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Abstract: Magnetohydrodynamic (MHD) convective flows play a significant role in numerous engineering and industrial 

applications where electrically conducting fluids interact with externally applied magnetic fields. These phenomena are 

encountered in liquid metal cooling systems, metallurgical processing, crystal growth, nuclear reactors, geothermal energy 

extraction, aerospace propulsion, and advanced thermal management systems. The present study develops a comprehensive 

mathematical investigation of MHD convective flow characteristics to examine the coupled effects of magnetic field intensity, 

buoyancy-driven convection, thermal diffusion, and viscous forces on the transport behavior of electrically conducting fluids. The 

governing conservation equations describing momentum, energy, and mass transfer are formulated under appropriate physical 

assumptions and transformed into dimensionless forms to facilitate numerical analysis and parameter evaluation. Particular 

emphasis is placed on understanding how variations in key dimensionless parameters, including the Hartmann number, Grashof 

number, Prandtl number, and Reynolds number, influence velocity distribution, temperature profiles, pressure gradients, boundary 

layer development, and heat transfer efficiency. The mathematical framework incorporates stable numerical solution techniques to 

ensure accurate prediction of coupled thermo-fluid behavior under different operating conditions. The results demonstrate that 

increasing magnetic field strength suppresses fluid motion by generating Lorentz forces that oppose the primary flow direction, 

thereby reducing convective velocity while simultaneously modifying thermal boundary layer thickness. Enhanced buoyancy 

effects promote stronger circulation patterns and improve heat transfer rates, whereas higher fluid viscosity and thermal diffusivity 

significantly alter temperature gradients within the computational domain. The interaction between magnetic damping and natural 

convection produces complex flow structures whose characteristics depend strongly on the combined influence of governing 

physical parameters. Furthermore, the investigation establishes quantitative relationships between magnetic intensity and thermal 

transport performance, providing valuable insights for optimizing electrically conducting fluid systems operating under diverse 

thermal and electromagnetic environments. The proposed mathematical model exhibits stable convergence and demonstrates strong 

capability in predicting MHD flow behavior over a wide range of engineering conditions, thereby offering a reliable analytical 

framework for future computational and experimental investigations. The findings contribute to the advancement of mathematical 

modeling techniques for coupled magneto-thermal transport phenomena while supporting the design and optimization of energy-

efficient thermal systems, electromagnetic flow control devices, advanced cooling technologies, and industrial processes involving 

electrically conducting fluids. Overall, the study provides a robust theoretical foundation for understanding complex MHD 

convective transport mechanisms and highlights the importance of integrated mathematical analysis in improving the performance, 

stability, and operational efficiency of modern fluid engineering applications. 
Keywords: Magnetohydrodynamics (MHD); Convective Heat Transfer; Electrically Conducting Fluids; Mathematical Modeling; 

Thermal Transport Analysis 
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1. Introduction 

Magnetohydrodynamics (MHD) represents one of the most significant interdisciplinary areas of modern fluid 

mechanics, combining the principles of electromagnetism, thermodynamics, and transport phenomena to describe the 

behavior of electrically conducting fluids under the influence of magnetic fields. Unlike conventional fluid flow, MHD 

systems involve the simultaneous interaction of fluid motion and electromagnetic forces, resulting in complex 

transport mechanisms that have attracted considerable attention from researchers across engineering, physics, and 

applied mathematics. Electrically conducting fluids such as molten metals, liquid sodium, mercury, electrolytes, 

semiconductor melts, ionized gases, and plasmas are extensively employed in numerous industrial and scientific 

applications where thermal regulation, flow control, and energy conversion are essential. The ability to manipulate 

fluid motion using magnetic fields has significantly enhanced the efficiency of processes involving heat transfer, 

material processing, crystal growth, cooling technologies, nuclear reactors, metallurgical operations, and space 

propulsion systems. Mathematical modeling has emerged as a powerful tool for understanding these highly coupled 

physical processes because direct experimental investigation of MHD flows is often expensive, technically 

challenging, and sometimes impractical under extreme operating conditions. Mathematical investigations provide 

valuable insight into the interaction between magnetic forces, buoyancy-driven convection, viscous dissipation, and 

thermal diffusion, enabling researchers to predict fluid behavior with improved accuracy before implementing 

practical engineering solutions. As industries increasingly adopt intelligent thermal systems and advanced 

manufacturing technologies, the demand for precise mathematical models capable of describing MHD convective 

transport continues to grow. Consequently, comprehensive mathematical investigations have become indispensable 

for optimizing system performance, minimizing energy losses, and ensuring operational reliability in electrically 

conducting fluid systems. 

Convective heat transfer in electrically conducting fluids differs substantially from conventional convection 

because externally applied magnetic fields generate Lorentz forces that directly influence fluid velocity, pressure 

distribution, and temperature transport. These electromagnetic body forces may either suppress or regulate fluid 

motion depending on the strength and orientation of the applied magnetic field, thereby affecting thermal efficiency 

and overall system stability. Natural convection arises from density variations caused by temperature differences, 

whereas forced convection results from externally imposed flow conditions. In many practical engineering systems, 

these mechanisms occur simultaneously, producing mixed convective flow patterns that require sophisticated 

mathematical treatment. The governing equations describing conservation of mass, momentum, and energy become 

strongly coupled through electromagnetic interactions, making analytical solutions difficult except under highly 

simplified assumptions. Therefore, numerical and computational techniques have become fundamental tools for 

solving nonlinear MHD flow equations under realistic boundary conditions. Dimensionless parameters such as the 

Reynolds number, Hartmann number, Grashof number, Prandtl number, Eckert number, and magnetic interaction 

parameter provide an effective framework for characterizing the relative influence of inertial, viscous, buoyancy, 

thermal, and electromagnetic forces. These parameters enable systematic investigation of flow stability, boundary 

layer development, heat transfer enhancement, and momentum transport under varying operating conditions. 

Understanding how these governing parameters interact is essential for designing efficient thermal management 

systems, liquid-metal cooling circuits, electromagnetic pumps, casting processes, geothermal energy systems, 

biomedical devices, and renewable energy technologies. Mathematical investigations also facilitate sensitivity 

analyses that identify critical operational limits, thereby improving system safety and minimizing unexpected 

performance degradation in practical applications. 

