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Summary

The current research proposes the idea of using water-saturated metal oxide

foams and water-based nanofluids as solar absorber in the direct absorption

solar collectors (DASCs). Specifically, the novel solar collector design utilizes

copper oxide (CuO) porous foam and nanoparticle with high optical properties

and is expected to have enhanced thermal performance than the conventional

collectors utilizing pure water. The finite volume technique is used to solve the

governing equations of flow and heat transfer in the radiative participating

media. Also, to establish the reliability and accuracy of numerical solutions,

the obtained results are compared with the corresponding numerical and

experimental data. The computations are carried out for different nanoparticle

volume fractions, foam pore sizes, working fluid mass flow rates, and both

porous layer thicknesses and positions (inserted at the lower or upper wall of

the collector). It is found that the efficiency of DASC partially/fully filled with

metal oxide foam is maximized when the collector is completely filled with

it. Compared with the water flow, the numerical results show that the collector

efficiency using CuO nanofluid and metal oxide foam is improved by up to

26.8% and 23.8%, respectively. Moreover, considering the second law of ther-

modynamics, the use of CuO nanofluids in the DASC seems to be more effec-

tive than the use of CuO porous foam.
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1 | INTRODUCTION

The demand for energy production based on fossil fuel
resources has had an increasing trend in recent years.1

Due to the limitations of fossil fuel resources and associ-
ated environmental problems (CO emission increment),
turning to renewable energy seems inevitable.2 Among
the various forms of renewable energy (including
nuclear, solar, wind, ocean, and geothermal resources),
the use of solar energy has numerous benefits such as
environmental pollution reduction, high sustainability,

abundance, and low price. Solar energy can be harvested
through photovoltaic cells or solar collectors.3 In various
solar thermal collectors, including concentrating and
non-concentering collectors, the incoming solar radiation
energy into the collector is converted to useful thermal
energy.4 In conventional collectors, such as a flat plate
solar collector (FPSC), the incident radiation heats the
adsorbent plate and then a part of the heat is transferred
to the carrier fluid. In contrast, in a direct absorption
solar collector (DASC), the radiation is directly absorbed
by the heat transfer fluid (HTF) and the solar energy is
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converted into applied thermal energy.5 Since the optical
characteristics (such as extinction coefficient) of HTF sig-
nificantly influence the volumetric absorption process,
these properties are more important in direct absorption
collectors than the thermophysical ones. Due to the low
extinction coefficient of common fluids (such as water),
the addition of nanoparticles to the working fluid and
placing open-cell metal oxide foam in direct absorption
solar collectors (DASCs) can improve the extinction coef-
ficient of HTF, thus increasing the collector efficiency.

The application of nanofluids in low-temperature
DASCs has been the focus of various experimental and
theoretical/numerical studies.6-28 A comprehensive
review of the subject is found in.29-31 Gorji and Ranjbar29

reviewed the optical properties and application of
nanofluids in low and high heat flux DASCs. Among
experimental studies, as pioneering research in this field,
Otanicar et al26 investigated the effect of adding
nanoparticles (made of silver, carbon nanotube, and
graphite) to water (as the base fluid) in a micro-DASC.
They found that although the collector efficiency rises as
the volume fraction of nanoparticles increases, the effi-
ciency slightly decreases beyond a certain volume frac-
tion. The effect of adding aluminum oxide nanoparticles
(with a diameter of 20 nm) to the water with different
volume fractions was investigated by Gupta et al.22 They
reported a maximum enhancement of 39% in the instan-
taneous collector efficiency for a 0.005% volume fraction.
In a similar experimental set-up, the effects of bottom
wall optical conditions (black or reflective wall) and the
volume fractions of graphene nanoparticles in different
mass flow rates were studied by Karami et al24 and Vakili
et al,27 respectively. In a recent study, Karami et al30

investigated the energy and exergy efficiencies in a DASC
in which the effect of V-shaped rib roughness in DASC
bottom is considered. Two rib configurations, namely for-
ward (FR) and backward (BR) DASCs, and various
graphene oxide nanofluid concentrations and mass flow
rates were considered in their experiment. They con-
cluded that the zero-loss efficiency for FR and BR rib
geometries, compared to conventional collectors,
increases by 21% and 13.4%, respectively. Additionally, it
was found that adding 500 ppm of graphene
nanoparticles to the base fluid maximizes energy and
exergy efficiencies of FR and conventional collectors.
Among numerical studies, Tyagi et al17 concluded that
using water-aluminum nanofluid leads to 10% more effi-
ciency in DASC than in FPSC (under the same condi-
tions). Using the finite element method, the effects of
volume fraction and diameter of copper nanoparticle,
solar heat flux and Prandtl number on the thermal effi-
ciency and entropy generation in a DASC were studied
by Nasrin et al.2 Moradi et al32 conducted an analytic

three-dimensional study on the flow and heat transfer
along with the optical ray-tracing model in a direct
absorption tube collector containing carbon nanotubes.
They showed that the collector efficiency in water-based
nanofluids is higher than that in glycol-based nanofluids.

Using a transient one-dimensional model, Duan et al6

evaluated the photo-thermal efficiency of a DASC con-
taining SiO2/Au nanofluids. They found that the collector
efficiency is significantly increased using plasmonic
nanoshell-based nanofluid with an optimum collector
depth of 10 mm. Siavashi et al16 evaluated the effect of
the presence (and position) of an absorber plate in a
DASC filled with single-walled carbon nanohorns
(SWCNH) using the lattice Boltzmann method. They
concluded that placing the absorber plate, especially for
water flow, remarkably increases the collector efficiency.
Moreover, the maximum efficiency is achieved when the
metal sheet is located on the collector floor. More
recently, Sharaf et al13 numerically investigated the bal-
ance between power gain (as a quantitative parameter of
collector output) and temperature gain (as a qualitative
parameter of collector output) in a nanofluid-based
DASC. Using a constrained multivariable global optimi-
zation method, they showed that exergy efficiency begins
to decrease at a certain amount of thermal effi-
ciency (55%).

