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The t h e r m a l  and e l e c t r i c a l  c h a r a c t e r i s t i c s  of a p l a s m o t r on  a r e  inves t iga ted  expe r imen ta l ly .  A 
s igni f icant  dependence  of the  c h a r a c t e r i s t i c s  on the law of v a r i a t i o n  of flow r a t e  of the  p l a s m a -  
forming  med ium along the a r c  chamber  is r evea l ed ,  and the  f eas ib i l i t y  is shown of using this  
phenomenon for  opt imizing the p l a smo t r on  p a r a m e t e r s .  

The prof i l ing  of the a r c  chamber  --  p l a s m o t r o n  channel  - -  gives  a number  of pos i t ive  ef fec ts .  Thus,  
for  example ,  a p l a s m o t r o n  with an a r c  chamber  which expands in the  d i r e c t i o n  of the  gas flow has a higher  
eff iciency [1] in c o m p a r i s o n  with a p l a smo t ron  which has a cy l i nd r i ca l  a r c  c h a m b e r .  Calculat ions  [2] have 
shown that  in a number  of cases  the a r e  chamber  can have a complex  p ro f i l e ,  in p a r t i c u l a r ,  i ts  cathode s e c -  
t i on  must  be convergent .  It can be supposed that  the combined g e o m e t r i c  and f low- ra t e  effect on the p r o c e s s e s  
in the  a r c  d i s c h a r g e  wil l  p rovide  even wider  poss ib i l i t i e s  for opt imizing the c h a r a c t e r i s t i c s  of p l a s m o t r o n s .  
However,  t h e r e  a r e  no expe r imen ta l  da ta  in the  l i t e r a t u r e  for  a r c  chambers  of complex  p ro f i l e .  

The  purpose  of the p r e s e n t  paper ,  which is a continuation of [1], was to inves t iga te  a p l a s m o t ron  with 
a convergent  a r c  chamber ,  the  d i a g r a m  of which is shown in F ig .  1. The rad ius  of the a r c  chamber  along the 
z axis  r educes  acco rd ing  to  the law R = R041 + kLz,  k < 0. In jec t ion  of the gas --  a i r  - -  is effected in the  in i -  
t i a l  s ec t ion  of the channel and in d i f ferent  amounts through the i n t e r s e c t i o n  gaps of e l e c t r i c a l l y  neu t ra l  i n s e r t s ,  
so  that  the  mass  flow r a t e  of the gas ,  ave raged  over  the  length of a sec t ion ,  i n c r e a s e s  l inea r ly  along the z 
a x i s .  Thus,  it  would be poss ib l e  to  c o m p a r e  the expe r imen ta l  r e s u l t s  obtained with the data  of [1,3], in which 
~he cases  of k > 0 and k = 0, r e s p e c t i v e l y ,  we re  inves t iga ted  for  this  s a m e  a i r  feed mechan i sm.  In the p r e s -  
ent paper ,  the expe r imen t s  were  conducted over  the following range  of va r i a t i on :  G1 = 0.6 to  4 . 0 . 1 0  -3 k g .  
s ec  -1, Gi = 0 t o  0 .44 .10  - 3 k g . s e c  -1, I = 1 0 0 - 2 0 0 A ,  with L = 1 0 . 5 . 1 0 - 2 m ,  R 0= 0.5 "10 -2 m, R 1 = 0 .3 .10  - 2 m ,  
k = - -6 .0  m -1, l = 2 . 1 0  - 2  m, l a = 2 . 2 . 1 0  - 2  m, di = 1 0  - 3  m, and with a t m o s p h e r i c  p r e s s u r e  at the  exit  f r om 
the  anode - -  the  nozzle  of the  p l a smo t ron .  

