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We study the ene rgy  c h a r a c t e r i s t i c s  of an e l e c t r i c - a r c  p l a sma  ins ta l l a t ion  which is t r e a t e d  
as  an ene rgy  s y s t e m  containing a power  source  and a p l a s m a t r o n .  We p re sen t  the ene rgy  
c h a r a c t e r i s t i c s  of the e l e c t r i c - a r c  p l a sma  insulat ion,  de r ived  by calcula t ion and e x p e r i -  
menta l ly .  

Until now, the l i t e r a t u r e  contained v i r tua l ly  no pape r s  devoted to an inves t igat ion and ana lys i s  of the 
ene rgy  c h a r a c t e r i s t i c s  of e l e c t r i c - a r c  p l a sma  ins ta l l a t ions .  The c l o s e s t  approach  to this  p r ob l e m  was un- 
de r t aken  by the authors  of [1]. Most f requent ly ,  it  was the ene rgy  c h a r a c t e r i s t i c s  of the p l a sma  device 
alone that  were  inves t iga ted ,  i . e . ,  the energy  c h a r a c t e r i s t i c s  of the p l a s m a t r o n  [2-3]. 

We have s tudied an e l e c t r i c - a r c  p lasma  ins ta l l a t ion  as a s y s t e m  containing a power source  (with a 
r i g id  e x t e r n a l  c h a r a c t e r i s t i c ) ,  a p l a sma t ron ,  a b a l l a s t  r e s i s t a n c e ,  and c u r r e n t - c a r r y i n g  conductors  (wir-  
ing, m a k e - a n d - b r e a k  contacts) ;  we s tudied some of the energy  c h a r a c t e r i s t i c s  of this  sys t em.  The case  
under cons ide ra t ion  is the mos t  genera l ;  the opera t ion  of an e l e c t r i c - a r c  p l a sma  ins ta l la t ion  without a ba l -  
l a s t  r e s i s t a n c e ,  when. the p l a sma  a rc  exhibi ts  a r i s i n g  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c ,  should be t r e a t e d  
analogously ,  a s s u m m i n g  R b = 0. 

A s impl i f i ed  d i a g r a m  of the e x p e r i m e n t a l  ins ta l l a t ion  is shown in Fig.  1. The p l a s m a t r o n  used in this  
inves t iga t ion  was hooked up to the "arc"  c i r cu i t .  Argon s e r v e d  as  the p l a s m a - f o r m i n g  gas; the gas was fed 
in tangent ia l ly .  The c u r r e n t  in the c i r cu i t  was va r i ed  by means  of the ba l l a s t  r e s i s t a n c e  R b (regulat ion in 
s tages) ,  and p rov i s ion  was made for  s tab le  burning of the a rc .  

The following quant i t ies  were  de t e rmined  dur ing the expe r imen t :  the c u r r e n t  I in the c i rcu i t ;  the a r c  
vol tage Ua; the power  source  voltage U; the r e s i s t a n c e  Rpr  of the c u r r e n t - c a r r i e r  c i rcu i t ;  and the ba l l a s t  
r e s i s t a n c e  R b for  each case .  

Let a p l a s m a t r o n  be connected to a dc network whose voltage is U = const,  with the p l a s m a t r on  in- 
tended as a consumer  of e l e c t r i c a l  energy.  The equivalent  c i r c u i t  for  this  case  is shown in Fig.  2. F o r  
the s ta t ic  r eg ime  the total  c i r cu i t  r e s i s t a n c e  is given by 

R z = R  bq-Rpr--}-Ra or: R z = R  I q-Ra, 

where  R l is the r e s i s t a n c e  governing the lo s s  of power  in the e l e c t r i c  c i r cu i t ,  and R a is the r e s i s t a n c e  of the 
p l a sma  a rc .  

Let  us make the approx ima te  assumpt ion  that  the r e s i s t a n c e  Rpr  of the c u r r e n t - c a r r i e r  is constant  
throughout the en t i r e  pe r iod  of opera t ion  for  the ins ta l la t ion .  The p l a s m a - a r c  r e s i s t a n c e  Ra, r e p r e s e n t i n g  
one of the mos t  impor t an t  quant i t ies  for  the e l e c t r i c - a r c  p l a sma  ins ta l la t ion ,  is  va r i ab l e .  

