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ABSTRACT
This study numerically investigates thermal transport and fluid dynamics in a triangular cavity filled with a MgO–Ag–H2O

hybrid nanofluid containing an undulating porous fin under electromagnetic field and thermal radiation influences. The

governing equations are solved numerically using the Galerkin finite element methodology with Darcy–Forchheimer formu-

lation for porous media representation. A comprehensive parametric study examines the effects of Rayleigh number (Ra,

10³–10⁶), Darcy number (Da, 10⁻⁵–10⁻²), Hartmann number (Ha, 0–80), magnetic field orientation angle (γ, 0°–90°), nano-
particle concentration (φ, 0.005–0.02), heat generation coefficient (λ, 1–5), fin waviness parameter (nw, 0–6), and radiation

intensity factor (Rd, 1–5). The numerical model is validated against established benchmark solutions, demonstrating excellent

agreement. Findings demonstrate that increasing Ra substantially improves thermal transport and flow intensity, with the

average Nusselt number rising by up to 65% and maximum velocity magnitudes increasing by over 500 times. Electromagnetic

field application inhibits thermal transport, with (Nuav) decreasing by 55.6% as Ha increases from 0 to 80. Magnetic field angle

optimization shows that γ= 60° provides better heat transfer than γ= 0° at high Ha values. Nanoparticle addition provides

moderate thermal enhancement, with an 11.1% increase in Nuav as φ increases from 0.005 to 0.02, particularly in low‐Ra
regimes. Radiation effects become most significant at elevated Ra values, with (Nuav) nearly tripling as Rd increases from 1 to 5

at Ra= 10⁶. Entropy generation analysis reveals that the Bejan number decreases by 98.7% as Ra increases, indicating fluid

friction dominance at higher Ra values. These results offer essential guidance for optimizing thermal management systems

involving porous structures, nanofluids, and electromagnetic fields.
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1 | Introduction

Thermal transport represents a critical challenge across numerous
industrial engineering domains. Heat transfer within enclosed
spaces constitutes a fundamental consideration in diverse appli-
cations, including solar energy collection systems [1–3], electronic
cooling technologies [4–6], thermal energy storage facilities [7–10],
and building thermal insulation [11, 12]. Enclosed geometries,
which may manifest as rectangular [13, 14], triangular [15],
square, or complex configurations [16–20], present distinct com-
putational challenges for predicting fluid dynamics and tempera-
ture distributions. Consequently, optimizing thermal transport
efficiency in these systems remains a significant research priority,
driving the implementation of advanced technologies, such as
hybrid nanofluids and porous structures [21–26].

Temperature gradient‐induced natural convection represents the
predominant heat transfer mechanism within enclosed spaces.
Beyond natural convection, various factors influence thermal
efficiency within cavities, including integrating nanofluids and
hybrid nanofluid formulations. These have demonstrated the
capacity to enhance thermal conductivity and convective trans-
port, thereby improving system performance [27–29]. Recent
thermal transport research has increasingly focused on various
nanoparticle applications to enhance heat transfer effectiveness
[30–38]. Mehryan et al. [39] investigated convective heat transfer
using Al2O3–Cu hybrid nanofluids in porous media‐filled cavities,
employing the finite volume method with the SIMPLE algorithm.
Their key contribution was demonstrating a significant reduction
in nanoparticle thermal transport capability within porous sub-
strates, with heat transfer rates decreasing by up to 15% compared
with the base fluid. This finding challenged the conventional
assumption that nanofluids always enhance heat transfer, reveal-
ing that in porous media, increased viscosity can outweigh ther-
mal conductivity benefits. Our work differs by examining MgO–Ag
hybrid nanofluids in triangular geometries with additional elec-
tromagnetic and radiation effects. Hosseinzadeh et al. [40] eval-
uated thermal performance using mobile fins with various cross‐
sectional profiles (trapezoidal, concave, parabolic, and convex)
immersed in hybrid nanofluids, determining that concave fin
geometries yielded maximum thermal transport efficiency.
Ghalambaz et al. [41] conducted a theoretical analysis of Cu–water
nanofluid convection in a parallelogram enclosure containing a
porous medium using the lattice Boltzmann method. Their
investigation revealed thermal transport deterioration across all
tested configurations, attributed to elevated dynamic viscosity and
nanoparticle interference effects, with Nusselt number reductions
of 8%–12%. They concluded that nanofluid implementation alone
proves inadequate for thermal applications in porous media en-
vironments. Our research addresses this limitation by combining
nanofluids with multiple enhancement mechanisms, including
electromagnetic fields and radiation.

Grosan et al. [42] performed numerical analysis of steady‐state
natural convection within square porous cavities with nanofluids
and internal heat generation. Their research established that porous
media saturated with nanoparticle‐enhanced fluids improved ther-
mal transport processes, notably when nanoparticle thermal con-
ductivity exceeded that of the porous substrate. Meanwhile,
Sheikholeslami [43] numerically investigated radiative heat transfer
and natural convection using Fe3O4–ethylene glycol nanofluids in

porous media using a control volume finite element method, ex-
amining geometry and voltage effects on nanofluid properties. The
main contribution was demonstrating that magnetic field orienta-
tion significantly affects heat transfer patterns, with optimal angles
providing 20%–30% enhancement. Our work builds upon this by
examining hybrid nanofluids with combined magnetic and radia-
tion effects in triangular enclosures. Sheremet et al. [44] conducted
a numerical evaluation of natural convection‐driven heat transfer
within square porous cavities filled with nanofluids, employing the
Tiwari and Das nanofluid model with enhanced empirical corre-
lations for physical property determination to improve computa-
tional accuracy. Their key advancement was developing more
realistic property correlations that improved prediction accuracy by
15%. Unlike their focus on square cavities with single nanofluids,
our investigation examines triangular geometries with hybrid na-
nofluids under multiple physical effects.

Numerous studies have examined natural convection heat transfer
rates under magnetohydrodynamic influences [45–50]. Ghasemi
and Siavashi [51] numerically investigated magnetic field effects
on natural convection in square porous containers using a parallel
Lattice Boltzmann methodology (LBM) code, discovering that
magnetic fields consistently reduced Nusselt number values.
However, this effect could be modulated through permeability
adjustments. Sheikholeslami [52] applied LBM to analyze hydro-
magnetic convection of nanofluids in open porous cavities.
Chamkha and Aly [53] numerically evaluated combined magnetic
field and nanofluid effects on natural convection along vertical
permeable surfaces with heat generation, absorption, and injec-
tion/suction phenomena. Ghaly [54] conducted a numerical
investigation of free‐convection heat and mass transfer near iso-
thermal surfaces, examining the integrated effects of buoyancy,
radiation, and transverse magnetic fields. This comprehensive
parametric analysis assessed radiation and magnetic parameter
influences on velocity distributions, temperature profiles, and
concentration patterns. Kumar et al. [55] performed a numerical
analysis of magnetic field and viscous nanofluid effects on natural
convection across infinite vertical plates while considering the
thermal radiation impacts. Their findings have significant appli-
cations, particularly for processing magnetic nanomaterials in
chemical manufacturing and metallurgical industries.

