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SOME C H A R A C T E R I S T I C S  OF A 

AN I N T E R E L E C T R O D E  I N S E R T  

A. S. S e r g i e n k o  

P L A S M A T R O N  WITH 

UDC 533.9.082.15 

A cri t ical  analysis of the cr i ter ion R* + Rb > 0 is made for a d c  electr ic  arc in the region of 
stable burning. The numerical  values of the dynamic factor are  determined and the dynamic 
cur ren t -vo l tage  character is t ic  is investigated. 

In [1, 2] the method of static cu r ren t -vo l t age  character is t ics  (SCVC) was used to establish the range of 
variation of the parameters  of a dc electr ic  arc  centered by a distributed air vortex along a discharge chamber 
with a sectioned (d s = 1 - 10 -2 m, n s = 3) interelectrode insert.  

Devices of this type give a U-shaped SCVC (R* a = d U a / d I  a > 0). This indicates [3] Chat current  amplifi- 
cation in the arc is due both to the dora in~t  increase in f lee-e lec t ron  concentration in comparison with the 
reduction of their  directional velocity (part with R* a < 0) and to the opposite relation of these character is t ics  
(part with R~ > 0). In part icular ,  in the considered plasma generator only the falling part  (Ra < 0) of the SCVC 
could be obtained owing to the limitations of the power su~pply (UL = 0-400 V; IL = 200 A). 

In this case,  in accordance with the Kauflnann stability cr i ter ion [4] 

a freely burning arc can exist for a long time only ff the electr ical  circuit  contains a series-connected ballast 
rheostat.  We will a ~ y z e  the validity of condition (1) for an arc operating in conditions of forced spatial s ta-  
bilizatiom Cri ter ion (1) is graphically illustrated in Fig. 1. 

All points with coordinates belonging to the plane situated on the right of the bent line R * - M - N  will 
correspond to stable regimes.  Since R* < 0~ the region ABC of existence of the arc  lies below the R b axis 
and well to the right of the interface MN(R b = -R*) .  Hence, although condition (1) is satisfied on the bounda- 
r ies  AB and AC (the boundary BC identifies the maximum permissible prolonged current  Ima x = 200 A of the 
experimental  device) the arc  is extinguished. This fact leads to the following conclusion: In the case of an 
electr ic  arc  spatially stabilized by a gas vortex cr i te r ion  (1) is a necessary,  but not sufficient, condition for 
its existence. It is probably the unsteady mechanism of interaction of the positive column of the arc and its 
electrode regions with the surrounding medium that is responsible for the observed anomaly at the boundaries 
of the region ABC and for its limited size. In the discharge chamber of a plasma generator there occur numer-  
ous intense thermal,  e lectr ic ,  and magnetohydredynamic processes  of a complex nature. I n  addition, the con- 
sidered picture is greatly complicated by their pronounced unsteadiness. 
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Translated from Irizhenerno-Fizicheskii Zhurnal, Vol. 36, No. 3, pp. 493-498, March, 1979. Original ar t icle  
submitted April 25, 1978. 
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c ~ o  Fig. 1. Different ia l  r e s i s t ances  of a rc  as 
function of  r e s i s t ance  of ba l las t  rheostat .  
ABC) stable a rc  region;  MI~ boundary. 
The f igures  on the line AB give the gas 
flow ra t e  in g- sec-  l; those on the line AC 
give the cu r r en t  in A. R* and R b a r e  in ~.  

The spatial  and t empora l  d is tor t ions  of the contracted conducting a rc  channel a r e  responsible  for  the 
f luctuat~ns  of the p a r a m e t e r s  over  a broad spec t rum in the genera l  case  and for  sma l l - s ca l e  fluctuations in 
pa r t i cu la r  [1, 2]. The c o r r e c t n e s s  of r ep resen ta t ion  of the a r c  p a r a m e t e r  fluctuations by  a Gaussian d i s t r ibu -  
t ion function [5] conf i rms the s tochast ic  nature  of these  fluctuations. 

