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Abstract

Convection of a paramagnetic fluid inside a vertical cylinder placed in the bore of a superconducting magnet was studied. The bore
and the cylinder were placed coaxially. The side wall of a top cylinder was electrically heated, while the side wall of a lower cylinder was
cooled by running water through a constant temperature bath. Two configurations were investigated: unstable (the lower side wall heated
and the upper one cooled) and stable (the lower wall cooled and the upper wall heated). A mixture of water and glycerol was used as a
working fluid, and its magnetic susceptibility was increased by adding Gd(NO3)3 Æ 6H2O. Between the upper and lower side walls a Plexi-
glas thin cylinder plate was placed. This middle cross-section was illuminated with LED light to visualize the fluid temperature with
dispersed liquid crystal slurry. For the unstable configuration, multiple spokes were observed with further increase in the number of
spokes with a magnetic field. The magnetic field enhanced the convective flow and also induced flow from a quasi conduction state.
The corresponding heat transfer rates were measured with and without a magnetic field. The differences between the stable and unstable
configurations of the experimental setup were discussed.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The application of a magnetic field in various research
areas has significantly increased in recent years. The devel-
opment of superconducting magnets has allowed the gener-
ation of magnetic fields up to 20 T (or higher with hybrid
magnets).

The magnetic field affects the convection of both electro-
conducting fluids (liquid metals) and non-electro-conduct-
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ing fluids (the diamagnetic and paramagnetic fluids). The
present report is limited to the latter case.

A strong magnetic field can influence the behavior or
movement of non-electro-conducting fluids, on which a
weak magnetic field has limited effect. The effect of the
magnetic buoyancy force on the convection of paramag-
netic fluids was first reported by Braithwaite et al. [2],
who described the suppression or enhancement of gravita-
tional convection of paramagnetic fluid by a magnetic field.
Many research works have followed. For example, Ikezoe
et al. [3] succeeded in droplet levitation not only diamag-
netic but also for paramagnetic fluids, while the groups
of Wakayama investigated the behavior of air as a para-
magnetic fluid in a strong magnetic field. New magneto-
aerodynamic phenomena such as airflow generation [13]
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Nomenclature

a internal length of the cubic enclosure (m)

b ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2

r þ b2
z

q
magnetic induction (T)

b0 reference magnetic induction = lmi/l (T)
br radial component of magnetic induction (T)
bz axial component of magnetic induction (T)
~rb2 gradient of a square of magnetic induction

(T2/m)
~B ¼ ð~b=b0Þ dimensionless magnetic induction (–)

~rjBj2 dimensionless variable for ~rb2 (–)
Br dimensionless horizontal component of mag-

netic induction = br/b0 (–)
Bz dimensionless axial component of magnetic

induction = bz/b0 (–)
d cylinder diameter (m)
g gravitational acceleration (m/s2)
i electric current in a magnet coil (A)
I electric current in a heating coil (A)
l reference length (m)
Nu (Qnet_conv/Qnet_cond) Nusselt number (–)
Pr (m/a) Prandtl number (–)
Qcond conduction heat flux (W)
Qconv convection heat flux (W)
Qheater total heat power (W)
Qloss heat loss for a cylindrical enclosure (W)
Qloss_cubic heat loss for a cubical enclosure (W)
Qnet_cond net conduction heat flux (W)
Qnet_conv net convection heat flux (W)
r radial coordinate (m)
r0 inner radius of a cylinder (m)
R (r/r0) dimensionless radial coordinate (–)

Ra ðgbðhhot � hcoldÞr3
0=amÞ Rayleigh number (–)

Ra0 initial Rayleigh number (without the magnetic
field) (–)

Ram Ra �1þ c 1þ bh0ð Þ�1
� �

BzðoBz=oZÞz¼0
r¼0

h i� �
magnetic Rayleigh number (–)

t time (s)
U electric voltage for a heating coil (V)
z axial coordinate (m)
Z (z/r0) dimensionless axial coordinate (–)

Greek symbols

a thermal diffusivity (m2/s)
b thermal expansion coefficient (1/K)
c ðvgb2

0=ðlmgr0ÞÞ dimensionless gamma parameter
(–)

k thermal conductivity (W/(m K))
kjelly thermal conductivity of jelly (W/(m K))
h0 reference temperature equal to 298 K (K)
hcold cold wall temperature (K)
hhot hot wall temperature (K)
l viscosity (Pa s)
lm magnetic permeability in a vacuum (H/m)
m kinematic viscosity (m2/s)
q density (kg/m3)
vg mass magnetic susceptibility (m3/kg)

Superscripts

fluid the property related to the working fluid
jelly the property related to the jelly
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and the promotion of combustion [14] were found. The
induction of magnetic convection in stably stratified air
in a cube heated from above and cooled from below was
presented by Kaneda et al. [7].