Employing porous materials is a common method to
improve the heat transfer characteristics of solar energy
systems. Rashidi et al33 reviewed various applications of
porous materials in solar energy systems. Porous media
including metal foams and porous metals can be used to
augment the volumetric absorption of solar radiation in
direct absorption collectors due to their high extinction
coefficient. In general, benefiting from porous materials
with high thermal conductivity can lead to increased heat
mixing, resulting in increased heat transfer rate and bet-
ter efficiency in solar collectors (non-direct radiation
absorption through the surface absorber). To enhance the
heat transfer using porous media, numerous numerical
and experimental studies have focused on the use of
porous materials in flat plate34-41 and parabolic42,43 col-
lectors. For instance, Saedodin et al40 experimentally and
numerically examined the effect of metallic foam (par-
tially/totally filled) on the performance of an FPSC. Their
numerical model showed that the optimal dimensionless
thickness of the metal foam layer is greater than 0.8. Fur-
thermore, they concluded that the maximum improve-
ment in collector efficiency and Nusselt number due to
the use of metal foam is 18.5% and 85%, respectively. The
influence of metal foam insert as a passive tool for
improving heat transfer in an FPSC was evaluated by
Javaniyan Jouybari et al.37 Their calculations showed that
by increasing the Reynolds number, the overall collector
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performance, as a parameter that takes both pressure
drop and Nusselt number into account, decreases. Also,
despite the rise in the pressure drop in a metal foam-
filled channel, the effect of entropy generated by heat
transfer is much greater than that generated by pressure
drop. Jamal-Abad et al43 investigated the efficiency of a
parabolic trough collector (PTC) whose absorber is filled
by copper metal foam (with a porosity of 0.9 and pore
diameter of 30 PPI). It was found that using metal foam,
the overall loss coefficient decreases by 45%, thereby
improving the collector efficiency. In a recent study,
Anirudh and Dhinakaran34 numerically studied the effect
of metal foam blocks on the efficiency of an FPSC. Their
results showed that as the number and height of the
porous blocks increase, despite the notable improvement
in heat transfer, the pressure drop increases as a negative
consequence. Moreover, the collector performance
parameter improves when the number of metal foam
blocks is minimal and the foam layer height is less.

An essential component of PTCs is the thermal
receiver in which the radiation energy is converted to
thermal energy.44-46 To increase the solar energy absorp-
tion and subsequently increase the collector efficiency as
well as outlet temperature, a volumetric receiver can be
equipped with porous matrix. Numerous studies have
investigated the efficiency of porous volumetric
receivers.44,47-49 It should be noted that in most of them,
air and ceramic foams are used as the HTF and porous
media, respectively. Few studies have considered the volu-
metric receiver occupied by a liquid saturated metal
foam.50,51 Recently, Valizade et al51 investigated the appli-
cation of copper metal foam in a direct absorption PTC at
different mass flow rates, inlet temperatures, and porous
insert configurations. It is found that using the full porous
configuration, the efficiency of the collector increases by
up to 171% compared to the porous-free tube. However, to
the best of our knowledge, there has been no experimental
or numerical study on the evaluation and application of

metal oxide foam in the non-concentrating DASCs. To this
aim, the use of copper oxide (CuO) porous foam in a
DASC (partially/fully filled with porous foam) is numeri-
cally addressed and the efficiency and entropy generation
of the collector in this case is compared with those of
DASC containing CuO nanofluid. Additionally, in numer-
ical simulations, the optical properties of water-saturated
CuO porous foam and water/CuO nanofluids are consid-
ered based on the experimental study of Valizade et al52

and the guidelines reported by Dugaria et al.5

2 | MATHEMATICAL
FORMULATION AND
COMPUTATIONAL SETUP

2.1 | Problem description

The dimensions of the DASC used in the present study, is
based on the experimental study of the Karami23. As
schematically illustrated in Figure 1A, the length and
width of the collector is 60 cm (W = L = 60 cm) and its
height is 1 cm (H = 1 cm). The main body and top sur-
face of the collector are made of aluminum and a 4 mm
glass (with a 90% passing ratio), respectively. Also, the
whole solar collector except its upper surface is well insu-
lated and the internal surface of the lower wall is a per-
fect absorptive. The full details of the experimental set up
are available in the Reference 23. Given that W > 10 H,
the two-dimensional flow assumption is valid for this col-
lector. The two-dimensional computational domain is
shown in Figure 1B. The solar radiation is absorbed by
nanoparticles or metal oxide foam, and the absorbed
radiation generates a volumetric heat and thereby
increases the temperature of the fluid. As shown, the
HTF enters the channel with a constant temperature
(Tin) and a uniform velocity (Uin). The upper boundary of
the collector is considered to be a semitransparent wall

FIGURE 1 Schematic of direct absorption solar collector, (A) 3D view (B) computational domain [Colour figure can be viewed at

wileyonlinelibrary.com]
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which is exposed to the sun's radiation flux, while also
allowing heat exchange with the surrounding through
convection and radiation.

The two dimensional, laminar flow computations in
this study are presented in two parts. In the first part, the
nanofluid flow, produced by adding CuO nanoparticles
to the water as the base-fluid, through the collector is
simulated. It is assumed that the temperature of the fluid
and the nanoparticles are the same and the nanofluid is
modeled as a single-phase homogeneous material.53,54 In
nanofluid computations, the volume fraction of CuO
nanoparticles is considered to be 0.01%, 0.05%, and 0.1%.
In the second part, we investigate the water flow inside
the DASC occupied by the CuO porous foam as a solar
absorber material. In the present study, metal oxide foam
is considered as a homogeneous and isotropic medium
with uniform porosity and permeability. Also, it is
assumed that there is a local heat equilibrium (LTE)
between the metal oxide foam and the water and the
metal oxide foam matrix is completely saturated with
water.34 In porous foam simulations, the effect of the
porous foam layer thickness and its inserted position
(upper or lower wall of the DASC channel) are studied.
Moreover, it is worthy to note that both series of simula-
tions (nanofluid flow and flow in porous foam-filled
channel) are performed at the mass flow rates of 0.0075,
0.015, and 0.0225 kg/s and a solar radiation fluxes (GT) of
800 W/m2.

