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Abstract: Solar energy is a key player among other
renewable energies that reduce greenhouse gases and
replace conventional fuel, i.e., to solve global warming
and fossil fuel descending issues. However, the thermal
solar systems’ performance should be enhanced to
cope with intermittent solar radiation. Metal foam can
be used as an enhancer in solar collectors’ receivers.
However, metal foams are associated with pressure
drop. To benefit from the metal foam as a thermal
enhancer and overcome the pressure drop issue, the
present study numerically and experimentally
investigates a novel Compound Parabolic Solar
Collector (CPC) receiver with innovative uneven metal
foam inserts of varying thickness. Two pores per inch
(PPI) Cu-foam inserts, PPI10 and PPI20, were tested.
These inserts were strategically placed at three
different positions along the receiver, with thicknesses
of 3 cm, 2 cm, and 1 cm starting from the inlet side. In
the experimental part, three tubular receivers were
tested, empty, i.e., without metal foam, inserted with
Cu-foam of PPIi0, and inserted with Cu-foam of
PPI20. The experiments were conducted from 09:00
AM to 04:00 PM. The investigation involved water
volume flow rates from 0.2 to 0.6 1/min. The numerical
part included solving the governing equations, i.e.,
mass, momentum, and energy conservation,
simulating conditions similar to the experiments. The
Brinckman model described the fluid flow through the
metal foam. The thermal performance of the CPC
system was evaluated using the Nusselt number (Nu),
thermal efficiency, water bulk temperature, and water
outlet-inlet temperature difference. Inserting Cu-foam
of PPI20 resulted in the hourly maximum Nu and
thermal efficiency compared to the empty and PPI10
cases. Experimentally, the hourly maximum Nu was
8.9, 8.4, and 7.9 for PPI20, PPI10, and empty receivers,
respectively, at 0.6 1/min. The average thermal
efficiency was 88.3, 85, and 81.9 for PPI20, PPI10, and
empty receivers, respectively, at 0.6 1/min. As for the
outlet-inlet water temperature difference, the highest
values were at 0.2 1/min. Again, PPI20 recorded the
best results, i.e., 23.3 K, 21.5 K, and 20.2 K for PPI20,
PPI10, and empty cases, respectively.
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1. INTRODUCTION

The increasing need for sustainable energies,
particularly solar energy, has been driven by
several factors, including the depletion of fossil
fuel supplies, their detrimental impact on the
environment, and their rising costs. The sun is
the primary provider of many forms of energy
on Earth, notably solar and wind energies [1].
Numerous applications, such as producing hot
water, heating spaces, and cooling [2], may
employ solar energy. The significant interest in
these applications is the thermal energy
converted from solar energy. The solar
irradiation can be converted into thermal heat
using the thermal solar collectors [3—5]. In a
thermal solar collector, the solar irradiation is
absorbed in its absorber and converted into
thermal energy, i.e., heat. The produced heat
then convects to a working fluid, such as water,
air, or oil. Besides directly utilizing the
produced thermal energy in heating spaces or
water, the produced thermal energy can be
stored in phase change materials, for instance.
This stored thermal energy can be used when
the solar insolation is low as in cloudy or dusty
days or absent at night. Solar thermal collectors
are classified into concentrating and non-
concentrating collectors [6]. Concentrating
solar collectors generate non-pullulated
thermal energy, enhance collector
performance, and reduce the production of
thermal energy costs. One of the concentrating
collectors’ types is the compound parabolic
concentrator (CPC). CPC is a linear
concentrating collector with a concentration
ratio ranging from 1 to 5. The CPC’s receiver is
usually a tube rounded be evacuated tubular
glass cover. The CPC produces high-

