
CENTRIFUGAL EFFECTS WHEN A PLASMA IS ROTATED 

IN A FLAT HOMOPOLAR DEVICE 
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We have investigated the effect of secondary overflows on the basic azimuthal motion of a 
viscous plasma.  

In an experimental  study of a weakly ionized gas -d i scharge  plasma in a homopolar  device [1] we ob- 
served cer tain phenomena that were unexpected f rom the standpoint of conventional hydrodynamics:  the 
shift in polari ty led to a pronounced difference in the distribution of azimuthal velocity in the plane of s y m -  
metry  of the installation. 

In the general  case,  when a p lasma is rotated in a homopolar  device, the motion is three-dimensional ,  
i.e.,  in the plane normal  to the basic motion we find secondary  overflows which may significantly affect the 
entire flow pat tern.  These overflows ar i se  in the motion of a viscous continuous medium in any curvi l inear  
channel and are  a resul t  of the gradient  of centrifugal forces in the direction that coincides with the axis of 
s y m m e t r y  of the installation. Moreover ,  the nature of these overflows may be affected by the ion wind [1, 
2] when we have the motion of a plasma with magnetized e lect rons .  

However, for s implici ty,  let us initially examine the motion of a nonmagnetized plasma and we will 
t ry  to isolate the influence of the centrifugal effect exclusively as it pertains to the main flow in some spe-  
cial case,  without considerat ion of other  fac tors ,  equally important  in the general  case .  

Let us assume that the following conditions are  satisfied. The flow regime is laminar  and the t e m -  
pera ture  is constant throughout the entire volume, thus also making it possible to hold that the viscosi ty  
is constant; the p lasma is incompress ib le .  In the usual reg imes  the following conditions are  valid: p r e s -  
sure p ~ 1 tor r ;  cur rent  I ~ 1 A; magnetic field s trength ~2500 Oe. The tempera ture  in this case is of the 
order  of 700~ the Mach number  M < 0.2, and the Reynolds numbers  are  small  (10 -< Re -< 300) [1, 3]. 

Since the p lasma is weakly }onized, we can neglect  the induced electr ic  cur rent  (this also follows 
f rom an examination of the equations of momentum balance for the electron and ion component of the plasma) 
and we can t rea t  the cur ren t -dens i ty  distribution as specified; in addition, Ohm's law can be presented in 
the form ] = (rE. 

Let us examine the rotation of a p lasma in an axial e lectr ic  field and in a radial magnetic field (in a 
so-cal led  inverted homopolar  device) under the action of the Lorentz  force JzBr (here Jz is the density of 
the axial cur rent  and B r is the radial  magnetic field). Considering the above and bear ing in mind the axial 

of motion 
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symmet ry ,  we write [4] the equations 
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Fig.  1 Fig.  2 Fig.  3 
Fig.  1. P r o f i l e s  of the d i m e n s i o n l e s s  ve loc i ty  when a = 0.05: 1) with cons ide ra t i on  of s e c o n d a r y  
Overflows; 2) o n e - d i m e n s i o n a l  mot ion .  

F i g . 2 .  Dis t r ibu t ion  of  d imens ion l e s s  ve loc i ty :  1) when ~ = 0.1; 2) 0.5. 

Fig.  3. The p r o c e s s  of e s t ab l i sh ing  the funct ion (the so l id  c u r v e  denotes  (x = 0.5 fo r  ~ = 2 and 5; the 
dashed c u r v e  denotes  (~ = 1.0 fo r  ~ = 3 and 5). 

Otjz + u + Ow = 0 .  (4) 
Or r Oz 

We a s s u m e  in Eq. (1) that  

\ r t  / 

where  Jl is the c u r r e n t  dens i ty  n e a r  the s u r f a c e  of  the ins ide d i e l ec t r i c  cy l inde r .  This  d i s t r ibu t ion  is p o s -  
s ible ,  fo r  examp l e ,w i t h  s e g m e n t e d  e l e c t r o d e s  [5]. 

The s y s t e m  of equat ions  (1)-(5) mus t  be solved in conjunct ion  with the Maxwell  equat ions:  

0B 
- - - - r o t E = 0 ,  d i v j = 0 ,  j = r o t H ,  d i v B = 0 .  (6) 

Ot 

A c c o r d i n g  to the las t  e xp re s s i on ,  B r = B t ( r l / r  ). We will  d e m o n s t r a t e  that  r e la t ionsh ip  (5) is compa t ib le  
with the Maxwell  equat ions ,  with an a c c u r a c y  to the second  o r d e r  of s m a l l n e s s .  Indeed,  in the light of  the 
l inea r i ty  of these  equat ions ,  fo r  a med ium with cons tan t  phys ica l  p r o p e r t i e s  we can r e p r e s e n t  the dens i ty  
of the axial  c u r r e n t  in the fol lowing fo rm:  

]z= Ji ( ~  )2+ O(z, r) �9 (7) 

Us ing  (7) in conjunct ion with the f i r s t  two equat ions  in (6) and OhmVs law, we de r ive  the new equat ion 

whose  solut ion is g iven by the e x p r e s s i o n  

d ~  4]1 = O, 
dz---;- + r~ 

(b = 2]~ ( ~ q ) 2 ( 1  - -  ~2) �9 

(8) 

(9) 
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Here z = (h/2)~ and we use the boundary conditions 

( d @ ) 0 =  O, O=Owhen~=-L• 

Since it is the motion of a p lasma in a flat homopolar  device that we are investigating, and since the condi-  
tion ((h/2)/rl) 2 << 1 is satisfied for  this ease,  with an accuracy  to the second o rde r  of smal lness  in Eq. (7) 
we can neglect the function ~5 defined by relationship (9). 

