n s  in-  
vo lv ing  Mach n u m b e r  s t i l l  y i e l d  m e a n i n g f u l  d e n s i t y  p r e d i c t i o n s .  The 
f low f i e l d s  t e s t e d  e s s e n t i a l l y  b e c o m e  s o u r c e - l i k e  e a r l y  in the e x p a n s i o n ;  
i . e . ,  the  d e n s i t y  v a r i e s  i n v e r s e l y  with  the  s q u a r e  of the d i s t a n c e .  

SECTION VII 
CONCLUSIONS 

The analysis of a flow field expanding to low background pressures 
and the experimental results have demonstrated that: 

I. The method of characteristics yields accurate density predictions 
for expansions from continuum to the rarefied flow regimes if 
(a) the transition to free molecular f]ow takes place in the source- 
like flow region and (b) condensation does not occur in the con- 
tinuum or transition region. 

2. Condensation in the nozzle apparently causes expansion greater 
than predicted for argon. 

3. The normal flat plate technique is a useful tool for rarefied flow 
investigations and is limited primarily by force balance sensitivity. 

4. The light streamline vane is useful for determining flow direction 
in the continuum and transition regimes. 
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TABLE I 
SYSTEMATIC ERROR OF FORCE BALANCE 

Pc ( ~'~.' :I AF (Ib) Ape A [ (F/A)/Pc ] 1/4'" Flat Plate A[(F/A)/Pc] l" Flat Plate 

100  "±.5 x 10 - 4  ± . 5 %  _+ . 8  x 10 - 5  ,+ . 5  x 10 - 6  

50 ! . 5  x 10 - 4  ~ . 5 %  _+.16 x 10 - 5  % 1 . 0  x 10 - 6  

35 +_.5 x 10 - 4  + . 5 %  _+2.4 x 10 - 5  __.1.5 x 10 - 6  

NOTE: Additional frontal area exposed to the flow for the 1/4" x I/4" flat plate by the 
supporting beam is 0.0078 sq. in. Therefore, the 1/4" x 1/4" flat plate readings 
are estimated to be 12'~ high. (See Fig. 17) 
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APPENDIX I 
CONDENSATION IN SUPERSONIC NOZZLE FLOW 

When an i d e a l  gas  expands  i s e n t r o p i c a l l y  t h r o u g h  a n o z z l e ,  the  t e m -  
p e r a t u r e  and p r e s s u r e  d e c r e a s e  s u c h  tha t  P / (T)Y/ r -  ' = Cons t .  Th i s  
i s e n t r o p e  wi l l  c r o s s  the s a t u r a t e d  v a p o r  p r e s s u r e ,  Pv = f(T) , on a 
P - T p lane  and  the  gas  wi l l  t end  to c o n d e n s e  in l i qu id  o r  s o l i d  d r o p -  
l e t s .  The  a m o u n t  of s u p e r s a t u r a t i o n  tha t  can  be s u s t a i n e d  b e f o r e  con -  
d e n s a t i o n  is o b s e r v e d  has  b e e n  the s u b j e c t  of a g r e a t  dea l  of t h e o r e t i c a l  
and e x p e r i m e n t a l  w o r k .  The  e x p e r i m e n t a l  da ta  f r o m  v a r i o u s  wind  tun-  
n e l s  show the  a m o u n t  of s u p e r s a t u r a t i o n  that  can  be t o l e r a t e d  in t e r m s  
of the e f f e c t s  on c e r t a i n  m e a s u r a b l e  q u a n t i t i e s  f o r  the  s p e c i f i c  n o z z l e .  
The  o p e r a t i n g  l i m i t s  fo r  the  f a c i l i t i e s  a r e  s a t i s f a c t o r i l y  de f ined .  How-  
e v e r ,  the  g e n e r a l i z a t i o n  of t h e s e  r e s u l t s  to p r e d i c t  c o n d e n s a t i o n  f o r  
a r b i t r a r y  c o n d i t i o n s  is not p o s s i b l e .  The  c l a s s i c a l  t h e o r y  of c o n d e n s a -  
t ion  o u t l i n e d  be low is a va l id  d e s c r i p t i o n  of the  p h e n o m e n o n  at h i g h e r  
p r e s s u r e s ,  but it a p p e a r s  to g ive  a m b i g u o u s  r e s u l t s  in the u s u a l  wind 
t unne l  o p e r a t i n g  r a n g e .  

THE CLASSICAL CONDENSATION THEORY 

R e f e r e n c e s  1 and 2 d i s c u s s  the  t h e o r y  of c o n d e n s a t i o n  in i s e n t r o p i c  
e x p a n s i o n s  d e v e l o p e d  by O s w a t i t s c h ,  V o l m e r ,  B e c k e r  and Dor ing ,  
F r e n k e l  and o t h e r s  to a c c o u n t  f o r  o b s e r v a t i o n s  in s u p e r s o n i c  wind  tun-  
n e l s .  When the  gas  is in a s u p e r s a t u r a t e d  s t a t e ,  d r o p l e t s  wi l l  f o r m  by 
the  a g g r e g a t i o n  of m o l e c u l e s  and the  t r a n s f e r  of the  hea t  c o n d e n s a t i o n  by 
the s u r r o u n d i n g  gas .  The s i z e  and r a t e  of f o r m a t i o n  of t h e s e  d r o p l e t s  is  
p r e d i c t e d  f r o m  the t h e o r y .  The  c o n c e p t  of the  c r i t i c a l  d r o p l e t  s i z e  is  
e s s e n t i a l  to the t h e o r y  s i n c e  it is  the  f o r m a t i o n  r a t e  and g r o w t h  r a t e  of 
t h e s e  tha t  d e t e r m i n e  c o n d e n s a t i o n .  

