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nanofluid. A non-uniform distribution of nanoparticles within the channel is assumed,
leading to the interdependence between the volume fraction distribution equation
and the governing equations. A thorough analysis has been conducted on the impact
of various parameters, including the Darcy number and Reynolds number. The findings
indicate a direct relationship between the Reynolds number and the Nusselt number,

Keywords: with increases in the Reynolds number resulting in higher Nusselt numbers.
Heat transfer; Finite element method; Additionally, an increase in the Darcy number leads to an increase in the Nusselt
Nusselt number; Darcy number number.

1. Introduction

Forced convection, a distinct heat transfer mode, relies on imposed fluid motion to enhance heat
transfer rates, achieved through mechanisms such as ceiling fans, pumps, suction devices, or similar
means. Widely employed by engineers for its high efficiency in transporting substantial thermal
energy, convection is utilized in heating and air conditioning systems, electronics cooling, and various
other technological domains [1-5]. Nanofluids have been investigated for their potential to
manipulate or engineer thermophysical characteristics of conventional fluids by incorporating
different types and concentrations of nanoparticles [6-9]. This offers a promising approach to
improving overall system performance. The authors of the study utilized a two-dimensional (2D)
lattice Boltzmann method (LBM) to conduct a numerical simulation of forced convection in a channel
with an extended surface, involving three distinct nanofluids [10]. Results indicated that increasing
Reynolds number values resulted in more significant heat transfer enhancement due to nanofluid
presence.
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Extensive research has been conducted by the scientific community to explore techniques and
strategies for enhancing heat transfer rates in thermal devices, predominantly focusing on surface
modification or nanofluid utilization while considering both active and passive methodologies
[11,12]. Porous media has applications in various applied science branches, such as cooling miniature
electronic components, storing nuclear waste, radioactive materials, and oil recovery. Partially filled
porous channels had garnered attention as potential solutions due to their pore-solid structural
orientation. According to Bhowmick et al, [13], heat transfer rates increased rapidly while
experiencing only a slightly higher pressure drop. A study using numerical methods investigated
forced convection within a channel featuring both an open cavity and a porous medium [14]. The
opposing forced flow configuration exhibited superior thermal efficiency concerning the maximum
temperature of the nanofluid and the average Nusselt number. The authors analyzed the impact of
forced convection on a two-dimensional microchannel, examining a porous medium containing
water/FMWCNT nanofluid [15]. A computational investigation of forced convection effects of Al,0s-
CuO-water nanofluid in a partitioned cylinder within a porous medium, focusing on
magnetohydrodynamics, was documented by Aminian et al., [16], demonstrating the influence of
both the porous medium and nanoparticles on heat transfer results.

In various applications, such as solar collectors, absorbers may have different geometries, like
wavy or corrugated, although they are commonly manufactured as shallow enclosures with flat
surfaces. Using undulated or fluted conduits was one method to augment thermal exchange
effectiveness in industrial conveyance mechanisms [17,18]. A lattice Boltzmann technique was used
to investigate the uniform vertical magnetic field's impact on the thermo-hydrodynamics of a
nanofluid using a slightly porous channel, as reported by Ashorynejad and Zarghami [19], examining
thermo-hydrodynamics of flow and active factors' effects, including the solid volume fraction of
nanoparticles, pressure gradient, magnetic field, and porous layer permeability. Armaghani et al., [1]
investigated the effects of nanoparticle flow and migration on heat transfer in a straight channel that
is filled with a porous medium. The research examined forced convective heat transfer in a porous
channel for nanofluids, utilizing a local thermal non-equilibrium model that considers the pure fluid,
solid, and nanoparticle phases. A thorough examination was carried out to determine the impact of
the Lewis number, Schmidt number, and modified diffusivity ratio (Nbt) on the process of heat
transfer. The results suggest that an augmentation in the Lewis number resulted in a reduction in the
non-dimensional heat flux assimilated by the fluid.