2.2 | Governing equations

Here, the governing equation of the two-dimensional
steady laminar nanofluid flow through DASC and also,
water flow inside DASC partially/fully filled with metal
oxide foam is presented. The mass, momentum, and
energy conservation equations of nanofluid, modeled as a
single-phase isotropic fluid, can be expressed as.

∂ui
∂xi

=0, ð1Þ

ρnf
∂ ujui
� �
∂xj

= −
∂p
∂xi

+ μnf
∂2ui
∂xj∂xj

� �
, ð2Þ

ρnfCpnf

∂ ujT
� �
∂xj

=
∂

∂xj
knf

∂T
∂xj

� �
+ S, ð3Þ

where p is the pressure, ui is the velocity vector compo-
nent in stream-wise and transverse directions, and T is
the temperature. The density, viscosity, thermal conduc-
tivity, and heat capacity of the nanofluid are respectively
denoted by ρnf, μnf, knf, and Cpnf .

The momentum equation for the water-saturated
metal oxide foam is expressed based on the Brinkman–
Forchheimer-extended Darcy model that incorporates
both viscous and inertia effects. The governing equations
(momentum and energy) for the flow and heat transfer
through porous foam are given as follows:

ρ

e

∂ uui
e

� �
∂xj

= −
∂p
∂xi

+
μ

e
∂2ui
∂xj∂xj

� �
− f

μ

K
ui + ρfK

−1=2 CFui uj
�� ��� �h i

,

ð4Þ

ρfCp
∂ ujT
� �
∂xj

= keff
∂2T
∂xj∂xj

� �
+ S, ð5Þ

where, ρ, Cp, and μ are the density, heat capacity, and vis-
cosity of the fluid (water in this study). The f and e indi-
ces in Equation 4 specify the porous and fluid regions as
follows55:

For porous region f = 1, e= ε

For fluid region f = 0, e=1

�
: ð6Þ

In the above equations, ε and K are the porosity and
permeability of the porous media. The inertia coefficient
of the porous media, CF, can be computed according to
the following equation.56

CF =
1:75ffiffiffiffiffiffiffiffi
150

p
ε3=2

: ð7Þ

Also, the effective thermal conductivity of the porous
media in terms of fluid and solid thermal conductivities
(kf and ks) is defined as follows:

keff = εkf + 1−εð Þks: ð8Þ
The energy equation source terms in Equation 3

(nanofluid flow) and Equation 5 (flow in porous media)
S, is the volumetric heat source due to radiation in partic-
ipating media (nanoparticles and metal oxide foam)
which is expressed as5

S=
ð∞

0

aλ

ð4π

0

Iλ λωð Þdω
0
@

1
Adλ−4π

ð∞

0

aλIbλ λð Þdλ, ð9Þ

where Iλ and aλ are the radiation intensity and spectral
absorption coefficient respectively. Moreover, Ibλ is the
spectral blackbody intensity which is determined using
the Planck's blackbody relation.18 In order to compute
the radiation intensity, one should solve the radiative
transfer equation (RTE) in which the radiation energy
interaction with the participating media under the influ-
ence of absorption, emission and scattering processes is
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mathematically described. The RTE for location r
!

and
direction s

!
is defined as follows:

dIλ r
!
, s
!	 


d s
! + aλ + σλð ÞIλ r

!
, s
!	 


= aλIbλ T, r
!
, s
!	 


+
σλ
4π

ð4π

0

Iλ r
!
, s
!0	 


Φ s
!
: s
!0	 


dω,

ð10Þ

where, σλ, s
!0

,Φ, and ω are the spectral scattering coeffi-
cient, scattering direction, scattering phase function, and
solid angle, respectively. In the present study, an isotropic
scattering phase function is applied. In addition, the con-
tribution of scattering coefficient to the total extinction
coefficient for the nanofluid flow is ignored18 and for the
metal oxide foam, it is obtained base on the proposed
equation by Vafai.57 As will be explained later in the
material properties section, based on the experimental
data obtained by Valizadeh et al52 the spectral absorption
coefficient is calculated.

The corresponding boundary conditions for solving
the momentum and energy equations are given as:

@ x=0,u=U in,v=0& T =T in

@ x=L,p=0

@ y=0,u= v=0& ∂T
∂y

	 

y=0

= 0

@ y=H,u= v=0& knf ∂T∂y

	 

y=0

= hc Ty= h−T∞
� �

+ hr Ty= h−Tsky
� �

for nanofluid

@ y=H,u= v=0& keff ∂T∂y

	 

y=0

= hc Ty= h−T∞
� �

+ hr Ty= h−Tsky
� �

for metal oxide foam:

ð11Þ
Furthermore, in order to ensure continuity of the

velocity, temperature, pressure, shear stress, and heat
flux at the metal oxide foam and fluid regions interface,
the following conditions must be satisfied58:

uið Þf = uið Þmf

Tð Þf = Tð Þmf & keff ∂T∂y

	 

f
= keff ∂T∂y

	 

mf

∂u
∂y +

∂v
∂x

	 

f
=
1
ε

∂u
∂y

+
∂v
∂x

� �
mf

∂v
∂y

	 

f
=
1
ε

∂v
∂y

� �
mf
:

ð12Þ

where ‘f’ and ‘mf’ subscripts refer to fluid and metal oxide
foam regions, respectively. The boundary conditions used
for the RTE equation are similar to that outlined by.18,59,60

Here, by determining the governing equations and

boundary conditions, the parameters required for the post-
processing are presented. An important criterion for deter-
mining the thermal performance of a collector is the ‘ther-
mal efficiency’ in which the ratio of the useful thermal
energy to the incoming solar energy is calculated as
follows2:

ηth =
_mCp Tout−T inð Þ

GTAc
, ð13Þ

where Tout and Ac are the outlet temperature and area of
the collector, respectively.

