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We examined the heat transfer of magnetothermal convection in a Rayleigh-Benard model (height 9.2 mm,
vessel diameter 20 mm, aspect ratio 2.17). The working fluid was an aqueous gadolinium nitrate solution of
0.15 mol/kg (pH = 4.52 at 305.5 K, paramagnetic substance). Not only the magnetic body force but also the
temperature dependence of paramagnetic susceptibility according to Curie’s law provides the driving body force
of convection and exerts a decisive influence over the heat transfer performance. The visual observation of the
isothermal contour of convection was realized by the addition of a thermochromic liquid crystal (TLC). Using a
large upward magnetic body force, i.e., (�b · �∇ ) bz = 83.31 T2/m at the vessel center, we succeeded in visualizing
the horizontal isothermal illuminant of the TLC, which revealed the realization of a quasiweightless condition
in the Rayleigh-Benard model. The heat transfer on convection was analyzed by the method of Churchill and
Ozoe. Its performance was enhanced by the downward magnetic body force and was suppressed by the upward
magnetic body force, as compared with Rayleigh-Benard convection. The convective flows in the experiment
(Prandtl number = 5.17, Ra = 1.53×105, aspect ratio 2.0) were numerically simulated by three-dimensional
computation. All the experimental and numerical results were arranged by Rayleigh number (Ra) and Nusselt
number (Nu). In addition, we introduced the magnetic Rayleigh number (Ram) instead of Ra. The results of Nu
plotted versus the Ram were closely distributed in the vicinity of the Silveston curve. This relationship reveals
that the heat transfer on magnetothermal convection is controlled by the use of Ram.
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I. INTRODUCTION

Magnetic force is a body force as well as a gravitational
force [1,2]. The effect of gravity on thermal convection is
canceled by a vertically upward magnetic body force, and
thermal convection under a partial gravitational condition can
be realized artificially on earth. In a similar way, thermal con-
vection under a hypergravitational condition can be performed
by the application of a downward magnetic body force. The
driving body force of those convections originates from the
resultant force between the gravitational force and the magnetic
body force, and they are characterized as magnetothermal
convection [3,4]. Recent studies of magnetothermal convection
cover various scientific fields and applications [5–8]; in partic-
ular, heat transfer on the convection has progressed extensively
by the introduction of the nondimensional parameter of the
magnetic Rayleigh number (Ram) [9–11]. The visualization
of magnetothermal convection, however, is a challenging
issue for many practical reasons, such as the narrowness of
the space in the magnet bore and the difficulty of precise
temperature control. So far, only a few experiments have
succeeded in making observations. In one of these experiments,
Nakamura et al. [12] visualized the transition process on
convective flows enclosed in a shallow vessel which was made
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of transparent material, heated from below, and cooled from
the top surface. They observed the process from the topside,
and the change of convective cells in the Rayleigh-Benard
model was continuously identified by adjusting the magnitude
of magnetic body force from the condition of partial gravity to
that of hypergravity. However, the observation from the upper
side was inadequate for detecting the specific flows under
a quasiweightless condition. Mogi et al. [13] visualized the
thermal convection of water under strong gradient magnetic
fields by pasting up a liquid-crystal sheet on the vessel sidewall,
observing that the convection was significantly affected by the
magnetic body force. But their results were indirectly deduced
by the temperature distribution on the vessel sidewall, not by
visualizing the flow regimes. Using an aqueous gadolinium ni-
trate solution and three-dimensional numerical computations,
Maki et al. [14] previously investigated the thermal conductive
state of the Rayleigh-Benard model in a quasiweightless con-
dition, in which the heat transfer on convection was completely
suppressed and the temperature difference between the heated
and the cooled surfaces increased. Instead of experimental
visualization, three-dimensional computations were conducted
to estimate the thermal conductive state of convection [10,14].

In this study, we utilize a thermochromic liquid crystal
(TLC) to visualize both the isothermal contours and the
convective flows of magnetothermal convection in the magnet
from the side view [15]. There have been some reports on
the visualization of the Rayleigh-Benard convection by the
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TLC [16–22], but ours attempts to perform in situ observation
of magnetothermal convection by the TLC. We develop an
original observation system and equipment of the Rayleigh-
Benard model, and measure the heat transfer on convection
by varying the magnitude of the magnetic body force. A
three-dimensional numerical simulation is also conducted to
verify these phenomena.

II. EXPERIMENTS

A. Observation system

A schematic illustration of the apparatus is shown in
Fig. 1. Figure 1(a) is the cylindrical superconducting magnet
[JMTD-6T100EF3, Japan Superconductor Technology, Inc.

FIG. 1. Schematic illustration of the observation system and mea-
surement equipment. (a) The cylindrical superconducting magnet. (b)
The convection vessel horizontally located in the magnet. The vessel
center coincides with the axis of the bore. The aspect ratio of the
vessel (=ID/hz) is 2.17. (c) The vessel’s top surface made of copper
(3 mm thickness). (d) The aluminum enclosure box. The cooling water
circulates in this box and returns through a thermostat bath. (e) The
nozzles on the enclosure box for the cooling water. (f) Thermocouples
to detect the temperature of the top and bottom surfaces of the vessel.
A hole drilled in the top cover reaches the vessel center and the
thermocouple is inserted there. (g) The vessel’s bottom cover made
of copper (3 mm thickness). (h) The electric heater to uniformly heat
the bottom surface. (i) The acrylic box to contain the heater. (j) DC
power supply to control the heater. (k) The data logger to record the
temperature. (l) The supporting stage. (m) Insulating material stuffed
into the empty space of the system. (n) The water-looping system to
control the temperature in the bore. (p) CCD camera. (q) A rigid scope.

(JASTEC)]. The origin of the coordinate system was defined
at the center of the coil. The convection vessel [Fig. 1(b)]
was horizontally positioned in two different locations at
±101 mm from the coil center. Figure 1 illustrates the vessel
setup at zcoil = −101 mm. The subscript coil means the
aforementioned coordinate system of the coil. The vessel
center coincided with the axis of the bore. The vessel sidewall
was made of transparent acrylic (thickness 2 mm); the vessel’s
inner diameter (ID) was 20.0 mm, and the height was 12.0 mm.
The vessel’s top surface [Fig. 1(c)] was made of copper
(3 mm thickness), and was uniformly cooled by water. This
cooling-water circulated in the aluminum enclosure box
[Fig. 1(d)], made contact with the top surface, and returned to
a thermostat bath through nozzles [Fig. 1(e)]. A thermocouple
[Fig. 1(f), T type, Anbe SMT Co., Ltd.] was inserted through a
hole drilled in the top surface to reach the center of the vessel,
where it could detect the temperature of the top surface of
the vessel. The vessel’s bottom surface [Fig. 1(g)] was also
made of copper (3 mm thickness), and was uniformly heated
by an electric heater [Fig. 1(h)] contained in an acrylic box
[Fig. 1(i)] set under the bottom surface. The heating current
was controlled by a DC power supply [Fig. 1(j), KX-100L,
Takasago Co., Ltd.]. The bottom cover also had a drilled hole
reaching to the center of the vessel, and the same type of
thermocouple was attached to measure the temperature of the
bottom. The temperature of the top and bottom surfaces was
recorded with a data logger [Fig. 1(k), NR-1000, Keyence
Co., Ltd.] at 1 min intervals. This entire system was mounted
on a stable supporting stage [Fig. 1(l)]. Insulating material
[Fig. 1(m)] was packed into the empty spaces in the system.

Figure 2 shows photos of the observation system.
Figure 2(a) shows the magnet and the visualization equipment.
The lowercase letters in the figure correspond to those of the
apparatus in Fig. 1. We can see the CCD camera [Fig. 1(p),
OH414, Olympus Co., Ltd.] and part of the rigid scope
[Fig. 1(q), Industrial Rigid Scope Type 5, Olympus Co., Ltd.].

