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Abstract

The understanding of thermal convection under a central force field is important for large scale geophysical
motions. The non-rotating spherical shell and the rotating spherical shell is a model for the convection in the
Earth’s mantle and the outer Earth’s core. A space experiment, which investigates the thermal convection
under a central force field in a rotating spherical gap with heated inner sphere and cooled outer sphere
filled with a silicon fluid is under construction. In analogy to the experiment, the numerical simulations are
focused on the pattern formation of the convection in the spherical shell with Prandtl number Pr = 35 and
moderate Taylor numbers. The axial symmetric flow is calculated on a staggered grid with a finite volume
method. In azimuthal direction a spectral analysis allows a three-dimensional simulation for spherical shells

with a large radius ratio.

Introduction

Thermal convection in a spherical shell un-
der a central force field represents an important
model in fluid dynamics, astro- and geophysics.
The large scale motions of atmospheres of plan-
ets and in the convection zones of rotating stars
are strongly influenced by rotation and by gravity
that drive thermal circulation. The resulting flow
structures show a rich variety of different types of
instabilities which depend strongly on different pa-
rameters as rotation rate, temperature gradient,
gap width, material functions and others. The
model of a spherical gap flow experiment helps to
understand such phenomena as the complex pat-
terns of convection in the mantle of the Earth, and
the rotating flows in the Earth’s outer core.

Microgravity experiments on thermal convec-
tion with a simulated central electrohydrodynamic
force field are important for the understanding of
these large scale geophysical motions as the con-
vective transport phenomena in the Earth’s liquid
outer core. A central symmetric force field sim-
ilar to the gravity field acting on planets can be
produced by applying a high voltage potential be-
tween the inner and outer sphere using the effect of
dielectrophoretic force field [5][6]. To turn off the
unidirectional gravitation under terrestrial condi-
tions, these experiments require an environment
of microgravity [4].

In preparation of the experiments, linear sta-
bility analysis has been performed to determine
the critical Rayleigh and Taylor numbers for the
onset of thermal convection under a simulated cen-
tral force field. Nonlinear finite- amplitude convec-
tive motions have been studied numerically. Fur-
ther experiments with different gap widths and
supercritical up to turbulent Taylor and Rayleigh
numbers of the order of the real geophysical pa-
rameters need a microgravity time of days or
weeks, i.e. experiments in the Fluid Science Lab-
oratory or in the Get Away Special payload of the
Shuttle. For this high parameters the numerical
programme must be improved and further calcu-
lations are necessary.

Mathematical formulation

We consider the model of two concentric spher-
ical shells with outer radius Rs, inner radius R;
with a constant temperature difference between
the two shells of AT. The geometrical non di-
mensional parameter is the radius ratio

:Z—;. (1)

Using the thickness of the shell d = Ry — R; as
length scale, d* /v as time scale and AT as a scale
of the temperature, the following equations of mo-
tion and heat equation in the non-dimensional
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form are obtained in the Boussinesq approxima-
tion:
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7w is the reduced pressure and T is the tem-
perature. The dimensionless parameters are the

Rayleigh number Ra = %fdg

ber Ta = 4%22‘14 and the Prandtl number Pr = %,
where « is the thermal expansion coefficient, go
the constant of gravity at the outer shell, x the
thermal diffusivity, v the kinematic viscosity and

Q the angular velocity of rotation.

, the Taylor num-

Numerical methods

The three-dimensional nonlinear Boussinesq
equations (Egs. 2 - 4) are solved numerically
with finite—volumes and spectral analysis in az-
imuthal direction. For the axisymmetric prob-
lem we used a finite—volume method on a non-
homogeneous staggered grid in the (r,¥)-plane to
solve the discretized equations in primitive vari-
ables. On a equidistant grid all terms are solved
with second-order—accurate formula and the ad-
vective terms are used in the conservative form.
For a better resolution of the boundary flow it is
possible to stretch the radial component with the
function ' = Ry +0.5(1 — cosm(r — R1)). In one
time step all variables (u, v, w,p,T) are solved si-
multaneously with the conjugate gradient method
BiCGSTAB [3]. A preconditioner is used to en-
sure the divergence free velocity field and to accel-
erate the iteration. The truncated matrix for the
preconditioner only includes the diagonal terms of
the original matrix of the discretisized equations,
the pressure gradient and the divergence of the ve-
locity. The Fourier coeflicients of the 2w-periodic
functions are calculated iteratively for every time
step. The time is discretisized with a second-order
Euler-backward method.

Results

The critical Rayleigh number for the given
boundary conditions = 0.4 and g o 1/7° is
Ra. = 182 and the critical latitudinal wavenumber
is . = 3. Figure 1 shows that the critical Rayleigh
number increases with the Taylor number and the
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Figure 1: Critical Rayleigh number and frequency
as a function of the Taylor number.

critical azimuthal wavenumber is changing from
m = 3 to m = 8. The frequency is switching from
positive to negative values. For twice the criti-
cal Rayleigh number we have simulated the flow
and figure 2 is a visualization of the temperature
field in the middle of the fluid shell. It has a typ-
ical tetrahedral pattern as suggested by [2]. In
the rotating spherical shell the convection is time
dependent. The so called ’columnar cells’ [1] are
rotating around the inner sphere. They are almost
parallel to the rotating axes, as show in figure 2.

Conclusions

For the theoretical analysis and for the pre-
diction of the flow in the experimental investiga-
tion a new numerical code has been developed.
For an optimized resolution of the periodic flow
in rotating states, a spectral method is used in
the azimuthal direction. This programme is used
to predict the flow patterns and to determine the
interesting parameters for the experiments. The
different flow regimes of the non-rotating and ro-
tating spherical shell predicted by the numerical
simulation, should be compared with the experi-
mental results.



Figure 2: Temperature in the middle of the gap
(right: cylindrical projection). Ra = 400, Pr = 35,
Ta = 0.

Figure 3: Constant isosurfaces for the radial ve-
locity and streamlines in the equatorial plane.
Ra = 1000, Pr= 35, Ta =10 .
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