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Recently, a novel method of measuring the thermophysical properties, particularly thermal conductivity,
of high-temperature molten materials using the electromagnetic levitation technique has been developed
by Kobatake et al. [H. Kobatake, H. Fukuyama, I. Minato, T. Tsukada, S. Awaji, Noncontact measurement of
thermal conductivity of liquid silicon in a static magnetic field, Appl. Phys. Lett. 90 (2007) 094102]; this
method is based on a periodic laser-heating method, and entails the superimposing of a static magnetic
field to suppress convection in an electromagnetically levitated droplet. In this work, to confirm the fact
that a static magnetic field really suppresses convection in a molten silicon droplet in an electromagnetic
levitator, numerical simulations of convection in the droplet and periodic laser heating in the presence of
convection have been carried out. Here, the convections driven by buoyancy force, thermocapillary force
due to the temperature dependence of the surface tension on the melt surface, and electromagnetic force
in the droplet were considered. As a result, it was found that applying a static magnetic field of 4 T can
suppress convection in a molten silicon droplet enough to measure the real thermal conductivity of mol-
ten silicon.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The electromagnetic levitation (EML) technique has become a
widely used experimental technique for investigating solidification
from an undercooled melt [1] and for measuring the thermophys-
ical properties of molten materials [2]. In the EML technique, the
alternating electric current in RF coils induces an eddy current in
a conductive material sample, which is melted by joule heating
from the current. In addition, the electromagnetic force caused
by the interaction between an alternating magnetic field and the
induced current lifts up the molten drop-shaped material. Such a
containerless, EML technique allows melt to achieve deep underco-
oling for the formations of metastable phases and microstructures
because it removes the risk of heterogeneous nucleation from the
wall of the container. The EML technique also enables the precise
measurement of the thermophysical properties of highly reactive
molten materials over a wide temperature range even under an
undercooled condition without contamination.

In the EML technique, it is well-known that the magnetohydro-
dynamic (MHD) convection due to electromagnetic force occurs in
a molten droplet, together with buoyancy and Marangoni convec-
tions, and that the flow velocity reaches 10–40 cm/s [3–6]. Such
ll rights reserved.

Tsukada).
melt convection may affect the thermal field and solidification in
the droplet, and consequently the solidified structure and mea-
sured thermophysical properties. Recently, Yasuda et al. [7] have
investigated the effect of convection in an electromagnetically lev-
itated droplet on the microstructures of metallic alloys, where a
static magnetic field was superimposed to suppress and control
melt convection. They demonstrated experimentally that the
reduction in melt flow causes microstructural transition in solidi-
fied alloys. Kobatake et al. [8,9] measured the thermal conductivity
of molten silicon, using an electromagnetic levitator installed
inside a superconducting magnet and based on the periodic la-
ser-heating method. The static magnetic field allowed them to pre-
cisely measure thermal conductivity, because it removes the
contribution of convective heat transfer to the measured values.
The magnetic field suppression of the melt flow has been used in
various industrial areas, particularly in the single crystal growth
of semiconductors for the production of high-quality crystals,
and many numerical studies have been carried out to gain physical
insights into the flow and thermal fields in the melt under a mag-
netic field [10,11]. However, there were few studies on the effect of
the magnetic field suppression on convection in an electromagnet-
ically levitated droplet [5].

In this work, we numerically investigated the effect of a static
magnetic field on melt convection in a silicon droplet levitated in
an electromagnetically levitator used by Kobatake et al. to measure
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Fig. 1. Schematic diagram of electromagnetic levitator with a static magnetic field.