temperature working fluid. The CPC collector
can be operated with or without tracking
systems. The stationary CPC collectors, i.e.,
non-tracking, are cost-effective systems [7].
Enhancing the concentrating collectors’
performance has been considerably studied by
many researchers [8]. One significant thermal
enhancement is using metal foams. A metal
foam consists of interconnected cells and metal
ligaments; therefore, it causes flow mixing, has
a high surface area-to-volume ratio, and low
density [9]. The common commercial metal
foam materials are aluminum, copper, steel,
ceramics, and nickel. A metal foam is
characterized by its pores and struts diameters.
Duan [10] investigated the effect of aerogel on
the performance of flat-plate collector. The
aerogel was fixed between the absorber and the
cover. Using the aerogel significantly enhanced
the collector’s thermal efficiency by 1.66 times
the traditional collector. Chen and Huang [11]
numerically studied the impact of aluminum
alloy blocks on a flat-plate solar collector. The
aluminum alloy foam blocks were with varying
porosities (0.85 < € < 0.95) and pore per inch
(PPI) values ranging from 5 to 40. These foam
blocks were individually fixed below the
absorber. The authors found that the aluminum
foam blocks significantly increased the average
Nusselt number up to six times than without
the aluminum foam. Ali and Ghashim [12]
numerically investigated the heat transfer
characteristics of a horizontal pipe filled with
porosity metal foam (e= 0.9) under uniform
heat flux. They conducted three-dimensional
simulations for four cases with various pores
per inch (PPI) of copper foams (10, 20, 30, and
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40). The Nusselt number ratio increased with
the pore density of the metal foam, and the
increase was higher for higher PPI metallic
foams. The pressure drop in the pipe was higher
for higher PPI metallic foams, increasing flow
resistance. However, the pressure drop
decreased when the copper foam was only
partially filled in the middle of the pipe. Forced
convective heat transfer in a solar water
collector channel with three aluminum metal-
foam blocks (¢ = 0.85, 0.9, and 0.95) attached
to the internal wall was numerically studied by
Albojamal [13]. The results showed that the
Darcy number had a significant role in
improving heat transfer. Furthermore, it has
been found that interactions between the fluid
and the first porous block produced the
majority of the augmentation. Hence, using a
one-block reduced the pumping power. The
investigated configurations exhibited a
maximum thermal enhancement as the Nusselt
number increased three times more than the
without blocks scenario. Ranjithkumar et al.
[14] experimentally investigated the advantages
of integrating a flat-plate solar air heater with a
porous material under Indian climate
conditions. The porous media employed in the
study consisted of black stone and sandstone.
The stones were additionally employed as a
heat-storing medium. The results showed that
incorporating the porous medium improved the
air heater efficiency. The efficiency was 50%
and 63.3% using black stone and sandstone,
respectively, at 0.03 kg/s air mass flow rate.
Jamal-Abad [15] experimentally investigated
the impact of a partially porous medium, i.e.,
copper (¢ = 0.9, PPI=30), in the absorber of a
parabolic trough collector on the collector
efficiency. Adding the partial porous increased
the pressure drop and decreased the overall
heat loss coefficient by 45%, increasing the
system’s efficiency. Valizade et al. [16]
experimentally three cases of the porous
medium (e = 0.95, PPI=10): fully, semi-, and
without a porous medium. It was found that the
maximum temperature difference between the
outlet and inlet were 12.2°C, 8.8°C, and 3.3°C
for fully, semi-, and without porous medium.
The system’s thermal efficiency increased by
171.2% and 119.6% using fully and semi-porous
medium compared to the non-porous case.
Heyhat and Khattar [17] experimentally studied
the impact of placing porous medium (e = 0.95,
PPI=10 and 20) in the absorber on a parabolic
trough solar collector’s thermal efficiency. The
highest thermal efficiencies were obtained for
the full, at the center, and on the perimeter, i.e.,
50.8%, 46.1%, and 44.7%, respectively. The
peripheral placement showed lower thermal
efficiency and pressure drop than placing the
porous medium in the absorber center.
Saedodin et al. [18] numerically and
experimentally studied the impact of adding

porous medium (¢ = 0.93, PPI= 20) in a flat-
plate collector. The Nusselt number increased
up to 82% using the porous medium. However,
the pressure drop increased. Peng et al. [19]
numerically and experimentally studied the
impact of a semi-annular porous medium with
triangular, rectangular, and trapezoidal fins on
the parabolic trough collector’s performance.
The results showed that such a design increased
the Nusselt number, friction factor, and
performance evaluation criteria to 383.7%,
788.8%, and 360%, respectively. The triangular
fins resulted in better thermodynamic and
thermohydraulic  performance than the
trapezoidal and rectangular fins. The previous
studies investigated the performance of
parabolic solar collectors inserted with the
same size of porous foam. They indicated an
improvement in the thermal performance of the
solar collectors as metal foam was inserted.
However, they also indicated an increase in the
pressure drop associated with inserting metal
foams. The studies on compound parabolic
solar collectors are less than parabolic. Also, the
uneven distribution and sizes of metal foam
inserts have yet to be studied. Such an
arrangement could improve the thermal
performance of the solar collector with less
pressure drop through the receiver. This study
studied a novel compound parabolic solar
collector (CPC) receiver with metal foam inserts
with gradually increasing thicknesses along the
CPC receiver. Three compound parabolic solar
collectors were designed and fabricated to study
the collector's thermal performance. One CPC
receiver was empty as a reference. The second
CPC receiver was inserted with three uneven
copper metal foam with PPI20. The third CPC
receiver was inserted with three uneven copper
metal foam with PPI10. The Nu number, bulk
temperature, and thermal efficiency of receiver
tubes in the three cases have been analyzed and
compared.

2. MATHEMATICAL MODEL

A three-dimensional model in a cylindrical
coordinate system describes the problem of
unsteady mixed convection heat transfer in an
absorber tube receiver in the horizontal
position. Two models were built: one without
metal foam and the other with metal foam
insertion. The second model includes an
absorber tube receiver partially filled with
discrete metal foams in descending order and
peripherally heated uniformly by solar
radiation. The absorber wall is impermeable
and rigid.

