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Abstract

The study of heat transfer and fluid flow in enclosures has become essential for optimising a variety of
industrial processes in recent years. This research focuses on analyze numerically the fluid flow and
heat transfer in a lid-driven square cavity with the presence of magnetic field and heat generation. The
top and bottom wall are maintained at constant temperatures. Meanwhile, the vertical walls are
insulated. The top wall is moving at a constant speed horizontally. The governing partial differential
equations are transformed into a non-dimensional form using similarity transformations, and then the
finite element method in COMSOL MultiPhysics is used to solve the model numerically. The effects of
the parameters on the velocity profile and temperature distribution are examined. Validation of the
results is performed by comparing the maximum and minimum value of the horizontal and vertical
velocities at the mid-section of the cavity and show minor different between the numbers due to variation
of software versions. The influence of Hartmann number, Ha and internal heat generation or absorption,
A (ranges from 0 to 60 and -5 to 5, respectively) on the thermal characteristics and fluid flow are
analyzed. The isotherm and simulated streamlines are displayed. The fluid flow structure and
temperature field are shown to be significantly impacted by the Ha. The rate at which heat is transferred
reduces as Ha rises because convectional flow is inhibited. Thermal boundary layers close to heat
sources reduce in the absence of A. On the other hand, A strengthens these layers along the colder
regions, improving the transfer of heat and minimising temperature differentials close to the heat
sources. Although the stream function values rise in the presence of internal heat, the overall fluid flow
pattern is essentially unaffected by these changes.

Keywords Magnetic field; Heat generation/absorption; Mixed convection; Square cavity; COMSOL
Multiphysics.

1. Introduction
In the world of heat transfer, understanding how heat moves in limited places is important for making
things work better, such as in electronics or other engineering systems. Examples of these applications
include solar collectors, heat exchanger improvement for thermal performance, and oil extraction in
grooved wet clutches [1]. A cavity with a driven lid is used to analyse the properties of heat and fluid
movement in the connected challenges. A moving wall or walls can drive the flow, and a temperature
gradient between the hot and cool barriers allows heat to travel. In engineering applications, lid-driven
cavity geometry is found in a variety of configurations and geometries, such as square, rectangle,
triangular, and trapezoidal, among other forms, under a broad range of temperature boundary settings.
Many researchers have studied the end wall effects of lid-driven cavity flows [2, 3]. Benchmark
results for two-dimensional lid-driven square cavity flow at high Reynold numbers using a multigrid
technique have been produced, [4]. Their study established an example for numerical precision and
has been often cited in other studies.Later studies have investigated the effects of aspect ratios on
cavity flow and vortex behaviour across a broad range of Reynolds numbers using a variety of numerical
techniques, such as the lattice Boltzmann technique and finite difference methods [5, 6, 7].
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Numerical simulations have been widely used in the study of these phenomena because they offer
an inexpensive way to illuminate heat transport pathways. Mixed convection, which combines forced
and free convection flows, is crucial in many technical and industrial applications, such as thermal
insulation and geothermal reservoirs [8]. For example, research on mixed convection in square cavities
by [9] and [10] has provided insights into heat transfer rates and fluid flow behaviour that are impacted
by variables such as heater eccentricity and Richardson number.

The relationship between the magnetic fields and heat transfer process, known as
magnetohydrodynamics (MHD), adds another level of difficulty. Many researchers have investigated
that magnetic fields may significantly affect the speeds at which heat is transferred and the fluid flow,
which is relevant in a variety of applications from industry to biomedical engineering [11, 12]. The
application of magnetic fields can be used to control heat transfer in MHD systems. Moreover, the
existence of heat generation within cavities, whether from internal sources or external inputs, plays an
important role in heat transfer processes. Temperature gradients and fluid flow patterns within the cavity
can be affected by internal heat generation, which may result from a variety of sources, including
chemical reactions, biological activities, and electrical waste.

2. Mathematical Formulations
2.1.Governing Equations

H Fluid
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H

Figure 1: Geometrical configuration [13].

In Figure 1, a two-dimensional square cavity is shown. The value of length H represents the cavity's
breadth and height. The bottom and top walls are not insulated, although both of the vertical walls are
kept at two distinct yet constant temperatures, T, and T,, respectively, so that T, > T.. Moreover, it is
assumed that the top lid travels in the positive direction of the y-axis at a constant speed, U,. A horizontal
magnetic field with a strength of B, is applied uniformly and normal to the adiabatic wall. When
compared to the external magnetic field, the induced magnetic field caused by the velocity of the
electrically conducting fluid is ignored. It is assumed that the working fluid is a laminar, unstable,
incompressible, Newtonian flow. The downward gravitational force applies vertically. With the exception
of the density, which fluctuates in accordance with the Boussinesq approximation in the body force term
of the momentum equations, it is believed that the fluid's thermophysical parameters remain constant
[13]. The fluid’s temperature differential from the cold wall determines the uniform heat production or
absorption that occurs in the cavity. While certain walls of the hollow are kept at constant temperatures
T, and T,, where T, > T, the lid of the cavity can move at a constant speed. Gravity is acting in the
negative y-direction on the insulated sections of the remaining cavities [14]. From the above mentioned
assumptions, the unsteady governing equations for conservations of mass, momentum, and energy
can be written as follows;