One of the  most  impor tan t  p a r a m e t e r s  de te rmin ing  the p r o c e s s e s  in the a r c  chamber  is the s t r eng th  of 
the  e l e c t r i c  f ie ld .  The typ i ca l  d i s t r ibu t ions  E (z) obtained in [1, 3] and in this  paper  for channels with d i f ferent  
values  of the  g e o m e t r i c  p a r a m e t e r  k a r e  shown in F ig .  2. It can be s een  that  when k >- 0 (curves 1 and 2), in 
consequence of the i n c r e a s e  of the rad ius  of the pos i t ive  column and the  enthalpy over  the  gas flow, the  field 
s t r eng th  is reduced  sha rp ly ,  which leads to  a r educ t ion  of energy d i s s i p a t i o n  of the e l e c t r i c  field in the exit 
s ec t ion  of the channel  and to  a reduc t ion  of power of the p l a s m o t r o n  as a whole.  I n t h e  case  k < 0 (curve 3), 
with the  except ion of the in i t ia l  s ec t ion  of the  a r c  where ,  accord ing  to  the ideas  in [4], it  develops  as in a f r ee  
flow, the field s t r eng th  i n c r e a s e s  along the z ax i s .  An i n c r e a s e  of E p romotes  a r educ t ion  of the  rad ius  of the 
a r c  chamber  and, as a r e s u l t  of th i s ,  t h e r e  is a more  in tense  heat exchange between the pos i t ive  column and 
the gas in jec ted .  Thus ,  convergence  of the  a r c  chamber  in the  d i r ec t i on  of flow of the  p l a sma  can s e r v e  as 
an addi t ional  means  of intensifying the t h e r m a l  p r o c e s s e s  in p l a s m o t r o n s .  

Ana lys i s  of the expe r imen ta l  data  showed that  the na ture  of the  heat flow d i s t r ibu t ion  along the a r c  cham-  
b e r  depends s ign i f ican t ly  on the law of d i s t r i bu t ion  of the  gas flow r a t e .  It can be s een  f rom Fig .  1 that  a th igh  
values  of G o (dashed curves)  the heat flow in the in i t ia l  s ec t ion  is s m a l l ,  but along the z axis  it i n c r e a s e s  
monotonica l ly .  This is because  with the  d imens ions  given of the  a r c  chamber  and the p r e s s u r e ,  the  heat flow 

Kazan'  Avia t ionIns t i tu te .  A. V. Lykov Ins t i tu te  of Heat and Mass T r a n s f e r ,  A c a de m y  of Sciences  of the  
B e l o r u s s i a n S S R ,  Minsk.  T r a n s l a t e d  f rom I n z h e n e r n o - F i z i c h e s k i i  Zhurnal ,  Vol. 31, No. 2, pp. 295-299, 
August ,  1976. Or ig ina l  a r t i c l e  submit ted  November  13, 1975. 

This material is protected by copyright registered in the name o f  Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part 
o f  this publication may be reproduced, stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, 
microfilming, recording or otherwise, without written permission o f  the publisher. A copy o f  this article is available from the publisher for $ 7.50. 

939 



. _ 1  

�9 @ 

(7 '10-4' v(~ l  !o=-- ,~ I I 

7- J 
o o,2 @ . o , ~  o,s z 

Fig, 1 

E.18 2 �9 ~ ! 

\ ! 

: o - - - 3  i 
I 

I2 i J 
o o,~ o,8 

Fig. 2 

Z 

Fig. 1. Distr ibution of heat losses along an a rc  chamber  with Gl = 1.0 �9 
10 -3 kg -see - l ,  Go = 0.3 -10 -3 kg . sec  -1 --  dashed lines; G O = 0.1 -10 -3 
k g - s e e  -1 --  solid lines.  Points 1, 2, 3, and 4 correspond to currents  
of 100, 125, and 175 A. q, W/re .  

Fig. 2. Distr ibution of E for a rc  chambers  of different profile,  with 
I = 1 0 0 - 2 0 0 A :  1) k = 0 ;  G l = 1 . 9 " 1 0  - 3 k g . s e c - 1 ;  G o = 0 . 2 . 1 0  - 3 k g .  
s ec - l ;  L =10.5  .10-2 m; R = 0 . 5 " 1 0 - 2 m ;  2) k = 3 0 m  -l ,  Gt =1 .9  "10-3 
k g ' s e e - 1 ;  G 0 = 0 . 2 7 . 1 0  -3 k g - s e c - l ;  L = 1 8 " 1 0  - 2 m ;  1R 0= 0 .3 .10 - 2 m ;  
R1 = 0 . 7 5 " 1 0  - 2 m ;  3) k = - - 6 m - 1 ;  G 1 = 0 . 8 . 1 0  - 3 k g . s e e - 1 ;  G 0 = 0 . 2 .  
10 -3 kg . s ee - l ;  L = 10.5 " 1 0  -2 m ;  R 0 = 0 .5  " 1 0  -2 m; R i = 0 .3 .10  -2 m. 
E, V/m.  

