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I. INTRODUCTION 

T h e  a t t a i n m e n t  of t he  h i g h  e n e r g y  g a s  s t r e a m s  r e q u i r e d  f o r  

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

s u b j e c t  of i n t e n s i v e  s t u d y  by p h y s i c i s t s  a n d  e n g i n e e r s .  I t  i s  now g e n e r -  

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

s t r e a m s  w i l l  r e q u i r e  s o m e  f o r m  of  c o n v e r s i o n  of e l e c t r i c a l ,  o r  e l e c t r o -  

m a g n e t i c  e n e r g y  i n t o  t h e r m a l  a n d  k i n e t i c  e n e r g y  in  t he  s t r e a m .  V a r i o u s  

s c h e m e s  h a v e  b e e n  p r o p o s e d  f o r  t h i s  p u r p o s e .  T h e s e  r a n g e  f r o m  v a r i o u s  

f o r m s  of  d . c .  a n d  a . c .  d i s c h a r g e s  to  t h e  m o r e  r e c e n t  s c h e m e s  e m p l o y i n g  

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

t r a v e l i n g  w a v e  p u m p s .  

F o r  t h e  p a s t  t w o  a n d  o n e - h a l f  y e a r s ,  t h e  E n g i n e e r i n g  C e n t e r  of 

t h e  U n i v e r s i t y  of  S o u t h e r n  C a l i f o r n i a  h a s  b e e n  i n v o l v e d  in  t h e  s t u d y  of  

one  of  t h e s e  s c h e m e s ,  n a m e l y ,  t h e  h e a t i n g  of a s u p e r s o n i c  g a s  s t r e a m  by  

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

t h e r e b y  a d d  e n e r g y ,  i n  t h e  f o r m  of  p o t e n t i a l  e n e r g y  of  e l e c t r o n - i o n  

s e p a r a t i o n ,  t o  t h e  g a s  s t r e a m .  As  t h e  g a s  f l o w s  d o w n s t r e a m  f r o m  the  

d i s c h a r g e  r e g i o n ,  t h e  e l e c t r o n s  a n d  i o n s  r e c o m b i n e  a n d  s o m e  of  the  

p o t e n t i a l  e n e r g y  of e l e c t r o n - i o n  s e p a r a t i o n  i s  c o n v e r t e d  to  t h e r m a l  

e n e r g y  i n  t h e  g a s  s t r e a m .  

T h e  a d v a n t a g e s  of t h i s  h i g h - f r e q u e n c y  d i s c h a r g e  h e a t i n g  s c h e m e  

l i e  i n  t h e  f a c t  t h a t  t h e  e n e r g y  c a n  be a d d e d  i n  t he  s u p e r s o n i c  p o r t i o n  of  

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

- 1 -  



associated with the addition of large quantities of thermal energy up- 

stream of the throat, and in the fact that it is not necessary to have 

the discharge electrodes in direct contact with the gas, thereby elimi- 

nating the electrode erosion problem so prominent in direct current 

arc heating schemes. 

The initial studies of high-frequency discharge heating of a 

supersonic gas stream were analytical in nature and concentrated on 

studies of the mechanisms of the discharge {Refs. I, 2 and 3), and on 

the mechanisms involved in the decay of the ionized gas and the conversion 

of the ionization energy into thermal energy {Refs. 3 and 4). These ana- 

lytical studies have given considerable insight into the mechanisms of 

both the discharge and the decay. However, out of these analytical 

studies, there arose other questions which could only be answered 

empirically. For example, the analytical studies showed that the feasi- 

bility of high-frequency discharge heating was very dependent upon the 

pressure at which the discharge was created, since at low pressures the 

time required for the decay, at least in nitrogen, could be excessive. It 

~vas not possible to determine analytically, however, the maximum 

pressure at which the discharge could be created, nor was it possible to 

determine analytically the portion of the energy added to the gas stream 

in the discharge which could be converted to thermal energy in the decay. 

It therefore became obvious that what was needed was an experimental 

investigation of the possibility of heating a gas stream by high-frequency 

electromagnetic discharge. 
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S o m e  e x p e r i m e n t a l  i n v e s t i g a t i o n s  o f  h i g h - f r e q u e n c y  e l e c t r o -  

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

t h e  a b o v e  a n a l y t i c a l  s t u d i e s  ( l~efs .  5 a n d  5), h o w e v e r ,  t h e s e  w e r e  of  

l i m i t e d  s c o p e .  M o r e  c o m p r e h e n s i v e  e x p e r i m e n t a l  s t u d i e s  h a v e  b e e n  

c a r r i e d  ou t  d u r i n g  t he  p a s t  y e a r  ar id a h a l f .  T h e  o b j e c t i v e  of t h i s  

m o r e  c o m p r e h e n s i v e  p r o g r a m  w a s  to  d e t e r m i n e  e x p e r i m e n t a l l y  t h e  

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

h e a t i n g  a s u p e r s o n i c  g a s  s t r e a m  by  m e a n s  of  a n  e l e c t r o d e l e s s  R F  

d i s c h a r g e .  I t  i s  t he  p u r p o s e  of  t h i s  r e p o r t  to  s u m m a r i z e  t h e  r e s u l t s  

o b t a i n e  d in  t he  se  s t u d i e  s .  

C e r t a i n l y  t h e  r e s u l t s  s e t  f o r t h  in  t h i s  r e p o r t  w i l l  p o i n t  u p  t h e  

f a c t  t h a t  t h i s  e x p e r i m e n t a l  p r o g r a m  h a s  no t ,  a s  y e t ,  m e t  w i t h  t h e  

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

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

o f  e x i s t i n g  k n o w l e d g e  in  t he  f i e l d s  of  m a t e r i a l s ,  e l e c t r o m a g n e t i c  b r e a k -  

d o w n  a n d  n o n e q u i l i b r i u m  g a s d y n a m i c s .  T h e  w o r k  c o n t i n u e s ,  a n d  i t  i s  

h o p e d  t h a t  t he  q u e s t i o n s  s t i l l  u n r e s o l v e d  w i l l  be  a n s w e r e d  in  t h e  n e a r  

f u t u r e .  

- 3 -  



II.  D E S C R I P T I O N  O F  E Q U I P M E N T  

A.  E X P E R I M E N T S  WITH AN A X I S Y M M E T R I C  N O Z Z L E  

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

c a r r i e d  out  u s i n g  an  a x i s y m m e t r i c  ( c o n i c a l )  n o z z l e .  D e t a i l s  of the  

n o z z l e  c o n s t r u c t i o n  a r e  p r e s e n t e d  in  F i g .  1. T h e  n o z z l e  w a s  c o n s t r u c t e d  

of t e f l o n  b e c a u s e  of the  e a s e  of o b t a i n i n g  and  f a b r i c a t i n g  t h i s  m a t e r i a l .  

P r o v i s i o n s  w e r e  m a d e  to c o o l  t he  n o z z l e ,  by  c i r c u l a t i n g  a l o w  l o s s  

d i e l e c t r i c  t h r o u g h  i n t e r n a l  p a s s a g e s  in  the  n o z z l e ,  in  an  a t t e m p t  t o 

a v o i d  t he  s e v e r e  e r o s i o n ,  s o f t e n i n g  a n d  c o l l a p s i n g  of u u c o o l e d  t e f l  o n  

n o z z l e s  w h i c h  h a d  b e e n  u s e d  p r e v i o u s l y  (Re f .  6). T h e  h e a t  a b s o r b e d  

by  t h i s  l i q u i d  w a s  m e a s u r e d  a n d  r e m o v e d  by  p a s s i n g  a c o n s t a n t  f low of 

c o o l i n g  w a t e r  t h r o u g h  the  l i q u i d  r e s e r v o i r .  T h e  t e m p e r a t u r e  r i s e  of  the  

c o o l i n g  w a t e r  w a s  m e a s u r e d  a n d  t a k e n  as  an  i n d i c a t i o n  of the  h e a t i n g  of 

t he  n o z z l e  by the  d i s c h a r g e .  T h e  n o z z l e  c o n e  a n g l e  of l Z ° w a s  s e l e c t e d  
0 

to put  a s  m u c h  g a s  v o l u m e  u n d e r  the  . d i s c h a r g e  co i l  a s  p o s s i b l e  a n d  s t i l l  

s t a y  w i t h i n  m a t e r i a l  a n d  a e r o d y n a m i c  s i z e  l i m i t a t i o n s .  

T h e  d i s c h a r g e  w a s  o b t a i n e d  by  u s i n g  a c o i l  t y p e  e l e c t r o d e  w o u n d  

on the  o u t s i d e  of the  a x i s y m m e t r i c  n o z z l e .  

The  p l e n u m  c h a m b e r  w a s  p r o v i d e d  wi th  d i s c h a r g e  e l e c t r o d e s ,  

e n c a s e d  in  t e f l o n ,  and  e x t e n d i n g  in to  the  c h a m b e r .  I t  w a s  i n t e n d e d  to 

u s e  t h e s e  e l e c t r o d e s  to  c r e a t e  a d i s c h a r g e  in  the  p l e n u m  c h a m b e r  a n d  
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t h e r e b y  i n c r e a s e  the  e l e c t r o n  d e n s i t y  in the  e x p a n d i n g  p o r t i o n  of the  

n o z z l e  and  t h u s  e n a b l e  m o r e  p o w e r  to be a b s o r b e d  in  t he  s u p e r s o n i c  

d i s c h a r g e .  U n f o r t u n a t e l y ,  t he  e l e c t r o d e  g e o m e t r y  a n d  m a t c h i n g  n e t w o r k  

c h o s e n  did  not  p e r m i t  a d i s c h a r g e  to be o b t a i n e d  a t  p r e s s u r e s  a b o v e  

1 r a m .  Hg.  so t h a t  t h i s  s c h e m e  w a s  a b a n d o n e d .  

T h e  c o n i c a l  n o z z l e  d e s c r i b e d  a b o v e  d i s c h a r g e d  in to  a c y l i n d r i c a l  

t e f l o n  t e s t  s e c t i o n  s o m e  3Z i n c h e s  l o n g  w i t h  an  o u t s i d e  d i a m e t e r  o f  

a p p r o x i m a t e l y  7 - 1 / Z  i n c h e s .  T h i s  t e s t  s e c t i o n  w a s  e q u i p p e d  w i t h  6 

q u a r t z  w i n d o w s  on  e a c h  s ide  t h r o u g h  w h i c h  the  d i s c h a r g e  c o u l d  be v i e w e d .  

D o w n s t r e a m  of the  t e f l o n  t e s t  s e c t i o n  w e r e  two  h e a t  e x c h a n g e r s  

e m p l o y e d  to c o o l  the  d i s c h a r g e  h e a t e d  g a s  s t r e a m  b e f o r e  i t  e n t e r e d  the  

l o w - d e n s i t y  w i n d  t u n n e l .  T h e  f i r s t  of  t h e s e  w a s  an  a l u m i n u m - w a l l e d ,  

w a t e r - j a c k e t e d ~  h e a t  e x c h a n g e r ;  t he  s e c o n d  e m p l o y e d  34 ( 1 / 4 - i n c h )  w a t e r  

f i l l e d  c o p p e r  t u b e s  t r a v e r s i n g  the  gas  s t r e a m  to c o o l  the  gas  s t  r e a m .  

P r o v i s i o n s  w e r e  m a d e  to m e a s u r e  t he  w a t e r  f low r a t e s  t h r o u g h  t h e s e  

h e a t  e x c h a n g e r s  and  t h e  w a t e r  i n l e t  a n d  o u t l e t  t e m p e r a t u r e s  in  o r d e r  to 

h a v e  s o m e  m e a s u r e  of the  t h e r m a l  e n e r g y  a d d e d  to  the  gas  s t r e a m  b y  

the  d i s c h a r g e .  In  a d d i t i o n  to t h i s  c r u d e  f o r m  of  c a l o r i m e t r y ,  t h e r m o m -  

e t e r s  w e r e  i m m e r s e d  in  t he  gas  s t r e a m  at  v a r i o u s  p o i n t s  in  an  a t t e m p t  

to m e a s u r e  t he  t o t a l  t e m p e r a t u r e  of t he  gas  s t r e a m .  

F l o w  w a s  m a i n t a i n e d  t l~rough the  a x i s y m m e t r i c  n o z z l e  by  u s i n g  

t h e  U S C E C  l o w - d e n s i t y  w i n d - t u n n e l  c r y o p u m p  to m a i n t a i n  v a c u u m  on  the  

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

a n d  m i s c e l l a n e o u s  e x p e r i m e n t a l  a p p a r a t u s  i s  s h o w n  i n  F i g .  Z. 

A s m a l l  B a u s c h  a n d  L o m b  q u a r t z  s p e c t r o m e t e r  p l a c e d  n e x t  to  t h e  

q u a r t z  w i n d o w s  of  t h e  t e s t  s e c t i o n  w a s  u s e d  to e x a m i n e  t h e  e m i s s i o n  f r o m  

t h e  d i s c h a r g e - c r e a t e d  p l a s m a  in  t h e  v i s i b l e  a n d  n e a r  u l t r a v i o l e t  r e g i o n s  

of  t h e  s p e c t r u m .  

A K - b a n d  m i c r o w a v e  i n t e r f e r o r n e t e r  w a s  u s e d  i n  a n  a t t e m p t  to  

d e t e r m i n e  the  e l e c t r o n  d e n s i t y  i n  the  p l a s m a  a t  v a r i o u s  d i s t a n c e s  d o w n -  

s t r e a m  of t h e  n o z z l e  e x i t  p l a n e .  T h i s  a p p a r a t u s  i s  s h o w n  i n  p o s i t i o n  

d u r i n g  a t e s t  i n  F i g .  3. 

A d d i t i o n a l  d e t a i l e d  d e s c r i p t i o n s  of  t h e  a x i s y r n m e t r i c  n o z z l e  a n d  

a t t e n d a n t  e q u i p m e n t  i s  g i v e n  in  R e f .  7, a n d  a d d i t i o n a l  d e s c r i p t i o n  of  t h e  

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

a p p a r a t u s  i s  p r e s e n t e d  in  R e f .  8. 

B.  E X P E R I M E N T S  W I T H  T W O - D I M E N S I O N A L  N O Z Z L E S  

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

t w o ~ d i m e n s i o n a l  n o z z l e s  a n d  t w o - d i m e n s i o n a l  d i s c h a r g e  a p p a r a t u s .  

F o u r  t w o - d i m e n s i o n a l  n o z z l e s  w e r e  c o n s t r u c t e d  a t  v a r i o u s  t i m e s  d u r i n g  

t h e  p r o g r a m .  T h e  c o n s t r u c t i o n  d e t a i l s  of  t h e s e  n o z z l e  s y s t e m s  a n d  the  

i n d i v i d u a l  n o z z l e  c o n t o u r s  a r e  p r e s e n t e d  in  F i g .  4.  T h e  c o n t o u r e d  w a l l s  
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of  t h e s e  n o z z l e s  w e r e  c o r l s t r u c t e d ,  r e s p e c t i v e l y ,  of t e f l o n  a n d  S u p r a =  

m i c a  620 f o r  t he  f i r s t  two n o z z l e s ,  a n d  of a l u m i n u m  f o r  t he  l a t t e r  two .  

F o r  e a c h  of t h e s e  n o z z l e s ,  the  s i d e w a l l s  w e r e  q u a r t z  p l a t e s .  

In  t he  f i r s t  two n o z z l e s  ( t e f l o n  a n d  S u p r a m i c a  620) the  d i s c h a r g e  

is  c r e a t e d  w i t h  f l a t  p l a t e - t y p e  e l e c t r o d e s  w h i c h  d i s c h a r g e  t h r o u g h  t h e 

q u a r t z  s i d e w a l l s ~  in  the  l a s t  two n o z z l e s ,  t he  a l u m i n u m  c o n t o u r e d  noT z l e  

b l o c k s  a c t  a s  the  e l e c t r o d e s  f o r  c r e a t i n g  the  d i s c h a r g e .  T h e  u s e  of t he  

c o u n t o u r e d  n o z z l e  b l o c k s  as  e l e c t r o d e s  f o r  the  R F  d i s c h a r g e  i s  c o n s i d e r e d  

q u a l i t a t i v e l y  in  A p p e n d i x  I. 

As  a r e s u l t  of the  e a r l y  e x p e r i e n c e  wi th  t he  a x i s y m m e t r i c  n o z z l e  

a n d  the  Z.5 kw.  g e n e r a t o r j  i t  w a s  e v i d e n t  t h a t  in  o r d e r  to  o b t a i n  a n y  

r e a s o n a M e  p o w e r  d e n s i t y  in  the  gas  s t r e a m ,  i t  w o u l d  be n e c e s s a r y  t o  

h a v e  a l a r g e r  p o w e r  s u p p l y .  To  th i s  end ,  a n e w  R F  p o w e r  g e n e r a t o r  w a s  

p u r c h a s e d  to r e p l a c e  the  2.5 kw.  un i t  p r e v i o u s l y  u s e d .  T h i s  n e w  RF  

p o w e r  g e n e r a t o r  is  a c o m m e r c i a l  t y p e  d i e l e c t r i c  h e a t e r  un i t  m a n u f a c t u r e d  

by  the  P e e c o  C o r p o r a t i o n  of L o s  A n g e l e s .  T h e  u n i t  c o n s i s t s  of a s i n g l e  

s t a g e  p o w e r  o s c i l l a t o r  of the  C o l p i t t s  t y p e  and  is  c a p a b l e  of d e l i v e r i n g  

12 k i l o w a t t s  of RF  p o w e r  a t  a p p r o x i m a t e l y  13 m e g a c y c l e s .  T h i s  t y p e  of 

p o w e r  o s c i l l a t o r  is  e x t r e m e l y  f l e x i b l e  a n d  c a n  be m a t c h e d  in to  a w i d e  

v a r i e t y  of l o a d  i m p e d a n c e s .  

T h e  p o w e r  ou tpu t  of the  g e n e r a t o r  is  no t  a l l  c o n s u m e d  in  the  l o a d  

( in  the  p r e s e n t  c a s e ,  the  R F  d i s c h a r g e  in  t h e  n o z z l e ) ,  s i n c e  t h e r e  a r e  

l i n e  l o s s e s  a n d  l o s s e s  in  t he  e l e c t r o n i c  c o u p l i n g  c i r c u i t s  b e t w e e n  t h e  
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g e n e r a t o r  a n d  t he  l o a d .  I t  w a s  t h e r e f o r e  n e c e s s a r y  to  d e v e l o p  a n  

i n s t r u m e n t  c a p a b l e  of m e a s u r i n g  t h e  p o w e r  d i s s i p a t e d  in  t h e  l o a d .  T h e  

m e t h o d  c h o s e n  to  m e a s u r e  t h e  p o w e r  d i s s i p a t e d  in  t h e  I~F d i s c h a r g e  i s 

k n o w n  a s  t h e  " t h r e e - a m m e t e r  m e t h o d " .  T h e  t h e o r y  of t h e  t h r e e - a m m e t e r  

m e t h o d  f o r  m e a s u r i n g  p o w e r  d i s s i p a t e d  in  a n R F  c i r c u i t  i s  o u t l i n e d  

b r i e f l y  in  A p p e n d i x  II a n d  i s  p r e s e n t e d  in  m o r e  d e t a i l  in  l~efs .  9 a n d  10. 

