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Abstract: This paper aims to compare the thermal performances of the conical solar collector (CSC)
system and the spot Fresnel lens system (SFL) using water and CuO nanofluid as the working fluids.
The studied CFD models for both systems were validated using experimental data. At an optimal
flow rate of 6 L/min, the SFL system showed higher optical and thermal performance in comparison
with that of the CSC system. In the case of the SFL system, the availability of a greater amount of
solar energy per unit collector area caused an increase in thermal energy. Moreover, in the case of
the CSC system, the non-uniform distribution of solar flux on the absorber’s outer surface leads
to an increase in temperature gradient and heat losses. As a heating medium, the CuO nanofluid
outperformed the water in terms of higher thermal conductivity and heat capacity. The average
thermal efficiencies of 64.7% and 61.2% were achieved using SFL with and without CuO nanofluid,
respectively, which were 2.4% and 0.5% higher than those of the CSC with and without nanofluid.
CFD simulations show a 2.80% deviation for SFL and 2.92% for CSC, indicating acceptable accuracy
compared to experimental data.

Keywords: collecting efficiency; conical solar concentrator; performance analysis; solar energy;
Fresnel lens system; CFD

1. Introduction

Concentrated solar energy is one of the most stable and promising renewable en-
ergy sources for applications that need higher temperatures. It is also a readily available
energy source that can assist in mitigating the problems associated with environmental
degradation brought on by the combustion of fossil fuels [1]. Mainly solar concentrators
can be distinguished as refractive and reflective [2,3]. Both solar concentrators share the
same goal of providing higher-temperature thermal output. Concentrated solar thermal
collectors can be classified as dish Stirling, parabolic trough, conical solar concentrator,
and central receiver systems. Over the past several years, due to high energy conversion
efficiency, the Fresnel refraction system has been the preferred option for solar thermal
applications [4,5]. The concentrated solar collectors are crucial when there is limited surface
area [6]. Wassila Ajbar et al. [7] have discussed the various applications of parabolic trough
collectors. They determined that electricity generation from steam power cycles with the
help of concentrated solar flux is the most efficient way of utilizing solar energy potential.
Xie et al. [8] reported the most recent advancements in Fresnel-based solar energy concen-
trating systems. They concluded that the Fresnel lens-based solar collector is an ideal choice
for commercial solar energy applications because of its low weight, cost-effectiveness, and
high-optical efficiency; however, high-precision sun tracking is crucial. El-Bakry et al. [9]
analyzed and compared the performances of concentrated and nonconcentrated solar ther-
moelectric generators under controlled laboratory conditions. Power generation sees a
remarkable increase of up to 82%. They suggested that the performance improvements
achieved through absorbent layer deposition are particularly effective in concentrated
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light environments. Xie et al. [10] conducted theoretical and experimental thermal perfor-
mance assessments of the line focus Fresnel lens solar concentrator using various cavity
receivers. They found that the solar collector’s compact design, high energy density, and
distribution of high flux incident on the receiver surface made the resultant integration
noteworthy [11-13]. Lewandowski and Simms [14] evaluated and compared the thermal
performance of the parabolic trough collectors and linear Fresnel lens collectors for water
heating and steam production. The Fresnel lens collector is economically more viable than
the parabolic trough collector when considering leveling energy cost; however, the total
energy provided by both devices is almost equal. Xie et al. [15] developed a computer
model in order to determine the ideal cavity receiver configuration and the temperature dis-
tribution for a point-focus Fresnel lens system. Quantitative and qualitative data from the
numerical simulation and the experimental findings were agreed satisfactorily. Jeter [16,17]
developed mathematical models for the estimation of the optical efficiency and the con-
centrated solar flux distribution in parabolic trough collectors by taking into account poor
transmission, reflection, and absorption. Cheng et al. [18] used the finite volume and Monte
Carlo ray-trace methods to simulate the complex photothermal conversion process of a
parabolic trough solar collector. It is found that the proposed combination method may be
used to investigate the processes of involute fluid dynamics and conjugate heat transfer in
the entire receiver. Numerous numerical and experimental studies related to conical solar
collectors, parabolic trough collectors, and Fresnel lens collectors have been published by
different researchers, including Alsalame et al. [19-23]. However, to our best knowledge, no
comparative numerical analysis of spot Fresnel lens (SFL) and conical solar collector (CSC)
systems has been published so far. In this study, numerical models (using ANSYS FLUENT
(2022 R2) software) for different components of CSC and SFC systems were developed
and verified with the help of experimental results. Both systems were evaluated under
similar geometrical, operating, and climatic conditions. This study used experimental data
and computational results to determine the best solar energy collection system, and the
working fluid based on the optical and thermal performances.

