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ABSTRACT

This study examines the thermal and entropy generation characteristics of viscous fluid flow through a porous channel under
convective cooling and magnetic field effects. The flow is modeled using the steady state momentum and energy equations and

solved numerically via a finite difference scheme. Parametric variations in Darcy number (Da), magnetic parameter (M),

pressure gradient (A), Biot number (Bi), Prandtl number (Pr), Eckert number (Ec), and internal heat generation (Q) are

analyzed. Results show that increasing M from 0 to 20 reduces entropy generation by approximately 18%, while raising Bi from

0 to 0.6 decreases entropy by about 12%. Higher Da and Q promote thermal buildup but increase irreversibility, whereas

stronger M and Bi stabilize flow, lower temperatures, and improve thermodynamic efficiency. The Nusselt number increases
with Bi and Ec, enhancing heat transfer, while skin friction decreases with stronger magnetic fields. These findings provide
practical guidance for selecting permeability, magnetic field strength, and surface heat transfer characteristics to optimize

energy efficiency and thermal performance in porous channel thermal systems and magnetohydrodynamic applications.

1 | Introduction

The thermal and entropic study of viscous fluid motion in
channels with porous structures considering heat transfer by
convection and magnetic field aspects is crucial due to its rele-
vance in diverse applications such as biomedical flows, chemical
processing, geothermal energy systems, and various engineering
technologies. Investigating heat and momentum transport under
the influence of wall suction or injection, along with convective
thermal conditions, is vital for enhancing system efficiency and

© 2026 Wiley Periodicals LLC.

reducing energy losses [1-4]. Studies such as those by Makinde
[5, 6], Kigodi et al. [7], Mkwizu [8], Kigodi and Honda [9] have
demonstrated that entropy analysis provides deeper insight into
the performance of heat transfer systems, especially in magneto-
hydrodynamic (MHD) and convective flow regimes.

Much research has been conducted on various fluid types-
including Newtonian, non-Newtonian, nanofluids, and hybrid
nanofluids-in porous media or between permeable or stretching
surfaces. For instance, Makinde and collaborators extensively
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investigated entropy generation in MHD flows, incorporating ef-
fects such as thermal radiation, viscous dissipation, and chemical
reactions [3, 10, 11]. Likewise, Mahmud and Fraser [4], and
Chamkha and Sheikholeslami [12] examined irreversibility phe-
nomena in thermally driven flows through porous geometries and
under forced convection conditions. Faisal et al., also contributed
significantly to this field through studies on MHD flows with
various energy transport mechanisms [13-15].

Additional investigations by Khan et al. [16], Sindhu and
Gireesha [17] addressed entropy generation under various ther-
mal and magnetic field configurations. Similarly, Nandeppanavar
et al. [18], Sheikholeslami et al. [19], and Murugan et al. [20]
explored entropy optimization in nanofluid and porous systems.
Other related studies include those by Kameswaran et al. [21],
Mohamed et al. [22], and Mejri et al. [23].

Recent advancements have expanded the scope to more com-
plex systems. Mahian et al. [24], Makinde and Aziz [25], and
Rashidi et al. [26] investigated the impact of nanofluids, porous
geometries, and rotating disks on entropy generation. Ahmad
et al. [27], Biswas et al. [28], Mkwizu et al. [29], and Mfinanga
and Iddi [30] further emphasized the role of entropy-based
optimization under magnetic and hybrid nanofluid influences.

Additionally, Mandal et al. [31], Rauf et al. [32], and Sakkaravarthi
et al. [33] extended this analysis to emerging flow systems. Kiamari
et al. [34], Abuasbeh et al. [35], and Abbas et al. [36] also con-
tributed valuable inputs into entropy generation in peristaltic flows
and non-Newtonian hybrid nanofluids.

