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An equivalent e lec t r i c  c i rcui t  d i ag ram is  proposed for  a d c  p l a s m a t r o n  excited with a l t e rna t -  
ing cu r r en t .  On the bas i s  of th is  c i rcu i t  d i ag r am and with the aid of the dynamic c h a r a c t e r -  
i s t ic ,  the phase  angle of the excitat ion cu r r en t  is  then calcula ted .  

The dynamic c h a r a c t e r i s t i c s  of a dc a rc  have been studied exper imenta l ly  in [1] by the method of 
smal l  pe r tu rba t ions .  An a rc  of approx imate ly  constant  length was glowing in an argon a tmosphe re  fil l ing 
a channel between annular discs  with a 6 m m  inside d i a m e t e r .  The ra te  of gas flow was held constant at 
0.03 g / s e c .  The di rec t  cur ren t  of the a rc  was var ied  over  the 30-70 A range  and was modulated with an 
a l te rna t ing  component ,  ampli tude f rom 0 to 3.0 A and f requency f rom 0.2 to 20 kHz, by means  of a special  
t r a n s i s t o r  device .  The bas ic  c i rcui t  d i ag ram of the ent i re  appara tus  is  shown in Fig.  1. 

An in teres t ing  resu l t  was obtaIned f r o m  m e a s u r e m e n t s  of the phase  shift between the a l te rna t ing  
components  of the dynamic 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  (Fig. 2). At low f requencies  (up to 2 kHz) the 
cu r r en t  lags  the voltage,  i . e . ,  the phase  shift is  induct ive.  At a f requency above 2 kHz the c u r r e n t l e a d s  
the vol tage,  i . e . ,  the phase  shift  becomes  capac i t ive .  As the a rc  cu r ren t  i n c r e a s e s ,  the magnitude of 
the phase  shift  at a given f requency d e c r e a s e s .  

Li t t le  is found in the l i t e ra tu re  concerning phase  shift  ca lcula t ions  for  an ac component  superposed 
on a dc a r e .  In [2] such a calculation has  been made for  an a rc  with a hor izontal  v o l t - a m p e r e  c h a r a c t e r -  
i s t ic  (voltage independent of cur ren t ) .  It  i s  shown there* that in this  case  

tg ~ = klo~, (1) 

where  r denotes the phase  shift angle between voltage and cur ren t ,  k is  a p a r a m e t e r  which depends on the 
p r o p e r t i e s  of the fundamental d i scharge ,  and w denotes the radian frequency of the a l te rna t ing  cu r r e n t .  
It  follows f rom (1) that such an a r c  is  inductive (r > 0, i . e . ,  the voltage leads the cu r ren t ) .  

The pecu l ia r  fea tu res  of a d i s c h a r g e  studied in [1] a r e ,  f i r s t  of all,  i t s  U-shaped v o l t - a m p e r e  
cha r ac t e r i s t i c  and, secondly, the a rc  glow in a channel with e lec t r i ca l ly  conducting wal ls ,  which p roduces  
additional r eac t ive  components .  Indeed, if the channel r e p r e s e n t s  a smooth meta l l i c  cyl inder ,  as shown 
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Fig.  1. Simplified schemat ic  d i ag ram of 
the t es t  appara tus :  ( 1 ) t r a n s i s t o r ,  (2) 
channel,  (3) a r c .  

in Fig .  1, then the inside sur face  of the channel and some 
discharge  boundary may  be viewed as  the p la tes  of a 
capac i to r .  The equivalent c i rcu i t  d i ag ram of a d i scharge  
cor responding  to Fig.  1 may ,  the re fo re ,  be replaced by 
the d i ag ram in Fig.  3. 

If  the channel walls  r e p r e s e n t  an in te re lec t rode  
in se r t  made  up of annular  d isks ,  then, as  before ,  the 
inside su r faces  of those d isks  and the d ischarge  boundary 

* Eq. (81.5) in [2], which co r r e sponds  to our  Eq. (1) he re ,  
has  the wrong sign.  
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F i g .  2 F i g .  3 
F i g .  2 .  P h a s e  sh i f t  be twe e n  vo l t a ge  and c u r r e n t  of the  ac  a r c  c o m p o -  
n e n t : I = 3 0 A a n d U  = 5 1  V ( 1 ) ,  [ = 5 0 A a n d U  = 4 8  V ( 2 ) ,  I = 7 0 A a n d U  

= 5 0  V ( 3 ) .  

