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Abstract: The convection control is important in terms of the heat transfer enhancement and
improvement of the applied devices and resultant products. In this study, the convection control by a
magnetic field from block permanent magnets is numerically investigated on the Rayleigh-Bénard
convection of paramagnetic fluid. To enhance the magnetic force from the available permanent
magnets, pairs of alternating-pole magnets are employed and aligned near the bottom heated wall.
The lattice Boltzmann method is employed for the computation of the heat and fluid flow with the
consideration of buoyancy and magnetothermal force on the working fluid. It is found that, since the
magnetic force at the junction of pair magnets becomes strong remarkably and in the same direction
as the gravity, descending convection flow is locally enhanced and the pair of symmetrical roll cells
near the magnet junction becomes longitudinal. The local heat transfer corresponds to the affected
roll cell pattern; locally enhanced at the magnet junctions and low heat transfer area is shifted aside
the magnet outer edge. The averaged Nusselt number on the hot wall also increases proportionally
to the magnetic induction but it is saturated at high magnetic induction. This suggests the roll cell
pattern is no more largely affected at extremely-high magnetic induction.

Keywords: Rayleigh-Bénard convection; paramagnetic fluid; lattice Boltzmann method; flow pattern;
heat transfer enhancement

1. Introduction

The natural convection is the buoyancy-driven flow and has been widely observed in nature and
engineering fields. The natural convection heat transfer is dominated by the physical properties of
the working fluid such as the viscosity and the density depending on temperature or concentration
(if multicomponent fluid). It is also affected by the enclosure size and configurations, the heating
and cooling conditions (uniform wall temperature, constant heat flux at the wall, periodic change of
temperature or heat flux, etc.). The convection has laminar and turbulent flow regimes depending on
the above parameters. The representative governing dimensionless parameters which characterize
the convection are the Prandtl number Pr = ν/a and Rayleigh number Ra = gβ∆θ`3/aν where ν is the
kinematic viscosity, a is the thermal diffusivity, β is the volumetric expansion due to the temperature
θ or concentration, ` is the characteristic length. Generally, as Ra increases, the convection becomes
strong and the flow is shifted from the laminar to the turbulent natural convection. In a small-sized
container such as microfluidics, the convection is in the laminar regime as recognized by the small Ra.

Rayleigh-Bénard convection (RBC) is one of representative natural convections. The convection
is induced inside confined lateral heated bottom and cooled top plates in the gravity field. RBC has
symmetrical roll cells in an ideal situation; a pair of clockwise and anti-clockwise cells are aligned.
As aforementioned, the characteristic of heat transfer depends on Pr and geometrical confinement at the
same Ra [1]. The large-scale atmospheric circulation is in turbulent regime and its structure has been
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studied [2]. The earth’s outer core convection is large Ra and high Pr RBC with rotation and chemical
reaction [3]. In the engineering field, RBC can be observed in single silicon crystal manufacturing
process by Czochralski method [4]. For the convection control, controlled by the feedback control of
heat flux [5], rotation and magnetic field [6,7], external forces such as the electromagnetic force [4,8],
electric force [9], etc., has been reported. The controlling force induced in the working fluid depends
on the physical properties of working fluid.

In this study, the magnetic force is employed to control the convection of the paramagnetic fluid.
The paramagnetic material such as air and oxygen can be attracted to magnetic poles. The magnetic
force depends on the magnetic susceptibility (physical property) and the local gradient of squared
magnetic induction [10]. The magnetic susceptibility depends on the inverse of absolute temperature.
In other words, magnetic force on the paramagnetic fluid depends on the temperature. The application
of this force has been intensively studied since the strong magnetic induction is available, such by
superconducting magnets. In recent studies, the magnetic force on the air (paramagnetic fluid) filled
in a porous enclosure is numerically investigated [11]. The magnetic force on the air is numerically
applied to the oxygen sensor [12]. The flow structure under a strong magnetic field at low Reynolds
number flow is numerically investigated [13].