On the other hand, there are many works on the closed
single-phase thermosyphon. Some of them are by Bayley
and Lock [1], Japikse et al. [6], Mallinson et al. [11], Lock
and Liu [9], Lock and Kirchner [8], Ishihara et al. [4,5].
They studied various geometrical configurations, fluid
properties and thermal conditions of the system. A charac-
teristic spoke pattern was observed in the middle cross-
section (between the hot and cold parts of thermosyphon).
It was described by Mallinson et al. [11] and Ishihara et al.
[5]. They found that the number of spokes depended on
the geometry, thermal properties of the system and the
fluid properties. The number of spokes increased with
increase in the Rayleigh number. Bayley and Lock [1] pre-
sented the heat transfer characteristics of the closed ther-
mosyphon. They observed that increase in the Nusselt
number is correlated with the increase in the Rayleigh
number. The influence of geometry on the heat transfer
was investigated by Lock and Liu [9]. They found that
when the ratio of heated versus cooled length increased,
the Nusselt number decreased (a similar observation was
reported by Bayley and Lock [1]).

The stable configuration of the thermosyphon has not
apparently been studied, due to its low heat transfer perfor-
mance. Furthermore, the influence of magnetic field on the
thermosyphon-like configuration has not been studied.
Therefore, the effect of a magnetic field on the convection
of paramagnetic fluid in the unstable (the lower wall heated
and the upper wall cooled) and stable (the lower wall
cooled and the upper wall heated) thermosyphon-like con-
figurations is presented. Possible application includes the
magnetic mixing of fluid even without a gravitational accel-
eration in a space.

2. Apparatus

The experimental enclosure in the stable configuration is
presented in Fig. 1. In the unstable configuration, the
cylinder was turned upside-down. The cylinder diameter



Fig. 1. Experimental enclosure in the stable configuration.
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Fig. 2. Calculated vector profiles of ~rb2 in the bore of superconducting
magnet with the experimental enclosure shown schematically.
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is 0.04 m and heated and cooled side walls are made of cop-
per, are 0.028 m in height, and are separated by thin Plexi-
glas cylinder plate of 0.004 m in its thickness. Four holes
were drilled from the side wall of this plate to place four
high luminosity LED diodes (Nichia NSPW300BS) for
visualization of the temperature field in the fluid.

The top and bottom end plates of cylinder were made of
Plexiglas. In the top plate, a tiny hole was drilled through
which the enclosure was filled with 50% volume aqueous
solution of glycerol. Air bubbles remaining in the enclosure
were removed by using a syringe with a very thin needle.
The hole was also used to control the level of fluid in the
enclosure, which changed due to the thermal expansion
of the fluid.

The outside surface of the enclosure side wall was heated
with a rubber-coated nichrome wire. The wire was con-
nected to a DC power supply (Kikusui PAK 60-12A).
The heating power (the current and voltage) was constantly
recorded by two multimeters (Keithley 2000). The side wall
of another cylinder was kept at a constant temperature
with water pumped through a constant temperature bath.
The temperature difference between the heated and cooled
parts of the enclosure was measured with T-type Copper-
Constantan thermocouples (marked in Fig. 1 as T.C.).
Two thermocouples were located on the outer side of the
heated wall, while another two were attached to the coolant
outlet and inlet. The temperature data were recorded in a
data logger (Keyence NR-1000). Both heated and cooled
parts were thermally insulated with polystyrene foam.

The experimental cylinder, insulated with vinyl foil, was
placed into the bore of helium-free 5 T superconducting
magnet (HF5-100VHT). The middle height cross-section
of the experimental cylinder was placed at 0.01 m from
the opening level of the bore. This provides the minimum
radial component of magnetic buoyancy force in the exper-
imental fluid. The calculated vector profiles of ~rb2 (pro-
portional to the magnetic buoyancy force) are presented
in Fig. 2, which demonstrates how the magnetic buoyancy
force acts on the fluid in the experimental enclosure. Two
configurations of the enclosure are presented in Fig. 3.