B a s i c a l l y ,  t h i s  m e t h o d  e m p l o y s  t h r e e  a m m e t e r s °  two  c a p a c i t o r s  a n d  a n  

i n d u c t a n c e  in  t he  c i r c u i t  w i t h  t he  l o a d  (I~" d i s c h a r g e ) .  T h e  r e a d i n g s  on  

t h e  t h r e e  a m m e t e r s j  t o g e t h e r  w i t h  k n o w l e d g e  of  t h e  c i r c u i t  c o n s t a n t s ,  

t h e n  i s  i n d i c a t i v e  of  t he  p o w e r  d i s s i p a t e ~ l  i n  t he  d i s c h a r g e .  

A n  a t t e m p t  w a s  m a d e  to  m e a s u r e  t h e  p o w e r  a d d e d  to  t h e  g a s  

s t r e a m  by  t h e  I ~  d i s c h a r g e .  In  o r d e r  to  p e r f o r m  t h i s  m e a s u r e m e n t j  

a s y s t e m  of  w a t e r - j a c k e t e d  c a l o r i m e t e r s  w a s  i n t r o d u c e d  d o w n s t r e a m  

of  t h e  t w o - d i m e n s i o n a l  n o z z l e  a n d  d i s c h a r g e  a p p a r a t u s  a s  s h o w n  s c h e -  

m a t i c a l l y  i n  F i g .  5. S e v e r a l  m o d i f i c a t i o n s  to  t h i s  s y s t e m  w e r e  m a d e  

d u r i n g  t h e  e x p e r i m e n t a l  p r o g r a m ;  t h e  s y s t e m  in  i t s  f i n a l  f o r m  i s  s h o w n  

in  F i g .  5. T h e  f i r s t  c a l o r i m e t e r  w a s  c o n s t r u c t e d  of  a t e f l o n  i n n e r  w a l l  

an.d a n  o u t e r  w a l l  of  m i c a r t a .  T h e  s e c o n d  h e a t  e x c h a n g e r  w a s  c o n s t r u c t e d  

w i t h  b o t h  i n n e r  a n d  o u t e r  w a l l s  of  c o p p e r .  E a c h  o f  t h e s e  two  h e a t  

e x c h a n g e r s  h a s  b e e n  s e g m e n t e d  ( s e e  F i g .  51 i n t o  t h r e e  p a r t s  so  a s  to  

g i v e  s o m e  i n d i c a t i o n  of  t h e  h e a t  a b s o r b e d  i n  t h e  c a l o r i m e t r y  a s  a f u n c t i o n  

of  t he  d i s t a n c e  f r o m  the  d i s c h a r g e .  T h e  t h i r d  c a l o r i m e t e r  w a s  a l a r g e  

( 4 '  l o n g  b y  8 "  d i a m e t e r ~  f i r e - t u b e - t y p e  h e a t  e x c h a n g e r .  T h i s  h e a t  
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e x c h a n g e r  w a s  e m p l o y e d  to g ive  a l a r g e  s u r f a c e  a r e a  f o r  h e a t  t r a n s f e r  

f r o m  the  g a s  s t r e a m  to  t he  c o o l i n g  w a t e r ,  w h i l e  m a i n t a i n i n g  a r e l a t i v e l y  

s m a l l  p r e s s u r e  d r o p  t h r o u g h  the  h e a t  e x c h a n g e r .  T h e  f o u r t h ,  a n d  f i n a l ,  

c a l o r i m e t e r  c o n s i s t e d  of a c y l i n d e r  w i t h  34 ( 1 / 4 - i n c h )  w a t e r - f i l l e d  c o p p e r  

t u b e s  r u n n i n g  d i a g o n a l l y  a c r o s s  the  i n s i d e  of t he  c y l i n d e r  ( s e e  F i g .  5 ). 

T h u s ,  in  t h i s  c a l o r i m e t e r ,  t h e  gas  p a s s e s  o v e r  a n d  a r o u n d  the  34 t u b e s  

a n d  g i v e s  h e a t  e n e r g y  to  t he  c o o l e d  t u b e s .  

F o r  e a c h  c a l o r i m e t e r ,  o r  s e g m e n t  of a c a l o r i m e t e r ,  t h e r e  i s  a 

v e n t u r i  m e t e r  a n d  a t t e n d a n t  m a n o m e t e r  f o r  m e a s u r i n g  the  w a t e r  f l o w  

r a t e  a n d  a t h e r m o m e t e r  f o r  m e a s u r i n g  the  t e m p e r a t u r e  of the  w a t e r  a t  

t h e  o u t l e t  of t h e  c a l o r i m e t e r .  T h e  i n l e t  w a t e r  t e m p e r a t u r e ,  w h i c h  i s 

c o m m o n  to  a l l  c a l o r i m e t e r s ,  is m e a s u r e d  at  one  po in t  in  t he  i n l e t  w a t e r  

s y s t e m .  W a t e r  i n l e t  a n d  o u t l e t  t e m p e r a t u r e s  w e r e  m e a s u r e d  on s t a n d a r d  

A S T M  Gas  C a l o r i m e t r y  T h e r m o m e t e r s  w i t h  d i v i s i o n s  of 0.Z ° F  a n d  0 . 1 ° F ,  

r e s p e c t i v e l y .  At  t i m e s  no t  a l l  of  the  e n e r g y  of  t he  gas  s t r e a m  w a s  

r e c o v e r e d  in  the  c a l o r i m e t r y .  An  a t t e m p t  w a s  m a d e  to  d e t e r m i n e  the  

e x c e s s  q u a n t i t y  of t h e r m a l  e n e r g y  in  the  gas  s t r e a m  d o w n s t r e a m  of t he  

c a l o r i m e t e r s  by  m e a s u r i n g  the  s t a g n a t i o n  t e m p e r a t u r e  of the  gas  a t  t h i s  

po in t  w i t h  an  A S T M  B o m b  C a l o r i m e t e r  T h e r m o m e t e r ,  and  c o m p a r i n g  t h i s  

w i t h  the  t e m p e r a t u r e  of t he  gas  u p s t r e a m  of t h e  d i s c h a r g e  ( u n h e a t e d  g a s ) .  
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In  the  h i g h - f r e q u e n c y  e l e c t r o m a g n e t i c  d i s c h a r g e  in  a s u p e r s o n i c  

n o z z l e ,  t h e r e  is  a l a r g e  a m o u n t  of e n e r g y  d i s s i p a t e d  in the  f o r m  of h e a t  

a t  t he  e l e c t r o d e s .  In the  l a t e r  e x p e r i m e n t s ,  to  be r e p o r t e d  h e r e ,  i t  w a s  

d e c i d e d  to i m m e r s e  t he  n o z z l e  a n d  e l e c t r o d e s  in  a b a t h  of  l i q u i d  p e t r o -  

l a t u m  to  coo l  n o z z l e  a n d  e l e c t r o d e s .  It w a s  f u r t h e r  d e c i d e d  to  m e a s u r e  

t h e  r a t e  of t e m p e r a t u r e  r i s e  in  the  p e t r o l a t u m  to o b t a i n  s o m e  c r u d e  

e s t i m a t e  of t he  p o w e r  d i s s i p a t e d  in  h e a t  a t  t he  e l e c t r o d e s .  T h e  oi l  ba th ,  

a s  bu i l t ,  c o n t a i n e d  a p p r o x i m a t e l y  Z8 l i t e r s  of l i q u i d  p e t r o l a t u m .  F o r c e d  

c i r c u l a t i o n  of the  p e t r o l a t u m  a r o u n d  the  n o z z l e  a n d  e l e c t r o d e s  w a s 

o b t a i n e d  by  u s i n g  a s m a l l  a i r  m o t o r - d r i v e n  p r o p e l l e r  to  c i r c u l a t e  t h e  o i l .  

T h e  t e m p e r a t u r e  of the  o i l  w a s  m e a s u r e d  on a s t a n d a r d  A S T M  B o m b  

C a l o r i m e t e r  T h e r m o m e t e r  w i t h  d i v i s i o n  of 0.Z ° C.  T h e  oi l  b a t h  w i t h  t he  

n o z z l e  ( n o z z l e  n u m b e r  4) in  p l a c e  is  s h o w n  in  F i g .  6. 

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

n o z z l e  s y s t e m  t h a n  t h r o u g h  the  a x i s y m m e t r i c  n o z z l e  s y s t e m ,  i t  w a s  no t  

p o s s i b l e  to u s e  t h e  l o w - d e n s i t y  w i n d - t u n n e l  c r y o p u m p  a s  a v a c u u m  s o u r c e  

f o r  t h e  t w o - d i m e n s i o n a l  s y s t e m s .  F o r  t h e s e  s y s t e m s ,  m a s s  f low w a  s 

m a i n t a i n e d  by u s i n g  a K e n n y  KDH 150 s i n g l e  s t a g e  m e c h a n i c a l  v a c u u m  

p u m p  on  the  d o w n s t r e a m  s i d e  of t h e  s y s t e m .  

At  v a r i o u s  p o i n t s  in  the  s y s t e m ,  i t  w a s  d e s i r a b l e  to m e a s u r e  t he  

s t a t i c  p r e s s u r e  of t he  g a s .  At  s o m e  p o i n t s  t h i s  w a s  a c c o m p l i s h e d  b y  

u s i n g  m e r c u r y  m a n o m e t e r s ;  at  o t h e r  p o i n t s ,  by  u s i n g  W a l l a c e  a n d  

T i e  r n a n  d i a l - t y p e  v a c u u m  g a g e s .  
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The e n t i r e  e x p e r i m e n t a l  se tup ,  i n c l u d i n g  p l e n u m  c h a m b e r ,  

d i s c h a r g e  n o z z l e  (nozz le  n u m b e r  4), c a l o r i m e t e r s  and  a c c e s s o r y  e q u i p -  

m e n t  is shown in F ig .  7. 

III. RESULTS AND DISCUSSION 

A. E X P E R I M E N T S  WITH AN AXISYMMETRIC N O Z Z L E  

The  r e s u l t s  of the e x p e r i m e n t  m a d e  wi th  an a x i s y m m e t r i c  nozz l e  

have ,  f o r  the m o s t  p a r t , b e e n  r e p o r t e d  e l s e w h e r e  (l~ef. 7) and  wi l l  on ly  

be b r i e f l y  r e v i e w e d  h e r e .  F r o m  t h e s e  e x p e r i m e n t s  c o m e  i n f o r m a t i o n  

on: (1) The f e a s i b i l i t y  of u s i n g  t e f lon  as a n o z z l e  m a t e r i a l  f o r  p l a s m a  

h e a t i n g  of a s u p e r s o n i c  gas  s t r e a m ,  (Z) the g e n e r a l  c h a r a c t e r  of the I~F 

d i s c h a r g e - p r o d u c e d  p l a s m a ,  (3) s o m e  m e a s u r e  of the e n e r g y  a d d e d  i n  

the  d i s c h a r g e ,  and  (4) the c o m p o s i t i o n  of the d i s c h a r g e - p r o d u c e d  p l a s m a .  

1. F e a s i b i l i t y  of T e f l o n  as a Nozz l e  M a t e r i a l  

I t  was  po in t ed  out  in  Ref .  7 tha t  the m a t e r i a l  u s e d  in a n o z z l e  

e m p l o y i n g  ~ d i s c h a r g e  h e a t i n g  of the gas  s t r e a m  shou ld  have  the  

fo l l owing  c h a r a c t e r i s t i c s :  

(a) Low e l e c t r i c a l  l o s s .  

(b) Good r e s i s t a n c e  to the e r o d i n g  a c t i o n  of the d i s c h a r g e  and  

gas f low.  
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(c) F o r m a b i l i t y  in  t he  n e c e s s a r y  s h a p e .  

(d) S u f f i c i e n t  m e c h a n i c a l  s t r e n g t h  to  w i t h s t a n d  one  a t m o s p h e r e  

p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t he  w a l l  p lu s  a d d i t i o n a l  a x i a l  l o a d  u n d e r  

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

(e)  G o o d  t h e r m a l  s h o c k  p r o p e r t i e s .  

A n u m b e r  of n o z z l e  m a t e r i a l s  w e r e  c o n s i d e r e d  a n d  it w a s  d e c i d e d  

to  b u i l d  the  n o z z l e  of t e f l o n .  W h i l e  t e f l o n  h a s  low e l e c t r i c a l  l o s s ,  i s 

e a s i l y  f o r m e d  in the  d e s i r e d  s h a p e ,  h a s  good  t h e r m a l  s h o c k  p r o p e r t i e s ,  

a n d  is  f u r t h e r  r e a d i l y  obta ined~ it i s  r e l a t i v e l y  w e a k ,  is  d i f f i c u l t  to  c o o l  

b e c a u s e  of i t s  low t h e r m a l  c o n d u c t i v i t y  a n d  h a s  low s o f t e n i n g  a n d  v a p o r -  

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

r e q u i r e m e n t s  f o r  a R F  d i s c h a r g e  n o z z l e .  

P r o v i s i o n s  w e r e  m a d e  to  c o o l  the  n o z z l e  by  c i r c u l a t i n g  a low l o s s  

d i e l e c t r i c  t h r o u g h  i n t e r n a l  p a s s a g e s  in  t he  n o z z l e  in an  a t t e m p t  to  a v o i d  

t h e  s e v e r e  e r o s i o n ,  s o f t e n i n g  a n d  c o l l a p s i n g  of u n c o o l e d  t e f l o n  n o z z l e s  

w h i c h  h a d  b e e n  u s e d  p r e v i o u s l y .  

In  s p i t e  of  t h i s  a t t e m p t  to  c o o l  the  n o z z l e ,  t h i s  n o z z l e  f a i l e d  a f t e r  

a p p r o x i m a t e l y  10 h o u r s  of u s e .  T h e  m a i n  f a i l u r e  o c c u r r e d  w h e n  

d i s t o r t i o n  of t he  d o w n s t r e a m  s e c t i o n  of  the  n o z z l e  b e c a m e  so s e v e r e  t h a t  

i t  w a s  i m p o s s i b l e  to  s e a l  the  n o z z l e  to t he  t e s t  s e c t i o n .  A c l o s e  i n s p e c t i o n  

of the  n o z z l e  r e v e a l e d  t h a t  t h e r e  h a d  b e e n  s e v e r e  e r o s i o n  of t he  t e f l o n  in  

t h e  t h r o a t  of  the  n o z z l e  a n d  s o m e w h a t  l e s s  s e v e r e  e r o s i o n  in  the  r e g i o n  

u n d e r  t he  c o i l  e l e c t r o d e .  E r o s i o n  h a d  c a u s e d  the  t h r o a t  d i a m e t e r  t o 
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i n c r e a s e  f r o m  0 . 1 8 8  i n c h e s  to  a p p r o x i m a t e l y  0 . 3 9 2  i n c h e s .  T h e  t h r o a t  

s h o w e d  f i s s u r e s  a n d  s p a l l i n g  in  a d d i t i o n  to  b e i n g  c h a r r e d  to  a d e p t h  of  

a b o u t  1 / 3 Z - i n c h .  F i g .  8 i s  a c u t a w a y  s e c t i o n  of  t h i s  n o z z l e  s h o w i n g  t h e  

e r o s i o n  in  t h e  v i c i n i t y  of t h e  t h r o a t  a n d  t h e  d i s t o r t i o n  of  t h e  d o w n s t r e a m  

l i p  of  t h e  c o n e .  

I t  w a s  c o n c l u d e d  f r o m  t h e  e x p e r i e n c e ,  t h a t  t e f l o n  p r o p e r l y  

c o o l e d ,  i s  a s a t i s f a c t o r y  n o z z l e  m a t e r i a l  w i t h  a s h o r t  s e r v i c e  l i f e .  

2. G e n e r a l  C h a r a c t e r i s t i c  o f  t h e  R F  D i s c h a r g e - C r e a t e d  P l a s m a  

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

( C 4 F 8 ) ,  w e r e  u s e d  i n  t h e  e x p e r i m e n t s  w i t h  t h e  a x i s y m m e t r i c  n o z z l e .  

A p p l i c a t i o n  of  t he  d i s c h a r g e  m a d e  t h e  f l ow  v i s i b l e .  T h e  d i s c h a r g e  in  

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

i n  C 4 F 8 t he  d i s c h a r g e  a p p e a r e d  a b r i g h t  b l u e b i r d - b l u e  c o l o r  ( R e f .  7).  

T h e  c o n i c a l  n o z z l e  w a s  d e s i g n e d  t o  g i v e  a M a c h  n u m b e r  o f  7 .9  i n  

i n v i s c i d  f l o w .  W i t h o u t  a d i s c h a r g e ,  t h e  n o z z l e  c o u l d  o n l y  a t t a i n  a M a t h  

n u m b e r  of f r o m  4 .9  to  5 .2  w i t h  s t a g n a t i o n  p r e s s u r e s  r a n g i n g  f r o m  50 to  

900 r a m .  Hg.  T h e  f a i l u r e  of  t h e  c o n i c a l  n o z z l e  to  a t t a i n  a n y w h e r e  n e a r  

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

l%ef. 7 to viscous effect, although this conclusion is open to question. 

A core flow was readily discernible when the discharge was applied, 

and the size of this core could be identified by the extent of a shock 

wave produced on a small body immersed in the stream. To obtain an 
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i n d i c a t i o n  of  t h e  M a c h  n u m b e r  i n  t h e  g a s ,  a s m a l l  20 ° m i c a r t a  w e d g e  

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

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

f r o m  1.7 to  2 .4  d e p e n d i n g  u p o n  t h e  p o w e r .  A r e p r e s e n t a t i v e  p h o t o g r a p h  

o f  t h i s  w e d g e  a n d  t h e  s h o c k  w a v e  on  t h e  w e d g e  is  s h o w n  in  F i g .  9. 

3. E n e r g y  A d d e d  to  t h e  G a s  S t r e a m  by  a n  R1 r D i s c h a r g e  

T h e  h e a t  r e m o v e d  f r o m  t h e  e x p e r i m e n t a l  a p p a r a t u s  i n  t h e  l i q u i d  

c o o l i n g  of  t he  n o z z l e ,  a n d  in  t he  t w o  h e a t  e x c h a n g e r s  d o w n s t r e a m  of  t h e  

t e f l o n  t e s t  s e c t i o n ,  w a s  m e a s u r e d  i n  a n  e f f o r t  to  o b t a i n  s o m e  m e a s u r e  of 

t h e  t h e r m a l  e n e r g y  a d d e d  to  t h e  g a s  s t r e a m  by t he  R F  d i s c h a r g e .  I n  

a d d i t i o n  to  t h e s e  c r u d e  c a l o r i m e t r y  m e a s u r e m e n t s ,  t h e r m o m e t e r s  w e r e  

i m m e r s e d  i n  t h e  g a s  s t r e a m  a t  v a r i o u s  p o i n t s  tin t h e  s y s t e m  in  a n  a t t e m p t  

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

p r o d u c e d  p l a s m a  d e c a y e d  b a c k  t o  i t s  n e u t r a l  s t a t e .  

