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NONLINEAR HYDROMAGNETIC CONVECTION
IN A MODERATE PRANDTL NUMBER FLUID

N. RiaHI

Nonlinear hydromagnetic connection is investigated using the
modal equations for cellular convection. The boundary layer
method is used assuming large Rayleigh number R , moderate
Prandtl number ¢ and for different ranges of the Chandrasekhar
number @ . The heat flux F 1is determined for the value of the
horizontal wave number which maximizes F . For a wesk field,
the inertial force dominates over the Lorentz force. F is
independent of @& , but it increases with R and o0 . For a
moderate field, the Lorentz force is significant. F increases
with R and O and decreases as & increases. For a strong
field, the Lorentz force dominates over the inertial force. ¥

is independent of o , but it increases with K and decreases as

@ increases.

1. Introduction

The specific problem considered in this paper is that of the effect of
an imposed uniform magnetic field on a nonlinear convection in a moderate
Prandtl number o© fluid at large Rayleigh numbers with

- magnetic diffusivity
thermal diffusivity

>> 1 . Hydromagnetic convection is important in

many areas of geophysics and astrophysics. An example in geophysies is the
convective motion in the earth's fluid core (Tt >> 1, 0 < 1) which is
believed to be responsible for driving the geodynamo. The purpose of the

present investigation is to provide us with further insights into the
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subject of nonlinear hydromagnetic convection in situations where T is
large and O 1is moderate, rather than provide a quantitative comparison

with particular natural situations.

We shall study nonlinear magnetic convection at moderate Prandtl
numbers under the so called modal equations of the equations for momentum,
heat and magnetic field. Briefly, these equations are constructed by
expanding the fluctuating quantities in a complete set of functions of the
horizontal coordinate, and then truncating the expansion. The single mode
equations are derived simply by retaining only the first term in the
expansion. For a more detailed discussion of these equations and their
derivations, we refer to the paper by Gough et al. [4]. The same system of
equations has been derived earlier, in a different manner, by Roberts [7]
using a procedure proposed by Glansdorff and Prigogine [3]. Numerical
computations of the single mode equations for thermal convection have
recently been carried out by Toomre et al. [9], and good agreement with the
observation and with the asymptotic results obtained by Gough et al. [4]

was found.

Recently, Riahi [6] studied nonlinear magnetic convection under so
called mean-field equations of the equations for momentum, heat and
magnetic field. These equations are derived by ignoring the interaction
between the fluctuation quantities but retaining the interaction between
the mean and the fluctuation quantities. The single mode mean-field
equations are identical to the modal equations (2.1a - 2.1c) given in the
next section when the parameter ¢ is set to zero. Since the equation of
motion in the mean-field approximation (¢ = 0) becomes identical to the
equation of motion in the limit of infinite Prandtl number ¢ , it must be
expected that the mean-field theory is most realistic in the case of large
0 . The modal equations for ¢ # 0 has some representation of the missing
nonlinear interactions of fluctuating quantities in the mean-field
equations and has the advantage that it restores the Prandtl number as a
parameter of the problem. In their studies of cellular convection, Gough
et al. [4] compared their solutions based on the modal equations with the
known solutions of the full equations for moderate Rayleigh numbers (Malkus
and Veronis, [5]; Schluter, Lortz, and Busse, [§]). They found that
accuracy is restricted to plan-forms for which ¢ # O and otherwise to

G >> 1 . Therefore, the modal equations (e # 0) are particularly
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suitable for the study of cellular convection in a moderate Prandtl number

fluid.

In the present study, we are interested in finding the solution which
maximizes the heat transport F . The flow that maximizes F determines
uniquely the horizontal wave number and gives an upper bound on the actual
F . Although, in general, the F that maximizes for the modal hydro-
magnetic equations is not necessarily that F which maximizes for the
original full hydromagnetic convection equations (for T >> 1 ), it is
expected in light of previous upper bound studies, that the upper bound on
F Tbased on the modal equations represents adequately the upper bound on F
based on the full Boussinesq hydromagnetic convection equations, provided
the Rayleigh number, though large, is restricted and bounded from above.
The success of the previous upper bound studies of thermal convection which
have determined interesting features and similarities with observation as
well as useful bounds on F , encouraged us to undertake the present study.
The reader is also referred to Gough et al. [4] for a detailed discussion
in support of the studies based on the single-mode equations for cellular

convection.