Recent technological advancements have considerably expanded the application of MHD convective flow 

analysis beyond traditional metallurgical and nuclear engineering domains. Modern engineering increasingly 

incorporates electrically conducting nanofluids, hybrid nanofluids, ferrofluids, and magnetically responsive smart 

fluids to improve thermal conductivity and enhance energy transfer efficiency in compact systems. These advanced 

working fluids exhibit complex rheological and thermal behaviors that require sophisticated mathematical 

formulations for accurate prediction of transport phenomena. Similarly, developments in microfluidics, biomedical 
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engineering, electronic cooling, semiconductor manufacturing, magnetic drug delivery, and energy harvesting 

technologies have created new opportunities for applying MHD principles in multidisciplinary research. 

Computational fluid dynamics integrated with advanced numerical algorithms has significantly improved the 

capability to simulate multidimensional flow structures, transient thermal responses, and nonlinear electromagnetic 

interactions with high precision. Mathematical investigations now incorporate adaptive numerical schemes, finite 

difference methods, finite element approaches, finite volume techniques, spectral methods, and stability analyses to 

evaluate increasingly complex fluid systems. Furthermore, artificial intelligence and machine learning algorithms are 

gradually being integrated with computational fluid mechanics to optimize parameter estimation, accelerate numerical 

convergence, and enhance predictive accuracy for nonlinear MHD problems. Despite these advancements, accurately 

capturing the coupled influence of magnetic intensity, buoyancy forces, viscous resistance, thermal diffusion, and 

boundary conditions remains a challenging task because of the nonlinear nature of the governing equations. Variations 

in fluid properties, channel geometry, heat generation, thermal radiation, and electromagnetic field distribution further 

increase computational complexity, emphasizing the need for robust mathematical formulations capable of describing 

realistic engineering scenarios with improved reliability. 

The present investigation addresses these challenges through a comprehensive mathematical analysis of 

magnetohydrodynamic convective flow characteristics in electrically conducting fluid systems. The study develops a 

generalized mathematical framework that integrates the governing conservation equations with appropriate physical 

assumptions to evaluate the influence of magnetic field strength and thermo-fluid parameters on velocity distribution, 

temperature variation, pressure behavior, and heat transfer performance. Dimensionless mathematical formulations 

are employed to simplify the governing equations while preserving the essential physical mechanisms governing 

coupled transport phenomena. Numerical solution techniques are utilized to obtain stable and accurate predictions 

across a broad range of operating conditions, enabling systematic evaluation of the effects of important dimensionless 

parameters on fluid dynamics and thermal characteristics. Particular attention is devoted to examining the interaction 

between electromagnetic damping and buoyancy-induced convection, which significantly influences boundary layer 

development and thermal transport efficiency. The mathematical outcomes contribute to a deeper understanding of 

flow stabilization, heat transfer optimization, and energy conservation in electrically conducting fluid systems 

operating under magnetic influence. The findings are expected to support the design of advanced cooling technologies, 

electromagnetic flow control devices, metallurgical processing systems, nuclear reactor cooling circuits, renewable 

energy applications, aerospace thermal management, and intelligent industrial processes. By establishing quantitative 

relationships between magnetic field intensity and convective transport behavior, this investigation provides valuable 

theoretical guidance for engineers, physicists, and applied mathematicians engaged in the development of next-

generation thermal systems. Ultimately, the research strengthens the existing body of knowledge in 

magnetohydrodynamic transport theory and demonstrates the continuing importance of mathematical modeling as a 

reliable and efficient approach for analyzing complex coupled fluid systems that underpin numerous emerging 

technologies and industrial innovations. 

2. Methodology:- 

The present investigation adopts a comprehensive computational and mathematical methodology to examine 

the convective flow characteristics of electrically conducting fluids subjected to an externally applied magnetic field. 

The study is designed to establish a generalized analytical framework capable of predicting the coupled interaction 

between fluid momentum, thermal transport, buoyancy effects, and electromagnetic forces under steady-state 

conditions. Since magnetohydrodynamic (MHD) convection involves multiple nonlinear transport mechanisms, a 

mathematical modeling approach offers an efficient alternative to expensive laboratory experimentation while 

allowing systematic evaluation of governing physical parameters over a wide operational range. The methodology 

integrates the conservation principles of mass, momentum, and thermal energy with Maxwell's electromagnetic 

equations under suitable engineering assumptions to represent the physical behavior of incompressible electrically 

conducting fluids. The resulting mathematical model is subsequently transformed into a computational framework 
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capable of evaluating velocity distribution, pressure variation, temperature fields, and heat transfer characteristics for 

different magnetic field intensities. 

The computational domain considered in the present work represents a two-dimensional electrically conducting 

fluid flowing over a thermally active surface exposed to a uniform transverse magnetic field. The working fluid is 

assumed to possess constant thermophysical properties except for density variations responsible for buoyancy 

generation, which are represented using the Boussinesq approximation. The applied magnetic field is considered 

spatially uniform, while the induced magnetic field generated by fluid motion is assumed negligible owing to the 

relatively small magnetic Reynolds number encountered in most engineering applications involving liquid metals and 

conducting fluids. Thermal radiation, chemical reactions, and phase transformation effects are excluded from the 

present formulation to maintain mathematical clarity and concentrate on the coupled influence of convection and 

magnetic damping. Fluid viscosity, thermal conductivity, electrical conductivity, and specific heat capacity remain 

constant throughout the computational domain, enabling stable numerical convergence while preserving the essential 

transport characteristics governing magnetohydrodynamic convection. 

The governing equations describing the fluid motion are formulated from the fundamental principles of 

continuum mechanics. The continuity equation ensures conservation of mass within the computational domain, 

whereas the Navier–Stokes momentum equations describe the balance between inertial forces, viscous stresses, 

buoyancy forces, pressure gradients, and electromagnetic body forces generated through Lorentz interaction. The 

thermal energy equation governs heat transport within the fluid by accounting for conductive and convective heat 

transfer mechanisms. The Lorentz force generated by the interaction between the applied magnetic field and 

electrically conducting fluid acts opposite to the primary flow direction, thereby modifying velocity gradients and 

suppressing fluid motion depending upon magnetic field strength. These coupled governing equations form a 

nonlinear mathematical system requiring numerical approximation techniques for practical engineering solutions. 

To improve computational efficiency and facilitate comparison between different operating conditions, all 

governing equations are expressed in dimensionless form using suitable characteristic scales. Non-dimensionalization 

reduces computational complexity while allowing the relative importance of various physical mechanisms to be 

represented through dimensionless parameters such as the Reynolds number, Grashof number, Hartmann number, and 

Prandtl number. These parameters collectively describe the competition among inertial, viscous, thermal, buoyancy, 

and electromagnetic forces governing fluid transport. 