Recent advances in molecular dynamics simulations have pro-
vided deeper insights into nanofluid behavior at the molecular
level, enhancing our understanding of thermal transport
mechanisms. Studies have demonstrated the importance of
molecular‐scale interactions in determining macroscopic ther-
mal properties of nanofluids, particularly in complex systems
involving multiple phases and external fields. These molecular‐
level investigations complement continuum‐based numerical
studies and provide valuable validation for macroscopic models.

This study explores the combined effects of hybrid nanofluids,
undulating porous fins, electromagnetic fields, and thermal radi-
ation on natural convection in a triangular enclosure, specifically
applied to electronic component cooling. While previous research
has focused on individual mechanisms, such as nanofluids or
electromagnetic fields, few have examined their combined
impacts. The investigation analyzes thermal transport and
fluid circulation under parameters, including Rayleigh number,
Darcy number, Hartmann number, magnetic field orientation,
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nanoparticle concentration, radiation intensity, heat generation rate,
and fin waviness. The goal is to identify the optimal combinations of
parameters to maximize thermal efficiency and to understand the
physical mechanisms of heat transfer in this complex system. The
key innovation of this study lies in the first‐time introduction of the
corrugated fin shape parameter (nw) into hybrid nanofluid systems
under electromagnetic field influence, providing a novel approach
to thermal enhancement. Ultimately, the study aims to link theo-
retical models with practical applications, providing insights to en-
hance thermal management technologies in various industries.

On the basis of a comprehensive literature review and identified
research gaps, this study addresses the following key research
questions:

1. How do the combined effects of hybrid nanofluids, porous
wavy fins, and electromagnetic fields influence natural
convection heat transfer in triangular enclosures?

2. What is the optimal combination of parameters (Ra, Da,
Ha, γ, φ, λ, nw, Rd) that maximize heat transfer efficiency
while minimizing entropy generation?

3. How does the introduction of the fin waviness parameter
(nw) affect the thermal and fluid flow characteristics in the
presence of hybrid nanofluids and magnetic fields?

4. What are the dominant heat transfer mechanisms under
different parameter combinations, and how do they tran-
sition between conduction and convection regimes?

5. How do radiation effects interact with other enhancement
mechanisms to influence overall system performance?

2 | Mathematical Modeling

2.1 | Problem Statement

The investigation employs a triangular enclosure configuration
containing a MgO–Ag–H₂O hybrid nanofluid. The inclined
upper surface, represented by the blue boundary, constitutes the
cooled region, while the horizontal lower boundary, indicated
by the red line, forms the heated surface (see Figure 1). The
characteristic dimension of the triangular domain is denoted as
W. The physical model incorporates gravitational effects (g),
indicated by a downward‐pointing arrow, and an applied
magnetic field (B₀) oriented at angle γ. The enclosure features
an internal undulating porous fin influencing flow patterns and
thermal transport. Natural convection develops due to the
temperature differential between the heated and cooled
boundaries. The analysis includes thermal radiation contribu-
tions and utilizes the Darcy–Forchheimer formulation to char-
acterize flow behavior through the porous structure.

2.2 | Governing Equations

The mathematical framework consists of equations describing
nanofluid natural convection surrounding a porous fin within
the triangular enclosure. These formulations account for
momentum transfer and thermal transport phenomena across
the nanofluid region and the porous domain.

Nanofluid Region Equations:

The continuity equation ensures mass conservation in the na-
nofluid [56]:
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Momentum equations, incorporating magnetic field effects
[56, 57]:
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The energy equation for the nanofluid includes radiative heat
transfer and heat generation [58]:
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Porous Fin Region Equations:

A similar continuity equation applies to the porous region [59]:
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FIGURE 1 | Physical model with boundary conditions.
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The Darcy–Forchheimer model, neglecting inertia terms,
describes flow through the porous fin [60]:
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The thermal energy conservation equation for the porous
domain incorporates effective thermal conductivity:
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(8)

Radiative Heat Transfer:

For optically dense boundary layers, the Rosseland [61] for-
mulation is applied to characterize radiative energy flux:
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Nondimensionalization:

To enhance analytical generality, the governing equations are
converted to dimensionless format using appropriate reference
parameters:
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The resulting nondimensional equations for both the nanofluid
and porous regions are presented, incorporating key dimen-
sionless numbers, such as the Rayleigh number (Ra), Prandtl
number (Pr), Darcy number (Da), and Hartmann number (Ha).

‐ For hybrid nanofluid
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‐ For porous layer
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2.3 | Boundary Conditions and Supplementary
Equations

The boundary conditions are carefully selected to represent
realistic thermal management scenarios commonly en-
countered in electronic cooling and industrial heat transfer
applications. These conditions simulate practical situations
where heat sources require efficient thermal dissipation
through natural convection.

The boundary specifications for the dimensionless formulation:

a. Bottom hot wall: U V θ= = 0, = 1.

The heated bottom wall with no‐slip velocity conditions
represents a heat source, such as electronic components or
heated surfaces. The constant temperature boundary
condition (θ= 1) simulates uniform heat flux input, which
is typical in practical thermal management systems where
consistent heating occurs.

b. Cold walls: U V θ= = 0, = 0.

The inclined cold walls with no‐slip conditions and zero
temperature represent heat sinks or ambient cooling sur-
faces. This boundary condition is physically realistic for
applications where the enclosure walls are in contact with
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cooling systems or ambient environment, providing effec-
tive heat removal paths.

These boundary conditions are particularly suitable for this
study because they: (1) represent the fundamental configuration
for natural convection heat transfer analysis, (2) simulate
practical thermal management scenarios where hot sources
require cooling through natural convection, (3) provide clear
temperature gradients that drive buoyancy‐induced flow, (4) are
consistent with established natural convection benchmark
problems for validation purposes, and (5) allow for meaningful
comparison with existing literature on natural convection in
enclosures.