F o r  n i t r o g e n  g a s  in  t h e  n o z z l e  i t  w a s  e s t i m a t e d ,  o n  t h e  b a s i s  of  

t h e  c a l o r i m e t r y  m e a s u r e m e n t s ,  t h a t  of  t he  Z000 to  ZS00 w a t t s  of  p o w e r  

a p p l i e d  by  t h e  p o w e r  s u p p l y ,  f r o m  Z7 to  40% i s  a c t u a l l y  s u p p l i e d  to  t h e  

g a s ;  f r o m  18 to  Z5% i s  s u p p l i e d  to  t h e  g a s  bu t  i s  l o s t  in  h e a t i n g  t h e  n o z z l e  

w a l l s ;  a n d  t h e  r e m a i n d e r  i s  l o s t  a t  t h e  g e n e r a t o r  p l a t e s ,  i n  r a d i a t i o n  to  

t h e  r o o m ,  a n d  in  t r a n s m i s s i o n  to  t h e  d i s c h a r g e  c o i l .  B a s e d  o n  t he  p o w e r  

t a k e n  of f  t h e  t r a n s m i s s i o n  l i n e s ,  t h e  o v e r a l l  e f f i c i e n c y  of t h e  a p p a r a t u s  
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i s  e s t i m a t e d  a t  10%. T h i s  f i g u r e  i s  a r r i v e d  a t  by  c o n s i d e r i n g  the  l o s s e s  

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

g e n e r a t o r  e f f i c i e n c y  of a p p r o x i m a t e l y  50%. 

F o r  a r g o n  g a s  i n  the  n o z z l e  a n d  a g a i n  on  the  b a s i s  of t he  e x p e r i -  

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

a p p l i e d  at  the  p o w e r  s u p p l y  Z4 to  35% is a c t u a l l y  s u p p l i e d  to  t h e  g a s 

d o w n s t r e a m  of t he  n o z z l e ,  f r o m  31 to  35% is  s u p p l i e d  to t he  gas  but  i s  

l o s t  in  h e a t i n g  the  n o z z l e  w a l l s ;  the  r e m a i n d e r  is  l o s t  a t  t h e  g e n e r a t o r  

p l a t e s ,  in  r a d i a t i o n  to t he  r o o m  a n d  in  t r a n s m i s s i o n .  A g a i n ,  t he  o v e r a l l  

e f f i c i e n c y  w a s  e s t i m a t e d  a t  f r o m  10 to  15 p e r c e n t .  T h e  d e t a i l e d  r e s u l t s  

of  t h e s e  c a l o r i m e t r y  m e a s u r e m e n t s  a r e  p r e s e n t e d  in  R e f .  7. 

T h e  i n s e r t i o n  of a t h e r m o m e t e r  in to  a s u p e r s o n i c  s t r e a m  wi l l  

of  c o u r s e  d i s t u r b  t he  s t r e a m  by  c a u s i n g  a bow s h o c k  w a v e  a h e a d  of t he  

t h e r m o m e t e r .  T h e  e x i s t e n c e  of  t h i s  bow s h o c k  w a v e  in  a c l o s e d  c h a n n e l  

c a u s e s  a t r a n s i t i o n  to s u b s o n i c  f low w i t h i n  a s h o r t  d i s t a n c e  of t h e  t h e r -  

m o m e t e r ;  t h i s  t r a n s i t i o n  u n d o u b t e d l y  c h a n g e s  t he  r a t e  of d e c a y  of t he  

d i s c h a r g e - p r o d u c e d  p l a s m a .  F u r t h e r m o r e ,  a bu lb  t h e r m o m e t e r  i n s e r t e d  

i n t o  the  s t r e a m  d o e s  no t  m e a s u r e  t he  a c t u a l  s t a g n a t i o n  t e m p e r a t u r e  of 

t he  s t r e a m  but  m e a s u r e s  a l o w e r  t e m p e r a t u r e  b e c a u s e  i t s  r e c o v e r y  

f a c t o r  i s  on t h e  o r d e r  of 0 .85 .  F o r  t h e s e  r e a s o n s ,  the  m e a s u r e m e n t s  

m a d e  w i t h  bu lb  t h e r m o m e t e r s  i m m e r s e d  in the  g a s  s t r e a m  o n l y  g ive  a n  

i n d i c a t i o n  of  the  t e m p e r a t u r e  d i s t r i b u t i o n  a l o n g  t h e  c h a n n e l ,  l ~e su l t s  of  

t h e s e  m e a s u r e m e n t s  in  n i t r o g e n  a r e  p r e s e n t e d  in F i g .  10 a s  t h e  r a t i o  of 
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m e a s u r e d  t e m p e r a t u r e  to t he  u p s t r e a m  s t a g n a t i o n  t e m p e r a t u r e  a s a 

f u n c t i o n  of d i s t a n c e  f r o m  the  n o z z l e  e x i t  p l a n e .  It i s  i n t e r e s t i n g  to n o t e  

t h a t  t he  i n t r o d u c t i o n  of a c o n t a m i n a t e  gas  ( in  t h i s  c a s e  C 4 F 8 )  to t he  g a s  

s t r e a m  h a s  a v e r y  n o t i c e a b l e  e f f e c t  on  the  r a t e  of  h e a t i n g  of t he  g a s .  

A l s o ,  t h e r e  a p p e a r s  to  be a d e f i n i t e  e f f e c t  of  t he  u p s t r e a m  s t a g n a t i o n  

p r e s s u r e  on  t h e  r a t e  of h e a t i n g  but  m o r e  d a t a  is  n e e d e d  to e s t a b l i s h  a 

d e f i n i t e  t r e n d .  

4. Composition of the Discharge-Produced Plasma 

S p e c t r o g r a p h i c  p l a t e s  w e r e  m a d e  of the  p l a s m a  in  t he  t e s t  s e c t i o n  

f o r  t y p i c a l  n i t r o g e n  a n d  a r g o n  d i s c h a r g e s .  A t y p i c a l  s p e c t r o g r a p h i c  

p l a t e  is  s h o w n  in  F i g .  11. A s t u d y  of the  s p e c t r u m  s h o w s  c l e a r l y  t h e  

f o l l o w i n g  f e a t u r e s :  

(a) No e v i d e n c e  of  i o n i z a t i o n  p r o d u c t s  of the  d i s c h a r g e  in  t he  

f l o w  of e i t h e r  g a s .  

(b) In the  n i t r o g e n  f low the  a f t e r g l o w  is  c l e a r ,  a r i s i n g  f r o m  the  

r e a c t i o n :  

N + N + N 2 - "  2N 2 + hu + k i n e t i c  e n e r g y  

T h e  r a d i a t i o n  e m i t t e d  i s  o b s e r v e d  as  t he  N i t r o g e n  F i r s t  a n d  S e c o n d  

P o s i t i v e  S y s t e m s .  

(c) T r a c e s  of  o x y g e n  i m p u r i t y  a r e  o b s e r v e d  f r o m  the  a p p e a r a n c e  

of  the  NO// S y s t e m .  T h i s  s y s t e m  is  v e r y  o f t e n  f o u n d  in n i t r o g e n  a f t e r -  

g l o w s  w i t h  t he  s m a l l e s t  a m o u n t  of o x y g e n  p r e s e n t .  
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(d) No o b s e r v e d  a r g o n  l i n e s .  

T h e  e x c i t e d  s t a t e s  of  a r g o n  h a v e  a v e r y  s h o r t  l i f e t i m e  a n d  

h a v e  d e c a y e d  b e f o r e  t h e  e x p a n s i o n  of t he  f l o w  a t  t h e  n o z z l e .  

(e) I m p u r i t y  C N  V i o l e t  a n d  l~ed S y s t e m s .  

T h e s e  s y s t e m s  a r e  a l s o  v e r y  c o m m o n  in  n i t r o g e n  a f t e r g l o w s .  

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

t h e  p r e s e n c e  o f  n i t r o g e n  i s  no t  u n e x p e c t e d .  T h e  p r e s e n c e  of  c a r b o n  i s  

e x p l a i n e d  b e c a u s e  t h e  p i l o t  t u n n e l  d i s c h a r g e  s e c t i o n  w a s  c o n s t r u c t e d  of  

t e f l o n  f o r  b e t t e r  m a t c h i n g  to  t he  r a d i o - f r e q u e n c y  d i s c h a r g e  s o u r c e .  

T h e s e  p r e l i m i n a r y  e x p e r i m e n t s  s h o w  t h a t  t he  s t a t e  of  t h e  g a s  f l o w  

i s  v e r y  c l o s e  to  t h a t  d e s i r e d ;  t h a t  i s ,  a n e u t r a l  m o l e c u l a r  g a s ,  e x c e p t  f o r  

t h e  p r e s e n c e  of  s o m e  a t o m i c  n i t r o g e n .  

A K - b a u d  m i c r o w a v e  i u t e r f e r o m e t e r  w a s  u s e d  to  d e t e r m i n e  t h e  

o r d e r  of  m a g n i t u d e  of  t he  e l e c t r o n  d e n s i t y  i n  t h e  p l a s m a .  F o r  n i t r o g e n  

t h e s e  m e a s u r e m e n t s  i n d i c a t e  t h a t  t he  e l e c t r o n  d e n s i t y  in  t h e  t e s t  s e c t i o n  

w a s  l e s s  t h a n  1010 e l e c t r o n s / c m  3, t h e  m i n i m u m  d e n s i t y  w h i c h  the  i n t e r -  

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

a r g o n  i n d i c a t e  e l e c t r o n  d e n s i t i e s  f r o m  1010 to 4 . 6  x 1011 e l e c t r o n s / c r n 3 .  

A n  a n a l y s i s  of  t h i s  d a t a  h a s  b e e n  c a r r i e d  o u t  i n  R e f .  8. T h i s  a n a l y s i s  

i n d i c a t e s  a n e l e c t r o n  r e c o m b i n a t i o n  r a t e  in  a r g o n  o n  t h e  o r d e r  o f  

1.6 x 10 - 8  c m 3 / s e c  a t  100 m i c r o n s  s t a t i c  p r e s s u r e .  
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B. E X P E R I M E N T S  WITH T W O - D I M E N S I O N A L  N O Z Z L E S  

It  w a s  c l e a r  f r o m  the  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  w i t h  the  a x i -  

s y m m e t r i c  n o z z l e  t h a t  m u c h  a d d i t i o n a l  w o r k  w a s  n e c e s s a r y  in  o r d e r  to  

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

I t  w a s  d e c i d e d ,  h o w e v e r ,  t h a t  f u r t h e r  e x p e r i m e n t s  s h o u l d  be m a d e  w i t h  

t w o - d i m e n s i o n a l  n o z z l e s  s i n c e  the  d i s c h a r g e  c a n  be c r e a t e d  in  a c o n s t a n t  

a r e a ,  c o n s t a n t  p r e s s u r e ,  a n d  c o n s t a n t  M a c h  n u m b e r  r e g i o n  w i t h  a t w o -  

d i m e n s i o n a l  n o z z l e ;  w h e r e a s  the  d i s c h a r g e  in  the  a x i s y m m e t r i c  n o z z l e  

w a s  c r e a t e d  in  a r e g i o n  of v a r y i n g  a r e a ,  v a r y i n g  p r e s s u r e ,  a n d  v a r y i n g  

M a c h  n u m b e r .  F u r t h e r m o r e ,  i f  t h e  d i s c h a r g e  is c r e a t e d  w i t h  c a p a c i t i v e -  

t y p e  e l e c t r o d e s  a t  t he  s i d e w a l l s  of a t w o - d i m e n s i o n a l  n o z z l e ,  one  h a s  a 

c e r t a i n  a m o u n t  of f l e x i b i l i t y  in  t h a t  the  e l e c t r o d e  s p a c i n g  c a n  be v a r i e d ,  

a n d  t h u s  t he  e l e c t r i c  f i e l d  s t r e n g t h  c a n  be c h a n g e d  o v e r  a w i d e  r a n g e  of 
$ 

v a l u e  s .  

1. N o z z l e  M a t e r i a l  

S e v e r a l  t w o - d i m e n s i o n a l  n o z z l e s  of v a r i o u s  m a t e r i a l s  w e r e  

c o n s t r u c t e d  a n d  t e s t e d  d u r i n g  the  e x p e r i m e n t a l  p r o g r a m .  T h e  f i r s t  of  

t h e s e  w a s  a t e f l o n  n o z z l e  ( N o z z l e  1, F i g .  4) in w h i c h  i n t e g r a l  c o o l i n g  

p a s s a g e s  w e r e  d r i l l e d  in  o r d e r  to  s u p p l y  s u f f i c i e n t  c o o l i n g  to a v o i d  t he  

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

w a s  c o n s t r u c t e d  f r o m  a s i n g l e  p i e c e  of t e f l o n  in to  w h i c h  w a s  m a c h i n e d  

t h e  d e s i r e d  u o z z l e  c o n t o u r .  T h e  n o z z l e  e m p l o y e d  q u a r t z  s i d e w a l l s  a n d  
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the discharge was created by using capacitive-type electrodes discharging 

through these sidewalls. It was found, after only a few preliminary runs, 

that the teflon nozzle had insufficient strength even with cooling and 

became badly distorted under the action of both the pressure differential 

between the test section and the surroundings, and the radio-frequency 

heating. 

Next, a nozzle (Nozzle 2, Fig. 4} of Supramica 6Z0, a glass bonded 

mica, which was used because it is machinable, ha s good electrical 

properties and has a high melting temperature. In this nozzle, on/7 the 

countoured walls were of Supramica 620, and the nozzle end pieces were 

made of boron nitride. (See Fig. 4 for construction details. ) Quartz 

sidewalls were used and again the discharge was created by using 

capacitive-type electrodes located outside the sidewalls. 

Three runs at an estimated power input of 3 kw. were made with 

this nozzle. The results of these tests are presented in Table I as runs 

A1, A2, and A3 and will be discussed later. 

During the third run, a catastrophic failure occurred in the quartz 

sidewalls and the Supramica nozzle blocks due to excessive heating. This 

is shown in Fig. IZ. It will be noted that the Supramica was cracked and 

chipped, and that a hole at approximately 45 ° to the direction of the field 

was actually burned through the upper block. The quartz plates had also 

been caused to boil in this area, had cracked, and had been blown 

through. The plates were also etched for a considerable distance along 
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t h e  l i n e  of j u n c t u r e  w i t h  t he  b l o c k s .  T h e  a r e a  of m a i n  f a i l u r e  w a s  

a l m o s t  3 / 4 "  to 1 " u p s t r e a m  f r o m  the  d o w n s t r e a m  e n d  of e l e c t r o d e s  a t  

t h e  t i m e  a n d  w a s  t h e r e f o r e  no t  e v i d e n t  u n t i l  a~ te r  it  o c c u r r e d .  T h e  

f a i l u r e  i s  t h o u g h t  to  h a v e  r e s u l t e d  f r o m  l o c a l i z e d ,  s u r f a c e  i o n - e l e c t r o n  

r e c o m b i n a t i o n  w h i c h  c a u s e d  l o c a l i z e d  h e a t i n g .  T h e  h e a t e d  a r e a  t h e n  

a b s o r b e d  m o r e  e l e c t r i c a l  e n e r g y  f r o m  t h e  f i e l d ,  b e c a m e  h o t t e r  and  

f i n a l l y  m e l t e d .  

D u r i n g  the  p e r i o d  w h e n  the  a b o v e  e x p e r i m e n t s  w e r e  b e i n g  c o n -  

d u c t e d ,  i t  w a s  p o s t u l a t e d  t h a t  i t  m i g h t  be  p o s s i b l e  to  u s e  t he  m e  t a l  

c o n t o u r e d  n o z z l e  b l o c k s  bo th  as  t u n n e l  w a l l s  a n d  a s  d i s c h a r g e  e l e c t r o d e s .  

T h i s  p o s t u l a t e  w a s  b a s e d  on the  c o n s i d e r a t i o n s  w h i c h  a r e  p r e s e n t e d  in  

A p p e n d i x  I.  T h e s e  c o n s i d e r a t i o n s  show t h a t  i f  the  n o z z l e  s t a g n a t i o n  

p r e s s u r e  is  h i g h  e n o u g h ,  the  d i s c h a r g e  c a n  be m a i n t a i n e d  i n  the  s u p e r -  

s o n i c  s e c t i o n  of the  n o z z l e  ( and  no t  in  the  t h r o a t  w h e r e  t he  f i e l d  s t r e n g t h  

is  h i g h e s t )  b e c a u s e  of the  p r e s s u r e  v a r i a t i o n  a l o n g  the  n o z z l e .  Wi th  t h i s  

in  m i n d ,  a new s e t  of a l u m i n u m  M o c k s  w a s  c o n s t r u c t e d  to r e p l a c e  t he  

S u p r a m i c a  6ZO n o z z l e  b l o c k s .  A g a i n ,  t h e  n o z z l e  e n d  p i e c e s  w e r e  of 

b o r o n  n i t r i d e  a n d  t h e  n o z z l e  s i d e w a l l s  w e r e  q u a r t z  p l a t e s .  T h e  d i s c h a r g e  

i s  c r e a t e d  b e t w e e n  the  e l e c t r o d e s  w h i c h  a r e  t h e m s e l v e s  t h e  c o n t o u r e d  

n o z z l e  w a l l s .  T h i s  d e s i g n  r e p r e s e n t s  a d e p a r t u r e  f r o m  t h e  o r i g i n a l  

c o n c e p t  of a h i g h - f r e q u e n c y  d i s c h a r g e  in  w h i c h  the  e l e c t r o d e s  a r e  no t  in  

d i r e c t  c o n t r a s t  w i t h  the  g a s  s t r e a m .  H o w e v e r ,  w i t h  the  c o m p l e t e  l a c k  of 
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m a t e r i a l s  w h i c h  p o s s e s s e d  the  c h a r a c t e r i s t i c s  r e q u i r e d  f o r  a d i s c h a r g e  

n o z z l e ,  it w a s  f e l t  t h a t  s u c h  a d e p a r t u r e  w a s  w a r r a n t e d ,  a t  l e a s t  a t  

p r e s e n t .  

T h e  f i r s t  of t he  a l u m i n u m  n o z z l e s  ( N o z z l e  3, F i g .  4) w a s  c o n -  

s t r u c t e d  w i t h  the  s a m e  n o z z l e  c o n t o u r s  and  h a d  b e e n  u s e d  p r e v i o u s l y  

in  the  t e f l o n  a n d  S u p r a m i c a  n o z z l e s .  In d e s i g n i n g  t h i s  c o n t o u r ,  an  a t t e m p t  

h a d  b e e n  m a d e  to  o b t a i n  a c o n s t a n t  p r e s s u r e  in  t he  d o w n s t r e a m  p o r t i o n  of  

t h e  n o z z l e  by  c o n t i n u o u s l y  e x p a n d i n g  the  n o z z l e  a r e a  to a c c o u n t  f o r  the  w a l l  

b o u n d a r y  l a y e r  g r o w t h  and  f o r  the  c h a n g e  in  gas  s t r e a m  p r e s s u r e  due  to 

t he  d i s c h a r g e .  U n f o r t u n a t e l y ,  t h e r e  w a s  an  o v e r  c o m p e n s a t i o n  f o r  t h e s e  

e f f e c t s  a n d  as  a r e s u l t ,  t he  p r e s s u r e  c o n t i n u o u s l y  d r o p p e d  a l o n g  the  

n o z z l e  l e n g t h .  At  low s t a g n a t i o n  p r e s s u r e s ,  t h e  d i s c h a r g e  t o o k  p l a c e  in  

t h e  n o z z l e  t h r o a t  a s  w o u l d  be e x p e c t e d  ( s e e  A p p e n d i x  I), bu t  a t  h i g h  s t a g -  

n a t i o n  p r e s s u r e - - b e c a u s e  of the  c o n t i n u o u s  p r e s s u r e  d r o p  a l o n g  the  

n o z z l e - - t h e  d i s c h a r g e  w a s  c o n f i n e d  to  t h e  f a r  d o w n s t r e a m  end  of t h e  

n o z z l e .  