The  amp l i t ude - f r equency  cha rac te r i s t i c  (AFC) of the a r c  voltage fluctuations depends significantly on 
the se lec ted  working conditions (near  the boundary A B o r  AC of  the stabil i ty region}. In other  words ,  the  AFC 
is la rge ly  de te rmined  by  the absolute values  of  the a r c  voltag% a rc  cu r ren t ,  and gas flow ra te .  An inc rease  in 
a rc  c u r r e n t  with Gg constant  entails  a reduct ion in amplitude and inc rease  in f requency of the var iab le  com-  
ponent of Ua,  whereas  an increase  in gas flow ra t e  has  the opposite effect.  Other conditions being equal, the 
shape,  amplitudet and f requency of fluctuations of the in tegral  p a r a m e t e r s  (Ua,  Ia ) of the a r c  depend on the 
deg re e  of  cons t r ic t ion  of the a r c  or  l imita t ion of i ts mobili ty.  

Regular  fluctuations of  a r c  voltage a r e  found in a region bounded by  a c i r c l e  of d iamete r  d = AR* = - 0 . 1  
(AR b = 0.15 ~) ,  with center  a t  point F with coordinates  R*a = -0 .15  ~ ,  R b = 0.83 ~2. The guaranteed r e -  

s e rve  of a r c  stabil i ty within the region ABC is K = (0.37-1.18) ~2. The optimal  value of K f rom the p rac t i ca l  
viewpoint is 0.68 ~ (R*a = -0 .15  ~ ,  R b = 0.83 ~2). 

In view of this it is important  f rom the scientif ic  and prac t ica l  viewpoints not only to de t e rmine  expe r i -  
mental ly  the quantitat ive re la t ion  between the-main  quantit ies charac te r iz ing  the p ro ce s s ,  but  a lso to obtain 
an  empi r i ca l  or  m~ly t ica l  re la t ion.  

In [2] exper imenta l  data  we re  used to obtain an empi r i ca l  express ion  which approximates  with sa t i s fac -  
t o ry  accuracy  the re la t ion  between the d i f ferent ia l  a r c  r e s i s t ance  and some of the p a r a m e t e r s  on which i t  d e -  
pends 

where  A = ~392.6, a = 1.148, b = 0.426, c = 0.574, and g = 0.287. In the range  of  var ia t ion  of  the main  p a r a m e -  
t e r s  within the reg ion  ABC (82.5 A <_ Ia - 200 A; 205 V _ U a <_ 250 V; 1.25 g.  sec -i _ Gg _ 4.5 g.  sec  -1 ) the 
di f ferent ia l  a rc  r e s i s t ance  is R*a = -(0.027-0.32) ~2. 

The s ta t ic  and dif ferent ia l  r e s i s t ance  of an a rc ,  as  of  any other  heat -dependent  r e s i s t o r ,  depends on the 
t e m p e r a t u r e  and, hence,  on the power supplied to the discharge.  If a se t  of  SCVC is available the energy  r e -  
sponse of t h e r m i s t o r s  {including an e lec t r i c  arc) can be es t imated  f rom the sign and magnitude of the so -  
called dynamic factor  [6] 

D -- U/I  ..... dU/dI R - -  R* (3} 
U/I  -!- dU/dl R "q- R* 

The functional re la t ion  bet~veen the dynamic fac tor  and the ra t io  of  the instantaneous power to the m a x i -  
mum power for  a semiconducting t he rmi s to r ,  meta l  conductor ,  and e l ec t r i c  a rc  is i l lus t ra ted  in Fig. 2. Semi-  
conducting t h e r m i s t o r s  [6] with d i f ferent  boundary conditions,  since the  t em p e ra tu r e  coeff ic ient  of r e s i s t ance  
is negative (fl = --dRT/RTdT}~ have in the genera l  case  a var iab le  posi t ive dynamic factor  (D T = 0-4}. In 
particular~ for a KMT-1 the rmi s to r  (R20 = 102.8 k~2~ B = 4225K, Nma x = 64 .10  -2 W) DT = 0-3 (Fig. 2a~ 
curve  1). 