2.1.The Governing Equations

This study introduced the conservation of mass,
conservation of momentum Navier-Stokes
equations, and conservation of energy to
describe the 3-D flow field in the clear fluid
region. While the volume-averaged generalized
momentum equation, i.e., the Brinkman-
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extended Darcy model, is introduced to
describe the flow field inside the porous
medium. Since the absorber was symmetry, the
governing equations and terms in the 6-
direction were neglected. The following
assumptions were applied: the flow was
hydrodynamically fully developed laminar, the
fluid was incompressible and single phase, the
heat transfer fluid was Newtonian fluid and
followed Boussinesq’s Approximation,
unsteady state, the absorber pipe was smooth
and with the no-slip condition at the pipe wall,
no heat generation or dissipation, the metal
foam was rigid, uniform, isotropic, and fully
saturated with  water, local thermal
equilibrium, the absorber pipe and metal foam
thermophysical properties were constant.
Based on the above assumptions, the equations
mentioned above are expressed as follows [20]:
Continuity equation

10(rUy) |, 10Ug , U, _
r ar '7"69.+6g _O . (1)
Momentum equation in fluid in the r-direction:
(L y, 22000 Vg Ur Vg
at Tr or r a6 (r )
‘3&)__1"’_" (i(la”’r)
U, 0z /) p0r+19 or \r or + (2)

1 0%U, 2 dUg azur)
r2 962 rZ 96 + 0z2 +g[1 ﬁ(T
Ty)] cos O
Momentum equation in the 8-direction
dUg dUg ﬁaUg UyrUg
(0t+U’ar+r aa+ r (+)
‘3U9) _ _110p (i (1‘7 TUp )
U, 0z ) pri)t9—|_19 ar \r or + 3)
10%Ug | 29Uy "ZUG)
r2 962 r2 90 0z2
Momentum equation in the z-direction:
au au. Ug 0U. au.
(_Z+Ur_z+_9_z+ UZ_Z) =
at or r 00 0z ( )
10 (1L (2) 4 L0 220 4
p oz ror ar r2 962 9z2
The energy equation

aT 19(T) Ug 0T oT

(Eru 2 e, )

at r or r 00 0z ( )
[1 ] ( aT) 1 92T | 0%T 5
ror or 12002 ' 0z2

For modeling heat transfer and fluid flow in the
metal foam domain, the Brinkman-extended
Darcy equation with local thermal equilibrium
was used [21-23].

Momentum equation in the r-direction:

P (3Ur y gy 10GU) | UgdUr | UF
82(0t+ Tr or r6€+r+

aur) _op 6
U, az/) —  or KUT+ ()

u[a (1 0(rUr)) 1 0%U, 2 AUy azur]
elor \r or r2 962  r2 90 9z2
Momentum equation in the 8-direction:
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dUg\ _  10P pu1
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E[l (la(TUg)) 10%Ug , 2 Uy ang]
elor\r or r2 062 r2 96 0z2
Momentum equation in the z-direction:
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e[ 57 (7 57) + 35 * 5]
where a.f is the effective diffusivity in (m2/s)

[24]:

_ _kerr
Ferr = (pCp)f (10)
3.NUMERICAL MODEL

The present study is intended to solve the
governing equations of flow through a
compound parabolic trough absorber using the
COMSOL  Multiphysics 5.4a®  software
program. The Galerkin Finite Element Method
(FEM) was utilized to solve the physical
problem. The Galerkin method transforms the
continuous functions to a weak form, i.e.,
multiply the weighting functions with
differential problems, then integrate them by
parts over the studied domain. The numerical
results were obtained under a convergence
order of 10-5. The present analysis investigates
the influences of metal foam on the heat and
fluid flow patterns and heat transfer rate inside
the absorber. The following models were
studied:

1. Model (I): An absorber of CPC without a
metal foam, see Fig. 1.

2.  Model (II): An absorber of CPC with
descending order of metal foam. The
studied metal foam was copper, i.e.,
porosity of 95% and PPI 10 and 20, see
Fig. 1. The thermophysical properties of
copper are listed in Table 1. The
specifications of the studied model are
listed in Table 2.

] |

L

Model (I)
| |

. )

Metal Foam I'E'I
Jem 2em 1em

L
Model (IT)
Fig. 1 Studied Models

Table 1 Copper Thermophysical Properties.

Parameter Copper
Density (kg/ms3) 8933
Thermal Conductivity (W/m °C) 401
Specific Heat Capacity (J/kg.°C) 385
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Table 2 The Studied Modeled Specifications.

