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Abstract: This study proposed a model of a porous media-assisted flat-plate solar collector (FPSC)
using nanofluid flow. The heightened thermal efficiency of FPSC undergoes numerical scrutiny,
incorporating various factors for analysis, including aspects like the configuration of the porous
block introduced, Darcy number (Da = 10−5~10−2), types of nanoparticles, volume fraction (φ), and
mixing ratio (φc). The numerical findings indicate that the dominant factor in the channel is the
global Nusselt number (Nug). As the Darcy number rises, there is an improvement in the heat transfer
performance within the channel. Simultaneously, for the case of Re = 234, φ = 3%, and φc = 100%, the
Nug in the channel reaches a maximum value of 6.80, and the thermal efficiency can be increased
to 70.5% with the insertion of rectangular porous blocks of Da = 10−2. Finally, the performance
evaluation criteria (PEC) are employed for a comprehensive assessment of the thermal performance
of FPSC. This analysis considers both the improved heat transfer and the pressure drop in the collector
channel. The FPSC registered a maximum PEC value of 1.8 when rectangular porous blocks were
inserted under conditions of Da = 10−2 and Re = 234 and the nanofluid concentrations of φ = 3% and
φc = 100%. The findings can be provided to technically support the future commercial applications of
FPSC. The findings may serve as a technical foundation for FPSC in upcoming porous media and
support commercial applications.

Keywords: nanofluids; porous material; flat-plate solar collector; thermal performance enhancement;
thermal efficiency; performance evaluation criteria

1. Introduction

The worldwide energy demand is increasing steadily. This scenario is intensifying the
risk of depleting finite fossil fuels and contributing to global warming. Based on the aim of
decarbonization, the adjustment of the energy structure has been and is under transition to
mitigate climate change [1]. For the developing renewable energy utilization, the flat-plate
solar collector (FPSC), a prevalent technology in solar thermal utilization, boasts the benefits
of a straightforward structure, low manufacturing and operational costs, and a high level
of integration with buildings, as well as a wide range of potential applications [2–4].

Nevertheless, FPSCs mostly have low thermal performance due to more thermal losses
and simple heat transfer configurations [5]. To enhance the thermal efficiency of FPSCs,
extensive efforts have been devoted to improving their energy efficiency, such as efficient
heat transfer structure [5–7], heat pipe technology [8,9], etc. Additionally, porous materials
with excellent conductivity and effective energy storage have been incorporated as a highly
efficient and cost-effective method to enhance heat transfer and energy efficiency in solar
energy systems [10–12]. Moreover, in terms of the working fluid development, nanofluids
have also become a promising technique used for enhancing the rate of energy transfer in
the FPSC channels [13–15].
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Capitalizing on the advantages of porous metal foam for enhancing thermal perfor-
mance in the FPSC channel, this experimental study unequivocally illustrated that the
FPSC channel with completely filled porous media achieves superior thermal efficiency,
and even the global Nusselt number experiences an 82% enhancement compared to the
empty channel [16]. Moreover, the thermo-physical properties of the porous materials were
demonstrated to make a significant impact on the thermal performance of FPSCs [17]. In
the majority of numerical studies focusing on improving the thermal performance of FPSCs
with porous media assistance, Darcy’s law and the Darcy–Brinkman–Forchheimer equation
have been primarily used in the porous region [18,19].

In the heat transfer model within the porous region, the assumption of local ther-
mal equilibrium (LTE) is typically applicable in the low-temperature FPSC channel [9,20].
Saedodin et al. [21] conducted a numerical analysis to assess the impact of porous metal
foam on the thermal performance of FPSC, employing the local thermal equilibrium (LTE)
assumption and implementing a semi-filled porous substrate arrangement in the FPSC
channel. The examination of heat transfer and pressure drop within the FPSC channel
substantiated that the introduction of porous substrate has the potential to increase the max-
imum thermal efficiency and global Nusselt number (Nu) by 18.5% and 82%, respectively.
The improvement in thermal performance of FPSC, achieved through the intermittent inser-
tion of porous metal foam blocks, was numerically investigated under the assumption of
the local thermal equilibrium (LTE) model in the porous regions [22]. In addition, in order
to optimize the configuration of FPSC with porous blocks, the shape of the porous metal
foam significantly impacts the thermal performance of FPSC [19]. Meanwhile, considering
both heat transfer and pressure drop in the FPSC channel, it is imperative to analyze the
performance evaluation criteria (PEC) comprehensively to assess the thermal performance
of FPSC [23].