The treatment here is for the steady case. Numerical studies by Weiss
[70] indicate that a steady state can be reached by a hydromagnetic
convective flow of finite amplitude. Of course, sufficiently strong
convective flows are time dependent, but the present study aims at
exploring the properties of nonlinear magnetic convection in the simpler
case of a steady state, which may be considered as an approximation in some

sense.

Before we start formulating the problem and presenting the technical
details, it is useful to place a brief physical discussion of the results
for the flow conditions with various external field strength. When the
imposed vertical field is weak the convection and the heat transport F
are unaffected and the fluctuating field is produced kinematically. The
Lorentz force is small and can be neglected from the momentum equation.

For a moderate field the Lorentz force is significant and partially reduces
the effects of inertial force on F so that F depends weakly on O .

The convective cells reduce in horizontal size and F 1is reduced. For a
strong field the Lorentz force is so large that it dominates over the

inertial force so that F becomes independent of O . The rigidity which
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is imparted by the external field tends to suppress the convection and the

heat transport is seriously reduced.

2. Mathematical Formulation

We consider an infinite horizontal layer of fluid of depth d
permeated by a uniform magnetic field of strength M 1in the vertical
direction. The upper and lower surfaces are assumed to be stress free and

are maintained at temperatures To and To + AT (AT > 0) , respectively.

The modal equations of the hydromagnetic convection are derived from the
Boussinesq equations for momentum, magnetic field and heat by expanding the

fluctuating variables in the planform functions Eh(x, y) of linear

theory. The reader is referred to the paper by Gough et al. [4] for a
detailed derivation of the modal equations for thermal convection. The
nondimensional steady state forms of these equations, after eliminating

pressure and truncating the expansion by retaining only the first terms

are:
(2.18) (0°-a®)%W = Ra®T + co™ [0W(0%-a?)wew (0P-a®) W] - 1Q(0P-a%)Dm
(2.1b) 1(0P-a®)hy + W =0,

(2.1c) (0°-a®)T + (1-WT+F)W = C(2WDT+TDW) .

The advection of the fluctuating magnetic field h in (2.1b) and the non-
linear interactions of h with h and velocity vector u in (2.la, b)
are neglected, since the present analysis is restricted to the parameter

range
(2.2) T> 1,

where T = 2 is the ratio of magnetic diffusivity to thermal diffusivity.

In the above equations, hBFl and wfi are the vertical components of h

and U respectively, TFl is the deviation of the temperature from its

horizontal average, R = agATd3/Kv is the Rayleigh number, & = upvn is

v
the Chandrasenkhar number, ¢ = 3 is the Prandtl number, u is the
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magnetic permeability, p is the reference density {constant). v 1is the
kinematic viscosity, o is the coefficient of thermal expansion, and g

the acceleration due to gravity. Also, a 1is the horizontal wave number,
D=d/dz , F=(WT) is the heat flux, ¢ = %Fi(x, y) is the parameter
derived from the planform function Fl(x, y) , the bars denote horizontal

average, and the angle brackets denote a further vertical average over the

whole layer. The constant ¢ vanishes for rolls and rectangles and takes
the value of 6_% for the hexagonal planform. We shall assume ¢ # 0 and

consider the value such as 6-% as representative value of ¢ . For
e =0, the system (2.1) reduces to the so called mean field equations for

the magnetic convection, and the problem has recently been solved (Riahi

[63).

It is convenient to rescale the dependent variables so that
(2.3) W= (FR)JEW , 0= (R/F)JET , H= (FR)‘Jfrh3 .
The governing equations then take the following forms:
(2.48) (0%-a2)%w = a®0 + o(#R) 0™} [20w (D%-a2)wrs (0P-a®) Dy - @(p°-a2)pE ,
(2.1b) (0P-a®)g + Dw =0 ,

(2.he) (FR)L(0P-a®)6 + (1-wB+F N = o(FR)¥(2uD6+oDw) .
We shall use the following constraint to evaluate the heat transport
-1 2
- (| | )
(2.5) peiB IVl
((1-w8)<)

which is obtained by multiplying (2.4c) by © and taking the vertical

average over the layer.

The boundary conditions to be considered for the free surfaces at
z=0,1 are
(2.6) w=Dv=0=H=0.

The subsequent analysis and solution of (2.4)-(2.6) supposes throughout
that both R and F are large. The magnitude of @ varies, and

different classes of solutions are found for different orders of magnitude
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of it. 1In each case the principle focus is on the unique solution that

maximizes F .

