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The burning stability of an arc in a stream of gas is estimated on the 
basis of the energy balance. It is shown that instability and the pres- 
ence of a drooping branch on the current-voltage characteristic may 
be attributed to nonlinearity of the conductivity of a weakly ionized 
plasma. Critical values of the voltage for arc quenching and striking 
are indicated. 

In connection with the development  of certain b r a n -  
ches of technology (plasma genera to r s ,  etc. ) there  
has been a growth of i n t e r e s t  in p rob l ems  r e l a t ing  to 
the phys ics  of e l ec t r i c  arcs. Special a t tent ion has  been 
paid to the bu rn ing  of an arc  in a t r a n s v e r s e  gas flow. 
It is known that  in tense  blowing leads to quenching of 
the a rc  d i scharge .  This  effect  is widely used in va r ious  
a r c - a r r e s t i n g  devices  [1]. The in te rac t ion  of an arc  
with a gas flow is also impor tan t  in connect ion with the 
opera t ion of p l a sma  g e n e r a t o r s  in which the s t r e a m  of 
gas abso rbs  the t h e r m a l  energy of the arc .  A study of 
the opera t ion  of dc p l a s m a  g e n e r a t o r s  [2] has shown 
that an a rc  segment  bu rn ing  at r ight  angles  to a gas 
flow moves in the d i r ec t ion  of the flow together  with 
the gas.  However,  if the e lec t rodes  a re  of f ini te  length, 
on reach ing  the edge the middle  of the d i scharge  con-  
t inues  to move,  caus ing  the arc  to deflect  (from a loop). 
The deflect ion i n c r e a s e s  with i n c r e a s e  in veloci ty.  
Star t ing f rom a ce r t a in  value of the deflect ion,  the 
d i scharge  in the middle -of  the a rc  is pe r iod ica l ly  
quenched and s imul taneous ly  r e s t o r e d  by shunt ing along 
chords, after which it again advances  toward the end 
of the arc ,  and so on. S imi la r  behavior  was observed  
in [3] with i n c r e a s e  in p r e s s u r e .  In [2] the following 
explanat ion is offered: as the a rc  is drawn out, i ts  
length i n c r e a s e s  leading  to an i n c r e a s e  in voltage in 
the bu rn ing  zone. Accordingly,  breakdown along chords 
becomes  poss ib le .  In [3] it was shown that  dr i f t ing  of 
the a rc  column is assoc ia ted  with the in te rac t ion  of 
a rc  ions and neu t r a l  a toms of the gas s t r eam.  This  
i n t e rac t ion  is s t r onge r  when the drif t  veloci ty of the 
ions in the e l ec t r i c  field is lower.  Hence the r e l a -  
t ionship between the deflect ion and p r e s s u r e  observed  
in [3]. 

The bas ic  effect assoc ia ted  with a blown are  is the 
r emova l  of energy,  cooling the column.  A d i r ec t  con-  
sequence  of this  is a reduc t ion  in conductivi ty.  In view 
of the sha rp  dependence of conduct ivi ty  on t empe ra tu r e ,  
this,  in turn ,  may lead to quenching of the a rc .  

It is na tu r a l  to suppose that  in this  ease  there  wil l  
be a ce r t a in  m i n i m u m  voltage below which the arc  is 
quenched. 

The a re  voltage [6] is composed of the voltage drop 
in the e lec t rode  reg ion  and in the a rc  column i tself .  
The voltage drop close  to the e lec t rodes  depends sub-  
s tan t ia l ly  on the c u r r e n t - d o s i n g  m e c h a n i s m ,  in the 

genera l  ease  this m e c h a n i s m  depends on many fac tors  
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(electrode ma t e r i a l ,  c u r r e n t  in tens i ty ,  etc. ), whose 
ro le  is not adequately unders tood.  We will  t he re fo re  
confine ourselves  to a cons ide ra t ion  of the p roce s s  of 
energy t r a n s f e r  in the middle  of the a rc  column,  ne -  
glect ing in pa r t i cu l a r ,  the r e mova l  of heat  through 
the e lec t rodes .  Changes in the shape of the a rc  co lumn 
due to the gas flow wil l  also be d i s r ega rded .  

