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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 influence of magnetic field. We simulated Rayleigh-Bénard

convection of an electrically conductive low-viscosity fluid under an imposed uniform magnetic field. With an intense horizontal

magnetic field, the convective motion takes a form of two-dimensional roll whose axis is in the direction of the magnetic field. We

identified an existence of weak flow in the direction of the magnetic field, and made clear that it is induced by the Ekman pumping.

The relation between the Ekman layer and the Hartmann layer generated at sidewalls is the key for understanding the magnitude of

flow in the direction of magnetic field.
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1. Introduction

The relation between magnetic field and flow field is
important for considering flows obtained in geodynamo
simulations. We focus on a stabilization of roll structure with a
strong magnetic field. 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 delays 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 Hartmann number (Ha) which is
equivarent to the square root of the Chandrasekhar number (Q).
A regime diagram of cnvection behavior on Ra-Ha® plane has
been established in laboratory experiments [1]. Here we study

the detailed structure of steady rolls at high Ha conditions.

2. Setting and method

We performed direct 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. The numerical code is identical to that in
[3]; a set of governing equations for magnetohydrodynamic
flows is solved for a Boussinesq fluid. The staggered-grid finite
difference method is applied using a uniform grid interval. We

used sufficient grid points to resolve well the velocity boundary
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layers generated in the vicinity of rigid walls. A realistic low
value of the Prandtl number was used for simulating flows in a

liquid metal.

3. Result

Under a strong horizontal magnetic field, we successfully
reproduced a steady roll structure with its axis parallel to
the magnetic field, that is consistent with our laboratory
measurements. 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. It shows a quasi-two-dimensional roll
structure. Due to the existence of rigid sidewalls, we can see that
the velocity of circulation in rolls are reduced close to the front
and back walls.

Figure 1(b) shows the flow velocity component in the
direction of the applied magnetic field on a horizontal plane
with colors. It cleary indicates an interesting features of this
roll-type convection. Flows from sidewalls to the center of the
vessel are generated at inside of rolls, while inversed flows
exist between the neighboring rolls. A typical magnitude of the
flow in the direction of the magnetic field is about 1/5 of the
circulation velocity of the rolls. The reason for generating such
a flow is the Ekman pumping that takes place in the velocity
boundary layers where the convections rolls end at the front
and back walls of the vessel. In the present situation, roll-
style convections are preserved because of the strong magnetic

field, and the circulation velocity in rolls are quite large. The

8 — Earth Simulator JAMSTEC Proposed Project —
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Reynolds number (Re) estimated from the velocity is over one
thousand, then the Ekman number (E) with roll circulation is
the order of 10*. Hence, generations of Ekman layers (more
precisely, Bodewadt layer in the present situation as in [4]) and
Ekman pumpings are dominant features in this system. Ideal
two-dimensional rolls are never realized in enclosed vessels.
The thickness of the Ekman layer can be estimated as E".

In addition to the effect of keeping flow structure to be quasi-
two-dimensional rolls, the strong magnetic field formes the
Hartmann layers at the sidewalls perpendicular to the magnetic
field. The thickness of the Hartmann layer can be estimated

as Ha™'. Figure 2 schematically illustrates the relation between

(a) isosurfaces of Q,, =0

(b) u, on the plane z=1/4

Fig. 1 Quasi-two-dimensional five-roll structure under a horizontal
magnetic field. A uniform magnetic field is applied from front
to back. (a) Isosurfaces of Q,,=0. (b) Component of flow in the
direction of the magnetic field on the plane z=1/4; red: toward
back wall, blue: toward front wall. Ra=3.0x10* and Ha=75.

Fig. 2 Schematic view of convection rolls with Hartmann layer in the
vicinity of a side wall, accompanied by Ekman pumping induced
flow (red arrows), and its return flow (blue arrows).
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aligned rolls and velocity boundary layers in the vicinity of a
sidewall. For the situation shown in Fig. 1, the thickness of the
Hartmann layer is estimated to be comparable to that of the
Ekman layer. With increasing the value of Ha, the thickness of
the substantial velocity boundary layer decreases as Ha'. We
found that the magnitude of flow velocity in the direction of
the magnetic field decreases for larger Ha conditions for a fixed

value of Ra.

4. Summary

We simulated roll-type convections in an electrically
conductive fluid under a strong horizontal magnetic field in an
enclosed vessel, and made the quasi-two-dimensional structure
clear. Both of the Ekman and Hartmann layers are generated
at sidewalls. The relation between the two boundary layers

controls the flow in the axial direction of the rolls.
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