Ttem Details
Absorber length 150 (cm)
Absorber diameter 1in (2.54 cm)

Metal foam length 3 (cm), 2 (cm), and 1 (cm)
Metal foam diameter 1in (2.54 cm)

Metal foam porosity 95%

Metal foam PPI 10 and 20

Metal foam material Copper

3.1.Grid Generation and Independence
A 3-D circular pipe of length 150 cm and a
diameter of 2.54 cm without/with metal foam
was numerically investigated. The flow and heat
transfer inside the pipe were simulated. After
applying the required physics, i.e., the
Brinkman equation to describe the fluid flow
and heat transfer in fluids with porous medium
physics, the pipe was discretized into elements,
i.e., mesh. The tetrahedron mesh type was
selected due to its flexibility and accurate
representation of the curved surfaces. Fig.2
shows the mesh geometry of the studied pipe.
The grid independence should be tested to
avoid the grid size effect on the results. The grid
independence test was performed for the
following conditions: uniform heat flux at the
absorber surface= 900 W/m2, inlet
temperature= 303.1 K, and the mass flow rate
at the absorber inertance= 0.007 kg/s. The
mesh independency test results are shown in
Table 3. A range of number of elements from
25,383 to 280,048 was tested. The results for
lower elements number resulted in non-
reasonable outcomes. More elements produced
a huge number of degrees of freedom, causing a
crash for the laptop. The differences between
the third and fourth cases were 0.003%,
0.003%, 0.71%, and 0.018% for the outlet
temperature, friction factor, Nusselt number,
and efficiency, respectively. The number of
elements of 146,570 was considered because
beyond that the outcomes slightly change and
to make a trade-off between the outcomes’
accuracy and the CPU time.

Table 3 Mesh Independency Test.

Case Number of Tou (K) f Nu n
Elements

1 25,383 305.793 0.22040 5.75 69.22

2 49,142 305.734 0.22931 6.5 67.70

3 146,570 305.723 0.22929 7 67.42

4 280,048 305.722 0.22930 7.05 67.43

Fig. 2 Mesh Geometry.

4.EXPERIMENTAL VALIDATION
4.1.Experimental Setup

This study introduces a novel design for a
compound parabolic solar collector (CPC)
receiver, as shown in Fig.3. Incorporating
copper foam inserts with progressively
reducing thicknesses along the length of the
CPC receiver. The experimental configuration
consisted of a compound parabolic reflector
with an acceptance angle of 47°, combined with
a galvanized steel pipe with an inner diameter
of 0.0254 m and a length of 1.5 m. To mitigate
the reflection of the receiver pipe, it was
covered with a matte black substance. The
reflector and receiver pipe were in a wooden
enclosure topped with a 4-mm glass plate. The
enclosed area within the box was subjected to
air evacuation to minimize heat transfer
through convection from the receiver to the
surrounding environment. Water was utilized
as the heat transfer fluid. A storage tank was
linked to the CPC to supply it with water, and
the water discharged from the CPC was
afterward directed into the tank. To facilitate
the water movement throughout the
investigated system, a small pump (CRS25/4-
180) was mounted before the absorbers
entrance, continuously circulating the water in
the present system. The studies were conducted
between May and June 2023, between 09:00
AM and 04:00 PM. To ensure the reliability of
the findings, the experiments were repeated
three times, each yielding consistent results.
Five volumetric flow rates were examined,
specifically 0.2, 0.3, 0.3, 0.4, 0.5,and 0.6 I/min.
The selected flow rates were intended to ensure
that the flow through the receiver was fully
developed.
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(b)

Empty CPC

CRC with copperfoam PPI1o
I

C with copperfoam PPIzo

(o)
Fig. 3 The Novel CPC System (a) Front View,
(b) Side View, and (c) Schematic Diagram.

The study examined one type of metal foam,
i.e., copper. Two pores per inch (PPI) values, 10
and 20, as shown in Fig. 4, were examined for
each metal foam alongside an empty receiver
utilized as a reference. Three metal foam inserts
were positioned 10 cm from the receiver inlet,
in the center of the receiver, and 10 cm from the
receiver outlet

(@ (b)
Fig. 4 Copper Metal Foam with Fixed Porosity
0.95: (a) PPI1o, (b) PPI20.

The thicknesses of the implants were
distributed as follows: 3 cm, 2 ¢cm, and 1 cm,
respectively, as shown in Fig. 5. The flow meter
(Arduino UNO, YF-S201) was used to measure
the flow rate of the flowing water. Nine
thermocouples were arranged at the top
surfaces of the absorber tubes with and without
a metal foam. Six K-type-thermocouples (with
a precision of £0.1 °C) were inserted into the
flow at the inlet and outlet of tested tubes to
measure the temperature of the water. Two
thermocouples were used to measure the glass
cover and ambient temperature. Six pressure
transducers (Arduino UNO, Gi/4) were
installed at the inlet and outlet of the test tubes
to measure the pressure drop. The solar
radiation was measured using a Solar Power
Meter SM206. Also, a small pump (CRS25/4-
180) was mounted before the absorbers
entrance, which continuously circulated the
water through the present system.

