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The the rma l  eff ic iency of gas heating was studied in a p i a smot ron  as a function of the p r e s -  
sure  in the subdivided p lasmot ron  channel produced with a nozz le -d iaphragm.  An es t imated  
function was obtained (3) for  calculat ing the the rma l  eff iciency of p l a smo t rons  of s i m i l a r  con-  
s t ruc t ion .  

In the design of p l a s m a  hea te r s  one must  solve seve ra l  p rob lems ,  often independent of their  intended 
purpose ,  including: 

1) de terminat ion of the t he rm a l  eff iciency or the eff iciency of the the rmal  consumption of e lec t r i ca l  
power  supplied for the heating of gas in the p iasmotron;  

2) a study of the e lec t r i ca l  c h a r a c t e r i s t i c s  of the p lasmot rons ;  

3) regulat ion of the d i scharge  veloci ty  of the p l a s m a  s t r e a m s  through changes in the geome t ry  of the 
gas channel; 

4) gas -dynamic  and the rma l  diagnost ics  of the p l a s m a  s t r e a m s .  

Fig. 1. Subdivided p lasmot ron  
with power  of up to 100 kW: 1) 
nozzle with c r i t i ca l  c r o s s  s ec -  
tion d i ame te r  of 4, 8, 12, and 
16 mm; 2) anode section; 3 )cy l -  
inder insulator;  4) casing; 5) in- 
t e rmed ia te  sections;  6) in t e r -  
sect ional  insulators;  7) outer  
nut; 8) auxi l iary  anode; 9) ini-  
t i a t inge lec t rode ;  10) quartz  in- 
sert ion;  11) cathode holder  with 
cathode; 12) cooling wa te r  inlet 
to each section; 13) wa te r  out-  
let; 14) inlet of p l a s m a - g e n e r a t -  
ing argon. 
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T A B L E  1. In i t i a l  E x p e r i m e n t a l  R e s u l t s  
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We made  a s tudy  of the e f f i c i ency  of gas  hea t ing  in r e l a t i o n  to the c o n s t r i c t i o n  of the subd iv ided  p l a s -  
m o t r o n  channe l  by  n o z z l e - d i a p h r a g m s .  Subdiv ided  p l a s m o t r o n s  have  a n u m b e r  of a d v a n t a g e s  o v e r  p l a s m o -  
t r o n s  having  a s h o r t  a r c .  T h e s e  a r e :  the p o s s i b i l i t y  of bu i ld ing  a long enough a rc  co lumn i n c r e a s i n g  the 
t ime  the h e a t i n g  gas  r e m a i n s  in the channe l ,  the p r e s e n c e  of r i s i n g  v o l t - a m p e r e  c h a r a c t e r i s t i c s ,  s ince  
the i s o l a t e d  s e c t i o n s  a r e  a s y s t e m  of i n t e r e l e c t r o d e  i n s e r t i o n s  conf in ing  the a r c ,  e tc .  

The e n e r g e t i c  p o s s i b i l i t i e s  of such p l a s m o t r o n s  w e r e  e x a m i n e d  e a r l i e r  [1, 2]. The  c o n s i d e r a b l e  e f -  
fec t  of p r e s s u r e  on the p l a s m o t r o n  e f f i c i ency  was  noted ,  i . e . ,  on the e f f i c i e nc y  of the hea t  exchange  be tween  
the p l a s m a  s t r e a m  within the channe l  and the channel  w a l l s  and anode.  It is  i n t e r e s t i n g  to d e t e r m i n e  the 
dependence  of the hea t ing  e f f i c i ency  of the gas  in the channe l  on the d e g r e e  of c o n s t r i c t i o n  of the d i s c h a r g e  
c r o s s  s ec t ion  of the channe l  out le t .  

The channe l  c o n s t r i c t i o n s  c o n s i s t  of g e o m e t r i c a l  n o z z l e s  wi th  d i f f e r e n t  d i a m e t e r s  of the c r i t i c a l  
c r o s s  s ec t i on  in a c c o r d a n c e  with  the n e c e s s i t y  of ob t a in ing  the d e s i r e d  s u p e r s o n i c  h i g h - e n t h a l p y  g a s  c u r -  
r e n t s .  