0.2i ~.,~v//. jr - 
0 / 2 B 

Fig. 1. Graphical solution of Eq. (6): 
broken line for  q~1 = A(| - 00); con- 

tinuous line for q~2 = exp (-1/| 

To obtain an approximate solution of this extremely 
schematized problem we will employ the so-called 

"zero-dimensional" scheme widely used in the theory 

of the thermal regime of combustion [4]. We write the 

basic equation for the power balance in the are 

Q, = Qa. (1) 

The f i r s t  of these  quant i t ies  01 is composed of the 
heat  content  absorbed  by the gas flow in the arc  and 
the heat  r e l e a s e d  by the su r round ing  med ium 

Qr = (Gcp + a S) (T - -  To). (2) 

In solving the p r ob l e m we wil l  a s s u m e  that the 
p l a s m a  is in t e m p e r a t u r e  equ i l ib r ium,  i . e . ,  that the 
t e m p e r a t u r e s  of the e lec t ron ic ,  ionic,  and n e u t r a l  
components  a re  the same:  T e = T i = T. In fact, s ince  
the energy  is supplied to the e l ec t ron  gas, but  r e -  
moved ma in ly  f rom the neu t r a l s ,  in ce r t a in  gases  in 
the s t a t iona ry  s tate  t e m p e r a t u r e  d i s e q u i l i b r i u m  may 
be main ta ined  if the blowing is in tense .  In [3] this  ef-  
fect was used in connect ion with an a r g o n - c e s i u m  m i x -  
tu re  to obtain a n o n e q u i l i b r i u m  p la sma .  

Since in t echn ica l  equipment  the a rc  usua l ly  burns  
under  cons tan t  voltage condi t ions  (ensured  by i n s e r t -  
ing a ba l l a s t  r e s i s t a n c e ) ,  we wil l  wr i t e  the output 
power,  as usua l ,  in the fo rm 

Q~ = I V  = v 2 / R .  (3) 

Subst i tu t ing e x p r e s s i o n s  (2) and (3) in Eq. (1), we obtain 

(Gcp + a S)  (T - -  To) = V2/R. (4) 
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Fig.  2. Cur ren t -vo l t age  cha rac t e r i s t i c  
of segment  of are  d i scharge  (eontin-  
uous l ine - - s t ab le ,  b roken  l i n e - - u n -  

stable).  

We also take the following express ion  for the t e m p e r a -  
ture  dependence of the e l ec t r i ca l  conductivity:  

�9 = o" o exp (--  eVi/kT). (5) 

Then Eq. (4) can be wri t ten,  us ing  the notat ion | = 
= T / T  i = kT /eV  i, in the d imens ion l e s s  fo rm 

A (O - -  @o) = e• (--  1/@), (6) 

where A is a d i m e n s i o n l e s s  function depending on the 
are  geometry ,  the heat  t r a n s f e r  coefficient,  the gas 
flow rate ,  and the applied voltage: 

l 
A -- aoSoV~ (G% -t- a S). 

In pa r t i cu l a r ,  an i nc r ea se  in the p a r a m e t e r  A e o r r e -  
sponds to an i n c r e a s e  in gas flow r a t e  or heat  t r a n s f e r  
and a fall in voltage. The symbol  | denotes the di -  
mens ion l e s s  ambien t  t e m p e r a t u r e .  In d i scus s ing  the 
r e su l t s  we will  have chiefly in mind the dependence 
of A on the ex te rna l  fac tors ,  gas flow ra te  G and ap-  
plied voltage V, s ince the laws of heat  t r a n s f e r  for an 
a rc  in a gas flow have rece ived  very l i t t le  a t tent ion.  
We note m e r e l y  that an e s t ima te  of the heat  t r a n s f e r  
due to r ad ia t ion  and conduction f rom the a rc  column 
shows that, as a ru le ,  they a re  l e s s  than the eondue-  
tive heat  t r a n s f e r  by an o rde r  of magni tude .  

Stat ionary b u r n i n g  of an a rc  in a gas flow should 
co r re spond  to the condit ions defined by the solution of 
t r anscenden t a l  equation (6). Its solution is bes t  ob- 
tained graphical ly ,  f rom the i n t e r sec t ion  of the family  
of s t ra igh t  l ines  with the exponent ial  curve  (Fig. 1). 
The d i r ec t ions  of i n c r e a s e  in voltage and gas flow ra te  
a re  indicated on the f igure  by a r rows .  

It is c l ea r  f rom the f igure that when | 0 << | (for 
s impl ic i ty  G0 ~ 0) there  a re  two s ta t ionary  solut ions.  
One of these (the l e s s e r )  is t he rma l ly  uns table .  This  
means  that any t e m p e r a t u r e  f luctuat ion at that point 
leads  to a devia t ion that  i n c r e a s e s  unt i l  an upper  s table  
value is reached.  It is also c lea r  f rom the f igure that 
the re  is a c r i t i c a l  point  (where the s t r a i g h t l i n e t o u c h e s  
the exponent ial  curve)  at which the arc  co l lapses .  