On the other hand, the development of highly efficient nanofluids in the FPSC channel
is another favorable way, wherein the thermal efficiency of FPSC is significantly influ-
enced by the properties of the working fluid [24]. In recent years, some literature reviews
have been published in this field [1,14,15]. Safarian et al. [25] numerically studied the
characteristics of heat transfer in a flat-plate solar collector using nanofluids in different
concentrations (Al2O3/water and CuO/water). The findings demonstrated that the intro-
duction of nanoparticles and altering the flow direction in the FPSC channel induce an
increase in the convective heat transfer coefficient. This phenomenon has been previously
observed by Gupta et al. Gupta et al. [26] numerically tested the thermal performance of
FPSCs with and without nanofluid (Al2O3/water). The outlet water temperature of FPSC
without nanofluid was 5–10 ◦C lower than that the nanofluid was used. Moreover, Darbari
and Rashidi [27] conducted a numerical simulation to explore the thermal efficiency of a flat
plate thermosyphon solar water heater using various nanofluids. The study incorporated
the examination of different parameters, including the volume fraction of nanoparticles,
volumetric flow rate, solar radiation intensity, and more. The findings revealed that among
the diverse nanoparticles tested, the inclusion of copper nanoparticles, followed by copper
oxide, led to the most substantial enhancements in efficiency and useful energy. Esmaeili
et al. [28] proposed an innovative solar collector design incorporating copper oxide (CuO)
porous foam and nanoparticles with superior optical properties, aiming to enhance the ther-
mal performance of the FPSC. Taking into account varying nanoparticle volume fractions,
foam pore sizes, working fluid mass flow rates, as well as different thicknesses and posi-
tions of the porous layer within the FPSC channel, the numerical findings revealed that the
efficiency of FPSC, whether partially or fully filled with metal foam, reached its peak value
in the fully filled configuration. Additionally, compared with the water flow, the utilization
of CuO nanofluid and metal foam led to an enhancement in collector efficiency by as much
as 26.8% and 23.8%. Xiong et al. [29] conducted a numerical investigation exploring the
impacts of hybrid nanofluid concentration (Ag-Al2O3/water), porosity, Darcy number,
Reynolds number, and other factors that significantly influence the thermal performance
of FPSC. Abolfazl et al. [30] propose solutions to improve the thermal performance of
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paraffin as a Phase-change Material (PCM) in solar flat-plate collector systems for domestic
and industrial solar applications. Three methods are proposed: using 10 PPIs aluminum
foams with 0.92 or 0.95 porosity, various types of 5%wt nanoparticles, and modifications
to the geometry in three configurations: straight, wavy wall, and wavy wall Y-shaped fin
combinations. The paper found that nano-powders reduce melting time by 18.15% and
40.70%, while metal foams or nanoparticles with foams improve cycling times.

It is clear from the review of the prior state-of-the-art presented above that using
porous media and nanofluids improves the heat transfer of FPSC. In the present work, a
novel configuration design of FPSC with intermittently inserting porous blocks is proposed.
And the main objective is to illustrate the effects of some key factors on the thermal
performance of FPSC, in which the porous foam shape, permeability, Reynolds number,
nanoparticle type (Cu, Al2O3), volume fraction, and mixing ratio of hybrid nanofluids are
mainly taken into account. The global heat transfer (Nug) in the FPSC channel is clarified
at various Reynolds numbers. Meanwhile, the dimensionless pressure drop (friction
coefficient (fm)) is disclosed. Lastly, an analysis of the performance evaluation criteria
(PEC) in the FPSC channel is conducted to identify an optimal configuration and operating
parameters that yield maximum thermal efficiency.

2. Mathematical Model
2.1. Mathematical Model and Assumptions

The model employed in this investigation predominantly relies on an experimental
prototype featuring channel dimensions of 13 mm (H) by 800 mm (L). [21]. Presuming the
composite plate as a singular layer and overlooking the thickness and optical properties
of the glass coverings and absorber plates [20]. Additionally, the lower wall of the FPSC
channel is thermally insulated. The accurate magnitude of the geographical inlet radiation
at any point can be ascertained by assuming that the solar radiation intensity remains
consistent with the constant heat source on the absorber plate (qw = 800 W/m2) [9,31]. The
base fluid within the channel is water (Pr = 7), and for the purposes of this study, the differ-
ent types of nanoparticles (Al2O3-H2O, Cu-H2O), nanoparticle volume fraction (φ = 1%,
2%, and 3%), and hybrid nanofluid mixing ratios (0%Cu/100%Al2O3, 25%Cu/75%Al2O3,
50%Cu/50%Al2O3, 75%Cu/25%Al2O3, and 100%Cu/0%Al2O3) have been designed to
study the effects of the new type of heat exchanger. The influence of the Reynolds number
on the thermal performance of the FPSC is examined as the incoming fluid enters the
collector with uniform velocity (uin) and constant temperature (Tin). It is presumed that
the fluid flow inside the channel is laminar, stable, and incompressible. Also, the effects of
its radiation and buoyancy are not taken into account. In this study, the geometric shapes
of the porous media are constructed as rectangles (REC), trapezoids (TRA1, TRA2), and
triangles (TRI), as shown in Figure 1. Inserting porous media into the FPSC channel is
designed to investigate the impact of body shape and permeability (Da = 10−5~10−2) within
the FPSC channel. In addition, the porous metal foam is constructed from isotropic alumina
(Al2O3) material with a consistent distribution of pores. Its thermophysical properties are
presumed to remain constant, as outlined in Table 1.

Table 1. Parametric characteristics of porous media block.

Parameters Value Unit

Total length 0.36 m
Height 0.0078 m
Density 3.5 × 103 kg/m3

Thermal conductivity 29 W/(m·K)
Specific heat capacity 750 J/(kg·K)

Darcy number Da = 10−5, 10−4, 10−3, 10−2

Material type Al2O3
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Figure 1. Schematic of the computational model for FPSC inserted with intermittent porous blocks.

2.2. Governing Equations

The Darcy–Brinkman–Forchheimer model [32] is employed to characterize the dissipa-
tion term in the momentum equation, considering the assumptions mentioned earlier. This
model takes into consideration the influences of fluid viscous force and inertia force within
the porous medium region of the collector. Additionally, the local thermal equilibrium
(LTE) single-temperature model is utilized to describe the heat transfer between solids and
fluids in proximity to the porous medium region [21]. In conclusion, the expression of the
2D mathematical governing equations is as follows.