Figure 2(b) is a closeup of the cylindrical vessel that induces
the magnetothermal convection. The vessel [Fig. 1(a)] was
fixed with three brass bolts extending between the top and
the bottom surfaces. We inserted waterproofing rubbers (1 mm
thickness) between the vessel sidewall and the top and bottom.
A round convex step (19 mm diameter and 1 mm height) was
attached to the surface so that the thickness of the rubbers

20 mm
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FIG. 2. Photos of the observation system. The lowercase letters in
the figure correspond to those of the apparatus in Fig. 1. (a) The picture
of the magnet and the visualization equipment. (b) The cylindrical
vessel to induce the magnetothermal convection. (c) The aluminum
enclosure box and the nozzles.
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would not interfere with observation of the inside of the vessel.
Owing to this step, the actual height of the vessel between the
top and the bottom surfaces was 9.20 mm. This height was
used as the standard length (hz) in this study. The aspect ratio
of the vessel (= ID/hz) was 2.17.

Figure 2(c) shows the aluminum enclosure box from
Fig. 1(d) and the nozzles from Fig. 1(e). The temperature in the
bore was controlled by a water-looping system [Fig. 1(n)]. In
short, we used two thermostatic baths; one was used for cooling
the top cover of the vessel, and the other was for maintaining
the temperature in the bore.

B. Magnetic condition

We used an aqueous gadolinium nitrate solution of
0.15 mol/kg (pH = 4.52 at 305.5 °C) as the working fluid
of convection. Gadolinium nitrate [Gd(NO3)3 · 6H2O, Wako
Pure Chemical Industries, Ltd.] is a paramagnetic substance,
and its aqueous solution is regarded as being homogeneous.

Figure 3 exhibits schematic illustrations of the conventional
superconducting magnet and the magnetic conditions around
the vessel. Figure 3(a) shows the location of the vessel.

FIG. 3. Schematic illustrations of the conventional superconduct-
ing magnet and the magnetic conditions around the vessel. (a) The
vessel location in a conventional superconducting magnet. (b) The
distribution of the magnetic flux vectors �b = (br , bφ, bz ). (c) The dis-
tribution of the magnetic body force vectors �fm = (fmR, fmf , fmZ ),
which act on a paramagnetic substance. (d) The quasiweightless
condition is realized near the lower bore edge, and simultaneously
the hypergravitational condition of two times the force of gravity is
realized near the upper bore edge.

Figure 3(b) shows the distribution of the magnetic flux vectors
�b = (br, bφ, bz) in the bore. Figure 3(c) is the distribution
of the magnetic body force vectors �fm = (fmR, fmφ, fmZ ),

which act on a paramagnetic substance. �b and �fm are defined
in a cylindrical coordinate system. Both vectors distribute
axially symmetrically, and �fm is also symmetric with respect
to the plane of zcoil = 0. In the vicinity of the edge of the
magnet coil, �fm directs vertically and the radial component of
the magnetic body force (fmR) becomes small. The vertical
component of the magnetic body force (fmZ) reaches its
maximum value here. Figure 3(d) is the driving body force
vectors combined between the magnetic body force and gravity
when the magnitude of fmZ is equal to that of gravity at the bore
edge. In practice, the horizontal driving body force becomes
the same as the horizontal magnetic body force since the radial
and circumferential components of the gravity become zero.
As a consequence, the driving body force vectors in Fig. 3(d)
are presented vertically larger than those in Fig. 3(c). In this
condition, a quasiweightless condition is realized near the
lower bore edge, and a hypergravitational condition with two
times the force of gravity is simultaneously realized near the
upper bore edge, as shown in Fig. 3(d). The equations of the
driving body force vectors will be specified in a later section.

In this study, we used a superconducing magnet that is
capable of generating a maximum magnetic flux density of
6.0 T at the magnet center (zcoil = 0, origin). The maximum
(�b · �∇ ) bz on the bore axis was 333.24 T2/m at zcoil = ±101
mm. We set the vessel at zcoil = ±101 mm in the experiments.

C. Visualization techniques

We utilized a thermochromic liquid crystal (Japan Capsule
Products Co., Ltd.) at a concentration of 0.01 wt. % for the
purpose of visualization. The thermochromic liquid crystal
(TLC) became luminous in the temperature range of 30 to
40 °C; that is, a hot solution of 36–40 °C glows in purple or
blue, a cold solution of 30–33 °C glows in red or yellow, and a
medium temperature solution of 33–36 °C glows in green. The
density of the TLC was close to that of water (∼1.01−1.02),
and its particulate size was about 10–20 μm. We adjusted the
power of the heater so that the solution temperature became
stable between 30 and 40 °C.

Lighting was indispensable in the dark magnet bore. The
direction of the lighting was optimized so that the luminescence
of the TLC could be perfectly perceived. The solution was
lightened diagonally about 45° from the viewpoint of the
camera.

III. RESULTS

A. In situ observation

Figure 4 shows photos of the convective flows from the side
view. Figure 4(a) shows the conventional convection without
applying the magnetic field. The isothermal illuminant of the
TLC was not visualized in the case of the Rayleigh-Benard
convection. Figures 4(b) and 4(c) show the magnetothermal
convection when the magnetic flux density of 3.00 T was
applied at zcoil = 0. Figure 4(b) is the case when the vessel was
located at the position of zcoil = +101 mm, and Fig. 4(c) is the
case at zcoil = −101 mm. The magnitudes of bz and |(�b · �∇ )bz|
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(a)
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3.0 T

Rayleigh-Bénard convection

hypergravitational condition

quasiweightless condition

0 T
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FIG. 4. Photos of the convective flows from the side view. (a) The
Rayleigh-Benard convection without applying the magnetic field. (b)
and (c) show the magnetothermal convection. The applied magnetic
flux density is 3.0 T. The magnitudes of bz and |(�b · �∇ )bz| at zcoil =
±101 mm correspond to 2.12 T and 83.31 T2/m, respectively. We
can notice small particulates moving in the photos. These particulates
are the aggregated TLC. The photo in (c) shows that the horizontal
isothermal illuminant of the TLC appears at zcoil = −101 mm. This
illuminant identifies that the upward magnetic body force cancels the
effect of gravity and the thermal conductive state is certainly realized.
On the other hand, when the vessel is located at the position of zcoil =
+101 mm, no illuminant appears at all, as shown in (b).

10 mm

(a)

t = 0.0

(b)

t = 0.5

(c)

t = 1.0

(e)

t = 2.0

(d)

t = 1.5

(f)

heated surface

cooled surface

FIG. 5. The sequence of photographs of the particulates of the
aggregated TLC under the hypergravitational condition by 0.5 s.
Some of the particulates are characterized by the circles, diamonds,
triangles, and squares in the photographs. We can find that one large
roll occurs in the vessel by tracing the particulates in (a)–(e). As far as
we can see, the speed is 0.2–1.0 mm/s. This roll and the particulates
are schematically illustrated in (f).

at zcoil = ±101 mm corresponded to 2.12 T and 83.31 T2/m,
respectively. When the vessel was at zcoil = +101 mm, how-
ever, the illuminant did not appear at all, as shown in Fig. 4(b).
The horizontal isothermal illuminant of TLC appeared for the
first time in Fig. 4(c), proving by this illuminant that the upward
magnetic body force canceled the effect of gravity and that a
thermal conductive state was certainly realized.

We noticed small moving particulates of aggregated TLC in
the solution. The sequence of photographs every 0.5 s in Fig. 5
traces some of the particulates under the hypergravitational
condition. They are characterized by the circles, diamonds,
triangles, and squares in the photographs, and the speed of the
flows was estimated to be 0.2–1.0 mm/s. In Fig. 5, we found
one large roll that occurred in the vessel. That roll and the
particulates are schematically illustrated in Fig. 5(f). A similar
convective roll was observed in the case of Rayleigh-Benard
convection in Fig. 4(a), the speed of which was close to that of
the hypergravitational condition. In contrast, the flow regimes
of the thermal conductive state in Fig. 4(c) were conclusively
different from those of the convections, with a speed of less
than 0.02 mm/s.