The entropy generation in a solar collector can be
due to the irreversibility caused by the heat transfer
and the fluid flow friction. According to the procedure
proposed by Bejan,61 the rate of local entropy genera-
tion per unit volume is calculated based on the follow-
ing equation:

S
000
gen = S

000
gen,H + S

000
gen,F: ð14Þ

S
000
gen,H is the entropy generation due to the limited tem-

perature difference that results in heat transfer and is cal-
culated by the following equation:

S
000
gen,H =

knf
T in

∂T
∂xj

����
����

� �2

for nanofluid

S
000
gen,H =

keff
T in

∂T
∂xj

����
����

� �2

for metal oxide foam:

ð15Þ

S
000
gen,F is the entropy generation by the velocity gradi-

ent, which leads to friction and pressure drop in the flow.
For the nanofluid flow and water flow in the nonporous
region (in the channel partially filled with porous mate-
rial), S

000
gen,F is calculated from the following relation:

S
000
gen,F =

μ

T in

∂ui
∂xj

+
∂uj
∂xi

� �
∂ui
∂xj

: ð16Þ

For the water flow in the nonporous region of the
channel, the μ is the water viscosity, and for the
nanofluid flow that is μnf. The amount of entropy gener-
ated by the flow friction in a porous region is written as
follows55:

S
000
gen,F =

μ

T in

∂ui
∂xj

+
∂uj
∂xi

� �
∂ui
∂xj

+
μ

KT in
uiui +

CF

KT in
uiui uj

�� ��:
ð17Þ

If the collector volume is represented by V, the total
entropy generation rate is obtained by integrating the
Equation 14 over the whole computational domain. This
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quantity in the dimensionless form, entropy generation
number, can be expressed as follows62:

Ns =

Ð
S

000
gendV
G2

kfTin
2V

: ð18Þ

Additionally, the dimensionless Bejan number, which
represents the ratio of the heat transfer contribution in
entropy generation to the total entropy generation caused
by the heat transfer and flow friction, is defined as
follows:

Be=

Ð
S

000
gen,TdVÐ
S

000
gendV

: ð19Þ

2.3 | Solution methodology

In the present study, we rely on the finite volume method
to solve the governing equations (ie, Equations 1–12).
Due to the possibility of simulating a semitransparent
wall (upper surface of the DASC), no limitation on the
optical thickness of the material participating in the radi-
ation, and the moderate computational cost in the usual
angular discretization, discrete ordinate (DO) model is
adopted to solve the radiation transfer equation. The RTE
is converted to a transport equation for the radiation
intensity in the spatial coordinates by using this model.
In this study, a non-gray implementation of the DO
model is used in which the radiation spectrum is divided
into a finite number of wavelength bands, while in each
band the gray radiation is assumed. The second-order
upwind method is employed to discretize the convection
fluxes in momentum, energy, and DO model equations.
Using this method, both the stability and accuracy of the
solution can be taken into account. Moreover, the diffu-
sion terms are approximated by second-order central dif-
ferences. Since there is no independent equation in the
incompressible flow for obtaining the pressure field, SIM-
PLE algorithm is used to derive the pressure correction
equation from the continuity equation and to create a
coupling between velocity and pressure fields. The con-
vergence criterion of the numerical solution is considered
to be less than 1e-7 for the residual error of the governing
equations.

2.4 | Material properties

Here, the thermophysical and optical properties used in
nanofluid and metal oxide foam computations are dis-
cussed. Assuming that the nanoparticles are small

enough to be homogeneously dispersed by the colloidal
forces and that there is a thermal equilibrium between
the nanoparticles and the base fluid, the nanofluid is con-
sidered to be a homogeneous single-phase medium.53

Hence, the nanofluid density (ρnf) and specific heat (Cpnf )
can be expressed as follows:

ρnf = 1−ϕð Þρb +ϕρp, ð20Þ

Cpnf =
1−ϕð Þ ρCp

� �
b +ϕ ρCp

� �
p

1−ϕð Þρb +ϕρp
, ð21Þ

where ϕ is the nanoparticle volume fraction. Also,
assuming spherical nanoparticles, the thermal conductiv-
ity and viscosity of nanofluids (knf and μnf) can be calcu-
lated from the classical Maxwell Garnett (MG)63 and
Brinkman64 models as follows:

knf
kb

=
kp + 2kf −2 kf −kp

� �
ϕ

kp + 2kf + kf −kp
� �

ϕ
, ð22Þ

μnf =
μf

1−ϕð Þ2:5 : ð23Þ

In Equations 20–23, the subscripts ‘p’, ‘b’, and ‘nf’
respectively denote the nanoparticle, base-fluid, and
nanofluid. The viscosity and thermal conductivity of
nanofluid is also computed using different well-known
correlations (the nanofluid viscosity models of Einstein,65

Batchelor,66 and Wang67) as well as some other empirical
correlations,68-72 which are functions of both temperature
and volume fraction, while no significant change was
observed in the obtained results. This can be attributed to
the low concentration of nanoparticles and the low-
temperature variations in the DASC. Thermophysical
properties of CuO nanoparticles and water as the base
fluid, required in Equations 20–23, are listed in Table 1.
As mentioned earlier, to compare the thermal perfor-
mance of the thermal collector using nanoparticles and
porous media, the CuO porous foam (made of
nanoparticle-like material) is employed. Table 2 presents
the specifications of the CuO porous foam used in the
computations.52

One of the most important steps in numerical simula-
tion of the radiation heat transfer in participating media
is to determine their optical properties. The optical prop-
erties of the radiation absorbers have an important influ-
ence on the thermal performance of the volumetric solar
collectors. In the present study, the optical properties
required for numerical modeling of DASC are used based
on a recent study of Valizadeh et al.52 For this purpose,
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similar to the procedure discussed by Dugaria5 for the
non-gray radiation modeling, the spectral distribution of
the optical properties of participating media (CuO
nanoparticles CuO porous foam) in the wavelength range
from 300 to 1700 nm is divided into different size bonds.
It is assumed, the optical properties within each band are
constant and radiation is gray.

