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Results are shown of an experimental study concerning the electric field intensity and the use- 
ful power of a plasma jet as well as the electron and the atom-ion gas temperature in an ar-  
gon are under atmospheric pressure. 

A g r e a t  deal  of e x p e r i m e n t a l  data  concern ing  the 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  of p l a s m a  je ts  has been 
accumulated  by now, making it poss ib le  to a r r i v e  at some gene ra l i za t ion  in c r i t e r i a l  fo rm [1-4]. The p r e -  
vai l ing opinion that these  un ive r sa l  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  of p l a s m a t r on  a r c s  a r e  appl icable  to the 
development  of new des igns  and of h igh-power  dev ices  is not a lways c o r r e c t ,  because  these c h a r a c t e r i s -  
t i c s  d e s c r i b e  an arc  only as a load e lement  without accounting for  the usefu[ power  and the eff iciency of a 
p l a s m a t r o n  as functions of va r ious  p a r a m e t e r s  [5-7]. 

The authors  have made an in tegra ted  study concern ing  both the e l e c t r i c a l  and the t he rma l  c h a r a c t e r -  
i s t i c s  of p l a s m a t r o n s  as functions of the arc  length, the chamber  d i a m e t e r ,  the arc  cur ren t ,  and the flow 
ra te  of the p l a s m a - g e n e r a t i n g  gas (argon). The expe r imen t s  were  pe r fo rmed  on a t es t  stand whose thor -  
ough desc r ip t ion  can be found in [8]. We used a p l a sma t ron  with a pin cathode shaped into a cone and a 
segmented  anode. The inside d i a m e t e r  of a segment  was 0.6 to 1.2 cm, the flow ra te  of argon ranged f rom 
0.25 to 2.0 g/sec  and the arc  length l a was va r i ed  through the e l e c t r i c  c i r c u i t  f rom the s e l f - su s t a in ing  va l -  
ue to la ~ 16 cm, while glow o c c u r r e d  along the p l a s m a t r o n  channel  between [he cathode and one of the 
anode segments .  

F o r  all  opera t ing  modes we de t e rmined  the 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  (some of them have been 
analyzed in [8, 9]) and the longitudinal  d i s t r ibu t ion  of potent ia l ,  the l a t t e r  by measu r ing  the voltage f rom 
s u c c e s s i v e  channel  segments  to cathode.  A thorough desc r ip t ion  of the m e a s u r e m e n t  p rocedure  can be 
found in [8]. By d i f fe ren t ia t ing  these  d i s t r ibu t ion  curves ,  we found the longitudinal component of the e l e c -  
t r i c  f ie ld in tens i ty  in the arc  column as a function of i ts  length (Fig. 1). The e l ec t r i c  field intensi ty  was 
a lso  de t e rmined  f rom the 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 ,  on the b a s i s  of the vol tage inc rement  following a 
change in the arc  length. The e l ec t r i c  f ie ld in tens i ty  data  obtained by both methods a re  in c lose  a g r e e -  
ment. 

The useful power  of a p l a s m a  je t  and the heat  d i s s ipa t ed  in all  its components  were  de te rmined  by 
c a l o r i m e t e r  m e a s u r e m e n t s  of the cooling water .  The m e a s u r i n g  p rocedu re  has been de sc r ibed  and the 
da ta  have been evaluated ve ry  thoroughly in [8]. 

