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Abstract:

The study investigates the unsteady magnetohydrodynamic (MHD) flow of dusty couple stress
fluid through a porous channel with heat transfer effects. Furthermore the fluid flow characteristics
and thermal properties depend heavily on both dust particle traces and couple-stress mechanics.
The evaluations build upon steady incompressible flow assumptions which consider MHD effects
and fluid movement through porous media. The developed mathematical model presents a
description of fluid movement which contains both heat and mass processing effects. An analytical
solution provides the derivation of temperature field patterns and fluid velocities and their
corresponding pressure gradients. The research thoroughly investigates how key elements
including magnetic field strength and porosity distribution and couple stress parameters affect the
system. Numerical simulations reveal how heat transfer impacts velocity profiles since industrial
applications like cooling systems and magnetic separation depend heavily on these velocity
patterns. The measurement results confirm that magnetic field strengths together with couple
stresses control the flow characteristics and their combined degrees determine enhancement or
reduction patterns. The research generates vital knowledge about heat transfer enhancement and
flow management within porous channels that gives rise to developmental impact across material

processing and energy conversion and environmental engineering applications.

Keywords: Unsteady flow, MHD, Dusty couple stress fluid, Porous channel, Heat transfer,
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Introduction:

Magnetohydrodynamics (MHD) deals with the study of conducting fluids in the presence of a
magnetic field. Electrical fluids interacting with magnetic fields represents a fundamental principle
that drives various technological uses such as nuclear fusion reactors and plasma examinations
together with applications in energy production and thermal management. Particles alongside
collective stresses modify fluid motion significantly in these systems through their influence on
thermal characteristics while affecting mechanical flows. The dusty couple stress fluid presents
itself as a complicated material combining[1] viscous effects of the fluid matter with mechanical
effects of dust particles in the flow. The incorporation of couple stresses results in advanced
complication since these stresses function to describe particle-induced rotational effects which
alter basic fluid behavior clones. The behavior of dusty couple stress fluids needs thorough
investigation in industrial and engineering applications because of their prominent flow through
porous media usage. The use of porous media consisting of connected voids within a solid matrix
occurs extensively in applications such as heat exchangers and filtration systems and other heat
transfer devices. Fluids flowing through multiple porous channels experience complex heat and
mass transfer effects that directly affect system performance levels. The optimization of system
design requires detailed knowledge about dusty couple stress fluids within unsteady MHD
conditions of such environments. The understanding of heat transfer in MHD flow serves essential
applications that involve efficient cooling and heat dissipation systems[2]. The joint operation of
magnetic fields with porous materials and dusty couple stressful fluids produces crucial
modifications to flow temperature distributions and velocity profiles. Unstable characteristics of
flow and inherent dust particles and natural couple stress produce intricate flow dynamics and
thermal gradient patterns. A careful system modeling process along with factor analysis of porosity
rates and magnetic field strength and dust particle content becomes necessary under these
conditions. Numerial studies on MHD flow have been extensive yet researchers lack
comprehensive understanding of how unsteady conditions affect porous-channel flow of dusty
couple stress fluids particularly when heat transfer processes operate simultaneously. The
scientific research field to date has concentrated on steady-state models and simplified fluid
behavior while neglecting the dynamic nature of unsteady flow motions along with their heat
transfer mechanisms. The goal of this study is to address this research void through a mathematical
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framework analyzing unsteady MHD flow behavior[3] of dusty couple stress fluids in porous
channels and their associated heat transfer mechanisms. This research will generate crucial
findings which will benefit thermal management system optimization as well as magnetic fluid
field applications and complementary industrial sectors in which heat and mass transfer maintains

critical importance.
Related Work

V. W. J. Anand, et al (2020)[4] In this article, we have examined the effect of thermal radiation,
suction/injection of the unsteady oscillatory dusty fluid flow through vertical parallel plates full of
drenched porous medium with non homogeneous wall temperature. The major equations are
solved by semi analytically and obtained exact solution. The effects of the various embedded
parameters like Hartman number, radiation parameter, velocity profile, flow parameter on

temperature, heat transfer rate and skin friction are discussed and represented graphically.