Continuity Equation:
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where x and y are the Cartesian coordinate directions. The variable u, v, p, T, ¢, are x-velocity, y-velocity,
fluid pressure, fluid temperature, heat capacity respectively. The parameter 8, g, 0, v, po and Q, are fluid
thermal expansion coefficient, gravity, fluid electrical conductivity, fluid kinematic viscosity, fluid density,
and volumetric internal heat generation (Q, > 0), respectively. The parameter B, is the magnetic
induction coefficient. The thermal diffusivity is defined as a = k/pc, where k is the thermal conductivity

and c is the heat capacity. The early stage boundary conditions of the problem are given as follows
[13];

Top wall: u="U,, v=0, T=T,, (2.5)

Bottom wall: u=v=0, T=T,, (2.6)
i : aT

Left and right walls: w=v=0, o= 0. 2.7)

Then, equations (2.1) to (2.4) are transformed to non-dimensional equations using the following
variables:

x u v
X==, y=2, U=—, V=",
H H U Uo
T-T, _ 3 v p
0=_‘-‘, Gr:g[’)(TTC)H Pr:—, P=_2’
Th—T¢ 2 ! a pUg
UgH 22 2 . Gr
Re =" Ha? = B0 A= QP Ri=S
v pv pocpa Re

(2.8)

where 6 and P is the non-dimensional temperature and the pressure, respectively. Parameters Gr, Re,
Pr, Ha?, A and Ri are the Grashof number, the Reynolds number, the Prandtl number, the Hartmann
number, the heat generation or absorption parameter and the Richardson number respectively.
Substituting the variables into the governing equations, we obtain the following non-dimensional
equations:

Continuity Equation:

WL _yp, (2.9)
ax ay
Momentum at x-axis:
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32
\ )



Shahrin & Admon (2024) Proc. Sci. Math. 23: 30-38
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The non-dimensional boundary conditions can be written as:
Top wall: U=1,V=0,6=0, (2.5)
Bottom wall: U=V=0, 6=1, (2.6)
Left and right walls: 90 2.7)
Uu=v=0, I =0.

3. Numerical Computation and Validation

3.1. Numerical Computation

Table 1: The average minimum velocity according to different types of meshes in COMSOL
Multiphysics software.

Mesh COMSOL Multiphysics mesh type Average Min Velocity
Mesh 1 Normal -0.28423
Mesh 2 Fine -0.29376
Mesh 3 Finer -0.30246
Mesh 4 Extra fine -0.30695
Mesh 5 Extremely fine -0.30739

To find the field variable grid-independency solutions, the grid sensitivity tests are conducted. The test
is performed for Ri = 1.0, Pr=6.2, and Ha = 60 in a top cooled moving lid, bottom heated, and vertically
insulated cavity. The average min of velocity along the hot bottom wall are compared for the COMSOL
Multiphysics mesh type from normal, fine, finer, extra fine and extremely fine.

3.2. Validation of Results
Table 2: Comparisons of the maximum and minimum values of the horizontal velocities in the mid-
section of the cavity between the current solution and the proposed solution by [15] and [13].

Re =100.0
[15] [13] Present
U.nin -0.2037 -0.2049 -0.2037
Upnax 1.0000 1.0000 1.000

To validate the findings that we detained using COMSOL Multiphysics software, the numerical results
are compared to the previous published results as limiting cases. Table 2 shows a comparison between
the current solutions and the previously published values [13, 15] for the maximum and minimum values
of horizontal velocities at the mid-section of the cavity. The outcomes revealed a small difference
between the numbers. This could be due to the slight variations of the software version between the
older and latest versions of the COMSOL Multiphysics software.
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4. Results and discussion
4.1. Velocity and Temperature Profiles

A numerical investigation is conducted on the mixed convection heat transfer in a lid-driven square
cavity in the presence of heat generation and a magnetic field. The top and bottom vertical walls are
maintained at distinct temperatures, and both are completely insulated. Water is used as the working
fluid in the current analysis with Pr = 6.2. Hartmann number (Ha) and internal heat generation or
absorption are the governing factors. The Reynolds number (Re=100) and the Grashof number (Gr =
10*) are maintained constant. The magnetic field parameter values that were analysed were Ha = 0,
10, 30, and 60. Meanwhile, the internal heat generation or absorption parameter values that were
collected were -5, 0, and 5. The heaters are located in the cavity's left-bottom corner. The obtained
results are presented as streamlines and isotherms plottted under a mixed convection regime (Ri =
1.0).