The position‐dependent Nusselt number is characterized as [15]
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Stream function [62]:
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Entropy generation is considered for both fluid friction and heat
transfer:

a. Fluid friction entropy generation [63]:
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(23)

where T =
T T

0
( + )

2
H C .

b. Heat transfer entropy generation [63, 64]:
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c. Nondimensional total entropy generation:
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(25)

where χ (irreversibility factor)

χ
μ T

k

U

T T
=

−
.nf 0

f

0

H C



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

 (26)

The integrated entropy production is determined through

S S dA˙ = ‴ .gen gen (27)

The Bejan parameter, which quantifies the proportion of ther-
mal entropy generation relative to total entropy production, is
expressed as

Be
s

S
=

‴

‴
.

gen,h

gen

(28)

2.4 | Working Fluid Properties

The concentration parameter (φ) of the hybrid nanofluid,
comprising Ag and MgO particles dispersed in water, is char-
acterized by

φ φ φ= + .nf MgO Ag (29)

Table 1 shows the thermophysical properties of water in the
normal state and the nanoparticles represented by (MgO and
Ag). The following formulas were used to calculate the ther-
mophysical properties of the hybrid nanofluid:

Density ρ( )

ρ φ ρ φ ρ φ ρ= (1 − ) + + .nf nf f MgO MgO Ag Ag (30)

Thermal expansion coefficient ρβ( )

ρβ φ ρβ φ ρβ φ ρβ( ) = (1 − )( ) + ( ) + ( ) .nf nf f MgO MgO Ag Ag (31)

Specific heat capacity ρC( )p

ρC φ ρC φ ρC

φ ρC

( ) = (1 − )( ) + ( )

+ ( ) .

p p p

p

nf nf f MgO MgO

Ag Ag

(32)

Thermal conductivity φ(0 0.03)nf≤ ≤

k

k

φ

φ

φ φ

=
0.1747 × 10 +

0.1747 × 10 − 0.1498 × 10

+ 0.1117 × 10 + 0.1997 × 10

.nf

f

5
nf

5 6
nf

7
nf
2 8

nf
3

(33)

Thermal diffusivity α( )

α
k

ρC
=
( )

.
p

nf
nf

nf
(34)
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Viscosity μ( ) φ0 0.02nf≤ ≤

(

( )

μ

μ
φ φ φ

φ

= 1 + 32.795 − 7214 + 714600

−0.1941 × 10 .

nf

f
nf nf

2
nf
3

8
nf
4

(35)

The composite thermal conductivity of the copper porous fin is
determined using the following formula:

k ε k εk= (1 − ) + ,eff p nf (36)

where ε is the void fraction of the porous structure, kp is the
thermal conductivity of the solid matrix material, and khnf is the
thermal conductivity of the hybrid nanofluid suspension.

Several limitations should be acknowledged in the current
study. First, the two‐dimensional analysis, while computation-
ally efficient, may not fully capture three‐dimensional effects
that could be significant in real‐world applications. Second, the
steady‐state assumption neglects transient behaviors that might
be important during system startup or under varying operating
conditions. Third, the Darcy–Forchheimer model assumes local
thermal equilibrium between the fluid and solid phases, which
may not hold at very high velocities or with significant tem-
perature differences. Fourth, the nanofluid properties are
assumed to remain constant and homogeneous, not accounting
for potential nanoparticle agglomeration, sedimentation, or
temperature‐dependent property variations. Fifth, the magnetic
field is assumed to be uniform, while practical implementations
may involve nonuniform field distributions. Sixth, viscous
heating effects are neglected, which could become significant at
very high Hartmann numbers. Finally, the study focuses on
specific nanoparticle combinations (MgO–Ag) and a particular
base fluid (water), limiting the generalizability to other nano-
fluid systems. Despite these limitations, the current model
provides valuable insights into the fundamental physics and
serves as a foundation for more comprehensive future studies.

2.5 | Solution Procedure

The thermal transport characteristics of a hybrid nanofluid
experiencing natural convection within a triangular domain
incorporating a porous projection are computationally analyzed
using Galerkin finite element methodology. This approach

necessitates domain discretization, with numerical solution
accuracy directly influenced by element density as illustrated in
Figure 2. The computational procedure employs an iterative
algorithm to determine the nondimensional variables: pressure
field (P), velocity vectors (U, V), and temperature distribution
(θ). These parameters undergo systematic refinement during
each computational cycle until satisfying specific convergence
requirements. The convergence assessment utilizes the relative
variation of solution variables between sequential iterations,
employing the following threshold:

ξ ξ

ξ

−
10 .

i i

i

+1

+1
−5≤ (37)

The computational implementation employs adaptive time
stepping with an initial step size of tΔ = 10−4, which is
dynamically adjusted based on solution stability and conver-
gence rate. The minimum allowable step size is set to 10−7 to
maintain solution accuracy, while the maximum step size is
limited to 10−2 to ensure stability. Error tolerance for the iter-
ative solver is maintained at 10−8 for pressure calculations and
10−6 for velocity and temperature fields to guarantee high pre-
cision results.

Multiple validation strategies were implemented to ensure
computational accuracy and solution robustness; systematic
mesh sensitivity analysis was performed to confirm solution
independence from discretization parameters. When equation
residuals for continuity, momentum, and energy formulations
decrease below 10−6, strict convergence criteria are considered
satisfied, with simulations deemed converged. Computational

TABLE 1 | Thermophysical properties of the fluid and two MgO and Ag types of nanoparticles [56, 65, 66].

Properties Water MgO Ag

C (J·kg ·K )p
−1 −1 4179 879 235

k (W·m ·K )−1 −1 0.613 30 429

α (m ·s )2 −1 1.47 × 10−7 95.3 × 10−7 174 × 10−3

β (K )−1 21 × 10−5 33.6 × 10−6 5.4* × 10−5

ρ (kg·m )−3 997.1 3580 10,500

μ (kg·m ·s )−1 −1 8.9 × 10−4 ‐‐ ‐‐

FIGURE 2 | Mesh of the tangle model.
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iterations extend beyond initial convergence to verify solution
stability, with critical parameters demonstrating less than 0.01%
variation with additional computational cycles.

The simulations were executed on a high‐performance
workstation equipped with Intel Core i7‐10700K processor
(3.8 GHz, 8 cores) and 32 GB DDR4 RAM. Average compu-
tational time per simulation ranged from 8 to 15 min
depending on the complexity of parameter combinations,
with higher Rayleigh numbers requiring extended computa-
tion due to increased flow complexity. Total CPU time for the
complete parametric study was approximately 8 h, with
individual cases involving higher Ha values converging faster
due to flow suppression effects.

