@ Springer

Journal of
Mechanical
Science and
Technology

Journal of Mechanical Science and Technology 22 (2008) 1202~1212
www.springerlink.com/content/1738-494x

Natural convection between concentric spheres in electromagnetic fields

Chung-Hyo Jung"* and Takahiko Tanahashi

'Samsung Electronics CO., LTD., 416 Maetan-3Dong, Yeongtong-Gu, Suwon-City, Gyeonggi-Do, Korea
2Faculty of Science and Technology, Keio University, 3-14-1, Hiyoshi, Kouhoku-Ku, Yokohama, 223-8522, Japan

(Manuscript Received September 28, 2007; Revised March 3, 2008; Accepted March 23, 2008)

Abstract

This study performs numerical analyses for two different working fluids. One is an analysis of natural convection us-
ing a model with air that is compared with the results of applied experiments. Then, it can be used to investigate the
pattern of natural convection in concentric spheres. The other is an investigation for the relationship between velocity
field, electromagnetic field, and temperature field in a model with molten metal. The subject of the analysis model is
the natural convection between two concentric spherical shells. In particular, a process where induced magnetic fields
intensify the imposed magnetic field can be called a dynamo process. This study uses a modified B method in order to
investigate the role of this induced magnetic field. This method is also compared to a @ method that only considers
imposed magnetic fields. In addition, this study examines the relationship between the velocity field and the electro-
magnetic field for the velocity field through applying Coriolis forces.
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1. Introduction

Natural convection can be observed in huge scaled
natural phenomena that are represented as the air of
the earth, the convection of the ocean, and the con-
vection of the outer core and mantle inside the earth
and that can be extended to certain applications, such
as the design of atomic plants, light fixtures, and other
various engineering fields. An example of natural
convection can be implemented by using a space with
two concentric spheres in which the space formed by
the inner and the outer space is filled by a certain fluid
and a temperature gradient is applied from the surface
of the inner sphere to the outer sphere. This phe-
nomenon is an easily understood natural phenomenon
that has been studied for a long time ago as an issue
of engineering natural convection. In particular, be-
cause the convection of molten metal, such as mer-

“Corresponding author. Tel.: +82 31 277 7178, Fax.: +82 31 277 7733
E-mail address: chunghyo.jung@samsing.com
DOI 10.1007/s12206-008-0314-z

cury and sodium, includes flow fields, electromag-
netic fields, and temperature fields, it has been re-
garded as a core of energy science.

In the case of the two concentric spheres, some
studies reported detailed investigations on the flow of
fluid and heat, and temperature distribution in such
spheres when the working fluid was configured as air.
Also, there are some results of the numerical analysis
for the low Ra number (less than 10°). In addition, the
types of velocity and temperature fields are already
investigated for the condition of Ra<10 because the
results of this analysis nicely agree with the results of
their experiments. However, there are few numerical
analyses for the high Ra number (more than 10°).
Thus, this study performs a numerical analysis for the
high Ra number in order to guarantee the reliability of
applied numerical models. However, it is difficult to
find certain experiments or numerical analyses in-
cluding electromagnetic effects in the case of a work-
ing fluid that is given by molten metal. In previous
studies, the convective controllable effect of the flow



C.-H. Jung and T. Tanahashi / Journal of Mechanical Science and Technology 22 (2008) 1202~1212 1203

field was proved by using a @ method as a solution of
electromagnetic fields. However, the @ method does
not consider the induced magnetic field because it can
be used as the induced magnetic field is negligible
due to the fact that the imposed magnetic field applied
in the @ method shows a very low level compared to
that of the imposed magnetic field.

This study examines the relationship between ve-
locity, electromagnetic, and temperature fields by
considering the induced magnetic field (for a mag-
netic Re number of Rem=1). In particular, a process
where induced magnetic fields intensify the imposed
magnetic field can be called a dynamo process. Al-
though several researchers have analyzed the convec-
tive controllable effect using a B method, they failed
in the implementation of the role of the dynamo. This
study investigates the role of the dynamo by introduc-
ing a modified B method in the analysis of electro-
magnetic fields in order to verify the role of the in-
duced magnetic field that intensifies the imposed
magnetic field. In addition, this study considers the
relationship between the velocity field and the elec-
tromagnetic field for the velocity field through apply-
ing Coriolis forces.