The  c r i t i c a l  d r o p l e t  is of a s i z e  tha t  it is  u n s t a b l e  wi th  r e s p e c t  to 
the  s u r r o u n d i n g  s a t u r a t e d  v a p o r ;  if a m o l e c u l e  e v a p o r a t e s ,  the  c r i t i c a l  
d r o p l e t  wi l l  con t inue  to s h r i n k ,  o r  if one  is  a d d e d  it wi l l  g row.  When  
d r o p l e t s  of c r i t i c a l  s i z e  a r e  f o r m e d ,  c o n d e n s a t i o n  p r o c e e d s  r a p i d l y .  
Both  the  c r i t i c a l  r a d i u s  and r a t e  of f o r m a t i o n  of d r o p l e t s  of c r i t i c a l  s i z e  
d e p e n d  upon the  s t a t e  of the gas  and the  s u r f a c e  t e n s i o n  wh ich  b inds  a 
m o l e c u l e  to the d r o p l e t :  

rcrh 
2 e V  t 

KT In P/Poo c r i t i c a l  radius 

r )2 
l dN _ 4 P ( r c r i t ) s  12~o"  4 n o  (rcrlt 
N d t 3 K T ~ r-n" 3 K T 

r a t e  of c o n d e n s a t i o n  
f r a c t i o n  
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w h e r e :  u = S u r f a c e  t e n s i o n  

%% -- V o l u m e  of  m o l e c u l e  in  l i q u i d  

m = Mass of molecule in liquid 

P~ = E q u i l i b r i u m  v a p o r  p r e s s u r e  a t  T 

T & P = T e m p e r a t u r e  a n d  p r e s s u r e  of  s u p e r s a t u r a t e d  v a p o r  

T h e  s i t u a t i o n  on  a P - T p l a n e  i s  s h o w n  s c h e m a t i c a l l y  in  t h e  f i g u r e  
be lo 'w:  

Pressure fly /-'~-Saturation 

~'~ ] I rcrit ~1~zn. N 2 
/ / / M o l e c u l e  R a d i i  

Temperature 

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

I dN = 1 a n d  106 p e r  s e c o n d .  K n o w i n g  t h e  f l o w  v e l o c i t y ,  o n e  c a n  lines N ~, 

calculate the fraction of the flow condensed by integrating along the isen- 
trope. Lowering the supply pressure or increasing stagnation tempera- 
ture shifts the isentrope from ;, to 12 and evidently increases the amount 
of supersaturation. It is also evident that the critical droplet radius is de- 
creased at the point where appreciable formation rates are encountered. 

T h e  l a s t  o b s e r v a t i o n  a n d  t h e  a b s e n c e  of  a n y  e v i d e n c e  of  c o n d e n s a t i o n  
in  t h e  N O L  w i n d  t u n n e l  l e a d  B o g d o n o f f  a n d  L e e s  (Re f .  I)  to  p o s t u l a t e  a 
b r e a k d o w n  of  t h e  t h e o r y  w h e n  t h e  d r o p l e t  r a d i u s  i s  s m a l l ,  i . e . ,  of  t h e  
o r d e r  of  t h e  g a s  m o l e c u l e  r a d i u s .  F o r  s m a l l  d r o p l e t s  t h e  s u r f a c e  t e n s i o n  
i s  r e d u c e d  f r o m  t h a t  i n  an  i n f i n i t e  b o d y  of  l i q u i d  b e c a u s e  f e w e r  m o l e c u l e s  
a r e  n e a r  a s u r f a c e  m o l e c u l e  on a s u r f a c e  of  s m a l l  r a d i u s .  T h i s  l e a d s  to  
t h e  c o n c l u s i o n  t h a t  d r o p l e t s  p r e d i c t e d  b y  t h e  t h e o r y  a r e  s m a l l e r  t h a n  
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c r i t i c a l  s i z e  a n d  t h e r e f o r e  t h e y  e v a p o r a t e  r a p i d l y  i n s t e a d  of  g r o w i n g .  
A c u t - o f f  in  t h e  n u c l e a t i o n  r a t e  w i l l  a p p e a r  w h e n  t h e  p r e d i c t e d  d r o p l e t  
r a d i u s  i s  s m a l l  a s  i n d i c a t e d  on t h e  s k e t c h  a b o v e .  T h e r e f o r e ,  w h e n  a n  
i s e n t r o p e  i n t e r s e c t s  t h e  s a t u r a t i o n  c u r v e  b e l o w  a f i x e d  t e m p e r a t u r e ,  
c o n d e n s a t i o n  w i l l  no t  o c c u r  a t  a l l .  