The Rayleigh-Bénard convection of the paramagnetic fluid under a strong magnetic field has been
reported. Braithwaite et al. [14] experimentally investigated that the heat transfer of RBC depends
on the relative elevation of RBC enclosure inside the magnet bore of a superconducting magnet.
Since then, the evaluation, clarification and application have been conducted by various researchers.
Maki et al. [15] experimentally and numerically studied RBC inside the bore of a superconducting
magnet with inclination. They further studied and introduced the magnetic Rayleigh number to
clarify the characteristics near the onset of RBC [16]. Tagawa et al. [17] extended the magnetic force
to a diamagnetic fluid, water. Weiss and Ahlers [18] reported the RBC of nematic liquid crystal
inside a solenoid. However, most of these studies presume magnetic fields from superconducting
magnet. It is too expensive for the convection control thus, the application is limited to the high-value
materials [16,18].

Recently, the application of permanent magnets to control the convection of the paramagnetic
fluid has been reported. The effect can be expected when a large magnetic gradient occurs. Indeed,
the effect of a single block permanent magnet on the natural convection along a vertical heated wall
was numerically investigated by our group [19]. In the literature, the heat transfer can locally enhance
and suppress the natural convection near the magnet edge. This phenomenon has also been found by
their experiment [20]. Besides, it reported that two magnets paired by alternate poles can induce a
remarkable magnetic force at its junction in the normal direction to the magnet. This implies that, if this
force is in the same direction as the gravity, the enhancement/suppression of the natural convection can
be expected. Fortunately, when the magnets are placed at the bottom/top wall of RBC, the dominant
magnetic force is in the same direction as the gravity. In that point of view, the effect of the magnetic
field by paired permanent magnets on the RBC is numerically investigated.

2. Computational Methods

2.1. Schematic Model

In this study, two-dimensional numerical simulations are carried out for Rayleigh-Bénard
convection in the presence of a magnetic field. The schematic model for the computation is shown
in Figure 1a. The paramagnetic liquid layer is confined by two horizontal plates. The bottom
plate is heated at non-dimensional temperature of Th (=2.0) and top plate is cooled at Tc (=1.0),
both isothermally. Sidewalls of the computational domain are considered as the periodic boundary for
the simplicity. In the presence of the gravity, the working fluid is driven by buoyancy.

The magnetic field applied to the working fluid is induced by two pairs of two block magnets.
Each magnet has square cross section. Two magnets are paired by alternate poles as shown in Figure 1b.
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Each pair is placed below the heated wall where the descending flow is observed in the absence of the
magnetic field.
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Figure 1. (a) Schematic model of the computation. The computational domain (fluid layer) is consisted
by 600 × 102 nodes. The single block magnet is presumed 20 × 20 nodes. The distance of pair magnet is
300 nodes. (b) arrangement of the pair magnets.

2.2. Lattice Boltzmann Heat and Fluid Flow Simulation

The heat and fluid flow of the working fluid is simultaneously solved by the lattice Boltzmann
method (LBM). LBM contains the collision and streaming steps of distribution function explicit in
time. This has been under a spotlight due to its flexibility of the physical boundary and parallelization.
In this study, two-dimensional nine-discrete velocity (D2Q9) model shown in Figure 2 is employed.
CUDA Fortran code is developed for fast computation.
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Figure 2. D2Q9 lattice. Numbers represent discrete vector component eα.

Two distribution functions are respectively employed for the density and thermal energy to obtain
the fluid flow and temperature distribution. Note that LBM is generally described by non-dimensional
form. Thus, parameters and macroscopic values used in the LBM are non-dimensional.

The time evolution Equations at the lattice site x = (X, Y) and time t are below.

f̂α(x + eαδt, t + δt) − f̂α(x, t) = −Ŝαi
(

f̂i − f̂ eq
i

)
+ F̂α−

1
2
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gα(x + eαδt, t + δt) − gα(x, t) = −
1
τc

[
gα(x, t) − geq

α (x, t)
]

(2)

The density distribution function f is solved by multi-relaxation-time (MRT) LBM and single-
relaxation-time BGK model is applied to the energy distribution function g. The superscript Equation
is the equilibrium state.
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The discrete vector is eα. τc is the relaxation time of g. In the density distribution function
(Equation (1)), external force term Fα is added [21,22]. In the preset study, the force term contains
buoyancy Fb and magnetothermal force Fm.

Fα =
ωα
c2

s

[
(eα − u) +

(eα · u)

c2
s

eα

]
· (Fb + Fm) (5)

where, the buoyancy force is defined by the temperature deviation from the conductive state,

Fb = −ρβ
{
T − [Th − (Th − Tc)Y]

}
g (6)

where β represents the volumetric expansion rate due to temperature.
The magnetothermal force depending both on the temperature and local magnetic induction is

as follows.