2. Numerical method
2.1 Basic equations

Governing equations can be obtained from the
equation that forms velocity, electromagnetic, and
temperature fields. The equation of the velocity field
can be obtained by using the Navier-Stokes equation
and the equation of continuity in which the Navier-
Stokes equation uses an equation that is represented
as a rotational form. The dimensionless can be per-
formed using the Ek number (viscosity term/Coriolis
term). In addition, the governing equation can be
simplified by the following assumptions.

(a) An electromagnetic fluid is a type of conductive
Newtonian fluid.

(b) The fluid is laminar and incompressible.

(c) In Eq. (2), the density noted in the buoyancy
force term depends on the thermal expansion coeffi-
cient (f) and applied temperature.

(d) The external forces applied to the electromag-
netic fluid are the buoyancy force, Coriolis force, and
Lorentz force.

(e) Displacement electric currents are negligible.

(f) The electromagnetic fluid shows neutrality and
non-polarity electrically.

(g) Temperature dependencies in material proper-
ties are negligible.

V-v=0 (1)
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where v, H, w, k, j, B, T, and g represent the velocity
vector, Bernoulli function, vorticity vector, unit vec-
tor along the rotational axis, current density vector,
magnetic flux density vector, temperature, and unit
vector along the gravity, respectively. Also, the ap-
plied dimensionless numbers, Pr, Ta, Ek, Ha, and Ra,
demonstrate the Prandtl number, Taylor number,
Ekman number, Hartmann number, and Rayleigh
number, respectively. They can be determined as
follows:

2
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In Eq. (3), it shows a formula of Ra=Gr-Pr, where
Q, d, and AT represent the angular velocity, gap
width between spheres (7,-7;), and temperature differ-
ence between the outer and the inner spheres, respec-
tively. Also, elements v, a, g, f, o, and p show
the of kinematic viscosity, thermal diffusivity, gravi-
tational acceleration, thermal expansion coefficient,
electric conductivity, and mass density of the fluid,
respectively.

The equation of electromagnetic fields can be clas-
sified as @ and B methods according to the manner of
solution. The @ method can be obtained by using the
conservative law of currents and Ohm’s law. In addi-
tion, the B method can be formed by using Gauss’
law and the Maxwell equation. The equations used in
the @ method that only processes direct current mag-
netic fields are determined as follows:

V=0 “
j=-Veo+bxs,) )
where @ is the electric scalar potential. The equations

used in the B method that deals with both imposed
and induced magnetic fields are expressed as follows:

V-B'=0 ©6)
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v (7)
Rem
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where R and Rem are the dimensionless cross helicity
(R= (V'B)/Rem) and the magnetic Reynolds number
(Ud/ v,,), respectively. In the Navier-Stokes equation,
the magnetic flux density vector, B, can be expressed
as B =B, +B’ including the imposed magnetic field
and the induced magnetic field. This approach that
produces the vector, B, is called the modified B
method.

In addition to the flow and electromagnetic field,
the temperature field can be obtained from the energy
equation. If the relation described by the Peclet num-
ber (Pe)=Re-Pr=1 is used in the flow field with a high
Ra number, the numerical analysis of the energy
equation can be stably obtained. The Eckert number
in the equation can be determined as U/ (C,AT).

orT
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2.2 Time marching algorithm

The discretization of velocity fields can be proc-
essed by using a GSMAC (Generalized Simplified
Marker and Cell) method. The electromagnetic field
in the B method is also discretized by using a simul-
taneous relaxation repetition method. Also, a forward
Euler method can be used in temperature fields. In a
way in the time marching algorithm for each physical
field, the velocity field applies time processing with
Eq. (2) for the function of H determined in a Ber-
noulli function implicitly and for other variables ex-
plicitly. Here, the velocity and Bernoulli function are
to be modified in order to satisfy the incompressible
condition at a time step of (n+1). The electromagnetic
field used in the B method applies time processing
with Eq. (7) for the vector, v, and error function, R,
implicitly and for the magnetic flux density vector, B,
explicitly, in which the magnetic flux density vector,
B, is to be modified to satisfy Gauss’s law, Eq. (6) at
a time step of (n+1). Also, the temperature field ap-
plies time processing with Eq. (9) for the velocity
vector, v, and current density vector, j, implicitly and
for the temperature, 7, explicitly, in which a term of
BTD is used to stabilize the solution for each physical
field. In addition, the Galerkin method can be used to
extract an element matrix equation. In the application
of an interpolation function, an interpolation process
is required for an eight-node isoparametric element
for the elements of v, j, B, and T and for the constant

in the element for other variables. Here, the weighted
functions, Jv, dj, 0B, and o7, which become zero at a
fixed boundary is used.