Continuity Equation:
∂u
∂x

+
∂v
∂y

= 0 (1)

where u and v represent the velocity components in the x and y directions, respectively.
Momentum equations:

1. Governing equations in the fluid domain.

ρ

(
u

∂u
∂x

+ v
∂u
∂y

)
= −∂p

∂x
+ µ

(
∂2u
∂x2 +

∂2u
∂y2

)
(2)

ρ

(
u

∂v
∂x

+ v
∂v
∂y

)
= −∂p

∂y
+ µ

(
∂2v
∂x2 +

∂2v
∂y2

)
(3)

2. Governing equations in the porous medium domain.

ρ

ε2

(
u

∂u
∂x

+ v
∂u
∂y

)
= −∂p

∂x
+

µe f f

ε

(
∂2u
∂x2 +

∂2u
∂y2

)
− µ

K
u − ρF√

K

∣∣∣∣→V∣∣∣∣u (4)

ρ

ε2

(
u

∂v
∂x

+ v
∂v
∂y

)
= −∂p

∂y
+

µe f f

ε

(
∂2v
∂x2 +

∂2v
∂y2

)
− µ

K
v − ρF√

K

∣∣∣∣→V∣∣∣∣v (5)

where
∣∣∣∣→V∣∣∣∣ = √

u2 + v2 is the combined velocity of transverse and longitudinal, ε is the

porosity, and K is the permeability of the porous medium. Other variables include ρ for
fluid density, p for fluid pressure, µ for dynamic viscosity, and µeff for effective viscosity.
F = 1.75√

150
· 1

ε1.5 is the inertial factor [33].

The permeability of porous media can be obtained by using the Carman–Kozeny
formula [34].
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K =
D2

pε3

180(1 − ε)2 (6)

where Dp represents the pore diameter of the porous media matrix, and K is the permeability
of a porous metal foam block, which is defined as follows:

K = Da·Dh
2 (7)

where Dh denotes the equivalent diameter of the channel.

Energy equation:
1
ε

(
u

∂T
∂x

+ v
∂T
∂y

)
= τ

(
∂2T
∂x2 +

∂2T
∂y2

)
(8)

where T is the temperature, and τ is the thermal diffusivity.

2.3. Boundary Conditions

In the present study, the boundary conditions are provided as follows:
FPSC inlet conditions:

u = uin, v = 0, T = Tin,∇p = 0 (9)

FPSC outlet conditions:

v = 0,
∂u
∂x

= 0,∇T = 0, p = 0 (10)

An adiabatic condition is assumed to have a no-slip condition at the bottom wall of
the collector channel.

u = v = 0,∇T = 0,∇p = 0 (11)

Solar radiation is emitted via the top of the collection channel, and it is evenly dispersed
over the absorber under no-slip conditions.

u = v = 0,∇T = − qw

ke f f
,∇p = 0 (12)

where keff is the effective thermal conductivity, which is defined as follows [34].

ke f f = εk f + 0.195(1 − ε)0.763kp (13)

where kf is the thermal conductivity of the fluid, and kp is the thermal conductivity of
porous media.

2.4. Nanofluid Parametric Definitions

From the thermal physical property parameters of heat transfer fluids, this paper
looked into and sorted out the current standard calculation techniques for physical property
parameters. The calculation models for thermal conductivity, specific heat capacity, and
dynamic viscosity of nanofluids are proposed as follows.

Local heat balance energy equation of nanofluid flowing through porous metal foam
block [35]:

∇ · (ρn f
→
VCp,n f T) = ∇ · (ke f f ,n f∇T) (14)

where the suffix nf denotes the nanofluid, ρ is the fluid density, and Cp is the specific heat
capacity of the nanofluid.

For the single-phase mixed model, the single nanoparticle density is as follows [35]:

ρn f = (1 − φ)ρ f + φρnp (15)

where φ is the volume fraction of the nanoparticle, np denotes the nanoparticle, and ρnp is
the density of the nanoparticle.
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Thus, the thermodynamic properties of single nanoparticles can be calculated [35]:

Ωnp = φΩs (16)

where Ω is the specific property of the nanoparticle. Assuming the thermal balance between
suspended nanoparticles and fluid, the viscosity (µ), thermal conductivity (k), and specific
heat capacity (Cp) of a single nanoparticle can be calculated based on the calculations
of [36]:

µn f = µ f (1 + 0.025φ + 0.015φ2) (17)

kn f = 0.25
[
(3φ − 1)knp + (2 − 3φ)k f +

√
∆
]

(18)

Cp,n f =
(1 − φ)

(
ρCp

)
f + φ

(
ρCp

)
np

ρn f
(19)

where ∆ =
[
(3φ − 1)knp + (2 − 3φ)k f

]2
+ 8knpk f .

The viscosity determines the Reynolds number value, and the Reynolds number and
Prandtl number in the channel are defined as follows:

Re =
4
·

m
πHµ

(20)

Pr =
µCp

k
(21)

where
·

m is the mass flow rate.
According to the formula for the thermodynamic properties of single nanoparticles,

the thermodynamic properties of mixed nanoparticles can be deduced as follows [35]:

Ωnp =

(
φc

φ

)
Ωc +

(
φa

φ

)
Ωa (22)

where a and c represent Al2O3 nanoparticles and Cu nanoparticles, respectively. The
volume fraction of nanoparticles is defined as follows:

φ = φa + φc (23)

Density of mixed nanoparticles:

ρhn f = (1 − φa − φc)ρ f + (φa + φc)ρnp (24)

where hnf is the mixed nanoparticle, while the density of the mixed nanoparticles is

ρnp =

(
φa

φ

)
ρa +

(
φc

φ

)
ρc (25)

From this, the viscosity (µ), thermal conductivity (k), and specific heat capacity (Cp) of
the mixed nanoparticles can be calculated:

µhn f =
µ f

[1 − (φa + φc)]
2.5 (26)

khn f

k f
=

(
φaka+φbkb

φhn f

)
+ 2(φaka + φbkb)− 2k f φhn f + 2k f(

φaka+φbkb
φhn f

)
− (φaka + φbkb)− 2k f φhn f + 2k f

(27)

Cp,hn f =
(1 − φa − φc)

(
ρCp

)
f + φaCp,aρa + φcCp,cρc

ρhn f
(28)
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2.5. Collector Control Parameters

The non-dimensional pressure drop’s friction coefficient in the collector is defined as
follows [20]:

fm =
2H∆p
ρu2L

(29)

where fm is the friction coefficient, H represents the height of the collector channel, and L
denotes the length of the collector channel.