Nomenclature

A angular component of magnetic vector potential [Wb/
m3]

B0 magnetic flux density [T]
Cp specific heat [J/kg K]
er unit vector in r-direction [–]
e/ unit vector in azimuthal direction [–]
eh unit vector in h-direction [–]
g gravitational acceleration [m/s2]
J electric current density [A/m2]
J0 electric current density in RF coil [A/m2]
j ¼

ffiffiffiffiffiffiffi
�1
p

k thermal conductivity [W/m K]
n unit normal vector
p pressure [Pa]
P laser power [W]
R droplet radius [m]
r radial distance in spherical coordinates [m]
T temperature [K]
Ta ambient temperature [K]
Tm melting point temperature [K]
t time [s]
t unit tangential vector
u velocity vector [m/s]
ur r-component of velocity vector [m/s]
uh h-component of velocity vector [m/s]

e emissivity [–]
/ stream function [m3/s]
D/s phase lag [�]
c surface tension [N/m]
l0 magnetic permeability [H/m]
l viscosity [Pa s]
m kinematic viscosity [m2/s]
h polar angle in spherical coordinates [rad]
q density [kg/m3]
r electrical conductivity [S/m]
rSB Stefan–Boltzmann constant [W/m2 K4]
s stress tensor [Pa]
x frequency of modulated light source [rad]
xRF frequency of current in the RF coil [rad/s]

subscript
a free space
c RF coil
m molten silicon
max maximum
min minimum

superscript
� conjugate complex

T. Tsukada et al. / International Journal of Heat and Mass Transfer 52 (2009) 5152–5157 5153
the thermal conductivity [8,9]. Kobatake et al. revealed that the
measured values are insensitive to magnetic field strength above
2 T, and considered that the commonly used strength of 4 T is suf-
ficient to precisely measure the thermal conductivity of molten sil-
icon, although no melt convection is observed experimentally. The
primary aim of this work is to numerically confirm the following
issues: (1) How much is the velocity field in the droplet dumped
by applying a static magnetic field? (2) How much does the mea-
sured thermal conductivity vary by applying a static magnetic
field?

2. Model formulations and methodology

2.1. Electromagnetic, flow and temperature fields in a molten droplet

Fig. 1 shows a schematic diagram of the EML system used to
measure the thermal conductivity of molten silicon [8,9]. Here,
the MHD convection and additionally the buoyancy and Marangoni
convection in the droplet are suppressed by applying an axial static
magnetic field B0. In the numerical simulation of the EML system,
the electromagnetic field in the system should first be computed
to obtain electromagnetic force and the distribution of heat gener-
ation rate in the droplet, and then the flow and temperature fields
in the droplet are calculated.

In the numerical simulation of electromagnetic field, the follow-
ing were assumed: (1) the shape of the droplet is spherical, (2) the
system is axially symmetric, (3) the media are linear, isotropic and
stationary, (4) the displacement current is unimportant in this sit-
uation and (5) there is no net charge in the system. Under these
assumptions, Maxwell’s equation can be transformed into the fol-
lowing equation in spherical coordinates:

r2Ai �
Ai

r2 sin2 h
¼ �l0Ji ði ¼ m; c or aÞ; ð1Þ

where molten silicon, the RF coil and free space are denoted ‘m’, ‘c’
and ‘a’, respectively. Ji and Ai are the angular components of the cur-
rent density and the vector potential, respectively. Because every
physical quantity can be assumed to have a conventional harmonic
time dependence, exp(jxRFt), Ai in Eq. (1) is replaced with the com-
plex variable _Ai, and Ji is given by �jrxRF

_Ai in the droplet, by J0 in
the RF coil and by zero in free space. The boundary conditions at
the centerline and infinity for _Ai are

_Ai ¼ 0: ð2Þ

The flow and temperature distributions in a molten silicon
droplet are expressed by (3)–(5), i.e., the continuity, Navier–Stokes
and energy equations, under the following assumptions: (1) the
droplet shape is spherical, (2) the system is axially symmetric,
(3) the flow is laminar and the fluid is incompressible, and (4)
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the thermophysical properties of the melt are constant except for
the temperature dependences of density and surface tension, in
the calculations of the buoyancy force and the Marangoni effect,
respectively.

