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ABSTRACT

This study delves into the numerical exploration of the MagnetoHydroDynamic (MHD) characteristics of
an Fe;O04,-Water nanofluid contained within a chamfered square enclosure under the influence of an
external magnetic field. The enclosure, characterized by distinct hot and cold imposed temperatures on its
side walls, features both straight and chamfered sections. The orientation of magnetic field lines was
manipulated by varying the angular placement of the magnetic source. The computational framework for
nanofluid dynamics is mathematically formalized through a dimensionless formulation of the Navier-
Stokes equations derived from their dimensional counterparts. A comprehensive numerical analysis was
conducted employing the Finite Element (FE) method, a. The interaction between the Hartmann number
and the angular placement of the magnetic source was analyzed, with a specific focus on nanofluid
isotherms, temperature profiles, and velocity magnitude distributions. The results were thoroughly
investigated and extensively discussed.

Keywords-MHD; nanofluid; chamfered squared cavity; Navier-Stokes model; isotherms; temperature
distribution; velocity magnitude distribution; Hartmann number

. INTRODUCTION ethylene glycol or others while nanoparticles can be metals,

) ) ODUCTIO ) ) oxides, carbon-based, or others. The base fluids, presenting the
Nano'ﬂulds' [1-4] consist of a base 'ﬂu1d and dlSSOlVf}d medium for dispersing nanoparticles, ensure stability and good
nanoparticles in suspension. The base fluid can be water, oil,  heat transfer capabilities whereas nanorpaticles significantly
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boost the thermal conductivity of the base fluid. Their
incredibly small size, usually less than 100 nm, permits to
improve the capacity of the fluid to transfer heat, enhancing its
overall efficiency in heat dissipation. Some interesting research
works of the past three years can be pointed out from the
literature. Authors in [5] investigated the hydrothermal
behavior of nanofluid flow within a hexagonal cavity featuring
an inner circular cylinder equipped with various rectangular
fins. The upper and bottom cavity walls were heated while the
other walls re-main cold. Numerical results in terms of
streamline, isotherm, and Nusselt number profile plots were
generated to evaluate the impact of Rayleigh number,
Hartmann number, and nanoparticle volume fraction on the
flow, considering different fin lengths. The results indicate that
increasing the Rayleigh number amplifies convection, velocity,
and heat transfer. Conversely, higher Hartmann numbers and
concentrations of nanoparticles lead to reduced velocity
components. Authors in [6] studied the natural convective flow
and heat transfer within an enclosure containing a hybrid
nanofluid, with multiple heat sources positioned at the
enclosure's bottom wall, in the presence of a magnetic field
oriented at an angle to the horizontal axis. The main results
highlight significant alterations in the flow pattern due to
variations in the magnetic field parameter, angle of the
magnetic field, number, and size of heat sources, and the
Rayleigh number. Authors in [7] carried out a numerical
investigation examining the impact of an anti-rotational
magnetic field in contrast to the rotation of an Al,Os-water
nanofluid in an inclined triangular cavity with bottom heating
and top cooling, experiencing buoyancy-driven flow. The
rotational influences were investigated through steady
simulations at various cavity inclinations. The heat source was
positioned at the right-angled corner, partially spanning the
adjacent sides of equal length. A cooling source of equivalent
size was symmetrically placed on the hypotenuse around the
vertical axis. Parameters under study encompass the Rayleigh
number, concentration of Al,Os-water nanofluid, Hartmann
number, cavity orientation, and magnetic field orientation.
Authors in [8] conducted a numerical study of magneto-
convection heat transfer using an Ag-based nanofluid
(comprising silver nanoparticles dispersed in a fluid) within a
square enclosure housing a thin central heater and a lower
section of the heated wall. The investigation primarily
examined the impact of the magnetic field strength, orientation
and length of the central heater, length of the lower heated wall
section, Rayleigh number, and volume fraction of the Ag
nanoparticles on the average Nusselt number along the vertical,
cooled sidewalls of the enclosure. The analysis revealed that
heightened heat transfer performance aligns with increased
lengths of the central heater and the lower heated wall section.
Moreover, an increase in the average Nusselt number was
observed with a vertically oriented central heater. Irrespective
of the heater's orientation, heat transfer efficiency diminishes as
the magnetic field strength increases. With an escalation in the
Ag nanoparticle volume fraction, the average Nusselt number
increases, especially with higher Rayleigh number values.
Notably, at high Rayleigh numbers of 106 and 107, enhanced
heat transfer performance was documented with increasing
nanoparticle volume fractions: 0.00, 0.03, 0.06 and 0.09.
Authors in [9] conducted simulations focused on free