3. Numerical model
3.1 Analytical model

An analytical model is subject to the issue of the
natural convection between two spherical shells. To
generate such natural convection, it is necessary to
configure the inner and outer spheres as a hot and
cold state, respectively. The buoyancy force gener-
ated by the heat that is transferred from the inner
sphere to the outer sphere becomes the motive force
of natural convection. Fig.1 illustrates an analytical
model. The gravitational force that is applied to fluids
as a type of external force was configured as the di-
rection of -Z. In the case of the fluid, which is config-
ured as air, between shells, the diameters of the inner
sphere were configured as 0.4 (Di/d=1.3), 0.6
(Di/d=3), and 0.8 (Di/d=8) to perform this analysis.
Also, it was configured as 0.3 for molten metals.
Whereas, Di and d represent the diameter and, 7, - #;
of the inner sphere, respectively.

3.2 Calculation area

In the case of the fluid, which is configured as air,
in a calculation area, the mesh applied in the calcula-
tion was a type of hexahedron element and the total
elements and nodes used in this calculation were de-
termined as 384,000 and 393,682, respectively. Also,
the minimum width of the applied mesh was 0.017 7,.
In the case of the molten metal, the generation of the

Fig. 1. Analytical model.
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mesh was performed as a manner of unequal division
based on Fan’s numerical analysis. The mesh was
generated to maintain the mesh width between the
inner and the external side of the concentric sphere
that shows a 1/3 times for the central mesh. The mesh
used in this calculation was a type of hexahedron
element and the total elements and nodes were deter-
mined as 48,000 and 550,442, respectively. Also, the
minimum width of the applied mesh was 0.019 r,,.

3.3 Boundary condition

In Fig. 1, the boundary condition of the fluid veloc-
ity was configured as no slips at all wall surfaces.
Also, in the case of the @ method, the boundary con-
dition of the current was configured as an insulation
condition. In the B method, the boundary condition of
the magnetic flux density was configured so that the
normal component is to be determined as 0. The
boundary condition of the temperature was deter-
mined as 1 and 0 for the external and internal side of
the inner sphere, respectively. In addition, it was as-
sumed that there are no heat transfers at the boundary
between the internal side of the inner sphere and the
external side of the outer sphere.

3.4 Numerical condition

In the case of the working fluid, which is deter-
mined as air, it was determined that there are no Cori-
olis forces. Here, the Pr number was determined as
0.71. Also, the Ra numbers were configured as
749,760, 229,330, and 5,964 for the radius ratios of
0.4, 0.6, and 0.8, respectively, in order to match it to
the experimental results where the minimum calcula-
tion time (df) was determined as 0.0002 for these
conditions. In the solution of the Poisson equation,
the element of ¢ (discrete equations: Eq. (1), (4), and
(6)) was configured to satisfy the convergence condi-
tion for all elements through configuring it as 0.001 in
which the iteration was determined up to 200 times.
In addition, the calculation parameters applied in the
@ and B method that deal molten metals were config-
ured as the same value except for the electromagnetic
Reynolds number. In both methods, the Pr, Ra, and
Ha numbers were configured as 0.25, 100, and 100,
respectively. In the B method, the Coriolis force can
be used as a type of external force in which the di-
mensionless numbers (7a number) were configured
as four different levels, such as 0, 10%, 10°, and 10%.
Also, the Ec number, convergence condition, and

iteration were configured as 3.88x 107,0.001, and 200.
In both methods, the minimum calculation time, time
increments (df), was determined as 0.00002. Further-
more, the residual condition and iteration were deter-
mined as the same condition as the case that applied
air.

3.5 Imposing magnetic field

It is necessary to apply electromagnetic fields under
the condition where thermal convection is fully de-
veloped. The external electromagnetic field was ap-
plied along the direction of -Z and its scale was 1.