As has been mentioned e a r l i e r ,  the v o l t - a m p e r e  c h a r a c t e r i s t i c  is an in tegra l  one and cannot provide  
a p r e c i s e  enough explanat ion of the p r o c e s s e s  which occur  in an a rc .  A more  p r e c i s e  explanation can be 
obtained f rom the d is t r ibu t ion  of e l ec t r i c  field in tensi ty  along the a re .  It has been shown a l r eady  in [8] 
that the d i s t r ibu t ion  of potent ia l  along the arc  does not depend on the arc  length and, the re fo re ,  a var ia t ion  
of the e l e c t r i c  field in tens i ty  along the arc  (Fig. 1) is the same  for  a r c s  of d i f ferent  lengths (la is mea -  
sured  beginning at the cathode).  
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F i g .  1. E l e c t r i c  f i e ld  i n t e n s i t y  E (V/cm) in the a r c  c o l -  
umn as  a funct ion of the a r c  length  l a (cm).  a , b ,  c) At an 
a r g o n  flow r a t e  G = 0.67 g / see ;  1) c u r r e n t  [ = 100 A; 2) 
150 A; 3) 200 A; 4) 300 A: d, e, f) at  a c u r r e n t I  = 150 
A; 5) a rgon  flow r a t e  G = 0.25 g / sec ;  6) 0.39 g / sec ;  7) 
1.23 g / s e c .  D i a m e t e r  of the a r c  c h a n n e l d = 0 . 6 c m ( a , d ) ,  
1.0 c m  (b, e), 1.2 c m  (c, f). 

The  e l e c t r i c  f ie ld  i n t e n s i t y  d e c r e a s e s  a long  
t r a n s i t i o n  of the  a r c  to a s e g m e n t  wi th  c y l i n d r i c a l  
r e m a i n  c o n s t a n t .  In th i s  r e g i o n  the e l e c t r i c  f i e ld  

the a r c  down to a de f in i t e  t h r e s h o l d ,  c h a r a c t e r i z i n g  a 
s y m m e t r y ,  w h e r e  the p l a s m a  p a r a m e t e r s  a long the a r c  
i n t e n s i t y  de pe nds  on ly  w e a k l y  on the flow r a t e  of the p l a s -  

m a - g e n e r a t t n g  gas  but  s t r o n g l y  on the a r e  c u r r e n t  and on the  channe l  d i a m e t e r ,  which  a g r e e s  c l o s e l y  wi th  
the d a t a  in [10, 11]. In the i n i t i a l  a r c  r eg ion ,  w h e r e  the p l a s m a  p a r a m e t e r s  v a r y  and w h e r e  a l so  a gas  
s t r e a m  a p p e a r s ,  one no te s  a c o n s i d e r a b l e  change  in E as  a funct ion  of 1 a .  This  is  so,  b e c a u s e  the quan t i ty  
of gas  e n t e r i n g  the a r e  in the  in i t i a l  r e g i o n  d e pe nds  on the s t a t i c - p r e s s u r e  g r a d i e n t  due to the c u r r e n t  f low. 
At low gas  f low r a t e s ,  l o w e r  than the r a t e  of gas  which  could  " o v e r c o m e "  the s t a t i c - p r e s s u r e  g r a d i e n t ,  a l l  
the p l a s m a - g e n e r a t i n g  gas  is  sucked  in by  the a r c .  At high gas  f low r a t e s ,  the e x c e s s  gas ,  t . e . ,  the  p o r -  
t ion not  t r a p p e d  in the i n i t i a l r e g i o n ,  b lows  on the a r c  c o m p r e s s i n g  and s t a b i l i z i n g  it.  

The  c o m b i n e d  e f f ec t  of a r c  c u r r e n t  and gas  f low r a t e  on the e l e c t r i c  f i e ld  i n t e n s i t y  i s  i l l u s t r a t e d  in 
F ig .  2. At low c u r r e n t s ,  50-100 A, the a r c  is  p a r t l y  ven ted  by  the gas  and, t h e r e f o r e ,  a change  in the gas  
f low r a t e  has  a s t r o n g  e f fec t  on the d i s t r i b u t i o n  of e l e c t r i c  f i e ld  i n t e n s i t y  a long  the a r c ,  s i n c e  at a c o n s t a n t  
c u r r e n t  t h e r e  b l o w s  th rough  the a r c  a de f in i t e  ( a l m o s t  cons tan t )  f r a c t i o n  of the g a s  whi l e  the r e m a b a d e r ,  
which  i n c r e a s e s  wi th  the  f low r a t e ,  b lows  a round  the a r c .  At high c u r r e n t s ,  about  300 A, and at  ga s  flow 
r a t e s  f r o m  0.25 to 1.23 g / s e e  the d i s t r i b u t i o n  of e l e c t r i c  f i e ld  i n t e n s i t y  a long the a r c  is  e s s e n t i a l l y  d e t e r -  
mined  by  the a r c  c u r r e n t  and by  the i n t e r a c t i o n  be tw e e n  a r c  and channe l  wa l l  a lone ,  b e c a u s e  a l l  the gas  
then,  r e g a r d l e s s  of i t s  flow r a t e ,  i s  sucked  into the i n i t i a l  r e g i o n  and no gas  b l o w s  on the a r c .  