q0 is due mainly to the emiss ion of the a re  and is determined by the magnitude of I [3,4]. Convergence of the 
a r c  chamber  and the approach of the positive column to the wall downstream leads to an increased loss of 
t he rma l  conductivity. With a reduct ion of Go, the ro le  of energy t r ans fe r  by the rma l  conductivity increases  
and in the initial sect ion of the channel q0 also begins to increase ,  which also explains the presence  of a mini-  
mum in the q(z)dis t r ibut ions  shown in Fig.  1 for smal l  values of G O (solid curves) .  A s imi la r  effect of the 
gas flow ra te  on the  nature of change of the heat flow in the initial sect ion of a cyl indrical  a rc  chamber  was 
noted also in [3]. Analysis of the experimental  data obtained showed that with increase  of G o the minimum of 
the q(z) curves is displaced in the di rect ion of large values of z, becoming less significant,  and when G O ~ 0.3 �9 
10 -3 kg .  s ec -I ,  it vanishes.  

It is well known f rom the numerous experimental  and calculated data that when Gi = 0 the local heating 
efficiency ~* decreases  i n t h e  d i rec t ion of the z axis and, in sufficiently tong channels, it tends to zero.  In 
the case  of in te r - sec t ion  injection, a multiplicity of different distributions of ~* (z) can be real ized,  and the 
choice of their  optimum, which.will ensure  the maximum efficiency of the p!asmotron,  is of great  pract ical  
importance.  The experiments showed that for the p lasmotron studied and for the chosen law of variat ion of the 
flow ra te  G (z), the ~* (z) distributions can be subdivided into three  types ,  corresponding to different values of 

~it~/~out. 
�9 * 

t .  ~i~h?out < 1. This distr ibution is charac te r i s t i c  for very  smal l  values of Go, when the loss of heat 
in the inlet sect ion of the channel is large,  7?in < ~out and the local efficiency increases  along the z axis .  In 
Fig.  3, this case  is represented  by curve 1. 

2. ~i~/~out = 1. In this case ~?* in the la rger  length of the channel maintains an approximately constant 
value (curve 4). 

3. ~in/~out > 1. Here ~* dec reases  i n t h e  di rect ion of flow of the gas (curves 2 and 3). 

Analysis of the experimental  data showed that with a fixed a re  cur rent  in the range of pa ramete r s  inves-  
t igated, ~i*n is determined by the magnitude of G 0. With increase  of Go, the local efficiency in the initial s e c -  
t ion of the channel also inc reases .  However, an intense increase  of ~?in occurs  only up to G O -~ 0 .4 .10  -3 kg.  
sec  - l .  It can be seen  f rom compar ison of curves 1-4 of Fig. 3 that an increase  of G O f rom 0 .2 .10  -~ to 0 .4 .10  -3 
kg "sec -I leads to a significant increase  of ~?i~, while fur ther  increase  of Go up to 1.0 -10 -3 kg . sec  -1 changes 

940 



o, zl 

o81 

I - 

o~ Ce 

F i g .  3 

Z 

2 ~ f 

05 1 i i I 
'/DO 125 /50 /75 Z 

Fig .  4 
F i g .  3. D i s t r i b u t i o n  of l oca l  t h e r m a l  e f f i c i ency  a long  t h e  channe l ,  
w h e n I  = 1 5 0 ;  1) G 1 = 1 . 2 . 1 0  -3 , G 0= 0 . 2 . 1 0  -3, Gi = 0 . 2 " 1 0  - 3 k g -  
s e e - i ;  2) Gl = 1 . 2 . 1 0  -3 , G o = 0.4 -10 -3 , Gi = 0.16 "10 -3 k g . s e c - 1 ;  
3) G 1 = 2 . 0 - 1 0  -3, G 0 = 1 . 0 - 1 0  -3, Gi = 0 . 2 . 1 0  - f k g . s e c - l ;  4) G i = 
3 . 0 . 1 0  -3 , G o = 1 . 0 . 1 0  -3 , Gi = 0 . 4 . 1 0  -3 kg . s e c  - l .  

