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A one-dimensional heat-conduction equation is analyzed for the 
positive column of an arc discharge in a lateral gas flow (V .L j). Two 
discharge burning regimes are found for the same parameters (E and 
V). The critical gas flow rate at which disruption of the burning 
occurs is determined. The volt-ampere characteristics of the dis- 
charge are constructed. 

In connect ion  with the deve lopment  of new b r a n -  
ches of eng inee r ing  ( e l e c t r i c - a r c  hea t e r s ,  engines ,  
moto r s ,  etc. ) the a t tent ion of r e s e a r c h e r s  is drawn 

t r a l  por t ion  of the bend may be t r ea ted  as o n e - d i m e n -  
sionM. Moreover ,  s t r eamI in ing  is poss ib le  in the 
p r e sence  of a s tab i l i z ing  magnet ic  field, which also 
makes  poss ib le  the one -d imens iona l  approximat ion  
of are  burn ing  without cons ide ra t ion  of boundary  effects.  

The energy  ba lance  for the posi t ive  column of a 
f r e e - b u r n i n g  e l ec t r i c  are  in a gas s t r e a m  for the 
s teady ease  can be wr i t t en  as follows: 

oE~ + div(• T) O. (1) 

T 
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Fig. I. Temperature distribution in flow 

direction for various gas velocities. I) 

f = ~max; If) ff = fi,; Ill) c~ = c~2 (~i > 0~2). 

to p rob l ems  involving the bu rn ing  of an e l ec t r i c  arc  
in a gas s t r e a m  [1, 2]. P a r t i c u l a r  i n t e r e s t  is exhi-  
bi ted in the case  of l a t e r a l  s t r e a m l i n i n g  of an arc  

(vlj). 
The problem of the burning of an electric arc is 

examined in [i] on the basis of the equation of ener- 

gy balance, with consideration of the strong nonlinear 
dependence on the temperature of Joule heating. An 
attempt is made here to clarify the spatial distribu- 
tion (in a one-dimensional approximation) of temper- 
ature and thus to find 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  
of the arc  for va r ious  va lues  of gas- f low veloci ty  and 
t e m p e r a t u r e .  As in [1], he re  we wil l  examine  the fol-  
lowing r eg ion  of t e m p e r a t u r e  and veloci ty  values :  V, 
up to 100 m / s e c ;  T O = 300-3000 ~ K. 

The p r o c e s s e s  o c c u r r i n g  at  the e l ec t rodes  (heat 
t r a n s f e r ,  m a t e r i a l  vapor iza t ion ,  d i s rup t ion  of quasi  
neu t ra l i ty )  a re  of g rea t  s igni f icance  for  a rc  d i scharge .  
However,  for long a r c s  with g rea t  c u r r e n t  s t reng th  
the effect of e lec t rode  p r o c e s s e s  on 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 s  is sma l l  [3]. As in [1], it  is t he re fo re  
a lso  of i n t e r e s t  to a s c e r t a i n  the effect  of the flow on 
the c h a r a c t e r i s t i c s  of the pos i t ive  a r c - d i s c h a r g e  
column.  

It is well  known f rom e x p e r i m e n t a l  work [1, 2] that 
with spa t ia l ly  bounded e l ec t rodes  in the case  of l a t e r a l  
s t r e a m l i n i n g  the a rc  begins  to bend and the d i s cha rge  
combus t ion  pa t t e rn  becomes  subs t an t i a l l y  d i f fe ren t  
f rom o n e - d i m e n s i o n a l .  However,  as before ,  t h e  een-  

In the solut ion of the p r ob l e m we will  t r e a t  the 
quant i t i es  ~, Cp, and pV as cons tant  and given. The 
cons tancy  of pV r e q u i r e s  no jus t i f i ca t ion  s ince  it  is 
a consequence  of the law of the conse rva t ion  of mass .  