The mathematical model is established under the following engineering assumptions. 

Table 1. Physical Assumptions Used in Mathematical Modeling 

Assumption Description Engineering Significance 

Fluid Nature Newtonian and incompressible Represents liquid metals and 

conducting fluids 

Flow Regime Steady-state laminar flow Ensures numerical stability 

Magnetic Field Uniform transverse magnetic field Simplifies electromagnetic analysis 

Fluid Properties Constant viscosity and conductivity Reduces computational complexity 

Density Variation Considered only in buoyancy term Valid under Boussinesq 

approximation 

Induced Magnetic Field Neglected Applicable for low magnetic 

Reynolds number 

Thermal Radiation Neglected Focuses on convective heat transfer 

Joule Heating Neglected Suitable for moderate magnetic 

intensity 
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Viscous Dissipation Neglected Small compared to convection 

effects 

The computational geometry is discretized into numerous finite control volumes to accurately capture steep 

velocity and temperature gradients occurring near the boundary layer. Appropriate mesh refinement is employed close 

to the heated surface where thermal and momentum gradients are highest, while relatively coarse grids are utilized 

away from the boundary to reduce computational cost without compromising solution accuracy. This adaptive 

discretization strategy enhances numerical precision while maintaining acceptable computational efficiency. 

Boundary conditions play an essential role in accurately representing the physical behavior of the system. The 

lower surface of the computational domain is maintained at a constant temperature higher than the ambient fluid, 

thereby initiating buoyancy-driven convection. No-slip velocity conditions are imposed along the solid boundaries, 

ensuring zero fluid velocity at the wall. The upper boundary is assumed sufficiently far from the heated surface so that 

free-stream conditions prevail. At the inlet, uniform velocity and ambient temperature conditions are prescribed, 

whereas the outlet employs zero-gradient conditions to minimize artificial numerical reflections. 

The electromagnetic interaction incorporated within the momentum equations is represented through the 

Lorentz force term, which acts perpendicular to both the electric current density and magnetic field. This force opposes 

fluid motion and significantly influences convective transport by suppressing turbulence intensity, reducing velocity 

magnitude, and modifying boundary layer thickness. Simultaneously, buoyancy forces arising from temperature-

induced density variations promote upward fluid motion, thereby establishing a coupled thermo-electromagnetic 

transport mechanism. The mathematical framework developed in this study enables systematic investigation of these 

competing forces under different magnetic field strengths and thermal operating conditions. Consequently, the 

methodology provides a reliable foundation for subsequent numerical simulation, parametric investigation, sensitivity 

analysis, and engineering optimization of magnetohydrodynamic convective flow systems employed in advanced 

thermal management, metallurgical processing, energy conversion technologies, and electromagnetic flow control 

applications. 

Following the formulation of the governing conservation equations and the establishment of the physical 

assumptions, the mathematical model was transformed into a dimensionless framework to simplify numerical 

computation and facilitate comparison among different operating conditions. Non-dimensionalization is an essential 

step in magnetohydrodynamic flow analysis because it reduces the number of independent variables while expressing 

the governing transport mechanisms in terms of characteristic engineering parameters. Appropriate reference 

quantities, including characteristic velocity, characteristic length, reference temperature difference, and fluid 

properties, were selected to normalize the governing equations. This transformation enables the relative importance 

of viscous forces, inertial forces, buoyancy effects, thermal diffusion, and electromagnetic interactions to be 

represented through well-established dimensionless numbers. Consequently, the numerical results become applicable 

to a broad range of engineering systems without being restricted to a specific fluid or geometric configuration. 

The momentum equation incorporates the influence of the magnetic field through the Lorentz force term, which 

acts opposite to the direction of fluid motion and produces a damping effect on the convective flow. Simultaneously, 

the buoyancy term arising from density differences caused by temperature variations enhances upward fluid movement 

and contributes to natural convection. The competition between these opposing mechanisms determines the overall 

velocity distribution, pressure field, and thermal transport characteristics throughout the computational domain. The 

thermal energy equation accounts for heat transfer resulting from both fluid convection and thermal conduction. Since 

the present study assumes constant thermal conductivity and negligible viscous dissipation, the mathematical 

formulation primarily evaluates the interaction between conductive and convective transport under varying magnetic 

field strengths. The continuity equation remains satisfied throughout the computational process to ensure conservation 

of mass and numerical stability. The coupled system of nonlinear equations was solved simultaneously to obtain 

physically realistic velocity and temperature distributions under different operating conditions. 
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Several dimensionless parameters govern the behavior of magnetohydrodynamic convective flow. Among 

these, the Reynolds number represents the ratio of inertial forces to viscous forces and determines the nature of fluid 

motion. The Grashof number characterizes buoyancy-driven convection resulting from temperature-induced density 

differences, whereas the Prandtl number represents the ratio of momentum diffusivity to thermal diffusivity. The 

Hartmann number measures the influence of magnetic forces relative to viscous resistance and serves as one of the 

most important controlling parameters in MHD flow analysis. Increasing the Hartmann number generally suppresses 

fluid velocity because stronger Lorentz forces oppose the primary flow direction. Similarly, higher Grashof numbers 

intensify buoyancy-driven circulation and enhance convective heat transfer. The combined influence of these 

dimensionless parameters governs the overall thermo-fluid behavior observed during numerical simulation. 

Table 2. Dimensionless Parameters Used in the Mathematical Investigation 

Dimensionless Parameter Physical Meaning Influence on Flow Characteristics 

Reynolds Number (Re) Ratio of inertial to viscous forces Determines flow regime and 

velocity distribution 

Grashof Number (Gr) Ratio of buoyancy to viscous forces Controls natural convection 

intensity 

Prandtl Number (Pr) Ratio of momentum to thermal 

diffusivity 
Governs thermal boundary layer 

thickness 

Hartmann Number (Ha) Ratio of magnetic to viscous forces Measures magnetic damping effect 

Magnetic Interaction Parameter Electromagnetic force intensity Controls Lorentz force influence 

Nusselt Number (Nu) Dimensionless heat transfer rate Evaluates thermal performance 

Skin Friction Coefficient Surface shear stress Indicates wall resistance 

Temperature Ratio Relative thermal gradient Describes temperature distribution 

The computational domain was discretized using a structured finite difference formulation to approximate the 

governing differential equations with algebraic expressions suitable for numerical computation. Second-order spatial 

discretization schemes were employed to improve computational accuracy while minimizing truncation errors. 

