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Abstract: In this paper, the effects of the fluid-thermal parameters of a porous medium with different
values of porosity and permeability on the fluid flow, heat, and concentration parameters were
investigated for solar energy applications. The characteristics of the boundary layer, velocity profiles,
pressure drop, and thermal and high heat concentration distribution have been analyzed. A developed
Brinkman equation for fluid flow and a power law model for thermal conductivity (considering
the porosity and permeability factors) were calculated with constant solar heat flux. The numerical
model was developed based on the finite element method by the LU algorithm using the MUMPS
solver. The Brinkman equations were solved under steady and unsteady states for velocity, pressure,
thermal, and concentration distribution effects, respectively. In a porous medium, the normalized
temperature of the presented model had an acceptable agreement with the experimental data, with
a maximum error of 3%. At constant permeability, by decreasing the porosity, the velocity profile
was extended. This was mainly due to the presence of pores in the collector. With an accelerated
flow, the maximum velocity of 2.5 m/s occurred at a porosity of 0.2. It was also found that in the
porous collector, the Nusselt number increased where the maximum difference between the porous
and the nonporous collectors occurred at the beginning of the collector, with a value of 32%, and
the minimum difference was 27%. The results also indicate that in the porous collector, solar energy
absorbance was higher and the heat transfer was improved. However, an increase in the pressure
drop was noted in the porous collectors.

Keywords: solar collector; porous medium; developed brinkman equation; mass-fluid analysis

