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AN ELECTRIC ARC IN A CHANNEL BEARING 

A TURBULENT GAS FLOW 

Z. M. Galeev, R. R. Ziganshin, 
R. Kh. Ismagilov, and A. G. Shashkov 

UDC 537.527 

A study of the pos i t ive  column in an a r c  in a tube containing a turbulent  gas flow is p resen ted .  
Working fo rmulas  a r e  given for  es t imat ing  the a rc  p a r a m e t e r s .  

The re  a r e  many  pape r s  [1-3] on the theory  of a rc  columns s tabi l ized by l a m i n a r  gas  flows; m a j o r  ad-  
vances have been made,  as is c l e a r  f rom the good ag reemen t  between theory  and exper iment  for  l a m i n a r  or  
n e a r - l a m i n a r  flow. However ,  the flow s ta te  may  di f fer  cons iderably  f r o m  l a m i n a r  in an e l e c t r i c - a r c  device 
such as  a p l a sma  source ,  even though the Reynolds number  is smal l ,  on account of the var ious  types  of in- 
s tabil i ty occur r ing  in a r c s ,  which cause  fluctuations in the local p a r a m e t e r s .  According to cu r ren t  views [4], 
an  a rc  becomes  essen t ia l ly  turbulent  in the p r e s e n c e  of a mode ra t e  gas  flow f rom the point where  the pos i t ive  
column mee t s  the turbulent  boundary l aye r .  The column in such a flow is descr ibed  by a compl ica ted  s y s t e m  
of equations difficult to solve.  However,  var ious  s implifying assumpt ions  can provide  solutions that incorpora te  
the m a j o r  p r o c e s s e s ,  which can enable one to ca lcula te  the e lec t r i ca l  and t h e r m a l  c h a r a c t e r i s t i c s  with r e a so n -  
able accu racy .  

1. F o r m u l a t i o n  a n d  S o l u t i o n  

Here  we cons ider  an a rc  column in a cyl indr ical  channel containing a turbulent  gas flow; let pv =pv + 
(pv'), pu= fou)', E =1~ +E ' ,  S=S +S v, ,~nd a=rr+a,, while tt is a s sumed  that the assumpt ions  made  in [1-3] apply.  
In the p resen t  case ,  we fu r the r  specify  that  the re laxa t ion  t imes  of the e l emen ta ry  p r o c e s s e s  in the p l a sma  
a re  sma l l  by c o m p a r i s o n  with the t ime  sca le  of the turbulent  pulsa t ions .  Then the pos i t ive  column is descr ibed  
by the following equation if we a s s u m e  that E is constant  ove r  the c r o s s  sect ion of the tube and neglect  turbulent  
heat  t r a n s p o r t  along the axis ,  viscous dissipat ion,  the change in the kinetic energy  by c o m p a r i s o n  with the in- 
put heat,  the convect ive  t r a n s f e r  along the flow, and the radial  energy flow a r i s ing  f rom heat conduction and 
turbulence:  

~ h  8 0 S  (pu)'h s OS' 1 0 ( OS ] - -  
I c9~ + T Or = R2r Or r ~ + (E 2 + E'") ~85--~S,, (1) 

! 

I 

( 1 )  = 2nRZG < E > S Srdr (2) 
0 

subject  to the conditions 

a ~  (0, z) = 0, p v =  const (3) g (r, 0) = ~ (r), g (1, z) = 0, 

Est imat ion  of the t e r m s  in the equations for  the a rc  shows that  this  model  appl ies  for  reasonably  long chan-  
nels provided that  the d iscuss ion  is r e s t r i c t ed  to the region of developed turbulence  for  low Mach numbers .  
The instantaneous cu r r en t  and voltage a r e  var iab le ,  so Ohm's  law in (2) has been wr i t ten  for  the effect ive 
values .  The turbulent  pulsat ions  a r e  comple te ly  random,  so the phase  di f ference between I and E may  be 
taken as zero .  

