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The present study addresses the detailed numerical analysis of the flow and heat transfer of a param-
agnetic fluid inside a differentially heated cubical box and subjected to a strong non-uniform magnetic
field. Two different heating scenarios are considered regarding an initial thermal stratification: unstable
(heated from the bottom) and stable (heated from the top), both subjected to the same magnetic field.
For a fixed value of the thermal Rayleigh number (Ra = 1.4 x 10°) integral heat transfer is measured over
a range of imposed magnetic fields, 0 < |bg|max < 10 T. To obtain detailed insights into local wall-heat
transfer and its dependency on the flow patterns generated, numerical simulations of the experimen-
tal setup are performed. A relatively good agreement between experiments and numerical simulations is
obtained in predicting the integral heat transfer (with an averaged ANu < 7% over the entire range of
working parameters for both heating configurations). It is demonstrated that a strong convective motion
can be generated under the influence of the magnetization force even for the heated-from-above situa-
tion that initially was in the pure conduction state. This magnetically assisted (heated from the bottom)
and magnetically inverted (heated from the top) Rayleigh-Bénard convection produced up to 5 and 15
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times more efficient heat transfer compared to the initial neutral situation, respectively.

© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

In the pioneering work of Braithwaite et al. [1], the authors
presented for the very first time, by performing experiments with
paramagnetic fluids, the manner in which the magnetic convection
can be generated by strong magnetic gradients available in super-
conducting magnets. Application of the strongest magnetic field in
a heated from the bottom and cooled from the top configuration
resulted in approximately 2.5 times increase of the integral heat
transfer in comparison to the neutral situation. It was suggested
that this concept of heat transfer control might be potentially used
in heat transfer devices or crystal growth control.

A detailed review of various research directions and results re-
garding the use of the thermomagnetic convection in technologi-
cal applications (material processing, magnetic Czochralski crystal
growing system) was presented in [2].

* Corresponding author.
E-mail address: s.kenjeres@tudelft.nl (S. Kenjeres).
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The numerical simulations of thermo-magnetic convection in
cylindrical cells of different aspect ratios (1:2 and 1:0.5) filled with
non-conducting or low-conducting paramagnetic fluids were pre-
sented in [3]. For the magnetic assisting case of heated from bot-
tom and cooled from the top configuration (of an aspect ratio of
1:2), authors reported the maximum heat transfer and maximum
velocity increase of 15% and 60%, respectively, when compared to
the neutral situation. For the differentially side-heated cavity with
an aspect ratio of 1:0.5, the magnetically supporting case increased
the Nusselt number and maximum velocity of 17% and 25%, re-
spectively. For the same configuration, magnetically suppressing
case revealed a local minimum in the Nu versus magnetic field
strength curve. Finally, it was concluded that the magnetic buoy-
ancy force could be applied for controlling convection and enhanc-
ing the heat transfer efficiency.

In numerical studies of [4-7], it was demonstrated that even
'normal fluids’ such as air or water could be influenced by mag-
netization forces when sufficiently strong magnetic field gradi-
ents were generated in the new generation of the superconducting
magnets (up to 5 T in the center of the magnet bore).

0017-9310/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license. (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Nomenclature

a thermal diffusivity (m?/s)

p pressure (Pa)

r distance from a current-carrying wire (m)

g gravity vector (m/s?)

U; velocity vector (m/s)

u, v, w velocity vector components in the x—, y— and
z—direction (m/s)

b; magnetic field induction (T)

bo magnetic field magnitude (T)

fip pressure force (N/kg)

fE thermal-buoyancy force (N/kg)

M magnetization force (N/kg)

Qloss heat loss (W)

Qheater heat produced by heater (W)

Gcond pure conduction heat transfer (W)

gtheoretical - theoretical pure conduction heat transfer (W)

D, H, L  characteristic enclosure dimensions (m)

1 electric current (A)

Vv voltage (V)

Vp buoyancy velocity (m/s)

Nu Nusselt number (—)

Ra Rayleigh number (-)

Pr Prandtl number (-)

h hot

c cold

0 density (kg/m3)

v kinematic viscosity (m?/s)

nw dynamic viscosity (Pa s)

Um magnetic permeability (H/m)

Xo magnetic susceptibility (—)

B thermal expansion coefficient (1/K)

y magnetization number (—)

A thermal conductivity (W/m K)

0 temperature (K)

6o reference temperature (K)

Because of its simplicity and inherently steady flow regimes (for
low values of the Rayleigh number), the side-heated cube with a
paramagnetic fluid was investigated in [8-10]. The integral heat
transfer was measured and compared with numerical simulations,
which were performed on a rather coarse numerical mesh of 423,
Bednarz et al. [8]. Due to some numerical stability issues of the
used numerical solver, lower values of Prandtl number were simu-
lated than in experiments. The first qualitative visualizations of the
temperature in the central vertical plane were also reported, but
without a direct comparison with the numerical results obtained.
A two-fold increase of the integral heat transfer was reported for
the strongest magnetic field (bg = 5 T). The direct comparison of
temperature fields was presented in [9].