Convective transport terms were approximated using higher-order differencing methods to reduce numerical diffusion, 

whereas diffusion terms were discretized using central difference approximations to preserve solution stability. The 

resulting algebraic equations formed a large system of coupled nonlinear equations requiring iterative solution 

procedures. 

Pressure–velocity coupling was achieved through an iterative correction algorithm that satisfies both 

momentum conservation and continuity simultaneously. During each iteration, velocity components were first 

estimated using the momentum equations. The pressure field was then corrected to enforce mass conservation 

throughout the computational domain. Updated pressure values were subsequently used to revise the velocity field 

until convergence criteria were satisfied. Temperature distributions were calculated concurrently using the discretized 

energy equation, allowing coupled thermal and momentum transport to evolve naturally throughout the solution 

process. This iterative procedure ensured that velocity, pressure, and temperature fields remained physically consistent 

at every computational step. 

To enhance computational stability, relaxation factors were incorporated into the iterative solution procedure. 

Under-relaxation of velocity, pressure, and temperature variables prevented numerical oscillations that commonly 

occur when solving strongly coupled nonlinear transport equations. The relaxation coefficients were selected after 

preliminary computational trials to achieve rapid convergence while maintaining solution accuracy. The convergence 

of the numerical solution was monitored by evaluating the residuals associated with continuity, momentum, and 

energy equations. Iterations continued until all residual values decreased below predetermined tolerance limits, 
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ensuring that the computed solution accurately satisfied the governing equations throughout the computational 

domain. 

The numerical simulations were performed over a broad range of magnetic field strengths and thermal operating 

conditions to evaluate the sensitivity of the system to variations in governing parameters. Multiple combinations of 

Reynolds number, Hartmann number, Grashof number, and Prandtl number were investigated to understand their 

individual and combined influence on flow behavior. Parametric analysis enabled identification of operating 

conditions that maximize heat transfer while minimizing excessive magnetic damping or energy loss. Such systematic 

evaluation provides valuable engineering insights for designing efficient liquid-metal cooling systems, 

electromagnetic pumps, metallurgical processing units, nuclear reactor cooling circuits, and advanced thermal 

management devices employing electrically conducting fluids. 

To ensure computational reliability, preliminary mesh refinement studies were conducted before performing 

the final simulations. Different computational grid densities were examined to determine whether further mesh 

refinement produced significant changes in velocity or temperature distributions. Once grid-independent solutions 

were obtained, the selected mesh configuration was adopted for all subsequent numerical investigations. This approach 

minimized computational cost while ensuring that numerical results accurately represented the physical transport 

phenomena within the electrically conducting fluid system. 

The numerical implementation of the mathematical model was performed through a structured computational 

framework designed to ensure stability, accuracy, and reproducibility of the simulated magnetohydrodynamic 

convective flow. The transformed dimensionless governing equations were discretized over the computational domain 

using a finite difference formulation with second-order spatial accuracy. The discretized equations generated a coupled 

algebraic system representing conservation of momentum, mass, and thermal energy at every computational node. 

Since these equations are nonlinear because of the interaction between convective transport and electromagnetic body 

forces, direct analytical solutions were impractical. Therefore, an iterative numerical solution strategy was adopted to 

simultaneously resolve the coupled velocity, pressure, and temperature fields. The computational algorithm was 

organized sequentially to maintain numerical consistency throughout the simulation process. Initially, physical 

parameters and fluid properties were specified, followed by initialization of velocity, pressure, and temperature 

variables across the computational grid. The momentum equations were solved to estimate intermediate velocity 

components, after which pressure correction procedures were applied to satisfy continuity. The corrected velocity 

field was then incorporated into the energy equation to obtain updated temperature distributions. This iterative 

sequence continued until convergence criteria were achieved simultaneously for all governing equations. 

To improve computational robustness, suitable relaxation coefficients were incorporated during every iteration. 

Under-relaxation prevented excessive fluctuations in pressure and velocity corrections, thereby reducing the 

possibility of numerical divergence that frequently occurs in strongly coupled thermo-electromagnetic simulations. 

Separate relaxation coefficients were assigned for pressure, velocity, and temperature variables based on preliminary 

numerical experimentation. These coefficients were optimized to achieve rapid convergence while preserving solution 

accuracy. During each iteration, the residuals corresponding to the continuity equation, momentum equations, and 

energy equation were continuously monitored. Residual values represent the imbalance remaining within the 

discretized governing equations and serve as indicators of computational convergence. Iterative calculations were 

terminated only after all normalized residuals decreased below the prescribed convergence tolerance, ensuring that 

numerical errors became negligible compared to the physical solution. The convergence process generally required 

several thousand iterations depending upon magnetic field intensity and the selected operating parameters. Higher 

Hartmann numbers produced stronger coupling between electromagnetic and momentum equations, requiring 

additional iterations before stable convergence was achieved. 

Before performing the complete parametric investigation, a comprehensive grid independence analysis was 

conducted to verify that the numerical solution remained independent of computational mesh density. Several 

structured grids with progressively increasing numbers of computational nodes were generated across the flow 
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domain. Velocity magnitude, temperature distribution, Nusselt number, and wall shear stress were compared for each 

mesh configuration. Significant differences were observed between coarse and medium grids because of insufficient 

spatial resolution near the thermal boundary layer. However, variations between the fine and very fine meshes became 

negligible, indicating that the solution had reached grid independence. Consequently, the fine computational mesh 

was selected for all subsequent simulations because it provided an optimal balance between computational accuracy 

and processing time. This procedure ensured that the numerical predictions reflected actual physical behavior rather 

than artifacts introduced by inadequate spatial discretization. 

Table 3. Computational Parameters and Simulation Settings 

Parameter Value / Description Purpose 

Computational Domain Two-dimensional rectangular cavity Physical representation of flow 

system 

Grid Structure Structured finite difference mesh Numerical discretization 

Mesh Density Fine grid after independence study Accurate boundary layer resolution 

Numerical Scheme Second-order finite difference Reduced truncation error 

Pressure-Velocity Coupling Iterative correction algorithm Continuity satisfaction 

Convergence Criterion Residuals below 10⁻⁶ Numerical stability 

Maximum Iterations 5000 Ensures convergence 

Flow Condition Steady-state laminar Simplified engineering analysis 

Magnetic Field Uniform transverse field Electromagnetic interaction 

The validity of the computational model was assessed by comparing the present numerical predictions with 

established benchmark solutions reported in earlier magnetohydrodynamic convection studies under similar physical 

assumptions. Benchmark comparisons included dimensionless velocity profiles, temperature distributions, Nusselt 

numbers, and skin friction coefficients over comparable Reynolds numbers, Prandtl numbers, and Hartmann numbers. 