Recent advancements in the study of forced convection in nanofluids within porous media have
contributed significantly to understanding heat transfer mechanisms. Researchers have increasingly
focused on improving the thermophysical properties of nanofluids by introducing novel nanoparticle
types and varying concentrations [20-22]. For instance, Younes et al., [6] explored the thermal
conductivity enhancement of various nanofluids, emphasizing the role of nanoparticle size and
volume fraction in improving heat transfer rates in porous systems. Some research has shown the
promising heat transfer characteristics of engine oil embedded with nanoparticles such as SWCNTSs,
MWCNTs, and TiO,, in porous stretching cylinders [23,24]. This combination offers potential
applications in improving the efficiency of thermal systems due to enhanced thermal conductivity
and fluid stability in high-temperature environments [25,26]. Similarly, the computational analysis of
gyrotactic microbes combined with variable viscosity effects has been instrumental in uncovering the
dynamic interactions within chemically reactive nanofluid systems [27]. Such studies provide
valuable insights into complex flow dynamics relevant to industrial applications requiring precise
thermal regulation and nanofluid stability. Additionally, Ahmed et al, [11] investigated the
application of MXene-based nanofluids in porous media, demonstrating their superior heat transfer
capabilities in cooling systems and energy storage applications.
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In recent years, attention has also shifted towards the influence of motile microorganisms and
chemical reactions in viscoelastic fluid flows [28]. Specifically, the combination of thermal radiation
with exponentially stretching sheets in Darcy-Forchheimer porous mediums has demonstrated
enhanced heat transfer efficiencies [28,29]. Furthermore, magnetohydrodynamic (MHD) studies
have investigated the characteristics of MWCNT, SWCNT, Cu, and water-based nanofluids in
magnetized flows, showing how Soret and Dufour effects influence thermal performance in
the power-law-driven systems [30,31]. These findings are critical for applications in cooling
technologies and energy systems where precise control of thermal parameters is required.

Despite these advancements, certain gaps remain. While several studies have examined the
forced convection of nanofluids, a comprehensive analysis of the interaction between nanoparticle
migration and flow characteristics in partially porous media is still lacking. Armaghani et al., [1] and
Nazari et al., [2] have highlighted the influence of nanoparticle migration on heat transfer rates, but
their studies primarily focus on fully porous or homogeneously porous systems, leaving partially
porous configurations underexplored. Moreover, existing studies often concentrate on traditional
nanofluids such as Al,Oz-water and TiO,-water, with the limited investigation into hybrid nanofluids
or novel nanoparticle compositions [32,33]. This presents an opportunity for further research to
assess how hybrid or newer nanofluids perform under forced convection in porous channels. The
current study aims to fill these gaps by examining forced convection in a partially porous medium
using an Al,Oz-water nanofluid. This approach will provide new insights into the impact of
nanoparticle migration and porous channel configuration on heat transfer performance, addressing
the limitations noted in previous studies.

The Lattice Boltzmann Method was employed to investigate the impact of a uniform vertical
magnetic field on the flow behavior and heat transfer associated with fluid-solid coupling in a channel
that was partially filled with a porous medium. The nanofluid used in Javaherdeh and Ashorynejad
[34] study was composed of Al0s-water and exhibited temperature-sensitive properties. The study
presented a novel correlation for the density of Al,Os-water nanofluid, which was found to be
dependent on temperature. Additionally, the reliability of the step approximation for porous medium
boundaries was demonstrated. The study examined the impact of varying nanoparticle volume
fractions and magnetic field strengths on heat transfer rates. The study's findings suggest that an
increase in the volume fraction of nanoparticles led to a corresponding increase in the average
temperature, velocity, and Nusselt number. An experiment by Baragh et al., [35] was conducted on
a single-phase flow of air in a channel with a circular cross-section and varying configurations of
porous media. The study examined alterations in hydrodynamic parameters, enhancements in heat
transfer facilitated by porous media within a channel, and the pressure drop that arises from the use
of porous media. The experimental findings indicate that the existence of porous media facilitated
the transfer of thermal flux from the channel walls to the fluid. This was attributed to the uniform
interstitial space and high conductivity of the porous media. Moreover, the average temperature of
the fluid escalated, resulting in a reduction of the temperature gradient between the channel wall
and the mean temperature of the fluid.