Measurements of total heat transfer and qualitative visualiza-
tions of temperature for a bottom-heated cube, but without nu-
merical simulations, were presented in [10]. The experimentally
determined heat transfer enhancement of factor two was reported
for the strongest magnetic field (5 T) (in respect to the neutral
case).

A different configuration was studied in [11] where a verti-
cal annular enclosure with a heated inner and cooled outer cylin-
der was analyzed for different angles of inclination and different
strengths of the imposed magnetic field (up to 10 T in the cen-
ter of magnet bore). Measured and numerically obtained Nusselt
numbers were compared, and a good agreement was obtained. The
non-monotonic behavior of the Nusselt number was reported, i.e.

when the magnetic field was activated, after an initial suppres-
sion and reaching a critical minimal value of the Nusselt number,
a gradual increase was observed. The location of the this mini-
mal heat transfer was a case specific. For the configuration placed
at the edge of the magnetic coil, the following pattern in Nus-
selt numbers was observed: Nu = 5 (for |bg|max =0 T), 3 (for
|bo|max = 2 T) and 9 (or |bg|max = 10 T), respectively. In contrast to
this, for the configuration placed in the magnetic coil center, the
following pattern in Nusselt number was obtained: Nu = 5 (for
|bolmax =0 T), 4 (for |bg|max =3 T) and 7 (or |bg|max = 10 T), re-
spectively.

The oscillatory flow and heat transfer regimes were presented
for the very first time in [12], in which the paramagnetic fluids
with a range of the Prandtl number were used in combined exper-
imental and numerical studies. The measured integral heat transfer
was significantly enhanced in the presence of the strong magnetic
field (bg = 10 T) for all considered values of Prandtl number, i.e.
Nup/Nug = 3.3, 3.25 and 4.1 for Pr = 584, 120 and 20, respectively.

Finally, the fully developed turbulent regimes of the thermo-
magnetic convection (Rayleigh-Bénard-Kelvin convection) were re-
ported in [13]. For the highest applied strength of the magnetic
field (bg = 10 T) and the lowest value of the simulated Prandtl
number (Pr = 5.84), the maximal heat transfer enhancement of
Nup/Nug = 4.5 was obtained.

In the present paper, we revisit the simple cubical enclosure
configuration filled with a paramagnetic fluid, and experimentally
and numerically investigate two initial thermal stratification cases
- heated from the top and heated from the bottom - both under
the same imposed magnetic field (up to 10 T). We would like to
analyze to what extent the flow and heat transfer of the initially
pure conduction regime (the heated-from-the-top) can be modu-
lated and to compare it to the heated-from-the-bottom case. In
parallel to the experiments, where the integral heat transfer is
measured, we also perform highly resolved numerical simulations
to provide detailed insights into the reorganization of the flow and
temperature, as well as the local heat transfer in the proximity of
thermally active walls. The major novelty of the presented research
lies in this combination of the experimental and highly resolving
numerical simulation approach (however, the numerical part de-
termines the character of the present work), covering two differ-
ent initial orientations of the temperature gradients. For both, ex-
periments and numerical simulations, the level of high magnetic
induction value (up to 10 T) allows an extension of the results
range previously published. The numerical approach also includes
analysis of the local wall heat transfer and profiles of the thermal-
buoyancy and magnetization forces for the very first time.

2. Experimental set-up
2.1. Cubical box

The experimental cubical box (with L = H = D = 0.032 m) is
constructed to provide an easily controllable heating or cooling of
the thermally active horizontal walls, which are made from cop-
per plates, Fig. 1(a). The remaining four side walls are made from
plexiglass. The heating is done by a rubber-coated nichrome wire
placed just under the heated plate. The voltage and electric current
for the nichrome wire are recorded by two multi-meters. The cool-
ing is achieved by running water through a constant temperature
bath. The temperatures of the copper plates are measured by the
T-type sheath thermocouples inserted into small holes inside the
plates. The used thermocouples are shielded, which made it possi-
ble to operate in the strong magnetic field.