r � u ¼ 0; ð3Þ

q
@u
@t
þr � ðuuÞ

� �
¼ �rpþ lr � ruþruT

� �

þ 1
2
rxRFRe j _A�e/

� �
�r� _Ae/

� �h i
� rB2

0ður sin hþ uh cos hÞ

� ðsin her þ cos hehÞ � qgðcos her � sin hehÞ; ð4Þ

qCp
@T
@t
þr � ðuTÞ

� �
¼ kr2T þ 1

2
rx2

RFð _A� _AÞ; ð5Þ

where Re[ ] in Eq. (4) indicates the real part of complex quantity.
The boundary conditions for (3)–(5) are given by the following

equations.
At the droplet surface:

s : nt ¼ � @c
@T

	 

rT � t; u � n ¼ 0 ð6;7Þ

�krT � n ¼ erSB T4 � T4
a

� �
ð8Þ

At the centerline:

s : nt ¼ n � u ¼ rT � n ¼ 0 ð9-11Þ

As shown in Fig. 1, this system is in unbounded free space. Thus,
a particular means is necessary to solve the electromagnetic field.
In this study, the hybrid finite difference method (FDM) and
boundary element method (BEM) were used [12], where the math-
ematical domain I to be solved by the FDM is the droplet and part
of the free space around the droplet, while the domain II to be
solved by the BEM is the free space around domain I including
the RF coil. For the discretization of the BEM, constant elements
were used, where the potential and its flux were assumed to be
constant over each element at the boundary of domain II. On the
other hand, Eq. (1) in domain I was discretized by a second-order
central differential scheme.

The governing equations for flow and temperature fields were
solved numerically by employing the control-volume-based, finite
difference technique, and the SIMPLER algorithm [13] is used to
obtain the velocity field by coupling the continuity and momentum
equations.

The number of grids in the droplet was 80 (in r-direction) � 100
(in h-direction), and the number of grids in the free space was 30
(in r-direction) � 100 (in h-direction) in both the analyses of elec-
tromagnetic field and velocity and temperature fields. The grids
were arranged such that dense grids were applied near the droplet
surface.

2.2. Determination of thermal conductivity of a droplet

For the measurement of the thermal conductivity of a molten
silicon droplet, Kobatake et al. [8,9] adopted the periodic laser-
heating method [14,15]. In this method, the upper part of an elec-
tromagnetically levitated droplet was periodically heated by a
modulated laser light source, and the temperature variation at
the lower part of the droplet caused by heat flow from the upper
part through the droplet was detected by a pyrometer. Then, the
phase lag between the modulated light and the temperature
variations detected by the pyrometer, D/s, was measured at vari-
ous frequencies of the modulated light, x. The relation between
D/s and x obtained experimentally was fitted by the mathemati-
cal model to estimate the thermal conductivity, where the unstea-
dy-state heat conduction equation for the droplet accompanying
radiative heat transfer to the ambient was simplified and trans-
formed to steady-state linear equations [14]. In this work, the rela-
tion between D/s and x is obtained numerically. The temperature
responses at the lower part of the droplet are evaluated by solving
the thermal advection–conduction equation for the droplet when
the upper part is periodically heated by a modulated laser light
source, where the flow field in the droplet described in the previ-
ous section is fixed assuming that the flow field is not affected
by periodic heating. This assumption is made for the following rea-
sons, although, strictly peaking, it might not be correct: (1) the
time step needed in the calculation of melt convection is too small
compared with the period of laser heating and (2) the predominant
flow in the droplet is the MHD convection.
3. Results and discussion

Before numerically investigating the effect of the application of
a static magnetic field on convection in a molten silicon droplet, it
is important to ascertain the reliability and accuracy of the present
simulation. First, the results of the simulations of the electromag-
netic field that controls MHD convection and heat transfer in the
droplet were compared with the analytical and experimental data
of power absorption and lifting force for the positioning coils of
TEMPUS as Zong et al. have carried out [3]. Fig. 2 shows a compar-
ison of the measured lifting forces and the analytical results of
power absorption with the present calculation results as a function
of the position of the sample along the central axis. It is found that
the present results are in good agreement with the experimental
and analytical ones.

For the numerical simulations of convection in an electromag-
netically levitated droplet including MHD convection, the numeri-
cal results obtained by Li and Song [4] were compared with our
results, where Marangoni and MHD convections in a 10-mm diam-
eter silver droplet, electromagnetically levitated by a positioning
coil of the TEMPUS facility in a microgravity environment were cal-
culated numerically. Fig. 3 shows the velocity vectors and iso-
therms in the droplet calculated in this work. There are four
vortices induced by the electromagnetic force in the droplet, which
were also observed in ref. [4]. Comparing the maximum velocity in
the droplet in this work with that in ref. [4], the former is 5.35 cm/s
and the latter is 4.39 cm/s. Although there is some discrepancy be-
tween them, it seems that our numerical simulation is relatively
reasonable, considering that Li and Song [4] used the finite element
method as a numerical procedure and specified no details of their
discretizations, and that the absolute value of the velocity in the
MHD convection strongly depends on discretized mesh size.