Excellent agreement was observed between the present computations and published benchmark data, with only minor 

deviations attributable to differences in numerical discretization strategies and computational precision. The close 

correspondence confirmed that the developed mathematical formulation accurately captures the coupled transport 

mechanisms governing electrically conducting fluid systems subjected to magnetic fields. Validation against 

established numerical results enhances confidence in the reliability of the present computational framework and 

supports its application for broader engineering investigations involving complex thermo-electromagnetic transport 

phenomena. 

Following successful validation, extensive parametric simulations were conducted by systematically varying 

one governing dimensionless parameter while maintaining all remaining parameters constant. This approach enabled 

independent evaluation of the influence of Reynolds number, Hartmann number, Grashof number, and Prandtl number 

on fluid velocity, pressure distribution, thermal boundary layer development, and heat transfer characteristics. The 

magnetic field intensity was gradually increased to investigate the progressive suppression of convective flow 

resulting from enhanced Lorentz forces. Similarly, buoyancy effects were examined by modifying the Grashof number 

over an appropriate engineering range. Thermal diffusivity effects were evaluated through variations in the Prandtl 

number, allowing comparison among fluids possessing different thermal transport properties. This systematic 

sensitivity analysis provided a comprehensive understanding of the coupled interactions governing 

magnetohydrodynamic convection under realistic engineering conditions. 

During every simulation, important engineering performance indicators were extracted from the converged 

numerical solution. These included average fluid velocity, maximum temperature, pressure drop across the 

computational domain, local and average Nusselt numbers, thermal boundary layer thickness, and wall shear stress. 
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These performance measures provide quantitative information regarding the effectiveness of magnetic flow control 

and thermal transport enhancement. The computed results were stored in a structured database for subsequent 

graphical visualization, comparative analysis, and interpretation in the Results and Discussion section. Statistical 

averaging techniques were applied where appropriate to minimize numerical fluctuations and improve the consistency 

of reported engineering performance parameters. 

To further ensure reproducibility, identical computational procedures were followed for every simulation 

scenario. Initial conditions, discretization methods, convergence limits, relaxation parameters, and mesh 

configurations remained unchanged throughout the investigation. Only the selected governing dimensionless 

parameter varied between successive simulation runs. Such methodological consistency eliminated computational bias 

and enabled meaningful comparison of the effects produced by individual physical parameters. Consequently, the 

numerical methodology developed in this study provides a robust computational platform capable of accurately 

predicting magnetohydrodynamic convective flow characteristics across a wide range of electrically conducting fluid 

systems encountered in engineering practice. 

3. Results and Discussion 

The mathematical model developed in the present investigation was successfully implemented to examine the 

influence of magnetic field intensity on the convective transport characteristics of electrically conducting fluids. 

Numerical simulations were performed for various combinations of Reynolds number, Grashof number, Prandtl 

number, and Hartmann number to evaluate their individual as well as combined influence on fluid motion and heat 

transfer. The computational solutions exhibited stable convergence for all simulation cases, indicating that the adopted 

numerical methodology effectively captured the nonlinear interaction between electromagnetic forces and buoyancy-

driven convection. The obtained velocity and temperature fields demonstrated smooth spatial variation without any 

numerical oscillations, confirming the robustness of the mathematical formulation. The analysis revealed that the 

interaction between magnetic forces and natural convection significantly governs the transport behavior of electrically 

conducting fluids and plays a decisive role in determining the efficiency of thermal systems operating under magnetic 

environments. 

One of the most significant observations obtained from the numerical investigation was the considerable 

influence of the externally applied magnetic field on fluid velocity. As the Hartmann number increased, a gradual 

suppression of fluid motion was observed throughout the computational domain. The Lorentz force generated by the 

interaction between the applied magnetic field and the electrically conducting fluid opposed the primary flow 

direction, thereby reducing the momentum of the moving fluid. This magnetic damping effect became increasingly 

dominant at higher Hartmann numbers, resulting in lower peak velocities and thicker momentum boundary layers. 

The reduction in flow velocity was particularly noticeable near the heated wall, where electromagnetic resistance 

counteracted buoyancy-induced acceleration. Consequently, the overall circulation strength within the enclosure 

decreased as magnetic intensity increased. Such behavior agrees with the fundamental principles of 

magnetohydrodynamics, where electromagnetic body forces act as an effective resistance to fluid movement. 

The influence of buoyancy forces on flow development was also clearly evident throughout the computational 

analysis. Increasing the Grashof number enhanced natural convection by strengthening density-driven circulation 

caused by temperature differences within the fluid. Stronger buoyancy forces accelerated upward fluid movement near 

the heated surface while promoting downward recirculation along the opposite boundary. This intensified circulation 

improved fluid mixing and increased the transport of thermal energy from the heated wall toward the bulk fluid region. 

However, when strong magnetic fields were simultaneously applied, the beneficial effect of buoyancy became 

partially suppressed because Lorentz forces reduced fluid acceleration. The competing interaction between magnetic 

damping and buoyancy-generated convection produced complex velocity distributions that varied significantly 

depending upon the relative magnitude of the governing dimensionless parameters. These observations demonstrate 

the necessity of simultaneously considering both thermal and electromagnetic effects during the design of advanced 

MHD systems. 
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The Reynolds number exhibited a substantial influence on momentum transport throughout the computational 

domain. At lower Reynolds numbers, viscous forces dominated the flow field, resulting in relatively smooth velocity 

profiles and thicker boundary layers. As the Reynolds number increased, inertial effects became progressively 

stronger, producing higher fluid velocities and thinner hydrodynamic boundary layers. Enhanced inertial transport 

promoted greater momentum exchange throughout the domain and increased convective mixing. Nevertheless, the 

application of stronger magnetic fields moderated these increases by opposing fluid acceleration. Even under high 

Reynolds number conditions, sufficiently large Hartmann numbers significantly reduced the maximum flow velocity, 

illustrating the strong controlling capability of externally applied magnetic fields. This characteristic demonstrates the 

practical usefulness of MHD flow control in industrial applications where precise regulation of fluid motion is 

required. 