2.6 | Grid Independence Test

A mesh sensitivity analysis was implemented to verify computa-
tional accuracy and solution reliability. This evaluation is essential
for identifying the optimal discretization density that balances
computational resource utilization and solution precision. The
assessment was conducted using standardized parameters: Ra=
10⁴, Da=0.001, Ha=5, γ=0, φ=0.01, Rd=1, λ=1, and nw= 4.
Nine discretization configurations were examined, with element
counts ranging from 648 to 20,484. The average Nusselt number
(Nuav) and total entropy generation (Stotal) were quantitative in-
dicators for evaluating mesh refinement effects. Progressive mesh
enhancement revealed consistent increases in calculated Nuav and
Stotal values, as shown in Figure 3. Relative differences between

FIGURE 3 | Grid independency (a) for the avarage Nusulet number and (b) for entropy generation.
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consecutive mesh refinements were calculated to quantify solution
evolution. Analysis demonstrates solution convergence at higher
element densities, with the transition from configuration G8 to G9
producing negligible variations in both Nuav (0.1004% difference)
and Stotal (0.096% difference).

2.7 | Model Validation

The computational framework was verified through comparative
analysis with multiple published investigations, addressing distinct
aspects of the physical system. Initial validation examined elec-
tromagnetic field effects by benchmarking against Alomari et al.
[59], who investigated inclined magnetic field influences on mixed
convection within a lid‐driven curvilinear enclosure containing
Cu–H₂O nanofluid with a partial porous layer. Figure 4 presents a
comparative analysis of flow patterns and temperature contours
between our computational implementation and their study. The
comparison exhibits strong correlation and appropriate conver-
gence, confirming our model's capability to represent electro-
magnetic field phenomena accurately.

A second verification was conducted against Basak et al. [60], as
illustrated in Figure 5. It compares flow structures and thermal
patterns from our simulations with those reported in their
investigation of a square cavity containing a porous medium
under specific conditions: Da= 10⁻⁵, Ra= 10⁶, and Pr= 0.71.
This assessment further substantiates our model's reliability,
demonstrating excellent alignment between our predictions and
those of the reference study.

Additionally, we evaluated local Nusselt number distributions
between our current investigation and Basak et al.'s [60] work
across various Darcy number values, as presented in Figure 6.
This comparison validates our model's thermal transport pre-
dictions across different porous media permeability conditions.
Finally, we compared our calculated flow patterns with the
experimental and numerical study by Chen and Cheng [67].
Figure 7 illustrates streamline configurations within a semi-
circular enclosure, demonstrating good correspondence with
our simulations. This comparison is particularly significant as it
validates our model against computational and experimental
measurements.

3 | Results and Discussions

This section presents the computational findings from our
investigation, focusing on parametric effects within the hybrid
nanofluid system contained in a triangular enclosure with
porous undulating projections. Table 2 summarizes the main
physical parameters investigated in this study, along with their
ranges and selection criteria.

A fundamental control parameter in this analysis is the
Rayleigh number (Ra), varying across (10³–10⁶), which
characterizes the intensity of buoyancy‐driven convection
relative to diffusive transport. (This range was selected to
cover the transition from conduction‐dominated [Ra < 10⁴] to
convection‐dominated [Ra > 10⁵] heat transfer regimes, rep-
resenting practical operating conditions in thermal

FIGURE 4 | Comparison of present work with Alomari et al. [59].
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management systems.) Additionally, Darcy number (Da)
values (10⁻⁵–10⁻²) are examined to assess porous medium
permeability effects on flow dynamics and thermal transport
efficiency. The Da range encompasses materials from tight
porous media (low Da) to highly permeable structures (high
Da), covering typical industrial porous materials, such as
metal foams and packed beds.

To evaluate electromagnetic field influences on system
behavior, we investigated Hartmann number (Ha) variations
from 0 to 80 and magnetic field orientation angles (γ) ranging
from 0° to 90°. (The Ha range was chosen based on
achievable magnetic field strengths in practical magneto-
hydrodynamic applications, while the angular range provides
complete directional analysis.) Since the system incorporates
radiative effects, thermal radiation parameter (Rd) values
between 1 and 5 were analyzed, while internal energy gen-
eration/absorption coefficient (λ) was similarly varied from 1
to 5. These ranges represent conditions where radiation
becomes significant compared with convection, typical in
high‐temperature industrial processes.

Regarding nanoparticle loading, individual component
concentrations (MgO and Ag) were examined between
0.0025 and 0.01, with cumulative concentrations ranging
from 0.005 to 0.02. This concentration range ensures nano-
fluid stability while avoiding particle agglomeration, based
on experimental studies demonstrating optimal enhance-
ment within these limits. This allowed systematic evalua-
tion of particle concentration effects on flow characteristics
and temperature distributions. Additionally, we investigated
how fin surface waviness (values from 0 to 6) influences
thermal transport performance. The waviness parameter
nw = 0 represents a straight fin, while nw = 6 indicates
maximum practical waviness before manufacturing con-
straints become prohibitive.

The following analysis examines how these parameters affect
key performance metrics Nusselt number, entropy generation,
and flow structures. Results are presented through combined
visualization of flow patterns, temperature contours, and
quantitative performance graphs to provide a comprehensive
understanding of the physical phenomena.

FIGURE 5 | Comparison of isotherms and streamlines between the present study and Basak et al. [60] results.
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3.1 | Effect of Darcy Number

Figure 8 illustrates the combined influence of Rayleigh (Ra) and
Darcy (Da) numbers on temperature distribution within the
triangular enclosure. As the Rayleigh number increases from
10³ to 10⁶, notable changes in isothermal patterns emerge,
demonstrating the progression from conduction‐dominated to
convection‐dominated thermal transport regimes. At lower
Rayleigh values, isotherms appear predominantly parallel to the

heated lower boundary, indicating thermal conduction as the
primary transfer mechanism. With increasing Rayleigh num-
ber, significant isothermal distortion becomes apparent near
boundary regions, reflecting intensified convective circulation.

The Darcy number, characterizing porous media permeability,
substantially influences flow and thermal patterns. At higher
Darcy values (10⁻² and 10⁻³), reduced flow resistance through
the porous structure allows stronger convective currents to

FIGURE 6 | Local Nusselt number distribution comparison between the present study and Basak et al. [60] results.

FIGURE 7 | Validation of streamlines results with experimental and numerical rustles of Chen and Cheng [67] results.
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TABLE 2 | Physical parameters and their selection criteria.