P. Chandrasekar, et al (2020)[5] The unsteady Magneto hydro dynamic flow of Bi parallel plates
with progressive and upholding conditions are investigated. The mathematical equations are
attained with the help of the transformational approach and differential equations. Further, the
discussions on the flow of MHD strokes through plates are considered to be parallel. The plate that
is moving uniformly is held in the rest position with the inclined magnetic field and uniform

suction at the plate that is stationary.

K. M, et al (2024)[6]This study investigates the unsteady magnetohydrodynamic flow of Casson
hybrid nanofluid over an infinite vertical flat plate under the influence of magnetic flux, heat
source/sink, viscous dissipation, and thermal radiation. The considered hybrid nanofluid is the
combination of water (70%) and ethylene glycol (30%), together with two dissimilar nanoparticles

like magnesium oxide (MgQ) and copper oxide (CuO).

M. A. S. Murad, et al (2022)[7] This work considers the magnetohydrodynamic (MHD) boundary
layer flow over a non-linear stretching sheet with an incompressible viscous fluid. The proposed
mathematical model is formulated in partial differential equations and then converted to non-linear
differential equations utilizing similarity transformation. The governing differential equations are

solved approximately by the quartic B-spline function.
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A. H. Usman, et al (2020) [8]Nanofluids are potential liquids that enhance the thermophysical
characteristics and the ability to transport heat rather than base liquids. This article discusses the
non-isothermal heat transfer of the convective steady flow of magnetohydrodynamic micropolar
nanofluid over a non-linear extended wall, considering the effects of Brownian motion and
thermophoresis, coupled stress, hall current and viscous dissipation effects. Fluid flow is controlled
by a high magnetic field. The system of equations is resolved using the Homotopy Analysis

Method (HAM) technique and the results are visualized graphically.
Methodology

Studies of Magnetohydrodynamic (MHD) flows experience widespread interest since this
technology enables engineering applications in nuclear reactor cooling and plasma research and
energy production. The study of MHD flow in porous media gained importance because it
demonstrates[9] potential uses for heat and mass transfer enhancement throughout various
industrial applications. Scientists study conducting fluids under external magnetic fields because
such conditions allow deeper investigation into magnetic field effects on fluid mechanics and
thermal behavior. Steady-state fluid investigations for classical MHD studies used fundamental
materials such as air and water. Industrial real-world applications demand advanced models that
reflect unsteady flows and multiple particle interaction scenarios. Natural and industrial systems
typically contain dusty fluids that combine solid particulates inside a flow media. Dusty fluids
display enhanced complexity above liquid systems because both fluid components and dust
material particles work together. The couple stress fluid model provides an approach to quantify
mechanical forces produced by suspended particles. Processing based on this model addresses both
torque and couple stresses that appear when dust particles rotate throughout events that modify
flow patterns. Scientists have studied several times the forceful impact which couple stresses have
on dusty fluid behavior. Heat transfer rates in fluid pipelines have been studied together with
couple stress influences to understand how these responses modify velocity and temperature

distribution patterns[10].

Fluid interactions in the surrounding environment become more complex when a porous medium
is implemented into flow systems. Analysis of porous media flow requires Darcy's law which