F r o m  an examinat ion  of the condit ions for  s tab le  e l e c t r i c - a r c  burning [4] it  follows that  the ba l l a s t  
r e s i s t a n c e  mus t  be a v a r i a b l e  quantity.  This s t a t emen t  s e r v e s  to compl ica te  the p rob lem under inves t iga -  
tion. 
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Fig. 1. Design of the p lasmatron and its c i rcui t :  W) 
water;  D) diaphragm to twist gas flow; P) to power 
s o u r c e .  

i ~  IRPrJ 
Fig. 2. Equivalent e lec t r ic  
c i rcui t  for the e l e c t r i c - a r c  
plasma installation. 

Therefore ,  let us initially examine the case in which R b = coast  
0 and Ra= vat .  The s t a b l e b u r n i n g o f t h e a i r  can be ensured by a l t e r -  

ing the arc  res i s tance  Ra, intensifying the compress ion  of the arc  as a 
consequence of an increase  in the flow rate for the p lasma- forming  
gas o r  by reducing the length of the arc.  

The problem in this case reduces  to an examination of the cur ren t  
c i rcui t  powered by a constant voltage U and total cur rent  I, passing 
through the variable total res is tance .  

The ratio between the component par ts  of the total res is tance  R Z 

is not constant; it var ies  as a function of the operating conditions in each 
individual case,  and at each separate  instant of time. 

The cur ren t  I in the c i rcui t  being examined, given a constant network voltage, represents  a function 
of the variable total res i s tance  which, in turn, is determined by the res is tance  of the arc ,  i.e., 

The total power P used from the network is thus a simple function of the cur ren t  

P =  U I  = c f ( I }  (2) 

and is therefore  graphical ly represen ted  by a s t ra ight  line (Fig. 3). 

The lost power determined f rom the constant res is tance  R l is a quadratic function of the current ;  
graphically,  this is a parabola (Fig. 3). 

The useful power Pa is the difference between the power P taken from the network and the lost power 

PI, i.e.,  

Pa -= P - -  P l  = U I  - -  I 2 R l  : 12 ( R ~  ~ R l) --- P R a .  (3) 

Since P and Pl, o r  the res i s tances  R Z or R l governing these powers,  change in accordance with 
various laws, the useful power Pa as a difference depends in each case on the relationship between the 
powers (curve Pa3 in Fig. 3). 

The curve showing the useful power exhibits s ingulari t ies  which cor respond to the limit cases  of ope- 
r a t i o n -  no-load and sho r t - c i r cu i t  reg imes .  
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Fig .  3. C h a r a c t e r i s t i c s  of the  e l e c t r i c  c i r c u i t  of the e l e c t r i c -  

a r e  p l a s m a  i n s t a l l a t i o n :  ~Te 1, %; P,  kW; U a, V; I, A; ha_ c, ram.  

H e r e  we e x a m i n e  the o p e r a t i o n  of an e l e c t r i c - a r c  p l a s m a  i n s t a l l a t i o n ,  wi th  the r e s i s t a n c e  of the  p l a s -  
ma  a r c  v a r y i n g  wi th in  wide  l i m i t s .  

1. In the e a s e  of an i n f i n i t e l y  l a r g e  t o t a l  c i r c u i t  r e s i s t a n c e ,  d e t e r m i n e d  by an i n f i n i t e l y  l a r g e  a r c  
r e s i s t a n c e ,  t h e r e  is  no c u r r e n t  in the  c i r c u i t  - we a r e  d e a l i n g  with  a n o - l o a d  r e g i m e :  

R a =  oo, I = 0 ,  P = 0 ,  PI = 0 ,  P a = 0 .  

2. We can  a l s o  have  a r e g i m e  in which  the e l e c t r o d e s  of the p l a s m a t r o n  a r e  in c o n t a c t  wi th  each  o t h e r  
- a s h o r t - c i r c u i t  r e g i m e :  

R a - - 0 '  I = I c ,  P = P I ,  Pa =0"  

Be tween  t h e s e  e x t r e m e  e a s e s ,  g o v e r n e d  by the m a g n i t u d e  of the a r c  r e s i s t a n c e ,  t h e r e  e x i s t s  a va lue  
of II a such  tha t  the p o w e r  g e n e r a t e d  in the  p l a s m a  a r e  r e a c h e s  i t s  m a x i m u m  va lue .  