3. Solutions by boundary layer method
3.1. THE CASE OF A WEAK FIELD

The wave number a is supposed to be large {which can be justified a
posteriori), so that the convection cells are narrow. The solutions can be
obtained by matching asymptotic approximations in interior and three
distinct regions near each boundary. Without loss of generality, we shall
restrict ourselves to the discussion of the boundary layer structure near
the lower boundary, since the boundary layer structures near the upper and

lower boundaries are essentially identical.

In the interior of the layer, 2 is of order one. It is assumed that

(3.1a) ah << FR << a602 .

(3.1p) Q << al‘l .

The governing equations (2.4a)-(2.4e) yield, after using (3.1), the

following equations

(3.2a) Pw =0 ,
(3.2b) we =1,
(3.2¢) &®H = Dy .

(3.2a)-(3.2¢) yield the following solutions

(3.3a) w=al,
(3.3b) 8=a,
(3.3¢) H=0 .

Near the boundary and adjacent to the interior is an inertial layer, in
which inertial terms are significant. We define ¢ = z/€ as the variable
in the layer, where € denotes the thickness of the layer. We then find
from (2.4), after applying matching conditions (matching the solutions to
the corresponding solutions in the interior), that the equations in the

inertial layer are
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2 _ 3 dw
(3.4a) aw =106 -3 %
(3.4p) wd =1,

2, _ dw
(3.b4¢) ea H = 25 R
vhere it is found appropriate to assume that
(3.5a) e = oot 3(rR)¥ > 471
(3.5b) Q << ae? .

The solution to (3.4a) satisfying the boundary condition w =0 at ¢ =0

satisfies the following equation

(3.6) -3aw + log [i_:zz]S/Z =¢ .

(3.4b, ¢) and (3.6) yield the following asymptotic results
(3.7a) w=algt’3

(3.70) 0 =ast/3,

(3.7c) 38 = e tq3¢72/3

as ¢ > 0 . Closer to the boundary and adjacent to the inertial layer is

an intermediate layer of thickness a_l , in which vertical derivatives are
important in the momentum advection terms. Defining § = az as the
varisble in this layer, (2.4) and matching conditions (matching the

solutions to the correcponding solutions in the inertial layer) yield

Lo ¥l & (£ ] sl ]@
(3.8a) 8 + o —ac(FR) zag[dgz-lw-rwdg-l F3 0,
(3.8b) wd =1,
2
(3.8¢) a[;? - 1]11 + %: 0,

where it is assumed that

(3.9) @ << (*)?/3 .

(3.8a)-(3.8¢c) yield the following results
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1/3
[c%] (FRY/® (3 108 £71)1/3 |

(3.108) w =
(3.10b) 0 = m_l ,
as £+ 0,
1/3 )
(3-10¢) H= '[el—a] [cc’_a] (FR)-1/6 (3 1og 1)1/3

as £ -+0.

There is a further thinner layer closer to the boundary, in which
thermal conduction is significant in the heat equation and 6 is brought
to its zero boundary value. We define 6 as the thickness of the layer
and n = 3/8 as the variable in the layer. The governing equations and

matching conditions then give the following equations in the thermal layer:

2 3 3
(3.11a) g—h—(ff' = co-lé(FR)% 2 % . é—% +w d—g’] - Q8 d—% s
dn T dn dn dn
o0 . dw
(3-llb) dn2 + 8 Eﬁ =0 ’

-1, 2d29

(3.11¢) (FR) + (1-w8)e = cG_l(FR)—%[ew ot 0 Z‘T‘]’]

In deriving (3.11), it is found that we must have the following conditions

(3.12a) FRASS® = 1 ,
(3.12b) ad << 1,
(3.12¢) o2 << o742
where
1/3 1/3
- |lo -1/6 1
(3.12a) A= [ca) (FR) ad [3 log as}

The solutions to (3.11) satisfying (2.6) are
(3.13a) w=4n ,

(3.13b) H = -(%)64n° ,
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2
5 (u
(3.13¢) 8= ‘—’27" J (u2-t2)'!5exp -‘,;} n2(l-t):|dt ,
1
where .
(3.13d) u2 =142

To determine F , we must evaluate the expressions <|ve|2> and
((l-me)2) in (2.5). Within the boundary layer approximation, using the
results above and keeping only the leading order terms, we find that

a4 26'1A‘211 ,

(3.1ka) C|ve|?»

