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It is shown that the current-voltage characteristics of electric arcs. 
stabilized in a cylindrical channel by a flow of helium, argon, 
nitrogen or oxygen, can be generalized by means of a dimensionless 
criteria1 equation. 

Studies have recent ly  been published [1-3] in which 
the cha rac t e r i s t i c s  of e l ec t r i c  a rc s  a re  genera l ized  
by the methods of s imi l a r i t y  theory. In these studies 
i t  is  shown that, in spi te  of the complexity of the 
a rc  p rocesses ,  i t  is  poss ib le  to confine oneself  to 
a smal l  number of c r i t e r i a  only. In gas - s t ab i l i zed  
arcs ,  for  example, the pr incipal  ro le  is played by 
the c r i t e r ion  Ku = Gd(r0h0/I 2, which cha rac te r i zes  
the heat  r e l ea se  f rom the arc  column due to con- 
vective heat  t r ans fe r .  In general iz ing the cu r ren t -  
voltage cha rac t e r i s t i c s  of cer ta in  a rc  hea te r s  with 
vortex gas s tabi l izat ion i t  is  poss ib le  to neglect  all  
other c r i t e r i a .  However, in many cases  it is nec-  
e s s a r y  to introduce other  c r i t e r i a  as well .  

The published data re la te  in each individual case  
to a cer ta in  specif ic  medium in which the arc  burns.  
Thus i t  is poss ib le  to d i s r ega rd  the physical  p rop-  
e r t i es  of the medium and c a r r y  out the genera l iza t ion 
in dimensional  complexes corresponding to the ini t ial  
d imensionless  c r i t e r i a  [1-3] .  This approach makes 
i t  poss ib le  to reduce the number of independent 
var iables ,  which considerably  s impl i f ies  the p r o c -  
ess ing of the exper imental  data.  The number of ex-  
per iments  required is also reduced, since the p ro -  
cesses  a re  s e l f - s i m i l a r  with respec t  to each of the 
p a r a m e t e r s  entering into the complex. In par t i cu la r ,  
this makes it poss ib le  to model powerful e l ec t r i c -  
a rc  equipment under l abora to ry  conditions. However, 
the genera l iza t ion in dimensional  complexes is  
incomplete,  s ince the physical  p roper t i e s  a re  left  
out. Accordingly,  the exper imental  data cannot be 
made to apply to hea te r s  in which other s tabi l izing 
media  are  used. 

The genera l iza t ion of the current -vol tage  chara -  
c t e r i s t i c s  of gas - s t ab i l i zed  e lec t r i c  a rc s  involves 
considerable  difficulties,  mainly due to the need to 
introduce new c r i t e r i a  ref lect ing the influence of 
the physical  p roper t i e s  of the gases .  Since the arc  
i t se l f  consti tutes a complex sys tem of in t e r re l a t ed  
p rocesses ,  the total number of c r i t e r i a  is quite 
l a rge .  However, when the number of independent 
genera l ized  var iables  is  increased,  elucidation 
of the laws involves a considerable  expansion of the 
volume of exper imental  data.  Correspondingly,  the 

reduction of these data becomes more  difficult, and 
the accuracy  of the genera l ized  empi r i ca l  formulas  

obtained is reduced.  Nonetheless,  these general ized 
formulas  can be very useful in designing e l ec t r i c -  
a rc  apparatus,  s ince they pe rmi t  a considerable  r e -  
duction in the volume of p re l imina ry  research ,  which 
is normal ly  bound up with an appreciable  expenditure 
of t ime and money. 

In converting f rom cha rac t e r i s t i c s  represen ted  
in dimensional  complexes to d imensionless  c r i t e r i a l  
equations i t  is  necessary ,  f i r s t  of all, to find the 
cha rac t e r i s t i c  values of the physical  p roper t i e s .  In 
vor tex-s tab i l i zed  hea te r s  under conditions of devel-  
oped turbulence the general izat ion can be based on 
a single cha rac te r i s t i c  number, I2/Gdhgr0, which 
represen t s  the convective heat  t r ans fe r  p rocess .  
This number contains cha rac t e r i s t i c  values of the 
e lec t r ica l  conductivity and enthalpy, ~0 and h0. If 
cr = f  Oa) can be rep resen ted  in the form of a power 
function o" = a0(h/h0) n, then as cha rac t e r i s t i c  values 
it is poss ible  to take the values of the p roper t i e s  
at any of the points lying on the approximating curve.  
Ill o rde r  to take into account the physical  p roper t i e s  
of the gas, as an additional cha rac te r i s t i c  number i t  
is  neces sa ry  to introduce the exponent n. Since the 
bas ic  p rocess  is the heat t r ans fe r  process ,  in many 
cases  i t  may be poss ible  to confine oneself  to these 
two cha rac te r i s t i c  numbers .  