Le t  us d e t e r m i n e  the cond i t ion  u n d e r  which  the p l a s m a - a r e  p o w e r  (Pa = I2Ra = U 2 R a / ( R p  + Ra) 2) 
a t t a i n s  i t s  g r e a t e s t  va lue ;  fo r  th is  we m u s t  equa te  the f i r s t  d e r i v a t i v e  d P a / d R  a to  z e r o .  A f t e r  so lu t ion  of 
the  equa t ion  d P  a / d R  a = 0 we f ind tha t  the  m a x i m u m  va lue  fo r  the  p o w e r  of the p I a s m a  a r e  is  r e a c h e d  when 
R a = tl l, i . e . ,  when the a r c  r e s i s t a n c e  b e c o m e s  equa l  to the  s u m  of the b a l l a s t  r e s i s t a n c e  and the s t r u c -  
t u r a l l y  g o v e r n e d  r e s i s t a n c e  of the  c u r r e n t - c a r r i e r  c i r c u i t .  This  r e g i m e  c o r r e s p o n d s  to a s p e c i f i c  c u r r e n t  
13. With  a f u r t h e r  i n c r e a s e  in the c u r r e n t ,  the  l o s t  p o w e r  Pl  i n c r e a s e s  con t inuous ly ,  whi le  the usefu l  p o w e r  
Pa f a i l s  to z e r o .  

The c u r v e  fo r  the  usefu l  p o w e r  Pa ,  d e r i v e d  on the b a s i s  of the a b o v e - d e s c r i b e d  me thod ,  is  a p a r a -  
bo la ,  and th i s  i s  e a s i l y  d e m o n s t r a t e d  by  p r o c e e d i n g  f r o m  the g e n e r a l  equa t ion  (3): 

Pa = U [ -  I2t?, l . 

Let  us r e w r i t e  th i s  equa t ion  in the fo l lowing  f o r m :  

(+,; p U I +  = - - - -  
RZ 

or 

/?, 

U )2 U 2 
= P a - - - - ;  

- -  R z I 2Rz 4Rz 

( U ) 2 U ~ 

and th i s  i s  the equa t ion  for  the  p a r a b o l a  y = a x  2 + c. The ax i s  of th is  p a r a b o l a  is  v e r t i c a l ,  but  the apex  
does  not  l ie  a t  the  c o o r d i n a t e  o r i g i n ,  but  a t  the  po in t  x 0 , Y0 : x0 = I k / 2 ;  Y0 = P k / 4 -  
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H o w e v e r ,  s i n c e  I k = U / R  a and Pk = U~/R/ ,  the c u r v e  for  Pa o v e r  i t s  e n t i r e  e x t e n t  is  uniquely  de f ined  
by  the v a l u e s  of R l and U. 

Since  the usefu l  p o w e r  i s  a v a r y i n g  quan t i ty  and has  a m a x i m u m  va lue  in s o m e  r e g i m e ,  the  n a t u r e  of 
the  v a r i a t i o n  in th i s  quan t i t y  e x e r t s  s i g n i f i c a n t  in f luence  in o p e r a t i o n  on the e n e r g y  i n d i c a t o r s  of the e n t i r e  
e l e c t r i c - a r c  p l a s m a  i n s t a l l a t i o n .  

In w o r k i n g  with the  e l e c t r i c  c i r c u i t s  of an e l e c t r i c - a r c  p l a s m a  i n s t a l l a t i o n ,  one of whose  e l e m e n t s  i s  
the e l e c t r i c  a r c  - b u r n i n g  in the p l a s m a t r o n  - we can  s p e a k  of an e l e c t r i c a l  e f f i c i e n c y  of the s y s t e m ,  a s -  
s u m i n g  the a r c  p o w e r  Pa  to be usefu l .  