3. Working fluid

Isotherms in the middle-height cross-section were visual-
ized by using a thermo-sensitive liquid crystal slurry dis-
persed in the glycerol solution. Glycerol itself is hard to
handle; therefore an aqueous solution of glycerol was used.
The concentration of glycerol affected the physical proper-
ties of the solution, especially the Prandtl number, defined
as

Pr ¼ m
a

. ð1Þ

The Prandtl number increases considerably when the con-
centration of glycerol is higher than 50%. Therefore the
50% volume concentration of glycerol in the solution was
chosen as a working fluid.

Water and glycerol are diamagnetic fluids, as is the
aqueous solution of glycerol. To increase the magnetic sus-
ceptibility of the working fluid and make it paramagnetic,
gadolinium nitrate hexahydrate Gd(NO3)3 Æ 6H2O, was



Fig. 3. Configurations of the system (Fg – the gravitational buoyancy force, Fm – the magnetic buoyancy force): (a) unstable and (b) stable.

Table 1
Properties of 50% volume aqueous solution of glycerol at h0 = 298 K

Property Value Unit

a* 1.1415 · 10�7 m2/s
b* 0.445 · 10�3 K�1

k* 0.422 W/(m K)
l 6.145 · 10�3 ± 0.064 · 10�3 Pa s
m 4.80 · 10�6 ± 0.05 · 10�6 m2/s
q 1281 ± 1 kg/m3

vg 13.926 · 10�8 m3/kg

The properties marked by asterisk were estimated from [15].
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dissolved in it at a molar concentration of 0.5 mol/(kg of
solution). This corresponded to 225.7 g of gadolinium
nitrate dissolved in 774.3 g of glycerol aqueous solution.
The mass magnetic susceptibility of the working fluid was
measured with a magnetic susceptibility balance (by the
modified Gouy method known as the Evan’s method)
and was found to be vg = 13.926 · 10�8 m3/kg.

Density of the working fluid was measured by using a
pycnometer and was found to be q = 1281 ± 1 kg/m3. An
Ostwald’s viscosimeter was used to measure the viscosity,
which was l = 6.145 · 10�3 ± 0.064 · 10�3 Pa s. The prop-
erties of the working fluid at the temperature 298 K are
summarized in Table 1 (properties marked with an asterisk
were taken from [15]).

4. Experimental methods

In the experiment two main methods were utilized: visu-
alization of the isotherms and the thermal measurements,
as detailed below. Additional measurements related to
the physical properties of working fluid (mentioned above)
were also done.

4.1. Visualization

In order to investigate the influence of magnetic field on
the flow mode and temperature field, the fluid temperature
in the middle height cross-section was visualized with the
liquid crystal slurries (KWN-2025, Japan Capsular Product
Inc.). When illuminated by white light, the liquid crystals
show different colors depending on the fluid temperature.
Red indicates the lowest temperature, and blue the highest.
In the present experiment, the red color corresponded to a
temperature of about 291 K and the blue color to a temper-
ature of about 294 K. A digital camera was used to record
the images of isotherms in the chosen cross-section. The
exposure time was 4 s.

Undesirable deposition of liquid crystal slurries on the
walls was observed. It was necessary to withdraw the enclo-
sure from the magnet bore and to shake it to recover the
bright colors.

4.2. Thermal measurements

Thermal measurements were carried out to investigate
the influence of magnetic field on the heat transfer rate.
The Nusselt number is defined as follows:

Nu ¼ Qnet conv

Qnet cond

. ð2Þ

The net convection (Qnet_conv) and net conduction
(Qnet_ cond) heat fluxes were estimated by the method invented
by Ozoe and Churchill [12] and applied, e.g., in [10]. The
net convection heat flux (Qnet_conv) was estimated as the
difference between the total heat supply during the convec-
tion experiment and the heat loss. The net conduction heat
flux (Qnet_cond) was estimated as the difference between the
total heat supply during the conduction experiment and the
heat loss. The heat loss was assumed to depend on the hea-
ter temperature itself and not on the mode of heat transfer
inside the enclosure.