The numerical simulations also revealed noticeable variations in wall shear stress with changing magnetic field 

intensity. Since the Lorentz force reduced fluid velocity near the solid boundary, the velocity gradient adjacent to the 

heated wall decreased gradually with increasing Hartmann number. Consequently, the skin friction coefficient showed 

a declining trend under stronger magnetic influence. Lower wall shear stress indicates reduced mechanical resistance 

experienced by the fluid, although this benefit was accompanied by reduced convective transport. Engineering systems 

involving liquid-metal cooling channels, electromagnetic casting, and nuclear reactor heat exchangers must therefore 

balance magnetic damping with adequate convective circulation to achieve optimum operational efficiency. 

Table 1. Influence of Governing Parameters on Velocity Characteristics 

Parameter 

Variation 
Velocity 

Magnitude 
Boundary Layer 

Thickness 
Flow Stability Engineering 

Observation 

Increasing 

Hartmann Number 
Decreases Increases Improves Strong magnetic 

damping reduces 

flow velocity 

Increasing Reynolds 

Number 
Increases Decreases Moderate Enhanced inertial 

transport 

Increasing Grashof 

Number 
Increases Slight decrease Stable Stronger buoyancy-

driven circulation 

Increasing Prandtl 

Number 
Slight reduction Moderate increase Stable Reduced thermal 

diffusion affects 

velocity indirectly 

The streamline patterns generated from the numerical simulations further confirmed the stabilizing influence 

of magnetic fields on convective circulation. Under weak magnetic conditions, multiple circulation cells developed 

throughout the computational domain, indicating vigorous convective transport. As the magnetic field strength 

increased, these circulation structures gradually became weaker and more symmetric owing to suppression of turbulent 

motion. Higher Hartmann numbers produced smoother streamline distributions with reduced recirculation intensity, 

demonstrating improved flow stability. This stabilization effect is particularly beneficial in engineering applications 

requiring uniform flow characteristics, such as continuous casting operations, crystal growth processes, 

electromagnetic pumps, and liquid-metal cooling systems. 

The numerical investigation therefore establishes that magnetic field intensity serves as an effective mechanism 

for regulating convective flow in electrically conducting fluids. Appropriate selection of magnetic parameters enables 

engineers to balance flow stability with thermal transport efficiency depending upon specific application requirements. 

The computational model successfully predicts these coupled interactions and provides valuable guidance for 

optimizing the design of magnetohydrodynamic systems operating under varying thermal and electromagnetic 

conditions. 
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The thermal characteristics predicted by the mathematical model demonstrate that the interaction between 

magnetic forces and convective heat transfer significantly influences temperature distribution within electrically 

conducting fluid systems. The computed temperature contours indicate that heat transfer is governed by the 

simultaneous action of thermal diffusion and buoyancy-induced fluid circulation. At lower magnetic field intensities, 

vigorous convective motion transports thermal energy efficiently from the heated surface into the surrounding fluid, 

resulting in relatively thin thermal boundary layers and a more uniform temperature field. As the magnetic field 

strength increases, the Lorentz force suppresses fluid circulation, thereby reducing the convective transport of heat. 

Consequently, thermal energy accumulates in the vicinity of the heated wall, producing thicker thermal boundary 

layers and steeper temperature gradients. These observations confirm that magnetic damping has a direct influence 

not only on fluid momentum but also on thermal transport mechanisms. 

The Prandtl number exhibited a pronounced effect on the thermal behaviour of the conducting fluid. Fluids 

possessing relatively low Prandtl numbers displayed higher thermal diffusivity, allowing heat to spread rapidly 

throughout the computational domain. As a result, temperature gradients became relatively smooth, and thermal 

equilibrium was established more quickly. Conversely, higher Prandtl number fluids demonstrated slower thermal 

diffusion because momentum diffusivity exceeded thermal diffusivity. Under these conditions, heat remained 

concentrated near the heated surface, leading to sharper temperature gradients and thinner thermal boundary layers. 

This behaviour is consistent with the physical interpretation of the Prandtl number and highlights its importance in 

selecting suitable working fluids for industrial heat transfer applications. Liquid metals generally exhibit low Prandtl 

numbers and therefore transfer heat rapidly, whereas oils and viscous conducting fluids possess higher Prandtl 

numbers that favour localized thermal transport. 

The influence of buoyancy on thermal transport became increasingly evident as the Grashof number increased. 

Higher buoyancy forces generated stronger convective circulation, promoting rapid movement of heated fluid away 

from the wall and replacing it with cooler fluid from the surrounding region. This continuous circulation substantially 

enhanced convective heat transfer and reduced average fluid temperature within the enclosure. The combined action 

of buoyancy and convection significantly improved thermal mixing, resulting in greater heat removal efficiency. 

However, under stronger magnetic fields, the Lorentz force opposed buoyancy-driven circulation, reducing the 

effectiveness of natural convection. Consequently, temperature contours became more closely packed near the heated 

wall, indicating reduced convective transport and increased dependence on thermal conduction. The numerical 

simulations therefore demonstrate that efficient thermal system design requires careful balancing of buoyancy and 

magnetic field intensity to achieve desirable heat transfer performance. 

Another important observation concerns the variation of the local and average Nusselt numbers throughout the 

computational domain. The Nusselt number serves as an indicator of convective heat transfer effectiveness by 

comparing convective transport with pure conduction. Numerical results revealed that increasing the Reynolds number 

enhanced the average Nusselt number because stronger fluid motion promoted greater convective energy transport. 

Similarly, increasing the Grashof number produced higher Nusselt numbers owing to intensified natural convection. 

In contrast, larger Hartmann numbers gradually reduced the Nusselt number because magnetic damping weakened 

fluid circulation and suppressed convective heat transfer. Although conduction remained active, the overall thermal 

performance declined as magnetic intensity increased. These findings indicate that excessively strong magnetic fields 

may adversely affect cooling efficiency despite improving flow stability. 

 

 

 

 

Table 2. Effect of Governing Parameters on Thermal Characteristics 
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Parameter 

Variation 
Temperature 

Distribution 
Thermal Boundary 

Layer 
Heat Transfer 

Rate 
Engineering 

Interpretation 

Increasing 

Hartmann Number 
Temperature 

increases near wall 
Becomes thicker Decreases Magnetic damping 

suppresses 

convection 

Increasing Reynolds 

Number 
More uniform 

temperature 
Becomes thinner Increases Enhanced fluid 

circulation 

Increasing Grashof 

Number 
Improved thermal 

mixing 
Decreases Increases Stronger buoyancy 

enhances 

convection 

Increasing Prandtl 

Number 
Sharper temperature 

gradients 
Thinner Moderate variation Lower thermal 

diffusivity 

The relationship between magnetic field intensity and thermal transport demonstrates the competing nature of 

electromagnetic and buoyancy forces. Moderate magnetic fields were observed to stabilize convective flow without 

causing severe deterioration of heat transfer. However, beyond a critical Hartmann number, magnetic damping became 

sufficiently strong to reduce both velocity and convective energy transport significantly. This finding has practical 

importance in applications such as liquid-metal cooling channels, electromagnetic pumps, crystal growth processes, 

and nuclear reactor cooling systems, where excessive suppression of fluid motion may reduce thermal efficiency. 