Thus ,  the  e l e c t r i c a l  e f f i c i e n c y  i s  the r a t i o  tha t  e x i s t s  be tween  the p o w e r  fed to the p l a s m a t r o n  and 
the to ta l  used  p o w e r  P,  i . e . ,  

Pa Pa U I - - I ~ R I  = 1 ~ R l I. (4) 
~lel = -  ----- P Pa q- Pl UI U 

H e r e  Pl  deno t e s  the  l o s s e s  in e l e c t r i c a l  power .  

The e l e c t r i c a l  e f f i c i e n c y  of the  e i e c t r i c - a r c  p l a s m a  i n s t a l l a t i o n  i s  a funct ion of s e v e r a l  q u a n t i t i e s :  i t  
i s  a funct ion of the  change  in the  l oad  c u r r e n t  I, a funct ion of  the n e t w o r k  voI tage  U, of the  r e s i s t a n c e  of 
the  c u r r e n t - c a r r y i n g  c o n d u c t o r ,  and of the  b a l l a s t  r e s i s t a n c e .  

If we p lo t  the n a t u r e  of the  v a r i a t i o n  in the e l e c t r i c a l  e f f i c i e nc y  in F ig .  3 as  a funct ion of the c u r r e n t  
I, we ob ta in  a s t r a i g h t  l ine  which  i n t e r s e c t s  the ax i s  of o r d i n a t e s  (here  we p lo t  the  v a l u e s  of ~el) a t  po in t  1, 
whi le  the  ax i s  of a b s c i s s a s  i s  i n t e r s e c t e d  at  the  poin t  I = U / R  1 = I k ( f rom f o r m u l a  (4)), i . e . ,  at  the  po in t  
which  c o r r e s p o n d s  to the s h o r t - c i r c u i t  c u r r e n t .  We s e e  f r o m  the g raph  tha t  the e l e c t r i c a l  e f f i c i e n c y  d i -  
m i n i s h e s  with an i n c r e a s e  in load  and t e n d s  t o w a r d  z e r o  a long  the s t r a i g h t  l ine ,  r e a c h i n g  tha t  l e v e l  in the  
e a s e  of a s h o r t  c i r c u i t .  

With  low Pa and c o m p a r a t i v e l y  s m a l l  c u r r e n t s ,  the  va lue  of ~Tel is  r a t h e r  high;  i t  d r o p s  to a va lue  of 
~Tel = 0.5 fo r  a m a x i m u m  va lue  of Pa max ,  and then ,  a s  the  a b s o l u t e  va lue  of the  usefu l  p o w e r  d i m i n i s h e s ,  
the  e f f i c i e n c y  a l s o  d i m i n i s h e s .  We can  s e e  f r o m  Fig .  3 tha t  two v a l u e s  of ~Tel c o r r e s p o n d  to each  poin t  fo r  
Pa;  one of the  v a l u e s  is  b e t t e r  and the o t h e r  i s  w o r s e ,  depend ing  on w h e t h e r  o r  ne t  the  o p e r a t i o n  is  be ing  
p e r f o r m e d  on the a s c e n d i n g  o r  d e s c e n d i n g  b r a n c h e s  of the c u r v e  fo r  the  usefu l  p o w e r  Pa.  

The e n e r g y  c h a r a c t e r i s t i c s  (the fine s o l i d  l ines )  in F ig .  3 w e r e  o b t a i n e d  fo r  R b = 1.2 f~, R p r  = 0.01 a 
and,  c o n s e q u e n t l y ,  fo r  R l := 1.21 f~. Only c e r t a i n  s e g m e n t s  of t h e s e  c u r v e s  w e r e  d e r i v e d  e x p e r i m e n t a l l y ,  
but  if the  a r c  w e r e  to bu rn  o v e r  the  e n t i r e  r a n g e  of v a r i a t i o n  in c u r r e n t ,  which  i s  b a s i c a l l y  p o s s i b l e ,  i t  
m igh t  be p o s s i b l e  e x p e r i m e n t a l l y  to ob ta in  c o m p l e t e l y  the  r e l a t i o n s h i p  shown in F ig .  3. 