T h e  f o u r t h  and  f i n a l  s e t  o5 n o z z l e  M o c k s  w e r e  a l s o  c o n s t r u c t e d  of 

a l u m i n u m  but  no a l l o w a n c e  w a s  m a d e  f o r  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  

e f f e c t s .  T h e  n o z z l e  c o n t o u r  w a s  a n o r m a l  c o n t o u r  f o r  a M a c h  n u m b e r  

3.Z4 n o z z l e .  T h e  f low in the  n o z z l e  b e c a m e  s u p e r s o n i c  a n d  a p p r o a c h e d  3, 

bu t  n e a r  t he  e n d  of the  n o z z l e  t h e r e  w a s  s o m e  t y p e  of b o u n d a r y  l a y e r  

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

t h e  f low b e c a m e  s u b s o n i c  v e r y  s h o r t l y  a f t e r  l e a v i n g  the  n o z z l e  a r e a .  
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N e v e r t h e l e s s ,  t h i s  n o z z l e  w a s  u s e d  t h r o u g h o u t  t h e  r e m a i n i n g  p o r t i o n  of  

t h e  l a s t  p r o g r a m .  In  a d d i t i o n  to  t h e  s h o c k  w a v e  b o u n d a r y  l a y e r  i n t e r -  

a c t i o n  a l r e a d y  n o t e d ,  t w o  o t h e r  p r o b l e m s  w i t h  t h i s  n o z z l e  w e r e  n o t e d .  

F i r s t ,  b e c a u s e  o f  t h e  s e v e r a l  d i f f e r e n t  p a r t s  o f  t h e  n o z z l e  b l o c k s  e n d  

p i e c e s ,  a n d  s i d e w a l l s ,  s e a l i n g  of  t h e  n o z z l e  a g a i n s t  l e a k s  w a s  n e v e r  

s u c c e s s f u l l y  a c c o m p l i s h e d .  T h e  p r o b l e m s  i n  s e a l i n g  o c c u r r e d  b e c a u s e  

o f  t h e  n e c e s s i t y  of  u s i n g  e n d  s e a l s  ( s e e  F i g .  4) in  t h e  p r e s e n t  d e s i g n ,  

a n d  b e c a u s e  of  t h e  d i f f i c u l t y  i n  c o o l i n g  t h e  s e a l s  in  t h e  s m a l l  n o z z l e  u s e d .  

I t  i s  f e l t ,  h o w e v e r ,  t h a t  t h e s e  p r o b l e m s  c a n  be  o v e r c o m e  b y  c l e v e r  

d e s i g n ,  e s p e c i a l l y  in  l a r g e r  n o z z l e s  t h a n  u s e d  h e r e .  

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

t h e  s e v e r e  p i t t i n g  of  t h e  n o z z l e  s u r f a c e  a r e a  n e a r  t he  e n d  of  t h e  n o z z l e .  

I t  i s  b e l i e v e d  t h a t  t h i s  p i t t i n g  w a s  due  to s p u t t e r i n g  of  t h e  n o z z l e  s u r f a c e  

d u e  to  t h e  c o l l i s i o n  of t h e  h i g h  e n e r g y  e l e c t r o n s  a n d  t he  s u r f a c e .  It  m a y  

be  p o s s i b l e  to  a v o i d  t h i s  p r o b l e m  in  t h e  f u t u r e  by u s i n g  o t h e r  e l e c t r o d e  

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

2. C a l o r i m e t r y  E x p e r i m e n t s  

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

s i o n a l  n o z z l e s  w a s  to  d e t e r m i n e ,  by  m e a n s  of c a l o r i m e t r y ,  t h e  q u a n t i t y  

o f  e n e r g y  a d d e d  to  t h e  g a s  s t r e a m  by t h e  e l e c t r o m a g n e t i c  d i s c h a r g e .  In 

o r d e r  to  m a k e  t h i s  m e a s u r e m e n t ,  a s y s t e m  of w a t e r - j a c k e t e d  c a l o r i m -  

e t e r s  w a s  i n t r o d u c e d  d o w n s t r e a m  of  t h e  t w o - d i m e n s i o n a l  n o  z z 1 e s 
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and discharge apparatus as shown schematically in Fig. 5. Thus, the 

hot, energized gas stream transferred thermal energy through the 

calorimeter walls and into the cooling water which was circulated 

through the calorimeters. Measurement of the water flow rate through 

each calorimeter or segment of a calorimeter and the water temperature 

rise on passing through the calorimeter gave the energy transferred 

from the gas stream to the calorimeter. 

In addition to the calorimetry measurements above, the quantity 

of heat dissipated at the nozzle electrodes and transferred to the oil bath 

and the radiant energy absorbed from the discharge by the oil bath. was 

determined by measuring the rate of temperature rise of the liquid 

petroleum oil bath. Knowledge of the mass of petroleum in the oil bath. 

the specific heat of petrolatum and the rate of temperature rise of the 

petroleum gives the power absorbed in cooling the discharge electrodes. 

Finally. the quantity of energy carried downstream of the calo- 

rimeters in the gas flow was determined by immersing a thermometer 

into the gas stream downstream of the calorimeters and measuring the 

t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  t h e  t e m p e r a t u r e  i n  t h e  p l e n u m  c h a m b e r  

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

T h e  r e s u l t s  of a l l  of t h e s e  c a l o r i m e t r y  m e a s u r e m e n t s  a r e  

p r e s e n t e d  in  T a b l e  I .  I n s p e c t i o n  of  t h e  d a t a  p r e s e n t e d  in  t he  t a b l e  

i n d i c  a t e  s t h a t :  
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(a) In general, the power extracted in the separate segments of 

the two segmented calorimeters, decreased from one segment to the 

n e x t  in  the  d o w n s t r e a m  d i r e c t i o n  ( th i s  w i l l  be  c o n s i d e r e d  in m o r e  d e t a i l  

l a t e r ) .  

(b) T h e  r e s i d u a l  t h e r m a l  e n e r g y  r e m a i n i n g  in the  g a s  s t r e a m  

d o w n s t r e a m  of a l l  c a l o r i m e t e r s  i s  v e r y  s m a l l .  

(c) T h e  p e r c e n t a g e  of e n e r g y  r e c o v e r e d  in  t h e  c a l o r i m e t e r s  

v a r i e s  f r o m  9% to  a b o u t  47%. In t w o  c a s e s  the  m e a s u r e m e n t s  i n d i c a t e d  

t h a t  m o r e  t h a n  50% of the  inpu t  e n e r g y  w a s  r e c o v e r e d  in the  c a l o r i m e t r y ,  

b u t  t h e s e  r e s u l t s  do no t  a p p e a r  l o g i c a l  in l i g h t  of  t h e o r e t i c a l  c o n s i d e r -  

a t i o n s .  ~ 

H it i s  a s s u m e d  t h a t  t he  r e c o m b i n a t i o n  p r o c e s s  i s  d e s c r i b e d  b y  

N2 + + e - - - - N  + N* + h~, 

9.7  e v  "-* 5 e v  

N + N ~ + N 2 -----N2 ~ + N 2 + k i n e t i c  e n e r g y  

"~ 2 ev ~7 ev 

N2 ~ ---" N 2 + h~2 

--~2 ev 

w h e r e  the  n u m b e r s  b e l o w  the  v a r i o u s  s y m b o l s  r e p r e s e n t  t h e  e n e r g y  

i n v o l v e d  in the  f o r m a t i o n  of the  p r o d u c t  o r  in  the  d e s c r i b e d  r a d i a t i o n ,  
t h e n  of  the  a p p r o x i m a t e l y  15.5 ev. r e q u i r e d  to  f o r m  the  i o n i z e d  p a i r  

(N2 + a n d  e ) o n l y  a b o u t  7 e v  c a n  be  r e c o v e r e d  in  k i n e t i c  e n e r g y  of  the  

g a s .  T h u s  one  w o u l d  not  e x p e c t  e f f i c i e n c i e s  g r e a t e r  t h a n  50%, b a s e d  
on  t he  i n p u t  e n e r g y .  
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T h e  d a t a  f r o m  T a b l e  I f o r  the  d i s t r i b u t i o n  of t he  r e c o v e r e d  a n d  

u n a c c o u n t e d  f o r  e n e r g y  is  p r e s e n t e d  g r a p h i c a l l y  in  F i g .  13. In  t he  l i m i t e d  

p r e s s u r e  r a n g e  o v e r  w h i c h  t h e s e  e x p e r i m e n t s  w e r e  c o n d u c t e d ,  a n d  

a l t h o u g h  t h e r e  is  c o n s i d e r a b l e  s c a t t e r  in  the  d a t a ,  i t  a p p e a r s  t ha t :  

(a) T h e r e  is  no d i s c e r n i b l e  e f f e c t  of p r e s s u r e  on t h e  p e r c e n t  of 

i n p u t  p o w e r  r e c e o v e r e d  in  t he  c a l o r i m e t e r s  [ F i g .  13 (a ) ] .  

(b) T h e r e  is  a d e c r e a s e  in  t he  p e r c e n t  of p o w e r  r e c o v e r e d  in  t he  

o i l  b a t h  w i t h  i n c r e a s e d  d i s c h a r g e  p r e s s u r e  [ F i g .  13(b) ] .  T h i s  s e e m s  

l o g i c a l  s i n c e  a t  low p r e s s u r e s  m o r e  of t he  d i s c h a r g e  p r o d u c t s  ( i o n s  a n d  

e l e c t r o n s )  m a y  d i f f u s e  to a n d r e c o m b i n e  on  the  n o z z l e  w a l l s  r e s u l t i n g  

i n  h e a t i n g  of the  n o z z l e  o i l  b a t h .  At  h i g h e r  p r e s s u r e s  the  d i f f u s i o n  to  t he  

w a l l s  a n d  c o n s e q u e n t  w a l l  r e c o m b i n a t i o n  a n d  w a l l  h e a t i n g  is  i n h i b i t e d .  

(c} T h e r e  i s  a n  i n c r e a s e  in  t h e  p e r c e n t  of p o w e r  u n a c c o u n t e d  f o r  

w i t h  i n c r e a s e d  p r e s s u r e  ~F ig .  1 3 ( c ) ] .  It  w a s  i n i t i a l l y  f e l t  t ha t  t h i s  e f f e c t  

m i g h t  be due  to t he  f a c t  t h a t  the  p r e s s u r e  r a n g e  i n v o l v e d  c o r r e s p o n d e d  

to  the  p r e s s u r e s  on the  r i g h t - h a n d  s i d e  of the  P a s c h e n  c u r v e  f o r  n i t r o g e n .  

T h u s ,  a t  h i g h e r  p r e s s u r e s ,  h i g h e r  v o l t a g e s  w o u l d  be r e q u i r e d  to  m a i n t a i n  

t h e  d i s c h a r g e .  H i g h e r  v o l t a g e s  w o u l d  r e s u l t  in  g r e a t e r  l o s s e s  due  to  

e l e c t r o m a g n e t i c  r a d i a t i o n  f r o m  the  n o z z l e  b l o c k s  and  f r o m  the  e l e c t r i c a l  

l e a d s  to  the  n o z z l e  b l o c k s .  In  a n  e f f o r t  to  c h e c k  t h i s  s p e c u l a t i o n ,  the  

d i s c h a r g e  v o l t a g e s  w e r e  l i s t e d  b e s i d e  e a c h  d a t a  p o i n t  in  F i g .  13(c) .  It i s  

s e e n  t h a t  t h e  h i g h e s t  l o s s  i s  a s s o c i a t e d  w i t h  t he  h i g h e s t  v o l t a g e  (1260 v o l t s )  
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and that the lowest loss is associated with the  lowest discharge voltage 

(187 volts). In between these points, however, the data is quite scattered 

and it is impossible to make any definite conclusions regarding the cause 

f o r  the  i n c r e a s e  in  u n a c c o u n t e d  f o r  p o w e r  w i t h  p r e s s u r e .  

To  o b t a i n  a m o r e  d e t a i l e d  i n d i c a t i o n  of the  m a n n e r  in w h i c h  the  gas  

i s  h e a t e d  by  the  d e c a y i n g  d i s c h a r g e = p r o d u c e d  p l a s m a ,  the  f i r s t  two c a l o -  

r i m e t e r s  w e r e  s e g m e n t e d  as  h a s  b e e n  m e n t i o n e d  p r e v i o u s l y .  T h e  p o w e r  

e x t r a c t e d  in  e a c h  s e g m e n t ,  d i v i d e d  by  the  a r e a  e x p o s e d  to the  g a s  s t r e a m  

f o r  t h a t  s e g m e n t ,  h a s  b e e n  c a l c u l a t e d  and  p l o t t e d  in F i g .  14 as  a f u n c t i o n  of 

t h e  d i s t a n c e  of t he  m i d p o i n t  of the  s e g m e n t  f r o m  the  end  of the  n o z z l e  b l o c k s .  

T h e  d a t a  f r o m  al l  r u n s  is p r e s e n t e d  h e r e  a n d  a l t h o u g h  t h e r e  is  s o m e  s c a t t e r  

in  the  d a t a  of e a c h  r u n ,  in  g e n e r a l ,  t he  d a t a  f o l l o w  the  t r e n d s  of the  t y p i c a l  

r u n ,  Run  B3, f o r  w h i c h  a c u r v e  h a s  b e e n  d r a w n  t h r o u g h  the  d a t a .  T h e  e n e r g y  

t r a n s f e r  to  the  t h i r d  s e g m e n t  of  h e a t  e x c h a n g e r  1 is  a l w a y s  l e s s  t h a n  the  

e n e r g y  t r a n s f e r  to the  f i r s t  s e g m e n t  of h e a t  e x c h a n g e r  Z. T h i s  e f f e c t  m a y  be  

due  to e i t h e r  t he  d i f f e r e n c e  in  c a t a l y t i c  e f f e c t  of  the  h e a t  e x c h a n g e r  w a l l s  

( h e a t  e x c h a n g e r  1 h a s  i n n e r  w a l l s  of  t e f l o n ,  a n d  h e a t  e x c h a n g e r  2 h a s  i n n e r  

w a l l s  of  c o p p e r )  in  w a l l  r e c o m b i n a t i o n ,  o r  to  the  d i f f e r e n c e  in  t he  t h e r m a l  

c o n d u c t i v i t y  of t h e  h e a t  e x c h a n g e r  w a l l s ,  o r  p o s s i b l y  a c o m b i n a t i o n  of t h e s e  

f a c t o r s .  

T h e r e  is  a d e f i n i t e  d e c r e a s e  of h e a t i n g  r a t e  wi th  i n c r e a s e d  d i s t a n c e  

f r o m  the  n o z z l e  ( and  d i s c h a r g e ) .  T h i s  t y p e  of e n e r g y  d i s t r i b u t i o n  is  c h a r a c -  

t e r i s t i c  of a r e c o m b i n a t i o n  p r o c e s s  w h e r e  the  e n e r g y  r e l e a s e  is  p r o p o r t i o n a l  

to the  r e c o m b i n a t i o n  r a t e  a n d  the  r e c o m b i n a t i o n  r a t e  d e c r e a s e s  as  the  f l ow 

p r o c e e d s  d o w n s t r e a m  due to the  l o s s  ( r e c o m b i n a t i o n )  of d i s s o c i a t e d  o r  i o n i z e d  

p a r t i c l e s  by  r e c o m b i n a t i o n .  It i s  i m p o s s i b l e  to t e l l  f r o m  t h e s e  e x p e r i m e n t s  

w h a t  p o r t i o n  of t h e  e n e r g y  r e c o v e r e d  in  the  c a l o r i m e t r y  is  due  to w a l l  r e c o m -  

b i n a t i o n ,  a n d  w h a t  p o r t i o n  is  due  to v o l u m e  r e c o m b i n a t i o n  h e a t i n g  the  g a s ,  
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w i t h  the  hot  ga s  t h e n  h e a t i n g  the  w a l l s .  It d o e s  a p p e a r ,  h o w e v e r ,  b e c a u s e  

of  the  d i s t a n c e s  i n v o l v e d  ( the  p l a s m a  i s  s t i l l  h e a t i n g  the  w a l l s  in  one w a y  

o r  a n o t h e r  a t  d i s t a n c e  of o v e r  100 c m .  f r o m  the  d i s c h a r g e )  t h a t  the  r e c o m -  

b i n a t i o n  p r o c e s s  is  a t h r e e - b o d y  p r o c e s s .  F u r t h e r m o r e ,  s i n c e  the  v o l u m e  

of gas  c o n f i n e d  by  the  c h a n n e l  w a l l s  g o e s  up  a s  the  s q u a r e  of t he  c h a n n e l  

d i a m e t e r  w h i l e  t he  w a l l  s u r f a c e  a r e a  i s  d i r e c t l y  p r o p o r t i o n a l  to the  d i a m e t e r ,  

i t  s e e m s  l o g i c a l  t ha t  t he  w a l l  r e c o m b i n a t i o n  e f f e c t s  c o u l d  be m i n i m i z e d  by  

i n c r e a s i n g  the  d i a m e t e r  of t h e  c h a n n e l .  T h e  q u e s t i o n  a r i s e s  as  to w h e t h e r  

o r  no t  a l a r g e  p o r t i o n  of the  h e a t  t r a n s f e r  to t he  w a l l s  w a s  due to  n o r m a l  

c o n v e c t i v e  h e a t  t r a n s f e r  t h r o u g h  the  c o m p r e s s i b l e  b o u n d a r y  l a y e r  on the  
I 

w a l l  w i t h o u t  p l a s m a  h e a t i n g  a s  on a h i g h  s p e e d  m i s s i l e .  T h i s  p o s s i b i l i t y  

c a n  be d i s c o u n t e d  s i n c e ,  f i r s t ,  the  b o u n d a r y  l a y e r  r e c o v e r y  t e m p e r a t u r e  

w i t h o u t  p l a s m a  h e a t i n g  w a s  g e n e r a l l y  v e r y  c l o s e  to the  c o o l i n g  w a t e r  t e m -  

p e r a t u r e  and ,  s e c o n d ,  s i n c e  in  e a c h  t e s t  r u n  the  c a l o r i m e t e r s  w e r e  a l l o w e d  

to c o m e  to e q u i l i b r i u m  w i t h  the  gas  f l ° w i n g  t h r o u g h  the  a p p a r a t u s  b e f o r e  t he  

e l e c t r i c a l  d i s c h a r g e  w a s  t u r n e d  on.  

