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Abstract

This study investigates the combined effects of forced and natural convection in an electrically
conducting fluid within a square cavity subjected to a magnetic field, referred to as
magnetohydrodynamic (MHD) mixed convection. The numerical simulation method is used to
examine how key dimensionless numbers—Reynolds number (Re), Hartmann number (Ha), and
Richardson number (Ri)—influence the flow structure, temperature distribution, and heat transfer rate
(Nusselt number) in this system. The results indicate that increasing the magnetic field strength (Ha)
suppresses turbulence and alters the flow, which leads to a reduction in convective heat transfer. This
study provides insights into the impact of magnetic fields on thermal management and offers design
recommendations for MHD-based thermal systems, such as cooling systems in power plants and

material processing industries.
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1. Introduction

Magnetohydrodynamics (MHD) is the study of electrically conducting fluids in the presence of a
magnetic field. In a wide variety of applications, such as in nuclear reactors, metallurgical processes,
solar receivers, and electronic cooling systems, MHD effects significantly affect fluid dynamics and heat
transfer. When an external magnetic field is applied to a conducting fluid, the resulting Lorentz force
interacts with the fluid motion, altering the flow structure and, consequently, the heat transport

properties.

In many engineering applications, the flow of conducting fluids is governed by both forced convection

(due to external mechanical means such as a pump or moving lid) and natural convection (due to
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buoyancy forces caused by temperature differences). This combination of convection types is known as

mixed convection, which is influenced by both the fluid’s velocity and the temperature gradient.
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This paper focuses on the numerical analysis of MHD mixed convection within a square cavity—a
simple and effective model for many practical systems. The study aims to understand how the key
dimensionless numbers—Reynolds number (Re), Hartmann number (Ha), and Richardson number
(Ri)—affect the flow, temperature distribution, and heat transfer in a conducting fluid under the

influence of a magnetic field.
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2. Problem Setup

2.1 Geometry and Boundary Conditions

Consider a square cavity of side length L, filled with an electrically conducting fluid (e.g., liquid metals
or saline solutions). The left wall of the cavity is heated to a temperature T_h, and the right wall is
cooled to a temperature T_c, while the top and bottom walls are adiabatic (no heat flux). A uniform
magnetic field is applied perpendicular to the plane of the cavity (out of the page). The fluid is assumed
to have constant properties such as electrical conductivity, viscosity, thermal conductivity, and density.

The governing parameters for this problem are:

Reynolds number (Re): This is the ratio of inertial forces to viscous forces in the fluid. It is defined as
Re =U 0 L /v, where U 0 is the characteristic velocity, L is the characteristic length, and v is the

kinematic viscosity.

Hartmann number (Ha): This represents the ratio of magnetic forces to viscous forces. It is defined as Ha
=B 0 L V(o / ), where B 0 is the magnetic field strength, L is the characteristic length, o is the

electrical conductivity, and p is the dynamic viscosity.

Richardson number (Ri): This is the ratio of buoyancy forces to inertial forces, given by Ri = Gr / Re?,
where Gr is the Grashof number, representing the effect of temperature differences in driving natural

convection.

Prandtl number (Pr): The Prandtl number is the ratio of momentum diffusivity (viscosity) to thermal

diffusivity, Pr =v/ a, where a is the thermal diffusivity of the fluid.

2.2 Governing Equations
To model the flow and heat transfer in the cavity, we solve the following set of dimensionless governing

equations:
Continuity Equation (for incompressible flow):
V-u=0

Momentum Equation (with MHD effects):
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u-Vu=-Vp+ (1/Re) V2u + (Gr/Re?) 0 e y - (Ha?/Re) u
Energy Equation:

u-Vve=(1/Re - Pr) V0

2.3 Boundary Conditions
The boundary conditions for velocity and temperature are as follows:

Leftwall: u=0,v=0,T=T_h
Rightwall: u=0,v=0,T=T ¢

Top and Bottom walls: u= 0, v =0, 00/0y = 0 (adiabatic condition)

2.4 Numerical Method
The governing equations are discretized using the finite-volume method. A structured grid is used for
the numerical solution, and a pressure-velocity coupling algorithm (SIMPLE) is employed to handle the
incompressibility condition. The discretized equations are solved iteratively until convergence is
achieved. Convergence criteria are set based on the residuals, which must drop below a specified
threshold (10"-6).

3. Results
3.1 Grid Independence and Validation

To ensure the accuracy of the numerical results, we perform a grid independence study. A grid is chosen
for the calculations, and further refinement does not significantly affect the results, ensuring that the

solution is independent of the grid size.

3.2 Effect of Reynolds Number (Re)

For fixed Richardson number () and Hartmann number (), increasing the Reynolds number leads to the
transition from laminar to turbulent flow. The increase in Reynolds number enhances the mixing of the

fluid, leading to higher convective heat transfer, as reflected in an increase in the Nusselt number.
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3.3 Effect of Hartmann Number (Ha)

With fixed Reynolds number () and Richardson number (), we examine the effect of the Hartmann

number on the flow and heat transfer. As the magnetic field strength (Ha) increases:

e The flow becomes more laminar, and the vortex strength decreases.

e The Nusselt number decreases with increasing Ha due to the suppression of turbulence and the

formation of thin thermal boundary layers.

e At high Ha (e.g., ), the flow is almost completely suppressed, and heat transfer is dominated by

conduction rather than convection.

3.4 Effect of Richardson Number (Ri)

At fixed Reynolds number () and Hartmann number (), increasing the Richardson number (Ri) shifts the
dominance from forced convection to natural convection. When buoyancy forces (driven by temperature

differences) dominate, the Nusselt number increases, reflecting enhanced heat transfer due to the natural
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convection component. However, when the Richardson number is very large, the effect of magnetic

field becomes more pronounced, and the Nusselt number decreases.

3.5 Streamline and Isotherm Plots

Streamline plots show that as the magnetic field strength increases (increased Ha), the flow becomes

more uniform, with reduced vortex strength. Isotherm plots indicate that the temperature gradient near

the hot wall decreases as the magnetic field strength increases, leading to lower convective heat transfer.

4. Discussion

The results demonstrate the impact of the magnetic field on the flow and heat transfer within a square

cavity. Key findings include:

The magnetic field suppresses turbulence, leading to a more uniform flow with reduced vortex
strength.

The Nusselt number decreases as the Hartmann number increases, indicating reduced convective
heat transfer with stronger magnetic fields.

At moderate Reynolds and Richardson numbers, the magnetic field's effect on flow and heat
transfer is significant, but at high Richardson numbers, natural convection dominates, and the

magnetic field has less impact.

5. Conclusion

In this study, the numerical analysis of MHD mixed convection in a square cavity reveals that the

magnetic field significantly influences both flow and heat transfer. The primary conclusions are:

1.

Increasing the Hartmann number suppresses turbulence, leading to a more laminar flow and a
decrease in convective heat transfer.

The Nusselt number is sensitive to both the Reynolds number and Richardson number, with
higher values leading to increased heat transfer, especially in natural convection-dominated
regimes.

The study provides valuable insights for designing MHD-based thermal systems, such as cooling

systems for electronic devices, where controlling the flow and heat transfer is crucial.
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