F i g .  4 .  D e p e n d e n c e  of ~ fo r  a p l a s m o t r o n  on c u r r e n t :  1) G i = 0.8 �9 
10 -3, G o =  0 . 5 " 1 0  -3 , Gi = 0.06 "10-3 k g ' s e c - 1 ;  2) G 1 = 0 . 8 . 1 0  -3 , 
G 0 = 0 . 4 . 1 0  -3 , Gi = 0 . 0 8 " 1 0  - 3 k g . s e c - 1 ;  3) G1 = 2 . 0 " 1 0  -3 , G 0= 
1 . 2 . 1 0  -3, Gi = 0.16 "10 -3 k g . s e c - i ;  4) G i = 2 . 0 " 1 0  -3 , G 0= 1 . 0 . 1 0  -3 , 
Gi = 0 . 2 . 1 0  -3 k g - s e c - i ;  5) GI = 3 . 0 " 1 0  -3, G 0= 0 . 8 . 1 0  -3, Gi =- 0 .44 .  
10 - 3 k g ' s e c  -1.  I,  A .  

Hi* only v e r y  s l i g h t l y .  T h e  l o c a l  hea t ing  e f f i c i e nc y  in t he  out le t  s e c t i o n  of t h e  channe l ,  ~out'* is  d e t e r m i n e d  
m a i n l y  b y  the  m a s s  quan t i ty  of t he  i n j e c t e d  gas  Oi .  F o r  e x a m p l e ,  c u r v e s  1 and 3 in  F i g .  3 w e r e  ob ta ined  fo r  
d i f f e r e n t  va lue s  of GI and Go, but  for  i d e n t i c a l  v a l u e s  of Gi .  It c an  be s e e n  tha t  in bo th  c a s e s  77* t ends  to  one 
and the  s a m e  v a l u e .  Wi th  i n c r e a s e  of Gi,  t h e  quan t i ty  V~ut i n c r e a s e s ,  but  t h e  r e l a t i o n  ~ u t ( G i )  is  not l i n e a r ,  
which  can  be  s e e n  f r o m  F i g .  3. If  an  i n c r e a s e  of Gi f r o m  0 . 1 6 . 1 0  -3 to  0 . 2 . 1 0  -3 kg . s e c  -1 l eads  to  an  i n c r e a s e  
of ~out by a l m o s t  10% (curves  2 and 1), t hen  a n  i n c r e a s e  of Gi  f r o m  0 . 2 . 1 0  -3 to  0.4 "10 -3 kg " sec  -1 i n c r e a s e s  
~*ut by  v e r y  l i t t l e  ( cu rves  3 and 4).  It is  obvious  tha t  wi th  s u f f i c i e n t l y  high va lue s  of Gi t he  r e d u c e d  i n c r e a s e  
of ~out wi th  i n c r e a s e  of Gi is  exp la ined  by  the  a d d i t i o n a l  hea t  l o s s e s  t h r o u g h  the  t u r b u l e n c e  c r e a t e d  by  the  i n -  
j e c t ed  g a s .  A change  of a r c  c u r r e n t  does  not v i o l a t e  the  n a t u r e  of t he  ~* (z) d i s t r i b u t i o n  d e s c r i b e d  above ;  how-  
e v e r ,  t h e  p l a s m o t r o n  e f f i c i ency  d e c r e a s e s  wi th  i n c r e a s e  of c u r r e n t .  Th i s  can  b e  s e e n  f r o m  F i g .  4, w h e r e  fo r  
a l l  v a l u e s  of I t he  p l a s m o t r o n  e f f i c i ency  depends  on the  t o t a l  flow r a t e  of t he  gas  Gl-and wi th  i n c r e a s e  of G1 it  
is r e d u c e d ,  but  t he  n u m e r i c a l  va lue  of ~? for  a g iven  v a l u e  of G1 de pe nds  s i g n i f i c a n t l y  on the  d i s t r i b u t i o n  of t he  
flow r a t e  a long  t h e  a r c  c h a m b e r .  