The  t h e r m a l  c h a r a c t e r i s t i c s ,  inc lud ing  the a r c  t e m p e r a t u r e  and the use fu l  hea t  in the out f towing p l a s -  
m a  j e t  depend  not  on ly  on the channe l  d i a m e t e r ,  on the  gas  f low r a t e ,  and on the a r c  c u r r e n t ,  but  a l s o  on 
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the a r c  length .  The  e f f ec t  of the a r c  length  on the t h e r m a l  c h a r a c t e r i s t i c s  at v a r i o u s  a r c  c u r r e n t s  in a 
channe l  wi th  a f ixed  d i a m e t e r  and at  a f ixed  gas  flow r a t e  has  been  a n a l y z e d  in [8], w h e r e  it a l so  has  been  
e s t a b l i s h e d  tha t  the use fu l  p o w e r  of the out f lowing  p l a s m a  j e t  r e a c h e s  a m a x i m u m  at s o m e  a r c  length.  The 
d e c r e a s e  in usefu l  p o w e r  wi th  an i n c r e a s e  in the a r c  length  beyond  tha t  o p t i m u m  has  to do with  a r c  o s c i l l a -  
t ions  r e l a t i v e  to the ax i s  of the p l a s m a t r o n  channe l .  A s i m i l a r  p a t t e r n  is  noted in p l a s m a t r o n s  wi th  v a r i o u s  
d i a m e t e r s  of the  a r c  c h a n n e l  [12]. T h i s  m e c h a n i s m  of p o w e r  d i s s i p a t i o n  in a p l a s m a  j e t  has  been  c o n f i r m e d  
by  t u r b u l e n c e  m e a s u r e m e n t s  [13] showing tha t  f l u c t u a t i o n s  of the  v e l o c i t y  head  i n c r e a s e  in the p l a s m a  j e t  
w h e r e  the use fu l  p o w e r  d e c r e a s e s .  
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Fig .  2. E l e c t r i c  f i e ld  i n t e n s i t y  E (V/cm) 
in the a r c  co lumn  as  a funct ion  of the  a r c  
c u r r e n t  I (A); 1) a t  a g a s  f low r a t e  G 
= 0.25 g / sec ;  2) 0.39 g / s ec ;  3) 0.67 g / sec ;  
4) 1.23 g / s e c ,  and at  an a r c  length  l a= 11 
c m  (a), 2.2 c m  (b). Channe l  d i a m e t e r  1.0 

a m .  