A m o d i f i c a t i o n  of  t h e  c l a s s i c a l  t h e o r y  i s  g i v e n  b y  S t e v e r  a n d  
R a t h b u n  (Ref .  2) in  w h i c h  t h e  e f f e c t  of  d r o p l e t  r a d i u s  on  s u r f a c e  t e n s i o n  
i s  c o m p u t e d .  T h e  r e s u l t  of  t h i s  r e f i n e m e n t  i s  to  s h i f t  b o t h  t h e  l i n e s  of  
c o n s t a n t  c r i t i c a l  d r o p l e t  r a d i u s  a n d  c o n d e n s a t i o n  r a t e  t o w a r d  t h e  s a t u r a -  
t i o n  l i n e .  T h e r e f o r e ,  t h e  a m o u n t  of  s u p e r s a t u r a t i o n  e s t i m a t e d  i s  c o n -  
s i d e r a b l y  l e s s  t h a n  t h e  o r i g i n a l  t h e o r y  f o r  c o n s t a n t  s u r f a c e  t e n s i o n  w o u l d  
e s t i m a t e .  E x p e r i m e n t a l  r e s u l t s  w e r e  p r e s e n t e d  w h i c h  t e n d e d  to  s u b -  
s t a n t i a t e  t h e  m o d i f i e d  t h e o r y ,  a n d  i t  w a s  s u g g e s t e d  t h a t  t h e  o b s e r v a t i o n s  
of  R e f .  1 w e r e  i n s e n s i t i v e  to  t h e  e x i s t e n c e  of c o n d e n s a t i o n .  H o w e v e r ,  
t h e  b r e a k d o w n  of  t h e  t h e o r y  f o r  s m a l l  d r o p l e t s  i s  n o t  p r e c l u d e d ,  a n d  two  
of  t h e  d a t a  p o i n t s  a p p e a r  t o  s u b s t a n t i a t e  i t .  

EXPERIMENTAL CONDENSATION RESULTS 

T h e  m o s t  r e c e n t  c o m p i l a t i o n  of  w i n d  t u n n e l  d a t a  c o n c e r n i n g  c o n -  
d e n s a t i o n  a r e  f r o m  D a u m  (Ref .  3). F i g u r e  I -1  s h o w s  t h e  d a t a  of  t h i s  
r e p o r t  a n d  s o m e  a d d i t i o n a l  p o i n t s  f r o m  A E D C  w i n d  t u n n e l  e x p e r i e n c e .  
I s e n t r o p i c  l i n e s ,  t h e  c o n d e n s a t i o n  r a t e ,  a n d  c r i t i c a l  d r o p l e t  c o n t o u r s  
f r o m  t h e  t h e o r y  of  R e f .  2 a r e  a l s o  i n c l u d e d .  T h e s e  d a t a  s u p p o r t  t h e  
n u c l e a t i o n  t h e o r y  of  R e f .  2 a s  w e l l  a s  t h e  h y p o t h e s i s  of  B o g d o n o f f  a n d  
L e e s ,  a t  l e a s t  to  t h e  e x t e n t  of  i n d i c a t i n g  m u c h  h i g h e r  s u p e r s a t u r a t i o n s  
w h e n  t h e  i s e n t r o p e  c r o s s e s  t h e  s a t u r a t i o n  c u r v e  l o w e r  t h a n  10 m m  H g  
p r e s s u r e .  T h i s  o c c u r s  w h e n  t h e  d r o p l e t  r a d i u s  i s  l e s s  t h a n  a b o u t  
3 n i t r o g e n  m o l e c u l e  r a d i i  a t  h i g h  n u c l e a t i o n  r a t e s .  It i s  i n t e r e s t i n g  to  
o b s e r v e  t h a t  t h e  l i m i t  of  t h e  d a t a  f a l l s  a l o n g  a s i n g l e  i s e n t r o p e  w h i c h  i s  
a l i t t l e  b e l o w  t h e  p o i n t  w h e r e  t h e  t h e o r y  a p p e a r s  to  be  i n v a l i d .  T h e  l a c k  
of  d a t a  b e l o w  t h i s  l i m i t i n g  i s e n t r o p e  i s  t h e  r e s u l t  of  (1) l i m i t a t i o n  of  w i n d  
t u n n e l  o p e r a t i n g  c h a r a c t e r i s t i c s  o r  (2} d e n s i t i e s  t o o  l o w  to  m a k e  r e l i a b l e  
m e a s u r e m e n t s .  