Fm = −
ρβχmm0

2µ0
C
{
T − [Th − (Th − Tc)Y]

}
∇b2 (7)

where µ0 is the magnetic permeability in vacuum, χmm0 is the mass magnetic susceptibility at the
reference temperature T0, and ρ the density. In the above equation, the constant C is defined as follows.

C =

(
1 +

1
βT0

)
(8)

The reference temperature T0 in Equation (8) is presumed at 293.15 K. The computational
dimensionless numbers are the Prandtl number Pr, the Rayleigh number Ra, and the dimensionless
magnetic induction γ. Definitions of these parameters are as follows.

Ra =
gβ∆T`3

av
(9)

The parameter γ is followed by [23].

γ =
χmm0b2

0

µ0g`
(10)

The buoyancy force works due to temperature difference (Boussinesq approximation).
The magnetothermal force depends not only on the magnetic induction but also on the magnetic
susceptibility which depends on the temperature since the magnetic susceptibility of the paramagnetic
fluid depends on the inverse of the absolute temperature.

The macroscopic parameters are related to the distribution functions as follows.

ρ =
∑
α

fα (11)

ρu =
∑
α

eα fα +
δt
2

Fα (12)

P = c2
sρ (13)

ν = c2
s

(
τ f −

1
2

)
δt (14)

T =
∑
α

gα (15)

a = c2
s

(
τc −

1
2

)
δt (16)
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where τf represents the relaxation time used in Equation (1). The computational dimensionless
parameters are as follows. The Prandtl number is fixed at 13.0 which corresponds to the gadolinium
nitrate aqueous solution of 15.5 wt. % which is the same fluid of [20]. The Rayleigh number is fixed at
104 which corresponds to the temperature difference ∆T of 0.415 K when the gap between hot and
cold is presumed at 10 mm. The dimensionless applied magnetic induction γ is varied from 0 to 10.0.
For the reference, γ = 1.0 corresponds to 1.01 Tesla by employing the same characteristic length as
temperature. Please note that γ = 10.0 is out of available magnetic induction by commercial permanent
magnets.

The grid dependency test is carried out prior to the simulation under the magnetic field.
The average Nusselt number on the hot wall at Ra = 104 is evaluated by the domain resolutions of
300 × 52, 600 × 102, and 900 × 152 with uniform mesh. The resulted average Nusselt number on the hot
wall is 2.6168 (300 × 52), 2.6175 (600 × 102), and 2.6177 (900 × 152), respectively. The reference value of
the average Nusselt number at Ra = 104 is 2.661 [24]. RBC by LBM [25] has similar value. Therefore,
grid resolution of 600 × 102 nodes is employed both for the computational time and precision.

For the initial condition, the fluid is stagnant and the thermal conductive state is presumed.
To induce the natural convection, a small perturbation of temperature is applied at the center of the
computational domain. The computations converge and the steady state convection is obtained in
all cases.

2.3. Magnetic Field Simulation

The magnetic field employed in this study is numerically obtained by using a free software, FEMM.
This can solve the static magnetic field in two-dimensional system by finite element method. In the
present study, the static magnetic field from the pair magnet (Figure 1b) is obtained and then remapped
in the Cartesian mesh used in the lattice Boltzmann method. For the reference, magnetic fields induced
by a single magnet and the pair magnet are shown in Figure 3. As indicated by color, the magnetic
field becomes strong at the magnet edge of single magnet (Figure 3a) and stronger magnetic induction
at magnet junction of pair magnet (Figure 3b). This suggests that the magnetic force component ∇b2 is
also enhanced at the magnet junction due to a large value of |b| in a small area.
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3. Results and Discussion

3.1. Heat and Fluid Flow with and without Magnetic Field

Figure 3 shows streaklines and isotherms with and without the magnetic field at Ra = 104. Since the
results are symmetric regardless of the magnitude of γ, left half of figures (0 ≤ X ≤ 3.0) are extracted.
When the magnetic field is absent (Figure 4a), the flow pattern becomes symmetrical and corresponding
temperature field is formed. This is the typical phenomenon of RBC.
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When the magnetic field is applied, the cell pattern is shifted depending on applied magnet
induction. Figure 4b–d shows the result with the magnetic field of γ = 1.0, 5.0 and 10.0. It is found
that the circulation cell near the magnet becomes thinner. In contrast, cells away from the magnet are
stretched in horizontal direction. Additionally, the thermal boundary layer near the magnet junction
becomes thinner.