The cubical box is filled with the paramagnetic fluid consist-
ing of 80% mass aqueous solution of glycerol in which gadolinium
nitrate hexahydrate (Gd(NO3); - 6H,0) is dissolved to a concen-
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Table 1

Properties of the working paramagnetic fluid (water with 80% volume glycerine solution

and 0.8 mol [Gd(NO3)3 - 6H,0]).

Properties Symbol  Value Unit
Density 0 1463 + 1 kg/m3
Dynamic viscosity w 86.89 x 1073+0.064 x 107> Pas
Magnetic susceptibility Xo 3.37 x 1074 £ 0.001 x 104 -
Thermal expansion coefficient S 0.52 x 1073 1/K
Thermal conductivity A 0.397 W/m K
Thermal diffusivity a 1.01 x 1077 m?/s
Prandtl number Pr 584 -

Coolant outlet

«— Coolantinlet

~_ Cooled
copper plate

T.C. holes

Z
X
Yy
(a) Heated copper plate
Thermostating Coils
bath Temperature
measurement

Cubical
Enclosure

DC
Adapter

(b) Superconducting magnet

Fig. 1. A sketch of the cubical enclosure with copper plates filled with paramag-
netic fluid (a), and superconducting magnet (b) with the location of the cube in the
magnet bore.

tration of 0.8 mol/kg. The physical properties of the working fluid
are either measured at room temperature (quantities indicated by
+ measuring accuracy) or estimated from the literature [8,14] and
are given in Table 1.

The integral heat transfer coefficient (Nusselt number) is calcu-
lated as a ratio between the net convective heat transfer rate and
the net pure conduction contribution, Churchill and Ozoe [15]. The
pure conduction experiments (heated-from-the-top configuration)
are performed with various values of the total electric power sup-
ply for a nichrome wire heater, and the temperature difference be-
tween the hot and cold walls is measured. By using the known
thermal diffusion of the working fluid, the net thermal conduc-
tion heat flux can be estimated for each temperature difference.
The heat losses (q,s) are calculated from the total heat supply and
are used to create a heat loss line for the pure conduction exper-

iments, i.€. o5 = Geong — G with theoretical pure conduc-

tion calculated as giieoretical = A\HAG. Experiments show that these
heat losses can be approximated as q,;,<0.08 A6 for temperature
differences in the 2.5 < Af < 16 K range. In the next step, con-
vection experiments are conducted and the heat loss for each tem-
perature difference yields the net convection heat transfer rate. Fi-
nally, the ratio between the net convection and net pure conduc-
tion is obtained as [15]:

Qneater — ioss 1.V - Qioss 1.V - Qioss
Nu = qigfltéretical = )»A?GDL = AAOGH (1 )

where [ is the electric current and V is the voltage of the heater
regulator. Experiments with supplied heat rate of qjeqer = 0.4 W,
with temperatures of cooled and heated copper plates of 291 K and
296 K, respectively, are used for direct comparison with numerical
simulations for both heating configurations (heating from the top
or heating from the bottom).

2.2. Superconducting magnet

In the present research, superconducting helium free magnet
is used (model HF10-1-VHT-B, produced by Sumitomo Heavy In-
dustries, Ltd., Japan), [11-13]. The basic characteristics of this su-
perconducting magnet are the maximal magnetic induction up to
10 T (in the center of the magnet bore), and with magnetic induc-
tion gradients up to 900 T/m?2 (at the edges of the magnet bore).
The magnet bore has a diameter of 0.1 m and a length of 0.5 m.
The superconducting magnet can rotate around the center of axis
providing great flexibility in making various mutual orientations of
the imposed magnetic field gradients and the gravity vector. In the
present study, we adopt the horizontal orientation of the super-
conducting magnet axis and placing of the cube filled with param-
agnetic fluid at the edge of the magnet coils within the center of
the axis of the magnet bore, Fig. 1(b). This placement makes a 90°
orientation between the gravity vector (acting in the z-direction)
and the main magnetic field gradient (acting in the x-direction). It
is expected that this orientation will generate a dominant magne-
tization force in the horizontal direction, which will lead to an in-
verted flow and heat transfer (similar to the classical heated-from-
side case) in comparison with the neutral situation, i.e. without the
imposed magnetic field.