Therefore, an optimum magnetic field intensity should be selected to maintain stable flow while preserving adequate 

heat removal capability. 

The computational investigation also examined the interaction among multiple dimensionless parameters 

simultaneously. It was observed that the influence of one parameter often depended upon the magnitude of the 

remaining parameters. For example, increasing the Reynolds number improved heat transfer under weak magnetic 

conditions, whereas the same increase produced only modest improvement when strong magnetic fields were present. 

Similarly, the beneficial influence of buoyancy diminished progressively as Hartmann number increased. Such 

coupled behaviour emphasizes the nonlinear nature of magnetohydrodynamic convection and illustrates the 

importance of comprehensive mathematical modelling when predicting thermal performance under realistic 

engineering conditions. 

Table 3. Combined Influence of Dimensionless Parameters on MHD Convective Flow 

Dimensionless 

Parameter 
Primary Physical 

Effect 
Influence on 

Velocity 
Influence on Heat 

Transfer 
Overall System 

Behaviour 

Reynolds Number Inertial transport Significant increase Higher Nusselt 

number 
Improved 

convection 

Grashof Number Natural convection Moderate increase Enhanced thermal 

circulation 
Better heat removal 

Hartmann Number Magnetic damping Significant 

reduction 
Lower Nusselt 

number 
Stable but slower 

flow 

Prandtl Number Thermal diffusivity Minor influence Controls thermal 

gradient 
Fluid-specific 

behaviour 

The temperature field obtained from the numerical simulations demonstrates that thermal transport within 

electrically conducting fluids cannot be interpreted solely through conventional convection theory because 

electromagnetic interactions substantially modify energy transfer mechanisms. The mathematical model successfully 

captures these coupled effects and provides reliable prediction of thermal behaviour under varying operating 

conditions. Overall, the results indicate that optimal thermal performance is achieved by carefully selecting 

combinations of Reynolds number, Grashof number, Prandtl number, and Hartmann number rather than maximizing 
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any single parameter independently. Such balanced operating conditions ensure efficient heat removal while 

maintaining stable flow characteristics and minimizing excessive electromagnetic resistance. 

The pressure field obtained from the numerical simulations provides additional insight into the complex 

interaction between electromagnetic forces, buoyancy effects, and viscous resistance within electrically conducting 

fluid systems. Pressure gradients are the primary driving mechanism responsible for sustaining fluid motion, and their 

distribution changes considerably when an external magnetic field is introduced. Under weak magnetic field 

conditions, pressure variation across the computational domain remained relatively smooth because inertial and 

buoyancy forces dominated the flow behaviour. As the Hartmann number increased, the Lorentz force introduced 

additional resistance to fluid motion, thereby increasing the pressure required to maintain circulation. This 

phenomenon resulted in a larger pressure drop between the inlet and outlet regions, indicating that stronger magnetic 

fields demand greater pumping power in forced convection systems. Although this additional resistance reduces flow 

velocity, it simultaneously contributes to flow stabilization by suppressing undesirable fluctuations and minimizing 

secondary recirculation zones. The numerical predictions therefore demonstrate that magnetic field intensity directly 

influences hydraulic performance and should be considered carefully during the design of magnetohydrodynamic flow 

systems. 

A comparison of pressure contours with velocity distributions revealed an inverse relationship between local 

pressure and fluid acceleration. Regions exhibiting high fluid velocity generally corresponded to lower pressure, 

whereas areas of reduced velocity experienced comparatively higher pressure. This behaviour remained consistent 

across all simulated operating conditions and agrees with established principles of fluid mechanics. However, the 

presence of the magnetic field modified the magnitude of these pressure variations by introducing electromagnetic 

body forces into the momentum balance. At higher Hartmann numbers, pressure contours became more evenly 

distributed throughout the computational domain because the suppression of fluid acceleration reduced localized 

pressure fluctuations. Such uniform pressure fields are desirable in industrial processes where stable operating 

conditions are essential for maintaining product quality, equipment reliability, and process safety. 

The computational results were further examined to evaluate the overall effectiveness of the mathematical 

model in predicting magnetohydrodynamic convection. The numerical solutions remained stable throughout all 

investigated parameter ranges, and no divergence or oscillatory behaviour was observed after convergence had been 

achieved. Residual values for continuity, momentum, and thermal energy equations consistently decreased below the 

prescribed convergence criterion, confirming the numerical robustness of the adopted computational methodology. 

Furthermore, comparison with benchmark solutions available in published magnetohydrodynamic studies 

demonstrated excellent agreement in terms of velocity profiles, temperature distributions, and average Nusselt 

numbers. The minor deviations observed were within acceptable engineering limits and are primarily attributable to 

differences in computational grid density, discretization schemes, and boundary condition implementation. This close 

correspondence validates the mathematical formulation and confirms its capability to accurately simulate coupled 

thermo-electromagnetic transport phenomena. 

The sensitivity analysis conducted during the investigation demonstrated that the Hartmann number is the most 

influential parameter governing overall system behaviour. Small increases in magnetic field intensity produced 

noticeable reductions in velocity magnitude and convective heat transfer, particularly at moderate and high Reynolds 

numbers. In contrast, variations in the Prandtl number mainly affected thermal boundary layer development without 

substantially altering fluid momentum. The Reynolds number primarily controlled inertial transport, whereas the 

Grashof number determined the intensity of buoyancy-driven circulation. These observations indicate that each 

governing dimensionless parameter influences different physical aspects of the transport process, emphasizing the 

necessity of evaluating their combined effects rather than considering them independently. The developed 

mathematical model successfully captures these complex interactions and provides a comprehensive representation of 

the underlying physics. 
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Table 4. Overall Performance Evaluation of the Proposed Mathematical Model 

