
a vacuum spa rk  can r each  s eve ra l  tens of a m p e r e s  with a d i scharge  durat ion of 20-50 nsec; during the d i s -  
charge  there  is intense vapor iza t ion  of the e lec t rode  ma te r i a l ,  whose vapor  is subsequently ionized. The main 
r eason  for  the i r r ep rodue ib i l i ty  is the sp read  of the e lec t r ica l  p a r a m e t e r s  of the d ischarge ,  which de t e rmine  
the energy  input to the spa rk  and, consequently,  the c h a r a c t e r i s t i c s  of the p l a sma  produced:  Stabilization of 
the d i scharge  cu r r e n t  and voltage of individual breakdowns should lead to an i m p r o v e m e n t  in the met ro log ica l  
cha r ac t e r i s t i c s  of ins t ruments .  

N O T A T I O N  

C, capacitance;  R, res i s tance ;  Ls,  s t r a y  inductance; I, current ;  U, voltage; LX, emiss ion  intensity.  
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T H E O R Y  O F  T H E  P O S I T I V E  C O L U M N  O F  A 

N O N S T E A D Y  E L E C T R I C  A R C  IN A C H A N N E L  

C O N T A I N I N G  A GAS S T R E A M  

F .  A .  S a l ' y a n o v  a n d  M. M. S h a r a p o v  UDC 537.523 

The p rob lem of a nonsteady a rc  column in a channel containing a gas  s t r e a m  is solved for  an 
a r b i t r a r y  law of var ia t ion  of the cu r r en t  with al lowance for  the var iab i l i ty  of the gas dens i ty ,  
flow velocity,  and flow ra te .  

Theore t ica l  invest igat ions of the in te rac t ion  of the pos i t ive  column of a nonsteady e lec t r i c  a r c  in a chan-  
nel containing a gas  s t r e a m  a r e  assoc ia ted  with cons iderable  difficult ies.  Analyt ical  solutions of the p rob lem 
can be obtained only by adopting a number  of s implifying assumpt ions .  In [ 1], for  example ,  the p rob lem was 
solved when convect ive energy l o s s e s  can be neglected,  while in [2] the gas  flow r a t e  was constant .  As a r e -  
sult  of the heating of the gas in the e lec t r ic  a rc ,  however ,  i ts  ve loci ty  and flow ra te  can va ry  cons iderably  along 
the channel [3, 4]. There fore ,  for  a fu l ler  understanding of p r o c e s s e s  of in te rac t ion  of an a rc  d i scharge  with a 
gas s t r eam,  one mus t  allow for  the var iab i l i ty  of its veloci ty  and flow ra te .  

It is a s sumed  that the ent i re  channel is filled with an e lec t r i ca l ly  conducting gas ,  while the main ro le  in 
the energy  balance  of the a r c  is  p layed by p r o c e s s e s  of Joule diss ipat ion of the energy  of the e lec t r i c  field, heat  
t r a n s f e r  in the radia l  d i rec t ion due to heat  conduction, convect ive energy  t r a n s f e r  along the channel axis ,  and 
emiss ion ,  and the p rope r t i e s  of the posi t ive  column of a nonsteady a rc  in a gas s t r e a m  can be desc r ibed  by the 
equations 

Trans la ted  f rom Inzhenerno-F iz ichesk i i  Zhurnal,  Vol. 42, No. 4, pp. 648-652, Apri l ,  1982. Original  a r t i -  
cle submit ted  D e c e m b e r  22, 1980. 
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po~ dW + pv - -  
dt 

We introduce the function N = pW, 
on S, f r o m  (1)-(3)  we obtain 

laz RZr Or \ Or ] "3V (IE2-- 8,  

09 1 0 

1 

1 (l) = 2~RZE (z, t) Scl (r, z, t) rdr. 
0 

(1) 

( 2 )  

(3) 

and then in a linear approximation of the dependences of N, o-, and 8 

- -  r + c,E2S - -  Q.S, (4) 
at + lo~ Oz r Or 

I 

l ( t )  = 2~R2~E(z ,  t) S S (r ,  z, t lrdr.  (5) 
0 

Here  

1 . a s . I O r  e s  . 

a - -  RZN~ o '  c , - -  -N~o)' Q = c 2 - }  ho Oz ; c~= N so) 

ON Oa de 

We will solve Eqs. (4)-(5)  with the conditions 

S(r ,  O, 0 = % ( r ,  t), S ( r ,  z, 0 ) = % ( r ,  z), S(1, z /  t ) = S r ( O ,  z, t ) = 0 ,  

v = VoCC (z), c~ (z) = 1 + kz, o~ > O. (6) 

Despi te  the s impl i fying assumpt ions ,  in con t ras t  to [ 1, 2] and o thers ,  the p r e sen t  p rob lem makes  addi-  
tional al lowance for  the var iab i l i ty  of the density,  flow velocity,  and flow r a t e  of the gas.  