Trans la ted  f r o m  Inzhenerno-Fiz ichesk i [  Zhurnal ,  Vol. 35, No. 1, pp. 113-120, July, 1978. Or ig ina la r t i c l e  
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TABLE 1. T h e  r De ~endel'lee of #1 and 'Y1 

o 
--2 
--4 
--6 
--8 
--I0 
--12 
--14 
--16 
--18 
--20 
--22 
--24 

2,4048 
2,1995 
2,0000 
1,8076 
1,6235 
1,4487 
1,2842 
1,1305 
O, 9888 
0,8589 
0,7413 
0,6357 
0,5418 

0,2159 
0,2327 
0,2500 
0,2674 
O, 2846 
0,3015 
0,3177 
0,3332 
0,3477 
0,3612 
0,3735 
0,3846 
0,3945 

--26 
--28 
--30 
--32 
--34 
--36 
--38 
--40 
--42 
--44 
--46 
--48 
--50 

0,4592 
0,3871 
0,3247 
0,2711 
0,2264 
0,1~67 
0,1543 
0,1268 
0,1041 
0,0852 
0,0695 
0,0567 
0,0461 

0,4035 
0,4113 
0,4182 
0,4243 
0,4296 
0,4343 
0,4385 
0,4422 
0,4455 
O, 4484 
0,4510 
0,4533 
0,4555 

A.t p r e s e n t ,  we have  no da t a  on t h e  c o r r e l a t i o n  b e t w e e n  (pu') and d S ' / d r  in an  a r c ;  l e t  the  c o r r e l a t i o n  c o -  
e f f i c i en t  fo r  the  two be  K.  We a s s u m e  to a f i r s t  a p p r o x i m a t i o n  tha t  the  t u r b u l e n t  d i s s i p a t i o n  is  equal  to  the  
t u r b u l e n t  t r a n s p o r t ,  n a m e l y ,  K = c o n s t ,  r  we s o l v e  (1) s u b j e c t  to t h e s e  c ond i t i ons  and show tha t  
t he  s t a n d a r d  d e v i a t i o n  of the  t h e r m a l  c o n d u c t i v i t y  i s  a p p r o x i m a t e l y  

(r , RE'* r S. 
VST" = K V  (pu)"h, (4) 

T h e n  (4) and (1) wi th  the  l e s s  r e s t r i c t i v e  c o n d i t i o n  K ~ = c o n s t  g i v e s  us tha t  

a S = a ,  1 a ( a , . f f )  a ,  
. . . . .  r - - k r  ~ + ~ S - - b ~  (.5) 

OZ r Or -~r  Or 

W e  s o l v e  (2) and  (5) wi th  (3) to  ge t  

S(r, Z)=  

< E > = < I > [F~ (4:x~R~crs ~ + 2c z < I > 2, (z))]-o-5, (6) 

< I ) Z A.q). (~,,, r) exp I-- (1~ a s + b) z], (7) 
2:~R2(r, ( E > F n=l 

w h e r e  

a2 = ~I . k =  nlR2asE" �9 c ~=-n lRz% �9 
Oh s 6h s Gh 8 

b =  nlR2~* 2k - - ;  "it= - -  ~ ; 
6h~ a~ 

A n a r e  t h e  F o u r i e r  c o e f f i c i e n t s  in  t he  e x p a n s i o n  of ~p(r) a s  a s e r i e s  in  t he  func t ion  

~t n (~tg + ~) (p~ + 2x) . . .  [ ~  7- (m - -  1) z] r 2~ (I). 0x., r) = 1+  (--l)m e 2 
2 m (rn!)Z 

r t t ~  1 

o v e r  t he  r a n g e  0 -  < r -  < 1; /~n a r e  the  r o o t s  of Cn(gn, 1 )=0;  and r  a r e  the  e igenfunc t ions  of the  fo l lowing  equa t ion ,  
which  a r e  bounded  a t  r = 0 :  

r dr- ~ +  1 §  ~ + ~ 2 r ( I ) - - - - 0 ,  (8) 

w h e r e  th i s  e q u a t i o n  d e s c r i b e s  the  c o l u m n  f o r  #~ =R2as t~2-~sR2:  