(3.1Lb) ¢ (1-00))

281, ,

2
wvhere I, and I, are the integrals 2L dn ana (1-ne)2dn in
1 2 0 dn 0

the thermal layer, respectively. Using (3.14) in (2.5) and maximizing F
with respect to a , yield the following results

1/10(3/5(,19/10 _ B
(3.158) € = %9_] [%] [g_] B0 (aR¥)])2/20 |

c o %
(3.15b) a-= i] >

1/5 1/5
(3.15¢) 6 = %] (13)3/10[05] B30 0g (08%)]7L/5 |

\'

6/5(1/5 1/5 3
(3.50) F= [1%] [%] (13) 1/1°[%] R [10g (07%] />,

where
( I=1I +1I = 2%
3.15e) = I, +I,=1.062(1+)" .

Various assumptions including (3.1), (3.5), (3.9) and (3.12) lead us to the

following conditions for the validity of the solutions
(3.16a) (R'l log R)1/6 << g << E’l/6(log R)'l .

(3.16b) Q << [Ro'l) 3/5[1og [OR%)] /5
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3.2. THE CASE OF A MODERATE FIELD

The solutions for this case can be obtained by matching asymptotic
approximations in the interior and four distinct regions near each
boundary. The interior and the inertial layer discussed in the last
section are unchanged and .(3.1)-(3.7) hold again. Closer to the boundary
and adjacent to the inertial layer is a magnetic layer, in which Lorentz
force becomes significant and balance the inertial and buoyancy forces. We
define Y = 2/Y as the variable in this layer, where Y denotes the
thickness of the layer. The governing equations (2.4) and matching

conditions then give the following equations in the magnetic layer:

-1 pm¥E, 9w dad _
(3.17a) Y0 - 3e0  (FR)*w v + @ @ 0,
(3.17v) wd =1 ,
(3.17¢) YGQH = % s
where it is assumed that
3/b %

(3.18a) al <<y = [—Qg] [9] (FR) ¥ «< ¢,

3a ¢

(3.18b) &3 << FRoy .

(3.17a)-(3.17c) yield the following asymptotic results

N

1/3 %
(3.192) w = [QCL] (FR)-l/G[g] v(rog v)¥ ,
(3.19) 6 = W™ ’ ras Y+ 0.
1/3 %
(2901w = (¢ eem O[] og v

Closer to the boundary and adjacent to the magnetic layer is an

intermediate layer of thickness a—l . Defining & = az as the variable

in this layer, (2.4) and matching conditions yield

2
d dH

(3.200 [£-1) 2.,
dge dg

(3.20b) wd =1,
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(3.20¢) a[‘d%-l]y*‘gl—g=0 ;
dg

where it is assumed that

(3.21a) 5y2 << FRo(10g av)3/? |

(3.21b) a© << g .

The solutions to (3.20) are

1/3 ¥
[ﬂ] (FR)'1/6[§-] (ay) H(10g a)¥e |

(3.22&) w = 2
(3.22p) 8 =w? ,
¥ \1/3
(3.22¢) = [%] [g] (PR 64724213 (10g ay)¥[1-exp(-E)] .

There is a further layer closer to the boundary and adjacent to the
intermediate layer, in which thermal conduction is significant and 8 is
brought to its zero boundary value. Using the same notations as those used
in Section 3.1, the governing equations (2.l4) ard matching conditions yield

(3.11)-(3.12b), (3.13a), (3.13¢c)-(3.13d) and the following expressions for

A and H ,

1/3 %
(3.23a) A= [%1] (FR)'1/6[§] [%](mg aY);é ,
(3.23b) H= a_lAn )

The maximization of F proceeds as before, and we find the following

asymptotic results

2/3
(3.24a) e = [%] [5]Q—l/6[log(oﬁ-1Q5/3)]1/6 ,
%
(3.24D) 2= [g] ,
1/3(\% 413/
(3.2ke) y = [%] [%] [%] /6 108 (or~ 165/ 3)) 122
1/3
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L/3
(3.2ke) F= [-217][] REqY 3 [Log (or™20>/3)]M3 .