T h e  q u a n t i t a t i v e  c o r r e l a t i o n  of  w i n d  t u n n e l  d a t a  i s  r e n d e r e d  d i f f i c u l t  
by  t h e  v a r i e t y  of  m e t h o d s  u s e d  to  d e t e c t  t h e  o n s e t  of  c o n d e n s a t i o n .  In  
R e f .  1 a c o n d e n s a t i o n  s h o c k  ( o r  a b s e n c e  of  it} w a s  a n t i c i p a t e d  to  b e  o b -  
s e r v a b l e  b y  t h e  s c h l i e r e n  s y s t e m .  In R e f .  2 c o n d e n s a t i o n  e f f e c t s  w e r e  
o b s e r v e d  (1) in  t h e  n o z z l e  w a l l  s t a t i c  p r e s s u r e ,  (2} in  t h e  s h o c k  w a v e  
a n g l e  on  a 5 . 5  ° w e d g e ,  a n d  (3) in  t h e  d i s p e r s i o n  of  l i g h t  b y  d r o p l e t s  in  t h e  
f l o w .  T h e  d e v i a t i o n  of  s t a t i c  a n d  p i t o t  p r e s s u r e s  a s  t h e  t o t a l  t e m p e r a t u r e  
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w a s  l o w e r e d  w a s  u s e d  in  R e f .  3 to  i n d i c a t e  t h e  o n s e t  o f  c o n d e n s a t i o n .  
R e f e r e n c e  4 u s e d  t h e  n o z z l e  w a l l  s t a t i c  p r e s s u r e  a n d  o b s e r v e d  no  m e a s -  
u r a b l e  e f f e c t  on  p i t o t  p r e s s u r e .  In R e f .  5 t h e  dev ia t io r . ,  of  t h e  s u r f a c e  
p r e s s u r e  on  a n  o g i v e - c y l i n d e r  w a s  o b s e r v e d .  R e f e r e n c e  6 e m p l o y s  t h e  
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  d e r i v e d  f r o m  an  e x t r a p o l a t i o n  of  f l a t  p l a t e  
i n d u c e d  p r e s s u r e s  to  a n  i n f i n i t e  d i s t a n c e  d o w n s t r e a m .  'All t h e  m e t h o d s  
a r e  i n d i r e c t  m e a s u r e m e n t s  a n d  a r e  t h e r e f o r e  m o r e  o r  l e s s  r e l a t e d  t o  
c o n d e n s a t i o n  i t s e l f .  F u r t h e r ,  t h e  r e g i m e  of  i n t e r e s t  in  t h e  p r e s e n t  e x -  
p e r i m e n t  (Tc = 300°K, Pc = 1 - 7 a t m )  l i e s  in  t h e  a r e a  o f  c o n d e n s a t i o n  

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

A KINETIC MODEL METHOD OF CORR ELATING CONDENSATION DATA 

S i n c e  t h e r e  i s  no  r e l i a b l e  g u i d e  in  t h e  c o n v e n t i o n a l  n u c l e a t i o n  t h e o r y ,  
a s i m p l e  k i n e t i c  m o d e l  a p p e a r s  to  be  j t i s t i f i e d ;  t h i s  i s  t o  c o u n t  t h e  n u m -  
b e r  o f  m o l e c u l a r  c o l l i s i o n s  in a n  i s e n t r o p i c  e x p a n s i o n  F r o m  t h e  p o i n t  o f  
s a t u r a t i o n  to  c o n d e n s a t i o n  in  o r d e r  t o  c o r r e l a t e  t h e  e x p e r i m e n t a l  d a t a .  
T h e  c o l l i s i o n  f r e q u e n c y  c a n  be  c a l c u l a t e d  u s i n g  a r i g i d  s p h e r e  m o d e l :  

d,  = T = po 

~" = M e a n  m o l e c u l a r  v e l o c i t y  

= M e a n  f r e e  p a t h  

P = D e n s i t y  

T = T e m p e r a t u r e  

Sub o = S t a n d a r d  T a n d  P 

Sub c = N o z z l e  r e s e r v o i r  

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

.•VY21 d N dN I dN d, ( 2 )  

dx U dt a~ U 
~ rfl 8X 

U = S t r e a m  s p e e d  

ac 

U,.ax 

R e s e r v o i r  acoustic s p e e d  

[ 2 . I - - - -  ac -- L i m i t  s p e e d  
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T h e n ,  

f ' 
Pc u.,..~ ~ l- T -  d (3)  

AN = k 7 ~ -  £ u P'r, X,'To 

(;), 

[ y -  I Vo 
i s  t h e  n u m b e r  o f  c o l l i s i o n s  b e t w e e n  x~ a n d  x2 • K = %~ 2 Ao a,, 

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

f u n c t i o n  of  t h e  n o z z l e  a r e a  r a t i o ,  i t  i s  c o n v e n i e n t  t o  t r a n s f o r m  t h e  e q u a -  
t i o n  b y  t a k i n g  a n  a r e a  r a t i o - d i s t a n c e  r e l a t i o n  o f  t h e  f o l l o w i n g  f o r m :  

n 

A* 

a n d  d e f i n i n g  t h e  c o n s t a n t  s u c h  t h a t  ~,0 c o r r e s p o n d s  t o  a n  a r e a  r a t i o  o f  10.  