The cons tancy  of x and Cp is an approx imat ion  
which is val id  because  the effect of a supply of heat  
is  examined in the p r ob l e m for  the e l e c t r i c a l  con- 
duct ivi ty  (or) as a funct ion of t e m p e r a t u r e  according  
to the law (r ~ exp( -eq~i /2kT ), And s ince x and Cp are  
cons ide rab ly  weaker  funct ions  of T than the funct ion 

=f (T) ,  we can expect  that  cons ide ra t ion  of the i r  
t e m p e r a t u r e  r e l a t ionsh ip  will  in t roduce no s igni f icant  
va r i a t i ons  in the d i s t r i bu t ion  T = T(x). The qua l i ta -  
t ive p ic ture  is apparen t ly  p r e se rved ,  although the re  
may be quant i ta t ive  va r i a t ions .  In that case,  for the 
o n e - d i m e n s i o n a l  case  (V = V x = V) we obtain 

T" Vpcp T ' = -  oE-~~ (2) 

o r  

o" E z 
T " - - a T ' ~  - - - - ,  (3) 

where  

a - -  cpp V const. (3a) 

The field E for the pos i t ive  co lumn may be r e -  
garded as homogeneous,  and in the o n e - d i m e n s i o n a l  
case ,  neg lec t ing  the boundary  effects,  as independent  
of the coord ina tes  x within the l im i t s  of e lec t rode  
length.  

The f ield E can consequent ly  be wr i t t en  as 

E ~  )0 when x < x  o and x"~&, (4) 

tE when xo ~ x ~ &. 

Thus,  if the in i t i a l  gas- f low t e m p e r a t u r e  is 
a s s u m e d  to be equal  to To, the p rob lem reduces  to 
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the  s o l u t i o n  of t he  n o n l i n e a r  e q u a t i o n  (3) f o r  the  f o l -  
lowing  cond i t ion :  

r l  . . . .  ~To. (5) 

We will divide the entire region of variation in x 
into three intervals: 

I II III 
- - o o  < x < x o ,  X o . . < x < & ,  x , < x < +  o~. 

In the  f i r s t  and t h i r d  i n t e r v a l s  E = 0 and (3) b e -  
c o m e s  a l i n e a r  e q u a t i o n  with  c o n s t a n t  c o e f f i c i e n t s .  
T h e  s o l u t i o n  of (3) in t h e s e  i n t e r v a l s  can  be  r e p r e -  
s e n t e d  in t he  f o l l o w i n g  f o r m :  

T l ( x ) = c l e x p a x + C =  ( - - ~ ;  xo), 

r a ( x ) = C s e x p a x + C ~  (xi; - t -m).  (6) 

T h e  c o n s t a n t  C5 m u s t  be  s e t  equa l  to  0, s i n c e  c~ > 

> 0. In t h e  i n t e r v a l  x 0 -< x <- x 1 Eq .  (3) i s  n o n l i n e a r  
b e c a u s e  of t he  f u n c t i o n  ~(T).  Wi th  s i m p l e  t r a n s f o r m a -  
t i o n s  i t  c an  be  r e d u c e d  to  an i n t e g r a l  e q u a t i o n  of the  
f o r m  

T= (x) = C a + C a exp a x - -  

1 ~ E 2 [ e x p a ( x - - t )  - l l d t .  
CtX 

xo 

(7) 

T o  d e t e r m i n e  the  c o n s t a n t s  we w i l l  u s e  the  c o n -  
d i t i o n  (5) and the  c o n d i t i o n  of j o i n i n g  the  s o l u t i o n s  at  

t he  p o i n t s  x 0 and xl:  

dT1 . . . .  dTe Px=.o 
T1 (xo) = Te (xo), ~ -- dx ' 

dT~ dT  3 
T 2(x,) = ra(xi),  ~ . . . . .  --  dx . . . .  " (8) 

P r o c e e d i n g  f r o m  the  f o r m u l a s  of (8), we d e r i v e  the  
f o l l o w i n g  e x p r e s s i o n s  f o r  the  c o n s t a n t s :  

C2 = C4 ----- To; 

c0 = r  0 + - -  

xl 

C1 = Ca 1 ; = - -  ~ E 2 exp ( - -  a t) dr, 
a~4  

x0 

exp a• a x I i '  g E2 exp ( - -  a t) dt - -  

xe 

x l  

~t• ~ E 2 [ e x p c t ( x - - t )  - -  l l d t .  

xo 

(9) 

C o n s e q u e n t l y ,  f o r  the  e n t i r e  f low r e g i o n  ( - ~  ; +~)  the  
e x p r e s s i o n  

T (x)  = T o + 

ij + o E  2 e x p a ( x - t )  d t - -  oE~dt 
C~X {~X 

x xo 

(10) 

turns (3) into an identity. 