We will seek  the solution of the nonlinear equation (4) with an a r b i t r a r y  law of var ia t ion  of E (z, t ) .  In- 
troducing the new independent va r i ab les  

q = r ,  x = z ,  z - t - -  1 I n ( l + k z ) ,  ( b =  v ~  
b .k  lo3 ' (7) 

f r o m  (4) we obtain 

b (1 + kx) Ox riOr~ q + c'E2 (x, z) S - -  t2S. 
(8) 

We represent S (rt, x, T) in the form 

x 

S(r t, x, ~ ) = e x p  J l + k x  ] 
0 

The subst i tut ion of (9) into (8) gives 

b ( l + k x )  OU _ a O (r ,  --Z---~OU " " QU. (IO) 

Equation (10) is l inear .  Solving it  by the F o u r i e r  method, substi tuting the r e su l t  into (9), and re turning 
to the va r i ab les  r ,  z, and t, we find 

S (r, z, t) = exp ~ - .  i+- /~x,  [~ ('0 a 
0 n ~  1 

where 

~ = a " ; f" (r - f"  t - - U 4 -  In (1 + kz )  . 

We de te rmine  the a r b i t r a r y  functions fn(T) f r o m  (11) and (6): 
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{A~ (~) for z > 0 ,  (12) 
[ ~ ( ~ ) -  B ~ ( ~ ) ~ ( ~ ) e x p ( - - ~ b ( ~ . + k ) )  for T < 0 .  

Here  An(T) ,  B n ( $ ) ,  and r a r e  funct ions obtained th rough  the t r a n s f o r m a t i o n  of  A n ( t ) ,  B n ( z ) ,  and 
(z) ,  r e s p e c t i v e l y ,  and An(t) and Bn(Z) a r e  F o u r i e r  coef f ic ien ts  in the s e r i e s  exapnsions  of  91 ( r ,  t) and 

~o2(r , z) in the funct ions J0(Xnr)  in the in t e rva l  of  0 _< r -< 1 sa t i s fy ing  the condi t ions  An( t )  = 0 at  T < 0 and 
Bn(Z ) = 0  at T >  0. 

I 

* (z) -- exp 4a2R~o~ b 7 1 4 -Tx  d)c , , (13)  

1 
= - ~  [exp ( - -bk~) - -  11. 

F r o m  (11),  (5),  and (12) we obtain the gene ra l  so lut ion of Eq. (4):  

| ~nq-k 2 1 S (r, z, t) = ! (t) ? , , ~ - -  + ~=, 

2azR2%E (z, t) L X A. ('0 a ~ 7 .  2 B,~ (,)  exp (--  bt (~. + k)) 7. 
n = l  n ~ l  

(14) 

To ca lcu la te  the dependence  E (z, t) we have f r o m  (5) and (11) the equat ion 

In tegra t ing ,  we find 

z 

0 

a /[ 11,2 
0 

�9 (z, t )=l( t ) /2aR~o~ [~('cltz h 7~, 7 ~ =  ~. 
/ l =  1 

(15)  

(16)  

The e x p r e s s i o n s  (14) and (16) a r e  the exac t  so lut ion of  the s y s t e m  of Eqs.  (4) - (5)  with the condi t ions  
(6). The d i s t r ibu t ions  Sir ,  z, t) and E (z, t) a r e  obta ined in the f o r m  of a supe rpos i t i on  of  plane waves  t r a v e l -  
ing in the pos i t ive  d i r ec t ion  of the z axis .  The va r i ab l e  T has the mean ing  of  the c h a r a c t e r i s t i c  t ime ,  i .e . ,  the 
t ime of  obse rva t i on  of  a wave when moving  toge the r  with i t  with the p ropaga t ion  ve loc i ty .  In the reg ion  of  the 
pos i t ive  co lumn of the a r c  ahead of  the wave front ,  the d i s t r ibu t ions  of  the loca l  c h a r a c t e r i s t i c s  of  the a r e  a r e  
d e t e r m i n e d  by the funct ion q~ 2 (r, Z ) .  With developed nons t ead ines s  (T > 0), the inf luence of  the ini t ia l  d i s t r i b u -  
t ion on the p r o p e r t i e s  of the a r c  d i s a p p e a r s ,  while the d i s t r ibu t ions  S (r ,  z,  t) and E (z, t) a r e  d e t e r m i n e d  by 

the funct ion ~t (r,  t ) .  