More interestingly, various studies emphasize the inclusion of
non-Newtonian rheology, magnetic field effects, radiation, and
convective boundary conditions for improved physical realism.
Subrahmanyam et al. [37] and Fazuruddin et al. [38] investigated
MHD nanofluid and micropolar flows incorporating convective
cooling, radiation, Lorentz force, and activation energy effects.
Furthermore, advanced numerical investigations using finite vol-
ume, finite difference, and lattice Boltzmann methods have clari-
fied the influence of Joule heating, buoyancy, and non-Darcy
porous effects in magnetized enclosures [39-41]. Additionally,
hybrid nanofluid and Casson fluid convection studies in complex
porous cavities revealed the critical roles of magnetic field inten-
sity and radiation on heat transfer and entropy generation [42, 43].
Collectively, these works motivate the development of compre-
hensive MHD models incorporating unsteady behavior, porous
resistance, convective cooling, and thermodynamic irreversibility.
In this work, a revised mathematical framework is proposed
to examine the steady and incompressible MHD flow of a
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viscous fluid within a porous channel, subject to uniform wall
suction or injection and convective thermal conditions. The
analysis accounts for key physical influences such as magnetic
field intensity, resistance imposed by the porous matrix, internal
thermal energy generation, and heat exchange at the boundaries.
Distinct from previous approaches, this model integrates the
concept of entropy generation to quantify the degree of
irreversibility arising from both viscous and thermal dissipation
mechanisms, thereby providing a more detailed insight into the
thermodynamic behavior of such complex flow systems.

Also, the study aims to address the following research questions:
How do magnetic field strength, porous resistance, and internal
heat generation affect velocity, temperature, and entropy gener-
ation profiles? What is the influence of convective boundary
conditions on thermal irreversibility? How do variations in key
dimensionless parameters impact the overall flow and heat
transfer characteristics? To what extent do these parameters alter
the values of thermal and frictional boundary characteristics? and
How can entropy analysis guide energy-efficient system design
under such multi-physical interactions? (Figure 1).

2 | Formulation of the Model

We consider a steady, incompressible, and electrically con-
ducting viscous fluid flow between two stationary parallel plates
embedded in a porous medium. The flow is driven by a constant
pressure gradient along the x-direction, while a uniform mag-
netic field is applied perpendicular to the flow direction. The
lower plate is maintained at a prescribed non-uniform
temperature, whereas the upper plate dissipates heat to the
surrounding environment via convective cooling. Additionally,
internal heat generation within the fluid is taken into account.
The governing Equations (1), (2), and (10) in the present study
are extensions and adaptations of the mathematical formula-
tions developed by Makinde and Eegunjobi [44], who investi-
gated entropy generation in channel flow with convective
heating and permeable walls. Their model establishes a base
structure upon which additional physical aspects related to heat
and entropy can be incorporated. The formulation of the model
is based on the following assumptions:

o The fluid is Newtonian and incompressible.
« All thermo-physical properties of the fluid are constant.

« The flow is one-dimensional, with velocity varying only in
the transverse direction.
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FIGURE 1 | Schematic flow diagram for thermal and entropic.
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« The magnetic Reynolds number is sufficiently small, so that
the induced magnetic field is negligible compared to the
applied magnetic field.

« Hall and ion-slip effects are neglected.

« The porous medium is isotropic, homogeneous, and fully
saturated.

« Viscous dissipation and internal heat generation within
the fluid are taken into account.

« Thermal radiation effects are neglected.

« At the upper plate (y = L), heat is transferred from the
plate to an ambient air cooling at a constant temperature
T,. The corresponding convective boundary condition is
given by

9@ = L(r@) - 1),
dy

which follows Newton's law of cooling, where L. is the
convective heat transfer coefficient.

The one-dimensional steady-state governing equations for
momentum and energy in the y-direction are given by

=0, @

2 2
Jdu_(u, o8|, _ 14 o
dy? K e

2
d2T+ /x[du) L 9B Qo _ 3)

- 4 F 2
dy>  pecy\ dy
Let L be the distance between the plates. The BCs are
u(0) =0,7(0) =T, @
dT
u(L) =0, _kE(L) = L(T(L) - To). 5

We introduce the following dimensionless quantities:

g=Yw=2o-T"% ,_ 13dP
L Uy T, — T, v, dx
Ug B3L?
Pr=" Ec= 0 M= p- K
a cp(Ty — Tp) ov I?
0 QoL? L.L
k(T, — T)’ k
The momentum equation results to:
a?w 1 1 dp
N »
dg&? Da U, dx

Eliminating the pressure gradient in the dimensionless
momentum equation: the RHS stands for pressure gradient
along the x-direction. The pressure gradient Z—i is assumed to be

constant, it acts as a constant source term. Let us define

1 .dp
VUO dx’

which yields the simplified form of the momentum equation:

d;;’ - (% + M)W: A ®)

and the simplified energy equation is:

2 2
lH+Ecd—w + EcMW? + Q = 0, 9)
Pr d&? dé
with BC
Wy=0,60=1, (10)
o .