We s e e  f r o m  (10) tha t  in the r e g i o n  x < x 0 t e m -  
p e r a t u r e  i n c r e a s e s  e x p o n e n t i a l l y  wh i l e  in the  r e g i o n  

F ig .  2. 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  of d i s c h a r g e  f o r  v a r i o u s  gas  

v e l o c i t i e s .  I) E = E d i s r u p t i o n ;  II) 
Vi ;  III) V2; IV) V 3 (V1 < V2 < V3). 

x 0 -< x -< xt  t he  r i s e  in t e m p e r a t u r e  is  r e t a r d e d ,  s i n c e  
f o r  x = Xl, g r a d  T = 0 at the  b o u n d a r y .  In the  r e g i o n  
x -> x 1 t he  t e m p e r a t u r e  b e c o m e s  cons t an t ,  wh ich  f o l -  

l o w s  d i r e c t l y  f r o m  the  f o r m u l a t i o n  of the  p r o b l e m  (we 
n e g l e c t  h e a t  r e m o v a l ) .  

S t r i c t l y  speak ing ,  (10) y i e l d s  no so lu t i on  fo r  (3), 
bu t  r e p r e s e n t s  an i n t e g r a l  e q u a t i o n  f o r  the  func t i on  

T(x) .  In t he  g e n e r a l  c a s e  it can  be  s o l v e d  by the  
m e t h o d  of  s u c c e s s i v e  a p p r o x i m a t i o n s .  

We know tha t  t he  e l e c t r i c a l  c o n d u c t i v i t y  of an 

i o n i z e d  gas  i s  a f unc t i on  of t e m p e r a t u r e  p r i m a r i l y  
a c c o r d i n g  to  t he  l aw 

_ eqDi 
o ~ exp ~. (11) 

\ 2leT l 

Hence we can see that up to some temperature, 

Tminff will be a very small quantity, while for large 
temperatures it will tend toward a constant value (to 

a completely ionized gas). 

Therefore, just as in (4), an acceptable assump- 

tion will be the representation of the temperature 
function in the form of a step function: 

= 0, when  T < Train, 

= %, when  T > Train. (12) 

Since  we a s s u m e  tha t  the  f r e e  s t r e a m  is  not  i on -  

i zed ,  a n a t u r a l  l i m i t a t i o n  f o r  T m i  n wi l l  be  T O < T m i  n. 
F o r  t h i s  a p p r o x i m a t i o n  a s i n g l e  s o l u t i o n  i s  obv ious :  
T = T O f o r  a l l  x.  T h e  r e m a i n i n g  two s o l u t i o n s  a r e  
d e r i v e d  f r o m  an e x a m i n a t i o n  of  the  two p o s s i b l e  c a -  
s e s  in w h i c h  

Xmi n -~ XO, (13a) 

Xo < x~in < x,, (13b) 

where Xmi n is defined by the condition T(xmi n) = Tmin. 
Let us examine the conditions for the existence of 

solutions for both cases. Having used (10) and (12), 
we find the expressions for Xmin: 
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xi,~i,, = 1 In (T'"i"--T~215 , (14a) 
a % E 2 lexp (-- a xo) - -  exp ( a Xl)] 

1 [ (T,,,,,i - -  To) a2• ] 
X m i , , = X , + - -  In 1 - -  E ~ . (14b) 

(Z G o 

In examin ing  (13) and (14) we found that for both 
cases  the condit ion for the ex is tence  of a solut ion is 
defined by the inequal i ty  