Symmetry 2020, 12, x FOR PEER REVIEW 6 of 11 

 

stretched in horizontal direction. Additionally, the thermal boundary layer near the magnet junction 
becomes thinner. 

 

(a) 

 

 

(b) 

 

(c) 

 

(d) 

Figure 4. Streaklines and isotherms at Ra = 104 (left half of the computational domain). As the 
dimensionless magnetic induction γ increases, the roll cells near the magnet become thin. (a) γ = 0.0 
(no magnetic field); (b) γ = 1.0; (c) γ = 5.0; (d) γ = 10.0. 

The additional external force applied on the working is the magnetothermal force, thus the effect 
of the force on the heat and fluid flow is discussed in Figure 5. As Figure 3 suggested, Figure 5a shows 
a strong ∇b2 induced near the magnet junction toward the magnet as reported by our group [20]. As 
suggested in Equation (7), the magnetothermal force is resulted from the multiplication of ∇b2 and 
temperature difference. When the cold fluid descends near the magnet junction, the local temperature 
difference becomes large near the magnet, then the magnetothermal force becomes remarkable as 
shown in Figure 5b–d. This induced force overlaps the gravity and accelerates the downward flow 
near the magnet junction, resulting in the locally-enhanced convection. Indeed, as the dimensionless 
magnetic induction γ increases (Figure 5b–d), the magnitude of the force becomes large and the 
symmetrical circulating flow is shifted toward the magnet. Due to the strong attracting force toward 
the heated wall, the working fluid near the junction receives more heat than the other area of the hot 
wall. Therefore, the upward buoyant flow emerges as soon as the fluid escapes from the magnetic 
force near the side of the pair magnet. This results in the roll cell thinning as observed in Figure 4. To 
compensate the roll cell thinning near the magnet, the cells away from the magnet are stretched 
horizontally. 

These symmetric results are not only by the symmetry of the magnetic force but also the 
direction of the gravity force. When the gravity is normal to the dominant magnetic force, the 
combined convection due to gravitational and magnetic forces is no longer symmetric [19,20]. 

  

Figure 4. Streaklines and isotherms at Ra = 104 (left half of the computational domain). As the
dimensionless magnetic induction γ increases, the roll cells near the magnet become thin. (a) γ = 0.0
(no magnetic field); (b) γ = 1.0; (c) γ = 5.0; (d) γ = 10.0.

The additional external force applied on the working is the magnetothermal force, thus the effect
of the force on the heat and fluid flow is discussed in Figure 5. As Figure 3 suggested, Figure 5a shows
a strong ∇b2 induced near the magnet junction toward the magnet as reported by our group [20].
As suggested in Equation (7), the magnetothermal force is resulted from the multiplication of ∇b2 and
temperature difference. When the cold fluid descends near the magnet junction, the local temperature
difference becomes large near the magnet, then the magnetothermal force becomes remarkable as
shown in Figure 5b–d. This induced force overlaps the gravity and accelerates the downward flow
near the magnet junction, resulting in the locally-enhanced convection. Indeed, as the dimensionless
magnetic induction γ increases (Figure 5b–d), the magnitude of the force becomes large and the
symmetrical circulating flow is shifted toward the magnet. Due to the strong attracting force toward the
heated wall, the working fluid near the junction receives more heat than the other area of the hot wall.
Therefore, the upward buoyant flow emerges as soon as the fluid escapes from the magnetic force near
the side of the pair magnet. This results in the roll cell thinning as observed in Figure 4. To compensate
the roll cell thinning near the magnet, the cells away from the magnet are stretched horizontally.

These symmetric results are not only by the symmetry of the magnetic force but also the direction
of the gravity force. When the gravity is normal to the dominant magnetic force, the combined
convection due to gravitational and magnetic forces is no longer symmetric [19,20].
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Figure 5. Magnetothermal force on the working fluid at Ra = 104. Vector length is respectively resized
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(c) γ = 5.0; (d) γ = 10.0.

