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Abstract

An electroconvection (EC) in liquid crystal is used in the experimental
study of turbulent transport. The transport characteristics in EC turbulence
were investigated with a planer cell, and the diffusive property of turbulent
transport was identified, which is identical to that of normal viscus fluid
described by Navier-Stokes equation. FExperimental research on turbulent
transport using EC in a rotating spherical shell is proposed. A demonstration
of the production of EC turbulence in a rotating spherical shell was carried
out, where the radial gravity was replaced by electric field.

Keywords: Turbulent transport, Liquid crystal, electroconvection,
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1. Introduction

A turbulence in rotating spherical shell attracts much attention from
scientists in astrophysics and geophysics[l] because a variety of structure
formations are observed on planets. A large scale magnetic field generation in
a star such as the Sun is considered to be related to large scale flow generated
in the convection zone. Numerical studies to understand large scale flow
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and magnetic field generation have been carried out, and have significantly
progressed with development of super computers. However, there remain
discrepancies of the parameters between numerical model and astrophysical
and/or geophysical objects[2, 3, 4].

On the other hand, experimental studies of turbulence in rotating spher-
ical shell are limited because of the difficulty of realizing of radial gravity in
laboratories. One of the symbolic experiments was carried out by F. H. Busse
and C. R. Carrigan, and demonstrated the formation of Taylor columns in a
rotating spherical shell, in which the turbulence was driven by the centrifu-
gal force and the temperature gradient[5]. In order to minimize the difficulty
of the realization of radial gravity, an outstanding experiment was carried
out in a space craft[6]. As far as the authors know, experimental study of
turbulence in spherical shell with radial gravity has not yet been performed.

In this paper, a new experiment on turbulence in spherical shell using a
liquid crystal is proposed. The radial gravity and temperature gradient to
drive the turbulence are replaced by only radial electric field. Following sec-
tions will describe the experiment of turbulence in liquid crystal. The exper-
imental investigation of turbulent transport characteristics in liquid crystal,
and the comparison with those in normal viscous fluids are discussed.

2. Electroconvection (EC)

Thermal convection (Reyleigh-Benards convection) is well known as a
typical structure formation in a nonequilibrium open system in nature. In
laboratories, the thermal convection can be generated in a plane cell heated
from the bottom. Thermal instability drives the convection motion, when
the heating power is slightly higher than the critical value. One example of
experimental set up is shown in Fig.1(a). When the heating power becomes
large, the convection changes to turbulence.

On the other hand, an EC is a convection motion of a liquid crystal
driven by electric field, which is shown in Fig.1(b). The convection changes
to turbulence when the applied voltage becomes much higher. Therefore,
the gravity and temperature gradient in the thermal convection can be re-
placed by the electric field, when the liquid crystal is used in the experiment.
The instability in the liquid crystal, which drives the EC, is an interaction
between anisotropy of the liquid crystal and current carried by the impu-
rity ions[7, 8]. When the applied voltage becomes slightly higher than the
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Figure 1: Schematic drawings of thermal convection in a normal fluid and EC in a liquid
crystal.

critical value, the thermal fluctuation begins to be enhanced and the con-
vection motion is driven. The reflective index of the liquid crystal also has
anisotropy, and the convective motion can be visible due to shadowgraph
when one observes the light intensity pattern pass through the liquid crys-
tal. For example, in the case shown in Fig.1(b) the stripe pattern can be
seen[9]. The brightness corresponds to the vertical velocity at the position
in the liquid crystal. Therefore, one can easily see the two-dimensional flow
pattern[10, 11], which is an extreme advantage for using liquid crystal in the
turbulence experiment.

Another advantage of liquid crystal for turbulence experiment is the con-
trollability of the turbulent state. The voltage control is much easier than the
temperature control. In addition, two non-dimensional parameters indicat-
ing the state of turbulence, Reynolds number (R,) and Prandtl number (B,),
can be controlled by amplitude (V') and frequency (f) of applied voltage,
respectively. It is well known that the linkages are given by

2
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where ¢ is a parameter characterizing the turbulent flow, the V. is the critical
voltage at which the convection starts, and f. is the critical frequency of the
bias voltage[12, 13]. The controllability of EC turbulence is also a significant
advantage in comparison with normal viscous fluid turbulence experiments.

The liquid crystal has been used in the experiments for investigation of
pattern formation and transition to chaos in weak turbulence state[14]. Phase
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diagram of pattern in liquid crystal was compared with that observed in
normal viscous fluids, and similarity was discussed in detail[15]. Statistical
properties of weak turbulence have been also experimentally investigated
using EC[16, 17]. For highly turbulent state of EC, two phases, the so called
DSM1 and DSM2 phases, are observed, and transition between them are
experimentally investigated[18, 19]. However, the EC itself and the transport
properties were not investigated in detail, to the authors’ best knowledge. In
this sense, the demonstration of normal fluid turbulence using EC is a new
experimental challenge to investigate the turbulence properties and turbulent
transport.