The horizontal illuminant appeared five and more minutes
after the particulates’ movement had stopped. The slowness of
the illuminant was one of the major difficulties in visualizing
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(b)

(c)

(d)

t = 1 m 30 s

t = 3 m 30 s

t = 5 m 30 s

(a) t = 0 m 0 s

heated surface

cooled surface

The horizontal illuminant of
TLC appeared near the bottom

The horizontal illuminant of
TLC completed after 5 min

This illuminant moved upward
as developing largely

5 mm

FIG. 6. A sequence of photographs of the developing process of
the horizontal illuminant of the TLC, with schematic illustrations.
The illuminant appears five or more minutes after the particulates’
movement has stopped. The illuminant first appears in the vicinity
of the bottom surface and moves upward to the vessel center as it
increases in size.

the magnetothermal convection. The sequence of photographs
in Fig. 6, accompanied by schematic illustrations, represents
the developing process of the illuminant. The illuminant first
appeared in the vicinity of the bottom surface [Fig. 6(b)]
and moved slowly to the vessel center as it increased in size
[Figs. 6(c) and 6(d)]. This process will be discussed in a
later section with the results of three-dimensional numerical
computations.

The sequence of photographs in Fig. 7 shows the breaking
process of the horizontal illuminant when the magnetic flux
density was gradually weakened from 2.95 T to 2.70 T at
zcoil = 0. The initial state was maintained from 2.95 to 2.90 T
[see Figs. 7(a) and 7(b)]. Figure 7(c) shows the moment when

(a)

t = 0 s

(b)

t = 6 s

(c)

t = 12 s

(d)

t = 18 s

2.95 T

2.90 T

2.85 T

2.80 T

2.75 T

2.70 T

(e)

t = 24 s

(f)

t = 30 s

heated surface

cooled surface

5 mm

(g)

(h)

FIG. 7. The breaking process of the horizontal illuminant when
the magnetic flux density is 3.0 T is gradually weakened from 2.95 T
to 2.70 T at zcoil = 0. The thermal conductive state is maintained when
it is between (a) 2.95 and (b) 2.90 T. (c) The critical moment when the
conductive state breaks at 2.85 T. |(�b · �∇ )bz| is 75.19 T2/m at zcoil =
−101 mm. (d)–(f) show the process in which the initial horizontal
illuminant is curved by the rising upward flows. After the breaking,
one large roll occurs by the observation of the particulates. (g) and
(h) schematically illustrate the steady horizontal illuminant and its
breaking process, respectively.

the conductive state is broken at 2.85 T. When at 2.85 T,
|(�b · �∇ )bz| was 75.19 T2/m at zcoil = −101 mm. Figures 7(d)–
7(f) clarify the process in which the initial horizontal illuminant
was curved by the upward flows and instantly formed a convex
distribution. Figures 7(g) and 7(h) schematically illustrate
the stable horizontal illuminant and its breaking process,
respectively.

After the break of the conduction state, the horizontal
illuminant disappeared quickly. This means that the illumi-
nant of the TLC was sensitive to the flows. By using the
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(a)

(b) (c)

(d) (e)

(f)

(g)

FIG. 8. Chronological responses of �hot and �cold measured at 1 min intervals. (a) is the responses under the thermal conductive state. (b)
and (c) are those without applying the magnetic field in the Rayleigh-Benard model. (d) and (e) are the responses under the hypergravitational
condition. (e) is the partial enlargement of (d). (f) and (g) are the responses under the partial gravitational condition. The symbols from (a) to (r)
schematically represent the �� when �hot and �cold became thermally steady. We use the steady data of �� in the analysis. Table I exhibits
the averaged results of �hot , �cold, ��, and Qsupply. The number of data utilized in the analysis is also listed in this table.

particulates as the tracer, we found that the flows changed
into a large, nonaxisymmetric roll, which is similar to the
Rayleigh-Benard convection in Fig. 4(a). The breaking process
will be discussed later to estimate the critical condition. Short
movies of Figs. 4(a), 6, and 7 are available in the Supplemental
Material [23].

B. Heat transfer of the system

The heat transfer of the system was examined by a method
developed by Churchill and Ozoe [24]. This method is a prac-
tical technique to accurately estimate the amount of heat loss
in an overall system. In the first step, the initial arrangement of
the vessel (Rayleigh-Benard model) was turned upside down
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in the bore, and the top surface of the vessel was heated
while the bottom one was cooled. In such an arrangement,
a low-density solution that has been heated stays in the upper
part of the vessel, and a high-density solution that has been
cooled stagnates in the lower part. Consequently, a physically
stable condition in density is formed and hardly any convective
flows are induced. This condition is exactly the same as the
thermal conductive state. Under this condition, the heat transfer
of thermal conduction Qcond (W) can be analytically calculated
by using Fourier’s heat-conductive equation [25] as

Qcond = Aλ
∂�

∂x

∼= Aλ
�hot − �cold

hz

. (1)

Here, A, λ, �, and hz are the square measure of the vessel
(m2), thermal conductivity W/(m K), temperature (K), and
the practical interval between the vessel surfaces (m). The
subscripts hot and cold mean the hot and the cold surfaces
of the vessel, respectively.

We measured the temperature difference �� (= �hot −
�cold) by changing the amount of supplied power Qsupply (W).
Figure 8 shows the chronological responses of �hot and �cold

measured at 1 min intervals. The symbols (a) to (r) in the
figures schematically represent the �� when the responses
became thermally steady. We used the steady data of �� in
the analysis. Table I exhibits the averaged results of �hot, �cold,
��, and Qsupply. The number of data utilized in the analysis is

also listed in this table. Figure 8(a) shows the responses under
the thermal conductive state. The correlation between �� and
Qsupply is plotted with the diamond symbol in Fig. 9. This
correlation became a linear function, and is expressed with the
straight line (A) written as �� = 17.395Qsupply. The R2 value
of the line (A) was 0.9987.

The heat loss Qloss (W) was obtained by subtracting the
amount of Qcond (W) from the amount of Qsupply:

Qloss = Qsupply − Qcond. (2)

The correlation of �� and Qloss also becomes a linear
function. The straight line is shown with the dot-dashed line
(B) in Fig. 9. The line (B) was obtained by horizontally making
a subtraction of Qcond from the line (A), and was derived by
�� = 27.666Qsupply. The R2 value of the line (B) was 0.9999.

Next, the vessel was returned to the situation for the
Rayleigh-Benard model, with the heated surface on the bottom
and the cooled surface on the top. Then we measured the
correlation between the averaged �� and Qsupply in a similar
fashion. Figures 8(b) and 8(c) are the chronological responses
of �hot and �cold measured at 1 min intervals. These data are
plotted by the circle symbol in Fig. 9, where the correlation
is presented by the dashed line (C). This line was derived
by �� = 8.2129Qsupply + 0.3572 (Qsupply � 0.1434), and the
R2 value of the line (C) was 0.9983.

In the vessel, the heat transfer Qheat−transf (W) was calcu-
lated by the following equation:

Qheat−transf = Qsupply − Qloss. (3)

TABLE I. Experimental results of the measurements.