The definition of the local Nusselt number is as follows [21]:

Nu =
hH
k

=
qwH/kf
Tw − Tm

(30)

where Nu represents the Nusselt number, h is the convective heat transfer coefficient, Tw is
the wall temperature, and Tm is the mean volume temperature of the fluid. The latter can
be calculated using the following formula [21]:

Tm =

∫ y=H
y=0 uTdy∫ y=H
y=0 udy

(31)

The mean Nusselt number within the porous media domain is determined as follows:

Numi =
1
I

∫ Xi+I

Xi

NudX (32)

where I denotes the width of each porous block, and Xi signifies the inlet spatial location of
each porous block.

The definition of the global Nusselt number in the FPSC is as follows:

Nug =
∑i=N

i=1 Numi

N
(33)

where Nug denotes the global Nusselt number, while N signifies the count of porous blocks
within the channel. Through the measurement of the incoming and outgoing temperatures
of the working fluid, the net rate of effective heat absorption by the working fluid can be
determined using the following formula [37]:

·
Qu =

·
mCp(Tout − Tin) (34)

In this context,
·

Qu represents the rate at which beneficial heat is acquired, with Tout
and Tin denoting the temperatures of the working fluid as it exits and enters the solar
collector, respectively.

The thermal efficiency is characterized as the proportion of extracted energy that is
beneficial to the input solar energy. Considering that this study is a 2D model, the thermal
efficiency per unit area of the solar collector can be defined according to Equation (34)
as [37]

η =

·
Qu

qw Ac
=

·
mCp(Tout − Tin)

qw Ac
(35)

where Ac is the collector unit lighting area.

3. Numerical Details
3.1. Numerical Method

All simulations in this investigation were run using the finite volume method-based
ANSYS Fluent 19.1 software. The governing equations were numerically and discretely
solved using the finite volume approach. The coupling of velocity and pressure is deter-
mined using the SIMPLE technique, and the momentum and energy equations are adopted
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in second-order upwind format for stability. The largest iterative residual of all variables
below 10−8 is recognized as convergence criteria are established, and for the steady-state
flow issue in this study, the laminar flow model is also adopted.

3.2. Grid Independence Validation

A grid independence assessment was conducted for the model using the subsequent
parameters: Da = 10−4, Re = 234, s = 0.6 H, the porous block was rectangular, water
served as the heat transfer fluid within the channel, and the parameter s was set to 0.6 H
to validate the precision of the numerical solution. Figure 2 illustrates the changes in
the total Nusselt number and friction coefficient with various grid positions. With more
grid points, we observe a drop in Nug and fm. The channel Nug and fm curves tend to
stabilize when the grid points rise to 150 × 1000. In this instance, the global Nusselt
number and channel friction coefficient are not significantly impacted by changes in the
grid points. Therefore, it may be said that 150 × 1000 is the ideal mesh size. In addition,
Table 2 conducts a comparison between the aforementioned model and the empty channel
while taking the effect of various mesh sizes on channel outlet temperature (Tout) into
account. The results show that the percentage difference between the porous block and
non-porous block in the NO.3 channel is 0.5% and 0.4%, respectively, while that of the NO.4
channel is 0.08% and 0.09%, respectively; this is computed using the expression, i.e., the
percentage error =

(
Nug(No.n+1) − Nug(No.n)

)
/Nug(No.n+1). Therefore, with the above

two verification methods, it can be confirmed that the grid point selection of 150 × 1000
can obtain sufficient accuracy.
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Profiles of the coefficient in the FPSC channel: Da = 10−4, Re = 234, and s = 0.6 H.

Table 2. Analysis of the sensitivity of the channel exit temperature to different meshing schemes.

No. Grid Size
Tout Percentage

Difference (%) s = 0.6 H, Re = 234, Da = 10−4 Percentage
Difference (%)s = 0

1 25 × 100 292.9 295.7
2 50 × 250 296.4 1.20 300.4 1.60
3 100 × 500 297.9 0.50 301.6 0.40
4 150 × 1000 298.2 0.08 301.9 0.09
5 200 × 1300 298.4 0.06 302.2 0.08
6 250 × 1500 298.5 0.05 302.4 0.07
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3.3. Numerical Verification

To enhance the credibility of the numerical approach utilized in this investigation,
Figure 3 provides a comparative assessment of the computed average Nusselt number and
friction factor against results documented in the existing literature [21]. It is essential to
note that, for the sake of calculation accuracy, a grid resolution of 150 × 1000 was used for
the channel area. Comparative error analysis between the results of this study and those
from Saedodin’s study reveals that under various conditions, such as mass flow rates at the
inlet of 0.5 L/min (Re = 234), 1.0 L/min (Re = 351), and 1.5 L/min (Re = 468), the differences
in the calculated results are not significant. The greatest relative errors of Nug and fm are
2.23% and 1.35%, respectively, which can attest to the validity of this study’s numerical
method. It can be demonstrated that the results of this study’s numerical calculations are
trustworthy enough by the double verification of mesh size and numerical approach. As a
result, the following numerical investigations employ this numerical approach.
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4. Results and Discussions
4.1. Heat Transfer Performance and Resistance Loss of the Collector

In order to precisely assess the improved heat transfer characteristics in FPSC channels
with porous media and nanofluids, this section conducts a separate examination of the
dimensionless analysis of the global Nusselt number under the aforementioned influential
factors. Additionally, the introduction of porous blocks into FPSC substantially improves
heat transfer performance; however, it simultaneously leads to an increase in resistance,
leading to higher energy dissipation effects. Therefore, considering these aforementioned
factors, a comprehensive analysis of the characteristics of resistance loss in FPSC channels
with inserted porous blocks is imperative. As a dimensionless parameter linked to the
permeability of porous media, the Darcy number (Da = K/Dp