Various assumptions considered in this section lead to the following

conditions for the validity of the solutions
(3.250)  (B07)3/5 [Log (0B 267/3)1%0 << @ << B* [Log (0r™1¢°/3)]
for RL/6 [log[oR_lQ5/3):|l/6 << 0 = [log [OR-lQS/:a)]_}f ,

(3.250)  (Ro™1)3/ " [aog (or 1% )10 << @ «< B¥/Ho73/2[10g(or7 0% 3)1*
for [log [oR'lQ5/3)]'15 << 0 << [R log [oR'lQ5/3]]l/6 .
3.3. THE CASE OF A MODERATELY STRONG FIELD
The above boundary layer solutions in the range (3.25) was based
essentially on the condition that a << 6_1 . Now as @ further increases

beyond the ranges (3.25), it can be a new condition that a = st . Thus,
the thermal layer merges with the intermediate layer. The solutions in

this new thermal layer are then found to be

(3.26a) w=4n,

a-l/l[l—exp( -n)]

15 1/ben u 1/bep oy _k
(3.26c) ® 2A -h] Jl ]LJH_t] | (Q_t) ‘exp[% n2(l—t)]dt s

(3.26v) H

n

where A 1is defined in (3.23a).

The maximization of F can proceed as before, and we find the

following results:

(3.27a) y = 27452 [%]}5[%] 72 [1og (@@ 362/3] T/
(3.27p) €= [ ] R )2 [29] [1og(Q23-“/302/3)]-5/2 ,
(3.27c) = [_3J£} [oa (/3213 |

(3.274) §=a?t,
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where

(3.28) J o - (30)_1(2,1r)3/2{l:(%)e(3);5(u-l)+%(u+l) -l]

(]

. [1_2—1(3);.9]%((1/011)‘3) . [55(3);5(11'1)"(3“"'1 )]-%((l/cu)+5)
+E5(u+l) _ %](3u+l)-%((l/cm+5)+[—(%)2(3)}5(11-1)+35(u+1) - l]

C
[(30%2 ) ¥ (/00-3) Lo () gy )4 ((2/00)5)}

)—T/h 1/heu )

« (p-1 (u+1)

Various assumptions considered in this section lead to the following

conditions for the validity of the solutions

(3.298) B3*[10g(@®F/36%/3)] <« @ << (FPo)?/°[rog(e®r~*/362/3)] ,

(3.29b) B8 << o << [rog(@Pr/362/3)]7¥ .

3.4. THE CASE OF A STRONG FIELD
For @ larger and beyond the range (3.29a), the condition that the

magnetic layer thickness 7Y should satisfy (3.18) no longer holds, and we

can then have a new condition in which

(3.30) a7t <8<«

The detailed analysis for (3.30) (though omitted here) indicates that the

value of a which maximizes F satisfies the relation

(3.31) a~ (QZOR—l)l/?;[log(RQ-l)]-1/6 .

The solutions can be obtained by matching asymptotic approximation in
interior and two distinct regions near the boundary. In the interior of
the layer the buoyancy and Lorentz forces balance, although the inertial or
viscous forces could become significant too. The governing equations yield

the following equations in this region

(3.32a) Dw = a%H ,
(3.32p) wd =1,
(3.32¢) -a%w + 0 - 3co'l(FR)%aDm + QDH = 0 ,
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where it is assumed that

(3.33a) Q@ << FR |
(3.33b) g,
(3.33¢) FRa® < Q%2 .

(3.32a)-(3.32c) yield the following asymptotic results as z =+ 0 :

(3.3ka) w = az(2Q-l log z-l)% ,
(3.34b) 8 =uw?t,
{3.34c) H= a‘l[QQ_l log z_l)% .

Closer to the boundary and adjacent to the interior is a thermal layer, in
which termal conduction is significant and © and w satisfy the boundary
conditions (2.6). We define n = 2/8 as the variable in the layer, where
§ 1is the thickness of the layer. The governing equations and matching

conditions then yield the following equations

dH

(3.35a) an=0-

(3.35b) sa%H = % s

(3.35¢) a0 = FR(1-wd)w ,

where it is assumed that

(3.36a) FRAi = a2,

(3.36b) (FR)"EAlaZG «<oQ

(3.36¢) 1 << ab << Al(Q)JE >
(3.36a) A, = as(2¢™" 1og sH¥ .

