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Stationary convection in a plasma of inhomogeneous density
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Stationary convection in a current-carrying cylindrical incompressible plasma of inhomogeneous den-
sity is studied. It is shown that nonideal effects such as viscosity, resistivity, and thermal conductivity
give stationary convection in a plasma of inhomogeneous density. However, when the Hall effect is con-
sidered, convective cells are not allowed to be formed. It is proposed that convective cells stay mainly in

the center of the cylinder.

PACS number(s): 52.30.—q, 52.25.Fi, 44.25.+f, 47.27.—i

Large-scale stationary convection, or well-organized
plasma motion, has been considered by several authors.
The first studies were by Timofeev [1] and Simon [2] for a
partially ionized plasma. They showed that the convec-
tion can be driven by the toroidal curvature with the neu-
tral species providing the required dissipation. Ka-
domtsev and Pogutse [3] showed that the resistive rip-
pling modes lead to convection. The existence of
thermally excited convection caused by driftlike modes is
showed by Okuda and Dawson [4]. Roberts and Taylor
[5] proposed the formation of quasimodes of large spatial
extent. Wobig and Maschke and Paris [6,7] showed that
convective cells are produced when the plasma is unsta-
ble and nonideal effects are considered. The existence of
stationary convection modes in a plasma slab with mag-
netic shear is shown by Dagazian and Paris [8]. Gom-
beroff et al., in several papers [9-15], showed the ex-
istence of stationary convection in a cylindrical in-
compressible plasma of constant density when nonideal
effects are considered. More recently, Santos and Galvao
[16,17] studied the influence of the Hall effect on convec-
tion in plasmas. They showed that when the Hall effect,
viscosity, resistivity, and thermal conductivity are simul-
taneously considered, it is not possible for convective
cells to be formed. However, any other combination of
these effects gives convective modes in an incompressible
plasma of constant density. In this paper the combined
viscosity, resistivity, thermal conductivity, and Hall
effects are studied in an incompressible plasma of inho-
mogeneous density.

The basic equations that describe the system are

o %-&-v-Vv =IXB—VP—pVX(VXv), (1)
_Qa%-i-v.(pv):() s (2)

]

oP
o TV'VP—3K V2P —So=—yPV-v+inlI*, @)
€y
E+vXB=nJ+ TJXB , “)
a—B=—VXE , (5)
ot
VXB=pyJ, (©)
and
V:-B=0 , (7)

where p is the perpendicular part of the viscosity tensor
[18], K is the thermal conductivity, 7 is the resistivity, €5
is the Hall parameter (mass/charge ratio for the ions),
and S, is a constant heat source that maintains the equi-
librium pressure profile,
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The equilibrium magnetohydrodynamic is character-
ized by

B,=B;(r/ry)e,+By€, 9

and
2
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Ho
where B, is the equilibrium magnetic field; P, is the equi-
librium pressure; r, is the radius of the cylinder; and B,
B;, and P, are constants.

Assuming an incompressible plasma of inhomogeneous
density and force-free conditions VXv,=pv, and
VXB;=B*B,; [19], we obtain from the basic equations
the following relation for the displacement vector &:
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where the perturbed parameters are given by Fourier
components f(r,0,z,t)=f,(rexp(im0+ikz +wt); m
and n are, respectively, the poloidal and toroidal modes; g
is the inverse rotational transform; and

P, =(uy/BH)[P,+(ByB,) /]
o=(riuy/B)" 0
R=(uy/roB)u ,
N=(rueB?) ™" "7 .
Defining
A=pye + {poiB**rd + B}
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and making the inner products €,-, €,-, and €, of Eq.
(11), we find that, respectively,

AE,—BE,= i (12)
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AE,+BE,= —i—':‘—rgﬁl , (13)
and

AE,=—ikrdP, (14)
give the components of the displacement vector
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where

N §
(r)= IB .

Due to boundary conditions of the perfectly conduct-
ing cylindrical walls &,(r =r;)=0, and perpendicular
viscosity £4(r =ry)=0, (r =ry)=1, although no restric-
tion can be made at 7(r) for r <r,.

From the definition of (») we can write

FIG. 1. Schematic spatial view of the dependence of w with
|m —ng| and r for systems with u#0, n=0, and €, =0.
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0

—2|m —ng|r=0. (18)
The conditions for the formation of the convective
modes are given by Re(w)=Im(w)=0 [20]. Applying
these conditions to Eq. (18) we obtain
A6 B**ry+(m —ng)*—2|m —nglr=0
and (19)

»Eiﬁﬁzrg[(m —nq)B*—2K]=0 .
0

For &, =0, convective cells are formed in the cases
where: (i) u#0, =0 and |m —ng|=0 or 27; and (ii)
u#0, n70 and |m —nq|=7{1+[1—(A/7)*]'"?}, where
N =pnB're,

The results obtained previously by Gomberoff and Her-
nandez [9-11] can be reproduced if we impose the condi-
tion 7= 1.

In the presence of the Hall effect, convective modes
cannot be obtained for any combination with other
nonideal effects, such as can be seen from Egs. (19).

Figure 1 shows a schematic spatial view of the depen-
dence of the growth rate of instabilities with convective
modes and radial location for systems with u#0, =0
and €5 =0. The figure for systems with u#0, 770, and
€5 =0 would be very similar to Fig. 1. To get a better
idea of how it would look, see, for example, Ref. [11].

We can conclude that for a plasma having inhomo-
geneous density, this presents a large-scale stationary
convection when effects such as viscosity, resistivity, and
thermal conductivity are considered. The growth rate of
instabilities ® now depends on radial position, increasing
with the increase of radial position. The result can im-
pose that the convective cells stay mainly in the center of
the cylinder.
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