Parameter Range Selection basis Physical significance

Rayleigh number (Ra) 10³–10⁶ Literature standards for natural convection studies
[15]; covers laminar to transitional regimes

Covers laminar to transitional
regimes

Darcy number (Da) 10⁻⁵–10⁻² Typical porous media permeability range [62];
represents low to high permeability materials

Controls flow resistance in
porous medium

Hartmann number (Ha) 0–80 Practical electromagnetic field strengths in
industrial applications [20]

Quantifies magnetic field
influence on fluid flow

Magnetic field angle (γ) 0°–90° Complete angular range for comprehensive
analysis

Determines magnetic field
orientation effects

Nanoparticle volume
fraction (φ)

0.005–0.02 Optimal range for nanofluid stability and
enhancement [68]; avoids agglomeration

Controls thermal property
enhancement

Heat generation
parameter (λ)

1–5 Typical internal heat generation in electronic
cooling applications [18]

Represents internal energy
sources

Fin wavy number (nw) 0–6 Practical fin design constraints; 0 = straight,
6 = highly wavy

Controls surface area
enhancement

Radiation
parameter (Rd)

1–5 High‐temperature applications where radiation
becomes significant [18]

Quantifies the radiative heat
transfer contribution

FIGURE 8 | Darcy number effect on isotherms with different values of Rayleigh number at Ha= 5, γ = 0, φ = 0.01, λ= 1, and nw = 4.
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develop. This phenomenon is particularly evident through
pronounced isothermal distortion observed at elevated Rayleigh
numbers. Conversely, as the Darcy number decreases to lower
values (10⁻⁴ and 10⁻⁵), increased flow resistance through the
porous medium suppresses convective transport, resulting in
more uniform isothermal distributions even at high‐Rayleigh
numbers, where convection would typically dominate.

Figure 9 depicts circulation patterns and the combined influ-
ence of Rayleigh (Ra) and Darcy (Da) numbers on flow char-
acteristics within the triangular domain as visualized through
streamline distributions. The flow structure exhibits dual cir-
culation zones: a clockwise rotating cell on the left side and a
counterclockwise rotating cell on the right. This symmetrical
configuration develops from buoyancy‐induced upward motion
along the heated lower surface and corresponding downward
flow along the cooled inclined boundaries. As the Rayleigh
number increases from 10³ to 10⁶, these circulation cells
intensify, resulting in more concentrated streamline patterns.
This concentration directly reflects enhanced buoyancy forces
at elevated Ra values, strengthening natural convection mech-
anisms. With increasing Rayleigh number, each circulation
zone's core becomes more compact and migrates toward the

enclosure corners. The Darcy number significantly influences
circulation intensity. At higher Da values (10⁻² and 10⁻³),
reduced flow resistance through the porous structure facilitates
stronger and more defined convective patterns. As the Darcy
number decreases 10⁻⁴ and 10⁻⁵, convection becomes weaker
and more widespread due to the high flow resistance even at
high‐Rayleigh number values.

Figure 10 illustrates the quantitative influence of Rayleigh (Ra)
and Darcy (Da) numbers on thermal transport efficiency and flow
characteristics. The surface‐averaged Nusselt number (Nuav)
demonstrates considerable enhancement with increasing Ra from
10³ to 10⁶, particularly at elevated Da values, with peak
improvement of 65% at Da=0.01. The maximum stream function
magnitude (ψmax) exhibits extraordinary amplification with
increasing Ra, expanding over 500‐fold at Da=0.01. Compre-
hensive entropy production (Stotal) shows substantial growth with
Ra, displaying a 2500‐fold amplification at Da=0.01. In contrast,
the Bejan parameter (Be) exhibits an inverse correlation with Ra,
diminishing by 98.8% at Da=0.01.

While less influential than Ra, Da exerts a measurable impact,
particularly at higher Rayleigh values. For example, at Ra= 10⁶,

FIGURE 9 | Darcy number effect on streamlines with different values of Rayleigh number at Ha= 5, γ = 0, φ = 0.01, λ= 1, and nw = 4.
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elevating Da from 10⁻⁵ to 10⁻² produces an 8.2% enhancement
in Nuav, 185% amplification in ψmax, 268% increase in Stotal, and
27% reduction in Be. These correlations indicate improved
thermal transport and intensified convective circulation at
higher Ra and Da configurations, accompanied by greater
thermodynamic irreversibilities and transition toward viscous
dissipation‐dominated entropy generation mechanisms.

3.2 | Effect of Magnetic Field

Figure 11 demonstrates the influence of the Hartmann number
(Ha) and magnetic field orientation angle (γ) on thermal dis-
tribution within the triangular enclosure at Ra= 10⁵. The iso-
thermal contours exhibit notable modifications in heat
transport characteristics as these electromagnetic parameters
vary. As Ha increases from 10 to 80, progressive inhibition of
convective thermal transport becomes evident. This suppression
manifests through isotherms progressively aligning parallel to
the heated lower boundary, particularly at elevated Ha values.
This phenomenon results from the electromagnetic Lorentz
force, which counteracts fluid circulation and diminishes con-
vective currents. At Ha= 80, this dampening effect becomes
particularly prominent compared with lower Ha configurations,
with substantially reduced isothermal distortion, indicating a

transition toward conduction‐dominated thermal transport.
Magnetic field orientation angle γ also exerts considerable
influence on system behavior. At γ= 0° (horizontal field
alignment), the electromagnetic force primarily restricts
vertical fluid movement, generating more uniform temperature
gradients in the vertical direction. The magnetic field's impact
on fluid dynamics becomes increasingly complex as γ increases
through 45°–90°. Isothermal patterns exhibit moderately
increased distortion at γ= 90° (vertical field orientation) rela-
tive to γ= 0°, particularly near the inclined boundaries, sug-
gesting that a vertical magnetic field configuration less
effectively inhibits convection compared with horizontal ori-
entation. The interactive effects between the Hartmann number
and the field orientation angle reveal interesting thermal
behavior. At lower Ha values, γ variations produce relatively
modest changes, as magnetic forces remain insufficient to
modify convection patterns substantially. However, orientation
effects become more significant at higher Ha values, particu-
larly Ha= 80. The isotherms for γ= 90° show slightly more
convective behavior compared with γ= 0° at high Ha, sug-
gesting that the vertical magnetic field allows some conserva-
tion of buoyancy‐driven flow.