The present study offers significant contributions to the field of heat transfer in nanofluids,
particularly within partially porous channels, by addressing gaps left in previous works. While
numerous studies have explored forced convection in fully porous or homogeneously porous
systems, the interaction between nanoparticle migration and flow characteristics in partially filled
porous media has been largely overlooked. Furthermore, most existing research has concentrated
on traditional nanofluids such as Al,Os-water and TiO,-water, with limited attention given to the
unique behaviors of novel and hybrid nanofluids. By focusing on the Al,Os-water nanofluid in a
partially porous channel, this study provides new insights into the effect of porous configurations on
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heat transfer performance. Additionally, the use of the Finite Element Method (FEM) to simulate the
flow and thermal behavior introduces a more detailed analysis of the interactions between the Darcy
number, Reynolds number, and Nusselt number. These contributions not only enhance the
understanding of nanofluid dynamics in porous media but also offer practical implications for the
design and optimization of thermal systems in industries such as energy storage, cooling
technologies, and electronic thermal management.

2. Mathematical Formulation

The forced convection flow into a two-dimensional horizontal channel has length d and height h
is described in Figure 1. The dimensions of the model used in this study are as follows: The channel
has a length of 10 cm and a height of 1 cm. The thickness of the porous region is 0.5 cm. The Al,O3
nanoparticles utilized in the nanofluid have a diameter of 20 nm. These dimensions are critical to the
accurate formulation and analysis of the forced convection flow within the partially porous channel.
An isothermal heater remains at the bottom surface of the channel. The inlet fluid flow including cold
temperature (T¢) includes approaching the channel of the left section with consistent horizontal
velocity left vertical surface. In contrast, the fluid outlet field remains flowing in the right adiabatic
section of the channel among fixed pressure (p=0). The space between the channel surfaces is filled
with water-Al,03 nanoparticles (nanofluid).

Nanofluid layer

h
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Inlet | Solid layer Heat Source Porous layers
2 "

d
Fig. 1. The model geometry of the problem with the coordinate system [36].

The associated equations of the laminar flow and temperature distribution with the assumptions
specified are addressed as follows:
For the nanofluid layer:
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For the porous layer:
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The subscripts nf, m, s and w view the nanofluid layer, porous layer (nanofluid phase), porous
layer (solid phase), and solid surface, respectively. x and y are the fluid velocity elements, and K is the
permeability of the porous medium which is determined as [37]:
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Here dm represents the average particle size of the porous bed. We specified the employed
thermo-physical properties of the nanofluid as follows:
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The molecular diameter of the used liquid (water) is given by:
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We show the non-dimensional variables that were used:
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As a result, the dimensionless governing equations are as follows:
In the nanofluid layer:
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The dimensionless boundary conditions of Eq. (18) and (21) are:
On the bottom heated wavy wall:
U=V=0, 0=1, A(l—cos(2NxY)), 0<X <1,
On the top cold horizontal wall:
U:/1+Sﬁa—u,v:0,0:0,0£xs1,Y:1, (22)
w; oY
On the left and right adiabatic vertical walls:
Uu=v=0, %=O, X=0,1,0<Y<1,0=46,
oX
at the solid surface,U=V =0, % =K, 00,
on on

Over the solid cylinder's surface, where the thermal conductivity ratio is. At the heated bottom
wavy surface, the local Nusselt number is computed as follows:

(23)
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The average Nusselt number may also be determined by integrating the local Nusselt number
over the wavy bottom partition, which is described as follows:

N =ijw Nu dw (24)
W 0

The boundary conditions applied in this study are critical in simulating realistic physical scenarios
commonly found in engineering applications such as heat exchangers and cooling systems. At the
inlet of the channel, a uniform velocity profile with a cold temperature (T.) is applied, which
represents a situation where fluid enters the channel at a known velocity and temperature [38]. This
is a common condition in controlled fluid flow systems where the fluid flow is fully developed far
upstream. The outlet boundary condition involves a constant pressure with a zero-velocity gradient,
indicating that the fluid exits the channel into an area with ambient pressure, such as a reservoir or
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the atmosphere. This condition ensures smooth flow out of the domain and avoids numerical
instabilities in the simulation.

The walls of the channel are subject to specific thermal conditions. The bottom wall is heated
isothermally, simulating a surface with a constant temperature, which is typical in many industrial
applications where controlled heat flux is applied, such as in heat exchangers. Meanwhile, the top
wall is assumed to be adiabatic, meaning that no heat transfer occurs across this boundary, which
models an insulated surface that prevents energy loss [39]. This ensures that heat transfer is
restricted to the interaction between the fluid and the porous medium inside the channel.