Qsupply bz
a Qhot + SDb Qcold + SD �� Ave. �c

(W) (T) (°C) (°C) (K) (°C) Nd Symbols in Fig. 8

0.0816 0 29.51 ± 0.08 28.15 ± 0.07 1.36 28.83 21 (a)
0.4620 0 36.03 ± 0.08 28.28 ± 0.06 7.75 32.16 24 (b)

Cond.e
0.7142 0 41.14 ± 0.06 28.29 ± 0.06 12.85 34.72 18 (c)
0.9632 0 44.87 ± 0.07 28.29 ± 0.07 16.58 36.58 29 (d)

0.1434 0 29.78 ± 0.05 28.34 ± 0.06 1.44 29.06 28 (e)
0.4620 0 32.68 ± 0.11 28.38 ± 0.08 4.30 30.53 34 (f)

RBf

0.8475 0 36.03 ± 0.06 28.65 ± 0.05 7.38 32.34 107 (g)
0.9632 0 36.64 ± 0.08 28.48 ± 0.07 8.16 32.56 46 (h)

1.5 35.59 ± 0.13 28.63 ± 0.11 6.96 32.11 27 (i)
2.1 35.19 ± 0.05 28.52 ± 0.05 6.66 31.86 29 (j)

MC + 101 mmg 0.8475 2.5 35.07 ± 0.07 28.57 ± 0.07 6.50 31.82 37 (k)
2.9 34.80 ± 0.03 28.55 ± 0.05 6.25 31.68 18 (l)
4.0 34.39 ± 0.04 28.54 ± 0.06 5.85 31.46 27 (m)

1.5 36.49 ± 0.08 28.64 ± 0.07 7.86 32.57 56 (n)
2.1 37.13 ± 0.08 28.57 ± 0.08 8.56 32.85 56 (o)

MC −101 mm 0.8475 2.5 38.22 ± 0.07 28.47 ± 0.06 9.75 33.35 37 (p)
2.9 43.24 ± 0.09 28.54 ± 0.07 14.70 35.89 28 (q)
4.0 43.21 ± 0.07 28.54 ± 0.06 14.67 35.88 75 (r)

abz: Vertical component of magnetic flux density (T = Wb/m2 = V s/m2).
bSD: Standard deviation.
cAve. �: Averaged temperature � (°C).
dN : The number of data measured by 1 min.
eCond.: Conductive state.
fRB: Rayleigh-Benard convection.
gMC: Magnetothermal convection.
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FIG. 9. Correlation of the temperature difference �� and the
thermal energy of Qsupply, Qcond, and Qconv. The solid line (A) shows
the linear function of �� and Qsupply in the thermal conductive
model. The dot-dashed line (B) is the correlation of �� and Qloss.
The horizontal distance between lines (B) and (A) is equal to the
magnitude of Qcond, and the amount of Qcond is obtained by the
Fourier heat-conductive equation. Consequently, line (B) is estimated
analytically. The dashed line (C) shows the correlation of �� and
Qsupply in the Rayleigh-Benard model. Qloss, Qcond, and Qheat−transf are
schematically represented in this figure. The heat transfer Qheat−transf

is calculated by Qheat−transf = Qcond + Qconv, and Nu is defined by
the ratio of Qheat−transf to Qcond in this figure. The diamond symbol
is the experimental data measured under the thermal conductive
state. The circle symbol is the experimental data measured under
the Rayleigh-Benard model without applying the magnetic body
force. The triangle symbol is the experimental data measured under
the hypergravitational condition at zcoil = +101 mm. The reversed
triangle symbol is the experimental data measured under the partial
gravitational condition at zcoil = −101 mm. In this study, Qsupply was
kept at 0.8475 W so that the solution temperature became stable
between 30 and 40 °C. The magnetic flux density was varied as 4.000,
2.900, 2.500, 2.100, and 1.500 T at zcoil = 0. The absolute values
of those magnitudes of |(�b · �∇ )bz| atzcoil = ±101 mm correspond to
148.11, 77.85, 57.85, 40.82, and 20.83 T2/m. All the experimental
results of Nu are summarized in Table II.

On the other hand, Qheat−transf can also be defined by the
heat transfer of thermal convection Qconv (W):

Qheat−transf = Qcond + Qconv. (4)

The Nusselt number (Nu) is defined by the ratio of
Qheat−transf to Qcond, in the following equation:

Nu = Qheat−transf

Qcond
� 1.0. (5)

The values of Qloss, Qcond, and Qheat−transf are schematically
illustrated by the length of the projection lines in Fig. 9. The
horizontal distance between the lines of (A) and (B) represents
the magnitude of Qcond. Nu is experimentally estimated by
the ratio of the amounts of Qheat−transf and Qcond in Fig. 9. In
the Rayleigh-Benard model, �� becomes smaller than that
in the state of thermal conduction because the heat transfer of

TABLE II. Experimental results of heat transfer. Qsupply was
0.8475 W constant.

B Symbols
(T) Pr Ra Ram

a Nu in Fig. 8

5.51 25710 25710 2.97 (e)
5.36 82059 82059 3.34 (f)

RB 0.0
5.17 152550 152550 3.69 (g)
5.15 170337 170337 3.84 (h)

MC

1.5 5.20 142412 188807 4.01 (i)
2.1 5.22 134838 220938 4.27 (j)

+101 mm 2.5 5.22 131294 250109 4.42 (k)
2.9 5.24 125498 278319 4.66 (l)
4.0 5.26 116408 386090 5.09 (m)

MC

1.5 5.15 164027 110589 3.36 (n)
2.1 5.12 180839 65366 2.95 (o)

−101 mm 2.5 5.07 210508 20007 2.38 (p)
2.9 4.81 354012 − 77073 1.01 (q)
4.0 4.81 352910 − 464675 1.01 (r)

aRam was calculated with the critical magnetic flux density of 2.63 T.

Qheat−transf is larger than that of Qcond. Therefore, Nu is always
larger than 1.0.

All the experimental results of Nu are summarized in
Table II. In this study, Qsupply was kept at 0.8475 W so
that the solution temperature became stable between 30 and
40 °C. The magnetic flux density was varied as 4.000, 2.900,
2.500, 2.100, and 1.500 T at zcoil = 0, which correspond
to 2.826, 2.049, 1.767, 1.484, and 1.060 T at zcoil = ±101
mm, respectively. The absolute values of these magnitudes of
|(�b · �∇ )bz| at zcoil = ±101 mm were 148.11, 77.85, 57.85,
40.82, and 20.83 T2/m, respectively. Figures 8(d) and 8(e)
are the chronological responses of �hot and �cold under the
hypergravitational condition at zcoil = +101 mm. Figure 8(e)
is a partial enlargement of Fig. 8(d). Figures 8(f) and 8(g)
are the response under the partial gravitational condition at
zcoil = −101 mm.

In Fig. 9, the data under the partial gravitational condition
are plotted by the reversed triangles, and the data under the
hypergravitational condition are plotted by the triangles. Under
the partial gravitational condition, �� became larger than
that in the case of Rayleigh-Benard convection since the heat
transfer was suppressed. Under the hypergravitational condi-
tion, �� became smaller than that in the case of Rayleigh-
Benard convection since the heat transfer was promoted. When
the magnetic flux density was 2.90 T, the reversed triangle
symbol was reached on the line (A). This means that the
quasiweightless condition was realized magnetically.

IV. NUMERICAL COMPUTATIONS

A. Equations

The three-dimensional numerical computations of magne-
tothermal convection of paramagnetic liquids were shown in
previous reports [14–16]. The magnetic body force is propor-
tional to the volumetric magnetic susceptibility χv (dimension-
less). Here, χv is defined as χv = ρχm, where ρ is the subject
density (kg/m3), and χm is the mass magnetic susceptibility
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(m3/kg). In the case of a diamagnetic liquid, the magnitude of
the magnetic body force is proportional to ρ since χm becomes
almost constant. Hence, only density inhomogeneity by the
temperature causes the driving body force of magnetothermal
convection. In the case of a paramagnetic liquid, the effect
of Curie’s law [26] is superimposed on the driving body force.
That is, χm is inversely proportional to the absolute temperature
by Curie’s law, and ρ also changes by the temperature.