Figure 12 shows the effect of both Ha and γ on the streamlines
at the value of (γ) inside the triangular enclosure. A gradual

FIGURE 10 | Effect of Ra and Da on Nuav, ψ, Stotal, and Be for Ha= 5, γ = 0, φ = 0.01, λ= 1, and nw = 4.
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FIGURE 11 | Isotherms contours at different Ha with different values of γ at Ra= 105, φ= 0.01, λ= 1, and nw = 4.

FIGURE 12 | Streamlines contours at different Ha with different values of γ at Ra= 105, φ= 0.01, λ= 1, and nw = 4.
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weakening of the convective cells is observed with increasing
Ha from 10 to 80, which indicates a decrease in the intensity of
the streamlines. The reason for this weakening is the increase in
the Lorentz force, which is opposed to the fluid motion. The
convection values are less intense and smaller at the Hartmann
number (80) compared with its low value, which shows the
extent of the strength of the magnetic field's effect on the fluid
flow. Then, the apparent effect of the magnetic field angle is
observed. At γ= 0° (horizontal field), the magnetic force pri-
marily opposes the vertical fluid motion, resulting in slightly
elongated convective cells. As γ increases to 45° and then 90°,
the shape and intensity of the convective cells change. At
γ= 90° (vertical field), the cells become more circular and show
slightly stronger circulation compared with the γ= 0° case,
especially at higher Ha values. The interaction between Ha and
γ reveals complex flow behavior. At lower Ha, the effect of γ is
less pronounced, as the magnetic force is not strong enough to
significantly alter the flow patterns. However, at higher Ha,
particularly Ha= 80, the influence of γ becomes more evident.
For γ= 90°, the convection cells maintain their strength better
than at γ= 0°, indicating that a vertical magnetic field is less
effective in suppressing convection than a horizontal one.

Figure 13 represents the effects of the Hartmann number (Ha)
and magnetic field angle (γ) on key performance metrics. As Ha
increases from 0 to 80, the average Nusselt number (Nuav)

decreases significantly, with the most pronounced effect at
γ= 0°, where Nuav drops by 55.6% from 28.004 to 12.243. The
maximum stream function (ψmax) also decreases dramatically
with increasing Ha, falling by 78.5% from 11.957 to 2.5645 at
γ= 0°. Total entropy generation (Stotal) shows a complex
behavior, initially decreasing with Ha up to Ha= 20, then
increasing for higher Ha values. For instance, at γ= 0°, Stotal
decreases by 59.9% from 737.19 to 295.71 as Ha increases from 0
to 20, then rises to 442.85 at Ha= 80. The Bejan number (Be)
generally increases with Ha, showing a substantial rise of 665%
from 0.089374 to 0.6845 at γ= 0° as Ha increases from 0 to 80.
The effect of γ is less pronounced but still significant, particu-
larly at higher Ha values. For example, at Ha= 80, increasing γ
from 0° to 60° results in a 0.7% increase in Nuav, a 186% increase
in ψmax, a 53.7% increase in Stotal, and a 55.7% decrease in Be.
These trends suggest that increasing magnetic field strength
generally suppresses convection and heat transfer, while
changing the field orientation can moderately mitigate these
effects, especially at higher Ha values.

3.3 | Effect of Nanoparticle Concentration

Figure 14 depicts the effects of nanoparticle volume fraction (φ)
and Rayleigh number (Ra) on the temperature distribution
within the triangular enclosure. The isotherms reveal

FIGURE 13 | Effect of Ha and γ on Nuav, ψmax, Stotal, and Be for Ra= 105, γ = 0, φ = 0.01, λ= 1, and nw = 4.
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significant changes in heat transfer patterns as these parameters
vary. The influence of nanoparticle volume fraction φ is more
subtle but still significant. As φ increases from 0.005 to 0.02, we
observe slight changes in the isotherm patterns, particularly at
higher Ra values. At Ra= 10⁶, higher φ values lead to more
pronounced thermal plumes and thinner boundary layers. This
suggests that increasing the nanoparticle concentration en-
hances heat transfer, likely due to the increased thermal con-
ductivity of the nanofluid.

Figure 15 presents the streamline patterns in the triangular
enclosure, illustrating the combined effects of nanoparticle
volume fraction (φ) and Rayleigh number (Ra) on the flow
structure. The effect of nanoparticle volume fraction φ is more
subtle but still noticeable. As φ increases from 0.005 to 0.02
(moving from top to bottom), there is a slight enhancement in
the strength of the convection cells, particularly at higher Ra
values. This is indicated by the slightly more compact and
intense effect of radiation parameters and fin wavy number.
Figure 16 demonstrates the effects of nanoparticle volume
fraction (φ) and Rayleigh number (Ra) on heat transfer

and fluid flow characteristics. As φ increases from 0.005 to 0.02,
the (Nuav) shows a moderate increase across all Ra values, with
the most significant rise of 11.1% (from 22.143 to 24.601) at
Ra= 10³. The impact of Ra on Nuav is more pronounced, with a
maximum increase of 66.2% (from 23.036 to 37.391) observed
for φ= 0.01 as Ra rises from 10³ to 10⁶. The maximum stream
function (ψmax) decreases slightly with increasing φ, showing a
7.2% reduction (from 68.268 to 63.347) at Ra= 10⁶ when φ
increases from 0.005 to 0.02. Conversely, ψmax increases dra-
matically with Ra, rising by over 560 times for φ= 0.01. Total
entropy generation (Stotal) shows a complex behavior, generally
increasing with φ at lower Ra values but decreasing at higher
Ra. For instance, at Ra= 10⁶, Stotal decreases by 3% (from 33178
to 32168) as φ increases from 0.005 to 0.02. The Bejan number
(Be) slightly increases with φ but decreases significantly with
Ra, dropping by 98.7% (from 0.93837 to 0.011361) for φ= 0.01 as
Ra increases from 10³ to 10⁶. These trends suggest that
increasing nanoparticle concentration moderately enhances
heat transfer, particularly at lower Ra values, while higher Ra
values dominate the system's behavior, significantly intensify-
ing convection and irreversibilities.