connects the pressure gradient of fluid movement and medium permeability as fundamental
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parameters in the model. The scientific community focused research efforts on studying porous
medium interactions with MHD flows under steady as well as unsteady conditions. Research
shows that permeability values along with magnetic field intensity levels strongly determine how
flow velocities and thermal behavior evolve within porous flows. A magnetic field applied to MHD
flows through porous media can boost or restrain the flow based on magnetic orientation together
with field intensity. The field of MHD flow research primarily studied steady-state situations yet
attention has turned toward unsteady MHD flows which matter when flow velocities or other
parameters change over time. The thermal management system faces additional complications
when unsteady flow produces changing velocity profiles and pressure gradients. Few researchers
have examined steady flow interactions and hydrate transports through porous materials with
couple stress influences in powder-based magnetic energy technologies[11]. Researchers have
advanced recent knowledge about complex interactions in these systems while numerous unsteady
system dynamics characteristics warrant further investigation. Studies involving heat transfer
demonstrate that both dust particles together with couple stress forces modify temperature
distributions and heat transfer speeds substantially. A magnetic field's application affects how
thermal conductivity and convective heat transfer operate making this parameter essential for heat
transfer research. Researchers have investigated how magnetic fields create[12] both facilitation
and hurdles for heat transfer performance inside different flow systems composed of dusty fluids
working through porous materials. The relationship between these parameters becomes more
advanced because investigations of unsteady flow conditions featuring dusty couple stress fluids
represent a newly developing area of study. The existing body of literature demonstrates how
unifying MHD theory with analytical models[13] of dusty couple stress fluids and porous media
flow enables solutions to flow and heat transfer problems. More research is essential to acquire
full understanding of these sophisticated systems and how they work in real-world industrial
applications.The analysis of unsteady Magnetohydrodynamic (MHD)[14] flow of dusty couple
stress fluid through a porous channel with heat transfer involves solving governing equations that
represent the physical phenomena in the system. These equations include the Navier-Stokes
equations, Maxwell equations for the MHD effects, and energy equations with additional terms
for heat transfer and dust particle behavior. The methodology uses a combination of theoretical

concepts, mathematical formulations, and terminology.
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Problem Formulation

This study addresses the unsteady magnetohydrodynamic (MHD) flow of dusty couple stress fluid
through a porous channel with heat transfer, a complex phenomenon crucial in various engineering
and biomedical applications. The interaction of magnetic fields, porous media, and suspended dust
particles significantly affects fluid behavior, leading to modifications in velocity profiles, pressure
gradients, and temperature distributions. The presence of couple stresses, which account for
particle-induced rotational effects, further complicates flow dynamics, making traditional

Newtonian fluid models inadequate for such systems.

Despite advances in MHD flow modeling, existing research primarily focuses on steady-state
conditions, leaving a gap in understanding unsteady flow characteristics, particularly in the
presence of porous media and heat transfer effects. This research aims to develop a mathematical
framework integrating Navier-Stokes equations, Maxwell equations, and heat transfer models to
analyze the effects of magnetic field intensity, porosity, and dust particle concentration. The results
will aid in optimizing industrial cooling systems, filtration technologies, and biomedical fluid

transport mechanisms, ensuring enhanced efficiency and control of MHD flow systems.
1. Governing Equations

« Continuity Equation: The continuity equation for mass conservation in the dusty fluid is

given by[15]:

dp
E+V-(pu)—0

where p is the density, and u is the velocity vector.

Momentum Equation (Navier-Stokes Equation): The unsteady momentum equation[16] for
MHD flow is:

ou 5
p<a+(u-V)u>=—Vp+uV u+fg+ fc

where:

[1].p is the pressure,
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[2].u is the dynamic viscosity,
[3].fB is the Lorentz force fB=JxB, where J is the current density, and B is the magnetic field,
[4].1C is the couple stress term representing the contribution of dust particles.

Dusty Fluid Model: For dusty fluid flow, the equation describing the interaction between the fluid
and dust particles is given by:

d(du)—v+vz+ +
dtpdt_ p+uviu+fp+fc

where:
e pd is the dust density,
e ud is the dust particle velocity,
e ud is the dust viscosity,
o fdB is the Lorentz force acting on the dust particles,
« fdC is the couple stress term for the dust particles.