3. Numerical simulations
3.1. Mathematical model

The system of equations describing the flow and heat trans-
fer of a paramagnetic working fluid subjected to a strong external
non-uniform magnetic field consists of the conservation laws for
mass, momentum, and energy. The extended momentum and en-
ergy equations can be written as:

au; du; 9 du;  ou;j P B M
8t+u’axj_8xj[v<axj+8xi + i+ 7+ (2)
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where additional forces are the pressure force ( fl.P ) thermal buoy-
ancy ( fiB) and magnetization force ( fiM). These forces (per unit

mass) can be expressed as:

p__19p
fi= o 0x;’ 4)

fE=-Bgi(0 -6y, (5)

1\ xoB(6 —6o) d|bol?
fi= _<1 * %) 2/km dx; ®)

where the Boussinesq approximation is used to express the ther-
mal buoyancy and magnetization forces. The later is modeled by
considering magnetic susceptibility as a function of temperature,
Tagawa et al. [4]. The momentum and temperature equation to-
gether with the divergency-free conditions for velocity and mag-
netic field

aui _ 8’), _
A
form the fully closed system of equations. The magnetic field dis-
tribution is calculated from Biot-Savart’s law for a current-carrying
coil as [16]:

b:LmI/dSXl‘ (8)

0 (7)

4 r3

where [ is the strength of the electric current, r is the distance
from a wire and ds is the length of the differential element of the
current-carrying wire. We consider the one-way coupling between
the imposed magnetic field and fluid flow, i.e., the imposed mag-
netic field does not change in time. Note that despite a constant
value of the imposed magnetic field, the magnetization force ( flM )
is not constant since it depends on the local temperature (Eq. (6))
(similarly to the thermal buoyancy force). Although we solve the
system of Eqgs. (2)-(7) in its dimensional form, it is important to
introduce three characteristic dimensionless parameters which de-
termine the physics of the problem considered:

e Ra = BgAO Pr(p/w)*H3, the Rayleigh number,
o y = xolbol%ax/mmgH, the magnetization number,
e Pr = v/a, the Prandtl number.

Note that the |bg|max represents the maximum of the modulus
of the imposed magnetic field in the center of the magnetic bore.
In the present study, we kept the temperature difference between
thermally active horizontal plates at a constant level, A6 = 5 K,
that gives the value of the thermal buoyancy Rayleigh number of
Ra = 1.4 x 10°. The magnetization number that represents a ratio
between magnetization and gravitational force is in 0 < y < 60
range.

3.2. Calculation of magnetic field

The spatial distribution of the imposed magnetic field is cal-
culated from the discretised form of Eq. (8) by using the identi-
cal finite-volume approach as used for the flow and heat trans-
fer transport variables. We mimic the real superconducting magnet
structure which includes two coils made of the superconducting
wires operating at the cryogenic temperature. Different strengths
of the magnetic field are obtained by regulating the electric cur-
rent intensity through the coils. We generate a database containing
the spatial distribution of the magnetic field for various intensities
of the magnetic field strength, i.e., 0 < |bg|max < 10 T. Distributions

|bol [T]

b
7N
BN &

= |
A

=
——
=

bt
L g

— N W E S e o

e

&%
\*\ﬂ
e
L
o

|

!‘

F

\

-0.2 -0.1 0 0.1 0.2
(a) X
|grad|bol?| [T?/m)]

0.2
i "‘A R‘\
Ayt H
. = - = T = Lh
EDE o= B
e |
ki “"( — ;'Q
L T\ 4
-0.2
-0.2 -0.1 0 0.1 0.2
(b) X

Fig. 2. The magnetic flux lines and contours of the magnetic field magnitude (in
T) (a) and flux lines of magnetic field gradients and contours of the magnitude of
the magnetic field gradient (in T2/m) (b). The central rectangle indicates the bore
inside the magnet and coils are indicated with remaining four rectangles. Note that
the used coordinate system is for the entire simulated set-up.

of the highest generated magnetic field and its main gradient are
illustrated in Fig. 2. Note that the cube is inserted such that its
center coincides with the right edge of the coils, i.e., at approx-
imately 0.1 m from the magnet bore center. Since the magnetic
field does not change in time, its magnitude and gradients are
loaded only once during the pre-processing phase of simulations
after the generation of the numerical mesh. Contours of the mod-
ulus of the magnetic field gradient at the cubical enclosure for the
highest values of the imposed magnetic field at |by|max = 10 T are
shown in Fig. 3a. Similarly, characteristic profiles of the modulus
of the magnetic field gradient in the central vertical plane of the
cubical box for different strengths of the imposed magnetic field
(0 < |bg|max < 10 T) are plotted in Fig. 3b.