3 | RESULT AND DISCUSSION

In this section, the numerical solution results are dis-
cussed. First, the grid independency as well as the
numerical validation is discussed. The proposed numeri-
cal solution is validated using the numerical investigation
of two different experimental studies on nanofluid flow
in DASC23,26 and the obtained collector efficiency is com-
pared with the experimental data. Next, the flow and heat
transfer in a channel filled with porous media are simu-
lated and the obtained Nusselt number and pressure drop
are compared with the corresponding numerical
results.73 After ensuring the validity of the numerical
method, the numerical results of the CuO-water
nanofluid flow in DASC are presented and the effect of
mass flow rate and nanoparticle concentration on the col-
lector efficiency, and entropy and Bejan numbers are
addressed. Finally, the water flow through DASC par-
tially/fully filled with CuO porous foam is simulated and
the effects of porous foam thickness and position in the
collector and pore diameter in addition to the impacts of
water mass flow rate on the flow, thermal efficiency, and
entropy generation are investigated.

3.1 | Grid independency test and
validation

In this study, a structured mesh is generated in the com-
putational domain. To achieve a mesh-independent solu-
tion, the computations are performed using three grid
sizes (coarse, medium, and fine). The computational grid
is clustered near the walls to properly capture the velocity
and temperature gradients. The grid independency test is
carried out for nanofluid flow with a volume fraction of

0.1% and for the flow in the porous foam-filled collector
with PPI = 30. In both simulations, the mass flow rate is
set to 0.0075 kg/s. To quantitatively evaluate the grid
independency, the grid convergence index (GCI) is com-
puted as proposed by Roache74 and Celik et al75 and
employed in recent numerical studies.34,59 The GCI is
based on Richardson extrapolation method, in which the
obtained discrete numerical results from two different
grids are compared. In the present study, the wall heat
flux and shear stress at the output section of collector are
calculated for the fine, medium and fine grids (f1, f2, and
f3, respectively). The GCI for the medium grid with
respect to the fine grid is defined as

GCI12 %ð Þ= FSe12a
ðr12Þp−1

, ð24Þ

where the constant values of 1.25 and 1.5 are considered
for the factor of safety (FS) and the grid refinement ratio
(r), respectively. Moreover, the relative error of the dis-
crete solutions obtained from the medium and fine grids
(e12a ) and the apparent order of convergence (p) are
defined as

e12a %ð Þ= f 2− f 1
f 1

× 100, ð25Þ

p=
ln f − f 2

f 2− f 1

	 

ln r12ð Þ : ð26Þ

Similarly, the GCI for the coarse grid with respect to
the medium grid (GCI23) is obtained. In Table 3, the GCI
of the medium grid relative to the fine grid and that of
the coarse grid relative to the medium grid are calculated

TABLE 1 Thermophysical properties of the pure water and CuO nanoparticle at T = 300 K

Density (kg/m3) Specific heat (J/kgK)
Thermal
conductivity (W/mK) Viscosity (Ns/m2) Diameter

Water 997.1 4179 0.613 0.0010003 –

CuO nanoparticle77 6500 540 18 – 30 nm

TABLE 2 Characteristics of CuO porous foam used in

calculations52

Porosity (%) Number of pores within an inch (PPI)

90 10

90 20

90 30
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for the wall heat flux and shear stress. As shown in
Table 3, a decrease in the GCI values is observed
(GCI23 < GCI12). Moreover, based on Richardson extrap-
olation, with a GCI of less than 5%, a-grid independent
solution is achieved. Therefore, all three grids are appli-
cable for the computations, but since the values obtained
for medium and fine grids are so close to each other
(small relative error), the medium grid is the most desir-
able one and is, therefore, chosen for further simulations.

Three different cases are chosen to validate the
numerical solutions. In the first case, the experimental

and numerical study of Otanicar et al26 is investigated.
They considered the graphene/water nanofluid flow
through DASC at 42 mL/h and the solar radiation flux of
1000 W/m2. In Figure 2A, DASC thermal efficiency at
different nanoparticle volume fractions (from 0% to 0.1%)
obtained from numerical results are compared with
experimental and numerical results of Otanicar et al.26 A
good agreement is observed between the results, espe-
cially at lower nanoparticle volume fractions. In the sec-
ond case of validation, a recent experimental study of
Karami23 is considered. The energy and exergy

TABLE 3 Grid independency checks for nanofluid and water-saturated metal oxide foam simulations

GRID Nx × Ny

Nanofluid Metal oxide foam

q00max GCI(%) τw, max GCI(%) q00max GCI(%) τw, max GCI(%)

Coarse grid 600 × 60 406.974 0.142 0.000739 0.22 465.931 0.051321 0.006365 1.482205

Medium grid 900 × 90 403.848 0.018 0.000754 0.017 465.391 0.013445 0.006795 0.207049

Fine grid 1350 × 135 403.444 – 0.000755 – 465.250 – 0.006860 –

Volume fraction (%)

Ef
fic
ie
nc
y

0 0.02 0.04 0.06 0.08 0.10.3

0.4

0.5

0.6

0.7 Exp. - Otanicar et al. [26]
Num. - Otanicar et al. [26]
Num. - Present study

Volume fraction (%)

Ef
fic
ie
nc
y

0 0.05 0.1 0.15 0.2 0.25

0.2

0.4

0.6

0.8

Exp. of karami [23] -0.0075 kg/s
Exp. of karami [23] -0.015 kg/s
Exp. of karami [23] -0.0225 kg/s
Num. - 0.0075 kg/s
Num. - 0.015 kg/s
Num. - 0.0225 kg/s

(a) (b)

FIGURE 2 Comparison of the computed collector efficiency in the present study with the (A) experimental and numerical results of

Otanicar et al26 and (B) experimental data of Karami23 [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 4 Comparison of predicted values of Nusselt number and pressure drop with the numerical results of Mohammad73 for empty

and porous-filled channel

Local Nu number
(present study)

Local Nu number
(Mohammad73)

Error
(%)

Pressure drop per unit
length (present study)

Pressure drop per unit
length (Mohammad73)

Error
(%)