(r'~'i~--T~215 -< - -expa(xo--  :q). (15) 
% E "2 

F o r m u l a  (15) d e m o n s t r a t e s  that for  a given e lec t rode  
width ( l = xl - x0) at any flow ra te  there  ex is t s  a 

r 0 rmk~ rdisruption r/~; 

Fig. 3. Graphical solution of Eqo (25). 
I) f [T(Xl)]; II) c~ [T(Xl) - T0l; 1II) 

c~ 2 [T(Xl) - TO] ; IV) ~3 [T(x1) - TO] (~ > 
> O~ 2 > O~3). 

minimum value for the electric field Emin = 
= Edisruption below which the are will not burn. Con- 

versely, for any field value there exists a maximum 
flow-rate value Vmax = Vdisruption, beginning from 
which the discharge is extinguished (absence of solu- 
tion). The value of the parameters at which disrup- 
tion of burning takes place can be derived from (15). 
We will present the formulas for T(x) in the region 
of existence (x 0 -< x -< xl) for the electric field, these 
formulas having been derived on substitution of (12) 
into (10): 

T (x) = T O + ~ E %  [ 1 - -  exp  a (x - -  xi)] + 

+ %E2 (X--Xo) , (16a) 

T (x) = To + Cro E ~ x ~0<~<~" 

x expax [exp (-- a x ~ i ~ ) -  exp(-- axl) l 

r(z) = To + ~0~+ %e'[1~• ~xp ~ (~ -- ~)l + I ( x  -- ~ )  

m i n < X < X t  

(!6b) 

The behavior of the functions derived from these for- 
mulas is shown in Fig. 1. We see that for the identi- 
cal value of the parameters E and ~ there are two 
solutions: one solution when the temperature Tmin is 

at tained outside the region of the field, and the other,  
when it is at tained within the l imi t s  of the field. 

We see f rom Fig. 1 that for solut ions co r re spond-  
ing to (13a) and (15), the t e m p e r a t u r e  drops through-  
out the en t i re  space as the flow ra te  (or (v) i n c r e a s e s .  
However,  with (13b) the p rocess  is the opposite. ()n 
a t ta in ing  th~ flow ra te  t r a n s f o r m i n g  (15) into an 
equali ty,  both solut ions coincide~ This  co r responds  
to the s i tuat ion in which both curves  merge  and in t e r -  
sect  the lef t -hand boundary  of the field at the tern-  
p e r a t u r e  T = T m i n  (i. e . ,  Xmin = x0). The solution 
for this  ease co r re sponds  to the d i s rup t ion  of the d i s -  
charge bu rn ing  in the flow, because  at grea t  flow 
r a t e s  the t e m p e r a t u r e  of the gas is t r a n s f o r m e d  into 
an ident ica l  cons tan t  T = T O over  the en t i re  space. 
Thus,  for the ident ica l  values  of E and a the re  ex is t  
two d i f fe rent  t e m p e r a t u r e  curves .  This  leads  to a 
s i tua t ion in which, for  fixed E and V, there  will ex is t  
two s t r e a m  values .  

Let  us cons t ruc t  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 s  
of the d i scharge  for a fixed value of the flow ra te  
( a  = eonst) .  The total  c u r r e n t  is  equal  to 

I = ~ ]dS (17) 

for  the o n e - d i m e n s i o n a l  ease  and for an e lec t rode  of 
uni t  width ac ros s  the flow 

I= , I ]dx  j a E d x = % E ! ' d x .  (lS) 

The las t  i n t eg ra l  is  taken with r e s p e c t  to the reg ion  in 
which aE is d i f fe ren t  f rom 0. Then for (13a) 

I = a o E ( x l  - -  Xo), (19a) 

and for (13b) 

/ = O 0 E ( x  1 - -  Xmin) .  (19b) 