Metal  r e s i s t e r s  [6] have a posi t ive t e m p e r a t u r e  coeff icient  of r e s i s t ance  (fiw > 0} and, hence,  D w < 0. 
F o r  instance,  a platintun wi re  (~w = 3-95" 10-3 deg -1, T m =  20~ Nmax = 64.10-2 W) has  a dynamic factor  
D w = --0.35-0 (Fig. 2a, curve  2}. When the dissipated power va r i e s  in a wide range  (0 < Nmax < ~) the d y -  
namic  factor  D W can take values ranging f rom 0 to --1. 
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Fig. 2. Dynamic fac tor  of some  t h e r m i s t o r s  
as  function of r e l a t i ve  value of  d i ss ipa ted  
power ,  a: 1) KMT-1 t h e r m i s t o r  (R20 = 
102.8 k~ ,  B = 4225K, Nma x = 64- i0  -2 W);  
2) plat inum wi re  (~w = 3.95- 10 -3 deg -1, 
T m  = 20~ Nmax = 6 4 . 1 0  -2 W);  b) e lec t r i c  
a r c  of  fixed l e n g ~  (d a = 1.5- i0  -2 m ,  d c = 
i .  10 -2 m ,  d s = 1 . 1 0  ~ m,  n s = 3). ABC is 
the r eg ion  of s table  burning of the a r c  (Nma x = 
48.3 kW). The f igures  on line AC give the 
c u r r e n t  in A; those  on line BC give the gas  
flow r a t e  in g-  sec -  2 

F o r  an e l ec t r i c  a r c  burning in a sect ioned channel  with d is t r ibuted  gas  injection [1, 2] the re la t ion  Da = 
~(N)  is  a fami ly  of cu rves  (Gg = const)  of complex  shape (Fig. 2b).  I n t h e  power range  18.6 kW_< Na~_ 48.3 
kW the dynamic  fac tor  of  the a r c  is Da  = 1.05-1.28. 

An ana lys i s  of  the s tab i l i ty  of  an  e lec t r i c  a r c  on the b a s i s  of  SCVC is  not a lways admiss ib le  and can lead 
to e r r o n e o u s  r e su l t s .  F o r  a r igo rous  t r e a t m e n t  of  s tab i l i ty  the d3mamic c u r r e n t - v o l t a g e  cha rac to r i s t i c  (DCVC) 
m u s t  be  used. 

I t  is known [3] that  any va r i a t ion  of the s t r eng th  of the se l f - sus ta ined  cu r r en t  in the gas  at  a finite r a t e  
cannot in p r inc ip le  be  de r ived  f rom the SCVC owing to p r o c e s s e s  that  inevitably l ie outside the scope of this 
c h a r a c t e r i s t i c .  T h e r e  a r e  s e v e r a l  methods  of producing a t r ans i en t  r e g i m e  in an e l ec t r i c  c i rcu i t  and, hence,  
of  m e a s u r i n g  the DCVC. A per iod ic  o r  ape r iod ic  unsteady p r o c e s s  can  be  obtained by supplying the a r c  with 
a l t e rna t ing  [7, 8] o r  modulated [1] cu r r en t ,  s tepwise  [9] or  smooth  [1] va r i a t i on  of the vol tage  drop on the d i s -  
cha rge  gap,  exposu re  of the e l ec t r i c  d i scha rge  to l a s e r  e m i s s i o n  [10], etc.  

In [1] quas i s teady  opera t ion  was  obtained by  smooth  va r i a t ion  of the cu r r en t  in the c i rcu i t  (UL = const)  
a t  a p r e s c r i b e d  r a t e  (AIa /AT = 1.5-5 A" sec  -1) by r e v e r s i b l e  movemen t  of  the s l ide r  of the ba l l a s t  rheos t a t  
(R b = 0-0.4 ~) .  The DCVC w e r e  plotted f r o m  the da ta  of synchronous t ime  scans  of the a r c  vol tage Ua and 
cu r r en t  I a  r e c o r d e d  on g raph  t apes  of  N340 r e c o r d e r s .  The DCVC w e r e  a lso  r eco rded  s imul taneous ly  by 
m e a n s  of a N359 two--coordin~te r eco rd ing  mi l l i vo l tme te r ,  