In the numerical computations in this study, we adopted the
Boussinesq approximation to ρ. With a reference density ρ0

and a reference volumetric coefficient of expansion β0 at the
representative temperature �0, the density ρ is calculated as

ρ = ρ0

1 + β0 ( � − �0 )
. (6)

Maki et al. established the momentum equation of param-
agnetic fluids by which the magnetic body force term and the
gravitational force term were integrated into one term [14].
This equation was successfully nondimensionalized by using
the techniques of Hellums and Churchill [27]. As mentioned
before, the vessel interval (= actual vessel height 9.2 mm) was
used as the standard length (hz) on the nondimensionalization.
In the process of nondimensionalization, a dimensionless
parameter C was utilized for a paramagnetic liquid. This
parameter contains both the effects of Curie’s law and the
change of density by temperature, and is defined as follows:

C = 1 + 1

β0�0
. (7)

Here, β0 is the volumetric coefficient of expansion at the
temperature �0, i.e., 32.34 °C (�0 = 305.5 K). The value of C

became 11.5 in this study (see Appendix A). In practice, C is a
coefficient that enhances the magnitude of the magnetic body
force magnitude when the nondimensionalized momentum
equations are computed.

In a manner similar to Hellums and Churchill’s method, the
equation of continuity and the equation of energy balance were
also nondimensionalized. Equations (8)–(10) are the nondi-
mensionalized equations of continuity, the nondimensional-
ized momentum equation for the paramagnetic liquid, and
the nondimensionalized equation of energy balance, respec-
tively. Equation (11) is the nondimensionalized Biot-Savart
law. Equations (8)–(11) were computed on the cylindrical
coordinate system:

�∇ · �U = 0, (8)

D �U
Dτ

= −�∇P + Pr∇2 �U + Ra × Pr × T

×
⎡
⎣

⎛
⎝ 0

0
1

⎞
⎠ − γ

C

2
�∇ ( �B )

2

⎤
⎦, (9)

DT

Dτ
= ∇2T , (10)

�B = − 1

4π

∮ �R × d �S
| �R|3

. (11)

In these equations, �∇ and �U are nabla (differential op-
erator) and nondimensionalized velocity vector (U, V, W ),
respectively. T , P , τ , ∇2, Pr, and Ra are nondimensionalized
temperature, pressure, time, Laplacian (differential opera-
tor), Prandtl number (Pr = ν

α
), and Rayleigh number (Ra =

gβ(�hot−�cold )h3
z

αν
), respectively. Here, α, ν, and g are thermal

diffusivity (m2/s), kinematic viscosity (m2/s), and gravita-
tional acceleration (m/s2), respectively. The dimensionless
parameter γ represents the magnitude of the magnetic body
force [9–11,14,28], defined as γ = χvba

2

μ0ρ0ghz
. Here, ρ0 is the

reference density of the solution at �0 (= 305.5 K), and was
approximated with the density of water at this temperature
(994.9 kg/m3) [29]. ba is the representative magnetic flux
density defined as ba = μ0i/hz (T), where i and μ0 are the
electric current in a coil (A) and the magnetic permeability
in vacuum 4π×10−7 (H/m), respectively. In Eq. (11), d �S
is the dimensionless position vector on the coil and �R is
�R = (R, θ, Z). �B = (Br, Bθ , Bz) is the nondimensionalized
magnetic flux vector. The magnitude of γ was defined at the
representative point of the vessel center.

Equations (8)–(11) were discretized with the equal-interval
staggered grid. We utilized the highly simplified marker and
cell (HSMAC) method and solved the equations by the explicit
method [30]. On the right-hand side of Eq. (9), the fist
term represents the pressure, the second term the viscosity
resistance, and the third term the effect of gravity. Notice that
the magnitude of the nondimensionalized gravity becomes 1.0.
The fourth term represents the magnetic body force, and is
combined with the third term by using Pr and Ra. Actually,
the square brackets in the last term (the third and fourth terms)
give the driving body force vector on convection.

In the numerical computations, Pr and Ra were fixed as 5.17
and 1.53×105, respectively (see Appendix A). The aspect ratio
of the vessel was decided as 2.0. The influence of the Lorentz
force was ignored since the Hartmann number (Ha) was in
the range of 0.62 to 0.68 (see Appendix A). These parameters
were established on the basis of the experimental results of
Rayleigh-Benard convection when the Qsupply was 0.8475 W.
In this study, actual convective flows were numerically verified
as varying with the magnitude of the magnetic body force.

B. Boundary conditions for the computations

We assumed that the boundary conditions of velocity were
completely solid. The boundary conditions of temperature
were as follows: the top surface is cold [Eq. (12)], the bottom
hot [Eq. (13)], and the sidewall adiabatic [Eq. (14)]. The
initial conditions in Eq. (15) were only used in the case of
computation of the Rayleigh-Benard convection. In the cases of
magnetothermal convection, the result of the Rayleigh-Benard
convection was used as the initial condition:

at the vessel top surface (Z = +0.5),

�U = �0, T = −0.5, (12)

at the vessel bottom surface (Z = −0.5),

�U = �0, T = +0.5, (13)
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TABLE III. Computations to verify the grid size (Pr = 5.17, Ra = 1.53×105).

NR NTH NZ Ave. U ± SD Ave. V ± SD Ave. W ± SD Nu ± SD

21 33 31 40.65 ± 3.82 47.66 ± 4.09 47.66 ± 3.25 5.05 ± 0.23
26 41 31 41.66 ± 3.82 47.47 ± 4.18 46.99 ± 2.90 5.00 ± 0.22
31 61 41 41.70 ± 3.27 47.61 ± 3.93 46.81 ± 2.54 4.77 ± 0.21
31 61 43 41.56 ± 3.59 47.42 ± 4.56 46.96 ± 3.12 4.76 ± 0.20
31 61 46 41.49 ± 3.18 47.30 ± 4.15 46.76 ± 2.74 4.71 ± 0.20
31 61 51 41.70 ± 3.33 47.38 ± 4.51 46.63 ± 2.61 4.68 ± 0.18

at the vessel sidewall (R = 1.0), �U = �0,
∂T

∂R
= 0,

(14)

at τ = 0, �U = �0, T = 0. (15)

Nu was computed at the Z = +0.5 plane (i.e., cold surface).

C. Grid size for the computations

To adopt the proper grid size for the computations, prelim-
inary numerical computations of Rayleigh-Benard convection
(Pr = 5.17 and Ra = 1.53×105) were carried out with differ-
ent grid sizes. Table III shows the velocity components of the
averaged U , V , and W calculated on the whole grid and the
averaged Nu. None of the preliminary computations changed
to steady flows since Ra was too large to make the flows stable.
According to the results, the grid numbers for the radial (NR),
circumferential (NTH), and axial (NZ) directions were decided
as 31, 61, and 46, respectively. Figures 10(a) and 10(b) show
the cross-sectional views of the grid at the Z = 0 and Y = 0
planes, respectively. Figure 10(c) is a crane shot of the grids.

D. Rayleigh-Benard convection

Figure 11 shows the Rayleigh-Benard convection calculated
with the grid size mentioned above. This result was used as the
initial condition for all the computations of magnetothermal
convections. Figure 11(a) shows the horizontal cross-sectional
isothermal distribution at the Z = 0 plane. The hot solution
rises where the distribution is in red or yellow, and the
cold solution falls where it is in blue. Figures 11(b) and
11(c) show the vertical cross-sectional isothermal and velocity
distributions at the Y = 0 plane and X = 0 plane, respectively.
As a result, we notice that large rolls occur, similar to the flow
regimes seen in the experiment [Fig. 4(a)].

E. Magnetic body force in the vessel

The magnetic body force in the vessel was calculated after
the grid size was determined. In the computation, the magnet
coil was approximated to a cylindrical coil in which the inner
diameter was 200 mm, the outer diameter was 400 mm, and
the height was 200 mm. We assumed that 1800 single one-
turn coils were arranged at regular intervals in the cylindrical
coil: 60 turns in the axial direction and 30 turns in the radial
direction. The magnetic field around a single one-turn coil was
calculated by using the Biot-Savart law. The magnetic field in
the bore was calculated by the superposition of the magnetic

fields that were independently formed by the 1800 single one-
turn coils.