convective heat transfer and entropy generation within a closed
enclosure. Constant volumetric radiation was generated within
the cavity, which is positioned at a 45° angle relative to the
horizon. Increasing the Hartmann number resulted in reduced
Nusselt number on both heated walls and a decrease in fluid
flow within the enclosure. Authors in [10] studied the flow and
thermal behavior of MHD Casson nanofluid within a square
enclosure featuring a non-uniform heat source on the bottom
wall. The analysis showcased the influence of governing
parameters on local Nusselt number, streamlines, and
isotherms. The visualization revealed the presence of two
counter-rotating vortices in the streamlines, stemming from
buoyancy effects caused by temperature variations along the
enclosure's side with non-uniform temperature distribution. An
increase in the Rayleigh number induces a marked temperature
rise in the enclosure's center, while the thermal distribution
became more pronounced near the enclosure walls. Authors in
[11] investigated the natural convective flow dynamics and
heat transfer influenced by a magnetic field within a concentric
circular annulus. This annulus was situated between a heat-
generating inner cylinder and an externally cold cylinder filled
with a CNTs-water-based nanofluid. The natural flow rose
from the temperature gradient between the heat-generating
inner cylinder and the outer cold cylinder.

This study presents a significant novelty in MHD research
by investigating Fes;Os-water nanofluid behavior in a
chamfered square enclosure under a variable angular magnetic
field, a rarely studied configuration. Unlike prior works
focused on regular geometries or static fields, it uniquely
examines the combined effects of chamfered design and
dynamic magnetic orientation. The findings on Hartmann
number and magnetic source angle interactions provide novel
insights for controlling nanofluid flow and heat transfer.

II. PROBLEM STATEMENT

A Fe;O, nanofluid [12-14] with the thermophysical
properties summarized in Table I is considered. As shown in
Figure 1, the considered nanofluid is filled in a chamfered
square cavity with an external magnetic source. Hot and cold
temperature are respectively imposed at the right and left walls
while other walls are considered adiabatic.

Fig. 1.

Problem description.
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TABLE L. THERMOPHYSICAL PROPERTIES OF THE Fe;0, ; ; _ ;
Nyt 4) Dimensionless y-Momentum Equation
2 2
Thermophysical Magnetic particles Fluid (Water) U 6l +V al — _6l 4 Pr¥ ov i 67‘/ T F 4)
properties (Fe;0y) oX oY oY ox? or? 4
Density p 5180 kg/m’ 997.1 kg/m’
Thermal conductivity k 9.7 W/mK 0.613 W/mK with:
Specific heat capacity C, 670 J/kgK 4179 J/kgK
F, =Ra*Pr*0—Ha** PrH.V + Ha** PrH H,U 5)

1. MATHEMATICAL MODEL

A. Model Assumptions

The considered nanofluid is supposed to be Newtonian,
incompressible (since the base fluid is water with a volume
fraction) with a density variation under the Boussinesq
approximation [15-18]. The nanofluid flow is supposed 2D,
steady, and laminar. The induced displacement currents,
magnetic field, and Joule heating are considered negligible.
Radiation and energy dissipations are also supposed negligible
[19].

B. Dimensionless Model

1) Dimensionless Quantities

To allow scaling between different system dimensions and
conditions, it is highly useful to make the model dimensionless.
The dimensionless quantities, constituting the dimensionless
model, are summarized in Table II.