1. Introduction

Nowadays, porous metal environments have important roles in a wide range of
industrial equipment that can be used in a variety of applications [1]. The composition
of these mediums with nanofluid flows can be considered to improve the efficiency of
thermal systems. Bayomy and Saghir [2] conducted an experimental study of alumina
nanofluid in a porous micro-channel for a low volumetric percentage of nanofluid to
analyze the thermal conductivity of a metal foam with a four-core processor. The results
of this work showed that the Nusselt number of flows increased using the nanofluids.
Boomsma and Poulikakos [3] developed a 3D model of the thermal conductivity of a
porous foam saturated on the basis of its porous geometry. The geometric shape of the
filling of a given space with same-sized pores that produced a minimum porosity surface
was estimated in the work, and basic definitions for effective thermal conductivity for
various foams were reported. In [4], different forms of a flow equation into a porous
medium as an alternative to the Navier–Stokes equation for single-phase conditions were
discussed. Dukhan and Chen [5] examined a simple model of airflow and heat transfer into
aluminum metal foams and described how the temperature was distributed. Their model
consisted of a fixed flux exerted on the wall of a channel. Dukhan and Ratowski [6] (2010)
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developed an analytical solution for a solid-state energy equation for a porous medium
that was placed in a two-dimensional fashion under constant heat flux. The most important
achievement of the study was its examination of the capability of the equipment to be
cooled down by fluid by changing its thermal conductivity coefficient. Furman et al. [7]
examined the methods for producing porous aluminum foams and analyzed parameters
such as the penetrability of foam with a porosity of more than 60%. Guo and Yu [8]
analyzed pipes filled with metal foam under different dynamic loading levels. They found
that the deformation of porous foam with a dynamic loading is completely different.
Hamdan [9] examined the flow of single-phase fluid into a porous medium and showed
that when the flow was fully developed, the conditions of entering a porous channel
with different flow models were compatible with Navier–Stokes equation conditions.
Lu and Tassou [10] analyzed the properties of forced heat transfer in different porosity
foamed tubes, and they studied the Darcy model for moving flows into this medium.
Furthermore, in this solution, two different equations for solid and fluid heat transfers
into the porous medium were used. Their results showed that pore size and porosity of
metal foams played important roles in the overall performance of heat exchange from the
tubes. Mancin et al. [11] measured the heat transfer and pressure loss of copper foams
in a laboratory setup and found that the heat transfers and fluid flows in metal foams
were increased compared to those of the non-porous medium. In addition, in another
application of a porous medium, the analysis of a hydrogen–air mixture passing through
aluminum foam was investigated by Rezapour and Fanaee [12], aiming to use porous
foams in hydrogen fuel cell electrodes. In this work, the influences of key parameters on the
flow and heat transfer in the porous medium were discussed. Nakayama and Shenoy [13]
studied an analytical fluid in a saturated porous medium and examined the effects of the
boundary layer in this environment. In their paper, the equations for free heat transfer
in a porous medium and the effect of a Peclet number based on the slip wall conditions
were analyzed. Özgümüş et al. [14] investigated experimental methods for determining the
axial and transverse thermal dispersions inside coils and reported on their experimental
method for determining the heat dispersion coefficient. Pankaj and Malipatil [15] studied
the properties of heat transfer in four different aluminum foams. The experiments were
carried out to measure the pressure drop in the metal foam and the heat transfer coefficient
with a mass flow rate from 0.002 to 0.11 (kg/s). Fanaee and Rezapour [16] defined a thermal
transition region within the porous medium with a continued Stokes equation. This work
led to the development of a developed Brinkman method for fluid in a porous medium.
Zhong et al. [17] found that the compression effect could exacerbate the pressure drop. It
has also been proven that there is a wide range of transient diameters in which the wall effect
is physically ineffective in terms of pressure and temperature. Yang and Nakayama [18]
analyzed the chemical composition and its dispersion on the effective thermal conductivity
of porous media, and they used the theory of average volume distribution in an analytical
manner. The physics and fundamental definitions of parameters in porous media, as well
as various forms of equations in a porous medium, were expressed in [19]. Huijin et al. [20]
examined the boundary layer in a porous medium by external flow equations. They
also examined the flow and heat transfer of the Prandtl and Peclet numbers. Dushin
et al. [21] pursued mathematical modeling in a porous medium for a two-dimensional
and three-dimensional solutions. Nakayama and Shenoy [22] examined the forced heat
transfer of non-Darcy flow in a two-dimensional channel with thermal flux. One of the
most important results of this work was the introduction of a relation for a Nusselt number
based on Reynolds number variations. Cummins [23] analyzed an unstoppable flow in
a porous medium with different pore sizes using a model that was based on the Darcy
equation. Fanaee and Rezapour [24] modeled a CPVT system with the shadow effects
of a solar porous collector on the concentrator. Their work showed that heat flux can be
considerably powered by using parabolic concentrators. Zehforoosh et al. [25] investigated
forced convective heat transfer with laminar and steady fluid flows. Dukhan et al. [26]
analyzed heat transfer in a tube filled with metal foam. They found that the thermal
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entry region in the metal foam was significant and much longer. Other researchers such
as Cummins et al. [23] have explored unsteady flow in porous media with different pore
sizes based on their Darcy equation model. This study showed that heterogeneous porous
material is neither fully saturated nor constantly saturated behind the visible wetted front.
Zafariyan et al. [27] studied the effects of Soret and Dufour numbers on a mixed flow over a
vertical plate embedded in a porous medium. In another work, Zafariyan and Fanaee [28]
analyzed the effects of thermal radiation on steady mixed convection flows with a plate
embedded into a porous medium. These two works showed a good applicability of time-
dependent mass and stabilized energy and momentum solutions into a porous medium.
Various numeric and experimental studies have been performed on solar systems [29,30].
One of the effective parameters of the efficiency of CPVT systems is a type of concentrator
or photovoltaic cell [31–33]. Kuzmenkov et al. [34] numerically studied direct absorption
solar collectors (DASC) for different applications using computational fluid dynamics.
Huang et. al. [35] evaluated concentrating fluid-based spectral-splitting hybrid PV-thermal
collectors that can provide high electrical and thermal efficiencies. Their model of the
collector with an optimal filter had a significantly higher total effective efficiency than an
equivalent conventional solar-thermal collector. Alves et al. [36] studied the performance of
a CPV/T and the thermal effects on its energy efficiency using an electromagnetic-thermal
finite element model in Swedish and Portuguese climate zones.

The presented literature review indicates that despite a number of studies being
performed in the domain of fluid flow and heat transfer in porous media, the basic un-
derstanding of mass transfer requires further investigation, particularly with respect to
parameters such as permeability and porosity on concentrated distributions in porous
media. In previous works, experimental and numerical data on the impacts of the effect of
mass transfer in porous media were investigated; however, the fundamental reasons and
main reactions between fluid-thermal parameters and occurrence are unclear.

This work aims to close this research gap by providing a quantitative and systematic
analysis of porous media applications. The main objectives of this study are to provide
a thorough insight into the fluid-thermal analysis of a porous collector. A computational
fluid dynamics method is developed to quantitatively investigate the effects of veloc-
ity profiles, pressure drop, boundary layer, and solar heat flux on the time-dependent
flow concentration.