The re la t ion ~ = f ( h )  is a complex one. At smal l  
h the gas is not ionized, and the conductivity is zero .  
Then thermal  ionization, accompanied by a sharp 
inc rease  in conductivity, begins.  However, this 
inc rease  slows down, since the inc rease  in e lect ron 
concentration per  unit volume due to ionization of 
atoms and molecules  is compensated by a dec rease  
in gas densi ty.  In this case  there may be a drop in 
conductivity, which, in the case of multiple ioniz-  
ation, leads to a fur ther  increase .  

To approximate such a complex rela t ionship over  
a wide range of enthalpy variat ion by means of some 
s imple express ion  is not poss ib le .  However, it  is  
poss ible  to divide the curve into individual segments,  
each of which i s  then approximated by a power fun- 
ction. In gas - s t ab i l i zed  a rc s  the p roces se s  are  
usual ly confined to the region of single ionization. 
Therefore,  the curve cr = f  (h) can be divided into 
three segments .  In the f i r s t  segment cr = 0, while 
the other  two are  approximated by power re la t ions  
with different  exponents. 

In Fig.  1 the conductivity has been calculated by 
the method of [6]. As the figure shows, the f i r s t  
segment, on which the conductivity is zero,  depends 
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mainly on the molecular weight of the gas. The 

lighter the gas, the higher the enthalpies at which 
the marked increase in conductivity begins. For 
example, for hydrogen the initial enthalpy is two 
orders higher than for argon~ The conductivity vs. 
enthalpy curves shown in the figure in logarithmic 
coordinates can be approximated, with an accuracy 
good enough for practical purposes, by two line 
segments. 

The current voltage characteristics are deter- 
mined by the resistance of the arc. Therefore the 
form of the characteristics depends on the enthalpy 

of the gas-discharge plasma. The enthalpy, in its 
turn, depends on the current and the conditions of 
heat transfer between the arc and the surrounding 
medium. At low currents of the order of tens of 

amperes and below, the current-voltage ehara.cter- 
istics are usually drooping curves, which testifies 

to a strong increase in conductivity with rise in 
temperature. However, at currents of hundreds of 
amperes and above, the characteristics of stabilized 

arcs start to increase, while the deseendi~_g character- 
istics of unstabilized arcs become less steep. This 
indicates that the main part of the arc column is 
located in the region of weak variation of conducti- 
vity. Since the currents in powerful industrial 
apparatus are equal to hundreds and thousands of 
amperes, we shall base our study on the case of a 
weak dependence of conductivity on enthalpy. Ac- 
cordingly, we can employ a rougher approximation, 

replacing the second segment of steep increase in 
conductivity by a vertical straight lineo This kind 
of approximation is shown by the broken lines in 
Fig. i. As the characteristic quantities (~0 and h0 
we can take the values corresponding to the points 

of inflection of the polygonal curve. These values of 
cr 0 and h0 are presented in the table, together with 
the slope of the approximating straight line, for 
various gases (whose characteristics are shown in 

Fig .  3). 
The conduct iv i ty  of the p l a s m a  depends  not only 

on t e m p e r a t u r e  but  a l so  on p r e s s u r e .  T h e r e f o r e  
va r i a t ion  of the p r e s s u r e  may  lead  to va r i a t i on  of 
the coef f ic ien t s  of the app rox ima t ing  fo rmu la s ,  which 
to some  ex ten t  r e f l e c t s  the inf luence of p r e s s u r e  on 
the a r c  c h a r a c t e r i s t i c s .  

To what  d e g r e e  the above method of app rox ima t ing  
the p h y s i c a l  p r o p e r t i e s  of g a s e s  and f inding the i r  
C h a r a c t e r i s t i c  va lues  is  su i t ab le  fo r  g e n e r a l i z i n g  in 
d i m e n s i o n l e s s  number s  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  of e l e c t r i c - a r c  h e a t e r s  is  d i s c e r n i b l e  f r o m  
the example  of the appa ra tu s  with v o r t e x - s t a b i l i z e d  
a r c  whose c h a r a c t e r i s t i c  is  shown in F ig .  2, 