Water 7.42 7.541 1.604 0.0295 0.03 1.666

Porous
filled
channel

9.54 9.772 2.374 98.03 101 2.940

8 ESMAEILI ET AL.



performance of Fe3O4/SiO2/water nanofluid flow at the
mass flow rates of 0.0075, 0.015, and 0.0225 kg/s were
investigated in a residential-type DASC23. In the current
study, the optical properties of nanofluid at different
nanoparticle concentrations required for numerical
modeling are derived from experimental data.23

Figure 2B compares the computed collector efficiency at
different mass flow rates and volume fractions with
experimental data23 and a reasonable agreement is
obtained. Similar to the first validation case, the maxi-
mum deviation between numerical and experimental
results is related to the thermal efficiency at the highest
nanoparticle volume fraction. This discrepancy may be
attributed to the single-phase modeling of CuO/water
nanofluid mixture, assumption of constant solar heat flux
and semitransparent modeling of glass cover. To validate
the numerical method in water-saturated metal oxide
foam modeling, no systematic experimental data have
been found to simulate residential-type DASC filled with
porous foam. Hence, the convection heat transfer
through a channel filled with porous media is chosen as
the third validation case and the obtained results are
compared with the numerical results of Mohammad.73

As presented in Table 4, the computed Nusselt number at
the upper wall and the pressure drop per channel length
for the porous-filled and empty channels are compared
with the published numerical results.73 The agreement

FIGURE 3 Temperature contour at different nanoparticle volume fractions and two mass flow rates [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 4 Collector efficiency for different nanofluid mass

flow rates and nanoparticle volume fractions [Colour figure can be

viewed at wileyonlinelibrary.com]

ESMAEILI ET AL. 9



between the results of present study and the numerical
findings of Muhammad73 is acceptable with a difference
of less than 3%.

3.2 | Performance of DASC filled with
CuO nanofluids

In this section, the effect of nanofluid mass flow rate
and volume fraction on DASC efficiency and entropy
generation is investigated. The solar radiation flux is set
to 800 W/m2. Figure 3 illustrates the temperature distri-
bution in DASC for different CuO volume fractions and
two mass flow rates. As mentioned earlier, the inner
surface of the bottom wall is a complete absorber of
radiation. Therefore, when the water flows into the col-
lector, due to its low absorption coefficient, the incom-
ing radiation passes through the water and is absorbed
by the lower wall of the collector, thereby increasing the
temperature of the fluid layer adjacent to the bottom
wall. As the nanoparticles concentration increases, the
nanofluid ability to absorb the solar radiation increases
and the incoming radiation to the collector is absorbed
by the nanofluid before reaching the lower wall. As
shown in Figure 3, at φ = 0.01%, the temperature differ-
ence between the upper and lower walls of the collector
is lower than for the other volume fractions and in these
cases, the temperature profile seems more uniform
(especially at larger x positions). The higher the concen-
tration of nanoparticles, the higher the nanofluid
absorption coefficient. As a result, the temperature of
the fluid layers near the upper wall increases and the
uniformity of the temperature profile vanishes. By
increasing the mass flow rate from 0.0075 to 0.0225, the

residence time of fluid decreases18 and the incoming
radiation to the collector is absorbed by the upper layers
of the fluid, resulting in the fluid not having sufficient
time to conduct heat to the lower layers. Accordingly, a
high-temperature region is formed near the top wall.
Furthermore, similar to the temperature distribution of
0.0075 kg/s, at the mass flow rate of 0.0225 kg/s, a vol-
ume fraction rise leads to increased maximum tempera-
ture in adjacent fluid layers with the upper wall. In
Figure 4, the collector efficiency for different values of
nanofluid mass flow rate and nanoparticle concentra-
tion is shown in a three-dimensional contour plot. It is
readily observed that the average fluid temperature
increases with the addition of nanoparticles to water
due to a rise of the nanofluid absorption coefficient,
thereby improving collector efficiency. For nanofluids
with a volume fraction of 0.05% compared to nanofluids
with a zero volume fraction (water), at the mass flow
rates of 0.075, 0.015, and 0.025 kg/s, the DASC effi-
ciency is improved by 13%, 21%, and 24%, respectively.
A notable asymptotic behavior is observed for the collec-
tor efficiency variations with increasing nanoparticle
concentration, such that the efficiency improvement by
changing the volume fraction from 0.05% to 0.1% in dif-
ferent mass flow rates is about 1%. As discussed by
Delfani et al,18 with increasing nanoparticle concentra-
tion, the temperature of the fluid layers adjacent with
the collector upper wall also rises. This results in
increased heat loss to the environment through convec-
tion and radiation heat transfer. Furthermore, as seen in
Figure 4, at a constant volume fraction, the collector
efficiency increases with increasing mass flow rate. This
can be attributed to a growth in the amount of heated
nanofluid mass over a specific period.16

(a) (b)

FIGURE 5 (A) Entropy generation number and (B) Bejan number for different nanofluid mass flow rates and nanoparticle volume

fractions [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 5A depicts the entropy generation number for
different nanofluid concentrations and mass flow rates.
The figure reveals that the entropy generation for all
mass flow rates dramatically decreases by increasing the
volume fraction of nanoparticles from 0% to 0.01% and
the entropy generation increases beyond 0.01% volume
fraction. The entropy generation reduction in the volume
fraction of 0.01% can be related to the uniform tempera-
ture distribution in the collector, which reduces the tem-
perature gradient in this volume fraction. A decreasing-
increasing trend in entropy generation variations is also
recently reported by Tong et al76 who experimentally
analyzed the entropy generation of CuO nanofluid flow
in a FPSC. By varying the volume fraction from 0.01% to
0.1%, the solar energy absorption in the nanofluid
increases, resulting in an increase in entropy generation
due to heat transfer irreversibility. As shown in
Figure 5A, the entropy generation declines with increas-
ing mass flow rate. The reduction of entropy generation
in water flow is greater than in nanofluid flow. The rea-
son is that by increasing the nanoparticle volume frac-
tion, the entropy generation due to friction increases and
that due to heat transfer decreases. Since the nanoparticle
concentration used in DASC is small, the decreasing
effect of entropy generation due to heat transfer

overcomes the increasing effect of entropy generation
due to friction. Thus, the total entropy value is slightly
reduced. To investigate the contribution of entropy