3.6 Magnetic Reynolds number

The magnetic Reynolds number has important
meaning for the B method. As a size of laboratory
scale, the magnetic Reynolds number shows less than
1. In a practical calculation of this number at room
temperature, it is represented as Rem=ucUd=0.0001
(where, the representative length and representative
velocity were determined as d=0.01m and U=0.01m/s,
respectively). However, the B method can be used as
an effective method for Rem=1. In this study, the
magnetic Reynolds number was applied by 1 in order
to compare the @ method with the B method.

4. Numerical results and discussion

4.1 Natural convection of air

Fig. 2 shows the results of the numerical analysis
and Yin’s visualization experiment applied in this
study. The study of Yin’s visualization was per-
formed by using tobacco smoke and the behavior was
recorded as pictures. Because the smoke is dispersed
before the moment where the fluid is fully developed,
the picture was produced at a condition of underde-
velopment. As shown on the right side of Fig. 2(a),
(b), and (c), there exist certain vortexes of the Cres-
cent eddy flow and Kidney-shaped eddy flow. Fig.
2(b) and (c) show some distortions in a low velocity
layer at the center of the vortex under the unsteady
state. As shown in Fig. 2(b), however, certain vibra-
tions occurred at the center as a radial shape and that
were transferred from the center of the vortex to the
inner sphere. It is difficult to express this phenome-
non by a numerical analysis. A transient analysis is
required to compensate the result. In addition, the
results of the experiment presented in Fig. 2(c) dem-
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onstrate a periodic contraction during the collapse of
the center of the vortex. This contraction is well de-
termined in the numerical analysis where the fluid
velocity is not affected by the vortex at around the
external wall of the inner sphere. Thus, it is evident
that the fluid, which represents the Kidney-shaped
eddy flow, includes complex motion.

Fig. 3 illustrates the flow pattern between two con-
centric sphere shells for the Ra number. Yin classified
the convection patterns using the results of Bishop’s
experiment by comparing it with the results of his
own experiment. It is possible to recognize that the
flow becomes a type of unsteady flow according to
the increase in the Ra number and radius ratio from
the classification of such patterns. This analysis calcu-
lated the flow state of the unsteady region through
applying a steady algorithm. Differences in the results
between the experiment and its analysis as illustrated
in Fig. 3 are due to the application of the steady flow
algorithm in the calculation process instead of using
the unsteady flow algorithm. It was verified that the
region determined by a 0~18 of radius ratio and Ra
number = 10° can be calculated with the GSMAC-
FEM. However, it is necessary to apply more ad-
vanced flow stabilization methods or unsteady algo-
rithms over these conditions.

4.2 Natural convection of mercury under electro-
magnetic fields

By configuring a state model where the space be-
tween two concentric sphere shells is filled by molten
metal, this model was analyzed to obtain a solution.
Fig. 4 shows the results of the analysis of the velocity
field under the condition that does not include elec-
tromagnetic fields. The conditions applied in this
analysis were Pr=0.025, Ra=100, Ta=0, and Ha=0.
Fig. 4 shows the velocity vector for the section at
6=90° and ¢ =90°. Whereas, the thermal convection
showed certain development while it maintained a
symmetric state at the dimensionless time of =100.
Because the applied metal, mercury, has a time de-
pendency, however, it has been known that it is peri-
odically vibrated according to the passage of time.
Based on this idea, the region that represents such a
time dependency was determined at Ra =12,000.
Thus, it is natural that there are no particular time
dependencies in the mercury for the calculation of
Ra=100. Next, this study considers the results of the
calculation shown in Fig. 4 by applying imposed
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Fig. 2. Comparison of the results of the numerical streamlines
and Yin's experiment.
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Fig. 4. Velocity vector (Pr=0.025, Ra=100, and =100).