A s i x - s e c t i o n  p l a s m o t r o n  with  a channe l  d i a m e t e r  of 20 rnm and s e c t i on  he igh t  of 20 m m  was  used  as  
the s u b j e c t  of the s tudy .  Nozz le  i n s e r t s  of d i f f e r e n t  c o n s t r i c t i o n s ,  hav ing  d i a m e t e r s  of the c r i t i c a l  c r o s s  
s ec t i on  of 16, 12, 8, and 4 mm,  w e r e  t igh t ly  f i t ted  in the anode s e c t i o n  and s e c u r e d  with an o u t e r  nut (Fig.  
1). 

The p l a s m a  s t r e a m  d i s c h a r g e d  into a v a c u u m  c h a m b e r  hav ing  a d i a m e t e r  of 800 m m  and he igh t  of 
1500 m m  in which  the p r e s s u r e  w a s  m a i n t a i n e d  f r o m  2 �9 102 to 6.6 �9 103 N/m 2 depend ing  on the g iven  s y s t e m .  
In th is  c a s e  the p r e s s u r e  in the channe l  was  1 .3 ,103 -1 .3  �9 105 N/m 2. The d i s c h a r g e  r a t e  of the p l a s m a -  
g e n e r a t i n g  gas  (argon) l ay  in the i n t e r v a l  of 0 .2-3 .5  g / s ec .  In the e x p e r i m e n t s  the hea t  f l uxes  th rough  each  
s ec t i on  of the p l a s m a  channe l  w e r e  m e a s u r e d  inc lud ing  the ca thode  a p p a r a t u s .  F o r  th i s  the t e m p e r a t u r e  
of the  coo l ing  w a t e r  a t  the in le t  and ou t le t  of each s e c t i on  and i t s  f low r a t e  w e r e  r e c o r d e d ,  a l lowing  the c a l -  
cu l a t ion  of the hea t  f lux in each  e l e m e n t ,  as  we l l  as  the c u r r e n t  s t r e n g t h ,  the v o l t a g e  on the a r c ,  and the 
d i s c h a r g e  r a t e  of the  p l a s m a - g e n e r a t i n g  gas .  The  t h e r m a l  p o w e r  of the p l a s m a  s t r e a m  at the nozz l e  out le t  
r e l a t i v e  to the e l e c t r i c a l  p o w e r  supp l i ed  to the a r c  c h a r a c t e r i z e s  the t h e r m a l  e f f i c i e nc y  of gas  hea t ing  o r  
the e f f i c i ency  of the p l a s m a  a p p a r a t u s .  

The  a v e r a g e  m a s s  t e m p e r a t u r e  of the s t r e a m  at the nozz l e  ou t l e t  Tn was  d e t e r m i n e d  a c c o r d i n g  to the 
spec i f i c  en tha lpy  at  the ou t le t  of the s t r e a m  f r o m  the p l a s m o t r o n  us ing  the t a b u l a r  da t a  of [3]. 

Cool ing  of the n o z z l e s  f a s t e n e d  to the  anode s e c t i on  was  a c c o m p l i s h e d  m a i n l y  by  t h e r m a l  conduc t ion  
th rough  the anode s e c t i o n  which  is  coo led  by  w a t e r  and p a r t l y  by  r a d i a t i o n  f r o m  the o u t e r  nut.  The  t h e r -  
ma l  p o w e r  of the r a d i a t i o n  by  the o u t e r  nut  w a s  d e t e r m i n e d  a n a l y t i c a l l y  and e x p e r i m e n t a l l y .  In the e x t r e m e  
c a s e  i t  w a s  "~1.5% of the t h e r m a l  p o w e r  e x t r a c t e d  f r o m  the anode by  the coo l ing  w a t e r .  Th i s  a l lowed one 
to c o n s i d e r  the nozz l e  and o u t e r  nut as  e l e m e n t s  of the p l a s m o t r o n .  The  in i t i a l  e x p e r i m e n t a l  da t a  a r e  
p r e s e n t e d  in T a b l e  1. 
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F i g .  2. E x p e r i m e n t a l  d a t a  of 
c o r r e l a t i o n  v a l u e s :  1) F d = 1.00; 

2) 1.25; 3) 1.65; 4) 2.50; 5)2 .50;  
6) 5.O0. 