Figure 12 represents the nondimensionalized magnetic
body force vectors �Fm = (FmR, Fmθ , FmZ ) in the vessel

FIG. 10. The computational grid. The grid numbers for the radial
(NR), circumferential (NTH), and axial (NZ) directions are 31, 61,
and 46, respectively. (a) The cross-sectional views of the grid at the
Z = 0 plane, (b) the cross-sectional views of the grid at the Y = 0
plane, and (c) the crane shot of the grids.
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FIG. 11. The computational result of Rayleigh-Benard convec-
tion. Pr and Ra are 5.17 and 1.53×105, respectively. (a) The horizontal
cross-sectional isothermal distribution at the Z = 0 plane. The hot
solution rises where the distribution is in red or yellow, and the
cold solution falls where it is in blue. (b) and (c) show the vertical
cross-sectional isothermal and velocity distributions at the Y = 0
plane and X = 0 plane, respectively.

located at Zcoil = ±10hz. Zcoil is the nondimensionalized
cylindrical coordinate system, the origin of which is defined
at the magnet center. The hz is the standard length between
the top and the bottom surfaces, and becomes 1.0 in the
nondimensionalized system. The results of �Fm were utilized
in the numerical computations, but fewer arrows were selected
for the sake of understanding in Fig. 12. The details of Fig. 12
are commented on in Appendix B. Figure 12 shows that the
effect of FmR was insignificant in comparison to that of FmZ .
This suggests that control over the convection is possible by
means of the effect of FmZ only.

In the computations, we calculated the conditions in which
FmZ was enhanced downward in Fig. 12(k). We will present in a
later section why such enhanced conditions become necessary.

(b)

(d)

(f)

(i)

(g)

(e)

(c)

(h)

(j) (k)

V.L. = 0.12

(a)
(a) (b) (c)

(e)

(h)

(d) (f)

(g) (i)
XY

Z

FIG. 12. The nondimensionalized magnetic body force vectors
in the vessel located at Zcoil = ±10hz. Only a few arrows in
the vessel were selected for the sake of being understandable.
(a) shows the representative points (a)–(i) on and in the vessel.
The force components of FmR , FmZ , and FmZ + 1 on the points
(a)–(i) are represented in Appendix B. (b), (d), (f), (h), and (j)
show the distribution of the magnetic body force vectors. (c),
(e), (g), (i), and (k) show the distribution of driving body force
vectors between the gravity and the magnetic body force. (b)
and (c) are the cases of γ = 9.76989×10−4 at Zcoil = +10hz.
(d) and (e) are the cases of γ = 4.88494×10−4 at Zcoil = +10hz.
(f) and (g) are the cases of γ = 4.88494×10−4 at Zcoil = −10hz. (h)
and (i) are the cases of γ = 9.76989×10−4 at Zcoil = −10hz. (j) and
(k) are the cases of γ = 1.46548×10−3 at Zcoil = −10hz. (c) and (e)
are the hypergravitational conditions of 2.0 and 1.5 times the gravity
downward, respectively. (g) is the partial gravitational condition
(0.5 times the gravity downward). (i) is the quasiweightless condi-
tion. (k) is the enforced-weightless condition (0.5 times the gravity
upward).

F. Magnetothermal convection under the
hypergravitational condition

Figure 13(a) shows the isothermal contours and velocity
vectors under the hypergravitational condition. Pr, Ra, and
γ are 5.17, 1.53×105, and 9.76989×10−4, respectively. The
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FIG. 13. Numerical isothermal contours and velocity vectors of
magnetothermal convection under the hypergravitational condition at
Zcoil = +10hz. Pr and Ra are 5.17 and 1.53×105, respectively. γ are
(a) 9.76989×10−4 and (b) 4.88494×10−4. The driving body forces
of (a) and (b) correspond to the conditions of 2.0 and 1.5 times the
gravity downward at the vessel center, respectively.

driving body force vector was 2.0 downward at Zcoil = +10hz.
Note that the nondimensionalized magnitude of 2.0 corre-
sponds to the condition with two times the gravity. Similarly,
Fig. 13(b) shows the hypergravitational cases when Pr, Ra,
and γ were 5.17, 1.53×105, and 4.88494×10−4, respectively.
The driving body force vector was 1.5 downward at Zcoil =
+10hz. When hz and α were 10.0 mm and 1.489×10−7 m2/s,
respectively, and the temperature was 305.5 K, the actual
averaged velocity components u, v, and w and Nu were as
presented in Table IV.

In both cases, the convective flows did not change into
stable ones. These flows are common phenomena in such a
large-scale Ra. The Nu increased slightly more than in the
case of Rayleigh-Benard convection. This indicates that the
heat transfer on convection was enhanced only a little.

G. Magnetothermal convection under the partial
gravitational condition

Figures 14(a) and 14(b) show the results of the isothermal
contours and velocity vectors under the partial gravitational
condition at Zcoil = −10hz. The Pr and Ra were fixed at 5.17
and 1.53×105, respectively. The γ in Figs. 14(a) and 14(b)
were 4.88494×10−4 and 9.28140×10−4, respectively, which
corresponds to the conditions in which the nondimensional-
ized driving body force vector was 0.5 and 0.05 downward,

respectively. Figure 14(c) is the case under the quasiweightless
condition, and γ was 9.76989×10−4. The actual average
velocity components and the Nu are summarized in Table IV.

The convective flows in Fig. 14(a) were unstable. The flows
in Figs. 14(b) and 14(c) transitioned to stable axisymmetric
ones. No horizontal contours were confirmed at all. These
results indicate that a thermal conductive state could not be
realized simply by the weightlessness at the vessel center alone.

H. Magnetothermal convection under the
enforced-weightless condition

We enhanced the magnetic body force so as to realize the
horizontal isothermal contours numerically. We shall designate
such condition as “enforced weightlessness.” The Pr and Ra
were fixed to 5.17 and 1.53×105, respectively, and the γ of
Figs. 14(d)–14(f) were 1.17239×10−3, 1.36779×10−3, and
1.46548×10−3, respectively, which correspond to the cases of
FmZ = −0.2, −0.4, and −0.5 at the vessel center, respectively.
Figure 12(k) shows the case of FmZ = −0.5. When FmZ =
−0.2, the isothermal contours were barely horizontal. When
FmZ was strengthened to over −0.4, the contours settled down
horizontally and the difference in appearance was almost equal
to the case of −0.5 [see Figs. 14(e) and 14(f)]. By means
of these results, the horizontal illuminant observed in the
experiment could be realized under the enforced-weightless
condition. In the next section, we will determine the critical
magnetic flux density and evaluate the heat transfer of magne-
tothermal convection.

V. DISCUSSION

A. The critical magnetic flux density

The critical magnetic flux density from the convective to the
conductive is an essential value to evaluate the heat transfer of
magnetothermal convection. In a previous study [14], we used
a shallow vessel (actual vessel height was 5 mm) and Ra was
set in the range of 7000 and more. It was easily verified by
the control over small temperature differences. In the present
study, however, we utilized a “moderate” vessel with the aspect
ratio of 2.17. We had to increase �� more than 10 K to
illuminate the TLC. As a consequence, we were forced to carry
out the measurement with quite a large-scale Ra = 1.53×105.
In the moderate vessel, it is difficult to completely cancel
the effect of gravity by FmZ . The ununiformity of magnetic
body force in the vessel causes a driving body force on
convection.

By using the data in Appendix B, when the FmZ is −1.000
at the vessel center [= the point (d) in Fig. 12(a)] and the
vessel location Zcoil = −10hz and g = 9.76989×10−4, the
magnitudes of FmZ at the points (a) and (g) in Fig. 12(a) vary
to −1.017 and −0.9764, respectively. The Ra at points (a) and
(g) is calculated as Ra = 1.53×105×|1.017 − 1.000| = 2601
and Ra = 1.53×105×|0.9764 − 1.000| = 3611, respectively.
By theoretical analysis, the Rayleigh-Benard convection is
completely suppressed and a thermal conductive state (Nu =
1.0) is realized in the range of Ra < 1707.8 [31]. That is,
an enforced-weightless condition is inevitable to realize the
conductive state in the moderate vessel.
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TABLE IV. Numerical results of heat transfer. Pr = 5.17, Ra = 1.53×105, C = 11.5, NR = 31, NTH = 61, NZ = 46.