The  sh i f t ing  of the p o w e r  m a x i m u m  with  v a r y i n g  a r c  
length  d e p e n d s  l a r g e l y  on the gas  f low r a t e  and on the d i a m -  
e t e r  of the a r c  channe l ,  bu t  is  not  much a f f ec t ed  by  the a r c  
c u r r e n t .  Thus ,  at  an a rgon  flow r a t e  of 0.25 g / s e c  in a p i n s -  
m a t r o n  wi th  a channe l  1.0 c m  in d i a m e t e r  the p l a s m a  j e t  a t -  
t a ins  i ts  m a x i m u m  p o w e r  when t h e  a r c  length  is  6-8  cm,  whi le  
a t  an a rgon  f low r a t e  of 1.23 g / s e c  the m a x i m u m  o c c u r s  when 
the a r c  is  12-16 c m  long.  As  the d i a m e t e r  of the  p l a s m a t r o n  
channe l  d e c r e a s e s ,  the m a x i m u m  usefu l  p o w e r  sh i f t s  t oward  
s h o r t e r  a r c s .  T h e s e  r e l a t i o n s  be tw e e n  the use fu l  p o w e r  of a 
p l a s m a  je t  and the a r c  length  a r e  we l l  d e s c r i b e d  by  the e x -  
p r e s s i o n  

Hd~ =/(l~e, let do) 
I d ' d ' (1) 

which ,  l e t t i ng  d o = 1, can be  t r a n s f o r m e d  into 

--~-- = q~ . 

R e l a t i o n  (2) has  been  p lo t t ed  in F i g .  3, w h e r e  t e s t  d a t a  a r e  
shown fo r  v a r i o u s  channe l  d i a m e t e r s  and fo r  v a r i o u s  gas  f low 
r a t e s  at an a r c  c u r r e n t  f r o m  50 to 300 A. 

A c c o r d i n g  to F ig .  8, the m a x i m u m  va lue  of the  en tha lpy  
f a c t o r  H / I  o r  of P u s e / G I  is  32 J/g. _4 wi thin  ~-40% a c c u r a c y  
and wi th  the d i m e n s i o n l e s s  n u m b e r  (Gd)-~ 12. 
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Enthalpy factor H/I (J/g. A) as a function of the dimension- 

less number (Gd)-~ for channel diameters a) d = 0.6 cm; b) 

1.0 cm; C) 1.2 cm, and for argon flow rates I) G = 0.25 g/see; 2) 
0.39 g/sec; 3) 0.67 g/sec; 4) 1.23 g/sec; 5) 2.0 g/sec. (Dashed 

line: along arc. Solid line: versus arc length.) 
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Fig .  4. E l e c t r o n  t e m p e r a t u r e  T e (~ l ight  dots)  and 
a t o m - t o n  gas  t e m p e r a t u r e  T (~ d a r k  dots)  as  func-  
t ions  of the  a r e  length  l a (era) at a c u r r e n t  I -- 150 A 
and at a r g o n  Flow r a t e s  1) G = 0.25 g / see ;  2) 0.39 g 
/ s ee ;  3) 0.67 g / see ;  4) 1.23 g / s e e ,  in a channe l  1.0 e m  
in d i a m e t e r .  

Consequen t ly ,  the  m a x i m u m  use fu l  p o w e r  of a p l a s m a  j e t  is  d e t e r m i n e d  as fo l lows :  

Pu~e ---- 326I (W) (3) 

a t  an o p t i m u m  a r e  length  

la= 12dV'-ffd. (4) 

T h e s e  f o r m u l a s  a r e  i m p o r t a n t  fo r  the  de s ign  of p l a s m a t r o n s .  