(a) Velocity vectors at 6=90°

(b) Velocity vectors at ¢ =90°

magnetic fields. The time for applying the magnetic
field was determined as a manner of dimensionless
time, =12. The flow in this time shows a steady state
due to the fully developed flow. Here, a modified B
method is required to analyze electromagnetic fields
in order to investigate the induced electromagnetic
field for such flows. In addition, a @ method is re-
quired to calculate the flow at the same condition.
The conditions used in this calculation were deter-
mined as Pr=0.025, Ra=100, Ta=0, Ha=100 (the &
and B methods), and Rem=1 (the B method). Fig. 5
shows a section of the velocity vector in a spherical
coordinate system at #=90°and ¢ =90°. It shows that
the @ and B methods represent an agreement in their
results qualitatively. In non-electromagnetic fields,
the fluid velocity developed at around the wall sur-
face of the inner sphere as shown in Fig. 4 and the
flow was transferred toward the upper section of the
outer sphere. Whereas, the velocity vector showed the
largest value at the side of the inner sphere. Also, the
flow developed at around the inner sphere could not
approach to the upper region of the sphere and moved
to the lower region of the sphere. Then, the pattern of
the flow generally demonstrated such Kidney-shaped
eddy flow. If certain electromagnetic fields are ap-
plied to this flow, the fluid velocity will be restrained
as shown in Fig. 5. The velocity vector represented in
both methods shows a weaken state that almost ap-
proaches 0 except for the side region of the inner
sphere. This type of convection restraint effect can be
mentioned as the results of the application of Lorentz
forces. Fig. 6 shows the scale of the velocity vector
along the Z direction of the section at #=90° and ¢
=90°. This data also represents the convection re-
straint effect. As shown in Fig. 7, however, the tem-
perature field did not demonstrate a certain change in
temperature. This is due to the small Ha number ap-
plied in the calculation. In general, it is not possible to
ignore Joule heats when the applied Ha number is
large.

Meanwhile, the magnetic flux density illustrated in
Fig. 8 being shown a difference between the @
method and the B method. The @ method is proc-
essed to velocity fields as a type of constant imposed
fields, but the B method represents different values
according to applied locations. In Fig. 8, the scale of
the magnetic field produced by the B method repre-
sents a change in the magnetic field based on the im-
posed magnetic field of “1” from the inner sphere
(r=0.3) through the outer sphere (7=1). In particular,
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(a) Velocity vectors at ¢ =90° (@ method)

(c) Velocity vectors at =90° (B method)

Fig. 5. Velocity vector (Ta=0, Ha=100, Rem=1, t=22).

the magnetic field flow field represents larger values
than 1, and the location that shows the same direction
represents smaller values than 1. Here, the magnetic
field that represents larger values than 1 is due to the
fact that the induced current produces new magnetic
fields around the surrounding. It causes that the in-
duced current to significantly enforce the imposed
magnetic field and that is called as a dynamo opera-
tion. However, it shows too small values to affect the
flow field. Thus, the results of the velocity and tem-
perature in both the @ and B method demonstrate the
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Fig. 6. Velocity profiles at #=90°, ¢ =90°.
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Fig. 7. Temperature profiles at =90°, ¢ =90°.
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Fig. 8. Magnetic flux density profiles at 3=90°, ¢ =90°.

same values. However, it is expected that if the Ra
and Rem number applied to the calculation are deter-
mined as large values, the results will be varied. It
requires further studies.

4.3 Convection of the mercury in Coriolis force
fields

This section considers the convection of molten
metals in Coriolis force fields. The Coriolis force can
occur by the object that shows relative motion in a
rotational coordinate system in which the Coriolis
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force is normally applied to the direction of relative
motion and rotational axis. Thus, it demonstrates a
stable state in its flow because the Coriolis force af-
fects the vector component of the direction of the
rotational axis for a normal direction. In addition, it is
known that the vector component that is normally
applied to the rotational axis causes the secondary
flow inside the surface due to the applied Coriolis
force.