H e r e  we c o n s i d e r  the  c a s e  of an e l e c t r i c - a r c  p l a s m a  i n s t a l l a t i o n  o p e r a t i n g  at  a c o n s t a n t  va lue  for  R l 
in o r d e r  to u n d e r s t a n d  how the e n e r g y  c h a r a c t e r i s t i c s  of  the i n s t a l l a t i o n  v a r y  unde r  cond i t i ons  of n o r m a l  
use ,  when R b = v a t  and,  c o n s e q u e n t l y ,  R l = v a r .  

Since  the c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  of a p l a s m a  a r c  at  low c u r r e n t s  i s  c l e a r l y  one tha t  is  d e -  
c l in ing ,  the  b u r n i n g  of the  a r c  is  p o s s i b l e  wi th  a s u b s t a n t i a l  b a l l a s t  r e s i s t a n c e .  With  an i n c r e a s e  in the  
c u r r e n t  we find tha t  the  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  g r a d u a l l y  c ha nge s  to b e c o m e  independen t  of the  
c u r r e n t ,  and even changes  into a r i s i n g  c h a r a c t e r i s t i c  fo r  l a r g e  c u r r e n t  v a l u e s .  Th i s  change  in the  n a t u r e  
of the  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  is  g o v e r n e d  by R b which  e n s u r e s  the  s t a b l e  bu rn ing  of the  a r c  [4]. 

F i g u r e  3 shows  the e n e r g y  c h a r a c t e r i s t i c s  of an e l e c t r i c - a r c  p l a s m a  i n s t a l l a t i o n  fo r  v a r i o u s  v a l u e s  
of Rb, s i m i l a r  to the c a s e  c o n s i d e r e d  above;  s e g m e n t s  of the Pa c u r v e s  (sol id  l i nes )  have  been  ob t a ined  e x -  
p e r i m e n t a l l y .  H e r e  we a l s o  show the e x p e r i m e n t a l  c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  of an a r g o n  p l a s m a  
a r c  wi th  l eng ths  of 75 and 40 m m  a t  a c o n s t a n t  gas  flow r a t e  of G = 20 l i t e r s / m i n .  T h e s e  c h a r a c t e r i s t i c s  
c o r r e s p o n d  to a change  in P~ and P'~, a s  we l l  a s  in r/~ 1 and " ~?el" 

Th i s  d i a g r a m  g ives  us a c l e a r  p i c t u r e  a s  to  the d i s t r i b u t i o n  - a m o n g  s e p a r a t e  c i r c u i t  e l e m e n t s  - of 
the e l e c t r i c a l  p o w e r  t aken  f r o m  the s o u r c e  and i t  e n a b l e s  us to e s t a b l i s h  the  e x i s t i n g  qua n t i t a t i ve  r e l a t i o n -  
s h i p s  for  a wide  r a n g e  of v a r i a t i o n  in R a and Rl .  

F o r  l a r g e  c u r r e n t s ,  ~vhen the c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  i s  v i r t u a l l y  p a r a l l e l  to the  I a x i s ,  i t  i s  
p o s s i b l e  to o p e r a t e  with s m a l l  v a l u e s  for  R b, and as  a c o n s e q u e n c e  we have  a r e d i s t r i b u t i o n  of the  p o w e r s :  
t h e r e  i s  a p r o n o u n c e d  i n c r e a s e  in the  a r c  p o w e r  (Pah, P a 0  as  a r e s u l t  of a r e d u c t i o n  in the p o w e r  l o s s e s ,  
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and this in turn leads to an increase  in the e lec t r ica l  efficiency, i .e. ,  ~e15 and ~e16. 

It would be interest ing to examine the special  case in which the installation is operat ing without a 
baliast  res is tance  (R b = 0), which is possible if the c u r r e n t - v o l t a g e  charac te r i s t i c  for the arc  is rising. 
The res is tance  of the losses  is then equal to the res is tance  of the c u r r e n t - c a r r y i n g  conductors;  the la t ter  
is insignificant. As a resul t  there is a pronounced reduction in the power loss (P/7), the p l a sma-a rc  power 
increases  (PAT), as does the e lec t r ica l  efficiency (~elT), 

Ea r l i e r  we considered an e l e c t r i c - a r c  plasma installation, one of whose elements  is a plasmatron,  
i tself an e l e c t r i c - a r c  piasma installation. We will not dwell here  on the energy  charac te r i s t i cs  of the plas-  
matron,  but will only indicate the method of determining its efficiency, since this is needed for the de- 
terminat ion of the efficiency of the entire e l e c t r i c - a r c  plasma installation. 