A c o m p a r i s o n  b e t w e e n  the use fu l  p o w e r  of a p l a s m a  j e t  and the e l e c t r i c  f ie ld  i n t ens i t y ,  both as func-  
t i o n s  of the  a r e  l e n g t h  at  v a r i o u s  c u r r e n t s  a s  we l l  a s  v a r i o u s  gas  f low r a t e s  and v a r i o u s  channe l  d i a m -  
e t e r s ,  has  shown that  the  m a x i m u m  use fu l  p o w e r  o c c u r s  in the a r e  r e g i o n  w h e r e  the e l e c t r i c  f i e ld  i n t e n s i t y  
b e g i n s  to b e c o m e  independen t  of the a r e  length ,  i . e . ,  in the r eg ion  of t r a n s i t i o n  to a s e g m e n t  wi th  e y l i n -  
d r t e a l  s y m m e t r y .  As the  a r c  length i n c r e a s e s ,  t h e r e f o r e ,  the use fu l  p o w e r  i n c r e a s e s  unt i l  an in i t i a l  a r e  
s e g m e n t  is  c o m p l e t e l y  f o r m e d  in which  the l ong i tud ina l  s t a t i c - p r e s s u r e  g r a d i e n t ,  a p p a r e n t l y ,  p r e v e n t s  a r e  
i n s t a b i l i t y  and o s c i l l a t i o n s .  O t h e r w i s e ,  i n c r e a s i n g  the a r c  length wi l l  l ead  to a r c  o s c i l l a t i o n s  wi th  r e s u l t -  
ing h i g h e r  hea t  l o s s e s  at  the w a l l s  a long  the e n t i r e  p l a s m a [ t o n  channe l ,  which wi l l  r e d u c e  the use fu l  p o w e r  
of the p l a s m a  je t  ( so l id  l ine in F ig .  3). On the s a m e  d i a g r a m  is shown, f o r  c o m p a r i s o n ,  a d a s h e d  l ine  
which  r e p r e s e n t s  the h e a t i n g  of the gas  o v e r  the length  of a s t a b l e  a r e .  

The  d i f f e r e n c e  b e t w e e n  the e l e c t r i c  f i e ld  i n t e n s i t y  v e r s u s  a r e  length  and the use fu l  p o w e r  v e r s u s  a r c  
length  c h a r a c t e r i s t i c s  has  to do wi th  the n o n e q u i l i b r i u m  of the a rgon  p l a s m a  [14] due to a weak  r e l a t i o n  b e -  
tween  the a t o m - i o n  t e m p e r a t u r e  and the  e l e c t r o n  t e m p e r a t u r e .  

The  e f fec t  of the g a s  f low r a t e  on the t h e r m a l  n o n e q u i l i b r i u m  of the p l a s m a  is i l l u s t r a t e d  in F i g .  4. 
The d i f f e r e n e e  b e t w e e n  t e m p e r a t u r e s  T e and T is l a r g e l y  d e t e r m i n e d  b y  the a r e  length :  in s h o r t  a r e s  non-  
e q u i l i b r i u m  o c c u r s  b e c a u s e  of the i n s u f f i c i e n t  t ime  fo r  the gas  to hea t  up a long the a r e ,  wh i l e  in long a r e s  
n o n e q u i l i b r [ u m  o c c u r s  b e c a u s e  of a r e  o s c i l l a t i o n s  wi th  r e s u l t i n g  hea t  l o s s e s  in the  channe l  w a l l s .  We a r e  
e o n s t d e r i n g  h e r e  m e a n - o v e r - t h e - s e e [ i o n  e l e c t r o n  and gas  t e m p e r a t u r e s ,  so  tha t  s o m e  Might  n o n e q u i l i b r i u m  
m a y  be  a t t r i b u t e d  to a t e m p e r a t u r e  d i f f e r e n c e  wi th in  the p e r i p h e r a l  r e g i o n  of the a r e .  In the in t t iM a r e  r e -  
gion,  h o w e v e r ,  w h e r e  the  mean  e l e c t r o n  t e m p e r a t u r e  is  much h i g h e r  than the gas  t e m p e r a t u r e ,  n o n e q u i l i b -  
r i u m  o c c u r s  e v i d e n t l y  a l so  wi th in  the a x i a l  r e g i o n  of the  a r e .  

~a 
E 

d 

do 
H 
I a 

NOTATION 

i s  the length  of a re ;  
is  the e l e c t r i c  f i e ld  i n t e n s i t y  in the a r e  co lumn;  
is  the d i a m e t e r  of a r e  ehanne l ;  
is  the unit  d i a m e t e r ;  
is  the en tha lpy ;  
is  the a r e  c u r r e n t ;  
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Re is the Reynolds number; 
Te is the electron temperature; 
T is the a tom- ion  gas temperature.  
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