FIGURE 14 | Isotherms contours at different φ with different values of Ra at γ= 0, Ha= 5, Da= 10−3, λ= 1, and nw = 4.
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3.4 | Effect of Radiation Parameters and Shape
of Fin

Figure 17 shows the effects of heat generation parameter (λ)
and fin wavy number (nw) on the temperature distribution
within the triangular enclosure. As λ increases from 1 to 5, we
observe a notable increase in the overall temperature within the
enclosure. The expansion of the high‐temperature region
around the fin and the bottom wall evidences this. The iso-
therms become more closely packed near the inclined walls,
indicating steeper temperature gradients. This behavior is due
to the increase in λ, which in turn causes an increase in internal
heat generation within the fluid, which causes an increase in
heat input from the bottom wall. As nw increases from 0
(straight fin) to 6 (highly wavy fin), which affects the heat
transfer value, we see a gradual change in the patterns of the
isotherms around the fin. As the waviness increases, the iso-
therms become more distorted and complex near the fin sur-
face. At higher nw values, this distortion is particularly
noticeable, as the isotherms closely follow the contour of the
wavy fin. Two main factors explain this effect. First, increasing
λ adds heat to the system, intensifying natural convection and
creating a more thermally active environment. Second, the fin
waviness increases the surface area for heat transfer and creates

local recirculation zones, which can enhance or hinder heat
transfer depending on the local flow patterns.

Figure 18 shows the flow patterns inside the triangular en-
closure at different heat generation coefficients (λ) and the
number of fin wavy numbers (nw) as indicated by the flow lines.
We observe a gradual densification of the convection cells as λ
increases from 1 to 5. The densification is due to increased
internal heat generation, which enhances the buoyancy‐driven
flow. At higher λ values, the convection cell cores become more
compact and move slightly toward the corners of the container,
indicating more vigorous circulation. As nw increases from 0
(straight fin) to 6 (highly wavy fin), we see slight changes in the
shape and structure of the convection cells. With increasing
waviness, the streamlines near the fin become more distorted,
following the contours of the wavy surface. This distortion is
particularly noticeable at higher nw values, where small sec-
ondary vortices begin forming in the wavy fin's troughs.

Figure 19 shows the influence of heat generation (λ) and fin
wavy number (nw) on heat transfer and fluid flow character-
istics. As λ increases from 1 to 5, the average Nusselt number
(Nuav) slightly decreases across all nw values, with the most
significant reduction of 0.86% (from 27.874 to 27.675) observed

FIGURE 15 | Streamlines contours at different φ with different values of Ra at γ= 0, Ha= 5, Da= 10−3, λ= 1, and nw = 4.
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at nw = 0. The impact of nw on Nuav is minimal, with variations
less than 0.5% across different λ values. The maximum stream
function (ψmax) increases moderately with λ, showing a 7.6%
rise (from 11.957 to 12.855) at nw = 4 when λ increases from 1 to
5. ψmax also increases slightly with nw, with a maximum
increase of 0.51% (from 11.911 to 11.972) at λ= 1. Total entropy
generation (Stotal) shows a significant increase with λ, rising by
11.7% (from 677.48 to 756.91) for nw = 0 as λ increases from 1 to
5. The effect of nw on Stotal is not provided for all cases. The
Bejan number (Be) decreases slightly with both λ and nw, with
the most considerable reduction of 0.65% (from 0.092673 to
0.092069) occurring when λ increases from 1 to 5 at nw = 6.
These trends suggest that increasing heat generation moder-
ately enhances fluid circulation and entropy generation while
slightly reducing overall heat transfer efficiency. The waviness
of the fin has a minor impact on these parameters, with slight
improvements in fluid circulation but marginal reductions in
heat transfer and Bejan number as waviness increases.

Figure 20 explains the combined effects of the radiation
parameter (Rd) and Rayleigh number (Ra) on the temperature
distribution within the triangular enclosure, as represented by
isotherms. As Ra increases from 10³ to 10⁶, we observe a sig-
nificant transformation in the isotherm patterns, indicating a
shift from conduction‐dominated to convection‐dominated heat

transfer. At lower Ra values (10³ and 10⁴), the isotherms are
nearly parallel to the heated bottom wall, suggesting conduction
is the primary heat transfer mechanism. The isothermal lines
become very distorted, with thermal columns and boundary
layers forming as Ra increases to 10⁵ and especially at 10⁶,
indicating strong convection currents. We observe a gradual
smoothing of the temperature gradients as Rd increases from 1
to 5, especially at higher Ra values. This is evident by the slight
spreading of the isothermal lines and their reduced concentra-
tion near the walls. The thermal columns become less sharp
and more diffuse, and this effect is most pronounced at Ra= 10⁶
and as Rd increases. The results indicate that both convection
(controlled by Ra) and radiation (influenced by Rd) play a
decisive role in shaping the temperature distribution inside the
enclosure. At high‐Ra values, convection creates strong thermal
columns and boundary layers, while increased radiation tends
to smooth these features, resulting in a more uniform temper-
ature distribution.

Figure 21 shows the combined effects of the radiation param-
eter (Rd) and Rayleigh number (Ra) on the flow patterns within
the triangular enclosure, as represented by streamlines. The
impact of the radiation parameter Rd is more subtle but still
notable. As Rd increases from 1 to 5, we observe slight changes
in the structure and intensity of the convection cells. The

FIGURE 16 | Effect of φ and Ra on Nuav, ψmax , Stotal, and Be for Ha= 5, γ = 0, Da= 10−3, λ= 1, Rd= 1, and nw = 4.
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FIGURE 17 | Isotherms contours at different λ with different values of nw at Ra= 105, γ= 0, Ha= 5, Da= 10−3, φ= 0.01, and Rd= 1.

FIGURE 18 | Streamlines contours at different λ with different values of nw at Ra= 105, γ= 0, Ha= 5, Da= 10−3, φ= 0.01, and Rd= 1.
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streamlines appear slightly spread out at higher Rd values,
particularly at higher Ra values. This suggests that increased
radiation tends to moderate the intensity of the convection cells.
The interaction between Ra and Rd reveals interesting flow
behavior. At lower Ra values, the effect of increasing Rd is
minimal, as weak buoyancy forces primarily drive the flow.
However, at higher Ra values, especially at 10⁶, the influence of
Rd becomes more apparent. The convection cells remain strong,
but their structure is slightly modified, with a tendency toward
more uniform circulation throughout the enclosure.