2. Model Description

The geometry of the present model consists of a porous aluminum collector with a
square cross-section. In Figure 1, a schematic diagram of the structure is shown. The length
and height of the collector are equal to L and H, respectively. The boundary conditions for
the fluid analysis are included as the inlet velocity uin, the output pressure Pout, and the
no-slip boundary condition for the wall. For thermal analysis, the boundary conditions
include the inlet fluid temperature Tin and zero gradients of temperature at the outlet
of the collector. Furthermore, a solar heat flux with an average value of Q”, which is
prepared by a parabolic concentrator, is entered on the wall of a porous collector. For
concentration analysis, the boundary conditions include Cin for the inlet concentration and
outflow boundary condition at the outlet, with an initial zero concentration.

Figure 2 shows a sample of a porous collector where the collector is filled with alu-
minum foam. The effective thermal conductivity of the porous collector is considered as
keff, which is determined from the porosity percentage; ε, which is the thermal conductivity
of the aluminum foam, kp; and the thermal conductivity of the fluid, k.
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Figure 1. The schematic diagram of the modeling structure.

Figure 2. A sample of the metal porous collectors in the presented model.

3. Governing Equations

To analyze the porous collector, the continuity equation and the developed Brinkman
analysis of fluid were considered [4]. The unsteady forms of these equations were used for
coupling with momentum, concentration, and energy equations, written as follows:

∂

∂t
(ρε) +∇·(ρu) = 0 (1)

ρ

ε

(
∂u
∂t

+ (u·∇)u
ε

)
= −∇

[
p +

µ

ε

(
∇u + (∇u)T

)
− 2

3
µ

ε
(∇·u)

]
−
[
(K−1µ)u

]
(2)

where ε, Q, CP, µ, and u are the porosity, density, specific heat capacity, dynamic viscosity,
and average velocity of the flow, respectively. The permeability of the porous collector,
K, was considered a constant that was formulated from an experimental estimation, as
follows [4]:

K =
Dp

2ε3

a(1− ε)2 (3)

where, considering Carmen’s theory, a is equal to 180 and Dp is the average diameter of the
porous media holes.

The energy equation was considered according to the following equation [4]:

(ρcp)e f f
∂T
∂t

+ (ρcp)e f f (u
∂T
∂x

+ v
∂T
∂y

) = ∇·(ke f f∇T) + Q (4)

In the above equation, Q is the volume heat source term in the solar collector that was
considered equal to zero. Furthermore, u represents the average velocity of flow into the
porous collector that was obtained from Equation (5):

u = εv (5)
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In Equation (4), the value of keff is calculated with the help of the thermal conductivity
of the fluid, k, and the thermal conductivity of the aluminum foam, kp, in accordance with
Equation (6) (derived from [4]):

ke f f = kp
ε·k(1−ε) (6)

The convection heat transfer coefficient was calculated by considering the temperature
differences between the centerline, Tf, and the wall, TW, of the collector at each specified
section and entering the solar heat flux from the top surface of the collector, Q′′ , as presented
in Equation (7) [24,37]:

h(x) =
Q′′

(Tw − Tf )
(7)

The Nusselt number was dependent on the convection heat transfer coefficient, as
shown in Equation (8) [24,37]:

NuD(x) =
h(x)·H

k
(8)

The normalized width, Y, and temperature, θ, were obtained in accordance with
Equations (9) and (10) from [5], respectively:

Y =
y
H

(9)

θ =
T − Ti

(Q′′H/ke f f )
(10)

In these equations, H is the channel height, y is the perpendicular coordinate of the
channel, and Ti is the inlet flow temperature.

The governing equation of concentration for the porous collector was calculated as
follows [4]:

(ε + ρbkp,i)
∂c
∂t

+ (c + ρbCp)
∂ε

∂t
+∇·((−DD + Dε)∇c) + u·∇c = Ri + Si (11)

Dε =
ε

τF
DF (12)

In these equations, DD is the dispersion coefficient, DF is the fluid diffusivity coefficient,
De is the total diffusivity coefficient, C is the concentration, and τF is the effective mass
diffusivity coefficient. The values of τF were calculated from the Brugman model, as
presented in Equation (13) [4]:

τF = ε−1/2 (13)

For thermal and fluid analysis, unsteady solutions of these equations and steady-state
responses were used, while the time-dependent response of the concentration presented
the trend of the fluid flow variation.