Fig. 5 Distribution of Copper Foam Inserts
Inside the Absorber Tube.

4.2.Data Analysis
4.2.1.The Thermal Analysis of
Compound Parabolic Collectors
The compound parabolic collector thermal
performance is expressed using the following
data reduction equations. The absorbed
radiation, S, is obtained from [25]:
S = G715 Ay Tepe (11)
Effective transmissivity of CPC, which can be
expressed as:
Tepe = P (12)
The collector efficiency factor (F') is the useful
energy to the maximum possible useful energy.
F’ indicates the heat transfer portion from the
receiver to the working fluid. It can be
calculated from Eq. (13):
, m cp(To—T;)

P = bt (3)
The useful energy gain can be calculated from:

Qy = F,Aa[s - UL(Tm - Ta)] (14)
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The collector efficiency is given by:
= (15)

4.2.2.Heat Transfer and Fluid Flow
Analysis in the Receiver

In the receiver, the heat transfers from the
receiver wall to the heat transfer fluid by
convection. The local Nusselt number in the
receiver can be expressed as:

Nu, =221 (16)
Where the local convection heat transfer

coefficient (h,) is calculated from:
Qu

he = oo 17)
The average Nusselt number is defined as:
1 L
Nu=- f h, dz (18)
L 0

4.3.The Uncertainty Analysis

The measurement system consisted of a chain
of components; each has an individual
accuracy. The uncertainties of experimental
quantities were estimated using the method
presented by Kline and McClintock [26].
Hence, the experimental errors that may
happen in the independent parameters are
given in Table 4, which is taken from measuring
devices as follows:

Table 4 The Uncertainties of Experimental

Quantities.
Independent parameter (¢) Uncertainty (W)

K-type thermocouples +0.3 °C

Solar radiation (G,) +5W/m2
Mass flow rate () +0.0008 kg/s
Pressure drop (AP) + 0.001 Pa

5.RESULT AND DISCUSSION
5.1.Weather Condition

Fig. 6 displays the variations in solar radiation
intensity from 09:00 AM to 04:00 PM for the
selected test days in May and June. Notably, a
consistent pattern is observed in solar radiation
throughout the day for these dates. The data
indicates that the solar radiation intensity
gradually increased as the day progressed. The
highest solar radiation was usually at 12:30 PM
for the tested days. The solar radiation intensity
declines after achieving its maximum value at
12:30 PM. This decline continued as the
afternoon unfolded, eventually reaching a low
point at 04:00 PM when the data collection
period ended. Fig. 7 depicts ambient
temperature variations over the experimental
period. Fig. 7 shows a direct relationship
between the ambient air temperature and solar
radiation intensity. As solar radiation intensity
increased, the ambient temperatures also
increased. However, an interesting
phenomenon occurred later in the day. After
01:00 PM, a delayed decline in the ambient air
temperature was observed, even as the solar
radiation intensity decreased. This delay is
attributed to the thermal energy retained in the
surrounding buildings and environment

throughout the day, which continued to release
heat into the ambient air post-solar noon.
5.2.Nusselt Number

5.2.1.Impact of Metal Foam PPI on the
Hourly Nusselt Number

Copper Metal Foam Inserts with fixed porosity
(0.95) and varying pores per inch (PPI) values
of 10 and 20 were utilized as thermal
enhancement components within the absorber
tubes of CPC. These tubes were designed to
improve the heat transfer efficiency in
descending order, starting at 3 cm, then 2 cm,
and 1 cm in each of the two absorber tubes.
Starting with the 3 cm insert, it provides a high
heat transfer rate within the CPC absorber tube,
enhancing the overall system efficiency.
Moving on to the 2 cm insert, it allows further
improvement in heat transfer, enabling more
efficient thermal energy absorption. Finally, the
1 cm insert, the smallest size, provides a certain
degree of thermal enhancement by augmenting
the heat transfer area. In Figs. 8 (a) to (e), the
impact of metal foam on hourly Nusselt number
(Nu) is depicted for various flow rates, i.e., 0.2,
0.3, 0.4, 0.5, and 0.6 1/min, and different
conditions, i.e., empty receiver, PPI10, and
PPI20. Figs.8 (a) through (e) show time-
dependent changes in Nu. The highest Nu
values were observed in one of the CPC
absorber tubes with Cu metal foam having a PPI
of 20 (Fig. 8(a)) at 0.2 1/min around 11:30 PM,
with an experimental Nu of 5.633 and a
numerical Nu of 6.233. At 0.3 1/min (Fig. 8(b))
around 11:00 PM, Nu reached 7.179
experimentally and 7.979 numerically. Fig. 8(c)
at 0.4 I/min (12:30 PM) recorded an
experimental Nu of 8.809 and a numerical Nu
of 7.979. At 0.5 1/min (Fig. 8(d), 12:30 PM), the
experimental Nu was 8.403, while the
numerical Nu was 8.903. Finally, at 0.6 1/min
(Fig. 8(e), 12:30 PM), the experimental Nu
reached 8.882, and the numerical Nu was
9.382. These findings indicate a substantial
improvement in Nu with the inclusion of metal
foam, suggesting its effectiveness as a heat
transfer enhancement technique in the CPC
system. Metal foam is a heat transfer enhancer
due to its high surface area and porous
structure. As the metal foam’s PPI (pores per
inch) increases from 10 to 20, there is a greater
surface area for heat exchange, which enhances
convective heat transfer and, consequently,
increases the Nu number. The metal foam likely
acts as an obstacle, facilitating better mixing of
the working fluid within the absorber tube and
increasing the heat transfer rate. However, the
relatively lower Nu values suggest that there
may still be room for optimization to operate
the system at its maximum potential,
particularly for PPI10. The same result was
reported by [27].
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5.2.2.Impact of Volume Flow Rate on the
Hourly Nusselt Number