2. Materials and Method
2.1. Experimentation

The proposed CSC system consists of a conical concentrator that reflects the sunlight
onto the absorber tube surface, while the SFL system consists of a Fresnel lens that converges
the sunlight onto a copper shell-type cylindrical absorber, as shown in Figure 1.

Solar tracking device Sport Freanel concentrator
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Shell-type cylindrical absorber
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Figure 1. Cont.
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Figure 1. The solar thermal collector: (a) shows the conical solar collector (CSC); sub-figure (b) is the
spot Fresnel lens concentrator (SFL); and sub-figure (c) shows the experimental setup of the reflector
and absorber assembly for the CSC and SFL systems.

Both systems are equipped with heat storage tanks to store solar heat, each with a
capacity of 40 L, an electric pump for circulation of heat transfer fluid or thermal medium,
and a flow meter to measure the fluid flow rate. The solar heat extracted by the working
fluid through absorbers was stored in a thermal storage tank. Both systems were mounted
on a solar tracking system, which helped to maximize the utilization of available solar
energy. To monitor the temperature of the working fluid, temperature sensors (PT 100 (2)
were used at the absorber’s input and output. Both systems have a similar solar collecting
surface area, and their other specifications are shown in Tables 1 and 2. The dimensions of
the shell-type cylindrical absorber for the SFL system and the copper absorber tube for the
CSC system are presented in Figure 2. The inserted coil inside the absorber is not hollow
but solid and there is no fluid flow through it [21].
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Figure 2. The dimension details and boundary conditions of the collectors: (a) shows the coil absorber
tube dimensions for the CSC; sub-figure (b) is the dimensions of the shell-type cylindrical collector
for the SFL system [21]; sub-figure (c) shows the boundary conditions of the SFL’s (left) and CSC’s
(right) absorbers; and sub-figure (d) is the 3D model of the SFL’s (left) and CSC'’s (right) absorbers.

Table 1. Specifications of conical reflector.

Type Specification
Material Aluminum
Reflectivity (%) 92
Strength H18
Concentration ratio (CR) 17.07

Concentrating surface area 0.80 m?
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Table 2. Fresnel lens specifications.

Type Specification
Type CPV
Texture PMMA
Concentrating surface area 0.82 m?
Pitch 0.5 mm
Concentration ratio (CR) 470X

For both systems, CuO nanofluid and water were utilized as the heat transfer medium,
and the heat collecting efficiency of each system was examined for a period of 300 min.
Experiments were conducted on the same day at the same flow rate; the flow rates used
were 2, 4, and 6 L/min. The properties of the CuO nanofluid were calculated according to
our previous study [24]. Briefly, the concentration of the CuO nanofluids was 0.5 weight
percent in primary distilled water. To improve the dispersion stability, the surfactant
Arabic Gum (GA) along with nanoparticles was added to distilled water while stirring,
and later, the whole solution was sonicated using an ultrasonicator. Using a thermal
characteristic analyzer, the produced nanofluid was analyzed multiple times; the nanofluid
with the highest thermal conductivity was employed in the experiment. Comparative
performance analyses were conducted for the duration of 300 min from 10:00 am to 3:00 pm.
Compared to the earlier study of [24], the solar radiation was captured using a two-axis
tracking platform.

2.2. Energy Performance Analysis

The heat collection efficiency for both systems was examined under similar operating
and climatic conditions. The energy performance analysis of the aforementioned solar
collectors was performed at three different flow rates: 2 L/min, 4 L/min, and 6 L/min. The
thermal energy output (Q) can be calculated as follows [24]:

Q=mCy(T, - T)) @

where C, and Q are the specific heat and flow rate, respectively, of the heat transfer fluid.
T; and T, are the fluid inlet and outlet temperatures.