Next, the results of the calculation by using a con-
centric sphere model can be described as follows. The
dimensionless conditions for the calculation for
Ra=100 were determined as Ta=10°, Ta=10°, and
Ta=10". Also, the calculation was continued until the
time that shows a stable moment in the thermal con-
vection caused by the Coriolis force. Fig. 9 shows the
results of the calculation for 7a=10". Fig. 9(a) demon-
strates the velocity vector of the horizontal surface at
6=90°. As shown in Fig. 9, the effects of the applied
Coriolis force at the center of the sphere can be
clearly observed. Also, there are strong upward flows
with a boundary layer in the surface of the inner
sphere. The upward flows were changed and flowed
as downward flows at the surface of the outer sphere.
The velocity vector illustrated in Fig. 9(a) represents a
difference in the direction of the upward flows com-
pared to that of the flow where the Coriolis force was
not applied. The velocity vector along the rotational
axis was sloped to the west due to the interaction with
the Coriolis force. It can be considered that the scale
and direction of this vector will be varied according to
the scale of the Coriolis force. Although the velocity
vector shown in Fig. 9(b) demonstrates a large differ-
ence in flow speeds compared to that of the velocity
vector represented in Fig. 9(b), there are no signifi-
cant differences in the direction of the flow velocity.
Also, it shows no differences in the Kidney-shaped
convection pattern formed on the left and right side of
the inner sphere. As a result, it is evident that the cal-
culation conditions of 7a=0 and Ta=10" did not affect
the pattern variation of the flow.

Fig. 10(a) shows the distribution of the flow veloc-
ity (-v,) for the horizontal section at =90° and ¢
=90°. The nodes determined from 7=0.3 to =1 were
used to extract the velocity vector of the r direction.

In addition, it shows that the results of the analysis
were applied at the time (#=40) that showed the fully
developed velocity. For Ta=0 as shown in Fig. 10, the
velocity (-v,) was close to 0 for the r direction be-
cause the Coriolis force was not applied. However, if

the condition was configured as 7a=100, it shows a
significant difference in the velocity distribution. First,
the velocity (-v,) represents an increase in the region
defined from 7=0.3 to 7=0.76. However, there are no
significant changes in other regions. Thus, it shows
that the change in the flow occurs at around the inner
sphere in which the location determined as 7=0.5
shows the largest influence of the Coriolis force. Al-
though the scale of the term of -v, that is only ap-
plied to the » direction represents a small value, which
is determined as 1/10 of the v., the influence of the
Coriolis force is large. Therefore, the terms of -v,
and v, can be largely affected and moved. It is ex-
pected that this flow mechanism can be used in cer-
tain fields where different types of fluid are mixed.
Next, the results of the calculation for 7a=10° and
Ta=10" show the same aspect as the calculation for
Ta=10". Also, it can be seen that the increment rate of
the maximum flow velocity, -v,, decreased for
Ta=10". In addition, the decrement rate of the flow
velocity decreased at »=0.88. There are some reports
that such changes in the flow also depend on the scale
of the inner sphere.
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Fig. 9. Results at /=40 (Ta=10", Ha=0, Rem=0).
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Fig. 10(b) shows the distribution of v, of the section
at 0=90° and ¢ =90°". It shows the quantitative values
of the upward and downward flow represented in Fig.
9(b). Whereas, the upward flow was observed at the
range determined from r=0.3 to r=0.65, and the
downward flow was shown at the range determined
from 7=0.65 to r=1. Also, it can be seen that the Cori-
olis force affected the upward and downward flow as
presented in Fig. 10(b). Regarding the condition for
Ta=10 and Ta=10", there are no significant changes
in the flow velocity. However, for T a=10", the term of
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Fig. 12. Velocity profiles at 6=90°, ¢ =90° (Ha=100, Rem=1,
t=40).

v, shows a large decrease in its values due to the large
effect of such a condition. This is due to the fact that
the Coriolis force applied to the plane at =90° at-
tracts the velocity vector component, which is applied
along the axial direction. Thus, the velocity vector
around the inner sphere illustrated in Fig. 9(a) to-
wards a reverse direction for the rotational axis. In
particular, in the calculation for T a=10", almost con-
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vection components along the axial direction are re-
strained. It is the characteristics of the flow field that
is influenced by the Coriolis force.

4.4 Convection of the mercury with Coriolis and
Lorentz forces

This section considers the natural convection of the
molten metal where electromagnetic fields and Corio-
lis forces are applied at the same time. From the re-
sults of the analysis of this case, it is evident that the
Coriolis force affected such thermal convection. Fig.
11 shows the results of the application of the Coriolis
force for the velocity field where magnetic files are
applied as illustrated in Fig. 5(c). The former repre-
sents a large change in the velocity vector around the
inner sphere compared to that of the latter. It was due
to the fact that the velocity vector with magnetic
fields along the axial direction was influenced by the
additional Coriolis force. Thus, it is clear that the
convection can be strongly restrained. Also, it can be
verified by the velocity distribution illustrated in Fig.
12. From the velocity distribution as shown in Fig.
12(b), the flow velocity was restrained at a section
determined from 7=0.3 to »=0.65. The restraint effect
represents the largest level for Ta=10". However, the
flow velocity, v,, shown in Fig. 12(a) was not influ-
enced by the scale of the applied Ta number. Also,
the flow velocity, v,, shown in Fig. 12(c) was not
influenced by the Ta number. These are the character-
istics of the flow field applied by the Lorentz and
Coriolis force.