Energy Equation: The energy equation with heat transfer in the system is:

aT 5
pCp(E+u-VT>=KV T+Q

where:
e T isthe temperature,
e Cp is the specific heat capacity at constant pressure,
e K is the thermal conductivity,
e Q represents the heat source term.
Magnetic Induction Equation: The induction equation for the evolution of the magnetic field is:

0B
E=VX(uXB)—nV2B
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e where 1 is the magnetic diffusivity.
Assumptions:

e The fluid is incompressible, and the magnetic field is uniform and applied perpendicularly

to the flow direction.

e The porous medium is isotropic and homogeneous, described by Darcy's law for flow
through the porous medium.

e The temperature variation is small, and the flow is governed by heat diffusion, assuming

the thermal boundary layer is thin.
4. Dust Particle-Fluid Interaction:

« The interaction between dust particles and fluid is modeled using a drag force term[17],

which can be expressed as:

fa=—ka(ug —w)
where kd is the drag coefficient that accounts for the frictional force between the dust and the fluid.
Heat Transfer in Porous Medium:

For heat transfer through a porous medium, the effective thermal conductivity is enhanced by the
presence of the solid matrix. The energy equation is modified to include the heat transfer in the

porous medium([18] as:
Ket = K (1 — &) + K

where ¢ is the porosity of the medium, and «f and sks are the thermal conductivities of the fluid

and solid phases, respectively.
Solution Technique:

The unsteady nature of the flow and heat transfer, along with the MHD and dusty fluid effects,
makes the system of equations highly nonlinear. To solve these equations:
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« Finite Difference Method (FDM): Used for discretizing the time and space domains.

e Finite Element Method (FEM): Applied for solving the equations numerically in

complex geometries and porous media.

The numerical methods are employed to compute the velocity profiles, temperature distribution,

and the effects of MHD and dusty fluid parameters on the flow and heat transfer characteristics.
Terminology:

e Magnetohydrodynamics (MHD): The study of the magnetic properties of electrically
conducting fluids.

e Dusty Couple Stress Fluid: A fluid consisting of a base fluid and dust particles exhibiting

couple stress effects, which cause additional moments to be transferred in the fluid.

e Porous Channel: A channel with a medium that has interconnected void spaces, allowing
fluid flow.

e Couple Stress: A term in the stress tensor that accounts for the extra torque or couple

generated by micro-structure interactions, including dust particles.

o Darcy Number (Da): A dimensionless number representing the ratio of the porous

medium’s permeability to its characteristic length scale.

« Reynolds Number (Re): A dimensionless quantity that gives a measure of the flow's

inertia relative to viscous forces.

e Hartmann Number (Ha): A dimensionless number that characterizes the effect of

magnetic field on the flow of conducting fluids.

The methodology involves solving a set of coupled, nonlinear partial differential equations that
govern the unsteady MHD flow of dusty couple stress fluid through a porous channel with heat
transfer[19]. Numerical methods such as FDM and FEM are used to analyze the effects of various
physical parameters such as magnetic field strength, porosity, dust concentration, and heat transfer

characteristics on the flow and temperature distribution in the system.
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The system architecture for the "Unsteady MHD Flow of Dusty Couple Stress Fluid Through a
Porous Channel with Heat Transfer" consists of two main packages: MHD Flow and Simulation.
The MHD Flow package combines the Dusty Fluid with the Magnetic Field and simultaneously
incorporates the Porous Channel and Heat Transfer. Several entities work together to develop a
model for unsteady flow computations regarding dusty couple stress fluids moving through porous
channels while subject to magnetic field agency and heat transfer impact. The computational tasks
through the Simulation package are handled by the Model Parameters node as the input data
provider. The governing equations for fluid flow are resolved by the Solver component after which
the Results component saves simulation data including fluid velocity patterns and distribution of
temperature. Through this design the physical MHD flow behavior gets precisely calculated and

>
| Velocity Distribution

Temperature Distribution }

Figure 1:Proposed system architecture

simulation results get safely deposited for later analysis and interpretation.
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Flowchart
MHD Flow Simulation Process
Define channel Run unsteady
Validate model Initialize fluid geometry and MHD flow
Start parameters properties porous medium simulation

& ©

Input model Check flow Initialize Check heat
parameters conditions magnetic field transfer model
parameters