T h e n  t h e  n u m b e r  o f  c o l l i s i o n s  b e t w e e n  a n  a r e a  r a t i o  o f  10 a n d  A i s  - ~ -  

A/A* 

' /  (-:.) ( ~--~- = _ f 

i A a - - l / n  k -p-y,g,o .(9) I / "  .W ~ - 

f f A__A._~= Umax p T 
w h e r e  ~,A*J U Pc: "['e 

The exponent, , is nearly unity for two-dimensional nozzles, two 
for conical, and generally larger for the free expansion of a jet into a 
vacuum. Figure I-2 shows the effects of y and n on the collision num- 

ber for several examples. 

The theory above is at least qualitatively in agreement with observa- 
tion. Equation(4)shows that a reduction of the reservoir density pc: Po 
results in greater supersaturation. The linear effect of nozzle size (£~0) 
is evident in comparing the greater degree of supersaturation (- 25°K) 
observed in a small nozzle (- 13 cm long) in Ref. 4 compared to Ref. 5 
(- 6 m long nozzle) where it was only a degree or two. It is interesting 
to observe that the integral has a finite limit; therefore, expansions from 
a low density reservoir or a small nozzle could be expected to continue 
to infinity without the occurrence of condensation. As might be antici- 
pated, the more rapid the expansion, (n > i), the fewer are the col- 
lisions and therefore greater supersaturation should occur. The reason 
for a smaller number of collisions with larger ratio of specific heats, y, 

is that for a fixed expansion (-~.) the temperature drops further. 

To correlate condensation results, it is necessary to compute the 
area ratios at saturation and at condensation and take the difference in 

AN. 
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ESTIMATE OF THE PROBABILITY OF CONDENSATION IN THE PRESENT EXPERIMENTS 

In  t h e  p r e s e n t  e x p e r i m e n t s ,  c o n i c a l  n o z z l e s  w i t h  a r e a  r a t i o s  up  to  
200  w e r e  u s e d .  A r g o n  a n d  n i t r o g e n  w e r e  t h e  t e s t  g a s e s  a t  a r e s e r v o i r  
t e m p e r a t u r e  a b o u t  300°K a n d  p r e s s u r e s  f r o m  0 . 7  to  7 a t m .  It w a s  o b -  
s e r v e d  in  a p r e v i o u s  t e s t  (Re f .  A E D C - T D R - 6 4 - 1 2 4 )  t h a t  t h e  e x h a u s t  
p l u m e  of  n i t r o g e n  w a s  a p p r o x i m a t e l y  t h e  s h a p e  c a l c u l a t e d  b y  t h e  m e t h o d  
of  c h a r a c t e r i s t i c s  w h e r e a s  a r g o n  h a d  a m u c h  w i d e r  e x p a n s i o n .  It  w a s  
s u g g e s t e d  t h a t  a c o n d e n s a t i o n  s h o c k  r e d u c e d  t h e  e x i t  M a c h  n u m b e r  in  
a r g o n ,  b u t  i t  w a s  a b s e n t  in  n i t r o g e n .  T h e  c l a s s i c a l  n u c l e a t i o n  t h e o r y  
g i v e s  t h e  f o l l o w i n g  r e s u l t s  f o r  A/A* = 70:  

r c r i t  

A r g o n  

1 . 0 9  x 10 - 8  c m  

N i t r o g e n  

2 . 3 4  x 10 - 8  c m  C r i t i c a l  R a d i u s  

l dN 2 26 x 1 0 4 / s e c  8 . 9 5  x 1 0 4 / s e c  
N d t  

0. 13 c m  0 . 6 7  c m  Ax 
t 

~ v , p ~  2 . 7 4  3 . 2 7  

] ~(--~-t ) A, 
N ~'~cc/M 

1.44 x 104 3 . 2 8  x 104 

Rate of Condensation 

Distance from Satu- 
ration t o  E x i t  

P r o p o r t i o n a l  to  

P r o p o r t i o n a l  to  
C o n d e n s a t i o n  

T h e s e  f i g u r e s  i n d i c a t e  p r a c t i c a l l y  t h e  s a m e  d e g r e e  of  c o n d e n s a t i o n  
f o r  b o t h  g a s e s  a n d  g i v e  no  c l u e  to  t h e  d i v e r g e n t  r e s u l t s  o b s e r v e d .  H o w -  
e v e r ,  t h e  c r i t i c a l  r a d i u s  i s  on  t h e  s a m e  o r d e r  a s  t h a t  o f  t h e  m o l e c u l e  a n d  
t h i s  i n d i c a t e s  t h e  n u c l e a t i o n  t h e o r y  i s  no t  a p p l i c a b l e  in  ~he r e g i m e  of  t h e s e  
e x p e r i m e n t s .  