At the interface between the nanofluid and the porous medium, continuity conditions are applied
to ensure that the temperature and velocity fields transition smoothly between the two regions. This
is essential to accurately capture the heat transfer and flow behavior across the porous and non-
porous regions, reflecting real-world systems where different materials or media are in contact. By
defining these boundary conditions, the study aims to replicate realistic operational scenarios and
provide insight into the heat transfer dynamics within a porous channel, which is relevant to a wide
range of applications in thermal management and fluid dynamics.

3. Numerical Method and Validation

The governing dimensionless Eq. (18)-(12) are solved using the finite element method under the
boundary constraints Eq. (22). The computing domain is divided into triangular sections. Triangular
Lagrange finite elements of various orders are employed for each of the flow variables within the
computational domain. To create the residuals for each conservation equation, the approximations
are substituted into the governing equations. To simplify the nonlinear variables in the momentum
equations, a Newton-Raphson iteration method was used. The solution is converged when the
relative error for each variable meets the following convergence conditions.

The finite element method (FEM) was employed to solve the governing equations, and a mesh
independence study was conducted to ensure that the results are not dependent on the mesh size.
Mesh densities of 5,000, 10,000, 20,000, and 40,000 elements were tested, and the Nusselt number
and velocity profiles were compared for each case. The results show that the Nusselt number
stabilizes at 24.2 for a mesh density of 20,000 elements, with further refinement showing negligible
change. This confirms that a mesh size of 20,000 elements is sufficient to achieve accurate results
while maintaining computational efficiency. The convergence criteria for the numerical solution were
based on the relative error between successive iterations. The solution was considered converged
when the relative error for temperature and velocity variables dropped below 107%, ensuring both
high accuracy and computational feasibility.

In this study, we assumed thermal equilibrium between the solid phases (nanoparticles) and the
nanofluid. This means that the temperature of the nanoparticles is equal to that of the surrounding
fluid at every point in the domain. This assumption is valid for systems where thermal diffusion is
much faster than fluid flow. However, in cases involving high nanoparticle concentrations or large
temperature gradients, this assumption might not hold, and non-equilibrium conditions could arise.
Future studies may focus on exploring the effects of non-equilibrium conditions in such systems.

i+l i
‘u‘ <10°°, (25)

rH-l

To verify the results, the current results are compared to the experimental and numerical findings
supplied by Kalteh et al., [36] for the problem of forced convection heat transfer of nanofluid within
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a horizontal microchannel heat sink, as indicated in Figure 2. This comparison assumes that the
current numerical code is accurate.
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Fig. 2. The model geometry of the problem with the coordinate system

Figures 3 and 4 illustrate the temperature gradient during the flow of the liquid inside the
proposed channel, and its dependence on both the particle size in the liquid and the level of
permeability in the channel. Figure 3 shows the temperature gradient for different values of the
Reynolds number, while Figure 4 demonstrates this dependence using various Darcy values.

e |
T oo L L L L L L}
0 0.2 04 0e o8 1 12 14 002 D17 032 047 0.62 o7 092
(a) Re =50
(h) e = 100
(¢) Re = 250
R e — .=. ‘ﬂ‘

(d) Re = 500
Fig. 3. Heat transfer is influenced by different values of the Reynold number (Re)
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Fig. 4. Heat transfer is influenced by different values of the Darcy number (Da)
4. Mesh Verification

To ensure the accuracy of the numerical results and eliminate dependence on mesh size, a mesh
independence study was conducted. The study involved running simulations with different mesh
densities and comparing the resulting Nusselt number (Nu) and velocity profiles. The mesh sizes
ranged from coarse to fine, with element counts of 5,000, 10,000, 20,000, and 40,000. The results,
presented in Table 1, demonstrate that the Nusselt number increased slightly with mesh refinement.
However, the difference in results between 20,000 and 40,000 elements was negligible, with the
Nusselt number stabilizing at 24.2. This suggests that a mesh size of 20,000 elements is sufficient to
achieve accurate results while maintaining computational efficiency. Therefore, this mesh density
was used for all subsequent simulations.