4.1.1 The Effect of Magnetic Field

The streamlines and isotherms for different values of the Hartmann number (Ha) at Richardson number
(Ri) = 1 are presented in Figure 4.1. The streamlines showed that most of the cavity is occupied by a
clockwise recirculating vortex. This vortex's centre is close to the right wall, and streamlines that split
apart around halfway through the cavity show that the sliding lid is primarily responsible for the shear-
dominated fluid flow. When the magnetic field increases, the primary vortex takes on an increasingly
circular form, while the spinning vortex loses intensity at Ha = 10. The core vortex is forced towards the
top of the cavity when Ha increases to 30. The core vortex grows horizontally with increasing magnetic
field intensity, suggesting a decrease in flow convection.

Streamline Isotherm
Ha=0
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1 1 1 1 1 1
1] 0.5 m 1] 0.5 m
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m T T T m T T T
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Figure 4.1 : Streamlines and isotherms with Ri = 1.0, Gr = 10*, Re = 100, and different values of
Hartmann Number.

Figure 4.1 demonstrated how Ha affects the isotherms. Because of the movement of the top wall,
there is a strong temperature gradient close to the bottom right corner in the absence of a magnetic
field. Temperature gradient, flow intensity, and velocity all decrease with increasing magnetic field
strength. The isotherms are uniformly distributed close to the bottom wall and almost exactly parallel to
the adiabatic wall. This suggests that the heat transmission becomes increasingly dominated by
conductivity. The isotherms, which are uniformly distributed and are concentrated towards the cavity's
bottom, demonstrate how the magnetic field inhibits the convective heat transfer process.

Overall, the findings showed that the flow dynamics and heat transfer properties in a lid-driven
square cavity are greatly affected by raising the Hartmann number. Because of the sliding lid, the flow
is mostly driven by shear forces at lower Ha values. A more stable, conduction-dominated temperature
distribution is produced with higher Ha values when the magnetic field dampens the convective
currents.

4.1.2 The Effect of Internal heat Generation or Absorption

Figure 4.2 illustrated the effect of internal heat generation or absorption on the streamlines and
isotherms for a fixed Richardson number (Ri = 1.0). Both streamlines and isotherms displayed
observable variations when internal heat generation or absorption occurs. A significant temperature
gradient occured close to the heaters when internal heat absorption A= -5 is enforced. The more
noticeable thermal boundary layers in these areas provide as evidence for this. In contrast, the thermal
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boundary layers along the heaters weaken in the absence of internal heat generation or absorption.
Strong thermal boundary layers occured along the cold wall when internal heat generation takes place,
increasing the rate of heat transfer. When compared to the circumstances without internal heat
generation A = 0, this makes the temperature gradients close to the heaters look smaller. Changes in
internal heat generation or absorption characteristics have little effect on the fluid flow pattern itself. For
Ri = 1.0, however, the stream function's absolute value increases in the presence of internal heat
generation or absorption. The stream function's absolute value decreases with internal heat generation
or absorption in the mixed convection dominated environment. On the other hand, the absolute value
of the stream function increases with heat absorption in the buoyancy-dominated domain and

decreases with a parameter value of A = 5.

Streamline
A=-5
1 T T
0.9l |
L0.053000
0.8H '; |'
004000\
A=0
A=5

Figure 4.2 : Streamlines and isotherms with Ri =1.0, Gr = 10*, Re = 100, and differernt values of
Internal Heat Generation or Absorption.
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Heat transfer rates and temperature distribution within the system are impacted by the overall
thermal properties and flow dynamics that are mostly influenced by internal heat generation or
absorption. To offer a more thorough knowledge of the phenomenon, future investigation might look
into the potential interactions between changing the Richardson number and internal heat effects.
Conclusion
This study investigated the effects of magnetic field and heat generation on mixed convection in a lid-
driven square cavity. The problem is modelled mathematically by the governing equations which include
the continuity, momentum, and energy equations. The dimensional partial differential equations (PDES)
are transformed into non-dimensional PDEs by a similarity transformation. Then, using the finite
element technique in the COMSOL Multiphysics software, these equations are numerically solved. The
numerical results for the maximum and minimum values of the horizontal and vertical velocities at the
mid-section of the cavity are compared with existing findings from published research in order to validate
the precision of the algorithm developed in COMSOL Multiphysics software. Minor differences are
observed, likely due to the use of different software versions. The study additionally examined on how
various factors, such as the Grashof, Reynolds, Hartmann, and Richardson numbers, influence the
streamlines and isotherm profiles. The important study results are analysed in detail as follow:

i. As the Hartmann number is increasing, the major recirculating eddy at the top wall to
become larger and occupy the cavity.
i. When the magnetic field is strenghtening, the flow strength is weakening.
iii.  Asthe magnetic field strength is increase, the effect of convection is decreased.

iv. In the absence of internal heat generation or absorption, the thermal boundary layers
near the heaters weaken.
V. Internal heat generation causes strong thermal boundary layers along the cold wall,
increasing the rate of heat transfer.
Vi. The tempreature gradients near the heaters appear smaller with internal heat
generation compared to without it.
vii. The overall fluid flow pattern remains largely unaffected by internal heat generation or
absorption.
viil. However, the absolute value of the stream function increases with internal heat

generation or absorption at Ri = 1.0.
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