3. C h a r a c t e r i s t i c s  of the  D i s c h a r g e  

P h o t o g r a p h s  of the  d i s c h a r g e  w e r e  t a k e n  a t  v a r i o u s  t i m e s  d u r i n g  

the  p r o g r a m .  F i g .  15 is  a s e t  of t h r e e  of t h e s e  t a k e n  w i t h  n o z z l e  n u m b e r  

4 a t  v a r i o u s  p r e s s u r e s  and  v a r i o u s  p l a t e  v o l t a g e s .  F i g .  15(a) s h o w s  the  

d i s c h a r g e  a t  a s t a t i c  p r e s s u r e  o5 4 r a m .  Hg. ( u p s t r e a m  t o t a l  p r e s s u r e  of 

35 m m .  Hg.  ). T h e  d i s c h a r g e  e x t e n d s  u p s t r e a m  to t he  t h r o a t  s e c t i o n  of 

t h e  n o z z l e  a t  t h i s  p r e s s u r e  and  is  a l a v e n d e r  c o l o r  t h r o u g h o u t  the  e n t i r e  

d i s c h a r g e .  F i g .  IS(b) is  t y p i c a l  of d i s c h a r g e s  a t  s l i g h t l y  h i g h e r  
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p r e s s u r e s ;  in  t h i s  c a s e ,  a s t a t i c  p r e s s u r e  of  9 m m .  Hg .  a n d  a n  u p s t r e a m  

t o t a l  p r e s s u r e  of  139 r a m .  Hg.  T h e  f r o n t  of t he  d i s c h a r g e  now l i e s  d o w n -  

s t r e a m  of  t h e  t h r o a t  a n d  is  l a v e n d e r  to  p i n k  in  t h i s  r e g i o n .  F u r t h e r  

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

b l u e  l a y e r  i m m e d i a t e l y  a d j a c e n t  to  the  e l e c t r o d e s .  At  h i g h e r  p r e s s u r e s ,  

a s  i n  F i g .  15(c)  ( s t a t i c  p r e s s u r e  55 r a m .  Hg .  a n d  t o t a l  p r e s s u r e  433 r a m .  

Hg. )s t h e  d i s c h a r g e  i s  c o n f i n e d  e n t i r e l y  to  t he  c o n s t a n t  a r e a  s e c t i o n  of  

t h e  n o z z l e .  T h e  d i s c h a r g e  f r o n t  i s  a g a i n  l a v e n d e r  b u t  f a d e s  r a p i d l y  to  a 

b r i g h t  w h i t e .  A g a i n  t h e r e  i s  a t h i n  b l u e  l a y e r  a d j a c e n t  to  t he  e l e c t r o d e s .  

U s i n g  t h e  t h r e e - a m m e t e r  m e t h o d ,  d e s c r i b e d  in  A p p e n d i x  II,  i t  

w a s  p o s s i b l e  to  m e a s u r e  n o t  o n l y  p o w e r  i n p u t  t o  t he  d i s c h a r g e  bu t ,  a l s o ,  

t h e  v o l t a g e  d r o p  a c r o s s  t h e  d i s c h a r g e .  F r o m  t h e s e  two  m e a s u r e m e n t s  

St i s  p o s s i b l e  to  c a l c u l a t e  t h e  r e a l  p a r t  of  t h e  c o n d u c t i v i t y  of t h e  g a s  in  

t h e  d i s c h a r g e  r e g i o n .  T h e  p o w e r  i n p u t ,  In0 v o l t a g e  d r o p ,  V, a n d  r e a l  

p a r t  of t he  c o n d u c t i v i t y ,  o"  r ,  a r e  r e l a t e d  by" 

T ~"r 

w h e r e  A i s  t h e  s u r f a c e  a r e a  o f  t he  e l e c t r o d e s  

L i s  t h e  e l e c t r o d e  s p a c i n g .  

T h e  r e a l  p a r t  of  t h e  g a s  c o n d u c t i v i t y ,  d e t e r m i n e d  in  t h i s  m a n n e r ,  

i s  s h o w n  i n  F i g .  16 to  be  on  t he  o r d e r  of 4 x 10 - 4  m h o / c m .  F u r t h e r -  

m o r e ,  o v e r  t h e  p r e s s u r e  r a n g e  t e s t e d ,  t h e r e  a p p e a r s  to  'be no  

d i s c e r n i b l e  e f f e c t  o f  p r e s s u r e  on  t h e  c o n d u c t i v i t y  of t he  d i s c h a r g e -  

c r e n t e d  p l a s m a .  
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IV. A P P L I C A T I O N  TO A F U L L  SIZE  T U N N E L  

The  h e a t i n g  of a co ld  i o n i z e d  gas  by the p r o c e s s  of p l a s m a  d e c a y  

i n t r o d u c e s  no a p p l i c a t i o n  p r o b l e m s ,  o t h e r  than  tha t  of r e l a x a t i o n  t i m e j  

w h i c h  have  not  b e e n  c o n s i d e r e d  p r e v i o u s l y  in s t u d i e s  of the m o r e  c o n -  

v e n t i o n a l  t e c h n i q u e s  of h e a t i n g  a w ind  tunne l  s t r e a m .  T h e r e f o r e ,  the  

a d d i t i o n a l  p r o b l e m s  wh ich  a p p e a r  in  the a p p l i c a t i o n  of the h i g h - f r e q u e n c y  

d i s c h a r g e  h e a t i n g  t e c h n i q u e  d e s c r i b e d  in th i s  r e p o r t  to a c t u a l  o p e r a t i o n a l  

f a c i l i t i e s  a r i s e  in the  e s t a b l i s h m e n t  and  m a i n t e n a n c e  of the d i s c h a r g e  

u n d e r  the  p r e s c r i b e d  c o n d i t i o n s .  Th i s  s e c t i o n  wi l l  l i m i t  i t s e l f  to c o n s i d -  

e r a t i o n  of t h e s e  p r o b l e m s  w h i c h  a r e  p e c u l i a r  to th i s  new t e c h n i q u e .  

As i n d i c a t e d  above  t h e s e  s p e c i a l  p r o b l e m s  m a y  be d i v i d e d  in to  

t h o s e  c o n c e r n e d  wi th  e s t a b l i s h i n g  the d i s c h a r g e  and  t h o s e  p e r t a i n i n g  to 

i ts  m a i n t e n a n c e .  S i n c e  e l e c t r i c a l  b r e a k d o w n  of a gas  depends  upon 

a p p l y i n g  a s u f f i c i e n t l y  h igh vo l t age  and s i n c e  i n i t i a l  co s t  and  o p e r a t i n g  

e x p e n s e s  of h i g h - v o l t a g e  e q u i p m e n t  v a r y  r o u g h l y  as the s q u a r e  of the  

v o l t a g e s  p r o d u c e d ,  the f i r s t  c a s e  is c o n c e r n e d  wi th  m i n i m i z i n g  the 

r e q u i r e d  f i e l d  (vo l t age ) .  

F o r  h i g h - f r e q u e n c y  d i s c h a r g e s  the m a i n t e n a n c e  f i e l d  is  g e n e r a l l y  

t e n s  to h u n d r e d s  of v o l t s - p e r - c e n t i m e t e r  l o w e r  than  the b r e a k d o w n  f i e ld ;  

t h e r e f o r e  the p r o b l e m  in the s e c o n d  c a s e  only  u e e  d be c o n c e r n e d  wi th  

supp ly ing  the d e s i r e d  a m o u n t  of p o w e r  to the gas  t h r o u g h  the d i s c h a r g e .  
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T h e s e  c a n b e  d i v i d e d  into  c o n s i d e r a t i o n  of e f f i c i e n t  coup l ing  of the  

e l e c t r i c a l  g ~ n e r a t o r  to the d i s c h a r g e ,  and  s tudy  of the o p e r a t i o n a l  

s u r v i v a l  of the d i s c h a r g e  s e c t i o n  f r o m  the  h e a t - t r a n s f e r  po in t  of v i ew.  

In o r d e r  to d i s c u s s  t h e s e  p r o b l e m s  the bas i c  f e a t u r e s  of the 

v a r i o u s  types  of h i g h - f r e q u e n c y  d i s c h a r g e  m u s t  be p r e s e n t e d .  D e p e n d i n g  

upon  the g e o m e t r y  of the  d i s c h a r g e  r e g i o n ,  f r e q u e n c y  and  s t r e n g t h  of the 

a p p l i e d  f i e ld ,  s t a t i c  p r e s s u r e  of the s t r e a m ,  and  n a t u r e  of the w o r k i n g  

gas ,  v a r i o u s  p h y s i c a l  p r o c e s s e s  wi l l  be r e s p o n s i b l e  f o r  i n i t i a t i n g  the  

d i s c h a r g e .  T h e s e  a r e  b e s t  d e s c r i b e d  in t e r m s  of the c h a r a c t e r i s t i c  

d i f fus ion  l e n g t h  of the  d i s c h a r g e  r e g i o n ,  Lj the d i m e n s i o n  of the  d i s -  

c h a r g e  r e g i o n  in the d i r e c t i o n  of the  f i e ld ,  L t, the e l e c t r o n  m e a n  f r e e  

pa th ,  A , and  the o s c i l l a t i o n  a m p l i t u d e ,  A, of the e l e c t r o n  in the g i v e n  

gas  u n d e r  the i n f l u e n c e  of the g iven  f i e ld .  

When  A > L and  A = L ~, the e l e c t r o n  popu la t i on  is  i n c r e a s e d  

by s e c o n d a r y  e m i s s i o n  f r o m  the w a l l s .  Th i s  p r o c e s s  is c a l l e d  s e c o n d a r y -  

e l e c t r o n  r e s o n a n c e  and has  been  d e s c r i b e d  by Gil l  and  yon E n g e l  (Ref .  IZ). 

F o r  A <<  L and  A = L T, b r e a k d o w n  r e s u l t s  f r o m  p r o d u c t i o n  of p r i -  

m a r y  e l e c t r o n s  in e l e c t r o n  a v a l a n c h e s  m o v i n g  in the f i e l d  d i r e c t i o n .  

P i m  (Ref .  13) d e s c r i b e s  th i s  p h e n o m e n o n  and  r e f e r s  to it  as  the  " d o u b l e "  

e l e c t r o n  a v a l a n c h e  p r o c e s s .  If A < L and  o t h e r  cond i t i ons  a r e  s u c h  

tha t  an  a v e r a g e  e l e c t r o n  ob ta ins  i o n i z i n g  e n e r g y  at  the end  of one m e a n  

f r e e  pa th  the s i t u a t i o n  is  e x p l a i n e d  by Hale  (Ref .  14) in  h i s  s ing le  m e a n  

f r e e  pa th  t h e o r y .  F i n a l l y ,  w h e n  A < L,  A < L t, and  d i f fus ion  is the  
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only electron loss mechanism, then the diffusion controlled breakdown 

process described by Brown (Ref. 15) applies. The basic criterion for 

this process is that the rate of production of primary electrons by 

inelastic collisions of electrons with gas particles just equals the rate 

of  l o s s  b y  d i f f u s i o n .  

S i n c e  t h e  p r o c e s s  d e s c r i b e d  by  G i l l  a n d  v o n  E n g e l  i s  one  a f  

s e c o n d a r y  e m i s s i o n  f r o m  t h e  w a l l s  i t  s h o u l d  be  a v o i d e d  in  p r a c t i c a l  

f a c i l i t i e s .  T h e  o t h e r  p r o c e s s e s  a U  a p p e a r  f e a s i b l e  a s  m e a n s  f o r  p r o -  

d u c i n g  t h e  d i s c h a r g e .  F i g s .  17(a) ,  17(b) ,  a n d  17(c)  s u p p l y  i n f o r m a t i o n  

f r o m  w h i c h  s t a r t i n g  v o l t a g e s  f o r  t w o  of  t h e  d i s c h a r g e  t y p e s  c a n  be  

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

B r o w n  i s  t he  m o s t  e f f i c i e n t  p r o c e s s  f r o m  t h e  s t a n d p o i n t  o f  p o w e r  

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

s t r e n g t h ,  t h e  m a x i m u m  b r e a k d o w n  v o l t a g e  f r o m  t h e  a b o v e  f i g u r e s  w i l l  

f i x  a n  u p p e r  l i m i t  o n  t h e  m a x i m u m  r e q u i r e d  v o l t a g e  r e g a r d l e s s  of  p o w e r .  

F r o m  t h e  b r e a k d o w n  p o i n t  of  v i e w  a n y  a p p l i e d  v o l t a g e  w h i c h  d o e s  

n o t  c a u s e  b r e a k d o w n  o v e r  a p a t h  e x t e r n a l  t o  t h e  w i n d  t u n n e l  a t  a m b i e n t  

p r e s s u r e  i s  p r a c t i c a l .  H o w e v e r ,  s i n c e  t h e  e f f e c t i v e  L a n d  L z of  a n  

e x t e r n a l  p a t h  m i g h t  be  s u c h  a s  t o  a11ow a d i f f u s i o n - c o n t r o l l e d  b r e a k d o w n  

a t  a f i e l d  v a l u e  l e s s  t h a n  o r  e q u a l  t o  t h a t  a f  t h e  i n t e r i o r  f i e l d ,  c a r e  m u s t  

b e  t a k e n  to  m i n i m i z e  t h e  f i e l d  e x t e r i o r  t o  t h e  d i s c h a r g e .  A l s o ,  f r o m  t h e  

o p e r a t i o n a l  p o i n t  of  v i e w ,  h i g h  b r e a k d o w n  v o l t a g e s  i n d i c a t i n g  l a r g e  e n e r g y  

l o s s e s  d u e  to  e l e c t r o n  d r i f t  a n d  d i f f u s i o n  m e a n  p o o r  e f f i c i e n c y  of  e n e r g y  
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t r a n s f e r  and  e x c e s s i v e  wal l  h e a t i n g  and  shou ld  b e  avo ided ,  e s p e c i a l l y  

a t  h i g h - p o w e r  input  l e v e l s .  In t e r m s  of the d i s c h a r g e  l i m i t s  th i s  m e a n s  

tha t  the m e a n  f r e e  pa th  and,  m o r e  p a r t i c u l a r l y ,  the o s c i U a t i o n  a m p l i t u d e  

l i m i t  shou ld  not  be e x c e e d e d .  

The  c a s e  of a h i g h - f r e q u e n c y  d i s c h a r g e  b e t w e e n  p a r a l l e l  

p l a t e s ,  b e s i d e s  be ing  d i r e c t l y  a p p l i c a b l e  to p r a c t i c a l  p r o b l e m s ,  c a n  be 

s t u d i e d  t h e o r e t i c a l l y  wi th  r e l a t i v e  e a s e  and  the r e s u l t s  e x t e n d e d  to the 

a x i s y m m e t r i c  c a s e  ( w h e r e  the  exc i t i ng  f i e l d  is  p r o d u c e d  by o s c i l l a t i n g  

c u r r e n t s  i n n  coi l )  t h r o u g h  M a x w e U ' s  e q u a t i o n s .  B e c a u s e  o f  i t s  

i m p o r t a n c e  th i s  c a s e  wi l l  be d i s c u s s e d  in the  fo l lowing  p a r a g r a p h s  wi th  

the  i d e a  of p r o v i d i n g  u s e f u l  e n g i n e e r i n g  i n f o r m a t i o n .  

C u r v e s  f o r  e s t i m a t i n g  the  m e a n  f r e e  pa th  and the  c o n d i t i o n s  j u s t  

s a t i s f y i n g  the  o s c i l l a t i o n  a m p l i t u d e  l i m i t  f o r  l o w - e n e r g y  e l e c t r o n s  i n  

n i t r o g e n  o r  a i r  b e t w e e n  p a r a l l e l  p l a t e s  a r e  g iven  in  F i g s .  20 and 21 

r e s p e c t i v e l y .  The e f fec t  of e l e c t r o n  e n e r g y  on the m e a n  f r e e  path  is  

s e e n  by c o m p a r i n g  the v a r i o u s  c u r v e s  in F ig .  20. In F ig .  21 the s o l i d  

l i n e s  i n d i c a t e  fo r  v a r i o u s  p la te  s e p a r a t i o n s  the m i n i m u m  f r e q u e n c i e s  

of the e x c i t i n g  f i e l d  as  fuLnctions of p r e s s u r e  at  wh ich  the  a v e r a g e  e l e c t r o n  

wi l l  not c r o s s  the b o u n d a r i e s  of the b r e a k d o w n  r e g i o n  w h e n  the  s t r e n g t h  

of the a p p l i e d  f i e l d  i.s j u s t  su f f i c i en t  to c a u s e  b r e a k d o w n  and  M a x w e l l i a n  

d i s t r i b u t i o n  of e l e c t r o n  e n e r g i e s  is  a s s u m e d .  The do t t ed  l i n e s  in  the  

s a m e  f i g u r e  i n d i c a t e  the  m i n i m u m  p r e s s u r e  as  a f u n c t i o n  of p l a t e  
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s e p a r a t i o n  a t  w h i c h  t h e  m e a n  f r e e  p a t h  l i m i t  i s  n o t  e x c e e d e d .  T h e  

r e g i o n  a b o v e  a n d  to  t h e  r i g h t  of  e a c h  p a i r  of  t h e  c u r v e s  i n  F i g .  ZI i s  

t h a t  of  d i f f u s i o n - c o n t r o l l e d  b r e a k d o w n .  

A s p e c i a l  c a s e  of d i f f u s i o n - c o n t r o U e d  b r e a k d o w n  o c c u r s  w h e n  

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

n e g l i g i b l e  a n d  a l l  o t h e r  l o s s  p r o c e s s e s ,  e x c e p t  t h a t  b y  e l a s t i c  c o l l i s i o n s ,  

c a n  a l s o  be  i g n o r e d .  T h i s  i s  a m o s t  i m p o r t a n t  c a s e  s i n c e  i t  a p p l i e s  t o  

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

e x p r e s s i o n  f o r  t h e  b r e a k d o w n  f i e l d  a s  a f u n c t i o n  of  p r e s s u r e  c a n  be  

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

a p p l i c a t i o n  c o n s i d e r a t i o n s .  I n  t h i s  c a s e  t h e  b r e a k d o w n  c r i t e r i o n  i s  

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

w h i c h  r e p l a c e s  a l i  t h a t  l o s t  by  t he  e l e c t r o n  i n  e l a s t i c  c o l l i s i o n s  w i t h  

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

! 

w h e r e  

or 

El= 4.56x 10 - 8  (--~-)-~ ~m 

E ~ 

I / m  

E t  = E  

1 

1 + 

= t h e  e f f e c t i v e  r m s  f i e l d  i n  v o l t s - p e r - m e t e r  t h a t  p r o d u c e s  
t h e  s a m e  r a t e  of e n e r g y  t r a n s f e r  to  t h e  e l e c t r o n  u n d e r  
e l a s t i c  c o l l i s i o n  a s  a s t e a d y  f i e l d  

= r a d i a n  f r e q u e n c y  of  t h e  a p p l i e d  f i e l d  

= e l e c t r o n  c o l l i s i o n  f r e q u e n c y  f o r  m o m e n t u m  t r a n s f e r  i n  
c . p . S .  
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u i = 

A = 

F o r  n i t r o g e n ,  

i o n i z a t i o n  p o t e n t i a l  of g a s  p a r t i c l e s  in  e v .  

a t o m i c  o r  m o l e c u l a r  w e i g h t  of ga s  p a r t i c l e s  

u i = 15.576 e v . ,  A = 28.02,  a n d  e x p e r i m e n t a l  r e s u l t s  

(R.ef.  15) i n d i c a t e  Urn = 4 .3  x 109 p, t hus  

E ' N 2  = 1 . 4 6 x  102 P 

w h e r e  p is  p r e s s u r e  in  r a m .  Hg .  In t h i s  d e r i v a t i o n  o n l y  e n e r g y  l o s s  by  

e l a s t i c  c o l l i s i o n s  h a s  b e e n  c o n s i d e r e d  a s  e f f e c t i v e .  H o w e v e r ,  f o r  

n i t r o g e n s b e s i d e s  s o m e  l o s s  by d r i f t  a n d  d i f f u s i o n ,  the  m o l e c u l e s  h a v e  a 

f i r s t  r e s o n a n c e  p o t e n t i a l  of  6.1 ev .  w i t h  an  e x c i t a t i o n  f u n c t i o n  ~ of  a r o u n d  

10 -2  a n d  h e n c e  a v e r y  l a r g e  r a d i a t i o n  l o s s  f r o m  e x c i t e d  s t a t e s  s h o u l d  be 

e x p e c t e d .  