Figures 9 (a) to (c) illustrate the Nu number
variations over time in solar collector tube
receivers, comparing setups with different
conditions (empty receiver, PPI10, and PPI20)
for various flow rates (0.2, 0.3, 0.4, 0.5, and 0.6
1/min). It examines the influence of varying
volume flow rates on hourly Nu during May and
June. The data revealed how Nu changed
throughout the day, shedding light on absorber
tube performance. At 12:30 PM, the highest Nu
values (7.937 experimentally, 8.437
numerically) were achieved at a flow rate of 0.6
1/min without metal foam (Baseline) in a CPC
absorber tube. At 12:00 PM, another CPC
absorber tube featuring Cu metal foam (PPI 10)
reached its peak Nu values (8.456
experimentally, 8.856 numerically) at the same
flow rate. At 11:30 PM, a CPC absorber tube
with Cu metal foam (PPI 20) achieved the
highest Nu values (8.882 experimentally, 9.382
numerically) at 0.6 1/min. Therefore, the Nu
increased by approximately 4.95% for PPI10
and 11.22% for PPI20 compared to the baseline
(without metal foam). The increase in Nu with
higher flow rates is attributed to convective heat
transfer principles. High flow rates result in
more fluid passing through the collector pipe,
raising the heat exchange between the HTF and
absorber surface, which enhances the
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Fig. 9 Impact of Volume Flow Rates (1/min) on hourly Nusselt Number of Cu Metal Foam.

5.3.Thermal Efficiency

5.3.1.Impact of Metal Foam on the
Hourly Thermal Efficiency

The thermal efficiency of a solar collector was
examined under two distinct scenarios: one
without the insertion of metal foam and the
other with metal foam, with PPI10 and PPI20
configurations. These evaluations were
conducted concerning varying solar radiation
intensities. It is apparent from Figs. 11 (a) to (e)
that as solar radiation intensity increased, the
thermal efficiency of the collector also
increased, especially when metal foam was
inserted, as it enhanced heat retention and
reduced heat losses. This observed behavior can
be attributed to the continuous rise in the
ambient temperature, reducing the collector’s
heat losses. In the absence of the metal foam,
the maximum thermal efficiency was
experimentally measured at 85%, while
numerical simulations indicated a slightly
higher value of 88%. This peak efficiency was

observed at 01:30 PM. However, when copper
(Cu) metal foam with a PPI10 configuration was
inserted, the maximum thermal efficiency
dropped to 81.87% experimentally and 82.82%
numerically, occurring at 02:00 PM.
Conversely, when Cu metal foam with a PPI20
configuration was inserted, there was a
significant increase in the collector's maximum
thermal efficiency. Experimentally, it reached
88.33%, and numerically, it reached 91.33%,
both occurred at 01:30 PM. The percentage
increase in thermal efficiency between the
empty  receiver, PPIio, and PPI20
configurations. Between the empty receiver and
PPI10, there was an increase in thermal
efficiency by approximately 3.13%
experimentally and 5.18% numerically.
Between PPI10 and PPI20, there was an
increase in thermal efficiency by approximately
6.46% experimentally and 8.51% numerically.
Similar conclusions were obtained by [28].
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Fig. 10 Impact of Cu Metal Foam on Hourly Thermal Efficiency for Empty, PPI10, and PPI20
at (a) 0.2, (b) 0.3, (¢) 0.4, (d) 0.5, and (e) 0.6 1/min.