The heat collecting efficiency (17) was calculated using Equation (2) to examine the
efficiency of the two systems as follows:

Q

where [ and 5 are the beam radiation and thermal efficiency, respectively, and the collector
area is A.

The temperature variation across the absorber of each system is evaluated by using
the CFD method. In the transient state, both systems exhibit different thermal behavior
due to differences in geometry and thermal characteristics. For instance, different amounts
of heat losses from the collecting absorber to the atmosphere occur because of differences
in the heat transfer coefficients.

2.2.1. Numerical Analysis

The analyses were performed to observe temperature variation at different fluid flows.
For simulation, ANSYS FLUENT software (2022 R2 ANSYS Inc., Kirkland, WA, USA)
was used.

For simulation, the absorber models were created using grids which were generated
using a meshing tool, and the grids were calculated using the finite volume method. The
thermal performance analysis using heat transfer equations was performed under almost
similar conditions aligned with the actual experiment environment. The heat transfer
phenomenon was analyzed using the following equations:
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Mass conservation equation:

% +V (p?) = Sy 3)

where % and V- (p?) are the rate of change in density with time and divergence of mass

flow, respectively, and the mass change rate is S,.

Reynolds number equation:
Re = PVE )
K
where p is the fluid density, V is the flow velocity, L is the characteristic length, and y is
the dynamic viscosity of the fluid. Reynolds numbers against the 2—6 L/min have been

reported as follows:
2 L/min = 1580
4 L/min=3300
6 L/min = 4800
For Re < 2000, the flow is classified as laminar. In the range 2900 < Re < 4000, the flow
is in the transition region, while for Re > 4000, the flow becomes fully turbulent.
Momentum equation:

(ua—u+va—u+wa—u)*—a—p+( + ur) az—u—l-az—u—i-az—u (5)
Pox ay 9z’ ~ Tox T WHTHIN G2 T a2 T 92
(ua—v+va—v+wa—v)*—a—p+( + pt) @4—82—04-@ - (6)
PG %%y e T Ty T TN g Ty T a2 T Py
ow ow ow,  dp Pw  Pw  Qw
P(”M‘*‘U@‘Fw&)——&‘F(V‘FM){axQ+ay2+azz} @)
Energy equation:
or T) = — bt g2 Ouj ¢ Ot O | 20U o
pcp o +pcpV-(u;T) = —=Vp + [k—k b, }V T+(pt+ptt)axj ax; T o, +38xi Jij 8)

Transport equations for standard k- model:

Representative examples include the k—¢ model, the k—w model, Large Eddy Simu-
lation (LES), and Direct Numerical Simulation (DNS), and these models can be selected
in various ways depending on various conditions including the Reynolds number. In
this simulation, the standard k—¢ model was used for simple turbulence of absorber anal-
ysis. The standard k—e model is considered by low computational cost. So efficient and
reliable is economical for analysis. In addition, the flow velocity is not excessively high,
and the geometric complexity is simple. The model was chosen to avoid excessively high
computational costs compared to the simple flow covered in this experiment.

k—equation equation:

0 ou ) ue\ ok
at(Pk)‘Faxi(Pk“z)—ale<P‘+Uk>axj + Pe + —pe )
e—equation:
0 ou 0 ue\ ok € €2
3506) + 51 (pew) = 5 (v ) e e L
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here the turbulent viscosity is modeled as:
k2
pe = Pcy; (11)
and
P = uS? (12)

S is the modulus of the mean rate-of-strain tensor, defined as:

S=/25;S; (13)

and Cie = 144, Co¢ = 1.92C;, = 0.09 03 = 1.0 and 0e = 1.3.
For the calculation of the natural heat transfer coefficient, we have used the following
correlation [25,26]:
he=10.45 — v + 10 0'/2 (14)

where /. is the heat transfer coefficient and v is the relative speed between the object surface
and air (m/s).