F r o m  the f i gu re  i t  is  c l e a r  that the a r c  vol tage 
s t r o n g l y  depends  on the kind of gas,  in p a r t i c u l a r ,  
the h ighe r  the m o l e c u l a r  weight  of the gas,  the lower  
the vol tage .  Apparen t ly ,  this  conclus ion  does  not 
hold ove r  the en t i r e  r ange  of c u r r e n t s ,  s ince  the 
s t e e p n e s s  of the c h a r a c t e r i s t i c  a l so  depends  on the 
na tu re  of the gas .  The c h a r a c t e r i s t i c s  for  i n e r t  

gases are flatter thac~ those for diatomic gases. It 
is possible to trace the relationship between the 
steepness of the cr ---f (h) curves in the region of high 
enthalpies (see Fig. I and table) and the slope of 
the current-voltage characteristics. The character- 
istics are the flatter, the smaller the exponent n in 
the conductivity equations. This is because of the 
reduced dependence of the conductivity on arc current. 
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Fig .  1 Conduct ivi ty  o- (mho /em)  
v e r s u s  enthalpy (kJ /g)  at a t m o s -  
p h e r i c  p r e s s u r e .  Broken l ines  - -  
approx imat ion :  1) argon,  2) oxy-  
gen, 3 ) n i t r o g e n ,  4 ) h e l i u m ,  5) 
l i th ium,  6) hydrogen .  

In g e o m e t r i c a l l y  s t a b i l i z e d  a r c s  of cons tan t  length 
the r i s i n g  s e g m e n t s  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  c o r r e s p o n d  to i n t e r v a l s  of weak dependence  of 

upon h. In l i n e a r  h e a t e r s  with vor tex  s t ab i l i z a t i on  
i n c r e a s e  in c u r r e n t  is  accompan ied  by an i n c r e a s e  
in the d i a m e t e r  of the a r c  co lumn and a d e c r e a s e  in 
i t s  length.  T h e r e f o r e  in this c a se  t he re  is  no in-  
c r e a s e  in the cur ren t - -vo l tage  c h a r a c t e r i s t i c s ,  how-  
e v e r  the i r  s t e e p n e s s  is  a f fec ted  by the inc l ina t ion  of 
the (r = f ( h )  c u r v e s .  

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  can be gen-  
e r a l i z e d  us ing  the values  of ~r 0 and h0 p r e s e n t e d  in the 
table .  In cons t ruc t ing  such a g e n e r a l i z e d  c h a r a c t e r -  
i s t i c  (F ig .  3), a p a r t  f r o m  the da ta  of F ig .  2 (gas 
flow r a t e  4 g / s e c ) ,  we a lso  used  c h a r a c t e r i s t i c s  for  
f l o w r a t e s  of 1 - t 2  g / s e c .  However ,  the e l e c t r o d e  
d i a m e t e r s  w e r e  the s a m e  in a l l  the e x p e r i m e n t s .  I t  
is  c l e a r  f r o m  the f i gu re  that  a l l  the poin ts  a r e  g rouped  
about  a c e r t a i n  eurve~ the g e n e r a l i z e d  c h a r a c t e r i s t i c  
of the a r c  h e a t e r  i nves t i ga t ed .  With an a c c u r a c y  
suf f ic ient  fo r  p r a c t i c a l  p u r p o s e s  (~30%), the cu rve  
can be a pp rox ima te d  by the e x p r e s s i o n  

Udcro/l = 3.39 (P/Gdoo ho) -~ . (1) 

This  r e s u l t  i nd i ca t e s  that  in the f i r s t  a p p r o x i -  
ma t ion  i t  is  p o s s i b l e  to neg lec t  the inf luence of 
va r ious  c r i t e r i a  r e f l e c t i ng  the phys i ca l  p r o p e r t i e s  
of the g a s e s .  

However ,  a c l o s e r  examina t ion  of F ig .  3 shows 
that  the cu rves  d rawn through the poin ts  c o r r e s -  
ponding to the indiv idual  g a s e s  do not  co inc ide .  F o r  
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Values of the Coefficients in the Power Approximation of 
the Conductivity-Enthalpy Relation (when h < h0, a = 0; 

when h > h0, cr = q0(h/h0) n) 

Stabilizing medium mho/em k " n 

Hydrogen . . . . . . . . . . . .  
HeLium . . . . . . . . . . . . .  
Lithium . . . . . . . . . . . . .  
Nitrogen . . . . . . . . . . . . .  
Air . . . . . . . . . . . . . . .  
Oxygen . . . . . . . . . . . . .  
Argon . . . . . . . . . . . . . .  