3.3. Numerical method

The system of Eqs. (2)-(7) is discretised and iteratively solved
by an in-house three-dimensional finite-volume based Navier-
Stokes numerical solver for general non-orthogonal geometries,
Kenjere§ [12,13,17]. The convective and diffusive terms of con-
servative equations are discretised by the second-order central-
difference scheme (CDS). The time integration is performed with
a fully-implicit second-order three-consecutive time-step scheme.
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Fig. 3. Contours of the modulus of the magnetic field square gradient within the
cubical box for |bg|max = 10 T working conditions (a). Profiles of the horizontal gra-
dient of the square of the magnetic field (d|bo|/dx) in the central horizontal plane
(yc =0.016 m, z. = 0.016 m) for entire range of 1 < |bg|max < 10 T (b). Note that
used coordinate system is for the cubical box only.

The numerical solver is used in parallel mode using the Mes-
sage Passing Interface (MPI) domain decomposition based direc-
tives. A non-uniformly distributed hexagonal control volumes rep-
resent the cubical box interior. The numerical mesh used var-
ied between 823, 1023, 1223, 1623 and 1823 control volumes. All
results presented here are obtained with 1223 numerical mesh
with the characteristic non-dimensional thickness of the very first
row of the cells in the proximity of thermally active walls of
Zwan/H = 0.00375. This value is selected such that from estimated
thickness of the thermal boundary layer (calculated from &y =
H/(2Nu) ~ 10-3 m, Grotzbach [18]) we have placed at least five
control volumes to properly resolve the steep temperature gradi-
ent in the conductive sublayer. This mesh design proved to pro-
vide grid-independent solutions for highest applied magnetic field
strength (the difference in integral Nusselt number is less than
0.5% between 1223 and 1823 mesh). Note that for such a case, the
strongest flow is also generated due to an enhancing mechanism of
the imposed magnetic gradients, making us conclude that this nu-
merical resolution will also be sufficient for the weaker magnetic
fields. All simulations were performed as a time-dependent, with
a typical value of the time-step estimated as At =t*/100 ~ 0.05 s,
with t* = 4H/V}, as characteristic eddy (convective structure) turn-

over time, and Vj, = ,/BgA6H, as characteristic buoyancy veloc-

B—r——T T T T T T T T

Heated from the bottom

14

-heat source-
12—

10

-heat source- 4

Heated from the top

b,

0 max

[T]

Fig. 4. Integral Nusselt number for a cubical enclosure of a paramagnetic fluid
(Pr = 584) heated from the top (blue color) or from bottom (red color) for dif-
ferent strengths of the imposed magnetic field (|by| =0, ..., 10 T) from horizontal
coil orientation of superconducting magnet. Experimental data - symbols with error
bars, numerical simulations - lines. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

ity. Note that smaller value of the time-step At = 0.01 s provided
identical results, confirming that obtained results are time-step in-
dependent.

4. Results and discussion
4.1. Heat transfer

We start our analysis by comparing experimentally and numeri-
cally obtained long-term time-averaged integral heat transfer (Nus-
selt number) for different initial configurations subjected to dif-
ferent strengths of the imposed magnetic field gradients, Fig. 4.!
The heated-from-top configuration (blue lines and symbols), due
to its stable initial thermal stratification, for a neutral case (mag-
netic field switched-off, |bg|max =0 T) produced a pure conduc-
tive state, i.e, no convective motion was observed. By increas-
ing the magnetic field strength, enhancement of the integral heat
transfer is observed for both initially differentially heated config-
urations. For the range of high intensities of imposed magnetic
fields, |bglmax > 8 T, there is a relatively small difference between
the heated-from-the-top and heated-from-the-bottom configura-
tions. This is an indicator that a fully inverted convection took
place for the initially thermally stable configuration, and, practi-
cally, the same efficiency of the heat transfer is achieved for both
cases. Overall, it can be seen that qualitatively good agreement
is obtained between experiments and simulations. The averaged
difference between measured and numerically calculated Nusselt
number is ANu <7 % over the entire range of working parame-
ters for both configurations. Some deviations are observed in the
upper range of the imposed magnetic fields. This can be due to
some uncounted heat losses in the experimental set-up or possi-
ble viscosity dependence of the working fluid on the local tem-
perature and the imposed magnetic field (i.e. u = (8, b;)) that
was not taken into account in the present numerical model. Dis-
tributions of the local Nusselt number along the horizontal heated

T Note that experimentally determined integral Nusselt number was calcu-
lated from Eq. (1), whereas the simulated value was calculated as: Nu*™ =

L D

1/L[ (1/D[ Nuyoca (%, y)dy )dx, with the local Nusselt number calculated as:
0 0

Nuyocal (%, ¥) = 060 /02|wanH/ (O — 6c).
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Fig. 5. Contours of the local Nusselt number at the heated horizontal wall for different strengths of the imposed magnetic field, |bg| = 0, 1,10 T. A cube heated from: below