R e c o u r s e  w a s  t h e n  m a d e  to  t h e  c o l l i s i o n  t h e o r y  of  t h e  p r e v i o u s  s e c -  
t i o n  b y  c o r r e l a t i n g  t h e  d a t a  of  D a u m  ( Re f .  3) f o r  n i t r o g e n .  F i g u r e  I - 3  
s h o w s  t h e  n u m b e r  of  c o l l i s i o n s  f o r  n i t r o g e n  a n d  a r g o n  in n o z z l e s  w i t h  
a r e a  r a t i o s  u p  to  200 .  T h e  d a t a  p o i n t s  o f  D a u m  a n d  Re f .  6 a r e  t a b u l a t e d  
b e l o w  in  t e r m s  of  n u m b e r  of  c o l l i s i o n s  b e t w e e n  s a t u r a t i o n  a n d  c o n d e n s a t i o n :  

Ref 3 

( A i r )  

Ref 6 

P,  "] c .XN.- :  AT 
(,i hi'] I~K ' K '*'I+. ; ~'[EAFL • l-,rl'l~.n I" 

1 5 . 5  6 2 2  1 , 0 7  x 10 - 2  14 5 P ] t o t  l - ' r e s s l , r e  I . ) e v t a t l a r t  

2 7 . 2  7 ~ 6  t 8 6 x  lO -2 . 8  3 
4 7 . ' r  ~ 3 3  t .  4 "  x 0 - 2  2 3  
b S , 0  ~ '33 1 . 0  x U] " 2  3 0  

P-----~-~ . 1 8 4  1 9 8  x 10  - 1  7 T u n c e l  I" IA,,o[. St ,~klc u 
(Amag< , ' . )  

" 1 P.4 4 .  B x I 0 "  I - :4.2 T J n n e l  I" F i d t  l " d t e  S t a t l c  

1 8 4  2 ,  4 x 1 O- 1 - 31) H o t  S h o t  [[ F L a t  P l a ~ e  S t . a t i c  
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If to  be c o n s e r v a t i v e  one  d i s r e g a r d s  t h e  l a s t  two  p o i n t s ,  t h e  s u p e r -  
s a t u r a t i o n  t e m p e r a t u r e  i n c r e m e n t  ATs - c c a n  be p l o t t e d  a s  a f u n c t i o n  of 
t he  n u m b e r  of  c o l l i s i o n s  ANs - c ,  w h i c h  g i v e s  t he  f o l l o w i n g  e s t i m a t e s  f o r  
t he  t e s t  n o z z l e s  w i t h  n i t r o g e n :  

eP 1" L 
(al.m) (oK) 

1 3(10 

6, 8 300  

1 0 . 0  300 

.%,"A ~ = 70 A.".% X = 200 

K 

1 . 4 7  x 10 - 3  
1 .52  x 10 -2  
2 . 6 5  x 10 -2  

..Vl" AT I -:% ~' 
(Cah') (Lxpans,on) [' I~ 

>3(l°K 15°K 2 . 1 8  x 10 -3  
22 22 2 . 0  x 10 -2 
15 24 [ 3 . 3 6  x 10 -2  

I 

~Cal¢) 

> 30°K 
16 
]2 

27~K 
34 
36 

F o r  t h e  t e s t  c o n d i t i o n s  f r o m  2 to 7 a t m  s u p p l y  p r e s s u r e ,  c o n d e n s a -  
t i o n  i s  not  e x p e c t e d  f o r  the  70:1 a r e a  r a t i o  n o z z l e  but  m a y  o c c u r  a t  t he  
h i g h e r  p r e s s u r e  in t h e  200:1 n o z z l e  

T h e  c a s e  f o r  a r g o n  is  i n c o n c l u s i v e  b e c a u s e  of a l a c k  of e x p e r i m e n t a l  
d a t a  of t he  t y p e  f o r  a i r  a n d  n i t r o g e n .  A c o m p a r i s o n  b e t w e e n  n i t r o g e n  a n d  

AN/K.~Io 

a r g o n  is  m a d e  b e l o w .  

N2 

A 

Pc A/A* = 70 A/A* = 200 

1 0 . 2 5  x 10 -2 0 . 4 4  x 10 -2  
10 4 . 4  x 10 -2 6 . 4  x 10 -2  

1 1 .73  x 10 -2 1 .88  x 10 -2 
I0  2 0 . 9  x 10 -2 2 2 . 4  x 10 -2 

A l t h o u g h  a r g o n  u n d e r g o e s  4 to  6 t i m e s  a s  m a n y  c o l l i s i o n s  at  t he  s a m e  
d e n s i t y ,  the  d e c r e a s e  in  d e n s i t y  of a r g o n  by  a f a c t o r  of 10 d id  not  a l t e r  t h e  
s h a p e  of  t h e  j e t  e x p a n s i o n .  T h e  n u m b e r  of c o l l i s i o n s  f o r  c o n d e n s a t i o n  in 
a m o n a t o m i c  g a s  is  e v i d e n t l y  d i f f e r e n t  f r o m  t h a t  f o r  a d i a t o m i c  one .  S y s -  
t e m a t i c  e x p e r i m e n t a t i o n  is  r e q u i r e d  to  p r o v i d e  c o n s i s t e n t  r e s u l t s  f o r  
c o r r e l a t i o n  b y  t h i s  m e t h o d .  
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APPENDIX II 
DRAG OF NORMAL FLAT PLATE FROM CONTINUUM TO 

