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Abstract

Solar energy, as one of the most important.clean energy sources, plays a significant role in sustainable development,
and parabolic trough solar collectors are among the most'widely used technologies for medium-temperature thermal
applications. In this study, the thermal performance‘of a parabolic trough solar collector was investigated using
computational fluid dynamics. The effects of parameters including absorber tube rotational speed (10 and 15 rad/s),
tube material (copper, brass, and nickel), and ‘wall thickness (1:45-1.85 mm) on the thermal and hydrodynamic
behavior of the system were analyzed. The results showed that'increasing the rotational speed of the tube enhanced
flow mixing, reduced the boundary layer thickness, and improved heat transfer performance. Among the investigated
materials, the copper tube provided the highest thermal efficiency“and fluid outlet temperature due to its superior
thermal conductivity. In addition, increasing the wall thickness led/to a reduction in heat transfer because of the
increased thermal resistance. This reduction was approximately 25% for the nickel tube and 7.7% for the copper tube.
The inlet water temperature was considered to be 293 K, with a/volumetric flow rate of 2 L/min. As the Reynolds
number increased from 250 to 550, the convective heat transfer coefficient increased under all conditions. The use of
two twisted tapes inside the absorber tube also improved heat transfer by generating vortex flow and increasing the
Nusselt number. The findings of this study can contribute to the optimization/f the.design and enhancement of the
efficiency of parabolic trough solar collectors.
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Introduction

The rapid increase in energy consumption and dependence on fossil fuels have intensified
environmental problems, making renewable energy systems increasingly important [1, 2]. Among
renewablessources, solar energy is considered one of the most sustainable options, especially in
regions with high solar irradiation such as Iran [3].Previous studies have shown that nanofluids
and turbulence-enhancing devices, such as twisted tapes, can significantly improve the thermal
performance.of parabolic trough collectors by enhancing fluid mixing and heat transfer [4-10].
Research.has'reported improvements in collector efficiency, heat transfer rate, and Nusselt number
through the use of.metallic nanofluids, spiral turbulators, and rotating absorber tubes [11-16].
However, most.existing studies have examined only a limited number of parameters. Therefore,
the present work developsa three dimensional CFD model to investigate the combined effects of
twisted tapes, tube material and thickness, rotational speed, and Al:Os/water nanofluid on the
thermal performance of<@ parabolic trough collector [17,18]. The study aims to provide practical
insights for the design of high.efficiency solar collectors with lower thermal losses.

Methodology

In this study, computational fluid dynamics (CFD) was employed to analyze fluid flow and heat
transfer in a parabolic trough collector system.-The model consisted of a cylindrical absorber tube
with a length of 1 m and an outer diameter of 60.33 mm, equipped with twisted tapes mounted
around a central rod. The tapes were designed with.a*720° twist angle and a pitch of 50 mm to
enhance flow turbulence and heat transfer. To evaluate the effect of turbulator number, three
configurations including one pair, two pairs, and three pairs of twisted tapes positioned 180° apart
were investigated. The absorber tube was discretized using826,843 hexahedral mesh elements, as
illustrated in Figure 2. The geometry was first designed in SelidWorks 2023 and then imported
into ANSYS Fluent 2024 R1 for simulation. A non-uniform heat flux, dependent on the solar
incidence angle, was applied to the tube surface.

Figure .2. Details of the computational grid and mesh quality in the regions of the twisted tapes and the
absorber tube wall.