(-left), above (-right). Note that different color-scales are used for different cases and that for the neutral heated from the top case, the resulting local values of Nu are equal
to one (the pure conduction regime).
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wall for both configurations are shown in Fig. 5. For the neutral
situation of the heated-from-the-bottom configuration, contours of
the local Nusselt number at the lower wall show a diagonal sym-
metrical distribution, Fig. 5-top/left. Three distinct locations with
maximum values are observed. With an increase of the imposed
magnetic field strength to |bg|max = 1 T, this diagonal symmetry is
replaced with a horizontal symmetry along the y = 0.016 m line.
Two characteristic areas with local maxima of Nusselt numbers are
visible, Fig. 5-middle/left. Finally, for the highest applied magnetic
field (]bg|max = 10 T), the Nusselt number shows almost uniform
distribution along the y-direction indicating a very efficient mix-
ing, Fig. 5-bottom/left. The Nusselt number distributions for heated
from above configuration show less distinct changes with mag-
netic field increase, Fig. 5-right. For this configuration, the hori-
zontal symmetry distribution is already present for |bg|max =1 T
case, Fig. 5-right/middle. For the highest applied magnetic field,
there is almost no difference between the top-heated and bottom-
heated configurations, indicating dominance of the magnetization
force over the gravitational thermal buoyancy, as can be seen in
Fig. 5-bottom. To understand the mechanism behind distributions
described above of the local Nusselt number at the hot wall, we
will focus on portraying three-dimensional spatial distributions of
temperature and velocity fields, obtained from numerical simula-
tions. Before doing so, we will analyze the temporal behavior of
the integral heat transfer to confirm that we are dealing with a
fully developed, statistically steady, laminar flow regime.

4.2. Temporal evolutions

The time-evolution of the integral Nusselt number for differ-
ent values of the imposed magnetic field for both configurations, is
shown in Fig. 6. Note that we show only the first 15% of the sim-
ulated time interval (with a total of three hours of real time to be
sure that flow is indeed keeping stable). Immediately after the heat
source activation, a significant drop in the Nusselt number values
is observed, which is caused by reduction of the highest tempera-
ture differences between walls and enclosure interior (which was
set to the initial reference temperature). After reaching a local min-
ima, the Nusselt number starts to increase, which is consequence
of the generated convective heat transfer (onset of convection). It
can be seen that stable values of the integral heat transfer are ob-
tained for both configurations after an initial adjustment period.
This adjusting period is significantly shortened when the exter-
nal magnetic field was applied. For both configurations, a linear
increase in Nusselt number is obtained when the magnetic field
strength is larger than 5 T. The time-dependencies of the maxi-
mum of velocity components are shown in Figs. 7 and 8. All sim-
ulations are started with an initial zero velocity field. After a rela-
tively short initial period of flow development (t ~ 200 s) a steady
non-oscillatory flow regime is established for active magnetic field
cases. This initial period is considerably longer for the neutral case.
Here, the onset of convection starts at t ~ 250 s and the steady
flow regime is established after t ~ 500 s. There are some impor-
tant differences in time evolutions of the velocity components for
two considered configurations. The vertical velocity component for
the bottom-heated configuration shows just a slight variation in
0 < |bg| < 4 T range, Fig. 7a. After that, a linear increase is obtained
in the 5 < |bg|max < 10 T range. In contrast to that, for heated from
the top configuration, both horizontal and velocity components ex-
hibit a linear increase, as shown in Fig. 7b. The spanwise veloc-
ity component is the smallest among the three components. It is
interesting to observe that for the bottom-heated configuration,
the magnetization forcing initially suppresses the spanwise veloc-
ity and only for the strongest magnetic field it reaches values of its
neutral state, as can be seen Fig. 8a. For the top-heated situation,
the spanwise velocity exhibits monotonic linear increase, Fig. 8b.

-heated from the bottom-
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Fig. 6. Time evolution of the integral Nusselt number over the heated wall for two
configurations and different strengths of the imposed magnetic field, 0 < |bg|max <
10T

Based on the presented temporal evolutions of integral heat trans-
fer and maximal values of the velocity components, it is confirmed
that stable laminar flow regimes are observed for both configura-
tions.