5.3.2.Impact of Volume Flow Rate on the
Hourly Thermal Efficiency

The thermal efficiency of the solar collector
demonstrates an obvious pattern in Figs. 11(a)
to (c¢), which depicted various flow rates (0.2,
0.3, 0.4, 0.5, and 0.6 1/min) and different
conditions (empty receiver, PPI10, and PPI20),
wherein it exhibits an upward trend in
conjunction with a rise in solar radiation
intensity. The observed behavior can be
ascribed to the simultaneous rise in ambient
temperature, resulting in decreased heat
dissipation. Furthermore, a positive association
exists between the collector’s thermal efficiency
and the water’s volume flow rate through the
collector. The primary reason for the observed
gain in thermal efficiency is attributed to the
reduction in the absorber tube temperature
[16]. This decrease was crucial in minimizing

heat losses from the collector to the
surrounding environment. Furthermore, the
thermal efficiency of the collector exhibited a
significant enhancement when solar radiation
intensity increased, mainly when the metal
foam insertion was utilized. Metal foam
improved heat retention and decreased heat
losses, significantly contributing to the
collector’s overall efficiency. The improvement
in the thermal efficiencies for both the empty
receiver and the PPI20 receiver was as follows.
At 1:30 PM, with a collector volume flow rate of
0.6 1/min, the empty receiver achieved a
maximum thermal efficiency of 85%, while
PPI20 reached 88.34%. Therefore, PPI20
exhibited a percentage increase in thermal
efficiency of approximately 4.34% compared to
the empty receiver under these conditions.
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Fig. 11 Impact of Volume Flow Rate (I/min) on Hourly Thermal Efficiency (a) Empty Receiver, (b)
PPI10, and (c) PPI20 at 0.2, 0.3, 0.4, 0.5, and 0.6 1/min.

5.4.Bulk Temperature Distribution
Figure 12 illustrates the impact of volume flow
rate on the temperature distribution within a
studied CPC receiver. This figure compares
three insertions (empty, PPI10, and PPI20) and
five volume flow rates (0.2 to 0.6 1/min) for Cu
metal foam inserts at 12:00 PM. The results
show that adding the metal foam inserts
increased the bulk temperature along the
receiver, enhancing the heat transfer from the
receiver's surface to the heat transfer fluid
(HTF). This heat transfer occurred through
conduction within the receiver and convection
from the metal foam to the HTF. Increasing the
PPI from 10 to 20 also increased the bulk
temperatures for all flow rates. Furthermore,
higher HTF flow rates reduced the bulk
temperatures because slower HTF allows more
time to absorb heat from the receiver, resulting
in higher temperatures. Conversely, faster HTF
had less contact time with the hot receiver
surface, leading to lower bulk temperatures.
For example, with an empty receiver, mean
bulk temperatures were reduced by 15% at 0.2
1/min and 6.4% at 0.6 1/min. For the Cu metal
foam insertions, the reductions in mean bulk
temperatures ranged from 2.5% to 9% for the
PPI10 case and from 2.7% to 7.8% for the PPI20
case across the studied flow rates.

5.5.Water Outlet-Inlet Temperature
Difference

Figure 13 shows the impact of inserting metal
foam on the hourly water (flowing through the
CPC receiver) outlet-inlet temperature at 0.2,
0.3, 0.4, 0.5, and 0.6 I/min. Throughout the test
period, i.e., from 09:00 AM to 04:00 PM, the

temperature difference followed the solar
radiation intensity, i.e., it increased with the
solar radiation and vice versa, for all studied
cases. The receiver inserted with a metal foam
produced a higher temperature difference for
all studied volume flow rates than the empty. A
similar result was reached by [15]. The highest
temperature difference was indicated for PPI20
at 0.2 1/min and o1:00 PM, i.e., 23.3 K. PPI20
provides more contact area between the flowing
water and the hot receiver surface, increasing
the water temperature. Therefore, the water
leaves the receiver with a higher temperature
than the empty and PPI10 cases. In contrast, for
0.2 1/min, the highest temperature differences
were 20.2 K and 21.5K at 01:30 for empty and
PPI10 cases, respectively. For 0.3 1/min, the
highest temperature differences were 15.1 K,
15.6 K, and 16.4 K at 01:30 PM for empty,
PPI10, and PPI20, respectively. For 0.4 1/min,
the highest temperature differences were 12.8
K, 13.8 K, and 14.5 K at 12:30 PM for empty,
PPI10, and PPI20, respectively. For 0.5 1/min,
the highest temperature differences were 9.8 K,
10.2 K, and 10.7 K at 12:30 PM for empty,
PPI10, and PPI20, respectively. Finally, for 0.6
1/min, the highest temperature differences were
9.6 K, 10.2K, and 10.6 K at 01:30 PM for empty,
PPI10, and PPI20, respectively. The above data
shows that the temperature difference
decreased as the volume flow rate increased.
The heat transfer time decreased as the water
flow rate increased, reducing the water outlet
temperature. As a result, the outlet-inlet
temperature decreases.
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5.6.Comparison with Previous Studies