Us ing  as p a r a m e t e r  the value of A, which, other 
things being equal,  is i nve r se ly  p ropor t iona l  to the 
square  of the applied voltage, we can cons t ruc t  the 
r e l a t ion  between the voltage and the c u r r e n t  densi ty  
in the d i scharge  ( cu r ren t -vo l t age  cha rac t e r i s t i c ) .  

~n Fig. 2 these c h a r a c t e r i s t i c s  are  p resen ted  sche-  
mat ica l ly  for the l imi t ing  case | ~ 0 and the genera l  
case | ~ 0. When Go = 0, the cu r r en t -vo l t age  cha r -  
ac t e r i s t i c s  of the p l a sma  column have two segments ,  
a drooping and an ascending branch.  All the points on 
the drooping b ranch  of the cha rac t e r i s t i c  (SE/Oj < 0) 
co r re spond  to uns table  s ta tes  of the d ischarge  obtained 
f rom the solut ion of Eq. (7). 

F igure  2 also shows that at a given gas flow ra te  
there  is a m i n i m u m  value of the potent ia l  d i f ference 
on the a rc  segment  at which the a rc  can burn .  Since 
we a re  concerned  with phenomena that  take place in the 
body of the a rc  column,  it makes  sense  (par t icu la r ly  in 
d i m e n s i o n l e s s  form) to use  the quant i t ies  j and E in -  
stead of I and V. In the genera l  case  when O 0 ~ 0, as 
may be seen  f rom the same  f igure,  the nonuniqueness  
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  i n c r e a s e s :  th ree  
s ta t ionary  v a l u e s  of the c u r r e n t  densi ty  j co r re spond  
to the same value of E. Correspondingly ,  the cha r ac -  
t e r i s t i c  cons i s t s  of one (central)  drooping and two 

ascending  (stable) b ranches .  The f i r s t  of these l ies  in 
the reg ion  of very  sma l l  c u r r e n t s  and is conditioned by 
the s e m i - s e l f - m a i n t a i n e d  conductivi ty of the heated 
gas;  the second l ies  in the reg ion  of c u r r e n t s  where  
the arc  channel  is c lose to complete  ionizat ion.  In this  
case  there  a re  also two c r i t i ca l  e x t r e m a l  va lues  of E, 
and the c h a r a c t e r i s t i c  i tself  r e f l ec t s  a so r t  of h y s t e r e -  
s is :  s t r ik ing  of the arc occurs  at a lower value of the 
c u r r e n t  and a higher  voltage than quenching.  This ef-  
fect is well  known in connect ion with the bu rn ing  of an 
ac arc .  1Restriking occurs  in the heated gas.  In this  
case  the r e s t r i k i n g  potent ial  is  always higher  than the 
quenching potent ia l  [6]. Obviously,  the same effect 
a lso occurs  in connect ion with the shor ten ing  of an 
elongated a rc .  In this  r e spec t  it is under s t andab le  that 
at the moment  of shor ten ing  the arc  should cont inue to 
burn  for a ce r t a in  t ime  in the old channel ,  s ince  in the 
elongated sect ion the quenching potent ia l  has not ye t  
been reached,  whereas  at points on the loop in the r e -  
gion of the heated gas the s t r ik ing  potent ia l  has a l ready  
been at ta ined.  The same  h y s t e r e s i s  effect can also be 
used to explain the dependence,  for example,  of the 
s t a t ionary  arc  c u r r e n t  on gas flow ra te  (Fig. 3). Here  
again we can detect  the p r e s e n c e  of c r i t i c a l  values  of 
the flow ra te ,  for s t r ik ing  and col lapse of the arc ,  Is < 

< I c. 
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Fig.  3. Arc c u r r e n t  as a funct ion 
of gas flow ra te .  
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Thus, the principal qualitative characteristics of 

the burning of an electric arc find a simple explanation 

in the nonlinear temperature dependence of the plasma 

conductivity. As for approximate quantitative relations: 

the expressions presented can be used to estimate cri- 

tical values of the voltage, etc. A more accurate com- 
parison is rendered difficult by the lack of reliable 

experimental data and the presence of a number of 

secondary effects. 

NOTATION 

QI is the power removed from the arc; Q2 is the heat, 

in joules; G is the gas flow rate (per second); Cp is the 
specific heat at constant pressure; c~ is the heat trans- 

fer coefficient; S is the surface area of arc discharge; 

T is the temperature of arc discharge plasma; T O is the 

temperature of oncoming gas flow; V is the arc voltage; 

I is the arc current; R is the resistance of the arc 

column; e is the electronic charge; V i is the gas ioni- 

zation potential; and k is Boltzmann's constant. 
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