F = ~ AnYn exp [ - -  ( ~  a 2 + b) z]; Fi  = F exp (aZ~z); 

0 0 

F r o m  (6) and (7) w e  ge t  the  m e a n - m a s s  v a l u e s  of  S and h f o r  t he  c o l u m n :  

So----- < I >  , ~c _-- h.  + h s ( 1 )  (9) 
:xR2% < E > ~R2(r, < E > 
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Fig.  1 

Fig.  1. Radial  d i s t r ibu t ion  of @l- 

Fig.  2 

Fig.  2. Radius  of pos i t ive  co lumn ~ as  a funct ion of t u r b u -  
lence  p a r a m e t e r  v {R 1 = 5" 10 "3 m);  c u r v e s  1-4 c o r r e s p o n d  
to ( I ) - - 2 0 ,  40, 80, and 160 A. 

The heat  l o s s  th rough  the  s u r f a c e  as  c o r r e c t e d  for  r ad ia t ion  is 

aS (1, z) ~' < I > (10) q = -- 2n -&r -I- % ~ E-------~ 

The quantities ~n, ~/n. and r were computed and tabulated; Table 1 gives the values of/~I and TI for vbetween 
0 and -50, which are required in discussing the solution. 

2 .  P a r t i c u l a r  C a s e s  

2.1. (p (r) =A lOl(~ t, r) .  Simple ca lcu la t ions  g ive  

< E > = < E ) | {I - -  (1-- M 2) exp [--  2 (~  a z + b - -  -ca ~) z]} -~ (11) 

S( r ,  z) = < I ) (lh(~ti, r)/2.~R~a~ < E > ; (12) 

h~ < I > {1-- (1-- M z) exp [ - -  2 (la~ a z + b--'ca2)]} ~ (13) 
~o=h,+ ~Ro~ ~ V~+m~,-~ 

M = < E > :1 < E > o; < E > .  = v ~] + R2},--  ~lRo7 ~ ; 

< E > o = < I > /2nR~%A,y l .  

It fol lows f r o m  (11) tha t  <E) m a y  i n c r e a s e  c o n s i d e r a b l y  in the  reg ion  w h e r e  the l a m i n a r  flow g ives  way to 
tu rbulen t  flow, s ince  h e r e  we m a y  have ( E ) ~  > <E)0. 

2.2. v =0,  }s =0.  The  so lu t ion  is that  de r ived  in the  t h e o r y  of [2]; if r r) ,  then 

E = E| [ i-- ( I --  M ~) exp (-- 2aa~ z)]-~ (14) 

h,l 
h'c =- h, '.-k- ~Rcro.5 L, [1 - -  (1 - -  M~ exp (--2a ~ ~,~ z)] ~ (15) 

We see  f r o m  (11)-(13) and (14-(] 6) that  a tu rbulen t  a r e  tends  m o r e  r ap id ly  to  the l imi t ing  s i tuat ion,  s ince  

2.3. In the  even m o r e  p a r t i c u l a r  c a s e  ~" = 0, r (r) = 0, the so lu t ion  a g r e e s  with the r e s u l t s  of [1]. 

3 .  D e t a i l e d  A n a l y s i s  

A m o r e  deta i led a n a l y s i s  of the pos i t ive  co lumn in a tu rbu len t  a r c  m a y  be m a d e  in t e r m s  of the l imi t ing 
c h a r a c t e r i s t i c s  f o r  a2z ~ ;  (6)-(8) g ive  

< e > ~ = V~-~ + R%/R~.~ ; (16) 

S =  AiO,(~,, r); Ai = ( I > . 
2nR(~~ "5 Y, V~t~ - �9 + R~'~ ' (17) 

< I )  " d(Ih ,=l 
~ o = s , +  ~R~05 V , ? - ~ + m } ,  ' d - 7 -  = v , ( ~ - ~ b .  