3.2. Effect on Heat Transfer

The magnetic force on the fluid affects the convection cell pattern and thermal boundary thickness
near the magnet junction. This can bring local heat transfer enhancement/suppression on the hot
wall. The local heat transfer on the heated wall is evaluated by the Nusselt number defined by the
following Equation.

Nu|x = −
dThot|x

dy
/

∆T
H

(17)

This represents the ratio of the convective heat transfer to the conductive heat transfer.
The estimated local Nusselt number profiles at γ = 0–10.0 are summarized in Figure 6. Same as in
Figure 4, left half of the computational domain is shown herein. In Figure 6a, as expected, the convective
heat transfer is locally enhanced at the magnet junction with the increase of the dimensionless magnet
induction γ. Accordingly, the local minima of the Nusselt number is shifted to the magnet junction
due to the thinning of the roll cell shown in Figure 4. Interestingly, the symmetry of the profile is kept
since the magnets’ location is symmetrical in the computational domain.

In contrast, in Figure 6b, the change of the local Nusselt number by increasing γ becomes small.
Contrary to expectations, the peak value decreases from γ = 6.0 to 10.0 and even the magnetothermal
force becomes stronger as Figure 5c,d suggest. The reason of the decline of peak value can be
understood by the flow field and temperature profile near the magnet. As γ increases, the roll cells
near the magnets are thinned. Correspondingly, the cell center position shifts from the mid height
of the domain to the hot wall. In other words, the circulation flow near the magnets is stuck near
the hot wall. The upward heated flow emerging the side of the magnets is pulled back immediately.
This results in the temperature rise above the magnet and thermal boundary thickening. Indeed,
comparing Figure 5d with Figure 5c, hotter fluid zone is formed above the magnet junction.
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(a) 0 ≤ γ ≤ 1.0; (b) 1.0 ≤ γ ≤ 10.0.

These results suggest that the optimized magnetic induction exists for the maximum heat transfer
by the magnetic field. Thus, the total contribution to the heat transfer in the system is investigated by
the average Nusselt number on the hot wall.

Figure 7 shows the average Nusselt number on the hot wall versus the dimensionless magnetic
induction. As shown in the figure, the average Nusselt number increases corresponding to the magnet
induction linearly at γ ≤ 1.0, then it saturates around γ = 6.0. As the induction increases further,
it gradually decreases by the aforementioned mechanism.
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3.3. Roll Cell Shifting by Magnet Location

In the prior sections (Sections 3.1 and 3.2), the magnet locations were set where the downward
flow was observed without magnetic field. This is because the attracting magnetic force on the cold
paramagnetic fluid can accelerate the descending flow. Indeed, the descending convection flow near
the magnet locally enhances the heat transfer from the hot wall.

The next question is whether this effect is independent of the magnet location. A sample
computation is carried out at the different magnet location (shifted +75 nodes to right) where the
upward flow is observed without the magnetic field as shown in Figure 8a. Thus, the simulation is
started from the steady state convection at Ra = 104 without the magnetic field (same as Figure 4a).
A series of snapshots is shown in Figure 8b–d. Interestingly, relatively cold fluid at the bottom
of the magnet junction is pulled toward the junction, and then the roll cells are shifted towards it.
Consequently, the descending flow is shifted to the magnet junction and correspondingly, the roll cells
are shaped. Finally, the heat and fluid flows attain the steady state convection. This is also due to
the periodic boundary condition at the sidewalls of the computational domain. Although this is an
ideal situation, these results suggest that a locally strong magnetic field can control the position of the
convection cells.
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4. Conclusions

In this study, the effect of the magnetic field from pairs of permanent block magnets are numerically
investigated on the Rayleigh-Bénard convection of the paramagnetic liquid. The pair magnet can
induce strong magnetic induction rather than the single one and the magnetic force is directed normal to
the magnet junction. When this magnetic force is applied to the fluid in the same direction of the gravity,
that is, the horizontal pair magnets are settled below the hot wall, the resulted magnetothermal force
locally enhances the descending convection flow. This results in the local heat transfer enhancement
corresponding to the magnetic induction. This effect saturates at an extremely strong magnetic field,
probably due to the increase of the friction among roll cells. It is also found that this effect is independent
of the magnet position. The resultant downward flow is shifted to the magnet junction. This can be
applied to the on-demand local heat transfer control for the small heat exchanger, etc.
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