F i g .  3. E q u i v a l e n t  e l e c t r i c  c i r c u i t  of an a r e  in a channe l  wi th  e l e e t r i -  
c a l t y  conduc t ing  w a l l s :  (1) e qu iva l e n t  c a p a c i t a n c e ,  (2) a r c .  

w i l l  ac t  a s  the  p l a t e s  of a c a p a c i t o r ,  but  an add i t i ona l  c a p a c i t a n c e  wi l l  a l so  a p p e a r  be tw e e n  the  l a t e r a l  s u r -  
f a c e s  of a d j a c e n t  d i s k s  ( F i g .  4) .  We wi l t  p r o c e e d  on the  b a s i s  of  the  s i m p l i f i e d  c i r c u i t  d i a g r a m .  

In o r d e r  to c a l c u l a t e  t he  equ iva l en t  c a p a c i t a n c e ,  one m u s t  know the  r a d i a l  d i m e n s i o n  of  t h e  d i s -  
c h a r g e  d i s t r i b u t i o n  zone  at  the  e l e c t r o d e  wa l l :  t h i s  d i m e n s i o n  i s ,  e v ide n t l y ,  of the  o r d e r  of the  Debye  
r a d i u s .  I n a s m u c h  a s  the  m a j o r  p o t e n t i a l  d r o p  be tween  an a r c  and the  channe l  wa l l  o c c u r s  in j u s t  t h i s  
zone ,  the  t r a n s v e r s e  d i m e n s i o n  of  th i s  zone can be  e s t i m a t e d  a l s o  f r o m  the  r e s u l t s  b r e a k d o w n - v o l t a g e  
m e a s u r e m e n t s  in a p l a s m a t r o n  [3, 41. A c c o r d i n g  to t h o s e  m e a s u r e m e n t s ,  t he  d i m e n s i o n  of the  d i s c h a r g e  
d i s t r i b u t i o n  zone in a p l a s m a t r o n  with  an a r c  glow in a i r  i s  of the  o r d e r  of  1 .0 -0 .1  m m .  Consequen t ly ,  
a p l a s m a t r o n  10 c m  long  and with  a 1 c m  i n s i d e  d i a m e t e r  h a s  an a p p r e c i a b l e  c a p a c i t a n c e  of the  o r d e r  of 
25-250  n F .  

In o r d e r  to  q u a l i t a t i v e l y  d e s c r i b e  the  d y n a m i c  c h a r a c t e r i s t i c  of an e l e c t r i c  a r c  in a channe l ,  we 
wi l l  u s e  the  a p p r o x i m a t e  equa t i ons  of  an ac  a r c  g iven  in [5]: 

hm 
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Fig. 4 Fig.  5 
Fig. 4.  P lasmat ron  with an in tere lec t rode inser t  and its equivalent 
e lec t r ic  circui t :  (1) annular disk, (2) a rc ,  (3) equivalent capaci tances .  

Fig. 5. Frequency charac te r i s t ic  of the phase shift angle, as related 
to the a r c  proper t ies  according to (11). 

Subscript 1 r e f e r s  to the channel walls, subscr ipt  m r e f e r s  to the channel axis, and a0 denotes the cha r ac -  
te r i s t ic  e lec t r ica l  conductivity of the medium.  

According to [5], this sys tem of equations plus the circui t  equation descr ibe  all features  of an ac 
arc  which have been revealed in experiments :  ignition and extinction peaks,  cur rent  gaps, etc.  In o rde r  
to derive the equations descr ibing the dynamic cha rac t e r i s t i c s  of a dc arc ,  we will determine the behavior  
of small  excurs ions  f rom the steady state which sa t i s f ies the  condition d e / d ?  = 0 (~ = g, j, e). F rom (2) and 
(3) we easi ly obtain 

f~a dg _ 2 % e - l - ( ~ b - - 2 )  g, (4) 
d'~ 

]~o ~ c%e @ ~ bg, (5) 

/ . i ~" a d h 

Subscript 0 r e fe r s  to the steady state and g, j, e are  small excursions o f h m ,  a ,  and fi respect ive ly .  Eliminating 
g, we obtain an equation for the dynamic v o l t - a m p e r e  charac te r i s t i c  of a do arc :  