2) was calculated using the
empirical Equation (6). To examine the impact of various Da values of porous blocks on the
flow within FPSC channels, Figure 4 depicts the changes in the global Nusselt number (Nug)
in the FPSC channel under the base fluid condition (water) with different permeability
shapes of porous blocks. Clearly, it is noticeable that, for a specific shape of the porous
block, Nug rises with an increase in Da, and vice versa. This is due to the fact that at higher
permeability (Da = 10−2 and Da = 10−3), more fluid passes through the interior of the
porous block, enhancing heat exchange. Furthermore, for porous blocks with the same
Da values, the configuration of the porous block also exerts a noteworthy influence on
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Nug, exhibiting an almost monotonic increase as the shape transitions from a triangle (TRI)
to a rectangle (REC). It is worth noting that the shape changes of TRI and TRA2 porous
blocks have little effect under low Da (Da = 10−4 and Da = 10−5) conditions. This is because
the rectangular shape of the porous block provides a larger solid–liquid heat exchange
area compared to the triangular and trapezoidal shapes. Additionally, a close examination
of Figure 4a,b reveals that the Nug of the channel at Re = 468 exhibits a higher value in
comparison to the base fluid at Re = 234. According to Equation (20), as Re increases, fluid
velocity accelerates, leading to an increase in Nug. In a comprehensive comparison and
analysis of the results in Figure 4, it is evident that under the conditions of base fluid
Re = 468 and a Da = 10−2 for REC porous blocks, the heat transfer efficiency within the
FPSC channel is at its peak, attaining a maximum Nug value of 7.20.
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Figure 5 illustrates the variations in the dimensionless pressure drop friction coefficient
(fm) for the same operating conditions as depicted in Figure 4. It showcases the non-linear
behavior of the in-channel friction coefficient (fm) concerning different porous block (Al2O3)
shapes, Darcy numbers, and Reynolds numbers (Re). It is evident that, for a specified
configuration of a porous block, when its Da number diminishes while maintaining a
constant pore diameter, the porosity and pore density (PPI) also decrease, resulting in
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elevated permeability resistance loss and an inevitable increase in the friction coefficient
as per Equation (6). Additionally, the friction coefficient (fm) demonstrates an almost
linear escalation as the configuration of the inserted porous block transitions from TRI to
REC. Specifically, the REC porous block, maintaining an equivalent base width dimension,
occupies the most extensive channel space compared to the TRA- and TRI-shaped porous
blocks. As a result, fluid flow through the porous media matrix experiences greater viscous
and inertial resistance, leading to the largest in-channel pressure drop and the highest fm
value. Moreover, a comprehensive comparative analysis of Figure 5a,b reveals that, under
low Reynolds number (Re = 234) conditions, the fm value is consistently higher than that
observed under high Reynolds number conditions (Re = 468). The variation can be ascribed
to the reduced flow rate within the FPSC channel under the condition of low Reynolds
number, resulting in lower inlet kinetic energy and, thus, a relatively higher calculated
value of the fm. In summary, it is apparent that the fm maximum value of 7.91 is attained in
the case of the REC porous block with Da = 10−5 and Re = 234.
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To delve deeper into the impact of the Darcy number (Da) of the porous block on
the Nusselt number (Nug) and friction coefficient (fm) within the channel, Figure 6 delves
deeper into the analysis, building upon the findings from Figures 4 and 5. Figure 6 presents
the impact of inserting REC porous blocks with Da values ranging from 10−7 to 10−1 on
the channel Nug and fm under the Re = 234 operating condition. It is evident that as Da
increases from 10−7 to 10−2, the channel Nug also increases. However, it is worth noting
that as Da further increases to 10−1, the Nug of the channel exhibits a decreasing trend.

This occurrence can be ascribed to the rise in porosity, resulting in a decrease in the
available surface area for solid–liquid heat transfer between the fluid and the porous block,
resulting in a decrease in Nug. This indicates that for Re = 234, the REC porous block with
Da = 10−2 yields the most favorable conditions for achieving the maximum value of FPSC
channel Nug, which reaches a maximum value of 5.91. Furthermore, by examining Figure 6, it
becomes apparent that the channel’s fm consistently decreases with an increase in the porous
block Da. As a result, a minimum value of 1.01 is observed at Da = 10−1 for the channel’s fm.
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Considering the impact of the laminar fluid Reynolds number (Re) on both the heat
transfer efficiency and pressure drop within the channel, Figure 7 depicts the influence of
the Reynolds number (Re) of the base fluid on the Nusselt number (Nug) and pressure drop
(∆P) within the channel. This analysis is conducted under the operational scenario of an
inserted porous block with a rectangular shape and Da = 10−2. It is evident that the Nug
and ∆P of the channel increase with rising fluid Re in the laminar flow regime. At a high Re
value (Re = 2000), the channel achieves its maximum Nug and ∆P, which are 11.58 and 3.48.