Ave. U ± SD Ave. V ± SD Ave. W ± SD
Zcoil γ a FmZ + 1d (mm/s)e (mm/s)e (mm/s)e Nu ± SD Flow

RB 0b 1.0 41.57±3.06 47.33±3.93 46.73±2.56 4.71 ± 0.19 unsteady
(0.62±0.05) (0.71±0.06) (0.70±0.04)

9.76989×10−4c 2.0 56.58±5.06 69.87±4.98 73.96±4.38 6.10 ± 0.27 unsteady
(0.84±0.08) (1.04±0.07) (1.10±0.07)

MC +10hz 4.88494×10−4c 1.5 50.36±4.48 59.40±5.19 60.73±3.23 5.45 ± 0.21 unsteady
(0.75±0.07) (0.89±0.08) (0.90±0.05)

4.88494×10−4c 0.5 29.76±1.18 32.13±2.37 28.93±1.20 3.61 ± 0.13 unsteady
(0.44±0.02) (0.48±0.04) (0.43±0.02)

9.28140×10−4 0.05 9.49 2.71×10−5 11.30 2.31 steady
(0.14) (0.00) (0.17)

9.76989×10−4 0 3.15 5.25×10−7 3.72 1.39 steady
(0.047) (0.00) (0.055)

MC −10hz 1.17239×10−3 − 0.2 0.46 4.41×10−7 0.54 1.010 steady
(0.007) (0.00) (0.008)

1.27009×10−3 − 0.3 0.39 3.20×10−6 0.43 1.006 steady
(0.006) (0.00) (0.006)

1.36779×10−3 − 0.4 0.36 3.36×10−6 0.37 1.004 steady
(0.005) (0.00) (0.006)

1.46548×10−3 − 0.5 0.34 1.53×10−6 0.33 1.003 steady
(0.005) (0.00) (0.005)

aSince we assumed that 1800 single one-turn coils were arranged at regular intervals in the cylindrical coil, more than six significant digits of
γ were required.
bAveraged value and its SD were calculated by using the data in the range of 0.3 < τ < 3.0.
cAveraged value and its SD were calculated by using the data in the range of 0.3 < τ < 1.1.
dFmZ + 1 is the nondimensionalized value at the vessel center [point (d) in Fig. 12(a)].
eThe values in the parentheses mean the actual velocity (mm/s) calculated by assuming that hz and α were 10.0 mm and 1.489×10−7 m2/s,
respectively, and the temperature was 305.5 K.

In a paramagnetic liquid, the effect of temperature on the
susceptibility cannot be ignored by Curie’s law. As shown in
Fig. 8, �� was 14.70 K at most, and the susceptibility would
be changed by 4.8% or less. The magnetic body force would be
enhanced by 2.4% more in the vicinity of the top surface (cold)
than at the vessel center. Owing to this effect, the magnetic flux
density should be enhanced by the magnitude of 1.2% (that
is,

√
1.024 = 1.012).

According to the image in Fig. 7(d), the critical magnetic
flux density was 2.85 T. Numerically, the horizontal isothermal
contours were barely realized in the case of FmZ = −0.2 [see
Figs. 14(d)]. Therefore, the critical magnetic flux density at the
vessel center is estimated as bz = 2.85/

√
1 + 0.2 − 0.024 =

2.63 T. We will use this value to calculate the magnetic
Rayleigh number in the next section.

B. Data analysis with the magnetic Rayleigh number

All the results (experimental and numerical) were summa-
rized by using the critical magnetic flux density of 2.63 T.
In Fig. 15(a), the data were plotted on the double-logarithm
chart of Ra and Nu. The experimental data are represented by
the opened makers, and the numerical data are represented by
the filled markers. The Silveston experimental curve [31] was
also employed in this figure, the curve of which is determined
by the experimental data of heat transfer on Rayleigh-Benard
convection with various kinds of fluids (liquid and gas).

As shown in Fig. 15(a), Rayleigh-Benard convection in this
study (the symbol is circles) was distributed in the vicinity of
the Silveston curve. This suggests that our data agreed well
with previous research results [32,33]. In the presence of the
downward magnetic body force, the symbol of Nu (reversed
triangles) shifted upward on the Silveston curve in relation to
the increase in the magnetic body force. Those shifts reflect that
the hypergravitational condition enhanced the heat transfer. In
the presence of the upward magnetic body force, the symbol of
Nu (triangles) shifted downward and went close to 1.0. That is,
the heat transfer on convection was weakened as the condition
changed from partial gravity to quasiweightlessness and finally
completed the thermal conductive state.

Next, all the results were arranged with the magnetic
Rayleigh number (Ram). The relationship between Ram and
Nu is arranged in Fig. 15(b). Practically, Ram is defined by the
following correlation:

Ram = Ra

(
1 − γ

C

2

∂ B2

∂ Z

)
. (16)

As shown in Fig. 15(b), the data of magnetothermal convec-
tion were distributed quite well on the Silveston curve. Notice
that even if the critical value was regarded as equal to 2.85 T,
the relationship distributed closely in the vicinity of the curve
(data not shown). The accordance with the Silveston curve
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(f)(d) (e)

(c)(a) (b)

XZ

Y

XY

Z

XZ

Y

XY

Z

FIG. 14. Numerical isothermal contours and velocity vectors of magnetothermal convection at Zcoil = −10hz. Pr and Ra are 5.17 and
1.53×105, respectively. γ are (a) 4.88494×10−4, (b) 9.28140×10−4, (c) 9.76989×10−4, (d) 1.17239×10−3, (e) 1.36779×10−3, and (f)
1.46548×10−3. (a) and (b) are under the partial gravitational condition, the driving body forces of which correspond to the condition
of 0.5 and 0.05 times the gravity downward, respectively. (c) is under the quasiweightless condition. (d), (e), and (f) are under the
“enforced-weightless” condition, the driving body forces of which correspond to the condition of 0.2, 0.4, and 0.5 times the gravity upward,
respectively.
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FIG. 15. All the results arranged on double-logarithm charts.
(a) The relationship between Ra and Nu, and (b) the relationship
between Ram and Nu. The Silveston experimental curve is also
exhibited in this figure. The experimental results are plotted with
the open markers, and the numerical results with the filled markers.
The circles show the Rayleigh-Benard convection. The reversed
triangles show the hypergravitational condition. The triangles show
the partial gravitational condition. We can see that all the data are
distributed in the vicinity of the Silveston curve and the heat transfer
of magnetothermal convection is arranged on the Silveston curve with
Ram. In the calculation of Ram, the critical magnetic flux density to
realize the quasiweightless condition was estimated as 2.63 T.

reveals that the heat transfer of magnetothermal convection
can be controlled by Ram.

In this study, the experimental data of Nu had a slightly
smaller value than those of the Silveston curve. The Silveston
curve was provided by the use of a large aspect ratio vessel,
whereas our results were brought about with the moderate
vessel. The underestimation of Nu may be attributable to
resistance from the vessel sidewall.

C. Magnetic effect on the TLC particulates

We used the TLC particulates as a tracer to visualize the
convective flows. When the solution is under the quasiweight-
less condition, the downward driving body force at two times
that of gravity acts on the TLC particulates by the magneto-
Archimedes effect. This idea may be sufficient to explain the
reason why the horizontal illuminant was first visualized near
the vessel bottom prior to the vessel top. However, taking a
closer look at the sequence figures in Fig. 6, we notice that the

particulates have stopped suspending in the illuminant. That
is, the TLC particulates were little influenced by the magnetic
body force. Since the horizontal illuminant is broken easily,
even in the presence of weak flows, they may explain the
process in Fig. 6. In the next section, we numerically analyze
the flow regimes in the vessel to support this idea.