FREE.MOLECULE FLOW CONDITIONS 

C o r r e l a t i o n  of f l o w  c h a r a c t e r i s t i c s  in the  j e t  e x h a u s t  t h r o u g h  m e a s -  
u r e m e n t  of  t he  f o r c e  on a p l a t e  n o r m a l  to the  f low r e q u i r e s  an e s t i m a t e  
of the  d r a g - c o e f f i c i e n t  o v e r  a w i d e  r a n g e  of f l ow r e g i m e , ~ .  A c t u a l  e x -  
p e r i m e n t a l  d a t a  in t he  t r a n s i t i o n  b e t w e e n  the  c o n t i n u u m  m o d e l  and  the  
f r e e - m o l e c u l e  r e g i m e  a r e  v e r y  l i m i t e d ,  and c o n s i s t e n t  t h e o r e t i c a l  
m e t h o d s  a r e  l a c k i n g .  T h e  m e t h o d  of e s t i m a t i n g  the  d r a g  c o e f f i c i e n t  is  to 
a s s e m b l e  e x p e r i m e n t a l  d a t a  g i v i n g  the  t r e n d s  wi th  d e p a r t u r e  f r o m  w e l l  
e s t a b l i s h e d  l i m i t s  of the  c o n t i n u u m  o r  f r e e  m o l e c u l e  f l ow r e g i m e s .  

CONTINUUM LIMIT 

H o e r n e r  (Ref .  1) s u m m a r i z e s  the  h igh  R e y n o l d s  n u m b e r  r e g i m e  d r a g  
d a t a  o b t a i n e d  f r o m  w i n d  t u n n e l s  a n d  b a l l i s t i c  r a n g e s .  A l t h o u g h  t h e s e  
d a t a  w e r e  o b t a i n e d  f r o m  d i s c s  and  s h o r t  c y l i n d e r s ,  t h e y  s h o u l d  be  a p p l i -  
c a b l e  in  t h e  h y p e r s o n i c  r e g i m e  of i n t e r e s t  b e c a u s e  bo th  s k i n  f r i c t i o n  and  
b a s e  d r a g  c o m p o n e n t s  a r e  n e g l i g i b l e .  In F i g .  I I -1  t h e  b a s e  d r a g  (M < 4} 
is  s u b t r a c t e d  ou t  and  p l o t t e d  s e p a r a t e l y .  

FREE MOLECULE LIMIT 

T h e  f r e e - m o l e c u l e  f o r m u l a s  of R e f .  2 c a n  be  w r i t t e n  f o r  t h e  f l a t  
p l a t e  w i t h  d i f f u s e  r e f l e c t i o n  at  t h e  w a l l  t e m p e r a t u r e ,  T,, a s :  

C D • , _  _ _  I - 7 - - ' ~ ' - - - - -  e 

[ I k/'-~, [ Y ~  V' T w / T T  ] + (1 
,2 2 "~1 y (U /Umex)  J 

-- errs ) 

U w h e r e  s - = 1 -y- M = S p e e d  r a t i o  
y" 2 B "1" \i 2 

TT = T o t a l  t e m p e r a t u r e  

y = R a t i o  of s p e c i f i c  h e a t s  
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The  subs t i t u t i on ,  

Tw y -  1 s z Tw 
"I" y ( l I / l lmax ) TT 

has  been  m a d e  fo r  c o n v e n i e n c e  in c o m p u t a t i o n .  The a d i a b a t i c  wal l  cond i -  
t ion,  TAw = r TT, is shown in F ig .  I I - I  fo r  the  r e c o v e r y  f a c t o r ,  

r - Y f ( s )  
y + ]  

y = 1.4 and f(s~ is given in Ref. 2. 

TRANSITION REGIME (LOW REYNOLDS NO. VISCOUS EFFECTS) 

In the s u p e r s o n i c  low d e n s i t y  r e g i m e ,  the e f f ec t s  of v i s c o s i t y  (low 
R e y n o l d s  n u m b e r )  d o m i n a t e  the f low f i e ld  about  a b lunt  body;  and it is 
a s s u m e d  that  pi tot  p r e s s u r e  g ives  a good m e a s u r e  of the  v a r i a t i o n  away  
f r o m  the c o n t i n u u m  d r a g  va lue .  T h e r e f o r e ,  it is a s s u m e d  that  the r a t i o  
of d r a g  c o e f f i c i e n t  to the high R e y n o l d s  n u m b e r  CD is the s a m e  as  the 
r a t i o  of pi tot  p r e s s u r e  to the Rayl .eigh s t a g n a t i o n  p r e s s u r e .  The  da ta  of 
Refs .  3, 4, and 5 a r e  c r o s s  p lo t t ed  to p r o v i d e  the  Mach  n u m b e r  v a r i a -  
t ion  at c o n s t a n t  R e y n o l d s  n u m b e r s  f r o m  1 .0  to 10. The  K n u d s e n  n u m b e r  

Kn -~I) is  r e l a t e d  to Maeh and R e y n o l d s  n u m b e r s  by u n i q u e l y  

/ r f y  M ' for a r i g i d  sphere molecule model. Constant Knudsen 
Kn = ~ 2 IIe 
n u m b e r  c o n t o u r s  a r e  i n c l u d e d  in F ig .  II-1 to p r o v i d e  con t i nu i t y  into the 

h y p e r s o n i c  r e g i m e .  

