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Abstract

The research of thermal convection in spherical shells under the influence of a radial force field is a
fundamental model in geophysical fluid dynamics. The European microgravity experiment GeoFlow, which
is executed in the Fluid Science Laboratory (FSL) in the Columbus module on the International Space
Station (ISS), is an experiment for investigating pattern formation and stability of thermal convection in
rotating spherical shells under influence of a central symmetry buoyancy field. The flow visualization is

realized with the Wollaston-Shearing-method.

The focus in this paper is on the numerical preliminary studies of this spherical Rayleigh-Bénard problem
under a central dielectrophoretic force in microgravity environment. Numerical simulations are done with
a pseudospectral method and are accomplished for a range of parameter values for Rayleigh and Tay-
lor number. In addition, we describe the way of image processing and the analysis of the experimental data.

1 Introduction

The microgravity experiment GeoFlow is an Euro-
pean project, integrated in the Fluid Science Labo-
ratory (FSL) in the Columbus module on the Inter-
national Space Station (ISS). This experiment focus
on the research of stability and pattern formation of
thermal convection in a rotating spherical gap with
an artificial central dielectrophoretic force field by
applying a high voltage alternating field on the inner
sphere [6], [11] and [1].

For a preparation for the execution of the experi-
ment on the ISS there were carried out lot of prelim-
inary investigations on the Engineering Model (EM)
from the industry partner and at the Science Refer-
ence Model (SRM) at BTU Cottbus. Comparative
to the experimental tests, a rich variety of numeri-
cal simulations were computed ([7] and [9]). These
numerical studies are used for preparation of the
experimental design and complementary parame-
ter variations as well as analysis of both, stable

and time-dependent flows, that was found to ex-
ist in the parameter range of the GeoFlow experi-
ment. The problem of convection in spherical shells
has been considered before in various research pro-
grams. Critical Rayleigh numbers were calculated
by Joseph and Carmi [4], via linear and energy sta-
bility analysis in the non-rotating case for different
central force fields. Roberts [12] calculated the flow
and critical Rayleigh numbers in the limit of very
rapid rotation, and found that the critical Rayleigh
numbers depends on the Taylor number according
to Ra. ~ Ta?/3. Busse [3] has also considered that
case, and predict that the flow should take the form
of "columnar cells". Hart et al. [8] considered this
problem, too, using a hemispherical shell model and
neglecting the centrifugal force.

Here, we present results of numerical simulations
and this results for a) non-rotating cases, b)roting
cases in reference to the experiment. In addition,
the data analysis of the wollaston-shearing interfer-
ograms is described. The processed interferograms
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are used for the calculation of the temperature field.

By comparing numerical and experimental re-
sults, it should be possible to determine the dynamic
of the observed flow patterns.

2 Numerical Simulations

The non-dimensional equations for thermal convec-
tion in rotating spherical shells under influence of the
dielectrophoretic force field regard the velocity field
U and temperature field T" by

(1) V-U =0,
(2)
1 |ou 9 R
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Refer also to [2] for a detailed description of scaling
the equational system and evolution of parameters.
Then the GeoFlow experiment is described with the
Prandtl number

(4)

as a material property of the fluid (v and « are the
fluid’s viscosity and thermal diffusivity, respectively),
and the Rayleigh number for measuring the im-
posed thermal forcing. Natural convection in spheri-
cal gaps with d = r, — r;, in an axial force field in an
earth laboratory, is described by

aATgd?
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(5) Ra =
with « as the thermal expansion coefficient, fac-
tor g is acceleration due to gravity. For the dielec-
trophoretic force field set-up the parameter Racentral
describes the central buoyancy thermal convection

VAT g.d®
vk

(6)

Racentral =
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Here ~ is the dielectric variability and g. the electric
acceleration due to electrohydrodynamic force, vari-
able in strength by V,.,,s, which is the high voltage
alternating electrical field giving the central force.
Regarding convection in earth laboratory, superim-
posed with high voltage field, both Rayleigh num-
bers have to be considered. For the microgravity
environment at ISS only Racentrqi iS NECESSArY.
The system is rotating with constant rotational fre-
quency N = Q/(2II). Those effects are treated in
Coriolis and centrifugal forces, described by Taylor

number
2\ 2
@) Ta— (29d >
14

and the additional factor
~  aAT
(8)

Ra = 1 PrTa.