Having subs t i tu ted  the e x p r e s s i o n  for Xmi n f rom 
(14b) into (19b) we obtain 

i =  %E  l n [ 1 - - ( T m ~ n - - T ~ 2 1 5  ] .  (20) 
a % E 2 

F r o m  (19a) and (20) it  is poss ib le  to cons t ruc t  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 s ,  cons ide r ing  that E 

v a r i e s  f rom E = Ed i s rup t ion  to E ~ ~ (see Fig. 2). 
It is easy  to see that (19a) c o r r e sponds  to a growing 
c h a r a c t e r i s t i c .  However,  (20) y ie lds  a dropping 
c h a r a c t e r i s t i c  which is easy  to prove by taking the 
de r iva t ive  (OI/OE)a=eons t. For  la rge  E the c u r r e n t  
f rom (20) approaches  zero  accord ing  to the law 

I (Train - -  To) a• (21) 
E 

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 s  for  l a rge  va lues  of 
the flow ra te  a re  s i tuated higher ,  with the growing 
por t ions  m e r g i n g  into a s ingle  l ine (19a)o This  is a 
r e s u l t  of the fact that  we approximated  the funct ion 

~(T) = eons t  when T > Tmi  n. 
We now note the r e l a t ionsh ip  between the solut ion 

of (3) with the r e s u l t s  de r ived  in [1]. 
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We in t eg ra t e  (3) over  the e n t i r e  s p a c e ( - m ;  +~) 

(T" - -  a T') dx.= (r dx. 
~4 ~4 

(22) 

The l e f t - hand  p a r t  is  equal  to (the bounda ry  condi -  
t ions  having been  used)  

( T " - - a T ' ) d x  = T' ( c~ ) - -  T' ( - -  o o ) - - a T ( m )  q- 

+ c~T(-- oo) = - -  a [T(xl) --To]. (23) 

The in t eg rand  in the r i g h t - h a n d  p a r t  of (22) is  d i f -  
f e r e n t  f r o m  z e r o  in the r e g i o n  in which T > Tmin .  

Having used  (14a) and (14b) we can p r e s e n t  the 
i n t e g r a l  in the  r i g h t - h a n d  p a r t  of (22) in the  f o r m  

N 
. . . . .  [ !T (x,)]. (24) 

~4 

Having equated (23) and (24), we derive the equa- 
tion for the energy balance in integral form 

IT ( . , )  - Toj = r iv (x,) 1. (25) 

Equation (25) is analogous to the equation used in 
[I]. The left-hand part of (24) represents (correct to 
the factor i/~) convective removal of energy from the 
arc per unit time and the right-hand part is the con- 
tributed electrical power. 

F i g u r e  3 shows the f o r m  of the function f iT(x1)] .  
The i n t e r s e c t i o n  poin ts  of the  curve  f iT(x1) ] with the 
s t r a i g h t  l ines  ce[T(xl) - To] y ie ld  the va lues  of the 
f in i te  gas  t e m p e r a t u r e .  

As  in [1], t h r e e  p o s s i b l e  s t a t e s  have been  obtained.  
However ,  it  should be noted that  the fo rm of the func-  
t ion f can be d e r i v e d  only a f t e r  so lu t ion  of the d i f -  
f e r e n t i a l  equat ion (3). 

NOTATION 

Here  T is the gas  t e m p e r a t u r e ;  To is the in i t ia l  gas  
t e m p e r a t u r e ;  Tmin is the  gas  t e m p e r a t u r e  at which 
e l e c t r i c a l  conduct iv i ty  is not ze ro ;  E is  the e l e c t r i c a l  
f ie ld  vo l tage ;  V is the  gas  ve loc i ty ;  p is  the gas  den-  
s i ty ;  Cp is the spec i f i c  hea t  of the  gas;  • is  the t h e r -  
mal  conduct iv i ty ;  a is  the e l e c t r i c a l  conduct iv i ty ;  N is 
the e l e c t r i c a l  power ;  ~ i  is the  ion iza t ion  poten t ia l ;  e 
is the  e l e c t r o n  cha rge ;  I is  the e l e c t r i c  cu r r en t ;  j is  
the  e l e c t r i c  c u r r e n t  dens i t y .  
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