14 

63 
13 
27 
29 
34 
40 

400 
80 
35 
46 
44 
29 
4 

1.38 
0.514 
1.12 
1.21 
1,19 
0.81 
0 ,48 

example, if we draw straight lines through the points 
for argon and nitrogen, their inclinations will be 
different and they will intersect.  The extreme points 
do not go far  beyond the limits of the unified curve 
merely because the region of stable operation of the 
heater is not large. If by some means (e.g. ,  by 
increasing the supply voltage) we were to expand the 
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Fig. 2. Current-voltage charac-  
ter is t ics  of e lec t r i c -a rc  heater  
with vortex gas stabilization: 1) 
argon, 2)oxygen, 3)nitrogen, 4) 
helium;U, V;I ,  A;df f i2  cm; 

G ffi 4 g[sec .  

region of stable operation, the scat ter  of the points 
would increase.  Correspondingly, there would be 
a reduction in the accuracy of Eq. (1). Therefore 
Eq. (1) is valid only for apparatus with a relatively 
narrow range of stable operation. (In the experi-  
ments the range of stable operation was determined 
by the supply voltage --480 V. ) 

A more accurate approximating formula can be 
obtained by using cr i ter ia  reflecting the physical 
propert ies  of the gases.  In the f i rs t  instance, it is 
necessary  to take into account the exponent n in 
the expression approximating the conductivity-enthalpy 
relation. However, analysis of the experimental data 
shows that allowing for only one of these factors does 
not result  in any significant improvement in accur-  
acy. It is necessary  to take into account cr i ter ia  
that also contain other physical constanP a with an 
important effect on the processes  that take place 
in an electric arc.  The most important of these is 
the gas ionization potential, which is usually intro- 
duced in the form of the dimensionless number 

eEi/kT. Introducing this number makes it possible 
to express the change in the steepness of the gener-  
alized current-voltage characteris t ic  and hence, 
without loss of accuracy, remove the restr ict ions 
on the range of operating conditions. Thus, we get 
the approximating expression 

U d 6 J I  = an t (eE~/kT) ~ (IV6ohoGd) -b .  (2) 

The experimental data of Fig. 3 correspond to 
the following values of the coefficients: a = 1620; 
l ffi -0 .84;  m = -1 .0 .  The exponent b also depends 
on n and E i. This relation can be approximated by 
the expression 

b = cnP (eE~lkT)g. 

The above experimental data are well satisfied by 
the following values of the coefficients: c = 0.05; 
p = 0.34; g = 0.4. 
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Fig. 3. Generalized current-voltage 
character is t ic  of e lec t r ic -arc  heater 
with vortex gas stabilization. Argon: 
1) 4 g/sec,  2) 6, 3) 8, 4) 12; helium: 
5) 1 g/sec,  6) 2, 7) 4; oxygen: 8) 
4 g/sec,  9) 6, 10) 8; nitrogen: 11) 

2 g/sec,  12) 44, 13) 6. 

Positive values of p and g indicate that the gen- 
eralized current-voltage character is t ic  falls the 
more steeply, the steeper the increase in conducti- 
vity and the greater  the gas ionization potential. The 
effect of the sharpness of the increase in conducti- 
vity has been discussed above. The ionization poten- 
tial apparently affects not only the magnitude of the 
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conductivity but also its distribution over the section 

of the arc column. The negative values of the ex- 
ponents l and m are due to the fact that the experi- 
mental points of the dimensionless current-voltage 
characteristic are grouped about a certain line, while 

the absolute values of I g(12/Gd~0h0) are less than zero 

at positive values of p and g. 
The error of Eq. (i) depends mainly on the accur- 

acy of computation of the exponent bo The error can 

be reduced by determining b from graphs or from 

more accurate empirical formulas. 

At p r e s e n t ,  it is s t i l l  difficult to a s s e s s  the final 
accuracy of current-voltage characteristics repre- 
sented in criterial form, since we did not examine 
gases with high initial enthalpy or gases with low 

ionization potentials. 
However, the result obtained gives grounds for 

hoping that generalized formulas suitable for practi- 
cal use can be derived for broad intervals of variation 

of all the characteristic quantities. 

NOTATION 

I--curren% U--voltage, G--gas flow rate, d-- 

characteristic dimension (electrode diameter), c~ 0- 

c h a r a c t e r i s t i c  value of e l e c t r i c a l  conduct iv i ty ,  h0-- 
c h a r a c t e r i s t i c  value of enthalpy,  b, g, l ,  m, n, p--  
exponents ,  ~, c - - f a c t o r s  of p ropo r t i ona l i t y ,  e - - e l e c -  
t ron ic  charge ,  E l - - i on i za t i on  potent ia l ,  k - - B o l t z m a n n t s  
constant ,  T - - a b s o l u t e  t e m p e r a t u r e .  
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