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

of  e n e r g y  the  e l e c t r o n  g a i n s  f r o m  the  f i e l d  f o r  a n y  p a i r  of s u c c e s s i v e  

c o l l i s i o n s ,  and  t a k i n g  t h e  " i o n i z a t i o n  f u n c t i o n "  e q u a l  to  the  " e x c i t a t i o n  

f u n c t i o n "  l e a d s  to a n  e s t i m a t e  of 50 as  t h e  n u m b e r  of e q u i v a l e n t  6.1 ev .  

e x c i t a t i o n  p e r  i o n i z a t i o n .  If i t  i s  f u r t h e r  a s s u m e d  t h a t  a l l  r a d i a t i o n  

I f r o m  e x c i t e d  s t a t e s  i s  l o s t  to  t he  g a s ,  t h e n  the  a b o v e  e x p r e s s i o n  f o r  E N2 

s h o u l d  be r a i s e d  by a f a c t o r  of  20. H e n c e  

E I 
N2 -- 3 . 0 x  103 p 

A. von  ~-ngel ,  " I o n i z e d  G a s e s " ,  (1955) 38. 
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[ . . ,  A l s o  e x p a n d i n g  1 + s h o w s  t h a t  = E to  w i t h i n  1090 if  

w h e r e  

E = 

f _< 306 x 106 p 

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

t h e  a c t u a l  r m s  v a l u e  o f  t h e  a p p l i e d  f i e l d .  

At  l o w e r  p r e s s u r e s  w h e r e  d i f f u s i o n  b e c o m e s  t h e  d o m i n a n t  l o s s  

m e c h a n i s m  t h e  a b o v e  r e l a t i o n  b e t w e e n  E a n d  p no  l o n g e r  a p p l i e s .  T h e  

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

s u f f e r  a l a r g e  n u m b e r  of  c o l l i s i o n s  b e f o r e  i t  d i f f u s e s  o u t  of  t h e  d i s c h a r g e  

r e g i o n ;  t h a t  i s ,  

<<L 

1 
w h e r e  ~ a n d  L a r e  a s  d b f i u e d  p r e v i o , u s l y .  R e p l a c i n g  < <  b y  < 

a n d  e x p r e s s i n g  )~ in  t e r m s  of p, T a n d  P c  ( t h e  c o l l i s i o n  p r o b a b i l i t y )  

y i e l d s  

p L  > 0.37 
m 

T Pc 

u i  
F o r  n i t r o g e n ,  a n d  u = 

3 

H e n c e  

, t h e  v a l u e  of  P c  i s  3 .3  x 10 3 m "1 ( m m .  Hg . )  "1 

p L  

T - 
1.1 x 10 - 4  

w h e r e  
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p i s  p r e s s u r e  i n  m m .  H g .  

T i s  g a s  t e m p e r a t u r e  in  ° K  

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

u i s  a v e r a g e  e l e c t r o n  e n e r g y .  

I n  t h e  l o w - p r e s s u r e  r e g i o n  t h e  e l e c t r o n  c o n t i n u i t y  e q u a t i o n  m u s t  

be  s o l v e d  to  o b t a i n  a r e l a t i o n  b e t w e e n  E a n d  p .  If e l e c t r o n  a t t a c h m e n t  

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

h i g h e r  v a l u e  of  E w i l l  be r e q u i r e d .  B r o w n  (Re f .  15) d e r i v e d  t h e  f o l l o w i n g  

b r e a k d o w n  c o n d i t i o n  f r o m  t h e  c o n t i n u i t y  e q u a t i o n  i n c l u d i n g  b o t h  d i f f u s i o n  

a n d  a t t a c h m e n t  f o r  p a r a l l e l  p l a t e  b r e a k d o w n :  

w h e r e  

m 

a _ ~  Z u 

p p 3 (p L') z 

a = T o w n s e n d  f i r s t  i o n i z a t i o n  c o e f f i c i e n t  

= n u m b e r  of  e l e c t r o n s  p e r  e l e c t r o n  a t t a c h e d  in  a p a t h  
of  one  c e n t i m e t e r  

L '  = p l a t e  s e p a r a t i o n  i n  c m .  

E '  = e f f e c t i v e  f i e l d  in  v o l t s  p e r  c m .  

_ _  - -  E I 

a - f f  a n d  u a r e  a l l  f u n c t i o n s  of  - -  a n d  T h e  q u a n t i t i e s  p , P p 

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

e v a l u a t e d  e x p e r i m e n t a l l y .  F o r  a i r ,  m e a s u r e m e n t s  b y  H a r r i s o n  a n d  

G e b a l l e  ( R e f .  16),  y i e l d  v a l u e s  f o r  ___a a n d  --~ a s  f u n c t i o n s  of  ~_E w h i l e  
P P p 
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/ E \  

da ta  ob t a ined  by H e a l e y  and  R e e d  {l~ef. 17) p r o v i d e  u = ~ - ) .  Us ing  

E l 
the  e x p e r l m e n t a l  data  ~ as a func t ion  of p l ,  as p r e d i c t e d  by the above  

P 

e q u a t i o n  is  p lo t t ed  as  the so l i d  l ine  in F ig .  17(d). Since oxygen  has  a 

h igh  e l e c t r o n  a t t a c h m e n t  c r o s s  s e c t i o n  and,  t h e r e f o r e ,  a i r  too,  w h e r e a s  

the  c o r r e s p o n d i n g  c r o s s  s e c t i o n  fo r  n i t r o g e n  is  n e g l i g i b l e ;  the b r e a k d o w n  

f i e l d  f o r  a i r  g i v e n  by F i g .  17(d) wi l l  be s o m e w h a t  h i g h e r  than  the c o r r e -  

spond ing  f i e ld  fo r  n i t r o g e n .  The c u r v e  thus p r o v i d e s  a c o n s e r v a t i v e  

e s t i m a t e  f o r  app l i c a t i ons  u s ing  n i t r o g e n .  

Once the d i s c h a r g e  is  i n i t i a t e d  the  f e a s i b i l i t y  p r o b l e m  t h e n  

b e c o m e s  one of how to put p o w e r  into the d i s c h a r g e ;  in p a r t i c u l a r ,  how 

to put m a x i m u m  p o w e r  in. H o w e v e r ,  b e f o r e  d i s c u s s i n g  th i s  p r o b l e m  

an  e s t i m a t e  of the  m i n i m u m  leng th  of the d i s c h a r g e  r e g i o n  which  wiU 

s t i l l  s a t i s f y  m a x i m u m  p o w e r  r e q u i r e m e n t s  wi l l  be m a d e .  Af t e r  the 

cond i t i ons  fo r  b r e a k d o w n  have  b e e n  m e t ,  the  ac tua l  b r e a k d o w n  and s u b -  

s e q u e n t  b u i l d - u p  of c h a r g e  d e n s i t y  i~ the d i s c h a r g e  is  a r a t e  p r o b l e m ;  

tha t  is  

o r  

w h e r e  

d n t  
= k n i  

dt 

n i ( t )  = n i o e  kt  

k 

ni  o 

is  the i o n i z a t i o n  r a t e  c o e f f i c i e n t  

is  the n u m b e r  d e n s i t y  of e l e c t r o n s  jus t  p r i o r  to b r e a k d o w n .  
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T h e  v a l u e  of k c a n  be  d e t e r m i n e d  by d i v i d i n g  the  e l e c t r o n  c o l l i s i o n  

f r e q u e n c y  by  the  n u m b e r  of c o l l i s i o n s  N i an  a v e r a g e  e l e c t r o n  s u f f e r s  

b e f o r e  c a u s i n g  a n  i o n i z a t i o n .  A n  e s t i m a t e  of  N i i s  m a d e  by  t a k i n g  t h e  

r a t i o  of the  f i r s t  i o n i z a t i o n  p o t e n t i a l  of the  gas  p a r t i c l e s  to  t he  r a t e  

( p e r  c o l l i s i o n )  of e n e r g y  t r a n s f e r  f r o m  the  f i e l d  to  t h e  e l e c t r o n  a n d  

c o r r e c t i n g  it f o r  t he  p r o b a b i l i t y  t h a t  a g i v e n  c o l l i s i o n  of a s u f f i c i e n t l y  

e n e r g e t i c  e l e c t r o n  w i l l  c a u s e  a n  i o n i z a t i o n .  F o r  n i t r o g e n  

and 

t h e r e f o r e  

NiN Z = 10 6 

v' m = 4 . 3 x  10 9 p  

4.3 x 109 p 
k ~-- = 4.3 x I03 p. 

106 

The condition for maximum power input to the stream occurs 

when the pressure and degree of ionization are at their maximum values. 

For most facilities these maxima will not exceed one atmosphere and 

ten percent respectively. At one atmosphere the background density of 

electrons resulting from the statistical distribution of energies and the 

various random ionization processes as nio,~ I0 Z. Therefore, 

. l n [ O ' l x  3 x  i 019  I ~_. 4 . 3 x  1 0 3 x 7 6 0 t  
10 z 

o r  

m 

t - -  1 . 2 x  I0  5 s e c .  
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M i n i m u m  d i s c h a r g e  l eng th  wh ich  m e e t s  the above  r e q u i r e m e n t s  wi l l  t hen  

c o r r e s p o n d  to m a x i m u m  Mach  n u m b e r .  An e x t r e m e  u p p e r  l i m i t  f o r  Mach  

n u m b e r  which  p r o v i d e s  a m u c h  m o r e  c o n s e r v a t i v e  d e s i g n  e s t i m a t e  of 

d i s c h a r g e  l eng th  than  a m o r e  r e a l i s t i c  va lue  of Mach  n u m b e r  would ,  is  
! 

M = 20. The c o r r e s p o n d i n g  v e l o c i t y  at  r o o m  t e m p e r a t u r e  is a p p r o x i -  

m a t e l y  U = 6.6 x 105 c m / s e c .  Thus  m i n i m u m  d i s c h a r g e  l eng th  is 

Lmi n --'~ 6.6x 10 5 x 1.2x 10 -5 --'~ 8 cm. 

which should be acceptable for most installations. 

The t r a n s f e r  of p o w e r  f r o m  an e l e c t r i c a l  g e n e r a t o r  to the d i s -  

c h a r g e  d e p e n d s  upon the e l e c t r i c a l  n a t u r e  of the  d i s c h a r g e .  S ince  the 

d e n s i t y  of p o w e r  d e l i v e r e d  to an  a r b i t r a r y  load  is equa l  to the r e a l  p a r t  

of the p r o d u c t  of its c o n d u c t i v i t y  by the  s q u a r e  of the a p p l i e d  f i e l d  the 

p r o b l e m  r e q u i r e s  k n o w l e d g e  of c o n d u c t i v i t y  in the d i s c h a r g e .  In add i t i on ,  

at  the h i g h e r  p o w e r  l e v e l s ,  m a t c h i n g  the d i s c h a r g e  to the g e n e r a t o r  ga ins  

in i m p o r t a n c e ,  as  it  b e c o m e s  n e c e s s a r y  to o p t i m i z e  the e f f i c i e n c y  of 

e n e r g y  t r a n s f e r  f r o m  s o u r c e  to load .  

The  p r o b l e m  of pu t t ing  the d e s i r e d  p o w e r  into the d i s c h a r g e  has  

b e e n  c a r e f u l l y  s t u d i e d  at  the U n i v e r s i t y  of S o u t h e r n  C a l i f o r n i a  E n g i -  

n e e r i n g  C e n t e r  by S m e t a n a ,  and his  w o r k  is  p r e s e n t e d  in Ref .  6. S ince  

o u r  e x p e r i m e n t s  have  shown that  no d i f f i c u l t i e s  a r i s e  in  supp ly ing  and  

c o n t r o l l i n g  p o w e r  to the d i s c h a r g e  up to t h a t  i n d i c a t e d  l e v e l  w h i c h  

c o r r e s p o n d s  to an  e n e r g y  d e n s i t y  of 1000 J o u l e s  p e r  cubic  m e t e r  p e r  

m m .  Hg. at  3 0 0 ° K ,  the r e s u l t s  and  c o n c l u s i o n s  of S m e t a n a ' s  s tudy  wi l l  

be s u m m a r i z e d  h e r e  only  i n s o f a r  as  t hey  app ly  to m a x i m i z i n g  e n e r g y  

input  to the d i s c h a r g e .  
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If the  e l e c t r o n  d e n s i t y  i s  a s s u m e d  to  be c o n s t a n t  a n  a p p r o x i -  

m a t i o n  f o r  the  c o n d u c t i v i t y  of  a d i s c h a r g e  p r o d u c e d  by  a s i n u s o i d a l l y  

v a r y i n g  u n i f o r m  f i e l d  is  p r o v i d e d  by  the  s o l u t i o n  of  the  L a n g e v i n  

E q u a t i o n  f o r  t he  m o t i o n  of t he  a v e r a g e  e l e c t r o n .  T h e  r e s u l t  i s  

n e  Z u e  2 

= m(vZ +wZ) (~m-J~) = m (B-jD) 
m 

where n, e, and m are the number density, charge and mass respec- 

tively of the electrons. The quantities B and D are functions both of 

the gas pressure and frequency of the applied field and are in the same 

direct proportion to the magnitudes of the real and imaginary parts of 

t h e  c o n d u c t i v i t y  r e s p e c t i v e l y .  As  l o n g  a s  t he  p r e s s u r e  and  f i e l d  

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

s h o u l d  be v a l i d .  

If t h e  f i e l d  i s  u n i f o r m  a n d  the  c r o s s  s e c t i o n  of t h e  d i s c h a r g e  

r e g i o n  t r a n s v e r s e  to  t he  f i e l d  d i r e c t i o n  i s  c o n s t a n t ,  the  i m p e d a n c e  of 

t h e  d i s c h a r g e  is  e a s i l y  s h o w n  to  be 

L '  
Z - 

o-A 

H e r e  L '  i s  t h e  d i s t a n c e  a c r o s s  w h i c h  the  f i e l d  a c t s  and  A is  t he  

c r o s s - s e c t i o n a l  a r e a  of the  d i s c h a r g e  r e g i o n .  

As  w a s  i n d i c a t e d  in  the  d i s c u s s i o n  of b r e a k d o w n ,  w h e n  t h e  

n u m b e r  d e n s i t y  of  e l e c t r o n s  i s  t r e a t e d  as  a f u n c t i o n  o n l y  of p r e s s u r e  

t h e  r e s u l t  i s  a f u n c t i o n  w h i c h  h a s  a m a x i m u m  b e t w e e n  the  low a n d  h i g h  
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p r e s s u r e  r e g i o n s .  T h i s  m a x i m u m  o c c u r s  a t  a p r e s s u r e  w h i c h  c o r r e -  

s p o n d s  to  a Vm, t he  c o l l i s i o n  f r e q u e n c y  f o r  m o m e n t u m  t r a n s f e r ,  t h a t  

i s  a p p r o x i m a t e l y  e q u a l  to ~, the  f r e q u e n c y  of t he  a p p l i e d  f i e l d .  

T h e  s t u d y  of p o w e r  d i s s i p a t e d  in  a d i s c h a r g e  in t e r m s  of t he  

a b o v e  r e s u l t s  l e a d s  to the  f o l l o w i n g  c o n c l u s i o n s .  If t he  d i s c h a r g e  

c o n d i t i o n s  a r e  s u c h  t h a t  w = z/m ( w h i c h  is  d e s i r a b l e  f r o m  the  b r e a k -  

d o w n  po in t  of v i ew)  t h e n  e i t h e r  i n c r e a s i n g  o r  d e c r e a s i n g  ~ by  i t s e l f  

r e d u c e s  the  p o w e r  i npu t .  T h e  d e c r e a s e  i s  g r e a t e r  f o r  i n c r e a s i n g  

s i n c e  B a s  w e l l  a s  n i s  d e c r e a s i n g .  R e d u c i n g  the  p r e s s u r e  c a u s e s  B 

to  f a l l  s t i l l  f a s t e r  a n d  the  d e c r e a s e  i n  p o w e r  i s  e v e n  m o r e  s e r i . o u s .  

R a i s i n g  the  p r e s s u r e  a b o v e  t h a t  c o r r e s p o n d i n g  to l / m  = ~ m a y o r  m a y  

no t  i n c r e a s e  t he  p o w e r  a b s o r b e d j  d e p e n d i n g  on  w h e t h e r  B r i s e s  f a s t e r  

t h a n  n f a l l s .  T h i s  i s  a f u n c t i o n  of t he  p a r t i c u l a r  w o r k i n g  g a s .  

I n c r e a s i n g  t h e  f i e l d  s t r e n g t h  p r o d u c e s  a v e r y  l a r g e  i n c r e a s e  in  

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

E Z i t  a l s o  i n c r e a s e s  o- by  p r o d u c i n g  i n c r e a s e s  in  bo th  n a n d  B. H o w -  

e v e r ,  t h e o r y  i n d i c a t e s ,  a n d  e x p e r i m e n t s  s e e m  to b e a r  i t  out ,  t h a t  the  

l a r g e s t  c h a n g e  i n  E f o r  a g i v e n  g a s d y n a m i c  s i t u a t i o n  t h a t  c a n  be p r o d u c e d  

e l e c t r i c a l l y  w i t h o u t  c a u s i n g  u n d e s i r a b l e  e f f e c t s  ( s u c h  a s  s e v e r e  w a l l  
/ 

h e a t i n g  o r  a r c i n g )  i s  no t  m o r e  t h a n  a b o u t  15 p e r c e n t .  A l s o ,  if  c o n d i t i o n s  

a r e  s u c h  t h a t  the  d i s c h a r g e  o p e r a t e s  n e a r  t he  o s c i l l a t i o n  a m p l i t u d e  l i m i t  

a n  i n c r e a s e  in  E m a y  p r o d u c e  a d r o p  in  p o w e r  a c t u a l l y  d e l i v e r e d  to  t h e  

g a s  b e c a u s e  of d r i f t  l o s s e s .  Of c o u r s e ,  b r e a k d o w n ,  by  d e f i n i t i o n °  m e a n s  
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large changes in current occur for small changes in field; hence, as 

long as the generator has not reached its output-current limit, 

additional power is added to the discharge by supplying more current. 

Input of high power to a full scale wind tunnel stream requires 

a high applied voltage regardless of the mode in which the discharge 

is operated. To keep power losses from radiation to the surroundings, 

d i e l e c t r i c  h e a t i n g  in  the t r a n s m i s s i o n  l ine ,  and p la te  d i s s i p a t i o n  in  the 

g e n e r a t o r  f r o m  b e c o m i n g  e x c e s s i v e l y  l a r g e  u n d e r  t h i s  h igh  vo l t age  

cond i t i on ,  it  is  n e c e s s a r y  to m a t c h  the i m p e d a n c e  of the l oad  to tha t  of 

the  g e n e r a t o r .  The above r e s u l t s  i n d i c a t e  tha t  th i s  m a t c h i n g  p r o b l e m  

s h o u l d  be m i n i m i z e d  w h e n  the R F  g e n e r a t o r  is o p e r a t e d  u n d e r  c o n d i t i o n s  

w h e r e  the  r e a c t i v e  i m p e d a n c e  is 1 to 2 t i m e s  the r e a l  i m p e d a n c e .  F o r  

t h e s e  c o n d i t i o n s  the i m p e d a n c e  is  a p p r o x i m a t e l y  c o n s t a n t  o v e r  a c o n s i d -  

e r a b l e  r a n g e  of p r e s s u r e s  and  d e c r e a s e s  with  i n c r e a s i n g  f i e l d  s t r e n g t h  

in m o s t  c a s e s .  