TABLE II. DIMENSIONLESS QUANTITIES
ul 12
X = X Y = R U=—- p=_" 5
L L anf pnfanf
T,-T, Ay Oy Unf Ouf
O-nf o _ 1 1 _
Ha* = LB, Hx———(y b)
N 27 (x—a) +(y-b)
_ I 1 HO ="ﬁx2+ﬁy2
Hy=—— - (x-=
J 27 (x_a)2+(y_b)2 (x a) =L;
2z (x_a)z +(y—b)2
H Hng Oy
H=— Ec*=
H, i pC, in ; L*AT

2) Dimensionless Mass Conservation Equation
WLV (1
oxX oY

3) Dimensionless x-Momentum Equation

2 2
Ua—U+Va—U:—a—P+Pr* 6U+G—U +F, (@)
X oY X ox* or*)
with:
F,=-Ha** Pr*H,U + Ha*’ Pr*H H V ©)

5) Dimensionless Energy Conservation Equation

2 2
v,y a—iﬁ—f +0, (6)
X oy |(ax* or

with:

O =Ec*Ha* (HV -H U)" +

7
5_U+9_V)2} @

Ec* {2(‘9—U)2 + 2(‘9—‘/)2 +(
ox oY X oy

IV. RESULTS AND DISCUSSION

Figure 2 shows the combined impact of Hartmann number
and the angular position of the magnetic source on the
nanofluid isotherms. The results highlight the interplay
between heat transfer at the walls and the magnetic field on
these isotherms. It is noteworthy that near the hot and cold
walls, the isotherms tend to align almost parallel to the walls,
whereas near the adiabatic walls, they tend to align almost
perpendicular to them. This behavior is attributed to the heat
transfer processes being predominantly governed by
conduction near the hot and cold walls, where heat moves from
the hot wall to the adjacent nanofluid, raising its temperature.
Similarly, heat is conducted from the nanofluid to the cold
walls, causing the nanofluid to cool. In the vicinity of adiabatic
walls, where heat transfer is restricted, the nanofluid
temperature remains relatively constant, resulting in isotherms
that are nearly perpendicular to the walls in this region. Away
from the walls, isotherms tend to be almost parallel to the paths
of magnetic field lines depending on angular locations of the
magnetic source (horizontal, vertical, or intermediate). This is
explained by the fact that the influence of the magnetic field
becomes leading in the central region (away from the hot and
cold walls). The magnetic forces impact the fluid dynamics
(motion), facilitating the transfer of heat along the paths
defined by the magnetic field. Results also show that as the
Hartmann number increases, the alignment of the isotherms
with the magnetic field paths is enhanced. The temperature
gradient across the nanofluid becomes more uniform along the
magnetic field paths. The heat transfer along the perpendicular
direction to the magnetic field path is highly reduced, due to
the enhancement of Lorentz force, as the Hartman number
increases, which weakens the motion of the nanofluid. Thus,
the convection is delayed and the conduction becomes more
significant. It should be noted that the effect of Hartmann
number is more pronounced for positive angular locations
since, in this case, the magnetic source is closer to the
nanofluid than when a negative angular location is considered.
The closer the magnetic source is to the nanofluid, the stronger
the magnetic field becomes, resulting in a more pronounced
alignment of the isotherms with the magnetic field lines.
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Fig. 2.

Figure 3 shows the combined effect of Hartmann number
and magnetic source angular location on the nanofluid
temperature distribution. Results show the influence of the
interaction between heat transfer at the walls and the magnetic
field on temperature distribution. As the Hartmann number
increases, the Lorentz forces become more significant and
weaken the nanofluid motion. Therefore, convection is reduced
in favor of conduction and the temperature homogeneity of the
nanofluid away from the walls is deteriorated. It is important to
notice that for the particular case of a horizontal magnetic
source location ( §=0°), the temperature homogeneity is
enhanced when the Hartmann number increases. This is
explained by the fact that, in this case, the magnetic field is
applied parallel to the nanofluid's flow direction (from the left
hot walls to the right cold walls). In such cases, the magnetic
field promotes fluid mixing which enhances the heat transfer
trough convection. For angular location ¢ =45° and especially
0 =90°, the magnetic field is not parallel to the nanofluid flow
and will restrain the motion of the charged particles in the fluid,
which can lead to a significant reduction of convection in favor
of conduction. As the angular location of the magnetic source
varies, the heat transfer front, perpendicularly to which the
temperature exhibits higher variation, is reoriented to be
aligned with the magnetic field paths. The temperature
homogeneity, especially away from the walls, is slightly
enhanced for negative angular locations of the magnetic source
due to the decrease in the magnetic field strength when the
magnetic source is positioned at negative angular locations,
resulting in a greater distance from the nanofluid, as opposed to
positive angular locations. Thus, the nanofluid motion is
improved and the convection is enhanced at the expense of
conduction. Figure 4 shows the combined effect of Hartmann
number and magnetic source angular location on nanofluid
velocity magnitude distribution. Results show the influence of
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Combined effect of Hartmann number and magnetic source angular location on isotherms.