The boundary conditions associated with (Eq. 2)
are no-slip for velocity field U and for temperature
equation (Eq. 3) they correspond to inner heating
and outer cooling of spherical shells.

This system of equations and boundary condi-
tions is solved using the numerical code of [9], in
which U and T are expanded in terms of Chebyshev
polynomials in radial direction r, and Legendre func-
tions in meridional 6 and azimuthal direction ¢. For
numerical simulation the parameter Racentrq has to
be used without geometry. In the following the de-
noted Rayleigh number is defined as Racentrai =
(2ere.7)/(prr) - ATV?2, ., showing also that for
the final experiment temperature difference AT and
high voltage V,.,,,s are the parameters which give the
drive for convection.

Further values for the calculations come along
with experimental constraints. So working fluid, fill-
ing the spherical gap, is a silicone oil of GE Bayer
Silicones, having a Prandtl number Pr = 64.64.
With the inner radius r; = 27 mm and outer ra-
dius 7, = 54 mm the radius ratio gets n = 0.5.
Experimental runs are composed of applying a con-
stant voltage V,ms = 10 kV and varying AT
up to 10 K, the Rayleigh number than reaches
Racentrat < 1.4 -10°. A possible rotation rate up

to 2 H z results in Taylor number T'anq. = 1.3 - 107.
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Figure 1: Overview of convective states in spher-
ical shells of n = 0.5 for Pr = 64.64 depending
oNn Racentrar @nd Ta: Besides time-dependency
of numerical solution diagram show linear stabil-
ity of most unstable modes m.

2.1 Results for Thermal Convection in

Different Rotating Regimes

Main parts of parameter variation include set-up
of temperature gradient between inner and outer
sphere (corresponding to Rayleigh number varia-
tion) and rotation of spherical system (corresp. to
Taylor number variation). Figure 1 shows this pa-
rameter regime and calculated convective states.
Experiment runs follow this diagram with a non-
rotating case, where Rayleigh number is increased
stepwise, and rotating cases, where a distinct tem-
perature difference is set-up (Ra fixed) and then
rotation rates are superimposed by increasing T'a,
starting with low rotation regime to intermediate to
high rotation regime. In the following these different
regions are discribed.

2.1.1 Non-Rotating Case

Increasing Rayleigh number corresponds to
strength thermal impulse of the system. Transi-
tion from basic state to steady and then direct
to irregular time-dependent convective states are
found (Fig. 1). Patterns of steady state convection
depend on initial state. Increasing stepwise leads
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Figure 2: Patterns of convective steady states
for non-rotating case Ta = 0: (a) - axisymme-
try at Racentrar = 5000, (b) - inverse axisym-
metry at Racentrat = 8000, (C) - cubic symme-
try at Racentrar = 5000, (d) - symmetry with az-
imuthal wave number 5 at Racentrqar = 10000. Pic-
tures show summed radial temperature at north-
ern hermisphere.

to axisymmetric states (Fig. 2 a-b), setting thermal
impulse immediatly from zero reveals complex
symmetries (Fig. 2 c-d). With methods of path
following stability of patterns are validated in those
different ranges. For experimental work on ISS
different patterns will be observable due to different
runs with changing the initial states. Refer also to
[7] and [2] for more details on stability discussions.
For irregular flow tetrahedral patterns dominate flow
structures.