4. Results and Discussion

In the current study, the effects of porous media with different values of porosity and
permeability on fluid flow, heat, and concentration parameters were calculated into a solar
collector. A developed Brinkman equation was considered for fluid flow analysis, and the
power law equation and Brugman model were taken into account for the effective thermal
conductivity and effective mass coefficient calculations, respectively. The collector walls
were exposed to the constant solar heat flux powered by a parabolic concentrator. The
length of the collector was 1200 mm and the height was equal to 50.8 mm. The numerical
model was based on the finite element method by lower–upper (LU) factorization using
the multi-frontal massively parallel sparse (MUMPS) solver. This solver is a direct program
that works based on numerical coding, which is a subset of the finite element method.



Energies 2022, 15, 9499 6 of 17

4.1. Validation

For validation of this model, as seen in Figure 3, the results of the normalized temper-
ature of the airflow into an aluminum foam collector with dimensions of 6 × 10 × 5 cm
and a porosity of 79.6% in similar conditions to [5] were calculated. According to this
figure, the results of the present model were in good agreement with the experimental
data of [5], where the maximum error was equal to 3%. Furthermore, the present data
were closer to the experimental data than the numerical model of [5], where the maximum
deviation between the experimental data and the numerical model was equal to 14% at
Y = 0.82. Considering this, the improvement of this model compared to other models of the
numerical solution of the fluid flow inside the porous medium are shown. In addition to
the present model, it can be used in most of the fluid flows in a porous medium.

Figure 3. The comparison between the normalized temperature achieved from the present model
and the numerical and experimental data [5] for air flow into an ERG aluminum porous foam at
ε = 79.6%.

4.2. Grid Sensitivity Analysis

To verify the independence of the grid from the numerical solution, the responses
of the convective heat transfer for three different triangular grids with 5502, 27,491 and,
63,432 nodes are compared in Figure 4. As shown, the response was significantly affected
by the number of grids in that once the number of nodes had changed from coarse, with
5502 nodes, to the average grid, with 27,491 nodes, the values of the convection heat transfer
coefficients were completely altered, showing dependence on the used grid number at this
domain. However, for fine mesh with 63,432 nodes, the response was not considerably
changed relative to the average grid. Therefore, the results were calculated for the selected
average grid.

4.3. Results and Discussion

To investigate the heat transfer problem in the porous collector for porous and non-
porous conditions, the variation in the Nusselt number in terms of the length to height ratio
of the collector is shown in Figure 5. The variation in the Nusselt number was calculated
with help of Equations (7) and (8). The collector was placed under a constant solar heat
flux of 20 W/cm2 that was prepared by a parabolic concentrator. As seen in this figure,
by increasing the length to height ratio of the channel, the Nusselt number decreased
as result of the decreasing difference between the wall and the fluid temperature in the
collector. The Nusselt number value in the porous collector was higher than that of the
non-porous collector, with a maximum difference of 32% at the beginning of the collector.
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This increase improved the heat transfer to the fluid for the porous collector conditions that
corresponded to the increase in the pressure drop. Furthermore, comparing the variation in
the convection heat transfer and the Nusselt number, as seen in Table 1, the convective heat
transfer coefficient for the porous collectors was also larger than that of the non-porous
collectors. This was mainly due to the effects of porosity and high-temperature gradient
from the heat flux to the working fluid in the porous collector.

Figure 4. The study of grid independency for the presented solution considering three different
unstructured grids with 63,432 (fine), 27,491 (average), and 5502 (coarse) nodes.

Figure 5. The variation in the Nusselt number versus the length to height ratio into porous and
non-porous collectors at uin = 0.5 m/s, Tin = 298, ε = 0.8, and K = 6 × 10−10 m2.
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Table 1. The comparison between the convection heat transfer coefficient and the Nusselt number for
porous and non-porous collectors, with L = 500 mm.

Collector h
(

W
m2·K

)
Nu

Porous collector 1787.31 148.94

Nonporous collector 1229.40 102.45

Figure 6 shows the normalized velocity profile for a constant permeability of 5 × 10−6

m2 and a different porosity into a solar collector with a length of 500 mm and inlet velocity
of 2 m/s. According to the results presented in this figure, the velocity profile was stretched
with the decrease in the porosity coefficient of the collector such that the flow accelerated,
with a maximum velocity of 2.5 m/s and a porosity coefficient of 0.2.

Figure 6. The variation in velocity profile at a permeability of 5 × 10−6 m2 and different porosity
coefficients for non-porous and porous collectors, where uin = 2 m/s and L = 500 mm.

Furthermore, the shear stress on the wall increased with the decreasing porosity. This
was mainly due to the resulting decrease in the empty space, which led to more contact
between the fluid and the walls and increased the shear stress. However, for the non-porous
collectors, the profile was wider, with a maximum velocity of 1.3 m/s.