The empty thermosyphon-like enclosure was placed in
the bore of the magnet and the heat loss to the environment
was measured. The convection and conduction heat fluxes
through air were neglected due to its low thermal
conductivity.

Because of the complex geometry of the experimental
system, the net conduction flux in the working fluid
(Qfluid

net cond) was measured as follows. Even in the stable con-
figuration (see Figs. 1 and 3b), convection occurred near
the side walls. Therefore, a jelly was used to obtain the con-
duction state in the enclosure. In the solidified jelly, heat
transfer occurs only by conduction. The conduction heat
flux through the working fluid for the same system was pre-
sumed to be approximated by the equation
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Qfluid
net cond ¼ Qjelly

net cond

kfluid

kjelly
. ð3Þ

The thermal conductivity of jelly kjelly was measured by
using a cubical enclosure of internal size a = 0.03 m. The
bottom wall was cooled, while the top wall was heated to
establish conduction in the enclosure. The heating power
and the temperature difference between the heated and
cooled plates were recorded.

The heat loss from the heater attached to the cubical
enclosure (Qloss_cubic) to the environment was also esti-
mated with the empty cubical enclosure. The heat flux
through the air in the enclosure was assumed to be negligi-
ble. The temperature difference between the hot and cold
walls versus the total heat supply provides the heat loss
line. Then the cubical enclosure was filled with a jelly,
and after its coagulation the conduction experiment was
performed. The thermal conductivity of the jelly could be
estimated from the equation

kjellya2 hhot � hcoldð Þ
a

¼ Qheater � Qloss cubic; ð4Þ

where Qheater = UI, U is the voltage of heat supply, I the
electric current of heat supply. Qloss_cubic can be given from
the heat loss line for the same temperature difference.

The Eq. (4) can be written in the form

kjelly ¼ UI � Qloss cubic

a hhot � hcoldð Þ . ð5Þ

Estimated value of the thermal conductivity of jelly was
kjelly = 0.575 ± 0.040 W/(m K).

The convection heat flux (Qconv) was measured during the
experiment for every case. The net conduction (Qnet_cond)
heat flux was estimated from Eq. (3), and net convection
(Qnet_conv) heat flux was estimated as the difference between
the total power supply and heat loss. Then the Nusselt
number was obtained from Eq. (2).

The utilization of the jelly in the conduction experiment
can be applied to estimate the conduction heat flux for sys-
tems with complex geometry.

5. Experimental procedure

The experiment was carried out for the unstable and
stable configurations of the enclosure (see Fig. 3). It was
carried out also for various Rayleigh numbers defined as

Ra ¼ gb hhot � hcoldð Þr3
0

am
ð6Þ

and various strengths of the magnetic induction. The
experimental procedure was the same for all cases in both
configurations of the system.

The environmental temperature was kept at a constant
level. First, the temperature of thermostating water and
the power supply to the electric heater were set. The electric
current and voltage of power supply for a heater were set at
fixed values. The hot and cold wall temperatures were mea-
sured by thermocouples to provide the Rayleigh number.
Temperature and visualized isotherms were first recorded
after 90–120 min, when the system reached the steady state.
Afterwards the magnetic field was applied to the system.
The magnetic induction was changed from 1 T up to 5 T
in steps of 1 T. Each step required around 40–60 min for
the system to reach the steady state. Then the temperature,
power supply and fluid flow structure were recorded. The
recorded data were afterwards utilized for estimation of
the Nusselt number, the Rayleigh number and the mag-
netic Rayleigh number defined as follows:

