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Geomagnetic field is maintained by the convective motion of liquid iron in the outer core of the Earth. To grasp the mechanism

of geodynamo, it is important to understand flows of liquid metal under the effect of magnetic field. We simulated Rayleigh-Bénard

convection of an electrically conductive low-viscosity fluid under an imposed uniform magnetic field. We can compare the result

with laboratory experiments. With an intense horizontal magnetic field, the convective motion takes a form of 2-dimensional roll

whose axis is in the direction of the magnetic field. We identified an existence of weak flow in this direction and made clear that it is

induced by the Ekman pumping.
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1. Introduction

The relation between organized flow structure and turbulence
is a key for considering flows seen in geodynamo simulations.
We focus on a collapsing of well-organized flow structure
with generation of small fluctuations. Our target is thermal
convection in a layer driven by a vertical temperature gradient,
that is, Rayleigh-Bénard convection. Behaviors of thermal
convection strongly depend on the Prandtl number (Pr) of the
working fluid, and low Pr fluids such as liquid metals tend to
be turbulent just after the onset of convection because of their
low viscosity. On the other hand, liquid metals are ellectrically
conductive, and appling magnetic field to the system can controll
the transition to turbulence. Controlling non-dimensional
parameters in a Rayleigh-Bénard convection under an imposed
uniform magnetic field are the Rayleigh number (Ra) and the
Chandrasekhar number (Q). A regime diagram of cnvection
behavior on Ra-Q plane has been established in laboratory
experiments [1,2]. When Ra/Q is small, 2-dimensional rolls
remain steady. In contrast to this situation, turbulence is
dominant for cases with large Ra/Q. For a decreasing path of Q
at a fixed Ra, an initially stable 2-dimensional convection rolls
becomes unstable. Here we study the detailed structure of steady

roll and the style of fluctuation emerged in reducing Q.

2. Result

We performed numerical simulations for the same setting as
laboratory experiments [1,2], with a horizontal magnetic field
imposed on the vessel enclosed by no-slip velocity boundaries.
A set of magnetohydrodynamic equations are solved by a

finite difference method with a uniform grid interval. We used
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realistic low value of the Prandtl number for liquid metals. See
[3] for more details of the simulation and evaluation of the code.

To show characteristic strucures in flows, we used Qs
criterion that is calculated by the second invariant of the velocity
gradient tensor. The criterion is adequate for identifying roll

and vortex strucutres. Figure 1(a) shows iso-surfaces of Q;,=0

Fig. 1 Steady five-roll structure under a horizontal magnetic field. A
uniform magnetic field is applied from front to back. Ra=3x10"
and Q=6x10°. (a) Isosurfaces of Q;,=0. (b) Component of flow
in the direction of the magnetic field; red: flow toward back wall,

blue: toward front wall.
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for a case with steady five convection rolls. It indicates nearly
2-dimensional structure. One more interesting feature in this
figure is the existence of secondary vortices. Pairs of smaller
vortices are located at convergence regions between main
rolls, and aligned to the direction of the magnetic field as well.
Singular vortices can be found in the corner region of the vessel.
These smaller elongated vortices play an important role in a
destabilization of flow. Figure 1(b) shows the component of flow
velocity in the direction of the magnetic field on a horizontal
plane. The red (blue) color indicates flow toward the back
(front) wall. A typical magnitude of this component of velocity
is about 1/5 of the circulation velocity of the main roll. The
reason for generating such a flow with complicated distribution
is the Ekman pumping that takes place in the boundary layer
where the convections rolls end at the front and back walls of
the vessel. In the Ekman layers, fluid is pumped towards the
rotational axis of the convection rolls. The fluid then leaves the
boundary layer in the interior of the convection roll and creates
an elongated recirculation. The flow with Ekman pumping
is dominantly observed in this case because of the large flow
velocity of the roll convection, that is maintained under a strong
horizontal mangnetic field. The Reynolds number estimated by
the circulation velocity of rolls is over one thousand.

Figure 2 shows a snapshot of convection in a situlation with
reduced magnetic field. This figure shows a destabilization
of the steady convection; undulations on the iso-surface are
propergating slowly from the center of the vessel toward the
sidewalls. Smaller vortices are pulled into the space between
main rolls. The complicated roll structure in Fig. 2(a) with
winding vortices are formed in this way. These vortices are

advecting toward the sidewalls with the recirculation induced

Fig. 2 Five-roll structure with advecting secondary vortices. Ra=3x10"
and Q=2x10’.
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by the Ekman pumping. Figure 2(b) shows very complicated
distribution of flow, but the fundamental strucutre is maintained
by the Ekman pumping as in Fig. 1(b). Small blobs of the
velocity distribution correspond to the cross section of

secondary vortices winding around the main rolls.

3. Summary

We successfully simulated interesting features of convection
observed by laboratory experiments under a strong magnetic
field. It never become a perfectly 2-dimensional structure but
recirculations induced by the Ekman pumping are accompanied

due to the existence of sidewalls.
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