In our experiment, EC turbulence is produced in plane cells with alternative-
current bias voltage of 500Hz. The schematic of the cell is shown in Fig.2
and the thickness of the cell is typically 50um. The nematic liquid crystal
(MBBA) fills the cell with surface treatment of homeotropic alignment, in
which the liquid crystal molecules aligned perpendicular to the glass plate.
The typical critical voltage in this experiment is V., = 7 ~ 8V and the tem-
perature of the cell is kept as 30 &= 1 degrees.
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Figure 2: Schematic drawings of plane cell.

3. Experimental results

The EC and turbulence are produced in a plane cell. Figure 3 shows
two-dimensional pattern of light intensity passed trough the cell, which cor-
responds to two-dimensional pattern of flow velocity in z-direction. In the
case of V/V, = 2, one can see a stripe, indicating formation of convection roll
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Figure 3: Two dimensional vertical velocity profiles obtained by the shadowgraph tech-
nique, and the dependence on e.

in the cell. By increasing bias voltage, the typical scale of the roll becomes
smaller and the flow becomes turbulent.

In order to investigate the transport characteristics in EC and turbulence,
a particle tracing technique was developed. Small plastic particles with the
diameter of 6.5um and the mass density almost identical to the liquid crystal
are distributed in the cell. The particle motion in the x-y plane is observed
with a CCD camera and visualizes the local turbulent flow with the scale of
the particle. It is well-known that the particle tracing technique is applicable
to investigate the turbulent transport characteristics[20]. Figure 4(a) shows
an example of particle orbit traveled in the EC turbulence. One can see the
random particle motion driven by the local turbulent flow. In order to clarify
the transport property, the scaling with arbitrary exponent H:

<>t (3)

where [ is the traveling distance of the particle with the duration time ().
The <> denotes the ensemble average, and H is the Hurst exponent. The
cases with H = 1/2 and H = 1 correspond to classical diffusion and to
ballistic transport, respectively. The cases with 0 < H < 1/2 and with 1/2 <
H < 1 correspond to subdiffusive and superdiffusive transport, respectively.
The H values evaluated with the experiment are almost 1/2 as shown in
Fig.4(b). Therefore, the transport is diffusive.
The effective diffusivities of particles can be evaluated by
2

D = < lt >’ (@)
and is shown in Fig.4(c). One can see the increase of effective diffusivity with
¢ and linear relation between them in highly turbulent state (corresponding to
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Figure 4: (a) Particle trajectory in EC turbulence, (b) averaged squired-traveling distance
as a function of the traveling time, and (c) effective diffusivity evaluated by eq.4 as a
function of e.

large ¢). In the case of turbulence driven in normal fluids described by Navier-
Stokes equation, the turbulent diffusivity is proportional to the Reynolds
number (R.), if the molecule diffusivity is fixed. In the highly driven EC
turbulence, turbulence and turbulent transport can be linked with those of
normal viscous fluids turbulence, if the Reynolds number is replaced with ¢
as shown in eq.2.

4. Discussions and summary

The EC turbulence is produced in a planar cell, and it is successfully
demonstrated that the turbulent diffusivity in the regime of ¢ much larger
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than unity is similar with transport characteristics in normal fluid turbulence.
Although further comparisons of turbulent transport characteristics between
EC turbulence and normal fluid turbulence should be carried out. It is noted
that the EC turbulence is a powerful tool to investigate turbulent transport
with sophisticated geometries or conditions in which the experimental study
with normal fluids is impossible or very difficult.

Figure 5: Schematic images of planar cell.

One of the challenging targets is the thermal convection turbulence in
rotating spherical shell. The demonstration of production of EC turbulence
in one-half of a rotating spherical shell was carried out. Figure 5(a) shows
the experimental setup, and Fig.5(b) shows the pattern of transparent light,
which corresponds to two-dimensional turbulent flow pattern. The shell was
made with pyrex glass, and the spherical surface was manufactured with the
accuracy of less than 1% of the curvature (R = 5mm). The thickness
is 50 m. The electric field was applied in the radial direction to drive EC
turbulence, thus the radial gravity is replaced by the electric field, which
is difficult to realize using normal fluids. The turbulence in the spherical
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shell was easily produced and the rotation was also applied up to 47 rad/s.
No clear effects of the rotation upon the turbulence were observed in the
experimental condition of Rossby number of R, > 1. In order to observe the
effect of rotation and/or structure formations, further developments such
as application of fast rotation and expansion of the view area in spherical
surface, etc, are necessary.

In conclusion, turbulence and turbulent transport experiment using an
EC turbulence was demonstrated. The simplicity in diagnostics and con-
trollability of EC turbulence are significant advantages for turbulence ex-
periments, and enable replacing radial gravity with electric field for driving
turbulence in spherical geometry, such as stars and planets. It is noted that
this idea expands the possibility of experimental study to investigate many
astrophysical observations, such as differential rotation in the Sun, super ro-
tation in Venus, zonal flow structure and hexagonal pattern formation near
the poles in Jupiter, etc.
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