Let us now examine Eqs. (1)-(4). For  convenience, we turn to the dimensionless pa ramete r s  

v v u u w w r z 
= , = - - ,  = - - ,  ~ -  , ~ = - - ,  

QI ~l ~l l l 

where ~2 and l are  cer tain charac te r i s t i c  values of the angnlar velocity and length. 

Let us write the expressions for  the dimensionless s t r eam function 

= O_~ , ~w-- O, (10) 
at a~ 

Having introduced all of these dimensionless pa ramete r s  into sys t em (1)-(4), having eliminated the p re s su re  
in advance, we obtain the following equations: 

f '  = 2 / ( o '  - -  2 : ' m  - -  a ,  
(11) 

(o TM = - -  2(oo)"'-- 2ff ' .  

This sys tem is valid for a fair ly large distance between the dielectr ic  cylinders in compar ison with the gap 
between these when it is possible to neglect  the effect of the viscosi ty  on coaxial cyl inders  [6]. The func- 
tions f and co are  associated with the dimensionless velocity v and the s t r eam function r by the re la t ion-  
ships 

v = ~f (~), ~ -= ~2(o (~). (12) 

For  the charac te r i s t i c  angular velocity we have chosen ~2 = P/12; a = jtB1/a2prl is the pa rame te r  of e l ec t ro -  
magnetic interaction.  

The boundary conditions will be defined by an absence of slip at the end faces of the homopolar  de- 
vice.  Then, directing the l -axis  f rom the lower end face of the installation toward the upper end face, and 
bearing in mind the symmet ry  of the plasma s t r eam relative to the equatorial plane, we will find that 

when~=0 / = a ) = ( 0 ' = 0 ,  when~=~t f ' = o = ( 0 " = 0 .  (13) 

To solve the sys tem of equations (11) with the boundary conditions (13) we employed approximate methods 
of calculation. The solutions for f and w were  presented in the form of finite ser ies :  

2 t = ~  cd . ,  ~ =  *., . ,  (14) 
n~O n = 0  

in which s and Cn are cer tain basic functions which satisfy the boundary conditions. Consequently, solutions 
(14) sat isfy these conditions automatically.  We have chosen the following expressions as the basic functions: 

f n =  5 n-+-~2 ~n+l - -~  n*', 
n + l  

(15) 
2n J-5 n4-3  

n-4-2 n4 -2  

As the collocation points at which the differential equations (11) are  satisfied exactly we have chosen 
the points 1, 2, 3, 4, and 5, i.e., ~ changes in the range 0 -< ~ -< 5. Moreover ,  the following conditions are  
satisfied exactly: 

f '" (5) = co TM (5) = O. 
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To find the coefficients C n and a n independent of ~, we employed the settling method. This method is based 
on the Nav ie r -S tokes  equations for nonsteady motion, and these, after  t ransformat ion,  assume the form 

Of 02f + 2 0 ) O f  _ 2 f  00) - - =  + 

which change into Eq. (11) as t ~ :r 

Ot O~ ~ 

0%~ 040) 4-2o) 030) + 2f Of 
Ot O~ ~ O~ ~ c)~ s O~ 

(16) 

An electronic digital computer  was used to solve the problem and the following basic results  were ob- 
tained. 

The influence of the secondary overflows on the main flow become noticeable even when c~ -> 0.01. 
When ~ = 0.05 (Fig. 1) the value of the dimensionless function f in the s y m m e t r y  plane diminished by a fac-  
tor  of almost  2 relat ive to the value derived in the assumption that there are  no secondary  flows. When 
= 0.1 (Fig. 2) we find a qualitative change in the velocity profile: the maximum value of the function shifts 
f rom the s y m m e t r y  plane in the direction of the end face. With an increase  in o~ this t rend is intensified. 
The maximum value of the velocity function, for example, when ~ = 0.5, is smal le r  by a factor  of approxi-  
mately 5 than the quantity calculated in the one-dimensional  approximation. 

The total reduction in azimuthal velocity results  f rom the partial t ransformat ion  of the azimuthal 
momentum into the momentum of the secondary  overflows, as well as f rom the losses  resul t ing f rom the 
viscous frict ion in these overflows. The qualitative change can be explained by the fact that the radial  ve -  
locity in the symmet ry  plane is directed outward, so that the segments  of the medium moving f rom a zone 
at a smal le r  tangential velocity shift to the zone with a g rea t e r  value for the tangential velocity,  and we 
find a reduction in the azimuthal velocity.  Approximately at the midpoint between the end face and the s y m -  
metry plane the radial velocity changes sign and the r eve r se  phenomenon occurs ,  i.e.,  there  is an increase  
in the azimuthal velocity in comparison to its reduction in the equatorial plane. 

The development of a s t rong momentum for the secondary  overflows changes the pat tern of motion 
that prevai ls  in the process  of p lasma accelerat ion.  When ~ < 0.5 the values of f in the interval 0-~1 a symp-  
totically tend to the limit. When ~ -- 1 it is apparently impossible for the secondary  flows to develop a r ap-  
idly increasing gradient of centrifugal forces .  The function f therefore  attains values somewhat g rea te r  
than for the steady state,  and an osci l la tory  process  develops, which, however,  is rapidly attenuated. This 
is shown in Fig. 3 for values of the function f for ~ -- 3 and 5. The osci l la tory process  is bare ly  noticeable,  
even when ~ = 0.5. 
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N O T A T I O N  

density vector  of the electr ic  current ;  
e lectr ical  conductivity; 
vector  of the electr ic  field strength; 
radial  velocity component; 
azimuthal component; 
axial component; 
kinematic viscosi ty;  
density; 
p ressure ;  
radius;  
coordinate along the instrument axis; 
vec tor  of the magnetic field intensity; 
magnetic induction. 
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