Below we c o m p a r e  the SCVC (Gg = 2.0 g-  sec  -1)  with a typica l  DCVC (Fig.  3 quadrant  1) obtained for  
Gg = 2.0 g - s e c  -1 and fixed r a t e  of change of  c u r r e n t  in the c i rcu i t  (AIw/AT = 1.5 A - s e c - l L  tn the initial  
s ta te  (point 1) the a r c  bu rns  with Ua = 221.5 V and I a  = 188 A. An inc rea se  in the r e s i s t a n c e  of the ba l l a s t  
r heos t a t  to Rb = 0.4 ~ shif ts  the a r c  to a new, lower ,  ene rgy  l eve l  (U a = 232 V, I a  = 120 A).  The presen ted  
CVC, as  d is t inc t  f r o m  [11], d i f fer  s ignif icant ly in shape (they bend in d i f ferent  direct ions) .  We can postulate  
that  in unsteady conditions a h igher  a r c  burning vol tage is r equ i red  to main ta in  the equi l ibr ium state .  In the 
r e v e r s e  cou r se  of  the DCVC curves  2 -3  He a l i t t le  h igher  and the coordinates  lag sl ightly in t i m e  behind those  
of cu rves  1-2.  The obse rved  e l e c t r i c a l  h y s t e r e s i s  and the di f ferent  shape  of the DCVC a r e  probably  due to a l -  
t e r a t i on  of the t e m p e r a t u r e  field of  the  e l ec t rode  in the reg ion  of  mot ion of  the a r c  anchor  spots .  When the 
d i s tu rbance  ks r e m o v e d  the a r c  usual ly  bu rns  with a h igher  vol tage (AUa  -- 7 V)  and a lower  cu r r en t  (AIa -~  
6 A) .  The a r c  r e t u r n s  to the init ial  s t a te  in t i m e  r = 20-30 sec .  

The re la t ions  Ua = 91 (~r) and I a = ~ ( r )  a r e  shown in quadrants  II and IV, respec t ive ly .  Externa l ly  
they r e c a l l  a d i s tu rbance  of exponential  type.  The r a t e  of change of the a r c  cu r r en t  w i = d l a / ' d r  (quadrant  III)  
is  a l m o s t  d i r ec t l y  p ropor t iona l  to the r a t e  of change of the a r c  vol tage Wu~ = dUa /dT .  An apprec iab le  dev ia -  
t ion (w i > w u) f rom this ru le  is  obs e rved  in the f i r s t  20-30 sec  of  the r e v e r s e  course .  

F r o m  the above account  we can  d raw  the following conclusions:  

1. The condition for  s tab le  ex i s tence  of an  e l ec t r i c  a r c  of control led length r e q u i r e s  substant ia l  c o r r e c -  
tioru For  adequate  genera l i ty  it  m u s t  include t e r m s  that  take the "shunt ing"  m e c h a n i s m  into account. 

2. An e l ec t r i c  a r c  burning in conditions of  containment  by d is t r ibuted  gas  injection in a sect ioned chan-  
nel  has  a dynamic  fac tor  which is pos i t ive  (D a > 0) and va r i ab le  (Da = 1.05-1.28). 
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Fig. 3. Static and dynamic CVC of p lasma-  
t ron  with in te re lec t rode  inse r t  and d i s t r i -  
buted gas injection. The gas was a i r ;  Gg = 
2 .0g-  sec -1, d a = l . 5 -  10-2 m, d c = l  �9 10-2  r n :  

d s = 1 �9 10-2 m, ns = 3. The solid line in quadrant 
1 is the SCVC. The f igures on the graph 
are  the t ime in sec,  T in sec,  U a in V, 
dU/dT i n V / s e c ,  and d I / d T  in A/sec .  

3. In conditions of slow (f < 0.1 Hz ) t rans ien t  p roces se s  the DCVC of an a rc  of fixed length di f fers  s ig-  
nificantly in shape and position f rom the SCVC. Hence,  in the investigation of s tabil i ty in these  conditions the 
DCVC cannot be ignored. 

N O T A T I O N  

U, voltage drop,  V: I, current ,  A; N, power,  W; R, stat ic res i s tance ,  62; R*, dynamic res i s t ance ,  ~;  d, 
e lec t rode  d iameter ,  m; n, number of sect ions in in te re lec t rede  insert ;  Gg, gas flow ra t e ,  g- sec-1; B,  constant 
depending on proper t i es  of the rmis to r  mate r ia l ,  K; fi, t empera tu re  coefficient,  deg-l ;  T, t empera tu re ;  D, dy-  
namic factor ;  T, t ime,  sec; wi, ra te  of change of cur ren t ,  A- sec-1; Wu, ra te  of change of voltage,  V �9 sec-1; f, 
frequency,  Hz. Subscripts:  a, a rc ;  s, section; m ,  surrounding medium; T, the rmis to r ;  b, bal last ;  g, gas; w, 
wire .  
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