The dimensional form of the local volumetric entropy produc-
tion rate Ep is:

2 2 )
Bp= K |AL]  Hfdu] | B (12)
T2\ dy T\ dy T
In dimensionless form, the entropy production number N is
given by:

1(deY aw )’
N, = —=|—=| +Br||—| + MW?|, 13
: GZ[dg] r[as] } 42
where
2
Br:'uiljo.
k(TW_’I(‘l)

Bejan Number: The dimensionless entropy generation number
can be decomposed into thermal and fluid friction irreversibility
components as

Ny = Ny + Ny,
where
2
1(deé
Nop=—=|=—|.
o= )
represents entropy generation due to heat transfer

irreversibility, while

Z\]s,f = Br

dw \’ s
[d_g] + MW l

accounts for entropy generation due to viscous dissipation and
magnetic field effects. The Bejan number (Be) is defined as the
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ratio of thermal entropy generation to the total entropy gener-
ation and is given by

Nsp

Be= ———|
Non + Ny

0 <Be <1.

Physically, values of Be approaching unity indicate dominance
of heat transfer irreversibility, whereas values close to zero
imply that fluid friction and magnetic field effects dominate the
entropy generation process.

Nusselt Number: The Nusselt number measures the effec-
tiveness of convective heat transfer relative to conduction along
the surface and is given by:

Nu = —ﬁ .
dg wall
At the bottom plate (£ = 0):
doé
Nug = ——| . (14)
d¢ t=o

At the top plate (¢ = 1): From the boundary condition

dbé
— = —Bi- 6,
dé 1
we obtain:
Ny = Bi - 6,. (15)

Skin-Friction Coefficient: The skin-friction coefficient at the
walls is proportional to the wall shear stress, and in dimen-
sionless form it is given by:

Cr = d—W .
dg wall
At the Lower Wall (¢ = 0):
dw
Cro=—| - (16)
= g -
At the Upper Wall (¢ = 1):
aw
Ch=—| - 7)
d¢ k1

2.1 | Justification for Neglecting Thermal
Radiation

In the present study, thermal radiation effects are neglected
in the energy equation. This assumption is justified through
an order of magnitude analysis comparing radiative and

conductive heat transfer mechanisms. Using the Rosseland
diffusion approximation, the radiative heat flux in the trans-
verse direction can be expressed as

160T3, AT
& 3k L’

where o is the Stefan-Boltzmann constant, T,, is a characteristic
mean temperature, x is the mean absorption coefficient, and L
is the distance between the plates. The corresponding conduc-
tive heat flux is given by

AT
~k—.
q. 7

The relative importance of thermal radiation to conduction is
therefore measured by the radiation conduction parameter

q, _ 160T,,
q.  3kk

Rd =

For moderate temperature differences and optically thick fluids,
which are typical of liquid metals and electrically conducting
fluids considered in MHD channel flows, the parameter
Rd <« 1. Consequently, radiative heat transfer is negligible
compared to conductive heat transfer, justifying its exclusion
from the energy equation.

3 | Finite Difference Scheme

To solve the coupled nonlinear boundary value problem in
steady-state as described in the dimensionless momentum and
energy equations, we employ a finite difference discretization
scheme. The spatial domain 0 < § <1 is divided into N uniform
. . . . _ 1 . .

subintervals, with grid spacing An = N The grid points are
defined as §; = (i — 1)Af, where 1 <i <N; + 1.

Let w; and 6; denote the numerical approximations of w(§;) and
0(&), respectively. The central difference schemes are used

to approximate the second-order derivatives in the model
equations as follows:

W1 —2W + W, (L " M)Wl — A (18)
(a8)? Da
2
6is1 = 26 + 61 | p [ Win = Wi + BcMW?
(Aé)? - pPr 2AE (19)
+Q=0,
_ 1.4dP. .
where A = oo 2 constant pressure gradient term.