It is  known that  the t h e r m a l  e f f i c i e n c y  of the p l a s m o t r o n  d e p e n d s  in a c o m p l e x  w a y  on the e l e c t r i c a l  
and h y d r o d y n a m i c  p a r a m e t e r s  of i t s  o p e r a t i o n .  T r e a t m e n t  of the e x p e r i m e n t a l  r e s u l t s  in s i m i l a r i t y  c r i -  
t e r i a  g i v e s  a d e p e n d e n c e  f o r  d i f f e r e n t  f o r m s  of p l a s m o t r o n  c o n s t r u c t i o n  in the f o r m  [4, 5] 

~=f( t (e  Ke, rg . . . .  ). (1) 

Not p r e t e n d i n g  to any s t r i c t  and b r o a d  c o r r e l a t i o n  of the e x p e r i m e n t a l  da ta ,  f o r  which  a n o t h e r  s e r i e s  of e x -  
p e r i m e n t s  m u s t  be  c a r r i e d  out in the fu tu re ,  a t t e m p t s  w e r e  made  by  ana logy  with [2, 4] to ob ta in  a c a l -  
c u l a t e d  d e p e n d e n c e  in c r i t e r i o n a l  f o r m  fo r  a p l a s m o t r o n  with  subd iv ide d  channe l  t e r m i n a t i n g  in a nozz l e  
wi th  a c r i t i c a l  c r o s s  s ec t i on .  F o r  th i s  it  is  a s s u m e d  that  d u r i n g  f low of the s t r e a m  in the channe l  f o r  low 
p r e s s u r e s  in a s l i d i n g  s y s t e m  the i n t e n s i t y  of hea t  exchange  be tw e e n  the p l a s m a  s t r e a m  and the channe l  
w a l l s ,  c h a r a c t e r i z e d  by  the St c r i t e r i o n ,  d e p e n d s  on the Knudsen  c r i t e r i o n  (Kn = M/~fRe) [6, 7] which  u s u a l -  
ly  t a k e s  into account  the p r e s s u r e  in the p l a s m o t r o n  channe l .  Howeve r ,  a s  the in i t i a l  c a l c u l a t i o n s  showed,  
th is  w a s  not  su f f i c i en t  and it was  n e c e s s a r y  to i n t r o d u c e  the c r i t e r i o n  of g e o m e t r i c a l  s i m i l a r i t y  F d = dc/dn,  
c h a r a c t e r i z i n g  the n a r r o w i n g  of the channe l  due to i ts  c o n s t r i c t i o n  b y  the c r i t i c a l  c r o s s  s e c t i o n  of the n o z -  
z le ,  which  a l so  e v i d e n t l y  t a k e s  into account  the p r e s s u r e  f a c t o r .  The  Jou le  hea t  e f fec t  which  is  p r o m i n e n t  
in the channe l  can  be taken  into accoun t  b y  the e n e r g e t i c  c r i t e r i o n  Kp, which  i s  to s o m e  ex ten t  ana logous  
to the c r i t e r i o n  K e and r e p r e s e n t s  a m e a s u r e  of the r a t i o  of the e l e c t r i c a l  e n e r g y  s u p p l i e d  to the a r c  to the 
k ine t i c  e n e r g y  of the  s t r e a m .  

The use  of the Knudsen  c r i t e r i o n  a l lows  one to d i s p e n s e  with  the  R e y n o l d s  c r i t e r i o n .  Thus ,  the e x -  
p e r i m e n t a l  r e s u l t s  w e r e  s u c c e s s f u l l y  a p p r o x i m a t e d  by  the funct ion  

n : F(Kn, K , ,  ra). (2) 

The  e x p r e s s i o n  of the e x p e r i m e n t a l  r e s u l t s  in the  e r i t e r i o n a l  f o r m  in the g iven  e a s e  has  s e v e r a l  a d -  
v a n t a g e s ,  s i nce  wi th  the s i m i l a r i t y  c r i t e r i a  one can c l e a r l y  p r e s e n t  a p i c t u r e  of the p h y s i c a l  i n t e r a c t i o n  of 
c o n c u r r e n t  v a l u e s  ( force ,  c u r r e n t ,  e t c . ) .  