We see  f r o m  (16) and (17) tha t  the  p r o p e r t i e s  of the co lumn  a r e  dependent  on the t u rbu lence  p a r a m e t e r  v, which 
is e x p r e s s e d  in t e r m s  of the s t anda rd  devia t ion in the  e l ec t r i c  field.  F igu re  2 and Table  1 imply  that  any in-  
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c rea se  in Iv [ causes  the steady component l~ =tt l /Ra~ to decrease  rapidly, in accordance  with the Plff) re-  
lation, whereas  the effective value <E) increases  in accordance  with (16). Therefore ,  the distribution of 
(Fig. 1) and thus of the t empera tu re  is substantially modified, with the absolute value of w at the boundary of 
the column increasing,  while Sc and A 1 fall. 

Equation (8) with I" = v 1 =Glhs/~  also descr ibes  a laminar  cyl indrical  arc  in a channel with a distributed 
flow [5]; then r 1 is proport ional  to the gas flow rate Gt, through unit length of the channel, while the gas may 
be injected ffl > 0) or  withdrawn ffl < 0). The resul ts  of [5] and our  solutions show that a turbulent arc  is 
analogous to a l aminar  arc  in a channel f rom which gas is withdrawn as regards  the dependence of 1~ and 
r r) on T. However, the broadening of the distribution for  S and the reduction in t~ in a l aminar  column 
a r i s e  f rom heat t ranspor t  f rom the cen te r  to the edge by radial  gas flow and also because of the r i se  in t em-  
pe ra tu re  in the column, whereas in our  case  these effects a r i se  f rom turbulent heat t r anspor t  and the increased 
significance of the fluctuating field component.  

Calculations show that for  a given I~1 =Tt there  is no difference be tween~c and <E>~ for a laminar  arc  
with injected gas and a turbulent a rc ;  the increase  in (E)  and the reduction in S c as v l increases  in a laminar  
a rc  a re  due to the cooling of the posit ive column by the relat ively cold gas entering through the side of the 
column and mixing by radial flow. In the present  case ,  the effects occur  because of the turbulent gas mixing 
within the column and the rapid heat t r ans f e r  to the wall. 

On this basis  we can in terpret  -v r t / h s  as the mass  G .  of gas mixed into the posit ive column due to turbu-  
lent pulsation and thus responsible for  ra is ing the electr ic  field and reducing the a rc  tempera ture ,  the effects 
being those due to influx of a mass  of gas vlTr/hs ar is ing f rom the averaged radial  flow. Therefore ,  there  is a 
relationship between our  turbulence p a r a m e t e r  ~- and the gasdynamic charac te r i s t i c s  of the flow, in par t icular ,  
the flow rate  or  Reynolds number  Re and the degree of turbulence e = ~ - - - ~ v .  

At high t empera tu res ,  such as occur  in the posit ive column, the density fluctuations a re  fair ly small ,  
since dp/dT ~T-2; therefore ,  with sufficient accuracy  we can put 

+ = 

Then 
! 

+ = - 

0 

In the case  pv=cons t ,  as is assumed here  and in [1-3], 

"r = - -  l~*hs8 Re = - -  eh s 2G, 
~R 

Then (18) enables us to put (16) as 

(i 8) 

< e > .  = Viq + ~*a,~ Re + R~-:-/nop .5 (19) 

The limiting p a r a m e t e r s  for  a l aminar  arc  a re  independent of the gas flow rate  [1-3, 5] and a re  equal to 
the values for  a f low-free  a rc .  In our case,  on the other  band, (19) shows that the field s trength and other  
charac te r i s t i c s  a re  determined by Re~ i.e., by the gas flow rate,  as well as by the degree of turbulence.  This 
is one of the m a j o r  distinctive features  of a turbulent positive column. 