Table 1

Mesh independence study results

Mesh Size (number of elements)  Nusselt Number Change in Nu (%)
5000 23.6 -

10 000 24.0 1.69

20000 24.2 0.83

40 000 24.2 0.00

5. Results and Discussion

For all volume fractions (¢), Nu and Re have a clear positive correlation. As the Reynolds number
increases, indicating a transition toward more turbulent flow, the Nusselt number also increases,
suggesting enhanced convective heat transfer [40] (see Figure 5). This trend is consistent across all
nanoparticle concentrations. The presence of nanoparticles significantly enhances the Nusselt
number compared to the base fluid (¢=0). As the nanoparticle volume fraction increases from 0 to
0.04, there is a noticeable increase in the Nusselt number for a given Reynolds number. This indicates
that the inclusion of nanoparticles improves heat transfer performance due to the higher thermal
conductivity of the nanofluid. At a Reynolds number of 500, the Nusselt number ranges from
approximately 18 for =0 to 24 for ¢=0.04. This relative increase highlights the effectiveness of
higher nanoparticle concentrations in enhancing heat transfer. Specifically, the enhancement is more
pronounced at higher Reynolds numbers, suggesting that turbulent conditions amplify nanoparticle
inclusion's benefits [41]. The incremental benefit of increasing ¢ diminishes slightly at higher
concentrations. For instance, the difference in Nu between ¢=0.03 and ¢=0.04 is less pronounced
than between ¢=0.01 and ¢=0.02. This suggests a potential asymptotic behavior where additional
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nanoparticles contribute marginally to heat transfer enhancement beyond a specific concentration.
These findings have practical implications for the design of heat exchangers and cooling systems. By
optimizing the nanoparticle concentration, engineers can significantly enhance heat transfer rates,
improving system efficiency and performance [38, 42-44]. However, the diminishing returns at higher
concentrations must be considered to avoid unnecessary costs and potential issues such as increased
viscosity [45].

=5 »,O’ = =0.01

8 ¥ 2 + o =0.02
" Vo —8— ¢ =0.03

. g - =0.04

50 100 150 200 250 300 350 400 450 500
Re

Fig. 5. The relation between Reynold Number (Re) and Nusselt
number (Nu) based on particle sizes

As the particle size in the liquid increases, the Darcy number will change accordingly. As shown
in Figure 6, when the Darcy value ranges from 10 to 104, there is a constant value of the Nusselt
number for each particle size. However, when the Darcy value starts to increase between 10 and
102, a sharp increase in the Nusselt number value can be observed, while the difference in the
Nusselt number between closely sized particles remains constant. As the Reynolds number increases,
the Nusselt number also increases across all nanoparticle concentrations. This relationship suggests
that higher flow velocities enhance convective heat transfer [46]. The inclusion of nanoparticles
significantly improves the Nusselt number compared to the base fluid (¢=0). Each increment in
nanoparticle concentration results in a higher Nusselt number, demonstrating the efficacy of
nanoparticles in enhancing heat transfer due to their superior thermal properties [47]. At very low
Reynolds numbers (ranging from 10 to 10), the impact of nanoparticles on the Nusselt number is
less pronounced. However, as the Reynolds number increases beyond 104, the benefits of higher
nanoparticle concentrations become more significant. This indicates that nanoparticle-induced
enhancements are more effective at higher flow velocities [48].

The relationship between Nu and Re is non-linear, particularly evident at higher Reynolds
numbers (above 10-3). This non-linearity is more pronounced for higher nanoparticle concentrations.
The curves exhibit an accelerating increase in the Nusselt number, suggesting a complex interaction
between flow dynamics and heat transfer mechanisms in the presence of nanoparticles. These
observations have important implications for the design and optimization of thermal systems. In
applications requiring high heat transfer rates, incorporating nanoparticles into the working fluid can
significantly enhance performance [49]. The non-linear relationship at higher Reynolds numbers
indicates that optimal nanoparticle concentrations should be carefully selected based on the specific
flow conditions to maximize heat transfer efficiency [50]. At very low Reynolds numbers, the heat
transfer enhancement due to nanoparticles is relatively modest. This is likely due to the dominance
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of conductive heat transfer mechanisms over convective ones in this regime. However, even in this
regime, the presence of nanoparticles provides a noticeable improvement over the base fluid. Higher
nanoparticle concentrations and increased flow velocities lead to substantial improvements in the
Nusselt number, making nanofluids a promising choice for enhancing thermal efficiency in various
applications [51]. The non-linear behavior observed at higher Reynolds numbers suggests that the
interplay between flow and thermal properties becomes increasingly complex, requiring detailed
analysis for optimal system design.
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Fig. 6. The relation between Darcy Number (Da) and Nusselt
number (Nu) based on particle sizes