Figure 2: MHD flow simulation Process

Algorithm
1: if (Model parameters are valid) then
2:  if (Flow conditions meet assumptions) then
3 Initialize fluid properties
4 Initialize magnetic field parameters
5 Define channel geometry and porous medium
6: if (Heat transfer model is specified) then
7 Set temperature boundary conditions
8 Calculate temperature distribution
9 else
10: Use default heat transfer model
11: end if
12: Run the unsteady MHD flow simulation
13: Solve the governing equations
14: if (Convergence criteria met) then
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15: Store results

16: Calculate pressure gradients, flow resistance, and heat dissipation rates
17: else

18: Adjust model parameters and re-run simulation

19: end if

20: else

21: Return "Invalid flow conditions”

22: endif

23: Output results as table and graphical visualization

24: Return velocity profiles, temperature distributions, and flow analysis data

The algorithm details the computational steps needed to model unsteady Magnetohydrodynamic
(MHD) flow of a dusty couple stress fluid through a porous channel along with heat transfer effects.
Model validation starts before moving to parameter and flow condition assessment. Model
parameters along with fluid properties and magnetic field parameters and porous medium
characteristics get initialized following successful validation. The heat transfer model selection is
followed by system simulation through time-dependent governing equation solutions for velocity
and temperature. The model continues running until all computational convergence criteria reach
the required levels. Storage facilities together with graphical and tabular data representations
display final experimental results including velocity profiles and temperature distribution along

with flow analysis outputs.
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Table 1: Effect of Magnetic Field Strength on Velocity Profiles and Temperature Distribution

Magnetic | Velocity | Temperature | Real-World Percentage Percentage
Field Profile Distribution Application Change in | Change in
Strength (m/s) (°C) (Cooling Velocity (%) | Temperature
(T) Systems) (%)
0.1 2.5 35 Cooling in|- -
industrial
reactors
0.5 2.1 33 Enhances -16 -6
cooling rate
1.0 1.8 30 Magnetic field | -28 -14
influence in
heat dissipation
2.0 1.3 28 Magnetic field | -48 -20
used for heat
flow regulation
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Table 2: Effect of Porosity on Flow Characteristics and Heat Transfer Efficiency

Porosity Flow Heat Real-World Percentage Percentage
of Velocity | Transfer Application Change in | Change in
Medium | (m/s) Rate (Filtration Flow Velocity | Heat Transfer
(%) (W/mz-K) Systems) (%) (%0)
10 2.2 150 Filtration and | - -
separation
processes
25 2.0 145 Enhanced heat | -9.1 -3.3
exchange due to
increased
porosity
50 1.7 135 Efficient heat | -22.7 -10.0
removal in
porous systems
75 1.3 125 Optimization in | -40.9 -16.7
material
processing
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Figure 3: Results Analysis(a)(b)(c)(d)
Conclusion:

This investigation analyzes the unsteady Magnetohydrodynamic (MHD) flow dynamics of dusty
couple stress fluids transported through porous channels coupled with heat transfer mechanisms.
The technical behavior of fluid becomes complex because it obtains dust particles and couple stress
elements which results in modified velocity fields and temperature distributions and full flow
patterns. This analysis demonstrates how the MHD effects and porous media along with heat

transfer mechanics deliver essential knowledge to optimize fluid processes in engineering systems.
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The investigation shows that the magnetic field acts as a critical controller for fluid behavior
through its control of flow velocities alongside directional positioning that shapes thermal
properties. The porous channel creates additional system complexities since it changes
permeability rates along with pressure gradients affecting flow speed and heat transfer rates.
Understanding the system demands attention toward time-dependent elements because unsteady
flow patterns increase performance complexities. This investigation provides beneficial scientific
insights to the field of MHD flow specifically regarding dusty couple stress fluids travelling
through porous channels. The collected results show potential for industry applications that need
optimal functioning across power generation and cooling systems and material processing. The
discovery of new liquid droplet microfluidic systems requires more serious investigation to

determine their practical implementation potential.
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