5. Conclusions

This study performed numerical analyses for two
different working fluids. One was an analysis of natu-
ral convection with air that was compared with the
results of applied experiments. The other was an in-
vestigation for the relationship between velocity field,
electromagnetic field, and temperature field in a
model with molten metal. Whereas, the influences of
the Coriolis force on the flow field were investigated.
The results can be summarized as follows:

From the results of the calculation for Ra=5,964,
Ra=229,330, and Ra=749,760, it showed excellent
agreement with the visualization test done by Yin. In
the experiment, the vortex represented an unsteady
state, and the calculation showed a steady state. Thus,
it was possible to simulate the vortex shape through
the steady calculation.

In order to investigate the role of induced magnetic
field, the modified B method was used to analyze
such electromagnetic fields. From the analysis of flow
fields, the B and @ method represented an agreement
between these results. However, the B method
showed better electromagnetic characteristics than the
@ method for the same conditions (Pr=0.025,
Ra=100, Ta=0, Ha=100 (both the @ and B method),
and Rem=1 (the B method).

The dynamo operation which the induced magnetic
field strengthened the imposed magnetic field was
investigated by the modified B method. The @
method was processed to flow fields by using a con-
stant scale of magnetic fields (x, y, z=0, 0, -1), and the
B method showed differences in magnetic fields ac-
cording to the applied location. The section where the
direction of the imposed magnetic field and the re-
versed flow occurred at =90° and @ =90° showed
larger magnetic fields than 1. Also, the section where
the forward flow occurred for the imposed field
showed smaller values than 1.

Under the condition where were no magnetic fields,
it was evident that the Coriolis force had two effects
on the flow field. One was that the velocity vector of
the rotational axis was sloped to the west at =90°.
The other was that the velocity component, which is
normally applied to the rotational axis, showed an
increase in the flow velocity at @ =90 locally.

The interaction between the magnetic field and the
Coriolis force showed a significant level at 6=90".
Also, the flow around the inner sphere that included
the velocity component along the rotational axis
largely affected by the Lorentz force according to the
increase in the 7a number. It means that the results
improved the convection restraint effect.

Nomenclature

B : Dimensionless magnetic flux density
vector

C, : Specific heat at constant pressure

Di : Diameter of inner sphere

d : Gap width between spheres=r,-r;

Ec . Eckert number

Ek : Ekman number
: Unit vector of gravity direction

g . Gravitational acceleration
H : Dimensionless Bernoulli function=p-+v*/2
Ha  : Hartmann number

j : Dimensionless current density vector



1212 C.-H. Jung and T. Tanahashi / Journal of Mechanical Science and Technology 22 (2008) 1202~1212

k . Unit vector along the rotational axis

Pe . Peclet number=Re-Pr=1

Pr : Prandtl number

R : Dimensionless cross helicity= (V' -B)/Rem

Ra : Rayleigh number=Gr-Pr
Rem : Magnetic Reynolds number=Ud/v,,
: Radial coordinate

r; : Radius of inner sphere

7y : Radius of outer sphere

T : Dimensionless temperature

Ta : Taylor number

t : Dimensionless time

U : Representative velocity

v : Dimensionless velocity vector

Greek symbols

D . Electric scalar potential

a : Thermal diffusivity

1) : Thermal expansion coefficient

AT @ Temperature difference between spheres

0 : Angular coordinate measured positive
clockwise

v : Kinematic viscosity

Vi : Magnetic viscosity=1/ (gu)

P : Fluid density

o . Electric conductivity

¢ : Azimuthal angle

10} : Dimensionless vorticity vector=\/xvy

Q : Angular velocity

Subscripts

i : Inner wall

0 : Outer wall
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