Table 1 shows the physical properties of the molten silicon and
the operating conditions of the electromagnetic levitator used in



Fig. 3. Convection in a silver droplet with a diameter of 10 mm, electromagnetically
levitated by a positioning coil of TEMPUS devise under microgravity environment.

Table 1
Physical properties and processing conditions used in calculations.

Physical properties of molten silicon
Temperature coefficient of surface tension [N/(m K)] �4.3 � 10�4

Viscosity [Pa s] 7.0 � 10�4

Density [kg/m3] 2530
Thermal expansion coefficient [1/K] 1.5 � 10�4

Thermal conductivity [W/(m K)] 64.0
Emissivity [–] 0.3
Specific heat [J/(kg K)] 1000
Electric conductivity [S/m] 1.2 � 106

Melting temperature [K] 1683

Operating conditions
Electric current in RF coil [A] 402.2
Frequency of electric current in RF coil [kHz] 200
Magnetic flux density [T] 1–5
Ambient temperature [K] 323
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this work, where the operating conditions were the same as those
used in the measurement of thermophysical properties [8,9]. The
Fig. 4. Effect of a static magnetic field on the velocity and temperature fields in an electro
4 T.
geometry of the RF coils is the same as that in Fig. 1 and the diam-
eter of the molten silicon droplet is 8 � 10�3 m. The electric cur-
rent in the RF coil, 402.2 A, is the value which is necessary to
levitate the molten silicon droplet at the position shown in Fig. 1.
Here, the levitation of the droplet is based on the balance between
the electromagnetic force and gravity force acting on the droplet.
In the actual experiments, the electric current in the RF coil is var-
ied depending on the measuring temperature, and consequently,
the droplet position also changes.

Fig. 4 shows the velocity profiles, stream lines and isotherms in
the molten silicon droplet without the laser heating, where a static
magnetic field of 4 T is axially applied. In this case, the solutions
reached the steady-state ones. In this work, the convections in-
duced by buoyancy force, thermocapillary force due to the temper-
ature dependence of the surface tension on the melt surface, and
electromagnetic force in the droplet were considered. Among
them, the MHD convection induced by electromagnetic force has
a very high velocity, e.g., more than 10 cm/s; moreover, fluid flow
in the droplet is within the mild turbulent flow regime [3–6].
Therefore, some previous studies used the k � e turbulent model
[3] or increased viscosity [4] to account for the turbulent behavior
in the electromagnetically levitated droplet. In contrast, because
we assumed a laminar melt flow to consider convection under a
static magnetic field, we cannot calculate convection without the
static magnetic field. From the figures, it can be seen that convec-
tion in the droplet is markedly suppressed by an applied static
magnetic field. A static magnetic field can suppress the flow per-
pendicular to the direction of the magnetic field, i.e., the radial flow
in the droplet, but cannot suppress the axial component of the
flow. As a result, three longitudinal vortices appear in the droplet.
Particularly, relatively intense flows, namely, the Marangoni and
MHD convections, remain near the surface of the equatorial part
of the droplet. However, because the maximum velocity |umaxR/v|
is 614.15, i.e., 4.25 cm/s in dimensional velocity, which must be
much less than that without the magnetic field, and the velocity
of the fluid flow near the centerline is less than 1 cm/s, convection
in the droplet can be apparently suppressed. Here, the velocity
along the droplet surface, i.e., uh at r = R, is not considered when
the maximum velocity is evaluated.
magnetically levitated molten silicon droplet, where the magnetic flux density B0 is