At the upper plate (§ = 1), the convective boundary condition is
implemented using a second order backward difference:

One+1 — O

Ag

= —Bi 6N§'+1’

where Bi is the Biot number.
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The finite difference scheme obeys the following boundary
conditions:

Wi=0,6,=1, (20)

eN5+1 - eNg

T —Bi - Oyt 1)

W1 = 0,

3.1 | Numerical Solution Procedure

The coupled discretized momentum and energy equations are
solved iteratively using the following procedure:

« Initialize the velocity W, and temperature 6; fields with
initial guesses satisfying the boundary conditions.

« Update the velocity field W, by solving the discretized
momentum equation using the current temperature field.

« Update the temperature field 6; by solving the discretized
energy equation using the latest velocity field.

« Compute the maximum absolute changes in W, and 6
between successive iterations.

+ Repeat steps 2—4 until the maximum change in both fields
is less than a prescribed convergence tolerance, 107°.

This iterative procedure ensures that the coupling between the
velocity and temperature fields is properly accounted for,
yielding a converged steady-state solution.

4 | Results and Discussion

A grid independence study was performed by varying N from
50 to 200. Negligible changes in velocity and temperature were
observed for N; > 150, which was adopted for all simulations.
Convergence was achieved when the maximum absolute
change in both velocity and temperature between successive
iterations was below 107°. To ensure realism, numerical com-
putations are performed within parameter ranges relevant to

practical MHD flow in porous channels. The Darcy number is
taken as 0 < Da < 1, the magnetic interaction parameter as
0 <M <20, and the pressure gradient parameter as
0 < A <2.1. The Biot number varies within 0 < Bi < 0.6, while
the Prandtl number is chosen in the range 5 < Pr <10.
The Eckert number is selected as 0.1 < Ec <2.6 to account
for viscous dissipation effects, and the internal heat generation
parameter is varied within 0 <Q <2.0. The results in
Figure 2 reveal that, increasing the Darcy number (Da) raises
permeability, deepening velocity profiles and increasing tem-
peratures due to improved heat retention. Entropy generation
intensifies near the wall before decaying, reflecting higher
irreversibility. These trends highlight the balance between
thermal enhancement and entropy production, requiring an
optimal Da. For the impermeable-wall limit (Da — 0), the
numerical results reduce to those of classical MHD channel
flow with stationary impermeable plates. The computed veloc-
ity and temperature profiles show excellent agreement with
previously published results reported by Makinde [45] and
Makinde and Chinyoka [46], thereby confirming the correct-
ness of the numerical implementation in the Darcy limit.

The analysis in Figure 3 indicates that, as the magnetic
parameter (M) increases, velocity decreases due to Lorentz
forces slowing the flow. This observation, when compared
with the results of Makinde and Azizi [5], Rashid et al., [26],
Ngiangia and Orukari [47], Makinde [45], Makinde and
Chinyoka [46] and Rotimi [48] agrees quantitatively. The
results show that increasing the magnetic parameter from
M =0 to M =20 reduces the entropy generation by 18%
and reduces peak temperatures, especially near the walls,
indicating improved thermodynamic efficiency and greater
flow stability under stronger magnetic fields. These observa-
tions agree with results of Makinde and Azizi [5] and Mahian
et al. [24].

Increasing the pressure constant (A) slows the fluid more
sharply toward the channel center while raising temperatures,
enhancing thermal energy. Entropy generation rises near the
walls then decays across the channel, implying higher
irreversibility with stronger pressure gradients, which can affect
system performance as depicted in Figure 4.