4.3. 3D features of flow and temperature field

The isosurfaces of non-dimensional temperature (6* = (0 —
0c)/(B, — 6¢), in total 15 values) for both configurations are shown
in Fig. 9. For the top-heated configuration, the initially stable strat-
ified temperature field in the vertical direction is gradually evolv-
ing in the horizontally stratified configuration with an increase of
the imposed magnetic field, Fig. 9-right. The bottom-heated con-
figuration exhibits more significant reorganization of the temper-
ature field, Fig. 9-left. It can be seen that the local maximum of
the Nusselt number in the top/right corner of the bottom wall
shown in Fig. 5-top/left, is caused by a downward oriented ther-
mal plume along x = 0.032 and y = 0.032 m corner, Fig. 9-top/left.
Similarly, the remaining two peaks in Nusselt number coincide
with even stronger downdrafts in the central part of the enclosure.
This three-downdrafts structure is replaced with a two-downdrafts
structure for |bg|max = 1 T, Fig. 9-middle/left. Finally, the centrally
located thermal plumes are not visible any more for the highest
value of |bg|max = 10 T, Fig. 9-bottom/left. The final state is char-
acterized by a stable horizontal thermal stratification in the cen-
tral part of the enclosure and by thermal boundary layers created
along the horizontal walls. To illustrate characteristic flow patterns,
the streamtraces of the massless particles (which are uniformly
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Fig. 7. Time evolution of the maximal vertical (in the z-direction) velocity for two
configurations and different intensities of imposed magnetic field, 0 < |bg|max <10 T.
Note that for the neutral heated from the top case there is no flow generated.

released in the central vertical line (x=0.016 m, y =0.016 m,
0 < z < 0.032 m) and traced in time with the 4th order Runge-
Kutta method) are presented in Fig. 10. For the neutral bottom-
heated configuration, one central anti-clockwise rotating and two
smaller clockwise rotating rolls are perfectly aligned with the main
diagonal of the cube, Fig. 10-top/left. This flow alignment is al-
ready disappearing with the imposition of a weak magnetic field
(|bglmax = 1 T), Fig. 10-middle/left. Now, a centrally located clock-
wise rotating roll structure is generated. In contrast to that, for the
top-heated situation, two anticlockwise rotating rolls are generated
in the central vertical plane, Fig. 7-middle/left. For the highest im-
posed magnetic field (|bg|max = 10 T), two-distinct rotating cells
are generated again in the proximity of the lower and upper hor-
izontal wall and are spatially extended along the y-coordinate di-
rection, Fig. 10-bottom. The structure of the flow is now almost the
same for both configurations - the only difference is in the direc-
tion of rotation. Finally, we conclude that the imprints of the flow
structures are directly correlated with the local distributions of the
wall heat transfer shown in Fig. 5.

4.4. Dissimilarity between the flow and heat transfer: streamtraces
and heat flux lines

The superimposed contours of the non-dimensional vertical ve-
locity and two-dimensional streamtraces in the central vertical
plane are shown in Fig. 11. For the neutral bottom-heated case, the
streamtraces portray a large central anti-clockwise rotating vortex
in combination with two weak circulation regions along the side

-heated from the bottom-
T T T T T T T T T

— bl =0T I

0 max

— Ib|

' max

=10 T

0.00025

1 1
0 250 500 750 1250 1500
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——

- ‘bﬂlumx =0T 7

P — b =5T
= 0'max
»F — b =10T

0'max

0.00025 [,
B!

0 250 500 750 1000 1250 1500
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Fig. 8. Same as in the previous figure, now for the vma.x (spanwise, in the y-
direction) velocity component. Note that for the neutral heated from the top case
there is no flow generated.

walls, Fig. 11-top/left. Even with a slight increase in the magnetic
field strength, the streamtraces indicate a change in the direction
of the central vortex, which is now rotating clockwise, and with-
out the side-wall recirculations, Fig. 11-middle/left. With further
increase of the imposed magnetic field, the recirculation in the
central part weakens and two recirculating patterns are moved to-
wards the thermally active walls with a simultaneous decrease in
thickness of the wall-jets in the proximity of the thermally active
horizontal walls, Fig. 11-bottom/left. This flow pattern corresponds
now very closely for a typical side-heated cubical enclosure sce-
nario, i.e., the flow is practically rotated by 90° when compared
to its initial state. For the top-heated situation, after the initially
stable regime (Fig. 11-top/right), the flow is already generated at
|bglmax =1 T, with two anti-clockwise rotating vortices, Fig. 11-
middle/right. Finally, for the highest imposed magnetic field, the
flow pattern is very similar to the bottom-heated situation when
mirrored in respect to the center of the x-axis, confirming the
dominance of the magnetization force, Fig. 11-bottom/right.