for unstable configuration

Ram ¼ Ra 1þ c 1þ 1

bh0

� �
Bz

oBz

oZ

� �
r ¼ 0

z ¼ 0

2
664

3
775; ð7Þ

for stable configuration

Ram ¼ Ra �1þ c 1þ 1

bh0

� �
Bz

oBz

oZ

� �
r ¼ 0

z ¼ 0

2
664

3
775. ð8Þ
6. Experimental results

In the unstable configuration (see Fig. 3a), convective
flow was obtained without a magnetic field. It resulted in
the appearance of a spoke pattern in the adiabatic zone
between the heated and cooled parts. Fig. 4 shows the visu-
alized isotherms for selected Rayleigh numbers and
selected strengths of magnetic induction. The first column
in Fig. 4a–c at 0 T (without a magnetic field) presents the
effect of Rayleigh number on the convective flow in the sys-
tem. The spoke pattern is apparent. The blue (dark) color
corresponds to the highest temperature, and the red (light
color) area corresponds to lower temperature. These pic-
tures indicate the hot rising flow in the blue area and the
cold descending flow in the red area. This flow mode is typ-
ical of the unstable thermosyphon configuration. Depend-
ing on the Rayleigh number, various numbers of spokes
appeared: in Fig. 4a at Ra0 = 1.69 · 105, five spokes; in
Fig. 4b at Ra0 = 2.38 · 105, six spokes; and in Fig. 4c at
Ra0 = 3.36 · 105, seven spokes. The number of spokes
increased with increase in the Rayleigh number.

The series of pictures in Fig. 4 clearly indicate the
enhancing effect of the magnetic field on convection, even
for the weak magnetic field of 1 T. Both magnetic and
gravitational buoyancy forces act in the same direction,
as shown schematically in Fig. 3a. The cold fluid in the
upper cold region was attracted to the strong magnetic
field. Simultaneously, it sank due to its higher density.
The hot fluid was repelled upwards from the high magnetic
field and also driven upwards by the gravitational buoy-
ancy force. This joint effect induced a strong convective
flow and resulted in multiplication of the angular spokes
with the increase in applied magnetic field. The number



Fig. 4. Isotherms for various strengths of the magnetic field in the unstable configuration: (a) Case u3, Ra0 = 1.69 · 105, (b) Case u4, Ra0 = 2.38 · 105,
(c) Case u5, Ra0 = 3.36 · 105. (i) 0 T, (ii) 1 T, (iii) 2 T, (iv) 3 T.
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of spokes increased for Case u3 at Ra0 = 1.69 · 105 from
5 to 7, for Case u4 at Ra0 = 2.38 · 105 from 6 to 12 and
for Case u5 at Ra0 = 3.36 · 105 from 7 to 12 when the mag-
netic induction was increased from 0 T to 3 T. Six spokes
were obtained for Case u3 at Ra0 = 1.69 · 105 and 1 T
and for Case u4 at Ra0 = 2.38 · 105 without magnetic field.
This suggests that the convective flow for Case u3 under
the magnetic field is similar to that for Case u4 without
magnetic field. At the magnetic induction of 2 T, the num-
ber of spokes (for Case u3 at Ra0 = 1.69 · 105) becomes 9,
which is larger than 7 spokes for Case u5 at Ra0 =
3.36 · 105 and 0 T. This means that the increase in the
Table 2
Experimental results for the system in the unstable configuration

Configuration Case Initial Rayleigh number, Ra0 · 10�5

Unstable Case u1 0.23
Case u2 0.43
Case u3 1.69
Case u4 2.38
Case u5 3.36
magnetic field strength is more effective than the gravita-
tional buoyancy force in enhancing the convection even
with half of the temperature difference between the heated
and cooled walls. The numbers of spokes versus the maxi-
mum magnetic induction for the cases in the unstable con-
figuration (listed in Table 2) are presented in Fig. 5. The
increase in the number of spokes due to the magnetic field
is apparent.

The system configuration (shown in Figs. 1 and 3b) is
thermally stable unless the magnetic field is applied. The
gravitational buoyancy force causes the temperature strat-
ification with slight convective flow near the vertical side
Maximum magnetic induction, number of spokes

0 T 1 T 2 T 3 T 4 T 5 T

3 4 5 6 8 8
4 5 6 7 8 10
5 6 9 11 13 14
6 8 9 12 14 15
7 9 10 12 14 17
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Fig. 5. Observed number of spokes in the unstable configuration of the
system for various strengths of the maximum magnetic induction (Case u1
at Ra0 = 0.23 · 105, Case u2 at Ra0 = 0.43 · 105, Case u3 at Ra0 =
1.69 · 105, Case u4 at Ra0 = 2.38 · 105 and Case u5 at Ra0 = 3.36 · 105).
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wall. The hot fluid stayed in the heated, upper part of
enclosure, while the cold fluid remained in the cooled,
lower part due to its higher density. It resulted in a stag-
nant, almost conduction state. Fig. 6 shows the visualized
isotherms for selected Rayleigh numbers and selected
Fig. 6. Isotherms for various strengths of the magnetic field in the stable configu
s6, Ra0 = 5.22 · 105. (i) 0 T, (ii) 1 T, (iii) 2 T, (iv) 3 T.
strengths of magnetic induction for the system in the stable
configuration. The pictures in Fig. 6a–c at 0 T were taken
for various Rayleigh numbers without magnetic field. The
uniform color of the pictures indicates the presence of an
isothermal layer of fluid in the mid-height region. The color
indicates the mean fluid temperature. The spoke pattern
was not observed.