2.1.2 Rotating Case

From low to intermediate to high rotation the exper-
iment travers stability lines of most unstable modes
(Fig. 1). The higher the rotation, the higher the az-
imuthal mode of convective flow (Fig. 3). Further-
more a change of drift velocity occurs, predicted
also with stability analysis from [13]. Direct numer-
ical simulation results show prograde drift for low
rotation regime and retrograde drift for intermediate
rotation regime. For low rotation patterns are just
rotated but not distorted. For intermediate rotation
patterns start to align at tangent cylinder. Centrifu-
gal effects come into account.
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Figure 3: Patterns of convective steady states for
rotating case Ta #0: (a)-m =5at Ta = 1- 10,
Racentrar = 8000, (b) - m = 6 at Ta = 2 - 10,
Racenirat = 10000, (C) - m = 7 at Ta = 6 - 10°,
Racentrar = 2000, (d) - m = 8 at Ta = 1.5 - 106,
Racentrar = 50000. Pictures show radial tempera-
ture field in meridional cut.

Calculations for high rotation are not finished yet.
Additionally time-series analysis for complex time
dependency behaviour is necessary. Final goal is
to track the transition from basic via steady to peri-
odic and chaotic state for fixed Ta and increasing Ra
as marked in diagram of Figure 1.

3 Data analysis

Figure 4 shows the way of the data processing, eval-
uation and data interpretation. On the left side, the
forward modelling with the simulation of the 3D tem-
perature field which is used for construction of nu-
merical interferograms is demonstrated. This al-
lows the comparison with the experimental interfer-
ograms. On the right side, the inverse modeling with
calculation of the integrated temperature field which
is based on experimental data, is shown. An ex-
ample to demonstrate the inverse modelling and to
illustrate the forward modelling is given in the next
section. This allows the comparison with numeri-
cal calculated temperature fields. The observed flow
pattern can be analysed in detail by using this data
flow in a useful manner and that allows a character-
ization of the flow pattern. Also the numerical simu-
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Figure 4: Numerical and experimental data analy-
sis. Verification of experimental data by analysis
and comparison with numerical data.

lations can be verified with experimental data.

3.1
The temperature field T'(9, ¢):

AY N [dn\ "t [
‘N G ase did+1T
2de <dT> 9 To o

Image Processing

(9) T, ¢) =

is calculated in azimuthal and meridional deflec-
tion. The integration of the temperature field follows
the requirements of the integration temperature dis-
tribution, given by Immohr [10].

The e variable describes the separation angle, the
A is the wave length of the laser and the f},,4.c is the
phase function which contains the derivative:

TV, ¢)
99

AY A

1 —_—
(10) 2de ¢

= fphase

Here d is the gap width, the (%)71 is the mod-
ification of the refractive index n in dependency on
the temperature T', and the temperature 7y is used
as an initial value for the calculation.

In Figure 5 a work flow for interferogram evalua-
tion of numerical data is shown, namely the forward
modelling. The scenario is a heated inner sphere
and cooled outer sphere. The integrated tempera-
ture field of this case is shown below. The third pic-
ture visualizes the variation of the optical path and
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Figure 5: Work flow for interferogram evaluation
of numerical data (forward modelling).

on upper right side the simulated interferogram from
this temperature field is illustrated. These numerical
interferogram is for an evaluation for the experimen-
tal data.

Figure 6 shows on the top left the measured in-
terferogram with a temperature difference of AT =
4K, Q=0Hzand V,,; = 0 kV, as an typical
way of image processing. In the image down left,
there are the relevant extracted fringes for the flow
analysis. There is calculated a phase shift from the
extracted fringe pattern for the flow analysis and this
is integrated to a temperature field [5]. The right next
image shows the phase function of the fringes and
on the top right is the temperature field of this phase
function demonstrated.

4 Outlook

For further experimental data analysis the challenge
is to implement image processing procedure for
complex flow structures, concerning of the formation
and position of the fringes. Additional, the design
of pattern recognition is necessary for an effective
comparison and sort of many images and other ex-

Figure 6: Work flow for interferogram evaluation
of experimetal data (inverse modelling).

perimental data with specific criteria.

While the first GeoFlow campaign will probably
run, from end of July till November 2008, reflight
campaign are under discussion yet, named Ge-
oFlow Il. For this is to substitute the fluid with strong
temperature dependent fluid to simulate mantle con-
vection. The scientific analyses are comparable to
those for GeoFlow I, but the convective behaviour is
expected to be quite different to the results by Ge-
oFlow I.
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