In steady state conditions, ANSYS FLUENT software observes the thermal and fluid
fluctuation of every volume by applying the above equations in the FVM (finite volume
method). FVM is a numerical technique for solving partial differential equations by dividing
the computational domain into discrete control volumes or cells. FVM focuses on the
conservation of flux over the control volume surfaces and on the integral form of the
governing equations.

2.2.2. Meshing and Boundary Conditions

Both absorbers were meshed with poly-hexcore to curved and planar surfaces. Poly-
hexcore mesh provides high-stability, lower RAM usage, and faster analysis time than other
mesh shapes. Although the amount of grid cells for the shell-type absorber was twice than
that of the conical, it seems improbable to meaningfully impact the simulation. The aspect
ratio, representing the ratio of the longest to shortest length from a grid, was close to 0
for both absorbers, which indicates grid uniformity. The orthogonal quality is expressed
between 0 and 1; therefore, the closer to 1, the higher the uniformity, indicating better
grid quality. It meets the required criteria by showing a high mean value close to 1 and
a minimum value exceeding 0.01. Skewness, which represents the fineness of the grid in
terms of asymmetry, showed maximum values of between 0.5 and 0.7 in this model, which
is an appropriate value for analysis. Table 3 shows a detailed description of the mesh status
for the designed absorber models.

Table 3. CFD detailed description table.

Shell-Type Absorber Conical Type Absorber
Type of mesh Poly-hexcore Poly-hexcore
Number of elements 1,231,606 604,646
Maximum aspect ratio 1.23630 x 10 5.04985 x 10
Minimum orthogonal quality 2.10455 x 107! 9.90534 x 1072
Average orthogonal quality 0.93095659 0.93080005
Maximum skewness 0.53255203 0.7377065

The model flow chart for assessing absorber performance is shown in Figure 3. The
grids of the two geometric models are as shown in Figures 4 and 5.
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Figure 3. Schematic flow chart of solar heat absorber CFD simulation.

Figure 4. Geometry design and grid of absorber tube collector.
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Figure 5. Geometry design and grid of shell-type absorber collector.

The boundary conditions of the analysis were set as similar as possible to the exper-
imental conditions. Direct solar radiation in 800 W/m?2, which is almost similar to the
experimental condition, was set according to the concentration ratio (CR) as boundary
conditions to the absorption section. In addition, insulation and natural convection were
applied as boundary conditions to other free walls. Table 4 shows the input data for the
simulation which includes boundary conditions, material used, and the analysis conditions.

Table 4. Boundary conditions.

Shell-Type Absorber Conical Type Absorber
Analysis condition Steady state
Material Copper
Area of conical solar collector (m?) 0.8
Absorber area (m?2) 3.63168 x 1073 4.13433 x 1072
Inlet temperature (°C) 24
Ambient temperature (°C) 21
Beam radiation (W/m?) 800

3. Results and Discussions

The average efficiency of the CSC and SFL systems was compared using water and
CuO nanofluid as working fluids at fixed flow rates of 2, 4, and 6 L/min. Experiments for
aforesaid systems were conducted under almost similar weather conditions. The average
daily variations in solar radiation, ambient temperature, and wind speed are depicted in
Figure 6.
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Figure 6. Daily variation in weather parameters: (a) wind speed; sub-figure (b) ambient temperature;
and sub-figure (c) direct solar radiation.

Figure 7 shows the variations in average heat collection efficiency with time for the
SFL and CSC systems using water and CuO nanofluids as working fluids at a flow rate
of 2 L/min. The heat collection efficiency of the SFL system using CuO nanofluid was
higher compared to that of the CSC system while using both nanofluid and water. When
considering the results of the preliminary experiment, the thermal efficiency of the SFL
while using the nanofluid and water was 56.6% and 54.8%, respectively. For the CSC system,
the thermal efficiency was 54.7% and 52.6% while using nanofluid and water, respectively.
In addition, the total efficiency improved by around 2% by using the nanofluid compared
to the systems using water. This can be explained by the fact that nanofluid has higher
thermal conductivity compared to water.