In Figure 8, we investigate the influence of various nanoparticle species and volume
fractions on the heat transfer efficiency of FPSC channels. This analysis is conducted under
the conditions involving a porous block with a rectangular shape, Da = 10−2, and fluid
Re = 234. Figure 8a presents the variation of channel Nug with different volume fractions of
Al2O3-H2O nanofluids flowing through the FPSC channel. It is evident that higher Nug
values are observed with increased volume fractions, and the maximum value is achieved
with the REC porous block. This improvement can be ascribed to the augmentation
resulting from the addition of Al2O3 nanoparticles, which contributes to an increase in the
thermal conductivity, density, and viscosity of the fluid; a decrease in specific heat capacity;
and a notable enhancement in heat transfer within the channel is observed in comparison
to the base fluid, thereby amplifying the overall heat transfer efficiency of the channel. In
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Figure 8b, the nanofluid is Cu-H2O, and it is apparent that the inclusion of Cu nanoparticles
also improves the heat transfer efficiency of the channel. A comparison between Figure 8a,b
reveals that, under the same volume fraction condition, Cu-H2O has a significantly higher
impact on the channel’s heat transfer performance compared to Al2O3-H2O. In summary,
under the conditions of an inserted rectangular-shaped porous block and an increased
volume fraction of Cu-H2O to 3%, the Nug within the channel attains its peak at a value of
6.80, signifying a notable improvement of 20.7% in comparison to the base fluid.
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Nanofluids have the potential to significantly improve the heat transfer efficiency of the
channel; however, they are also associated with an augmented level of frictional resistance.
Figure 9 depicts the trends in frictional resistance loss corresponding to the conditions in
Figure 8. Upon observation of Figure 9, it is evident that the addition of nanoparticles leads
to an elevation in the channel’s friction coefficient (fm). This occurrence is a result of the
elevated density and dynamic viscosity of the nanofluid when contrasted with the base
fluid, increasing the channel’s frictional losses. Additionally, an increase in nanoparticle
volume fraction is accompanied by a corresponding rise in fm. It is noteworthy that the rate
of fm increment gradually diminishes. This behavior is attributed to an increased presence
of nanoparticles, which promotes improved mixing of the boundary layer, consequently
reducing frictional resistance. Comparative analysis of Figure 9a,b reveals that, under
the same volume fraction condition, the fm for Cu-H2O is slightly higher than that for
Al2O3-H2O. This difference can be explained by the significantly higher density of Cu-H2O
nanofluid in comparison to Al2O3-H2O nanofluid. In summary, when the porous block
takes a rectangular shape and the concentration of Cu-H2O is increased to 3%, the channel’s
fm reaches a maximum value of 3.96, representing a 33.8% increase in drag loss compared
to an empty channel.

Figure 9 illustrates how the performance of the channel’s heat transfer is affected
in different ways by the inclusion of several types of nanoparticles. Based on this, more
research is conducted to determine the effects of the simultaneous addition of two different
types of nanoparticles and the mixing ratio on the channel’s ability to transport heat.
In Figure 10, the impact of the mixing ratio of Al2O3 and Cu nanoparticles (φc is the
proportion of Cu nanoparticles) on the heat transfer efficiency of the FPSC channel is
depicted. This analysis considers diverse nanoparticle volume fractions and porous block
shapes, with the porous block (Al2O3) characterized by Da = 10−2 and fluid Re = 234. The
corresponding overall Nug number in the FPSC channel is big for the condition of a high
Cu nanoparticle proportion (φc = 100%), regardless of the nanoparticle volume fraction and
the configuration of the porous block, exhibiting enhanced thermal performance. The Nug
experiences a substantial increase when the configuration of the porous block transitions
from TRI to REC. Additionally, the shape of the porous block will influence the mixing ratio
of blended nanoparticles. It can be seen from the curve variation that the influence of the
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nanofluid mixing ratio on Nug increases with the change in the shape of the porous block:
TRI-TRA-REC. Because more nanofluids flow through the porous block as it transforms
from a triangle to a rectangle, the effect of nanofluid mixing becomes more substantial
than that of Nug. This is the cause of the occurrence. Additionally, it is observed that, as
the nanoparticle volume fraction increases from 1% to 3%, the shape of the porous block
and the ratio of nanofluid mixing do not impact the extent to which the Nusselt number
(Nug) of the channel increases. FPSC exhibits the best thermal performance when the
mixing ratio of nanofluids is φc = 100% (Cu), and upon a comprehensive examination of
the Nug depicted in Figure 10, it is noted that the Nug can attain a value of 6.80 within the
channel when the shape of the porous block is rectangular and the nanoparticle volume
fraction is 3%. The heat transfer performance is increased by roughly 13.3% when compared
to φc = 0% (Al2O3).
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4.2. Outlet Temperature of the Collector

To delve deeper into the impact of the factors mentioned above on the heat transfer
efficiency of the FPSC channel, this study monitored the distribution of the channel’s
outlet temperature.

In Figure 11, the impact of porous block permeability on the distribution of the
channel’s outlet temperature is depicted. This analysis is conducted under the conditions
of a rectangular porous block shape and a base fluid Re = 468. By applying both the median
and interquartile range as measures of location, it becomes apparent that the temperature
gradient near the insulating plate increases gradually, while in proximity to the collector
plate, the temperature rise at the outlet is remarkably pronounced. This occurrence can
be ascribed to the substantial disruption of flow patterns induced by the insertion of
porous blocks into the channel. In this scenario, a majority of flow lines circumvent the
porous blocks, resulting in the formation of recirculation vortex zones near the rear of each
porous block. This phenomenon enhances the mixing of flow and heat, as compared to
the empty channel. In Figure 11, it is also evident that the channel’s outlet temperature
gradient exhibits a consistent distribution trend under different permeability conditions.
For the Da = 10−2, the channel’s outlet temperature gradient is significantly higher than
that observed in cases with lower Darcy numbers (10−5~10−3). Furthermore, the channel’s
mean outlet temperature consistently ranks highest, followed by a gradual decrease in the
mean outlet temperature as the Darcy number decreases. This observation indicates that
the insertion of porous blocks with high Darcy numbers is advantageous for enhancing
FPSC thermal performance. This effect is attributed to the high-resistance porous block,
which restricts fluid flow through the porous block, resulting in limited heat exchange
between the fluid and the collector plate, particularly near the absorber plate.



Sustainability 2024, 16, 693 17 of 26

Sustainability 2024, 16, x FOR PEER REVIEW 19 of 28 
 

of porous blocks with high Darcy numbers is advantageous for enhancing FPSC thermal 
performance. This effect is attributed to the high-resistance porous block, which restricts 
fluid flow through the porous block, resulting in limited heat exchange between the fluid 
and the collector plate, particularly near the absorber plate. 