In ad'dit ion,  it  i s  g e n e r a l l y  good p r a c t i c e  to d e s i g n  the m a t c h i n g  

c i r c u i t  to r e f l e c t  as l i t t l e  of the l oad  i m p e d a n c e  c h a n g e s  to the  g e n e r a t o r  

as  p o s s i b l e  s i n c e  c h a n g e s  in wha t  the g e n e r a t o r  s e e s  m a y  a f fec t  i ts  output  

w h i c h  m a y  in t u r n  a f fec t  the d i s c h a r g e ,  e t c .  Th i s  s t a t e  of a f f a i r s  c a n  

l e a d  to r e l a x a t i o n - t y p e  o s c i l l a t i o n s  w h i c h  put u n d e s i r a b l e  l o a d s  on the 

g e n e r a t o r  and  m i g h t  s e r i o u s l y  a f fec t  o p e r a t i o n  of the t unne l .  
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The s t r u c t u r a l  s u r v i v a l  of the d i s c h a r g e  s e c t i o n  u n d e r  c o n d i t i o n s  

of con t inuous  o p e r a t i o n  a p p e a r s  to be c o n c e r n e d  wi th  two p r o b l e m s - -  

e r o s i o n  and  e x c e s s i v e  h e a t i n g .  Al though  t hey  a p p e a r  to be s e p a r a t e  

p r o b l e m s ,  ou r  e x p e r i m e n t s  i n d i c a t e d  tha t  t hey  a r e  m e r e l y  two s e p a -  

r a t e l y  o b s e r v e d  r e s u l t s  of the  s a m e  p h y s i c a l  p r o c e s s ;  n a m e l y ,  the 

t r a n s p o r t  of e n e r g y  f r o m  the body of the d i s c h a r g e  to the  tunne l  w a l l s  

by the  v a r i o u s  ac t i ve  s p e c i e s  (i. e . ,  e l e c t r o n s ,  ions ,  d i s s o c i a t e d  a t o m s ,  

e x c i t e d  p a r t i c l e s ,  and  photons  as  c o m p a r e d  to the u n e x c i t e d  n e u t r a l  

mole cule s). 

Since the erosion results almost entirely from bombardment 

of the walls by charged particles accelerated up to sufficiently high 

energies the remark made in the discussion o£ breakdown also applies 

here. That is, conditions should be so chosen as to avoid exceeding 

the mean free path and oscillation amplitude limits. Obviously, this 

remark applies even more strongly to the wall heating where particles 

with much lower energies are also effective. 

However, the wall heating is also a strong function of both wall 

recombination of dissociated atoms and radiation absorption. The 

effects of recombination are best minimized by placing the walls as far 

as possible from the main body of the gas. Thus the discharge region 

should have a maximum cross--sectional area with minimum wetted 

perimeter. Further minimization is obtained by using materials for 
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t h e  w a l l s  w h i c h  h a v e  a s  l i t t l e  c a t a l y t i c  e f f e c t  u p o n  t h e  r e c o m b i n a t i o n  

a s  p o s s i b l e .  In  g e n e r a l  s u c h  m a t e r i a l s  a r e  n o n m e t a l l i c  a n d  r e l a t i v e l y  

i n a c t i v e  c h e m i c a l l y ;  g o o d  e x a m p l e s  b e i n g  t h e  c e r a m i c s  a n d  g l a s s e s .  

R e l a t i v e  to  t h e  e f f e c t s  of  r a d i a t i o n  a b s o r p t i o n  t h e  b e s t  m e t h o d  

f o r  t h e i r  m i n i m i z a t i o n  is  to  h a v e  t he  s u r f a c e s  a s  n e a r  to  p e r f e c t l y  

r e f l e c t i n g  a s  p o s s i b l e .  A n o t h e r  m e t h o d  w h i c h  is  s a t i s f a c t o r y  f r o m  t h e  

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

w o u l d  be  to  h a v e  the  w a l l s  p e r f e c t l y  t r a n s p a r e n t .  A t  t h e  p r e s e n t ,  t h e  

m o s t  p r a c t i c a l  m e t h o d  a p p e a r s  to  be to  m a k e  t h e  s u r f a c e s  in  c o n t a c t  

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

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

p o s s i b l e .  T h e  b e s t  e x a m p l e s  of  s u c h  m a t e r i a l s  a r e  t h e  v a r i o u s  c e r a m i c  

f o r m s .  

A n  a d d i t i o n a l  h e a t i n g  p h e n o m e n o n  w h i c h  m a y  be a c t i v e  i s  t h a t  of  

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

i n d u c t i o n  o r  d i e l e c t r i c  h e a t i n g .  By u s i n g  n o n c o n d u c t o r s  w i t h  h i g h  b r e a k -  

d o w n  p o t e n t i a l s  i n d u c t i o n  h e a t i n g  i s  e l i m i n a t e d .  F u r t h e r ,  if m a t e r i a l s  

a r e  s o  s e l e c t e d  a s  to  h a v e  m i n i m u m  l o s s  t a n g e n t s  t h e n  t h e  d i e l e c t r i c  

h e a t i n g  c a n  be  r e d u c e d  to  the  p o i n t  of u n i m p o r t a n c e .  

R e g a r d l e s s  of  t he  l e v e l  o f  p o w e r  i n p u t  t o  t h e  g a s  p r e c a u t i o n s  

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

l a t i o n  a m p l i t u d e  a n d  m e a n  p a t h  l i m i t s  a s  p o s s i b l e  s o  a s  to  m i n i m i z e  

e r o s i o n .  H o w e v e r ~  s i n c e  w a l l  h e a t i n g  to  a d e g r e e  c o m p a t i b l e  w i t h  t he  
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s t r u c t u r a l  l i m i t  of  t h e  m a t e r i a l s  u s e d  in  t h e  t u n n e l  i s  i n  m a n y  c a s e s  

p e r m i s s i b l e s  a n d  p e r h a p s  in  s o m e  c a s e s  d e s i r a b l e ,  t he  q u e s t i o n  of 

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

s t r u c t u r a l  p o i n t  of  v i e w  o u r  e x p e r i m e n t s  i n d i c a t e  t h a t  f a c i l i t i e s  c a n  be  

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

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

e n e r g y  d e n s i t i e s  of  4 x 10 4 J o u l e s  p e r  c u b i c  m e t e r .  

V. CONCLUDING REMARKS 

A n  e x p e r i m e n t a l  s t u d y  h a s  b e e n  c a r r i e d  ou t  to  d e t e r m i n e  the  

f e a s i b i l i t y  of  u s i n g  t he  e l e c t r o d e l e s s  h i g h - f r e q u e n c y  d i s c h a r g e  a s  a 

m e t h o d  of  h e a t i n g  a s u p e r s o n i c  g a s  s t r e a m .  T h e s e  e x p e r i m e n t s  

i n d i c a t e  t h a t :  

1. I t  i s  p o s s i b l e ,  u s i n g  t he  e l e c t r o d e l e s s  h i g h - f r e q u e n c y  d i s -  

c h a r g e ,  to  i n t r o d u c e  u p  to  40% of  t h e  p o w e r  s u p p l i e d  a t  t he  d i s c h a r g e  

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

Z. One  of  t h e  p r i n c i p a l  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  a p p l i c a t i o n  

of  t h i s  m e t h o d  to  h e a t i n g  s u p e r s o n i c  g a s  s t r e a m s  i s  t h a t  of  o b t a i n i n g  

n o z z l e  m a t e r i a l s  w i t h  t h e  d e s i r e d  c h a r a c t e r i s t i c s .  T e f l o n ,  w h e u  

p r o p e r l y  c o o l e d ,  is  a s a t i s f a c t o r y  n o z z l e  m a t e r i a l  w i t h  s h o r t  s e r v i c e  
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life. For longer life, it is possible to use metal nozzle blocks which 

serve both as the contoured nozzle walls and electrodes. Experience 

with this type of nozzle electrode configuration has been good although 

there was some pitting of the electrodes. This might be eliminated by 

coating the electrodes with ceramic materials. 

3. T h e r e  i s  a d e f i n i t e  t e m p e r a t u r e  r i s e  in  the  p l a s m a  d e c a y  a s  

e v i d e n c e d  in  the  t e m p e r a t u r e  m e a s u r e m e n t s  a l o n g  t he  t e s t  s e c t i o n  u s e d  

w i t h  the  a x i s y m m e t r i c  n o z z l e .  

4.  In the  c a l o r i m e t r y  m e a s u r e m e n t s ,  t h e r e  w a s  an  e n e r g y  

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

b i n a t i o n .  T h e  e n e r g y  r e c o v e r e d  in  the  c a l o r i m e t e r s  w a s  p r o b a b l y  due  

to  the  c o m b i n e d  e f f e c t s  of  w a l l  r e c o m b i n a t i o n  a n d  v o l u m e  r e c o m b i n a t i o n .  

T h e  w a l l  r e c o m b i n a t i o n ,  w h i c h  i s  u n d e s i r a b l e ,  c a n  be  m i n i m i z e d  b y  

i n c r e a s i n g  the  r a t i o  of g a s  v o l u m e  to  w a l l  s u r f a c e  a r e a .  

5. T h e  u p p e r  l i m i t  in  p r e s s u r e ,  a t  w h i c h  the d i s c h a r g e  c a n  be  

p r o d u c e d  a n d  m a i n t a i n e d ,  i s  d e p e n d e n t  o n l y  u p o n  the  d i m e n s i o n s  of the  

d i s c h a r g e  v e s s e l  an d  the  e l e c t r i c  f i e l d  s t r e n g t h  w h i c h  c a n  be  o b t a i n e d .  
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APPENDIX I 

USE OF THE CONTOURED NOZZLE BLOCKS AS 

ELECTRODES IN A RADIO-FREQUENCY DISCHARGE NOZZLE 

O n e  of  t he  m o s t  s e v e r e  p r o b l e m s  e n c o u n t e r e d  in  t h e  e x p e r i m e n t a l  

p r o g r a m  w a s  t h a t  of  o b t a i n i n g  m a t e r i a l s  f o r  t h e  t w o - d i m e n s i o n a l  n o z z l e s .  

A t  t h e  o u t s e t  i t  w a s  f e l t  t h a t  t h e  n o z z l e - c o n t o u r e d  w a l l s  s h o u l d  be  of  a 

d i e l e c t r i c  m a t e r i a l  a n d  t h a t  t he  d i s c h a r g e  s h o u l d  be  a p p l i e d  w i t h  c a p a c i t i v e  

t y p e  e l e c t r o d e s  d i s c h a r g i n g  t h r o u g h  t h e  q u a r t z  s i d e w a l l s .  T h e  f a i l u r e  of  

t h e  t e f l o n  a n d  S u p r a m i c a  6Z0 n o z z l e s  a n d  t h e  l a c k  of  a n y  s u i t a b l e  m a c h i n -  

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

t w o - d i m e n s i o n a l  n o z z l e s .  M o s t  of t h e  m a t e r i a l s  p r o b l e m s  c a n  be  c i r c u m -  

v e n t e d  i f  t h e  n o z z l e - c o n t o u r e d  w a l l s  c o u l d  be  c o n s t r u c t e d  of  a m e t a l  a n d  

u s e d  a s  t h e  d i s c h a r g e  e l e c t r o d e s .  One  w o u l d  e x p e c t ,  h o w e v e r ,  t h a t  f o r  

n o z z l e - s h a p e d  e l e c t r o d e s ,  e l e c t r i c a l  b r e a k d o w n  of  t h e  g a s  w o u l d  a l w a y s  

o c c u r  i n  t h e  n o z z l e  t h r o a t  w h e r e  t h e  e l e c t r o d e  s e p a r a t i o n  i s  s m a l l e s t ,  

a n d  h e n c e ,  t he  e l e c t r i c  f i e l d  ( f o r  c o n s t a n t  p l a t e  v o l t a g e )  i s  h i g h e s t .  

I n d e e d  t h i s  w o u l d  be  t h e  c a s e  i f  t h e r e  w e r e  no  p r e s s u r e  g r a d i e n t  ( f low)  

t h r o u g h  t he  n o z z l e .  W i t h  a p r e s s u r e  g r a d i e n t  in  t h e  n o z z l e ,  t h e  s i t u a t i o n  

i s  q u i t e  d i f f e r e n t  s i n c e  t h e  b r e a k d o w n  v o l t a g e  f o r  t h e  g a s  i s  s t r o n g l y  

d e p e n d e n t  u p o n  t h e  p r e s s u r e  a s  w e l l  a s  p l a t e  s e p a r a t i o n  d i s t a n c e .  
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Rough calculation can be made to determine the possibility of 

obtaining a breakdown of the gas stream in the supersonic portion of 

the stream instead of at the throat. Consider the data presented in 

Ref. 1 1 and reproduced in Fig. 17(c) as representative of the variation 

of  b r e a k d o w n  v o l t a g e  in  a i r  w i t h  p r e s s u r e  a n d  gap  w i d t h  b e t w e e n  f l a t  

p l a t e  t y p e  e l e c t r o d e s .  F r o m  d a t a  s u c h  a s  t h i s  one  c a n  c o n s t r u c t  c u r v e s  

of the  m a x i m u m  p r e s s u r e  a t  w h i c h  b r e a k d o w n  c a n  o c c u r  a t  a g i v e  n 

f i e l d  s t r e n g t h  a n d  f r e q u e n c y  as  a f u n c t i o n  of gap  d i s t a n c e .  T y p i c a l  

c u r v e s  of t h i s  t y p e  a r e  s h o w n  in  F i g .  18(a).  A l s o ,  i f  t he  d e s i r e d ' n o z z l e  

c o n t o u r  is  s h o w n ,  one  h a s  t he  e f f e c t i v e  gap  d i s t a n c e  b e t w e e n  t h e  n o z z l e -  

of  oz-l  [Zig. 18 b ]. 

Now if  one  c o m b i n e s  t he  c u r v e  of  F i g .  18(b) w i th  t he  a p p r o p r i a t e  c u r v e  

of F i g .  18(a),  i t  i s  p o s s i b l e  to c o n s t r u c t  a c u r v e  of t he  m a x i m u m  d i s c h a r g e  

p r e s s u r e  a t  a g i v e n  p l a t e  v o l t a g e  a t  e a c h  po in t  a l o n g  the  n o z z l e .  S u c h  a 

c u r v e  is  p r e s e n t e d  in  F i g .  19 f o r  a b r e a k d o w n  v o l t a g e  of 1000 v o l t s .  

F o r  a g i v e n  u p s t r e a m  s t a g n a t i o n  p r e s s u r e ,  i t  i s  p o s s i b l e  to c o n s t r u c t  

a c u r v e  of the  s t a t i c  p r e s s u r e  v a r i a t i o n  t h r o u g h  the  n o z z l e .  T y p i c a l  

s t a t i c  p r e s s u r e  v a r i a t i o n s  a r e  a l s o  s h o w n  in  F i g .  19 f o r  four" d i f f e r e n t  

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

If t h e  s t a t i c  p r e s s u r e  in the  g a s  s t r e a m  is  g r e a t e r  t h a n  the  

m a x i m u m  d i s c h a r g e  p r e s s u r e  ( a t  f i x e d  p l a t e  v o l t a g e ) ,  n o .  

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

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

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

n o z z l e  a t  w h i c h  d i s c h a r g e  c a n  be  o b t a i n e d ,  a n d  d i s c h a r g e s  m a y  o n l y  be  

m a i n t a i n e d  to t h e  r i g h t  of t h e s e  i n t e r c e p t s .  

F r o m  F i g .  19 i t  i s  c l e a r  t h a t  a t  l ow s t a g n a t i o n  p r e s s u r e s  a 

d i s c h a r g e  m a y  be  o b t a i n e d  a t  t h e  t h r o a t  o r  e v e n  u p s t r e a m  of. t h e  t h r o a t  

i n  t h e  p l e n u m  c h a m b e r .  As  t h e  s t a g n a t i o n  p r e s s u r e  i s  i n c r e a s e d ,  h o w -  

e v e r ,  t h e  d i s c h a r g e  m u s t  m o v e  f u r t h e r  d o w n s t r e a m .  A t  s u f f i c i e n t l y  

h i g h  s t a g n a t i o n  p r e s s u r e  t he  d i s c h a r g e  i s  s e e n  to  be c o n f i n e d  e n t i r e l y  t o  

t h e  s u p e r s o n i c  p o r t i o n  of  t he  s t r e a m .  

I t  h a s  b e e n  t a c i t l y  a s s u m e d  in  t h e  a b o v e  a n a l y s i s  t h a t  t he  t r e n d s  

s h o w n  in  F i g .  17(c)  f o r  t he  v a r i a t i o n  of  b r e a k d o w n  v o l t a g e  w i t h  g a p  

d i s t a n c e  a n d  w i t h  p r e s s u r e  a t  t h e  f r e q u e n c y  s h o w n  a r e  a p p l i c a b l e  in  o t h e r  

c a s e s  w h e r e  t h e  gap  d i s t a n c e  v a r i e s  a n d  w h e r e  t h e  f i e l d  f r e q u e n c y  i s  

d i f f e r e n t  f r o m  t h a t  of  F i g .  17(c) .  T h u s ,  t h e  m o s t  t h a t  c a n  be  e x p e c t e d  

f r o m  t h e  a b o v e  a n a l y s i s  a r e  q u a l i t a t i v e l y  c o r r e c t  r e s u l t s .  I n  t h e  p r e s e n t  

e x p e r i m e n t a l  s t u d i e s ,  q u a l i t a t i v e  v e r i f i c a t i o n  of  t h e  a b o v e  a n a l y s i s  h a s  

b e e n  o b t a i n e d ;  f o r  i t  w a s  n o t e d  t h a t  a t  l ow s t a g n a t i o n  p r e s s u r e s ,  t he  d i s -  

c h a r g e  w a s  o b t a i n e d  i n  t he  t h r o a t  r e g i o n  a n d  e v e n  u p s t r e a m  of  t h e  t h r o a t .  

A s  t h e  s t a g n a t i o n  p r e s s u r e  w a s  i n c r e a s e d ,  t he  d i s c h a r g e  r e g i o n  m o v e d  

i n t o  t h e  s u p e r s o n i c  r e g i o n  of t h e  n o z z l e  a n d  a t  e v e n  h i g h e r  p r e s s u r e s ,  

t h e  d i s c h a r g e  w a s  c o n f i n e d  to  t h e  d o w n s t r e a m  r e g i o n  of  t he  n o z z l e ~  c o m -  

p a r e  F i g s .  15(a) a n d  15(c). 
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A P P E N D I X  II 

M E A S U R E M E N T S  OF'  P O W E R  IN A 

R A D I O - F R E Q U E N C Y  D I S C H A R G E  

Iu  o r d e r  t o  d e s c r i b e  t h e  e n e r g y  t r a n s f e r  t h r o u g h  g a s e o u s  

d i s c h a r g e s  one  n e e d s  to  k n o w j  f i r s t  of  a l l ,  t h e  h e a t  e v o l v e d ,  a s  

d e t e r m i n e d  by  c a l o r i m e t r i c  m e a s u r e m e n t s ;  h o w e v e r ~  f o r  a c o m p l e t e  

a c c o u n t i n g  of t h e  e n e r g y  one  w o u l d  l i k e  t o  m e a s u r e  t h e  p o w e r  s u p p l i e d  

t o  t h e  d i s c h a r g e .  M e a s u r e m e n t s  o f  t h e  p o w e r  s u p p l i e d  by  t h e  R F  g e n -  

e r a t o r  h a v e  b e e n  m a d e  u s i n g  t h r e e  R1 ~ a m m e t e r s  in  a m e t h o d  d i s c u s s e d  

b y  P .  M.  H o n u e l  a n d  E .  B.  l r e r r e l l  in  R e f .  10. 