The e lec t r ica l  power supply to the p lasmatron  is converted within the p lasmatron into heat, but there 
is some loss of power in this case,  so that the p lasmat ron  is charac te r ized  by its own efficiency ~?p which 
is defined as 

Pc %= - ~ ,  (5) 

where Pa is the power supplied to the p lasmatron  and P0 is the power re leased by the plasmatron.  

The power generated by the plasmatron,  P0, is used for various industrial p rocesses ,  which differ 
in their  nature and in the effect iveness with which the power of the plasma arc or  jet is utilized. The ef- 
fectiveness of utilization for the power generated by the p lasmat ren  will be charac te r ized  by the process  
efficiency ~pr, i.e., 

_ Pus____e, (6) 
~]pr-- Pc 

where I?0 is the power generated by the p lasmatron and Puse is the usefully employed power. 

The total eff iciency of the e l e c t r i c - a r c  plasma installation is therefore  defined as the product of the 
e l ec t r i c - c i r cu i t  efficiency ~el, the p lasmatron  efficiency Vp, and the p rocess  efficiency Vpr, i.e., 

Tltot = ~lel~lp'qpr �9 (7) 

The proposed method of determining the efficiency of the e l e c t r i c - a r e  plasma installation enables us 
to evaluate the economy of the e l e c t r i c - a r c  plasma installation as a whole, as well as for each separate  
element  of that installation, thus enabiing us to determine means of ra is ing its operational economic effi- 
ciency. 

The main effort,  until recent ly,  has been directed at the design of better  p lasmatrons  (improving ~p) 
and at the execution of the technological p rocess  (raising ~)pr). 

A study of the manner  in which the e lec t r ica l  power taken from the source  is distributed among the 
separate  elements  of the e lec t r ica l  sys tem enables us to determine the value of rJel ,which is quite low in 
existing e l e c t r i c - a r c  plasma installations (no more  than 50gc). 

Analysis  of the energy cha rac te r i s t i c s  for the e l e c t r i c - a r c  plasma installation enables us to establish 
the pa rame te r s  governing Tel; these pa ramete r s  inciude the voltage of the supply network, the operat ing 
current ,  the magnitude of the res is tance  of the c u r r e n t - c a r r y i n g  c i rcui t  and that of the ballast  res is tance ,  
if such exists.  

Thus we are  confronted with the problem of choosing a working voltage and an optimum cur ren t  for 
the e l e c t r i c - a r c  plasma installation, and these pa rame te r s ,  in turn, govern the choice of the power source.  

NOTATION 

I is the cur ren t  in the c i rcui t  of the e l e c t r i c - a r c  plasma installation; 
Ise is the same,  in the sho r t - c i r cu i t  regime;  
U a is the voltage at the plasma arc ;  
U is the voltage of the power source;  
P is the power used by the installation; 
Pa is the power of the plasma arc;  
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Pl is the power los t  in the e lec t r i c  c i rcui t ;  
Psc is the power  requ i red  by the instal la t ion in the sho r t - c i r cu i t  r eg ime ;  
R a is the r e s i s t a n c e  of the p l a sma  arc ;  
R b is the ba l las t  r e s i s t ance ;  
Rpr  is the r e s i s t ance  of the c u r r e n t - c a r r y i n g  conduits; 
R l is the r e s i s t a n c e  governing the power  loss  in the e lec t r ic  c i rcui t ;  
R E is the total  r e s i s t a n c e  of the e lec t r i c  c i rcui t ;  
7?el is the e l ec t r i c a l  eff ic iency;  
Vp is the p l a s m a t r o n  eff iciency;  
~pr is the p r o c e s s  eff iciency;  
~tot is the total  ef f ic iency of the e l e c t r i c - a r c  p l a sma  instal lat ion.  

1. 
2. 

3~ 
4. 
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