T h e  e x p e r i m e n t s  showed tha t  in  t he  r a n g e  of p a r a m e t e r s  g i v e n  a b o v e  the  m e a n - m a s s  s t a g n a t i o n  en tha lpy  
of t h e  gas  i n c r e a s e s  con t inuous ly  in  t h e  d i r e c t i o n  of f low.  This  is  a s s i s t e d  by  c o n v e r g e n c e  of t h e  channe l  and ,  
t o  a s i g n i f i c a n t  d e g r e e ,  by  t h e  high v a l u e  of t he  l oca l  t h e r m a l  e f f i c i ency  a c h i e v e d  by i n j e c t i o n  in  the  e n t i r e  e x -  
t en t  of t he  channe l .  Over  t h e  r a n g e  of v a r i a t i o n  of I and G i n v e s t i g a t e d ,  wi th  f ixed  v a l u e s  of G O and Gi ,  t h e  
m e a n - m a s s  en tha lpy  at  the  p l a s m o t r o n  ou t le t  i n c r e a s e s  l i n e a r l y  wi th  i n c r e a s e  of I .  In the  c a s e  G = cons t  and 
I = c o n s t ,  t he  quan t i t i e s  hm and ~ depend  on the  r a t i o  of t he  flow r a t e s  Go and Gi ,  which  can  be  s e e n  f r o m  F i g .  
5. T h e  p r e s e n c e  of a m a x i m u m  of t he  c u r v e s  hm(Gi)  and ~(Gi) is  r e l a t e d  d i r e c t l y  wi th  t he  s p e c i a l  f e a t u r e s  
shown a b o v e  of the  d i s t r i b u t i o n s  q(z),  7 "  (z), and E(z) .  If t h e  m a i n  p a r t  of t he  flow is s u p p l i e d  to  the  channe l  
in i ts  i n i t i a l  s e c t i o n  and only a s m a l l  p a r t  of t h e  m a s s  of t he  gas  is d i s t r i b u t e d  ove r  the  length  of t he  a r c  c h a m -  
b e r ,  t hen  b e c a u s e  of i n a d e q u a t e l y  e n c l o s e d  coo l ing  of t he  wa l l s  V and hm have low v a l u e s .  Wi th  s m a l l  va lue s  
of Go, in  c o n s e q u e n c e  of t he  c o n s i d e r a b l e  hea t  loss  in t he  i n i t i a l  s e c t i o n  of t h e  channe l ,  and the  s t r o n g  coo l ing  
of t h e  p o s i t i v e  co lumn  by  t h e  i n j ec t ed  g a s ,  h m and 7 /wi l l  a l s o  be  low'. A n a l y s i s  of t h e  a v a i l a b l e  da t a  in [1, 3] 
and the  r e s u l t s  of t h i s  w o r k  has  shown tha t  fo r  p l a s m o t r o n s  wi th  t he  o p t i m u m  g e o m e t r y  d e r i v e d  in [1,3] and 
h e r e ,  f r o m  the  point  of v iew of i n c r e a s i n g  ~ and hm, t h e r e  a p p e a r s  t o  be  a d i s t r i b u t i o n  of the  gas  flow for  
which  G o = 0.3 to  0 . 5 . 1 0  -3 k g . s e c  - i .  

T h u s ,  t h e  u se  of a d i s t r i b u t e d  gas  i n j e c t i o n  and p r o f i l i n g  of t he  a r c  c h a m b e r  m a k e  i t  p o s s i b l e  to  o p t i m i z e  
t h e  i n t e g r a l  c h a r a c t e r i s t i c s  of p l a s m o t r o n s  for  a s p e c i f i e d  c u r r e n t ,  a i r  f low,  and o t h e r  f ixed p a r a m e t e r s .  
T h e  r e s u l t s  p r e s e n t e d  h e r e  can  be  used  for  t h e  d e v e l o p m e n t  of o p t i m a l  p l a s m o t r o n s .  
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Fig.  5. Dependence of h m and~ on Gi 
and  G O when G1 = 0 .8 .10  ~3 kg osec - i .  
Points 1, 2, and 3 cor respond  to values 
of I equal to 100, 125, and 175 A. hc, 
J/kg; Gi and G 0, kg . s ec  -1. 

N O T A T I O N  

I,  cu r ren t ,  A; E, e lec t r ic  field s t rength ,  V om-1; h, s tagnat ion enthalpy, J~  ~, ~*,  t h e r m a l  ef-  
f iciency of p l a smo t ron  and local heating efficiency; q, heat flow through the channel wall,  W - m - i ;  G, m a s s  
flow r a t e  of gas ,  k g . s e c - i ;  Gi, flow r a t e  of gas injected between sec t ions ,  k g . s e c - t ;  R, L, radius  and length 
of a r e  chamber ,  m; z, coordinate  r e f e r r e d  to L; l a ,  l ,  lengths of anode and sec t ion ,  m; 5, d is tance  be -  
tween  sec t ions ,  m~ Indices .  in, out, quantit ies in the initial  inlet and final outlet sect ions  of the channel; 
m, m e a n - m a s s  value of quanti t ies;  0, 1, quantities when z = 0 and z = 1. 
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