FIGURE 6 (A) Schematic of DACS with metal oxide foam insert on the upper and lower walls. (B) Outlet velocity profile of the DASC

for different metal oxide foam thicknesses and insert arrangement [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Collector efficiency at different metal oxide foam

thicknesses and insert arrangements [Colour figure can be viewed

at wileyonlinelibrary.com]
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generation resulting from temperature difference in total
entropy generation, the Bejan number for different values
of the nanoparticle volume fraction and nanofluid mass
flow rate is presented in Figure 5B. As shown, as the
mass flow rate rises, the proportion of entropy generated
by heat transfer to the total entropy generation decreases.
Also, as mentioned earlier, at a volume fraction of 0.01%,
the temperature distribution becomes more uniform and
the temperature gradient drops. Therefore, the minimum
amount of Bojan number corresponds to this nanoparti-
cle volume fraction.

3.3 | Performance of DASC filled with
CuO porous foam

In this section, the water flow through DASC
completely/partially filled with CuO porous foam is

studied. Two typical configurations are considered to
investigate the effect of the thickness of porous foam
placed on the collector.55 In the first case (case 1), the
porous foam layer is placed adjacent to the top wall and
in the second case (case 2), the metal oxide foam is added
to the bottom wall. Figure 6A schematically shows the
two cases in which the dimensionless quantity Yp is the
ratio of the thickness of porous foam layer to the collector
height. Figure 6B shows the dimensionless fully devel-
oped velocity distribution at the collector outlet for two
configurations and different values of porous foam thick-
ness. As noticed, the calculations are performed for a
mass flow rate of 0.0075 kg/s, a solar radiation flux of
800 W/m2 and a foam pore diameter of 30 PPI. As the
thickness of porous foam layer increases (for both cases),
due to the resistance of the porous foam to the fluid flow,
a greater portion of the flow is driven to the clear region,
thus increasing the velocity gradient and maximum

FIGURE 8 Temperature

contour for different pore diameters

(0.015 kg/s) [Colour figure can be

viewed at wileyonlinelibrary.com]
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velocity in this region. The effect of carrier fluid mass
flow rate and porous foam thickness (for both cases) on
collector efficiency is demonstrated in Figure 7. As
shown, the collector efficiency is higher when the porous
foam is located on the upper wall (case 2) compared with
the case it is attached to the lower wall (case 1). One
notes that the solar radiation absorber is closer to the
high-temperature region in the second case than in the
first one. As depicted in Figure 7, the collector efficiency
for case 1 slowly rises when the porous layer thickness

varies from 0 to 0.4, then suddenly falls to reach a mini-
mum value at Yp = 0.6. Finally, it sharply increases until
it maximizes at Yp = 1. For case 2, the collector efficiency
increases until Yp = 0.2, stabilizes from 0.2 to 0.6 and dra-
matically increases to reach a peak value at Yp = 1. The
effect of varying the foam pore size on the temperature
distribution in DASC fully filled with porous foam at a
mass flow rate of 0.015 kg/s is shown in Figure 8. As dis-
cussed by Valizade et al,52 by decreasing the foam cell
number at a given distance (ie, increasing PPI), the light
path is shorter and the collision of light with surfaces
increases, hence the metal oxide foam absorption coeffi-
cient rises. As shown in Figure 8, regarding the water
flow in DASC, the incoming radiation to the collector
easily penetrates into the water, which is then absorbed
by the lower wall and forms a high-temperature zone
adjacent to the wall. On the contrary, in the channel
filled with metal oxide foam with PPI = 10, the incoming
radiation is absorbed by the water-saturated metal oxide
foam. Hence, the temperature profile in this case seems
more uniform. Decreasing the cell diameter from 10 to
30 PPI results in a growth in the absorption coefficient of
water-saturated metal oxide foam. Thus, the incoming
solar radiation to the collector is absorbed by fluid upper
layers and a high-temperature zone nearby to the upper
wall is formed. Figure 9 provides information on the col-
lector efficiency for different foam cell diameters and car-
rier fluid mass flow rates. One notices that in a porous
foam-filled collector, similar to the nanofluid flow, the
fluid absorbs more solar radiation with increasing mass
flow rate and the collector efficiency rises. Moreover, as
the porous pore diameter is altered from 0 to 10 PPI, the

FIGURE 9 Collector efficiency for different pore diameters

and mass flow rates [Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 10 (A) Entropy generation number and (B) Bejan number for different pore diameters and mass flow rates [Colour figure can

be viewed at wileyonlinelibrary.com]
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collector efficiency significantly rises such that the effi-
ciency improvement for the mass flow rates 0.0075,
0.0015, and 0.025 kg/s are, respectively, 21.3%, 23.7%, and
23.8%. By reducing the cell diameter from 10 to 30 PPI,
the collector efficiency decreases. Accordingly, the effi-
ciency graph has a maximum value at the pore diameter
of 10 PPI, attributed to the formation of a high-
temperature zone near the upper wall and increasing the
thermal loss by decreasing the foam cell diameter.
Figure 9 also shows that since the temperature profile
loses its uniformity with increasing number of pores
(10–30 PPI), and the average temperature is used to cal-
culate the collector efficiency, the temperature for the
pore diameter of 10 PPI is less than that for 20 and
30 PPI. One should also note that for the nanofluid flow
in DASC, as the nanofluid concentration increases, the
uniformity of the temperature profile decreases. How-
ever, the mean temperature is also slightly increased,
hence no local maximum is observed in the efficiency
curve of this flow. Figure 10A,B illustrates the variations
of entropy generation and Bejan numbers with respect to
the water mass flow rate and foam cell diameter. By
decreasing the temperature gradient in the metal oxide
foam with a pore diameter of 10 PPI, the entropy genera-
tion for all mass flow rates dramatically drops. As the
foam cell number and, accordingly, the absorption coeffi-
cient increase, the irreversibility due to temperature gra-
dient increases, resulting in an upward trend in total
entropy generation. Furthermore, as presented in
Figure 10B, when the mass flow rate rises, the

irreversibility due to friction increases and the contribu-
tion of heat transfer in the total entropy generation is
reduced, causing a downward trend in the Bejan number.
Also, by placing the metal oxide foam in the collector,
the flow resistance and friction loss are increased, leading
to a decline in the Bejan number. By decreasing the foam
cell diameter from 20 to 30 PPI, the role of increasing
entropy generation as a result of heat transfer becomes

FIGURE 11 (A) Collector efficiency and (B) entropy generation number for different foam pore diameters and nanofluid volume

fractions [Colour figure can be viewed at wileyonlinelibrary.com]
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greater than that due to friction. Consequently, a slight
increase in the Bejan number variation is observable.