With the increase in the magnetic strength, the magnetic
buoyancy force gradually outweighed the gravitational
buoyancy force. When the level of 2 T was achieved, the
spokes appeared suddenly in the visualized cross-section.
For Case s4 at Ra0 = 2.79 · 105 and 2 T, 7 spokes suddenly
appeared. This suggests that the magnetic field drove the
convection in the same way as the gravitational field for
Case u5 at Ra0 = 3.36 · 105 (the unstable configuration at
0 T, see Fig. 4c). The number of spokes increased for
Case s4 at Ra0 = 2.79 · 105 from 0 to 10, for Case s5
at Ra0 = 3.80 · 105 from 0 to 11 and for Case s6 at
Ra0 = 5.22 · 105 from 0 to 11 with increase in the magnetic
induction from 0 T to 3 T. The number of spokes versus
the maximum magnetic induction for the cases in stable
configuration listed in Table 3 is presented in Fig. 7.

Fig. 8 shows a series of instantaneous isotherms in the
stable thermosyphon configuration at Ra0 = 5.22 · 105
ration. (a) Case s4, Ra0 = 2.79 · 105, (b) Case s5, Ra0 = 3.8 · 105, (c) Case



Table 3
Experimental results for the system in the stable configuration

Configuration Case Initial Rayleigh number, Ra0 · 10�5 Maximum magnetic induction, number of spokes

0 T 1 T 2 T 3 T 4 T 5 T

Stable Case s1 0.14 0 0 4 5 6 8
Case s2 0.36 0 0 3 5 7 8
Case s3 2.57 0 0 7 10 12 14
Case s4 2.79 0 0 7 10 13 14
Case s5 3.80 0 0 8 11 13 15
Case s6 5.22 0 0 9 11 13 17
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Fig. 7. Observed number of spokes in the stable configuration of the
system for various strengths of the maximum magnetic induction (Case s1
at Ra0 = 0.14 · 105, Case s2 at Ra0 = 0.36 · 105, Case s3 at Ra0 = 2.57 ·
105, Case s4 at Ra0 = 2.79 · 105, Case s5 at Ra0 = 3.80 · 105 and Case s6
at Ra0 = 5.22 · 105).
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after a step change in the magnetic induction from 1 T to
2 T. It should be emphasized that the magnetic field
increased gradually and reached the level of 2 T after
90 s. The first picture marked t = 0 s was taken just before
changing the magnetic field and is therefore a reference
image for the transient fluid flow.

In Fig. 8 at t = 72 s (before the level of 2 T was reached),
the heated fluid (represented by the circular blue color) was
repelled from the coil and flowed downward in the centre
of enclosure. Simultaneously, the cooled fluid (represented
by the brown color) was attracted to the coil and flowed
upward. It looked as if a ‘‘hot plume’’ of fluid moved
downward and then the system started to reach some kind
of balance and the spoke pattern appeared. The streams of
heated and cooled fluid were advected against each other,
and finally the alternate seven spoke pattern was resulted
(at t = 784 s). These transient pictures demonstrate how
fast the magnetic field induces convection. At magnetic
induction of 1 T, the gravitational buoyancy force
appeared to be of the same order as the magnetic buoyancy
force. At the magnetic induction of 2 T, the magnetic buo-
yancy force becomes dominant.