80 -
¢ CSC System with water
75 1 CSC System with CuO nanofluid
70 - B SFL System with water
= 65 X SFL System with CuO nanofluid
= ] X
Q
560-‘ﬁﬁﬁXXXxxXXXXX v
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w ¢ ¢ ¢ ¢ Y ryay | mm ]
50 - ¢ ¢ ¢ * X
a5 - o0,
40 1 1 1 1 1 T T T T T
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Figure 7. The daily variation in thermal efficiency at a flow rate of 2 L/min.

Figure 8 shows the experiment results of the average heat collection efficiency for the
CSC and SFL systems with the time at a fixed flow rate of 4 L/min. A significant increase
in thermal efficiency can be observed for both systems by increasing the flow rate up to
4 L/min. The thermal efficiency for the SFL system was 62.7% and 60.3% while using
nanofluid and water, respectively. The thermal efficiency of the CSC system was 61.5% and
59.8% while using nanofluid and water, respectively.
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Figure 8. The daily variation in thermal efficiency at a flow rate of 4 L/min.

Figure 9 shows the changes in average heat collection efficiency with the time for
the SFL and CSC systems using water and CuO nanofluids at a flow rate of 6 L/min. A
slight increase in thermal efficiency can be observed for both systems by increasing the
flow rate to 6 L/min. The heat collection efficiency of the SFL system using CuO nanofluid
was higher compared to the CSC system while using nanofluid and water. The thermal
efficiency of the SFL was 64.8% and 61.2% while using nanofluid and water, respectively.
For the CSC system, the thermal efficiency was 62.3% and 60.7% while using the nanofluid
and water, respectively. In addition, the total efficiency improved by around 2% by using
the nanofluid compared to the same systems with water.

80 - 6 L/min
¢ CSC System with water
75 - CSC System with CuO nanofluid

M SFL System with water
1 ﬁ ks X . X SFL System with CuO nanofluid
M % X

XX Ky oy X X X
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0 30 60 90 120 150 180 210 240 270 300
Time (min)

H
o

Figure 9. The daily variation in thermal efficiency at a flow rate of 6 L/min.

The steady state of the average thermal collection efficiency for the flow rate of 2 L/min
with respect to the temperature difference between the fluid at the inlet and ambient air
is shown in Figure 10. Under steady-state conditions, the thermal collection efficiency of
the SFL system using CuO nanofluid was higher compared to the SFL system with water,
and the CSC system with both nanofluid and water. Furthermore, the achieved steady-
state thermal efficiency for the SFL system with nanofluid and water is 56.6% and 54.8%,
respectively. For the CSC system, these values reduced to 54.7% and 52.6%, respectively.
It was determined that extra heat loss occurred at a flow rate of 2 L /min because of the
higher temperature difference between the absorber surface and the ambient air.
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Figure 10. Correlation between efficiency and (Ti — Ta)/Ia parameter at flow rates of 2 L/min.

In addition, the steady state of the average collecting thermal efficiency for the flow
rate of 4 L/min with respect to (Ti — Ta)/Ia factor is shown in Figure 11. At a flow rate
of 4 L/min, the SFL system with CuO nanofluid showed the highest thermal efficiency
compared to other studied solar systems, while the CSC system with water had the lowest
thermal efficiency. Furthermore, the thermal efficiency with water and nanofluid for the
SFL system is 62.7% and 60.3%, respectively, and the values for the CSC system are 61.5%
and 59.8%, respectively. For the flow rate of 4 L/min, an enhancement of the thermal
efficiency was observed on an average of 6.3% compared to the 2 L /min.

80 - ¢ CSC System with water
SFL System with water

75 A % CSC System with CuO nanofluid
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Tes | P98 00
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Figure 11. Correlation between efficiency and (Ti — Ta)/la parameter at flow rates of 4 L/min.