Figure 22 illustrates the effects of the radiation parameter (Rd)
and Rayleigh number (Ra) on key heat transfer and fluid flow
characteristics. The (Nuav) rises significantly with Rd and Ra. As
Rd increases from 1 to 5, Nuav shows a substantial rise across all
Ra values, with the most pronounced increase at higher Ra. For
Ra= 10⁶, Nuav nearly triples as Rd increases from 1 to 5. The
effect of Ra on Nuav is also significant, with higher Ra values
consistently yielding higher Nuav across all Rd values. The
maximum stream function (ψmax) strongly depends on Ra but is
less affected by Rd. As Ra increases from 10³ to 10⁶, ψmax

increases dramatically, indicating much stronger convection at
higher Ra. The effect of Rd on ψmax is relatively minor, showing
only a slight increase as Rd increases, particularly at higher Ra
values. Total entropy generation (Stotal) exhibits a complex

behavior. It increases substantially with Ra, with the highest
values observed at Ra= 10⁶. The effect of Rd on Stotal is most
pronounced at high Ra, where Stotal shows a moderate increase
with increasing Rd. For lower Ra values, the impact of Rd on
Stotal is minimal. The Bejan number (Be) decreases significantly
with increasing Ra, indicating that fluid friction becomes the
dominant source of irreversibility at higher Ra values. Be shows
a slight variation with Rd, suggesting that the radiation
parameter minimally impacts heat and friction to entropy
generation. These trends indicate that radiation and natural
convection play crucial roles in heat transfer, with their effects
being most significant at higher Rayleigh numbers. The
increase in Nuav with Rd indicates that the radiation enhances
the overall heat transfer, especially in strongly convective
regimes. The minimal impact of Rd on ψmax and Be implies that
radiation primarily affects heat transfer rather than fluid flow
patterns or the nature of irreversibilities in the system.

4 | Conclusions

On the basis of our comprehensive analysis of the various
parameters affecting heat transfer and fluid flow in the trian-
gular enclosure with a porous fin, we can draw the following
conclusions:

FIGURE 19 | Effect of λ and nw on Nuav, ψmax , Stotal, and Be for at Ra= 105, γ= 0, Ha= 5, Da= 10−3, φ= 0.01, and Rd= 1.
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FIGURE 20 | Isotherms contours at different Rd with different values of Ra at nw = 4, γ= 0, Ha= 5, Da= 10−3, φ= 0.01, and λ= 1.

FIGURE 21 | Streamlines contours at different Rd with different values of Ra at nw = 4, γ= 0, Ha= 5, Da= 10−3, φ= 0.01, and λ= 1.
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1. The Rayleigh number (Ra) significantly impacts heat
transfer and fluid flow characteristics. Increasing Ra from
10³ to 10⁶ led to a 65% increase in the average Nusselt
number (Nuav) and over 500‐fold increase in maximum
stream function (ψmax), indicating substantially enhanced
convection and heat transfer at higher Ra values.

2. The Darcy number (Da) shows a moderate effect, with an
8.2% rise in Nuav as Da increased from 10⁻⁵ to 10⁻². This
suggests that increasing the permeability of the porous
medium can modestly improve heat transfer performance.

3. Magnetic field strength, represented by the Hartmann
number (Ha), demonstrates a suppressive effect on heat
transfer. Nuav decreased by 55.6% as Ha increased from 0
to 80, indicating that strong magnetic fields can signifi-
cantly inhibit convective heat transfer.

4. The magnetic field angle (γ) shows a minor but notable
influence, particularly at higher Ha values. Changing γ
from 0° to 60° at Ha= 80 resulted in a 0.7% increase in
Nuav and a 186% increase in ψmax, suggesting that the
orientation of the magnetic field can be used to fine‐tune
heat transfer characteristics.

5. Nanoparticle addition provides modest benefits to heat
transfer. Increasing the nanoparticle volume fraction (φ)

from 0.005 to 0.02 led to an 11.1% increase in Nuav at
Ra= 10³, indicating that nanofluid use can enhance heat
transfer, particularly at lower Ra values. This effect is
more significant under low‐Ra conditions due to the
dominance of thermal conductivity enhancement over
viscosity increase. At low Ra, convection is weak, making
conductive heat transfer through enhanced thermal con-
ductivity the primary mechanism. Additionally, reduced
Brownian motion at lower temperatures allows nano-
particles to maintain stable thermal pathways, maximiz-
ing their conductivity benefits.

6. The heat generation parameter (λ) and fin wavy number
(nw) show relatively minor effects on overall heat transfer
performance. Increasing λ from 1 to 5 led to a slight
decrease in Nuav (0.86% at nw = 0) but increased ψmax by
7.6%, suggesting a complex interaction between heat
generation and fluid flow.

7. The radiation parameter (Rd) significantly influences heat
transfer, especially at higher Ra values. Nuav nearly tripled
at Ra= 10⁶ as Rd increased from 1 to 5, highlighting the
importance of considering radiative heat transfer in high‐
temperature or high‐Ra applications.

8. Entropy generation analysis reveals that fluid friction
becomes the dominant source of irreversibility at higher

FIGURE 22 | Effect of Rd and Ra on Nuav, ψmax , Stotal, and Be for at nw = 4, γ= 0, Ha= 5, Da= 10−3, φ= 0.01, and λ= 1.
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Ra values, as evidenced by the significant decrease in the
Bejan number (Be) with increasing Ra. From a second law of
thermodynamics perspective, the Bejan number represents
the ratio of heat transfer irreversibility to total entropy
generation, providing crucial insights for engineering opti-
mization. At low‐Ra values (Be≈ 0.94), heat transfer irrever-
sibilities dominate, suggesting that optimization efforts should
focus on minimizing thermal gradients through enhanced
thermal conductivity or improved heat exchanger design.
Conversely, at high‐Ra values (Be≈ 0.01), fluid friction irre-
versibilities become predominant, indicating that engineering
optimization should prioritize reducing viscous losses through
streamlined geometries, optimized flow paths, or reduced
fluid viscosity. This analysis provides a clear roadmap for
system designers: in conduction‐dominated regimes, enhance
thermal properties; in convection‐dominated regimes, mini-
mize flow resistance and optimize fluid dynamics.

Future Research Directions:

1. Experimental validation of the numerical predictions
presented in this study to verify the accuracy of the the-
oretical models and provide benchmark data for further
computational studies.

2. Investigation of time‐dependent and transient effects in
hybrid nanofluid systems under varying electromagnetic
conditions to understand dynamic behavior and system
response times.

3. Extension of the current model to three‐dimensional
geometries and more complex fin configurations to en-
hance practical applicability in real‐world thermal man-
agement systems.

4. Development of artificial intelligence and machine
learning algorithms for optimizing parameter combina-
tions to achieve maximum heat transfer efficiency while
minimizing entropy generation.

5. Exploration of different hybrid nanofluid combinations
and their molecular‐level interactions to identify superior
thermal enhancement materials.

6. Investigation of the economic and environmental impacts
of implementing such systems in industrial applications to
assess their practical viability and sustainability.

These findings provide valuable insights for optimizing thermal
management strategies in applications involving porous media,
nanofluids, and magnetic fields, contributing to the advance-
ment of heat transfer enhancement technologies in various
engineering applications.
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