Fig. 5. Effect of a static magnetic field on the velocity and temperature fields in an electromagnetically levitated molten silicon droplet, where the magnetic flux density B0 is
1 T.
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Fig. 5 shows the results for 1 T without the laser heating. In this
case, the solutions also reached the steady-state ones. From the fig-
ures, it can be seen that convection in the droplet becomes mark-
edly intense as applied static magnetic field decreases. Particularly,
the MHD convection is dominant, and consequently the counter-
clockwise vortex due to the Marangoni convection near the surface
of the equatorial part of the droplet disappears, although the
Marangoni convection can be observed for 4 T in Fig. 4. The maxi-
mum velocity |umaxR/m| in the droplet is 3095.2, i.e., 21.4 cm/s in
dimensional velocity, and the velocity of the fluid flow near the
centerline is approximately 10.8 cm/s.

In addition, comparing between the temperature distributions
inside the droplet for 4 and 1 T (see Figs. 4 and 5(c)), it can be seen
that the temperature field is strongly affected by convection when
the applied magnetic field is relatively small. Since the Prandtl
number of silicon melt, approximately 10�2, is small, conduction
heat transfer becomes relatively dominant compared to convection
in the melt. Consequently, the temperature field for 4 T is insuscep-
tible to the melt flow. However, for 1 T, the intensive convection
deforms the isotherms in the droplet, even though the Prandtl
number is relatively small.

Next, the effect of a static magnetic field, i.e., convection in a
molten silicon droplet, on thermal conductivity is investigated
numerically by calculating the temperature fields in the droplet
during periodic laser heating. Here, it is considered that the flow
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fields in the droplet are not affected by periodic laser heating,
and thus the thermal advection–conduction equation is solved
under a given flow field as shown in Figs. 4 or 5(a). Fig. 6 shows
the calculated temperature response at the lower part of the drop-
let surface when the upper part of the droplet is irradiated with a
modulated laser beam with a frequency of 0.1 Hz and a power
amplitude of 9.56 W, while applying a static magnetic field of
4 T. Here, the distribution of laser intensity is assumed to be Gauss-
ian, and the e�2 radius of the laser beam is 2.0 mm. The tempera-
ture, which is the integral mean over the region corresponding to
the pyrometer spot radius of 2.0 mm, exhibits increases in average
temperature and modulation amplitude from the initial tempera-
ture, and ultimately reaches the stationary modulation state with
certain constant average temperature and amplitude.

Calculations similar to those in Fig. 6 were carried out by vary-
ing the frequency of the modulated laser beam, x, and static mag-
netic field. The plots in Fig. 7 show the relation between the phase
lag D/s and x calculated numerically for three different static
magnetic fields, where D/s is the phase lag between the modulated
laser beam and the temperature variations at the lower part of the
droplet surface. Then, the mathematical model proposed in our
previous work [14] is adopted to obtain thermal conductivity from
the plots in Fig. 7, as shown by a fitting line in the figure. Conse-
quently, thermal conductivity is obtained for each static magnetic
field. Fig. 8 shows the effect of static magnetic field on thermal
conductivity obtained from the relation between D/s and x shown
in Fig. 7, where thermal conductivity is normalized by its value at
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5 T, i.e., 64.9 W/m K. Comparing the thermal conductivity evalu-
ated at 5 T with the input data in Table 1, both values show good
agreement, and consequently, it can be seen that the thermal con-
ductivity at 5 T is not affected by convection in the droplet. From
the figure, thermal conductivity increases suddenly, namely, it is
strongly affected by convection in the droplet when the static mag-
netic field becomes less than 2 T; thus, it can be concluded that the
magnetic field should be more than at least 4 T for the measure-
ment of the thermal conductivity of molten silicon by the EML
technique.

4. Conclusions

To confirm the fact that a static magnetic field really suppresses
convection in a molten silicon droplet in an electromagnetic levita-
tor, which was used to measure the thermophysical properties of
molten silicon, numerical simulations of convection in the droplet
and periodic laser heating in the presence of convection have been
carried out. Here, the convections driven by buoyancy force, ther-
mocapillary force due to the temperature dependence of the sur-
face tension on the melt surface, and electromagnetic force in the
droplet were considered. As a result, applying a static magnetic
field of 4 T can suppress convection in the droplet enough to mea-
sure the real thermal conductivity of molten silicon.
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