Regarding the permeability in our study, the relationship between the Reynolds number and the
Nusselt number is clearly illustrated in Figure 7. It is observed that increasing the permeability in the
channel leads to an increase in the value of the Reynolds number, followed by an increase in the
value of the Nusselt number. Furthermore, as the permeability value increases, the difference in the
Nusselt number between previous values decreases. This is evident when the permeability value is
between 0.06 and 0.08. the relationship between the Nusselt number (Nu) and the Reynolds number
(Re) for different porosity values (€) in a fluid flowing through a partially porous channel. The Nusselt
number, representing the convective heat transfer coefficient, is plotted on the vertical axis, while
the Reynolds number, indicating the flow regime, is plotted on the horizontal axis. The porosity values
range from €=0.2 to £€=0.8, with different line styles corresponding to each porosity level. Across all
porosity values, there is a clear positive correlation between Nu and Re. As the Reynolds number
increases, the Nusselt number also increases, suggesting enhanced convective heat transfer with
higher flow velocities [52]. This trend is consistent across all porosity levels. Higher porosity values
(e=0.8) consistently result in higher Nusselt numbers compared to lower porosity values (€=0.2). This
indicates that a more porous medium enhances heat transfer efficiency, likely due to improved fluid
mixing and higher surface area for heat exchange. At a Reynolds number of 500, the Nusselt number
ranges from approximately 17 for €=0.2 to around 24 for €=0.8. This relative increase highlights the
significant role of porosity in enhancing heat transfer. The enhancement becomes more pronounced
at higher Reynolds numbers, indicating that the benefits of higher porosity are amplified under
turbulent flow conditions [53].

The incremental benefit of increasing porosity diminishes slightly at higher porosity values. For
instance, the difference in Nu between €=0.6 and €=0.8 is less pronounced than between £=0.2and
€=0.4. This suggests a potential asymptotic behavior where beyond a certain porosity, additional
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increases yield diminishing returns in heat transfer enhancement. These findings have practical
implications for the design of heat exchangers and cooling systems. By optimizing the porosity of the
medium, engineers can significantly enhance heat transfer rates, improving system efficiency and
performance [54]. However, the diminishing returns at higher porosity levels must be considered to
avoid unnecessary costs and potential structural weaknesses in the medium. At lower Reynolds
numbers, the heat transfer enhancement due to increased porosity is relatively modest. This is likely
because conductive heat transfer mechanisms dominate over convective ones in this regime.
However, even in this regime, higher porosity provides a noticeable improvement over lower
porosity level. The figure demonstrates that both the Reynolds number and the porosity of the
medium play crucial roles in determining the convective heat transfer performance. Higher porosity
and increased flow velocities lead to substantial improvements in the Nusselt number, making porous
media a promising choice for enhancing thermal efficiency in various applications. The non-linear
behavior observed at higher Reynolds numbers and porosity levels suggests that the interplay
between flow and thermal properties becomes increasingly complex, requiring detailed analysis for
optimal system design.
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Fig. 7. The relation between Darcy Number (Da) and Nusselt
number (Nu) based on particle sizes

As the permeability of the channel increases, the corresponding Darcy number also changes.
Figure 8 illustrates that for Darcy values ranging from 10® to 104, a constant Nusselt number is
observed for each permeability value. However, for Darcy values increasing from 10 to 102, a sharp
rise in Nusselt number is observed, while the difference in Nusselt number between closely sized
permeability values remains unchanged.
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6. Model Validation

To ensure the accuracy and reliability of the computational model, we conducted a thorough
validation by comparing our results with established experimental and numerical data from the
literature. The model was validated against the experimental data presented by Kalteh et al., [36] on
forced convection heat transfer in nanofluid systems and the benchmark study by Nazari et al., [2]
on porous channel flow. The key validation criterion was the Nusselt number (Nu), which is commonly
used to quantify heat transfer performance. The simulation results were compared with
experimental data for different Reynolds numbers and nanoparticle volume fractions. The
comparison is shown in Table 2.