(3.35a)-(3.35c) are satisfied by
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(3.37a) w=Aan,

(3.370) BH=a4a3"1,

<D
1]

-1 2y-1
(3.37¢) A7)
A further thinner layer near the boundary is needed to adjust the solution

to satisfy the correct boundary condition on H . This is a new magnetic

layer, in which Lorentz force is dominant in the momentum equation. We

define § = gz as the variable in the layer, where a_l turns out to be
the thickness of the layer. We then find from (2.4) and matching conditio

conditions that

&L di
(3.38a) '('i?—l (—1-5—0 s

& doy
(3.38b) a;gé'—lll-{-d—gz ,
(3.38¢) (FR)1d® % -1{6 +w=0.

dg

(2.6) and (3.38a)-(3.38c) are satisfied by

(3.39a) w= (a8)aE
(3.39D) 6 = asa]'¢
(3.39¢c) H= (Gael_lAl[l—exp(-E)] .

The maximization of F proceeds as before, and we find the following

results:
(3.40a) § = mQ[2R 10g (RE"Y)]7L
(3.40Db) P = (1°@)" 27 108 (Re™})]

Various assumptions considered in this section lead to the following

conditions for the validity of the solutions:
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(3.41a) (Rho—l)l/‘j[log(RQ-l)]"{/lO «< g = (Ro—l)h/S[log(RQ-l)]Z/S ,

(3.410) R [10g(ReY)]¥ << 0 << [og(rRa™)]¥ .

4. Discussion

The boundary layer analysis has shown that it is appropriate to divide
the parameter space into four different regions. For a weak field, F is
independent of & , but it depends strongly on R and o0 . It also
increases with ¢ and R . The stabilizing effect of the field is so
small that the maximizing flow behaves as if there is no field. The
horizontal scale of convection cells is also independent of & . It is
seen from the conditions (3.16) for the validity of the solutions that
increasing the effects of the inertial forces can widen the range for a

(R_l )1/9

weak field. For example, as O approaches the lower limit log R

in (3.16a), the upper limit for & approaches R2/3(1og R)2/15 which is
the largest possible upper limit for & , provided o 1lies in the range
(3.16a). Tor a moderate field, the horizontal cells size decreases. F
increases with R and O and decreases as & increases. It depends,
however, weakly (through a logarithmic term) on O . A new magnetic layer
is formed, in which the Lorentz force is comparable in magnitude with
either inertial or buoyancy force. In contrast to the case of a weak
field, it is seen from (3.25) that increasing the effects of the inertial
force can not widen the range for a moderate field. This is due to that
fact that for a moderate field the Lorentz force is significant enough to
dominate over the inertial force. Thus, decreasing O in the ranges
(3.25a), (3.25b) does not have significant effects on the flow properties
and conditions. For a moderately strong field, the behavior of the flow is
intermediate between cases of a moderate and strong field. The dependence
of F on O is weak and is essentially the same as in the case of a
moderate field, but its dependence on @ and R is similar to the case of
a strong field. The horizontal wave number now decreases with & . For a
strong field, the magnetic layer mentioned above disappears. However, a
new Ehin magnetic layer is developed which is responsible to bring the
fluctuating field to its correct boundary condition. F decreases as &

increases and is independent of 0 .

In a recent study on magnetic convection, Riahi [6] investigated the
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case ¢ =0 . It is clear that in this case the dependence of the flow on
0 disappears and the results are believed to describe correctly the
average properties of the flow at sufficiently large o0 . Thus, it is not
surprising if one finds some similarities between the results of the
present study and the case ¢ = 0 only at sufficiently large €& . Indeed
for sufficiently large € , the dependence of F on ¢ and R is
qualitatively similar in both cases ¢ =0 and ¢ # 0 . But the ranges
for 0 and € , the convection cells' size, dependence of the flow

properties on O and other results are different.

The approximation T >> 1 made in this paper which eliminates the
advection of magnetic field and the onlinear interactions of fluctuating
field and velocity in the induction equation is responsible for ruling out
the possibilities of sub-critical instability (Busse, [1]) and magnetic

flux expulsion by convection (Galloway, et al., [2]).

Numerical studies for three dimensional nonlinear magnetic convection

have not yet been done, but the two dimensional problem has recently been

studied numerically by Weiss [10] who found, for example, that for

R = 105 , 0=1, T =0.2 for cells with length 0.5 that steady

convection exists for @ < 2.16 X th (in agreement with (3.41)) and for

@ =£1.25 % 102 , the field no longer has any dynamical significance (in
agreement with (3.16)). Our study is based on the maximized nonlinear
asymptotic state (R >> 1) and T >> 1 , whereas Weiss' study is concerned
with moderate values of R and T . It is not expected that there will be

many other similarities between the results of these two studies.
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