In addition, the steady state of the average thermal efficiency at a flow rate of 6 L/min
against the (Ti — Ta)/Ia factor is shown in Figure 12. The CSC and SFL systems demonstrate
optimal efficiency and a decrease in heat loss relative to lower flow rates. In the CSC system,
the efficiency reaches 60.7% with water and 62.3% with nanofluid, representing a significant
enhancement compared to the efficiencies at 2 L/min and 4 L/min. Similarly, in the SFL
system, the efficiency peaks at 61.2% with water and 64.8% with nanofluid, showing
consistent improvement over lower flow rates. The higher flow rate of 6 L/min improves
heat transfer by reducing the temperature difference between the collector and the ambient
temperature, which in turn reduces heat losses. At lower flow rates, such as 2 L/min and
4 L/min, the systems experience greater heat loss due to slower fluid movement, which
allows for more heat dissipation to the ambient air. The nanofluid also contributes to
reducing heat loss by enhancing the thermal conductivity of the working fluid, leading to
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better retention of absorbed solar energy. Overall, the 6 L/min flow rate offers a balance
between maximizing heat transfer and minimizing heat loss, especially in the SFL system
where the performance gains are most pronounced.
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Figure 12. Correlation between efficiency and (Ti — Ta)/Ia parameter at flow rates of 6 L/min.

Model Validation Using CFD

Figure 13 shows the temperature distribution on the absorbers” surfaces as a result of
concentrated solar radiation while using water at a flow rate of 6 L/min. Figure 14a,b show
the comparison of absorber outlet temperature using CFD findings and experiment data.

°C °C
40 60 80 100 120 140 20 30 40 50 60 70
(a) (b)

Figure 13. Absorbers contour through CFD at 6 1/min using water as working fluid: (a) shell-type
cylindrical collector; (b) absorber tube.

The overall accuracy of the CFD simulations is verified in relation to experimental data.
In the case of the spot Fresnel lenses, the difference between CFD findings and experimental
data is about 2.80%, which shows a moderate average deviation. Similarly, in the case
of the conical solar concentrator, the difference is about 2.92%, which supports the level
of accuracy by displaying the discrepancies within acceptable limits. This demonstrates
that the CFD model’s accuracy is satisfactory across both studies, with differences that
are reasonably consistent yet offer areas for development. Several factors contribute
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to the differences between the CFD predictions and the actual experimental data. One
probable explanation is that the CFD model has intrinsic limitations, such as simplifying
assumptions that may not fully convey the real-world complexity of the experimental
setups [27]. Furthermore, changes in measurement accuracy and experimental design
could explain the observed accuracies [28]. For example, differences in the positioning
or calibration of temperature sensors may result in inconsistencies. Variations in material
qualities, ambient circumstances, or model resolution may also affect the accuracy of CFD
simulations [29]. Addressing these issues through enhanced model calibration, finer mesh
resolution, and greater experimental control may improve the alignment of CFD predictions
and the experimental data.
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Figure 14. Model validation using CFD at 6 1/min using water as working fluid: (a) spot Fresnel lens
system; (b) conical solar concentrator system.

4. Conclusions

To assess the efficiency of the CSC and SFL systems, a comparative study has been
performed where CuO nanofluid and water were used as heat transfer fluids at varying
flow rates of 2, 3, and 6 L/min. The total thermal collection efficiency of the SFL system
using CuO nanofluid at 6L/min was 64.8%, and 62.3% for the CSC system with CuO
nanofluid. While using water as a heating medium, the achieved thermal efficiency for
the SFL and CSC systems were 61.2% and 60.7%, respectively. Due to higher thermal
conductivity, the CuO nanofluid outperformed water as a heating medium. In the case
of the best flow rate, 6 L/min showed the highest efficiency compared to 4 and 2 L/min,
this is because the 6 L/min has a higher value of heat transfer coefficient in comparison
with the aforesaid flow rates. Hence, the difference in thermal efficiency was significant.
The SFL system has higher thermal efficiency in comparison with the CSC system which
is around an average of 2% in all cases; this is because the surface area of the absorber
pipe for the CSC system is larger than the shallow absorber for the SFL system, which
results in more heat losses. The suggested SFL and CSC models for simulation analysis
were further validated using experimental data. It is concluded that the measured data and
the numerical findings depicted great harmony. The ambient air velocity had a significant
impact on the actual measured absorber temperature, which could have contributed to
the discrepancy between the predicted and actual findings. The overall accuracy of the
CFD models is confirmed to be 2.80% for the SFL system and 2.92% for the CSC system,
demonstrating moderate variances within the acceptable ranges. For future studies, it is
suggested that introducing insulated glass covers over the absorbers could improve the
efficiency of both systems by reducing excessive heat loss.
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