The  e x p e r i m e n t a l  r e s u l t s  of the t ab le ,  ana lyzed  wi th  the goa l  of ob t a in ing  an e s t i m a t e d  f o r m u l a  fo r  
F l = l / d  c = 6, gave  a f o r m u l a  fo r  e s t i m a t i n g  the e f f i c i e n c y  "0: 

~'n-0 5 K-o-J~F -1.5 ~1=0.17 , \  �9 p d , (3) 

1 0 - 4 < K n < 2 . 1 0 - 2 ;  l < F d < 5 ;  5 . 1 0 < K ~ , < 5 . 1 0  ~. 

F o r  a d e t e r m i n a t i o n  of the t e m p e r a t u r e  at the c a l c u l a t e d  s i m i l a r i t y  c r i t e r i a  the  m a t h e m a t i c a l  mean  
of the g a s  t e m p e r a t u r e s  at  the channe l  in le t  and nozz l e  ou t le t  was  chosen .  The  l a t t e r  was  ob ta ined  in e x -  
p e r i m e n t s  wi th  a r e d u c t i o n  of the hea t  b a l a n c e  and equa l l ed  p r a c t i c a l l y  half  the  t e m p e r a t u r e  of the g a s  
(p lasma)  at  the n o z z l e  ou t l e t  (T c = 0.5Tn).  H o w e v e r ,  the t e m p e r a t u r e  at  the nozz l e  ou t l e t  of the p l a s m o -  
i r o n  (Tn) can  i t s e l f  be  d e t e r m i n e d .  T h e r e f o r e  wi th  the p r e s e n t a t i o n  of the da t a  in the c r i t e r i o n a l  fo rm,  as  
in the  c a l c u l a t i o n  of hea t  exchange  a p p a r a t u s ,  th is  t e m p e r a t u r e  can  be a s s i g n e d  p r e l i m i n a r i l y  and l a t e r  
c o r r e c t e d  in the r e s u l t s  of the c a l c u l a t i o n .  

The  t a b l e s  of e x p e r i m e n t a l  d a t a  can  be  used  fo r  a p r e l i m i n a r y  cho ice  in a c a l c u l a t i o n  d e t e r m i n i n g  
the t e m p e r a t u r e  in a n a l o g o u s  c o n s t r u c t i o n s ,  t ak ing  into account  the r a t i o  F d = dc /dn ,  w h e r e  T n = 9500- 
1000~ fo r  F d = 1-2 and T n = 2500~ fo r  F d = 2 -5 .  

The  t e m p e r a t u r e  T c found was  used  in an eva lua t i on  of the  t h e r m o p h y s i c a l  p a r a m e t e r s  of the m e d i u m  
in the subd iv ided  p l a s m o t r o n  channe l  fo r  the c a l c u l a t i o n  of the s i m i l a r i t y  c r i t e r i a .  

The m a t h e m a t i c a l  mean  of the p r e s s u r e s  in the ca thode  c h a m b e r  and beyond  the n o z z l e  in the v a c u u m  
c h a m b e r  was  taken  as  the p r e s s u r e  Pc  d e t e r m i n e d  in the channe l .  
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A curve constructed f rom the exper imental  data is presented  in Fig. 2. The sca t te r  of the exper i -  
mental  points, except for  severa l  exceptions, is • f rom the average value so that Eq. (3) can be used 
for an approximate evaluation of the eff iciency of s imi lar  subdivided plasma hea ters .  
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N O T A T I O N  

are the t empera tu re  at nozzle outlet and tempera ture  determined in channel, ~ 
ts the density, kg/m3; 
is the s t r eam veloci ty  in channel, m/sec; 
is the p r e s su re  in channel, N/m2; 
is the accelerat ion of gravity,  m/sec; 
are the d iameter  of channel and d iameter  of c r i t ica l  c ross  section of nozzle, m; 
is the length of channel, m; 
is the speed of sound, m/sec;  
ts the dynamic v iscos i ty  of s t ream,  N- sec/m2; 
ts the discharge ra te  of gas, g/sec; 
ts the cu r r en t  strength, A; 
Ls the voltage, V; 
Ls the enthalpy of s t ream,  J/kg; 
ts the e lec t r ica l  conductance, 1/ohm. m; 

is the pa ramet r i c  c r i t e r i a  of geometr ic  s imilar i ty;  
is a pa ramet r i c  c r i t e r ion  in Eq. (1); 
are the energet ic  c r i te r ia ;  

is the energet ic  c r i t e r i a  of (1). 
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