 
Figure 11. Comparisons of the outlet temperature of FPSC for the effects of various Darcy numbers 
at Re = 468. 

In Figure 12, the alterations in the FPSC channel’s outlet temperature are illustrated 
in relation to the shape of the porous block under the condition of Da = 10−2. By applying 
both the median and interquartile range as measures of location, it is evident that, simi-
larly to the operational conditions depicted in Figure 11, the outlet temperature gradient 
increases gradually in most locations at the channel’s exit and significantly increases in a 
small area close to the collector. With an increase in volume fraction, the peak and valley 
values rise. In Figure 12a,b, the maximum observed outlet temperature peaks are 306.8 °C 
and 305.9 °C, respectively, when the porous block shape is REC. The average outlet tem-
perature of the channel reaches its highest value when the porous block shape is REC in 
comparison to TRI and TRA, and the outlet temperature experiences a continuous increase 
as the shape of the porous block transitions from TRI to TRA to REC. Furthermore, upon 
comparing Figure 12a,b, it becomes evident that the average outlet temperature of the 
channel is higher when the Reynolds number is low (Re = 234) and vice versa. As a result, 
when the porous block is rectangular, Da = 10−2 and Re = 234, and the fluid is the base fluid, 
the channel’s average outlet temperature can achieve a peak value of 302.1 °C. 
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Re = 468.

In Figure 12, the alterations in the FPSC channel’s outlet temperature are illustrated in
relation to the shape of the porous block under the condition of Da = 10−2. By applying both
the median and interquartile range as measures of location, it is evident that, similarly to
the operational conditions depicted in Figure 11, the outlet temperature gradient increases
gradually in most locations at the channel’s exit and significantly increases in a small area
close to the collector. With an increase in volume fraction, the peak and valley values rise.
In Figure 12a,b, the maximum observed outlet temperature peaks are 306.8 ◦C and 305.9 ◦C,
respectively, when the porous block shape is REC. The average outlet temperature of the
channel reaches its highest value when the porous block shape is REC in comparison to
TRI and TRA, and the outlet temperature experiences a continuous increase as the shape
of the porous block transitions from TRI to TRA to REC. Furthermore, upon comparing
Figure 12a,b, it becomes evident that the average outlet temperature of the channel is higher
when the Reynolds number is low (Re = 234) and vice versa. As a result, when the porous
block is rectangular, Da = 10−2 and Re = 234, and the fluid is the base fluid, the channel’s
average outlet temperature can achieve a peak value of 302.1 ◦C.

In Figure 13, the influence of nanoparticle volume fraction on the outlet temperature
distribution of the FPSC channel is depicted under the conditions of a REC-shaped porous
block with Da = 10−2 and Re = 234. By examining the median and interquartile range of the
data in Figure 13, it becomes evident that irrespective of the nanoparticle volume fraction,
temperature valleys are consistently observed near the insulating plate, while temperature
peaks occur in proximity to the upper collector plate. Furthermore, both the peaks and
valleys exhibit an increase with higher nanoparticle volume fractions. In addition, the
growth trend of the outlet temperature gradient in the vicinity of the upper collector plate is
particularly pronounced, in contrast to the behavior of the outlet temperature gradient near
the insulating plate. Additionally, it is evident that the average outlet temperature of the
channel increases with a rise in nanoparticle volume fraction. Consequently, higher average
exit temperatures are observed with higher volume fractions (φ = 3%). Upon comparing
Figure 13a,b, it can be observed that Cu-H2O nanofluid, when flowing through the channel,
results in a higher average exit temperature compared to Al2O3-H2O. In summary, it is
noteworthy that the conditions of REC porous block (Da = 10−2, Re = 234) and Cu-H2O
nanofluid lead to a maximum average exit temperature of 303.1 ◦C for the channel.
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4.3. Thermal Efficiency of Solar Collector

The solar collector’s thermal efficiency can be expressed by Equation (35), which is
most simply understood as the ratio of useful heat output per unit area of the collector to the
heat projected onto the collector surface. This equation serves as a means of evaluating the
integrated thermal efficiency index of the solar collector system. Figure 14a demonstrates
how the thermal efficiency of the FPSC channel is influenced by the shape and permeability
of the porous block, with calculations performed at the base fluid Re = 234. As the Darcy
number increases, the thermal efficiency of the collector proportionally rises, regardless
of the configuration of the porous block shape; there is an additional observation that
as the shape progresses from TRI-TRA-REC, the collector’s thermal efficiency increases.
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Therefore, the REC porous block, characterized by Da = 10−2, demonstrates a peak thermal
efficiency of 67%. Moreover, upon examination of Figure 14b, it is evident that the addition
of nanoparticles significantly enhances the thermal efficiency of the collector, and this
enhancement is positively correlated with the increase in the volume fraction of nanoparti-
cles. When the added nanoparticles contain both Cu and Al2O3, a noteworthy observation
is that a higher percentage of Cu nanoparticles results in a higher thermal efficiency for
the collector. This indicates that at a nanoparticle volume fraction of 3% and φc = 100%,
the collector’s thermal efficiency reaches a maximum value of 70.5%, representing a 2.5%
increase compared to Al2O3 nanoparticles.
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4.4. Performance Evaluation Criteria (PEC)

Introducing porous blocks into the FPSC channel and substituting the base fluid
with nanofluid significantly enhances heat transmission compared to the conventional
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FPSC channel without inserts. However, this improvement comes at the cost of increased
electricity consumption for pumping due to elevated pressure loss in the FPSC channel.
Consequently, achieving a balance between pressure loss and enhanced heat transfer in
the FPSC channel is crucial. To comprehensively assess the thermal performance of porous
media and the enhancement of the FPSC channel facilitated by nanofluids, performance
evaluation criteria (PEC) are employed [18]. The expression for PEC is outlined as follows:

PEC =
(NuN=n/NuN=0)(

fN=n
fN=0

)1/3 (36)

Figure 15 depicts how the permeability and shape of the porous block, introduced
in the base fluid condition, affect the performance evaluation criteria (PEC) of the FPSC
channel. It is noteworthy that the shape has a substantial impact on the PEC, particularly
under high Darcy number (Da = 10−2, 10−3) conditions. This is due to the observation that
under conditions of elevated permeability, more fluid passes through the porous block,
leading to a significantly enhanced effect of heat transfer area variation on the channel’s heat
transfer performance. Overall, it is evident that the peak thermal performance is observed
at Da = 10−2 for REC shapes, establishing the FPSC channel as consistently demonstrating
the highest PEC value. Specifically, as depicted in Figure 15a for the base fluid Re = 234,
under conditions of low Darcy numbers (Da = 10−4, 10−5), the PEC value can achieve
1.68, the impact of porous block shape on the PEC value is not significant, and the PEC
value persists below that of high Darcy number conditions (Da = 10−2, 10−3). This implies
that irrespective of the shape of the porous block, the impact of pressure loss prevails in
the FPSC channel at low Darcy number conditions, posing a hindrance to its objective
of improving thermal performance. Additionally, under high Darcy number conditions
(Da = 10−2, 10−3), for Reynolds numbers Re = 234 and 468, the PEC values consistently
surpass 1.0. This signifies that the enhanced thermal performance of the FPSC channel
outweighs the adverse impact of pressure loss. In conclusion, based on the synthesis of
FPSC thermal performance evaluation, the configuration of the FPSC channel featuring an
incorporated REC porous block, with a Darcy number of Da = 10−2 and Re = 234, exhibits
the most effective heat transfer enhancement.
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Further, the intricate evolution of the PEC within the channel concerning the fluid
Reynolds number parameter in response to the nanoparticle type, volume fraction, and
Cu-Al2O3-H2O mixing ratio is displayed in Figure 16. Calculations were conducted for the
REC porous block with Da = 10−2, revealing analytical results that indicate a noteworthy
elevation in the PEC value of the channel upon the addition of nanoparticles in comparison
to the base fluid. This holds true irrespective of the nanoparticle type, and the PEC value
is positively correlated with the nanoparticle volume fraction, i.e., the larger the volume
fraction, the larger the PEC, implying a better performance of the FPSC. In addition, we
can find that at any nanoparticle volume fraction, the PEC increases as the percentage
of Cu(φc) nanoparticles in Cu-Al2O3-H2O increases. It is also worth mentioning that in
condition φc = 0%, nanoparticles consist solely of Al2O3, and when the volume fraction
is increased to φc = 100%, nanoparticles consist solely of Cu. Consequently, it is evident
that Cu-H2O can yield higher PEC values compared to Al2O3-H2O. A comparison between
Figure 16a and b distinctly indicates that the PEC value is higher at low Reynolds numbers
(Re = 234) and decreases with increasing Re. Based on the analysis and comparison, it is
concluded that under the conditions of REC porous block with Da = 10−2 and Re = 234,
when the nanoparticle volume fraction reaches 3%, along with the nanoparticle mixing
ratio φc = 100%, the channel reaches its maximum PEC value of 1.9. This represents an
enhancement in performance of approximately 90% compared to the empty channel.
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5. Conclusions

This study uses numerical modeling to examine how porous media and a flat-plate
solar collector with nanofluid assistance can improve their thermal performance. Regarding
the thermal efficiency of flat-plate solar collectors, the effects of porous blocks (considering
both shape and permeability), as well as the influence of nanofluids (Reynolds number,
type, volume fraction, mixing ratio), are thoroughly examined. Below is a summary of
some of the findings’ most important points.

(1) Regarding the impact of the flow state within the channel, observations indicate that
fluids with high Reynolds numbers (within the laminar range) can markedly improve
heat transfer performance within the FPSC channel. However, this improvement
is counterbalanced by increased pumping power requirements. In scenarios with
high Darcy numbers, the shape and permeability of the porous block demonstrate a
substantial influence on heat transfer performance.
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(2) The introduction of nanoparticles has a pronounced effect on the heat transfer per-
formance within FPSC channels. It is apparent that a higher volume fraction of
nanoparticles results in enhanced heat transfer performance. Additionally, the type of
nanoparticles plays a critical role. Cu nanoparticles exhibit enhanced heat transfer
performance compared to Al2O3 nanoparticles. Consequently, when both Al2O3 and
Cu nanoparticles are introduced, a higher percentage of Cu nanoparticles results
in improved heat transfer performance. Notably, the highest Nusselt number (Nug)
achieved for the channel is 6.80, achieved with a nanoparticle volume fraction of 3%
and φc = 100%.

(3) Additional analysis of the thermal efficiency in the FPSC channel reveals that at
Re = 234, the thermal efficiency is high and is notably affected by the shape of the
porous block, with superior performance observed in the REC porous block con-
figuration and the large Da values. For instance, when the volume percentage of
nanoparticles is 3% and φc = 100%, the thermal efficiency can reach a maximum of
70.5%, which is roughly 2.5% greater than that of φc = 0% (the nanoparticle is Al2O3).

(4) A comprehensive performance evaluation criteria (PEC) analysis for FPSC indicates
that the rectangular REC porous block configuration performs optimally for high
Darcy numbers (Da = 10−2). Taking into account the influence of the flow regime
in the FPSC channel, the PEC value reaches its peak at 1.68 under conditions of
low Reynolds numbers (Re = 234), representing a 68% enhancement compared to an
empty channel. Furthermore, it is crucial to emphasize that the PEC is affected by
the characteristics of the heat transfer fluid, with a maximum value of 1.90 attained
for the channel PEC under the condition of a nanoparticle volume fraction of 3% and
φc = 100%.
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