D. Detail flow regimes in the vessel

By the nondimensionalization techniques [27], the isother-
mal contour of the thermal Peclet (Pe) number was computed to
visualize the flow regimes and their structure. The Pe is defined
as the product of the Pr and the Reynolds number (Re), and is
transformed as

Pe = Pr × Re = ν

α

hz |�u|
ν

= hz

α

√
u2 + v2 + w2

=
√

U 2 + V 2 + W 2. (17)

The magnetic conditions of γ were varied so as to cor-
respond to the cases of Figs. 11, 13, and 14. All the con-
tours are presented in Fig. 16. The brighter these contours
are in the vessel, the stronger the convective flows are.
Figure 16(a) shows the Rayleigh-Benard convection (γ = 0).
Figures 16(b) and 16(c) are the cases under the hypergravita-
tional condition. Figures 16(d) and 16(e) are the cases under
the partial gravitational condition. Figure 16(f) shows the
quasiweightless condition. Figures 16(g)–16(i) are the cases
under the enforced-weightless condition. The magnitudes
of γ were 0 [Fig. 16(a)], 9.76989×10−4 [Figs. 16(b) and
16(f)], 4.88494×10−4 [Figs. 16(c) and 16(d)], 9.28140×10−4

[Fig. 16(e)], 1.17239×10−3 [Fig. 16(g)], 1.36779×10−3

[Fig. 16(h)], and 1.46548×10−3 [Fig. 16(i)].
As shown in Figs. 16(a)–16(d), the convective flows were

unstable. They may have been turbulent since Pe was so large
in most parts of the vessel. Figures 16(e)–16(i) show that the
flows became axisymmetric. In particular, the regimes in flows
in Figs. 16(e) and 16(f) were similar to each other and strong
flows were induced around the vessel center. On the other hand,
in the flows in Figs. 16(g)–16(i), hardly any flows occurred
around the vessel center (colored in blue). The flows were
induced in the vicinity of the vessel wall (colored in yellow
or red). These results support that the stagnated region around
the vessel center (Pe < 0.6) was suitable for illuminating the
TLC.

There have been many reports on flow structures in a
conventional Rayleigh-Benard convection [34–37], but to an-
alyze the structures in magnetothermal convection we have
to consider the influence of the radial component of the
magnetic body force [38–40]. This influence is determined by
the magnitude of (�b · �∇ )�b, which, in most cases, depends on
the location of the vessel in the magnet bore. It was impossible
to investigate the illuminant of TLC in the details of the
structure, and this is a limitation of this study. Further study
and improvement will be necessary in future research.

VI. CONCLUSIONS

We visualized magnetothermal convection and analyzed the
heat transfer by experiments and numerical computations. We
developed an original observation system and measurement
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FIG. 16. Numerical isothermal contours of the Pe number. The vessel center position of (b) and (c) is at Zcoil = +10hz, and that of (d)–(i) is
at Zcoil = −10hz. γ are (a) 0, (b) and (f) 9.76989×10−4, (c) and (d) 4.88494×10−4, (e) 9.28140×10−4, (g) 1.17239×10−3, (h) 1.36779×10−3,
and (i) 1.46548×10−3. (a) is under the Rayleigh-Benard convection. (b) and (c) are under the hypergravitational condition, the driving body
forces of which correspond to the conditions of 2.0 and 1.5 times the gravity downward, respectively. (d) and (e) are under the partial gravitational
condition, the driving body forces of which correspond to the conditions of 0.5 and 0.05 times the gravity downward, respectively. (f) is under
the quasiweightless condition. (g), (h), and (i) are under the enforced-weightless condition, the driving body forces of which correspond to the
conditions of 0.2, 0.4, and 0.5 times the gravity upward, respectively.

equipment based on the Rayleigh-Benard model (aspect ratio
2.17) in a solenoidal superconducting magnet to visualize
in situ from the side view. The working fluid of convection
was an aqueous gadolinium nitrate solution (paramagnetic
substance), and the isothermal contour of convection was visu-
alized by the addition of a thermochromic liquid crystal (TLC).
Under a large upward magnetic body force, we succeeded in
visualizing the horizontal isothermal illuminant of the TLC,
which reveals the realization of a quasiweightless condition
in the Rayleigh-Benard model; that is, we have acheived the
visualization of the horizontal illuminant on magnetother-
mal convection. We also observed the transition process on
convection from the conductive state to the inducement of
convective flows by upwardly adjusting the magnitude of the
magnetic body force. A similar isothermal illuminant could
not be visualized under a hypergravitational condition and
Rayleigh-Benard convection.

The amount of heat transfer in this system was measured
by the method of Churchill and Ozoe, and then the Rayleigh
number (Ra) and Nusselt number (Nu) were experimentally
determined. We identified quantitatively that the heat transfer

on convection was enhanced by the downward magnetic body
force and suppressed by the upward magnetic body force, as
compared to that in the Rayleigh-Benard convection.

The convective flows in the present model (Prandtl
number = 5.17, Ra = 1.53×105, aspect ratio 2.0) were
numerically simulated by three-dimensional computation. We
introduced the magnetic Rayleigh number Ram instead of Ra,
and the experimental and numerical data of Nu were plotted
versus the Ram. These results coincided well with the Silveston
experimental curve with Ram, showing that the heat transfer
on magnetothermal convection can be measured by the use
of Ram.
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TABLE V. Thermal properties of water [29,41,42].

30 °C 40 °C

Density ρ (kg/m3) 995.7 992.3
Thermal diffusivity α (m2/s) 1.48×10−7 1.52×10−7

Kinematic viscosity ν (m2/s) 8.03×10−7 6.68×10−7

Volumetric coefficient of
expansion β (1/K)

2.90×10−4 3.80×10−4

Pr 5.41 4.39

the University of Tokyo. The superconducting magnet in
this work belongs to Dr. Satoshi Tomita, Quantum Material
Science Laboratory, Graduate School of Material Science,
Nara Institute of Science and Technology. We would like to
express our deepest gratitude for support from all these sources.

APPENDIX A

The thermal properties of water are given in Table V.
When the temperature was 305.5 K, ρ, α, ν, β, and

Pr were interpolated as 994.9 kg/m3, 1.49×10−7 m2/s,
7.71×10−7 m2/s, 3.11×10−4 m2/s, and 5.17 K−1, respec-
tively. Then, the parameter C was calculated as

C = 1 + 1

β0�0
= 1 + 1

3.11×10−4×305.5
= 11.5.

In this study, the vessel height hz and the temperature
difference �� were 9.20×10−3 m and 7.378 K, respectively.
By using the thermal properties mentioned above, Ra was

Ra = gβ��h3
z

αν

= 9.806×3.11×10−4×7.378×(9.20×10−3)
3

1.49×10−7×7.71×10−7

= 1.53×105.

Now, magnetic flux density in the vessel was substituted by the
vertical component of bz. In this study, the bz was modulated
from 3.0 to 2.75 T at zcoil = 0. The bz in the vessel (at zcoil =
±101 mm) corresponds to the range from 2.12 to 1.94 T.

The measurement of electric conductivity of a
0.15 mol/kg Gd(NO3)3 solution was newly carried out. The
electric conductivity σ resulted in 3.7 S/m. As a consequence,
the Hartmann number Ha was calculated as follows:

when bz is 2.12 T :

Ha = bz

hz

2

√
σ

ρ ν
= 2.12 ×9.20 × 10−3

2

×
√

3.7

994.9× 7.71×10−7 = 0.68;

when bz is 1.94 T :

Ha = 1.94 × 9.20 × 10−3

2

√
3.7

994.9 × 7.71 × 10−7 = 0.62.

APPENDIX B

Table VI summarizes the components of nondimensional-
ized magnetic body force calculated at representative points.
The representative points (a)–(i) on and in the vessel are shown
in Fig. 12(a). Point (d) is particularly important. It represents
the vessel center, and the driving body force on convection
was characterized by this point. Some of the distributions of
the magnetic body force are represented in Fig. 12. We can
find that the effect of FmR is insignificant in comparison to
that of FmZ .
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