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The s teady-s ta te  plane slowly varying flow of a completely ionized nonviseous quas i -neutra l  
p lasma in a shaped channel with continuous metal  walls is considered.  The Halt effect  is  
taken into account. It  is shown that for  fl>> 1, where 19 is  the plasma p a r a m e t e r  ( f l=Svp/B 2, 
p is  the gas-kinet ic  p r e s s u r e  of the plasma,  and B is the magnetic field strength),  the ac-  
ce le ra t ion  of the p lasma is  necessa r i ly  accompanied by the appearance of natural  e l ec t ro -  
magnetic fields and an e lec t r ic  current ,  the distribution of which for small  discharge vol t -  
ages has an eddy-cur ren t  form.  The eddy cu r r en t s  disappear  when the d ischarge  voltage is  
increased .  The acce lera t ion  of a plasma with i so thermal  e lec t rons  is  investigated in detail. 

The s teady-s ta te  flows of a plasma with i ts  own magnetic field in shaped planes and ax i symmet r ic  
channels for  large  values of the p a r a m e t e r  fl have been cons idered  repea ted ly  (see, for  example,  [1, 2]). 
It has been shown that these  flows may  be accompanied by eddy cur ren t s  close to the e lec t rodes ,  and that 
the eddy cur ren t s  disappear  when the pa r ame te r  t9 is  reduced.  The purpose of this paper  is to take the 
Hall effect  into account, i .e . ,  to take into account the effect  of the e lementa ry  plasma accelera t ion  mecha-  
n isms [3] on the formation of the e lect romagnet ic  field and cur ren t s  in an acce le ra ted  plasma.  

1. In o rde r  to s implify the calculations we will consider  a s ta t ionary  plane MHD flow (in the xy  
plane) of a comple te ly  ionized nonviscous plasma in a channel with continuous impenet rable  metal  walls 
(the e lect rodes)  (Fig. 1). The magnetic field, due to the flow of the discharge current ,  is  d i rec ted  along the 
z axis,  in the direct ion of which the channel is  assumed to be infinitely wide. 

We will assume that the flow is a slowly varying one, and the magnetic Reynolds number  is  large 
(Ibm>> 1). Ins tead of the var iab le  y we will introduce the normal ized  flow hmction 

p t =  m" V~ • n z ( i . i )  

where p is  the p lasma density,  v is the plasma (ion) velocity,  and m is the mass  flow ra te  per  second, i .e . ,  
the mass  of p lasma which passes  pe r  second through a t r an sv e r se  c ross  section of the channel. 

In the (x, r var iab les  the sys tem of equations which descr ibes  the flow takes the form [4] 

B ~ Ov dP P (X) = p (p) + ~-~ 
pu ~xx = dx ' 

Vm pv OB Oc~T dP v m = . ~ _  ~ 
c m" a ~ = - - a 7  + ag 

B t 0 ~  g i dpl (p) 
p-T = -  W o-}-' ~P~= q~+-7- p 

Here  q~ is the e lec t r ic  potential of the plasma,  and cr is  the plasma conductivity. 

We will assume that the state of the plasma components can be descr ibed  by the polytropic re la t ions 
p i , e=Pi ,e  (p); the la t te r  hold for  19>> 1, since the Joule heat  emiss ion is  small ,  and the effect  of heat t r a n s -  
fe r  or  heat supply and radiat ion can be assumed to be appropria te  by suitable choice of the polytropie in-  
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dex. If fl >> 1, s y s t e m  (1.2) can be simplif ied.  In fact ,  in the zeroth  approximat ion 
with r e s p e c t  to fl-i  we have P(x) =p(p),  i .e . ,  p =p(x), in which case  we obtain f rom 
the f i r s t  of Eqs.  (1.2) 

,/~ ~,~ + w (p', = ~ (~) (w = S ~p (P)/P) (1.3) 

I f  F( r  i t  follows f rom (1.3) that  v=v(x) .  Since a ~  T3/2 (T is  the t e m -  
pera ture )  and, consequently,  c=  c (x), we can introduce the va r i ab le  V in place of 
the va r i ab le  x: 

i ~.~p~v dx (1.4) 

where t he  coordinate x 0 co r r e sponds  to the input to the channel. We then obtain the following equations 
for  the potent ia l  ~ and the magnet ic  field B: 

0~ 0~ M dwe ( idP~P)) 
0@=a~ e d~l % =  - -  (1.5) 

pc ~ 
B = - - ~ - =  ~ (1.6) 

The las t  t e r m s  on the r ight  s ides  of the th i rd  equation of (1.2) and Eq. (1.5) take into account theHal l  
effect;  for  fi>> 1 this  i s  equivalent to taking the t e r m  VPe /en  into account  in Chin 's  law. 