Figure 7 shows the curves of the velocity profile and the maximum of the boundary
layer versus the porosity coefficients and a permeability of 6 × 10−6 m2. According to the
findings presented in this figure, by increasing the porosity coefficient, the velocity into the
boundary layer decreased, and as a result, the boundary layer also decreased. In addition,
with the increasing porosity, the flow conditions approached the non-porous collector, and
so by reaching a porosity coefficient of 1, the boundary layer and velocity profile showed a
similar trend to the non-porous collector, while the value of the porosity ratio was close
to 1.
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Figure 7. The variation in the velocity and maximum thickness of the boundary layer versus the
porosity for a permeability of 5 × 10−6 m2, with uin = 2 m/s.

Figure 8 shows the variations in the pressure gradient across the collector with a
permeability of 5 × 10−6 m2 at the different values of the porosity coefficients. As shown,
the pressure drop across the collector decreased with the increasing porosity coefficient such
that the pressure drop for all porous conditions was greater than that of the non-porous
collector because of the solid holdback effects into the porous medium. Furthermore, in a
porous collector, the variation in average pressure is nearly linear, whereas this profile was
not uniformly changed for the non-porous conditions. Increasing the pressure drop can
lead to an increase in heat transfer from the wall to the porous collector channel.

Figure 8. The variation in pressure across the collector versus the length to height ratio for the
different porosity coefficients at a permeability of 5 × 10−6 m2, with uin = 2 m/s.

Figure 9 shows the velocity profiles for different values of permeability at the location
of 500 mm in the length of the collector for the high and low porosity coefficients with



Energies 2022, 15, 9499 10 of 17

values of 0.8 and 0.2. As shown, the velocity profiles were stretched out by increasing
the permeability. The extension was due to the increase in shear stress on the wall of the
collector. Furthermore, increasing the amount of permeability increased the maximum
velocity, but the velocity profile was stretched out by decreasing the porosity coefficient.
This was mainly due to the fact that the shear stress was reduced by increasing the porosity
because of the increasing empty spaces and contact surfaces between the flow and the solid.

Figure 9. The variation in velocity profiles for the different values of permeability at the location
of 500 mm in the length of the collector for the high, 0.8, and low, 0.2, porosity coefficients, with
uin = 2 m/s.

In Figure 10, the variation in pressure across the solar collector for different values of
permeability at the location of 500 mm of the length of the collector is shown for the high
and low porosity coefficients with values of 0.8 and 0.2. As shown, with increasing the
permeability, the pressure was decreased, and the slope of the pressure curve significantly
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changed with a maximum value of 34%. The graphs in Figures 8 and 10 show that the
porosity and permeability of the porous collector changed the pressure linearly. The linear
relation was due to the nearly constant shear stress at the different amounts of the porosity
and permeability coefficients.

Figure 10. The variation in pressure across the collector versus the length to height ratio for the
different values of permeability at the high, 0.8, and low, 0.2, porosity coefficients, with uin = 2 m/s.

The time-dependent variations in concentration can present a complete approach to
flow movement into the solar collector. The variations were calculated by considering the
developed Brinkman model for the momentum and energy equations. Figure 11 shows
the concentration contours in the porous collector for three different times and for a low
porosity coefficient of 0.2. The distribution was affected by the temperature gradient
made by the solar heat flux, considering the coupling of mass, momentum, and energy
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equations. This is the main reason for the stretched-out concentration profile at the three
different times.

Figure 11. The contours of concentration in the porous collector at the three different time steps for a
low porosity of 0.2.

Figure 12 shows the variation in the concentration versus the length to height ratio
of the porous collector for the three different time steps, with a low porosity coefficient of
0.2. At x/H = 15, the amount of concentration changed to 11, 20, and 20 (mol/m3) during
0.1, 0.3, and 0.6 (s), respectively. According to the results presented in this figure, with
increasing time, the H2O was diffused into the collector. Furthermore, at this low porosity,
the flow would completely diffuse at approximately 0.6 s.

Figure 13 shows the contour of the H2O concentration in the porous collector for three
different times, with a high porosity of 0.8. As seen, the gradient of concentration was
determined by the shear stress term near the wall. The concentration profile stretched
out in the longitudinal direction. As the time increased, the concentration profile in the
longitudinal direction stretched out at a faster pace than the high porosity condition, but
the concentration magnitude remained constant.
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Figure 12. The variation in concentration in the porous collector for the three different times, with a
low porosity coefficient of 0.2.