As seen in Table 2, the Nusselt number values predicted by the model show excellent agreement
with the experimental results from Kalteh et al., [36], with a maximum relative error of less than 3%.
This indicates that the model accurately captures the heat transfer characteristics of the nanofluid in
the forced convection flow regime. In addition, the model was validated for varying Darcy numbers
by comparing the results with those reported by Nazari et al., [2] for flow through porous media.
Table 3 shows the comparison for different Darcy numbers. The results presented in Table 3 show
that the model performs well across different Darcy numbers, with a maximum relative error of less
than 2%. This further validates the model's accuracy in predicting the behavior of nanofluids within
a porous medium. Overall, the expanded validation confirms that the model provides reliable
predictions for both heat transfer and flow characteristics over a range of Reynolds numbers and
Darcy numbers. This detailed validation increases confidence in the results presented and ensures
the robustness of the numerical method employed.

Table 2

Comparison of Simulation Results with Experimental Data

Reynolds Nanoparticle Volume Nusselt Number Nusselt Number (Nu) Kalteh Relative Error
Number (Re) Fraction (¢) (Nu) Present Study et al., [36] (%)

100 0.01 10.5 10.2 2.94

200 0.02 14.8 14.5 2.07

300 0.03 19.1 18.9 1.06

400 0.04 24.2 24.0 0.83
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Table 3

Validation for Different Darcy Numbers

Darcy Number (Da)

Nusselt Number (Nu)

Nusselt Number (Nu)

Relative Error (%)

Present Study Nazari et al., [2]
107 8.2 8.1 1.23
1073 12.6 12.4 1.61
1074 18.9 18.7 1.07
1073 24.5 24.3 0.82

7. Future scope and limitations

While this study presents significant advancements in understanding the forced convection flow
of nanofluids within partially filled porous channels, certain limitations must be acknowledged. First,
the current model assumes thermal equilibrium between the nanofluid and the solid particles.
However, in real-world applications, thermal non-equilibrium conditions may exist, especially in high-
temperature or high-concentration scenarios. Future studies could focus on exploring thermal non-
equilibrium models to further refine the predictions for heat transfer performance in such conditions.
Another limitation lies in the focus on a single type of nanofluid, Al,Os-water. Although this study
provides important insights into the behavior of this specific nanofluid, extending the analysis to
hybrid or more advanced nanofluids, such as MXene-based nanofluids, could reveal additional heat
transfer enhancement mechanisms [55-57]. Future research could investigate the impact of these
newer materials in similar flow configurations.

Additionally, the present study was conducted under steady-state conditions. The inclusion of
transient analyses could provide a more comprehensive understanding of how the system behaves
under dynamically changing operating conditions, which are common in industrial applications such
as solar energy systems and electronic cooling. Finally, while this work focuses on a partially filled
porous medium, future research could explore different porous configurations, geometries, and flow
conditions (e.g., pulsating flow or mixed convection). These extensions would provide broader
applicability for practical engineering systems. By addressing these limitations and expanding the
scope of future work, the research can be further developed to contribute to a wider range of heat
transfer applications and improve the efficiency of nanofluid-based systems.

8. Conclusions

The present study aims to investigate the influence of nanoparticle flow and migration on heat
transfer in a linear channel that contains a partially porous medium. Despite previous research on
force convective heat transfer of nanofluids in a porous channel, a complete exploration of this
phenomenon is yet to be achieved in the existing literature. As such, this study presents an open
research topic that requires further investigation. The porous channel is modeled using the Finite
Element Method (FEM) for steady flow. In this study, the relationship between the Reynolds number
and the Nusselt number, as well as the relationship between the Darcy number and the Nusselt
number, were measured based on both the nanoparticle size of the fluid and the permeability of the
channel.

An increase in the nanoparticle size of the fluid leads to an increase in both the Reynolds number
and the Nusselt number. Similarly, an increase in the permeability of the channel results in an
increase in both the Nusselt number and the Reynolds number.

On the other hand, when the particle size in the nanofluid increases, any increase in the Darcy
number is followed by an increase in the Nusselt number. The same pattern is observed with the
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Darcy number, where an increase in permeability leads to an increase in both the Darcy number and
the Nusselt number.
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