F o r  t h e  s a k e  of  c o m p l e t e n e s s ,  a d e r i v a t i o n  of  t h e  m e t h o d  u s e d  

i s  i n c l u d e d .  T h e  c i r c u i t  m a y  be  r e p r e s e n t e d  b y  t h e  l o a d  Z ,  t h e  c a p a c -  

i t a t i v e  i m p e d a n c e  X c,  a u d t h e  a m m e t e r s  a s  s h o w n .  T h e  l o a d  Z 

® 
V 

i, 

i n c l u d e d  a p a r a l l e l  L C  t a n k  c i r c u i t ,  u s e d  f o r  f i n e  a d j u s t m e n t s  of  t h e  

a p p l i e d  v o l t a g e .  T h e  c o m p l e x  e q u a t i o n s  f o r  t h e  n e t w o r k  are-" 

V = - i z ( j X c ) ,  a n d  V = i 3 Z  , w h e r e  j2  = . 1  

- 5 0 -  



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

(i i )  
i I = i z  + i3  = v - ~  jx---$ ' 

= V 1 ',- - 6 r g : ) .  

, ~ -  ,~(~) .  

T h e  m a g n i t u d e s  of t h e s e  c u r r e n t s ,  w h i c h  a r e  t h e  q u a n t i t i e s  i n d i c a t e d  

[ 1 ( 1  1 j ]2 -L~ -i~) +- 
XC 

by  t h e  a m m e t e r s ,  a r e  

, ,  o (½ (l) 

z = V/Xc (z) 

13 = V / ~ / Z Z  ~ 

w h e r e  Z ~ i s  t h e  c o m p l e x  c o n j u g a t e  of  Z .  

l o a d  Z i s  g i v e n  by:  

T h e  p o w e r  s u p p l i e d  to  t h e  

(3) 

1 12 _ V 2 1 1 

A r e l a t i o n  w h i c h  w i l l  be  n e e d e d  is  t he  i d e n t i t y :  

S u b s t i t u t i o n  of  t h i s  r e l a t i o n  in  t h e  e x p r e s s i o n  f o r  I 1, E q .  (1),  l e a d s  to :  

-51  - 



I Let us now fo rm t e rm S = ~ (I I + 12 + 13), and" investigate 

the quantity S(S - I i)  (S - IZ) (S - 13): 

S(S'I1) (S ' Iz ) (S '13)=  1~ (I2+ I3+ I1) (I2+ I 3" I 1 ) [  I1 "(I1"I3,]  [ I1 + (I2"I3)] 

1 

S(S'~t) (S'Iz) (S'13) = T6 [41ZI3  z "  (I/'IZ 2"Iz)z] (6) 

Substitution of Eqs. (5), (Z), and (3) for I I, I z and 13 in Eq. (6) 

gives: 

s(s-1 l)(s-lz)(s-I 3) ~-~- '~  [ 1 . 2 _ ( ~ . ~ . 1 +  _ . 
- ~-'-" ~o ~c ~ Xc~ ~ ' ]  } 

V 4 ! _t ~z] 
z" z*/ J 

V 4 I I 2 
= ~-~ (~ +p) 

Substitution of Eq. (4) in this relation gives: 

pZ 
s ( s  - I l )  (s  - i z )  (s  - 13) = ~-~ 

C 

(7) 

Rewriting this to give power directly: 

P = ZXcJS(S-I  1) (S-Iz) (s -I3) .  ( 8 )  

- S Z -  



This  is  a s y m m e t r i c a l  f o r m  wh ich  wi l l  r e d u c e  to the  s a m e  

e q u a t i o n  r e g a r d l e s s  of which  c u r r e n t  is  f a c t o r e d  f r o m  the r a d i c a l .  

R e l a b e l l i u g  the  c u r r e n t s  IL~ IM, and I S fo r  l a r g e j  m e d i u m  and s m a l l  

c u r r e n t s ,  and subs t i t u t ing  Eq.  (6) in  (8) we have:  

,=~xo~ ( ) ~ - c ~ - _ ( ~ / ~  ~ (9) 

L e t ( l l ~ 2  = u 2 +  v2~ 
XlL i 

and( IS, / Z {, IM~ Z 
. .  - 1 = 2v, 

IT. Ii. ' 

Z 
then  P = X c l  c u ,  

'- /~ /~  
= ' - - +  + 1  

I., 

= 2v+u2+ v2+ 1 

= u 2 + (v  + 1) 2 

T h e s e  r e s u l t s  a l low a g r a p h i c a l  so lu t ion  fo r  u, of the  f o r m :  

01 v (s0L~T ~ 
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IS 
A c h a r t  f o r  t h i s  s o l u t i o n  h a s  b e e n  m a d e ,  w i t h  r a n g e s  of  ~-L f r o m  

IM 
z e r o  to one ,  a n d - ~ L -  L f r o m  o n e - h a l f  to o n e .  T h u s  m e a s u r e m e n t s  of t he  

t h r e e  a m m e t e r  c u r r e n t s  a n d  the  v a l u e  of  the  c a p a c i t a n c e  h a v e  b e e n  u s e d  

to  d e t e r m i n e  the  p o w e r  s u p p l i e d  to  t he  g a s e o u s  d i s c h a r g e  in  t he  e x p e r i -  

m e n t s  d e s c r i b e d  in  t h i s  r e p o r t .  
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T A B L E  I 

R E S U L T  O F  C A L O R I M E T R Y  M E A S U R E M E N T S  

! 

t J1  
" - I  
t 

T e s t  I l o g g i a  P o w e r  E z t r a c t e d  lu  p o w e r  E x t r a c t e d  i a  P o w e r  P o w e r  T o t a l  P o w e r  P o w e r  E x -  ~es idua l  

I C a l o r i m e t e r  1 i w a t t l )  C a l o r i m e t e r  2 ( r a i l s )  E X t r a c t e d  in  E x t r a c t e d  tn E x t r a c t e d  in  t r a c t e d  in  P o w e r  
S e g m e n t  S e g m e n t  5 e s m e n t  S e g m e n t l S e g m e n t  S e g m e n t  C a l o r i m e t e r  C a l o r i m e t e r  C a l o r i m e t r y  ¢1~1 B a t h  i n  G a s  

1 2 3 1 I Z 3 3 ( w a t t s )  4 (wa t t s )  (wa t t s )  (wa t t s )  

^ 1  Z 24 .3  20.5 263 .5  . . . .  - -  - -  

A 2  2 19.9 16.7 13.8 . . . . . . .  

A 3  2 . . . . . . . . . .  

81  4 18 .4  14.4 12.2 30.0 27 .0  20 .8  100.7 2,1.1 245 .6  198.0  

BZ 4 17.3 %3  5.0  26 .0  17.0 14.1 88 ,0  0 171.7 270 .0  

B3 4 10 .6  8 .0  6 .8  37.4 25 .2  19.9 115.1 0 2,13.0 202 .5  

8 4  4 8.5  5.3 4 .7  30.0 21 .4  17.7 85 .0  0 172.6  172.9  

B5 4 8 .5  4 .5  2 .8  49 .0  32.1 27 .7  95 .0  0 219 .6  180.0  

B6 4 18.4 14.1 14.0 4 2 . 6  33 .6  27 .7  123.0  26 .9  300.3  164 .2  

B7 4 10.5 7.1 5,1 30.5 23.4  19.8 40 .0  0 144.4 Z12 .5  

8 8  4 Z7.4  Z0.1 19.4 42 .4  33 .8  36 .2  142.2 78 ,8  400 ,3  144,1 

8 9  4 9 . 4 0  7 .3  4 .5  54.1 38 .0  32 .2  140.0 6.70 292 .2  Z4Z.0 

B I 0  4 . . . . . . . . . .  

B I  I 4 24 .0  l Z . l  12.0 63 .8  54 .5  41 .7  193,5  14.2 415 .8  

BI~' 4 24 .7  9.1 9.0  38,3  28.0  26,1 139.8 0 275 .0  

B I  ~ 4 17.5 4 .6  1.6 32.9 J7 .7  17 ,3  96 .3  0 187.9 

B I 4  4 25 .0  39,5 8 ,8  91 .5  76 .0  62 .9  147,0  3.4 454 .9  

B I S  4 19.4 2.1 4 .6  35.1 30.3 2 4 . l  190.5 0 306.1 

B i t  4 38.9 16.]  15.5 17.5 12.4 41 .8  186.5 62 .4  391.3 

Inpu t  :* . . . . .  t I npu t  P . . . . .  t I npu t  P . . . . .  t l , - / O ,  s c h a r  8 .  D ~ , c h a r i e  l W i , d  T , , ~ I  
p o w e r  P o w e r  E x -  P o w e r  E x -  pu t  P o w e r  t~ .  V o l t a g e  S t a t i c  [ S t a g n a t i o n  

t r a c t e d  in  t r a c t e d  in  O i l  U n a c c o u n t e d  P r e s s u r e  P r e s s u r e  
( w a t t s )  i ~ a i o r t m e t r y  B a t h  F o r  ( v o l t s )  ( r a m . H E . )  ( r a m .  H 8.  ) 

0 580.0  42 .3  

0 696.0  19,6 

1.8 720.0  31.2 

0 .7  68,! .0 ~'3.6 

6.5 985 .0  23.0 

1.5 646.0 46.6 

1.2 842.0  17.3 

0 .4  648 ,0  61.7 

8 .8  I IS0 .0  27 .2  

- -  1005.0 - -  

359 .4  J5 .8  ~910,0  14.81 

372 .5  1.7 J093.0  25.1 

305.5  0 ,4  840.0  22 .4  

,117.0 18.7 1297.0 35.1 

~36.0  6 .6  861.0  35,6 

48 .4  0 .6  517.4  75.6  

- -  - -  51 .0  608 .0  

- -  - -  - -  88 .0  89Z.0  

- -  - -  - -  7 7 . 0  884 .0  

34.Z Z 3.5 4 6 5 . 0  9 .0  ] 16. 5 

38 .8  44 .6  4 7 5 . 0  6 .0  124.0  

28.1 40 .7  4 6 8 . 0  23 .0  125.0  

,~5.0 49 .3  460 .0  21 .0  120.0  

18.3 58 .7  582 .0  S l . 0  312o0 

Z5.3 27 .9  4 7 0 . 0  18.0 118.0 

25 .3  57 .5  470 .0  18.0 118.0  

22 .3  16.1 482 .0  Z I . 0  119.0  

21 .05  52 .8  625 .0  42 .0  357.0 

- -  - -  516 .0  22 .0  163.8  

12.3 72 .8  1260.0  44 .0  362.2  

34.1 4 0 . 8  426 .0  21 .0  128.0  

36.4  4 1 , 2  4Z0 .0  20 .0  1,!1.5 

10.2 46 .2  735 .0  51 .0  345.5  

27 .4  36.8 541 10.0 129.0 

9 .4  15.0 182.0  9 .0  86 .5  
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Fig .  1 De ta i l s  Of A x i s y m m e t r i c  N o z z l e  Cons truc t ion  
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Fig .  Z Teflon A x i s y m m e t r i c  Nozzle  RF Heating Apparatus 

12. 

13. 

14.  

15. 

16. 

L o w  D e n s i t y  W i n d  T u n n e l  
( U s e d  a s  a V a c u u m  Sou rce )  

S i x  I n c h  Q u i c k  O p e n i n g  
Vacuum Valve  

Gas  S t r e a m  T h e r m o m e t e r  No.  3, 
Z0°F to 760°F ,  2 ° F  I n c r e m e n t s  

Q u a r t z  Window 

Gas S t r e a m  T h e r m o m e t e r  No. Z, 
20°F  to  760°F ,  Z ° F  I n c r e m e n t s  

Hea t  E x c h a n g i n g  M e d i u m  (4 p t s .  
C C I 2 F - C C I 2 F  and  I p a r t  CCIF2_ 
C C I 2 F  ) Supply  L i n e  to N o z z l  e 
(Suppl ies  C o o l i n g  to  N o z z l e )  

Hea t  E x c h a n g i n g  M e d i u m  R e t u r n  
L i n e  

Gas  S t r e a m  T h e r m o m e t e r  No. i ,  
Z0°F to 7 6 0 ° F  

P l e n u m  D i s c h a r g e  E l e c t r o d e  

P l e n u m  C h a m b e r  - A l u m i n u m  

C o a r s e  P l e n u m  C h a m b e r  
P r e s s u r e  Gauge ,  0° 1600 m m  Hg. 

F i n e  P l e n u m  C ~ a m b e r  P r e s s u r e  
Gauge ,  0 - I 0 0  m m  Hg. 

D i s c h a r g e  E l e c t r o d e  

N o z z l e  A s s e m b l y  - Te f lon  

M c L e o d  Gauge  F o r  N o z z l e  E xi t  
P i t o t  T u b e ,  1 - 5 0 0 0 ~ H g .  

M c L e o d  Gauge  For  D o w n s t r e a m  
P i t o t  T u b e ,  I -  5 0 0 0 / ~ H g .  



Fig .  3 View Of P l a s m a  Tunnel  Showing M i c r o w a v e  I n t e r f e r o m e t e r  
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F i g .  5 C a l o r i m e t e r  A r r a n g e m e n t  F o r  T w o - D i m e n s i o n a l  N o z z l e  S t u d i e s ,  RF H e a t i n g  S t u d i e s  



NOMENC LATURE 

ii. Nitrogen Supply 

2. Teflon Chamber 

3. Two-Dimensional Nozzle (Nozzle No. 4) 

4. Power Lead-ln To Electrodes (Nozzle Blocks) 

5. Mercury Manometer (Static Pressure Measurement 

6. Lucite Container For Oil Bath 

F i g .  6 P e t r o l a t u m  Oi l  Bath  With N o z z l e  B l o c k s  In P l a c e  

D . . . . .  

- - -  - - -  . 
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D 
NOMENCLATURE 

1. Three Ammeters (Power Measurements) 

Two-Dimensional Nozzle 

Copper Water-Jacketed Calorimeter 
I I  

Large Calorimeter (Fire-Tube Boiler Type) | 

Manometer For Water Flow Rate Measurement r. 

Mercury Manometer (Static Pressure Measurement) I 

Lucite Container For Oil Bath 

8. Mercury Manometer (Stagnation Pressure Measurement) 

i1 

J 

o ~ 

Fig .  7 T w o - D i m e n s i o n a l  N o z z l e  RF Heating Apparatus  
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F i g .  8 View Of T e f l o n  A x i s y m m e t r i c  N o z z l e  A f t e r  T e s t i n g  
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Fig .  9 SeLf-Lurninuous F low Of Supe r son i c  Argon Over  A Wedge 
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An expe r imen t  -',1 ~wes t iga t ion  h,'m been c a r r i e d  out to d e t e r -  
mine  the feasibi l i ty  of as ing a r a d io - f r e que nc y  d i scha rge  to 
heat  a super snn ic  gas  s t r e a m .  E x p e r i m e n t s  w e r e  conducted 
wlth both a x i s y m m c t r i c  and two-d imens lona l  superson ic  
nozzles  with the HF  d i s c ha rge  c r e a t e d  In the superson ic  gas  
flow. T e m p e r a t u r e  m e a s u r e m e n t s  in the flow field down- 
s t r e a m  of the d i s c h a r g e  intilcute a defini te  t e m p e r a t u r e  r i s e  
in the decaying p l a s m a .  C a l o r i m e t r y  m e a s u r e m e n t s  show 
that  It is poss ible  to add up to 40% of the ene rgy  avai lable  
at the d i s cha rge  p la tes  to the gas  s t r e a m .  It ts concluded 
that rnd io - f r cqucncy  d i s c h a r g e  heat ing is  a feas ible  method 
of  heating a super son ic  gas s t r e a m .  
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An eaper imentu l  mves t igu l ion  has been c a r r i e d  out to d e t e r -  
mine  the feasib~lzty of using a r ad io - f r equency  d i scha rge  to 
heat  a supersonic  gas  s t r e a m .  Expe r imen t s  were  conducted 
with both ax i synunnt r i c  and two-d imens iona l  superson ic  
nozzles  wlth the HF  d i s ch a rg e  c r e a t e d  in the super son ic  gas  
flow. T e m p e r a t u r e  m e a s u r e m e n t s  in the flow field down- 
s t r e a m  of the d i s cha rge  indicate a dcf imtc  t e m p e r a t u r e  r i s e  
in the decaying p l a sma .  C a l o r i m e t r y  m e a s u r e m e n t s  show 
that  it m possible  to add up to 40% of the ene rgy  avai lable  
at the d i scha rge  p la tes  to the gas s t r e a m .  It is concluded 
that r ~ i i n - f r c q u c n c y  d i s ch a rg e  heat ing is a feas lblc  method 
of heatlog a superson ic  gas  S t r eam.  
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mine  the feasibi l i ty  of  using a r a d io - f r e que nc y  dtsc i targe  to 
heat  a super son ic  gas  s t r e a m .  E x p e r i m e n t s  were  conducted 
wilt; both a x t s y m m c t r i c  trod two-d imens iona l  superson ic  
nozzles  wxth the RF  d i s c h a r g e  c r e a t e d  in the superson ic  gas  
flow. T e m p e r a t u r e  m e a s u r e m e n t s  in the flow field down- 
s t r e a m  of the d i s cha rge  indica te  a definite t e m p e r a t u r e  r m u  
in the decaying p l a s m a .  - C a l o r i m e t r y  m e a s u r e m e n t s  show 
that it is poss ible  to add up to 40% of the ene rgy  avai lable  
at the d i s cha rge  p la tes  to the gas  s t r e a m .  It is concluded 
that radxo-f requency d i s c ha rge  heat ing is a feas ible  method 
of heating a super son ic  gas s t r e a m .  
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mine  the feaslbxlity of using a r ad io - f r equency  d i s cha rge  to 
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flow. T e m p v z a t u r e  m e a s u r e m e n t s  in the flow field down- 
s t r e a m  of the  d i s cha rge  indicate  a def imte  t e m p e r a t u r e  r i s e  
in the decaying p l a sma .  C a l o r i m e t r y  m e a s u r e m e n t s  show 
that  tt is Ixmsible to add up to 40% of the ene rgy  avai lable  
at the d i scha rge  p la tes  to the gas  s t r e a m .  It is concluded 
that  r ad lo - f r equency  d ; s ch a rg e  heat ing is a feas ible  method 
of heathlg a s u p c r s o m c  gas s t r e a m .  
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that  it is poss ible  to add up to 40% of the ene rgy  avai lable  
at the d i s cha rge  p la tes  to the gas  s t r e a m .  It is cuncluded 
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