3.4 | Comparison of performance of
DASC filled with CuO porous foam and
nanofluid

In this section, the use of CuO nanoparticles and foams
as the radiation absorbers in DASC is compared. The
bar chart in Figure 11A gives information on the DASC
efficiency for different CuO nanoparticle volume frac-
tions (0.01%, 0.05%, and 0.1%) and foam pore diameters
(10, 20, and 30 PPI) at three various mass flow rates.
As observed, the highest efficiency improvement
(in comparison to water) at the mass flow rates of
0.0075, 0.015, and 0.0225 kg/s are, respectively, 21%
(pore diameter of 10 PPI), 23.8% (pore diameter of
10 PPI and nanoparticle volume fraction of 0.1%), and
26.8% (nanoparticle volume fraction of 0.1%). Overall, a
slight change in the collector efficiency occurs after
increasing the volume fraction of CuO nanoparticles
from 0.05% to 1%, while a reduction in the collector
efficiency can be seen after increasing the pore number
from 10 to 20 PPI. Thus, the use of CuO nanoparticles
with the volume fraction of 0.05% and CuO porous
foam with the pore diameter of 10 PPI can be effective
in the considered DASC. The collector performance is
already examined from the viewpoint of the first law of
thermodynamics, as shown in Figure 11A. To evaluate
this feature from the second law of thermodynamics
standpoint, the entropy generation number is outlined
in Figure 11B for different nanofluids volume fractions
and number of holes in metal oxide foam. As shown,
the total entropy generation for the water-saturated
metal oxide foam flow is higher than that for nanofluid
flow due to its greater mechanical entropy generation.
This can be deduced from the comparison of Equa-
tions 16 and 17. Due to the low concentration of
nanoparticles used in DASCs, nanofluid viscosity
slightly increases with increasing nanoparticle volume
fraction. However, the rise in the number of pores in
metal oxide foams decreases the porous media perme-
ability and the second term in Equation 17 considerably
grows. The maximum entropy generation at the mass
flow rate of 0.0075 kg/s belongs to the water flow, while
it belongs to the water-saturated metal oxide foam flow
with the pore diameter of 30 PPI at the mass flow rates
of 0.015 and 0.025 kg/s. Based on the first and second
laws of thermodynamics, for an ideal collector, higher
efficiency and lower entropy generation are desired. In
order to simultaneously investigate the effect of entropy
generation and efficiency variations in a DASC

equipped with radiation absorbers, a performance num-
ber is defined as.

PN=
η=ηb

N s,F= Ns,Fð Þb
, ð27Þ

where the subscript b represents the base state
corresponding to the water flow through DASC in the
present study. Due to the importance of pressure drop in
solar collectors, the entropy generation as a result of fric-
tion (Ns, F) is used in the denominator of Equation 27.
Increasing the efficiency and decreasing the pressure
drop relative to the base state improves this parameter.
Figure 12 shows the calculated performance number for
the nanofluid and metal oxide foam at different working
fluid mass flow rates. As observed, for every mass flow
rate and pore diameter of the metal oxide foam, the per-
formance number is smaller than unity. This indicates
that increased thermal efficiency using metal oxide foams
cannot offset the influence of increased mechanical
entropy generation. Evidently, in the case of CuO
nanofluids, with the exception of 0.05% volume fraction
at the mass flow rate of 0.0075 kg/s, the collector perfor-
mance number in other conditions is greater than one.
Furthermore, due to the slight change in the performance
number with increasing volume fraction from 0.05% to
0.1%, using nanofluids with the volume fraction of 0.05%
is seemingly more advantageous. The maximum perfor-
mance number for the CuO nanofluid and metal oxide
foam corresponds to the volume fraction of 0.1% at the
mass flow rate of 0.0225 kg/s and pore diameter of
10 PPI.

4 | CONCLUSION

The current article demonstrated different aspects of
thermal performance and entropy generation in a
residential-type DASC partially/fully filled with CuO
porous foam or occupied by CuO nanofluid using a
numerical approach. The finite volume-based numerical
simulations were performed to evaluate the effect of
nanoparticle volume fraction (0.01%, 0.05%, and 0.01%)
and foam pore size (10, 20, and 30 PPI). In both sets of
computations, the working fluid mass flow rate was var-
ied from 0.0075 to 0.0225 kg/s and the solar radiation flux
was set to 800 W/m2. By carefully examining the effect of
different parameters, the following results were obtained:

• The numerical solutions were validated against three
different experimental and numerical studies and good
agreement was obtained. This ensured that the
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numerical solver accurately simulated the flow of volu-
metric participating media in a DASC.

• By increasing the CuO nanoparticle volume fraction,
the collector efficiency rapidly rose from 0% to 0.01%,
yet it partially increased from 0.05% to 0.1%.

• By increasing the foam layer thickness, the amount of
radiation-absorbing medium in the collector increased
and an overall rise in collector efficiency was observed.

• When the number of pores were varied from zero
(water) to 10 PPI, the collector efficiency increased,
and then decreased slightly with the increasing num-
ber of pores from 10 to 30 PPI.

• The entropy generation for the DASC filled by metal
oxide foam was significantly higher than that for
nanofluid flow. in view of the first and second laws of
thermodynamics, it was concluded that using
nanofluids in the collector is more effective than using
metal foams.
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