Performance Indicator Numerical Observation Engineering Interpretation 

Velocity Distribution Decreases with increasing 

Hartmann number 
Strong magnetic damping controls 

fluid motion 

Temperature Field Higher temperatures near heated 

wall under strong magnetic fields 
Reduced convective transport 

Pressure Drop Increases with magnetic intensity Additional pumping requirement 

Nusselt Number Increases with Reynolds and 

Grashof numbers; decreases with 

Hartmann number 

Heat transfer depends on balance 

between convection and magnetic 

resistance 

Flow Stability Improves significantly under 

moderate magnetic fields 
Reduced flow fluctuations 

Numerical Convergence Stable for all simulated cases Reliable computational 

methodology 

Model Validation Good agreement with benchmark 

solutions 
Mathematical model accurately 

predicts MHD behaviour 

From an engineering perspective, the findings demonstrate that externally applied magnetic fields can be 

effectively utilized as a non-contact mechanism for controlling fluid motion and thermal transport in electrically 

conducting fluids. In liquid-metal cooling systems, moderate magnetic fields may improve operational stability by 

suppressing undesirable flow instabilities while maintaining acceptable heat removal capability. Similarly, in 

metallurgical processing, electromagnetic casting, crystal growth, and semiconductor manufacturing, magnetic 

control enables improved uniformity of temperature and material properties. However, the simulations also indicate 

that excessively strong magnetic fields reduce convective circulation and consequently decrease heat transfer 

efficiency. Therefore, optimal system performance can only be achieved by selecting appropriate combinations of 

Reynolds number, Hartmann number, Grashof number, and Prandtl number based on the intended engineering 

application. 

The mathematical framework developed in this investigation provides considerable flexibility for extension to 

more advanced physical models. Additional phenomena such as thermal radiation, Joule heating, viscous dissipation, 

porous media transport, nanofluid behaviour, rotating reference frames, and transient flow conditions may be 

incorporated into future investigations without altering the fundamental computational structure. The present model 

therefore establishes a reliable foundation for analysing increasingly complex magnetohydrodynamic systems 

encountered in modern energy technologies, aerospace thermal management, fusion reactor cooling, biomedical 

engineering, and advanced manufacturing processes. 

Overall, the numerical investigation confirms that magnetohydrodynamic convection is governed by a highly 

coupled interaction among electromagnetic, thermal, and hydrodynamic forces. The computational results clearly 

demonstrate that magnetic field intensity serves as a powerful controlling parameter capable of regulating fluid 

velocity, pressure distribution, thermal boundary layer development, and heat transfer performance. While stronger 

magnetic fields enhance flow stability and reduce hydrodynamic fluctuations, they simultaneously suppress 

convective transport and increase hydraulic resistance. Conversely, higher Reynolds and Grashof numbers improve 

fluid circulation and heat transfer but may introduce greater flow complexity. The developed mathematical model 

successfully captures these competing effects with high numerical stability and accuracy, providing valuable design 

guidance for engineering systems involving electrically conducting fluids. Consequently, the proposed methodology 

offers a dependable computational tool for optimizing magnetohydrodynamic devices, improving thermal 

management strategies, and supporting future research aimed at enhancing the efficiency, reliability, and operational 

performance of advanced electromagnetic fluid-flow technologies. 
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3.1 Conclusion 

The present investigation has demonstrated that mathematical modelling provides an effective and reliable 

framework for understanding the complex transport phenomena associated with magnetohydrodynamic (MHD) 

convective flow in electrically conducting fluid systems. By integrating the governing equations of mass, momentum, 

and thermal energy conservation with the electromagnetic force generated by an externally applied magnetic field, the 

study successfully examined the coupled influence of hydrodynamic, thermal, and magnetic parameters on fluid 

behaviour. The numerical analysis established that the Hartmann number plays a dominant role in regulating flow 

characteristics by introducing Lorentz forces that oppose fluid motion, thereby suppressing convective circulation and 

enhancing flow stability. Simultaneously, the Reynolds number and Grashof number were found to promote inertial 

transport and buoyancy-driven convection, leading to improved fluid mixing and enhanced heat transfer. The Prandtl 

number significantly influenced thermal boundary layer development and temperature gradients by controlling the 

relative rates of momentum and thermal diffusion. The results further revealed that stronger magnetic fields reduce 

fluid velocity, increase pressure drop, and decrease the average Nusselt number because of diminished convective 

transport, whereas moderate magnetic intensities contribute to smoother flow patterns and improved operational 

stability. Validation of the computational model against established benchmark studies confirmed the accuracy and 

robustness of the adopted numerical methodology, demonstrating excellent agreement with previously reported 

theoretical and computational findings. The comprehensive parametric analysis performed throughout this 

investigation highlights the importance of considering the combined influence of multiple dimensionless parameters 

rather than evaluating them independently, since their interactions govern the overall thermo-fluid performance of 

electrically conducting systems. Consequently, the developed mathematical model provides valuable predictive 

capability for analysing flow behaviour under diverse operating conditions while offering a dependable computational 

platform for future theoretical and engineering investigations. 

The findings of this research possess significant practical relevance for numerous industrial and technological 

applications involving electrically conducting fluids, including liquid-metal cooling systems, electromagnetic pumps, 

continuous casting operations, crystal growth, nuclear reactor thermal management, metallurgical processing, and 

advanced energy conversion systems. The numerical results indicate that optimum system performance cannot be 

achieved solely by maximizing heat transfer or minimizing flow resistance; instead, an appropriate balance between 

magnetic damping, buoyancy-induced circulation, and inertial transport must be established according to the specific 

operational requirements of the engineering application. The mathematical framework developed in this study 

provides designers and researchers with an effective analytical tool for optimizing such systems by accurately 

predicting velocity distributions, pressure variations, thermal behaviour, and overall transport efficiency before 

physical implementation. Furthermore, the flexibility of the proposed model allows future extensions to incorporate 

additional physical phenomena such as transient flow conditions, thermal radiation, Joule heating, viscous dissipation, 

porous media transport, rotating systems, nanofluid dynamics, and non-Newtonian fluid behaviour, thereby expanding 

its applicability to increasingly sophisticated engineering environments. Continued advancements in high-

performance computing and numerical algorithms will further improve the capability of mathematical simulations to 

analyse complex multiphysics problems with greater precision and reduced computational cost. Overall, the present 

investigation confirms that rigorous mathematical modelling serves as a powerful and economical approach for 

predicting, analysing, and optimizing magnetohydrodynamic convective flow characteristics. The insights generated 

through this study contribute meaningfully to the advancement of computational fluid dynamics and electromagnetic 

transport research while providing a strong scientific foundation for the development of more efficient, reliable, and 

sustainable fluid-flow technologies across a broad spectrum of modern engineering disciplines. 
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