Comparing the performance of the present
system with other published studies is helpful
to evaluate the suggested system. Table 4 shows
a comparison between the present study’s
thermal efficiency and previous works. The
comparison shows that the proposed system
performed reasonably compared with other
systems. Although the solar radiation of the

present study was lower than other studies, the
present high volume flow rate contributed to
enhancing thermal efficiency. In addition, the
gradual distribution of the metal foam inserts
augmented the present thermal performance.
The gradual distribution increased the HTF
temperature with lower friction losses. Also, the
receiver was enclosed in a well-insulated and
evacuated wooden box.
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Fig. 12 Bulk Temperature Distribution for Cu Metal Foam Inserts (a) Empty, (b) PPI10,
and (c) PPI20 at 0.2, 0.3, 0.4, 0.5, and 0.6 1/min at 12:00 PM.
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Table 4 Comparison Between Previous Published Studies and the Present Study.

Reference Collector type HTF n(%) V(d/min) Solar Radiation
(W/m?)
Reddy et. al. [29] Absorber tube with porous disc inserts Water 69.0 4.48%103 900
Kalidasan et. al. [30] Absorber tube with hinged blade insert Water 69.3 2.90x104 950
Bellos et. al. [31] Absorber tube with internal fins Syltherm 800 68.5 4.14%1072 1000
Bellos et. al. [32] Absorber tube with multiple cylindrical fins Syltherm 800 68.1 2.77x1072 1000
Chakraborty et. al. [33] PTC with helical absorber Water 78.5 9.95%1073 708
Yilmaz et. al. [34] PTC absorber with wire coil inserts Therminol® Vp-1  76.5 1.99x10™ 1000
Vengadesan et. al. [35]  PTC with semicircular structured thin flow absorber Water 78.2 3.32x1073 975
CPC with gradual distributed metal foam inserts 67.1 884
Present stud; thickness (PP120) Water o
Y CPC with gradual distributed metal foam inserts 3
thickness (PPI110) 63.7 884
6.CONCLUSIONS the receiver inserted with metal foam

The study conducted numerical simulations
and experiments to assess how copper foam
with consistent porosity and different PPI
values (10 and 20) affected the novel compound
parabolic solar collector receiver thermal
performance. The focus was on mixed
convection heat transfer in the absorber tubes,
with tests conducted in Iraqi climate conditions
and varying water flow rates. The key results are
summarized below.
e Inserting Cu-foam improved the Nusselt
number. For all studied volume flow rates,

resulted in a higher Nusselt number. For
instance, at 0.4 1/min, compared to the
empty receiver, the Nusselt number
improved by 3% experimentally and 13.3%
numerically for the Cu-PPIio. For Cu-
PPI20, the improvement in Nu was 15.7%
experimentally and 19.1% numerically.
Also, the results above showed that a higher
PPI resulted in a better Nusselt number.

e The thermal efficiency was enhanced by
inserting Cu-foam. Compared to the empty
receiver at 0.2 1/min, the thermal efficiency
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improved by 7.4% experimentally and 9.1%
numerically by inserting PPI10 and 15.7%
experimentally and 15.0% numerically by
inserting PPI20.

The difference in heat transfer fluid outlet-
inlet temperature increased due to adding
Cu-foam inserts. At 0.2 1/min, the Cu-
foam-PPI10 temperature difference was
6.4% higher than the empty receiver, and
the Cu-foam-PPI20 temperature difference
was 15.3% higher than the empty receiver.
As a future work, the impact of the metal
foam insert thickness and location on the
CPC receiver performance can be
investigated.

NOMENCLATURE

Dy, The receiver hydraulic diameter, m
A, Aperture Area, m?

A, Area of absorber tube receiver, m2

U, Overall heat loss coefficient, W/m2 K

h, The local convection heat transfer coefficient,
W/m2K

T, The receiver temperature, K

T, The air temperature, K

T, The leaving water temperature, K

T; The entering water temperature, K

T The water mean temperature, K

S The absorbed radiation, W/m?

G, The total incident radiation on the aperture
plane, W/m?

n The average number of reflections

F' The collector efficiency factor

m Mass flow rate, kg/s

The specific heat of water, J/kg K

Qu The useful energy gain, W

k The heat fluid thermal conductivity, W/m K
Nu Nusselt number
Greek Symbols
g Transmissivity of the cover glazing

a, Absorptivity of receiver
tepe  Effective transmissivity of CPC

mME QI3

The reflector reflectivity
The collector efficiency
Kinematic viscosity, m2/s
Heat diffusivity, m2/s
Dynamic viscosity, kg/ m s
Porosity

Subscripts

a

aperture

CPC Compound Parabolic Collector

eff

g
m
m

out

r
th

u

effective
Glass cover
inlet

mean
outlet
receiver
thermal
useful
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