Figure 13. The contours of concentration in the porous collector at the three different times for a high
porosity of 0.8.

The variation in the concentration versus the length to height ratio of the porous
collector for three different times, with a high porosity of 0.8, is shown in Figure 14.
According to the results presented in this figure, by time, H2O was diffused into the
collector; however, because of the high porosity of the medium, the mass flow would not
completely diffuse at 0.6 s. The contours and distribution of concentration are plotted
at similar times for both the low and high porosities of the collector. The shape of the
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concentration profile can be seen with contours, shown in Figures 11 and 13, and the trend
ahead of concentration can be seen in the plots. At x/H = 15 the amount of concentration
was 0.5, 7, and 18.5 (mol/m3) during 0.1, 0.3, and 0.6 (s), respectively. Comparing Figures 12
and 14, it is evident that the concentration in a high porosity collector would completely
diffuse over time in comparison to a low porosity collector. The difference in the amount of
concentration was 84 percent at the end of the solar collector for t = 0.6 (s). At t = 0.6 (s), all
the collectors would be full in a low porous collector; however, this cannot be seen clearly
for a high porous collector.

Figure 14. The variation in concentration versus the length to height ratio of the porous collector for
the three different times, with a high porosity coefficient of 0.8.

The variations in concentration versus the length to the height of the solar collector
for the three different porosity coefficients of 0.2, 0.4, and 0.8 are shown at t = 0.1 s in
Figure 15. As shown in this figure, the concentration diffusion was increased with a
decreasing porosity. This was aligned with the accelerating flow in a smaller void space
at a lower porosity coefficient. This phenomenon was also confirmed by the increasing
pressure differences at low porosities presented in Figure 10.

Figure 15. The variation in concentration versus the length to height ratio of the porous collector for
the three different porosity coefficients of 0.2, 0.4, and 0.8 at t = 0.1 s.
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5. Conclusions

In the current study, the effects of porous media with different values of porosity and
permeability on fluid flow, heat, and concentration parameters were calculated by a newly
developed Brinkman equation into a solar collector. The main results of this work can be
summarized as follows:

– The comparison between the non-temporal temperature variations with the experi-
mental results in [5] shows good agreement, with maximum errors of 3%.

– The results of the present model are closer to the experimental data in [5] rather than
to the numerical results in [5].

– Under constant permeability, the velocity decreases by decreasing the porosity. This
is due to the presence of porosity in the collector, where the flow accelerates in the
porous collector.

– By increasing the porosity coefficient, the velocity into the boundary layer decreases,
and as a result, the thickness of the boundary layer is also decreased.

– In high porosity, according to the definition of porosity, which is the ratio of empty
volume to total volume, the empty holes for fluid flow increase, the fluid acceleration is
lower, and, therefore, the maximum speed of the ratio of the lower porosity coefficient
will be lower.

– The porosity and permeability effects on the pressure drop along the collector are in
accordance with a linear relationship that decreases with the increasing porosity and
permeability of the pressure drop.

– According to the results, the drop in the pressure inside the porous collector increases
closer to the porous collector, which results in higher thermal energy for faster pump-
ing of the high-energy fluid and improves the heat transfer of the solar heat into
the collector.

– With increasing pressure due to the porosity in the porous collector, it is possible to in-
crease the temperature of the fluid without changing the phase in the porous collector.

– In the concentration distribution, coupled with developed Brinkman momentum
equation, the gradient concentration is determined by the shear stress term near
the wall.
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Nomenclature

P (kgm−1s−2) Pressure
v (ms−1) Velocity
u (ms−1) Darcy’s velocity
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T (K) Temperature

CP

(
J·kg−1K−1

)
Heat capacity in constant pressure

H (mm) Height of the collector

h
(

w·m−2K−1
)

Convection heat transfer coefficient

Nu Nusselt number
q”

(
W·m−2) Heat flux

K
(
m2) Permeability

k
(

w·m−1K−1
)

Conduction heat transfer coefficient

L (mm) Length of the collector
X (mm) Length
C

(
mol/m3) Concentration

τF Effective mass diffusivity coefficient
DF

(
m2/s

)
Fluid diffusivity coefficient

DD
(
m2/s

)
Dispersion coefficient

De
(
m2/s

)
Total diffusivity coefficient
Greek symbols

ρ (kgm−3) Density
µ (kgm−1s−1) Dynamic viscosity
ε Porosity coefficient
∇ Gradient
w
in
eff
p
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