The superimposed contours of the non-dimensional tempera-
ture and corresponding two-dimensional heat flux lines for both
configurations are shown in Fig. 12. The heat flux lines are cre-
ated similarly to the streamtraces, but instead of using the veloc-
ity components, the convection and diffusion components of the
heat-flux are used, i.e. g; = u;6 — adf/0x;. Then, the identical trac-
ing algorithm used to plot the streamtraces is applied to plot the
heat flux isolines. Note that the heat flux lines approach applied
here does not require any additional solving of the heat function,
Costa [19], nor is this approach restricted to the two-dimensional
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Fig. 9. Isosurfaces of non-dimensional temperature (6* = (6 —6.)/(0), — 6.)) for different strengths of the imposed magnetic field (|by| =0, 1,10 T), left- heated from the
bottom, right- heated from the top.
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Fig. 10. The contours of the non-dimensional vertical velocity (w/V}, where V, = \/BgA6GH is the buoyancy velocity) in the central horizontal plane and streamtraces of the
massless particles for different strengths of the imposed magnetic field (|bg| = 0, 1, 10 T), left- heated from the bottom, right- heated from the top.
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Fig. 13. Vertical profiles of the thermal buoyancy (Eq. (5)) and dummyTXdummy-(of the magnetization force (Eq. (6)) (both integrated over the control volume and multiplied
with the density of working fluid, i.e. f; - AV - p, with the final values in N) in the central vertical plane (y/D = 0.5, x/L = 0.5) for different strengths of the imposed magnetic
field (|bo|max = 0, 1,5, 10 T), above- heated from the top ((a)-f£, (b)-fM, (c)-fM), below- heated from the bottom ((d)-f2, (e)-fM, (f)-fM).

divergence-free situations. For the neutral top-heated case, there
is no flow and the heat flux lines are simply represented as a
straight lines from top to bottom, Fig. 12-top/right. For heated from
the bottom situation, the heat flux lines exhibit a similar behav-
ior to the streamtraces in the central part of the cube, whereas
the diffusion important regions are located in the proximity of the
horizontal walls, Fig. 12-top/left. With further increase of the im-
posed magnetic field strength, the diffusion dominant regions be-
come smaller, indicating the reduction of the thickness of thermal
boundary layers in the proximity of the horizontal walls, Fig. 12-
middle. Finally, the heat flux lines distribution is very similar for
both configurations, for the highest applied magnetic field, Fig. 12-
bottom.

4.5. Local analysis of the thermal buoyancy and magnetization forces

To explain the directions of flow patterns obtained, we focus
on plotting characteristic profiles of the magnetization and thermal
buoyancy forces (given in Egs. (6) and (7)) (integrated per con-
trol volume) in the central vertical plane for both configurations
considered, Fig. 13. Note that in contrast to the thermal-buoyancy
(gravitational) force, which is characterized by one-dimensional
dependency (in the z-direction), the magnetization force shows a
multi-dimensional character (due to the existence of the magnetic
field gradients in all three coordinate directions). It can be seen
that the gravitational force distribution is just slightly adjusted
for the top-heated case when the magnetic field is switched on,
Fig. 13a. With further increase of the magnetic field, the values
of the gravity force drop to zero in the central part of the box,

with significant contributions in the proximity of the top and bot-
tom walls. For heated from the bottom case, the gravitational force
does not exhibit a change of the sign with magnetic field increase,
Fig. 13d. For both situations, the magnetization force is of oppo-
site sign to the gravitational force, Fig. 13b and e and are domi-
nant forces in the system for intermediate and large values of mag-
netic field strength. The distribution of the horizontal magnetiza-
tion forces provides a key to understanding the direction of the
flow rotation, as can be seen from Fig. 13c and f.

5. Conclusions

We demonstrated that upon the action of the magnetization
force, the direction of the flow and heat transfer of a paramag-
netic fluid in a differentially heated cubical enclosure subjected to
a strong magnetic gradient of a superconducting magnet can be in-
verted. For both configurations of the initial thermal stratification
analyzed, i.e. heated from the bottom or heated from the top at a
fixed value of Ra = 1.4 x 10° and Pr = 584, significant heat transfer
enhancements up to 5 and 15 times, respectively, were obtained in
comparison with the neutral (no magnetic field) cases. Measured
and numerically obtained integral heat transfer showed a good
agreement over an entire range of imposed magnetic fields. In ad-
dition, the numerical simulations provided detailed insights into
three-dimensional velocity and temperature, as well as of the local
distributions of the thermal buoyancy (gravitational) and magnetic
buoyancy (magnetization) forces.
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