0.02 Velocity Profile 2.2 Temperature Profile Entropy Generation
——Da=0.1 ——=Da=0.1
= Da=0.3 —Da=0.3

0 Da=0.5 2 Da=0.5
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~=Da=0.9 1.8 = Da=0.9

-0.02
— __16
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1.4 Q=05 I
-0.06
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-0.08 1 Q=05
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FIGURE 2 | Variation of Darcy number Da. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 | Variation of magnetic parameter (M). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 | Variation of the pressure constant (A). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 | Variation of Biot number (Bi). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 | Variation of Prandtl number (Pr). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 | Variation of Eckert number (Ec). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 | Variation of the heat generation parameter (Q). [Color figure can be viewed at wileyonlinelibrary.com]

Moreover, the findings in Figure 5 proves that, higher Biot
number (Bi) improves convective cooling, reducing fluid tem-
peratures. This observations align perfectly with the results of
Makinde and Chinyoka [46]. Also, the results reveal that,
increasing the Biot number from Bi = 0 to Bi = 0.6 leads to a
reduction of entropy generation of about 12%. This indicates
that stronger magnetic fields and increased convective cooling
at the upper plate effectively reduce thermodynamic irreversi-
bilities. Consequently, enhanced surface heat transfer improves
thermal efficiency, which is beneficial for cooling and MHD
applications in porous media.

Increasing Prandtl number (Pr) results in higher and delayed
temperature peaks, showing that high Pr implies that, fluids
(such as water) retain more heat. Entropy generation is highest
near the wall and drops inward, indicating that while heat
retention is improved, there is a risk of higher thermal
irreversibility near boundaries as shown in Figure 6.

Furthermore, the results in Figure 7 indicate that, greater Eckert
number (Ec) raises temperatures through viscous dissipation of
kinetic energy into heat. This results agrees with the findings of
Makinde and Azizi [5] and Makinde [45]. Entropy generation
intensifies near the inlet but converges downstream, showing the
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TABLE 1 | Skin friction and Nusselt number results at varying M, Da, A, Ec, Q, and Bi.
M Da A Ec Q Bi w”(0) w”@1) 6’ (0) -6'1)
0.0 0.5 1.0 2.0 0.5 0.4 0.9915 0.9915 2.9412 0.8235
5.0 0.5 1.0 2.0 0.5 0.4 0.9774 0.9774 2.7955 0.7992
10.0 0.5 1.0 2.0 0.5 0.4 0.9681 0.9681 2.7063 0.7844
2.0 0.2 1.0 2.0 0.5 0.4 0.9774 0.9774 2.7043 0.7841
2.0 0.4 1.0 2.0 0.5 0.4 0.9836 0.9836 2.8376 0.8063
2.0 0.6 1.0 2.0 0.5 0.4 0.9860 0.9860 2.8993 0.8165
2.0 0.3 0.6 2.0 0.5 0.4 0.5888 0.5888 2.5036 0.7506
2.0 0.3 1.2 2.0 0.5 0.4 1.1776 1.1776 2.9799 0.8300
2.0 0.3 1.8 2.0 0.5 0.4 1.7664 1.7664 3.7737 0.9623
2.0 0.3 1.2 0.1 0.5 0.4 1.1776 1.1776 2.3766 0.7294
2.0 0.3 1.2 0.5 0.5 0.4 1.1776 1.1776 2.5036 0.7506
2.0 0.3 1.2 0.9 0.5 0.4 1.1776 1.1776 2.6306 0.7718
2.0 0.3 1.2 2.0 0.0 0.4 1.1776 1.1776 0.3493 0.3916
2.0 0.3 1.2 2.0 0.3 0.4 1.1776 1.1776 1.9277 0.6546
2.0 0.3 1.2 2.0 0.6 0.4 1.1776 1.1776 3.5060 0.9177
2.0 0.3 1.2 2.0 0.9 0.1 1.1776 1.1776 5.8894 0.3757
2.0 0.3 1.2 2.0 0.9 0.3 1.1776 1.1776 5.3114 0.9537
2.0 0.3 1.2 2.0 0.9 0.5 1.1776 1.1776 4.8876 1.3775

need to optimize Ec for balanced heat utilization and reduced
irreversibility. This is similar to the findings of Mahian et al. [24].

More interestingly, the analysis in Figure 8 shows that,
increasing the heat generation parameter (Q) results in
higher fluid temperatures and elevated entropy generation,
particularly near the inlet, reflecting greater irreversibility. This
highlights the importance of optimizing Q for effective thermal
management and minimal energy loss. These results align with
the findings of Mahian et al. [24].