I t  follows f r o m  Eq. (1.3) that the acce le ra t ion  of the p l a s m a  with fl >> 1 has a gas -dynamic  form,  and 
the field and cu r r en t  d is t r ibut ions  a r e  comple te ly  de te rmined  by the gas -dynamic  na ture  of the flow. I t  
follows f rom the p r e s e n c e  of the r ight  side in Eq. (1.5) that  the p l a s m a  potent ial  i s  not constant  even when 
the re  is  no potent ia l  d i f ference between the e lec t rodes ,  and i t  follows f r o m  Eq. (1.6) that in a p l a s m a  there  
is  an inheren t  (nonconstant) magnet ic  field, i .e . ,  an e lec t r ic  cu r r en t  flows in the p l a sma .  This  is  a unique 
consequence of the t r ans fo rma t ion  of t he rma l  ene rgy  of the e lec t rons  into ene rgy  of d i rec ted  motion of the 
p l a sma  (ions), and this t r ans fo rma t ion  m u s t  be accompanied  by the appearance  of an ion-acce le ra t ing  lon-  
gitudinal e lec t r i c  field [5] and an "e lec t ron  wind ~,, i .e . ,  a longitudinal cu r r en t  [3]. When there  is  no poten-  
t ial  d i f ference between the e lec t rodes ,  t he re  is  no d ischarge  cur ren t ;  consequently,  the e lec t r i c  d i s t r ibu-  
tion in the channel has  an e d d y - c u r r e n t  form.  

2. If  t he re  is  no longitudinal e l ec t r i c  cu r r en t  at  the input of the channel, and the e lec t rodes  a r e  equi-  
potent ia ls ,  the boundary conditions for  Eq. (1.5) a r e  as  follows: 

(0,~)  = V~, ~ (n ,  0) = 0 ,  ~ ( ~ , i )  = V (2.i)  

Here  U = c o n s t  i s  the d ischarge  vol tage,  and i t  i s  a s s u m e d  that  at  the cathode r =0,  and a t  the anode 
r = 1. The solution of Eq. (1.5) with the boundary conditions (2.1) has  the f o r m  
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= U~p--4 ~(2k+i-) cos ---~-- exp [--  g~(2k @ i)~01 --  ~)]d~ (2.2) 
0 

The e v m m e s s  of  the l a s t  t e r m  on the r igh t  s ide of (2.2) in r with r e s p e c t  to the l ine r = 1/2 i s  a f a i r l y  
obvious fact ,  which fol lows f r o m  the s y m m e t r y  of  the p r o b l e m  for  U = 0. 

As a c o ~ c r e t e  e xa m p l e  we wiU c o n s i d e r  the flow of  a p l a s m a  with i s o t h e r m a l  e l e c t r o n s  (T e = c o n s t =  
T) and ions  (T i =Te) -  

In this  c a s e  We = w / 2 ,  and we have f r o m  Eq. (1.3) 

v ~ 2T p v~ (0) (2.3) 
-~--}--~-]n ? - ~ =  2 

I f  we choose  the dependence  p (7) in the f o r m  

we find f r o m  (2.3) 

p = p (0) exp [--~l] (2.4) 

v : Iv ~ (0) + 4T , } /M] ' /~  (2.5) 

Rela t ion  (2.2) g ives  

co 

(p=U~p+-~  ~p-- ---~- --~ ~,(--l)~exp[--~(2k@l)2~l] c~ (2.6) 

Consequent ly ,  

B =  p(0)c e x p [ - - q ]  U + - / -  r  Z ( - - l )  ~ ~(2k+t)- '  

F o r  7 = 0 the  two las t  t e r m s  in the c u r l y  b racke t s  cance l  one ano the r  out. A s s u m i n g  an exponent ia l  
fall  in the t e r m s  of  the s e r i e s ,  we can wr i t e  a p p r o x i m a t e l y  

In t roduc ing  the d i m e n s i o n l e s s  p a r a m e t e r  n 

u = 2 e U /  T ~ 0 

we can  wr i te  e x p r e s s i o n  (2.8) in the f o r m  

B ~ B (0) exp (--B) {i + •  (2~ --  1) [1 - -  exp (--gf,1)]} (2.9) 

w h e r e  B (0)=--p(O)cU/m" i s  the  magne t i c  field at  the  input  to  the channel  (7=0) .  