the interaction between heat transfer at the walls and the
magnetic field on the velocity magnitude distribution. It is
worth noting that the velocity magnitude tends to be greater
within a transition region confined between the areas near the
walls and the central region of the nanofluid cavity as a result
of the combined effects of the magnetic field and boundary
conditions. Near the walls, the non-slip condition has the
dominant effect in the nanofluid. The velocity magnitude of the
nanofluid is typically 0 in this region. Thus, the nanofluid near
the walls is nearly stationary. In the central region, the
magnetic field has a dominant effect on the nanofluid. The
magnetic forces, in this region, will reduce until the velocity
magnitude becomes 0. In the considered transition zone, the
nanofluid escapes the dominant effects of both non-slip
condition and magnetic forces. Thus, the velocity magnitude
reaches the higher values in this transition region. As the
Hartmann number increases, the global velocity magnitude is
reduced due to the increase of the magnetic forces acting on the
nanofluid for all magnetic source angular locations except
0 =0° where the velocity magnitude is not affected. This
exception is explained by the fact that, for a horizontal
magnetic source (6 = 0°), the magnetic field and the nanofluid
flow direction are parallel. The Lorentz forces, generated by the
magnetic field, will act directly along the flow direction of the
nanofluid (from the hot to the cold wall) since the Lorentz

forces are expressed as Fj,,,,.

=q0(VX§), where V is the
velocity vector of the nanofluid and B is the magnetic field

vector. When E is parallel toV , i.e. when & = 0°, the cross

—

product V xE is zero. Thus, the effect of Lorentz forces along
the flow direction of the nanofluid is neglected and the global
velocity magnitude is not altered.
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Fig. 4. Combined effect of Hartmann number and magnetic source angular location on velocity magnitude distribution.

V. CONCLUSION

In this paper, the interplay between the Hartmann number
and magnetic source angular location on the MHD nanofluid
behavior, in terms of isotherms, temperature distribution, and
velocity magnitude distribution, was numerically investigated
within a chamfered enclosure. The main findings of this
research work are:

As the Hartmann number rises, there is an improvement in
the alignment between the isotherms and the paths of the
magnetic field. The Hartmann number effect on the
isotherms is more pronounced for positive angular positions
of the magnetic source (closer magnetic source), except for
an horizontal magnetic source where the Hartmann number
has no effect.
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As the Hartmann number increases, the temperature
homogeneity is deteriorated, except for the horizontal
magnetic source where the Hartmann number enhanced the
temperature homogeneity. The temperature homogeneity is
slightly enhanced for negative angular positions of the
magnetic source (farther magnetic source).

As the Hartmann number increases, the velocity magnitude
is deteriorating for all magnetic source angular locations
except for a horizontal magnetic source where the
Hartmann number has no effect.

NOMENCLATURE

: Magnetic induction field [T]

: Specific heat capacity [Jkg K]
: Gravitational acceleration [ms'z]
: Magnetic field strength [Am™]

: Hartman number [-]

: Thermal conductivity [Wm'K]
: Characteristic length [m]

: Pressure [Pa]

: Temperature [K]

:x-component of velocity [ms™]
:y-component of velocity [ms™]

: Thermal diffusivity [m%s™]

: Coefficient of thermal expansion [K'l]

TR A w

S

: Solid volume fraction [-]

: Dynamic viscosity [Pas]

: Dimensionless temperature [-]
: Density [kgm™]

: Electrical conductivity [Sm'l]
: Kinematic viscosity [m%s™]

2 cold [-]

: Fluid [-]

: Hot [-]

: Nanofluid [-]

: Particle [-]

“Ehs‘kh”cqb%‘: LT ® T ENS
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