In a nutshell, the analysis is also focused on the Nusselt number,
which quantifies the convective heat transfer rate at the channel
walls, and the skin-friction coefficient, which measures the wall
shear stress. The results in Table 1 reveal that, the Nusselt
number at the bottom plate Nu, corresponds to 6'(0), while at
the top plate Nu is related to —6’(1). These results reveal that
higher Biot numbers and Eckert numbers generally enhance the
Nusselt numbers, signifying stronger convective heat transfer.
Meanwhile, the skin-friction coefficients at the lower and upper
walls, given by Cyo = W”(0) and Cj; = W”(1) respectively,
reflect how the momentum boundary layer reacts to variations in
M, Da, and A. A higher magnetic field parameter M typically
reduces the skin friction due to the Lorentz damping effect, while
changes in permeability (Da) and pressure gradient (A) shift the
wall shear stresses accordingly. Overall, tuning these parameters
offers a means to control both momentum and thermal transport
performance in a porous channel with convective heat transfer
and magnetic field effects.

5 | Conclusion

The parametric analysis highlights the interplay of permeability,
magnetic forces, pressure gradients, convective cooling, fluid

properties, viscous dissipation, and internal heat generation on
the velocity, temperature, and entropy generation in a porous
channel. Key findings include:

« Higher Darcy numbers and heat generation rates increase
thermal buildup and entropy generation, while stronger
magnetic fields and higher Biot numbers reduce tempera-
ture, stabilize flow, and improve thermodynamic efficiency.

o Increased Prandtl numbers enhance thermal retention but
can elevate entropy near the boundaries; higher Eckert
numbers convert more mechanical energy into heat,
increasing irreversibility.

o The Nusselt number increases with Biot and Eckert num-
bers, improving heat transfer, whereas skin friction
decreases with stronger magnetic fields and varies with
permeability and pressure gradient.

From an engineering perspective, these results provide practical
guidance:

« Select moderate Darcy and Eckert numbers to balance flow
resistance and thermal utilization.

« Apply appropriate magnetic field strengths to regulate
velocity, reduce entropy generation, and control flow
stability.

« Increase Biot numbers where enhanced convective cooling
is desired.

« Optimize heat generation and match fluid Prandtl numbers
to system requirements to minimize entropy production
and improve energy efficiency.

These findings can inform the design and operation of porous
channel thermal systems in applications such as heat
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exchangers, magnetic cooling devices, and MHD systems,

enabling improved thermal management with minimal
irreversibility.
Nomenclature
Symbol Description (SI Unit)
u velocity in the x-direction [m/s]
T temperature [K]
P pressure [Pa]
o fluid density [kg/m 3]
u dynamic viscosity [Pas]
v=pu/p kinematic viscosity [m?/s]
a = k/(ocp) thermal diffusivity [ m?/s]
cp specific heat at constant pressure [J/(kgK)]
k thermal conductivity [W/(m'K)]
K permeability of porous medium [m 2]
o electrical conductivity [S/m]
By magnetic field strength [T]
Qo internal heat generation [W/m 3]
L distance between plates [m]
T;, (0) wall temperature at lower plate [K]
T, ambient temperature [K]
L, convective heat transfer coefficient [W/(m 2K)]
E=y/L dimensionless transverse coordinate
W =u/U dimensionless velocity
= %W% dimensionless pressure gradient term

7; 17;“21 dimensionless temperature
N, entropy generation number
Be = - :i‘}}w Bejan number
Pr="7 Prandtl number
Ec = U Eckert number

= o
K
Da = =

_ QoI
Q= k(T — Ta)
Bi = %

_ _ HUj
Br = -1
Nu

]
Nug = ——

0 ey
Nu1 =Bi- 61
G

aw
C ==
10~ " =0

—

1= g =1

magnetic parameter (Hartmann number squared)
Darcy number

heat generation parameter

Biot number

Brinkman number

Nusselt number (convective to conductive heat trans-
fer ratio)

Nusselt number at the lower wall
Nusselt number at the upper wall

skin-friction coefficient (dimensionless wall shear
stress)

skin-friction coefficient at the lower wall

skin-friction coefficient at the upper wall
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