We will  c o n s i d e r  e x p r e s s i o n  (2.9) in m o r e  detail .  The funct ion B (7, r d e c r e a s e s  mono ton ica l ly  as  
i n c r e a s e s  (B (0) -< 0), r e a c h i n g  a m a x i m u m  B* and a m i n i m u m  B .  at  the e l e c t r o d e s  r = 0 and r = 1. In this  
c a s e  

B* (0) = B (q, 0) = B (0) exp (--~) {l --  • [t - -  exp (--g~])]} (2.10) 

B .  (~) = BOb i) = B (0) exp (--~l) {l + ~-~ [l - -  exp ( - - ~ ] ) ] }  

The funct ions  B* (7) and B ,  (7) have ex t r ema l  points  7c, which c o r r e s p o n d  to the  c e n t e r s  of the eddy 
s t r u c t u r e  of the e l e c t r i c  c u r r e n t .  In th is  ca se  

' t + •  

The equat ion of  the l ine r =r (7), which c o r r e s p o n d s  to z e r o  magne t i c  field, has  the f o r m  

% 0 0 =  1 • [i -- exp (-- n~l)] -~ (2.12) 
2 

Hence, the line B = 0 exists for n -  < 1. If r > r then B < 0, and if r < ~b 0, then B > 0. For n=  0 r (7) - I/2, 
and for x > 0 and ,] -+ co % --~ (i -- • / 2. 

We will  f i r s t  c o n s i d e r  the ease  ~ =  O, when B (0) = 0. In this  c a s e  ~l  r = *lo [0=~ = ~-2 In (1+ ~2), and 
the e x t r e m a l  poin ts  of  the l ines  of  e l ec t r i c  c u r r e n t  B (7, r = cons t  co inc ide  with 7 c.  
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The cu r r e n t  distr ibution pa t t e rn  in the channel for  n = 0  i s  shown in Fig. 2. When the p a r a m e t e r  
is  i n c r e a s e d  the magnet ic  field at  the input to the channel d i f fers  f r o m  ze ro  (negatively) and there  a r e  two 
s e p a r a t r i c e s  wMch l imi t  the eddy s t ruc tu re  region,  one of them being the line r (7) of ze ro  magnet ic  field, 
and the other  the line B (7 , r  (0), i .e . ,  

1 x exp (~) -- I (2.13) 

The s e p a r a t r i x  r =r  (7) has  a pos i t ive  der iva t ive  d~l /d~,  and i t  ex i s t s  (and i n t e r s ec t s  the anode, i .e . ,  
r eaches  a value r =1) for  n---Tr 2. It  follows f rom (2.11) that when n i n c r e a s e s  the eddy cu r ren t  c lose  to 
the cathode shif ts  towards  l a r g e r  ~?, and the eddy cur ren t  c lose  to the anode i s  shifted towards  the channel 
input. The e l ec t r i c  cu r ren t  dis t r ibut ion pa t te rn  fo r  0 < n <  1 i s  shown in Fig. 3. In the ease  when ~--- 1 the 
eddy cu r ren t s  c lose to  the cathode and the s e p a r a t r i x  r = r (~) d i sappear ,  and B < 0 over  the whole channel 
(Fig. 4). When the p a r a m e t e r  n r eaches  a value of 7r 2 the eddy cu r ren t  n e a r  the anode a l so  d i sappears  
(the s e p a r a t r i x  t t  07) cont rac ts  to the point ~?=0, r  1 at  the input of the channel), and for  ~>zr 2 the cu r ren t  
distr ibution in the channel does not have an eddy s t ruc tu re  (Fig. 5). 

The condition fl >> 1, i .e . ,  Bg/Svp << 1 can be wri t ten in the following form:  

p (0) ~z M r  (t -~ z)~-~ ~ 1 (2.14) 
3 2 z~e~m "~ 

I f  v 2 (0)<<4T/M, condition (2.14) takes  the fo rm 

e c2(l+zP ~ t  (e=2.718 .) (2.15) 

where  Wp2=4ve2n (0) /M and f *  is  the width of the channel at the c r i t i ca l  c r o s s  sect ion (i.e., where  df /dx=0) .  

If  v 2 (0) >> 4 T / M ,  we obtain f rom (2.14) 

T c~ (1 + ~)~ (2.16) 
My"- (0) 8O)p~i ~ (~)) " ~ 1 

I t  follows f r o m  conditions (2.15) and (2.16) that  the d ischarge  voltage mus t  not be too high. An in-  
c r e a s e  in the p a r a m e t e r  n co r r e sponds  to a reduction in ft. Hence, the eddy cu r r en t s  n e a r  the e lec t rodes  
d i sappear  when fl d e c r e a s e s .  The exchange p a r a m e t e r  ~ = Me [ B (0) [/47rein" in this p rob l em is  

~ v ~ (0) ~ 4T 

4%'/*~ ' (2.17) 
= r c2~ 

My "~ (0) 2%2i~(0) ' v 2 (0) ~ 4TM 

Compar ing  (2.17) with (2.14) and (2.15) we see that 

< i (2.18) 

Here  fl* i s  the m a x i m u m  value of ft. Fo r  a given fi the exchange p a r a m e t e r  ~ i s  a m a x i m u m  for  z = l ,  
when the eddy cu r r en t s  c lose  to the cathode d isappear .  
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