These  equat ions  al low one to ca lcu la te  the t h e r m a l  and e l ec t r i c a l  c h a r a c t e r i s t i c s  of  an a r c  in a channel  
conta in ing a gas  s t r e a m  with an a r b i t r a r y  law of  va r i a t i on  of the c u r r e n t  and with a l lowance  fo r  the va r i ab i l i ty  

of the flow ve loc i ty  and flow ra te .  

To s impl i fy  the ana lys i s  of the solut ion obtained,  le t  us c o n s i d e r  p a r t i c u l a r  c a s e s .  

1. Let  ~o 1 (r, t) = A1J0(Xlr),  I ( t )  = I 0 (1 + i cos  t ) ,  i = I m / I  0 < 1, a c a s e  when sma l l  p e r t u r b a t i o n s  a r e  i m -  
posed  on a c o n s t a n t - c u r r e n t  a rc .  F o r  r > 0, f r o m  (14)- (16)  we obtain 

- S (r, z, t) = I (t) Jo (~K)/2a*R2~s E (z, t) 7~, (17) 
~ I +  k ' 

E(z, t ) = E = ( 1 - ] - i c o s t ) g  k /M(z, t). (18) 

Here 

E 2 I~,+k [3i + 4iO + - ~ -  F " M (z~ t) = + 1 + ( 2  ~ _ . 1 )  [3, +----U 

O (z, t) = 13tb {[2b (13i + k) cos t -{- sin tl a" 13,+h k __ 2b (0f + k) cos~ _ sin ~}; 
4b 2 ([3~ + k) 2 -+- 1 

(19) 
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2 13~+h 

flib {[b([l i - i -k)cos2t+sin2t la ~ --b(~t- l -k)cos2~--sin2~};  T = t - -  I l n ( l + k z ) ;  
F (z, t) = b 2 (~ -f- k) 2 -~ 1 bk 

Eo = Io/2~RZa~A~Tfi E~ = (L~ + e~Rz)/~R z. 

2. In nons teady  a r c s  with h i gh - f r e que nc y  c u r r e n t  osc i l l a t ions ,  the t e m p e r a t u r e  and conduct iv i ty  a r e  un-  
able  to v a r y  s igni f icant ly  o v e r  the osc i l l a t ion  per iod .  In this  c a s e  as  ~ ~ oo Eq. (17) has the f o r m  

S(rl z, t) l~176 13~+~ I E--~eo [j~ ( +) ~l+h ]1/2 k - -  1 +  (cr 2 h __ 1) (20) 
2~RZr ~E~ Ti ' 

As is seen,  S does  no t  depend on t ime.  

3. With an i n c r e a s e  in  the channel  Iength and a d e c r e a s e  in the gas  flow ra te ,  the local  c h a r a c t e r i s t i c s  of  
the a r c  tend toward  l imi t ing  va lues .  As  l / v  o ~ oo, f r o m  (18)-(19)  we obtain 

[ ieb~i (b[5 i cos 2t + sin 2t E(z, t ) = i E = ( l + i c o s t ) l /  1 4 - i z +  ~ 4 i b ~  (2bl~,cost + s i n t ) +  (b/3~)~+ 1 " (21) 
2 4 (hi3,) 2 + 1 

It is  ea sy  to obtain an equat ion fo r  S ( r ,  z, t) by subst i tu t ing (21) into (17).  

4. F o r  k = 0 these  equat ions a g r e e  with the r e su l t s  of [2] ,  while fo r  pv  = 0 they coincide  with the so lu -  
tion given in [ 1 ]. 

NOTATION 
T 

S = S I - S,; S I =fzdT, heat-conduction function; S,, value of S I at the channel wall; R, l, channel radius 
0 

and length; r, z, cylindrical coordinates, normalized to R and l, respectively; t = tlw; tl, time; w, oscillation 
frequency; a, ~, W, p, e, electrical conductivity, thermal conductivity, internal energy, density, and emissivity 
of the gas; I0, Ira, constant component and amplitude of the variable component of the current; E, electric field 
strength; v, flow velocity; J0 (knr), zero-order Bessel function; kn, roots of the equation J0(knl) = 0. 
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