TRANSITION REGIME (HYPERSONIC NEAR-FREE MOLECULE FLOW) 

Reference 6 provides experimenta] two-dimensional flat plate drag 
data at Mach numbers from 6 to 10 and Knudsen numbers from about 
unity to 20 or 30, where a close approach to the free molecule value is 
demonstrated. Over the Mach number range of the experiments, the 
drag coefficient depended only on Knudsen number. All the experimental 
data are summarized for the insulated wall case in Fig. If-1 as solid lines. 
This conforms to the conditions of the experimental procedure in which 
the supply temperature and surrounding chamber wall were room 
temperature. 

DRAG AT EQUILIBRIUM WALL TEMPERATURE 

The f la t  p la te  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  (8V) is exposed ,  
in add i t i on  to the  c o n v e c t i v e  hea t  t r a n s f e r  f r o m  the  gas  s t r e a m ,  to 

83 



AEDC-TR-65-151 

r a d i a t i o n  f r o m  the  l i q u i d - n i t r o g e n - c o o l e d  s h r o u d  and  c r y o p u m p  d o w n -  
s t r e a m  and  to the  r o o m  t e m p e r ' a t u r e  c h a m b e r  end  u p s t r e a m .  T h e  
r a d i a t i v e  h e a t  t r a n s f e r  is  

~'Ir,.I = ck  ( T w " -  ' T l i " )  ~- ek ( ' l ' v .  4 - ' I ' F ' )  

The c o n v e c t i v e  r a t e  is 

qconv = st  pVCp (TAw - T w )  

E q u a t i n g  t he  two  y i e l d s  a f o u r t h - o r d e r  e q u a t i o n :  

"l'w4 + \ 2e'k" y "l'w "= 2 + 2"~k rT'I 

If the  s p e e d  r a t i o  is  l a r g e ,  t he  a c c o m m o d a t i o n  c o e f f i c i e n t s  and  
e m i s s i v i t y  (d a r e  un i ty ,  an d  y = 1 . 4 :  

s t = 1 / 2  Y + 1 ----f-- = 0 . 8 6  - S t a n t o n  N u m b e r  

k = 5. 67 x 1 0 - 1 2 w / c m 2 / ( ° K ) 4  B o l t z m a n  C o n s t a n t  

Cp = . 2 4  x 4. 186 = 1 . 0 0 5  j o u l e / g m / ° K  - s p e c i f i c  h e a t  

V = 7 . 4 0  x 104 ~ /TT/300  C i l l  

M C C  
f l o w  v e l o c i t y  

[ 3 0 0  = 1 . 1 4  x 10 -3  P'r,  \ - ~ - /  (P/Pc) g m / c c  - d e n s i t y  

r = 1. 166 - r e c o v e r y  f a c t o r  

TF = 300°K - f r o n t  w a l l  t e m p e r a t u r e  

Tn = 80°K - r e a r  w a l l  t e m p e r a t u r e  

f - - m  

St pV(:p 6.60 x Pc ~v'--i~-e (P"P'~) (OK) = 10'2 I 300 , 
2k 

Pc - S u p p l y  p r e s s u r e  ( a rm)  

T h e  t w o  l i m i t s ,  (a) n e g l i g i b l e  c o n v e c t i v e  h e a t  t r a n s f e r  - l o w  d e n s i t y  and  
(b) n e g l i g i b l e  r a d i a t i v e  h e a t  t r a n s f e r  - h igh  d e n s i t y ,  give. w a l l  t e m p e r a -  
t u r e s  of  250°K and  350°K, r e s p e c t i v e l y .  T h e  l i m i t s  o f  h y p e r s o n i c  d r a g  
c o e f f i c i e n t  a r e  2 . 8 5  and 3 . 0  f o r  t h e s e  c a s e s .  It i s  e v i d e n t  t h a t  t he  
e q u i l i b r i u m  w a l l  r e m p e r a t u r e  d e p e n d s  u p o n  t h e  p r o d u c t  Pc ( p / p c ) ,  and  
F i g .  I I -2  g i v e s  t he  v a r i a t i o n  of  d r a g  c o e f f i c i e n t  f o r  a s u p p l y  t e m p e r a t u r e  
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of 300°K. Th i s  f i g u r e  can  be  u s e d  to c o r r e c t  the  i n s u l a t e d  w a l l  f la t  
p l a t e  d r a g  fo r  the c o n d i t i o n s  of the  t e s t  at l a r g e  s p e e d  r a t i o s .  It is  p r o b -  
ab le  tha t  the  s a m e  t r e n d  wi l l  be e x h i b i t e d  a l s o  at l o w e r  s p e e d  r a t i o s  (o r  
M a c h  n u m b e r s } .  In F ig .  I I -3  the  i n s u l a t e d  f lat  p l a t e  d r a g  of F ig .  I I -1  
a r e  f a i r e d  into  s m o o t h  c u r v e s .  
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" F o r e i g n  announcement  and d i s s e m i n a t i o n  of  th i s  
report  by DDC is  not a u t h o r i z e d . "  
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