~a fie dj " de d-T- - ~~ (~gb--2)  i = aa~0 W + ( ~ b  + 2) ~0e, (6) 

which differs f rom the one analyzed in [2] by the presence  of a second t e rm on the left-hand side. It can 
be shown that this t e rm accounts for the e lectr ic  field intensity in the arc  being a function of the cur ren t .  
Indeed, the derivative of this v o l t - a m p e r e  charac te r i s t i c  (d~/dT = 0) yields 

dln~ d l n E  
t~0 2 b --  2 4x 1; x = - -  = (7) 

x +  d l n a  d l n l  

Thus,  the sign of that additional t e r m  in Eq. (6) depends on the trend of the v o l t - a m p e r e  charac te r i s t i c .  
If the la t ter  is horizontal  (x = 0), then (6) cor responds  to the equation derived in [2]. 

The voltage drop ac ross  the capacitive c i rcui t  component will be written (in the notation introduced 
here) a s  

1 I I a'd% ~=T. 
0 
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where  a '  is the component  of a r e f e r r e d  to the given c i rcui t ,  z = c0/C/27rR2cr0, l i s  the channel length, and 
C is  the capac i tance .  Fo r  smal l  excurs ions  this  equation becomes  (z is  a s sumed  constant):  

de 
i '  = z - - - -  ( s )  

dr 

A phase  shift is  m eas u red  between the voltage (or quantity e) and the total  cu r ren t ,  which in t e r m s  defined 
he re  is  

J0 = J + 1'  (9) 

There fo re ,  the equation for  the dynamic v o l t - a m p e r e  c h a r a c t e r i s t i c  of the c i rcui t  under  considera t ion 
h e r e  becomes  

fla~o d]o , .  d2e --  ~o (Oob--2)  Io = ~Qa~oz ~ 

de 
+[~a%--13oZ([3~O--2)] ~ + a  o p g b + 2 )  e. (10) 

Let t ing Jo = Joo e i r  and e = eoei(r + go), we find the phase  angle between voltage and cur ren t :  

2~2a~b--z fl_o_o [(.Qa)2 + ([~02b_2)~ l 
~Z 0 tg q0 = (11)  

- [ (  po - 4 ]  

We will now examine the t rend of ~0 as a function of the ac excitat ion f requency and as a function of 
the a rc  p r o p e r t i e s .  On the r i s ing  port ion of 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 ,  where  fl20b < 2 according  to 
(7), the t rend is  indicated by curve  l in Fig.  5. Such a relat ion co r r e sponds  to the exper imenta l  r e su l t s  
(Fig. 2). 

On the dropping port ion of 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 ,  where/32b > 2, the re  a re  two poss ib i l i t i e s .  
At a sufficiently smal l  z (the denominator  vanishes  be fo r e  the numera to r )  the phase  shift  angle is  negat ive 
and approaches  (-(37r/2)) as  w --* r (Fig. 5, curve  2). 

With a sufficiently l a rge  z (the n u m e r a t o r  vanishes  before  the denominator)  the phase  shift angle 
goes  f i r s t  negat ive at low f requenc ies ,  pass ing  through a m i m i m u m ,  and then i n c r e a s e s  through zero  to 
(+7r/2) (Fig.  5, curve  3), pass ing  then through a m a x i m u m .  

We do not cons ider  he re  the case  of a la rge  capaci tance ,  where  the n u m e r a t o r  in (11) r e m a i n s  
a lways pos i t ive .  

It  is  to be noted that  our  c i rcui t  does not contain var ious  additional r e s i s t a n c e s ,  as the r e s i s t a n c e  
of lead w i r e s  and of the n e a r - e l e c t r o d e  a rc  regions ,  whose c h a r a c t e r i s t i c s  a r e  d i f ferent  f rom those of the 
a r c  column.  With these  c i rcu i t  components  taken into considera t ion ,  the mode r ep re sen ted  by curve  1 in 
Fig.  5 would extend somewhere  into a drooping region of 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 .  This is  what 
p robab ly  happened in the expe r imen t s  in [2], where the n e a r - e l e c t r o d e  voltage fall amounted to 50-100 V. 
As a resu l t ,  the phase  shift  at a cu r r en t  of 30 A with the opera t ing point of the a rc  on the drooping port ion 
of 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  was of the same kind as on the r i s ing  port ion of that  cha r ac t e r i s t i c  (50 
and 70 A). 
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