.4 n a rc  heater  has the a rc  column occupying only part  of the channel; the energy equations for  conducting 
and nonconducting par t s  of the chamber  can be used with the condition for  heat-flux continuity and the condition 
at the wall S = - S ,  to find the distr ibution of S outside the posit ive column ( 1 -  r -  < 1/~): 

(r) = Aty ' (~  - -  ~) In r~ - -  S, (20) 

as well as the formula for  the dimensionless  radius ~ =R/R1: 

1 In .-. ! = 2~S*R'~~ V ~ t ] -  ~ + R~ ~2~ s (21) 
~ < t > (~ --+) 

If ~ is known together with the distributions of (17) and (20), we can find an expression for the mass-mean 
enthalpy in the a rc  chamber :  

)re| = h,~ 2 -}- ~R~ (~s < E > [ 4~ 2 ~- " (22) 

These formulas  show that the p lasma-f low pa rame te r s  in such a channel a re  largely  dependent on the 
column radius; Fig. 2 shows ~ calculated f rom (21) for }s = 0 and d= 10 -2 m, w[i-+'= indicates that the radius of 
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Fig. 3. Field s t rength  E" 10 -2 V" m -1 as  a function of gas  
flow ra te  G in 103 k g ' s e c  -1 for  ( T ) = 8 0 A  and d = 1 0 - 2 m .  

the column tends to unity as v i n c r e a s e s .  The e lec t r ic  field a lso  i nc r ea se s ,  while the m a s s - m e a n  enthalpy 
fal ls  and the t e m p e r a t u r e  dis t r ibut ion b e c o m e s  flattened. F igures  1 and 2 show that  the additional turbulence 
can be util ized to produce  a p l a s m a  flow with a uni form t e m p e r a t u r e  dis tr ibut ion ove r  much of the c r o s s  sect ion.  

Curve  a of Fig. 3 shows the field given by (19) and (21) fo r  s  10 -2, ( I )  =80 A, a n d d = 1 0  -2 m~ we also  
show (points) the values of E calculated f r o m  the following fo rmula  f r o m  [6]: 

E _ 4.21.10 -2 (10sG) (10-4p) ~ (I02 d) -1.02 (p, (23) 

q~ = 355 -- I/(102 d) -{- 5,13-10-312/(102 d) z, 

which represents the experimental data for a sectional device for p = 10s-4 - 10 onm -2, I = 40-220 A, d = 0.5-3 �9 

10 -2 m, G = 1.5-24- 10 -3 kg �9 sec -i. It is clear that (19) gives a qualitatively correct reflection of the increase 

in voltage with flow rate even for ~ =constant; however, more precise calculation of E requires incorporation 

of e(Re), and (19) and (23) allow us to write that 

e = a Re -~ a = 2.10 -a (10~d) ~176 ~ .  (24) 

A m a s s  G~ 2 flows through the pos i t ive  column, so we have 

.~ -_  _ ~ t . h ,~2a  Re 0 a. (25) 

Curve  b of Fig. 3 has been calculated f rom (19) with (18) and (25). The theore t i ca l  cu rve  ag ree s  c lose ly  with 
exper iment .  

A solution has been obtained fo r  the equations fo r  a turbulent  column, and the solution coincides in p a r -  
t ic t t lar  c a s e s  with fo rmulas  for  a l a m i n a r  a rc  due to Dautov or  Stine and Watson.  Some fea tu res  of turbulence 
have been es tabl i shed that  a r e  not in confl ict  with exper iment ;  an empi r i ca l  re la t ionship has been derived for  
the turbulence  of the p l a s m a  in an a r c  hea t e r  in re la t ion  to the Reynolds number ,  cu r ren t ,  and channel d i am-  
e te r .  One expects  that  these  resu l t s  should be of value in es t imat ing  the c h a r a c t e r i s t i c s  of turbulent  a r c s .  

NOTATION 

I, cu r ren t ;  E, e lec t r i c  field; p, a, n , /~*,  h, S l, density,  e l ec t r i ca l  conductivity,  t he rma l  conductivity,  
v iscos i ty ,  enthalpy, and t h e r m a l  conductivity; R, l, radius and length of pos i t ive  column; RI, d, radius and d i am-  
e t e r  of channel; r ,  z, cyl indr ica l  coordina tes  along R and l; S = S 1 - S , ;  S . ,  h , ,  values  of S 1 and h for  r = l ;  hs=  
8h/8S, as = O a / S S ;  C, C, C ' ,  (C) ,  instantaneous,  mean ,  pulsat ional ,  and effect ive values of C. 
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