Figs. 9 and 10 compare the unstable and stable configu-
rations of the thermosyphon. The number of spokes versus
the magnetic Rayleigh number is shown in Fig. 9. The val-
ues of magnetic Rayleigh numbers for the maximum mag-
netic induction b = 0, 1, 2, 3, 4 and 5 T for the unstable and
stable configurations of the system are listed in Tables 4
and 5, respectively. In both configurations, increase in the
magnetic Rayleigh number causes increase in the number
of spokes. For the strongest magnetic field (5 T), the num-
ber of spokes almost agrees in both configurations. The
numbers of spokes for both configurations takes rather
wide range but it tends to converge to each other for the
larger magnetic Rayleigh number, which suggest that the
magnetic buoyancy force dominates the system.

Fig. 10 compares the Nusselt number for the unstable
and stable configurations of the thermosyphon versus the
magnetic Rayleigh number. Increase in the magnetic Ray-
leigh number resulted in increase in the Nusselt number.
For the stable configuration, Nusselt numbers near two
can be observed for negative values of the magnetic Ray-
leigh number. This value of the Nusselt number suggested
that it was not possible to obtain the conduction state even
for the stable configuration of the system, but a near-con-
duction state was achieved. For the unstable configuration
of the thermosyphon, the near-conduction state was not
observed.

The magnetic Rayleigh number was originally intro-
duced by Braithwaite et al. [2] for a Rayleigh–Benard con-
vection of a horizontal fluid layer heated from below and
cooled from above and it may be an extension to use it
for the present thermosyphon configuration. But the gen-
eral trend of the number of spokes and the average Nusselt
number are roughly correlated with the magnetic Rayleigh
number as shown herein both for the unstable and stable
systems. The magnetic Rayleigh number appears to be use-
ful as one of the measure for the thermosyphon-like config-
uration as studied herein.
7. Conclusions

Experimental flow visualizations and the heat transfer
rates are presented for a single-phase thermosyphon in
unstable and stable configurations under various thermal
and magnetic conditions. For the unstable configuration,
convective flow was observed without a magnetic field,
and a spoke pattern appeared in the middle-height cross-
section. Increase in the Rayleigh number resulted in larger
numbers of spokes, which means convective flow was
enhanced. Increasing magnetic strength in the unstable



Fig. 8. A series of instantaneous isotherms for Case s6 at Ra0 = 5.22 · 105, after a step change from 1 T to 2 T.
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configuration also resulted in larger numbers of spokes. In
accordance with the similar effect of increasing Rayleigh
number, it can be said that the increasing magnetic field
enhanced the convective flow. For the stable system config-
uration, convective flow was not observed in the absence of
a magnetic field, and the Rayleigh number had no discern-
ible influence on the flow structure. After applying the
magnetic field, convective flow was obtained. It was found
that the magnetic buoyancy force of about 1 T appears to
be equal to the gravitational buoyancy force. A magnetic



Table 4
Magnetic Rayleigh number for the system in the unstable configuration

Configuration Case Initial Rayleigh number, Ra0 · 10�5 Maximum magnetic induction, magnetic Rayleigh number Ram · 10�5

0 T 1 T 2 T 3 T 4 T 5 T

Unstable Case u3 1.69 1.69 2.14 3.34 5.19 7.92 11.28
Case u4 2.38 2.38 2.99 4.53 7.39 11.07 15.36
Case u5 3.36 3.36 4.06 6.33 10.24 15.13 21.04

Table 5
Magnetic Rayleigh number for the system in the stable configuration

Configuration Case Initial Rayleigh number, Ra0 · 10�5 Maximum magnetic induction, magnetic Rayleigh number Ram · 10�5

0 T 1 T 2 T 3 T 4 T 5 T

Stable Case s3 2.57 �2.57 �1.87 0.25 2.65 5.56 9.28
Case s4 2.79 �2.79 �2.00 0.26 2.78 5.75 9.58
Case s5 3.80 �3.80 �2.76 0.35 3.57 7.28 11.60
Case s6 5.22 �5.22 �3.74 0.48 4.96 10.63 17.30
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field greater than 1 T induced the convective flow. In the
present experiment, the induction of convective flow
resulted in the appearance of a spoke pattern in the mid-
height adiabatic zone and also in increase of the Nusselt
number. The Nusselt number obtained for the unstable
configuration of the thermosyphon was slightly higher than
that for the stable configuration. Convection inside the
closed thermosyphon system may be controllable by use
of a magnetic field. A strong magnetic field was able to
enhance (in the unstable configuration) and to induce (in
the stable configuration) convective flow in the system.
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