Results and Discussion

In this study, the fluid flow inside the absorber tube was modeled under laminar conditions with
an inlet-flow rate of 2 L/min and an inlet water temperature of 293 K. Thermal and velocity
beundary conditions were applied according to Table 1. Mesh independence analysis showed
that hexahedral elements provided stable and convergent results, while tetrahedral meshes led
to fluctuating temperature predictions. Therefore, a hexahedral mesh with at least (2 x10°)
elements'was selected for the simulations. The results indicated that the fluid velocity gradually
stabilized along the tube length, while the maximum fluid temperature increased rapidly near
the inlet and then approached a nearly constant value toward the outlet. Figure 7 illustrates the
variation ofithe mean'fluid.temperature at the collector outlet for different tube thicknesses and
materials under various rotational speeds. Copper tubes produced the highest outlet temperatures
under all conditions, confirming their superior heat transfer capability. At a rotational speed of
10 rad/s, brass tubes showed the second-best thermal performance across all thicknesses.
However, when the rotational speed increased to 15 rad/s, the thermal performance of brass
tubes decreased noticeably, and at thicknesses of 1.75 mm and above, their outlet temperatures
became even lower than those of‘nickel tubes. In contrast, copper and nickel tubes showed less
sensitivity to changes in rotational speed, with their temperature profiles remaining nearly
unchanged except at the largestithickness of 1.85 mm. Overall, copper tubes achieved the highest
mean outlet fluid temperature, followed by brass and nickel tubes, respectively.
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Figure .7. Variations of the mean fluid temperature at the collector outlet for different tube thicknesses and materials
(copper, brass, and nickel) under various rotational speeds.

The fluid temperature reached about 330 K at 0.25 m, increased to 347 K at the tube midpoint,
and finally stabilized around 351 K near the outlet. The findings also demonstrated that using
nanofluids together with twisted tape turbulators significantly enhanced the Nusselt number and
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heat transfer performance compared with pure water. Increasing the number of turbulators from
one to three further improved thermal performance due to stronger mixing and higher flow
disturbance. In all cases, higher Reynolds numbers led to better heat transfer characteristics,
with the best thermal performance achieved using the nanofluid combined with three turbulators
at the-highest Reynolds number showed in figure 15.
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Figure .15. Comparison of the effects of nanofluid andhe number of turbulators on the Nusselt number ratio at different
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Conclusion

The results showed that rotating the absorber tube improved fluid mixing and enhanced heat
transfer in the parabolic trough collector. Higher rotational speeds increased the fluid temperature
near the tube wall, while increasing the Reynolds number improved the convective heat transfer
coefficient. Copper tubes achieved the best thermal performance.due to their high thermal
conductivity, whereas nickel tubes showed the lowest efficiency. Increasing tube thickness
reduced heat transfer because of higher thermal resistance. Twisted tapes also enhanced heat
transfer by generating vortex flow and turbulence. However, using.more than‘two pairs of twisted
tapes produced only minor improvements while increasing pressure drop. Therefore, two pairs of
twisted tapes were identified as the optimal configuration.
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Figure. 1. Arrangement of twisted tapes inside the channel for configurations with (a)/one pair of tapes, (b) two pairs of
tapes, and (c) three pairs of tapes.
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Table 1. Thermophysical properties of the materials used in the absorber tube.
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Table 2. Boundary and initial conditions applied for the analysis.
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Table 3. Thermophysical properties of water, carbon nanotubes, and aluminum oxide nanoparticles.
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Figure .3. Validation of the solar loading results.
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Figure.4. Variations of the mean temperature inside the absorber tube with respect to element size for (a) tetrahedral and
(b) hexahedral meshes.
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Figure .5. Variations of the mean fluid velocity along.the flow path inside the tube.
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Figure .6. Variations of the maximum fluid temperature along the tube length.
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Figure .7. Variations of the mean fluid temperature at the collector outlet for different tube thicknesses'and
materials (copper, brass, and nickel) under various rotational speeds.
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Figure .8. Variations of the maximum temperature with respect to tube thickness at the tube‘outlet for brass, copper, and
nickel tubes.
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Figure .9. Variations of the maximum tube surface temperature as a function of material, thickness, and rotational speed.
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Figure .10. Variations of the heat transferred to the fluid as a function of the mean inlet—outlet temperature difference for
coppery,brass, and nickel tubes with different thicknesses.
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Figure .11. Variations of the fluid convective heat transfer coefficient for copper, brass, and nickel tubes with different
thicknesses.
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Figure .12. Comparison of the thermal efficiency of the collector for copper, brass, and nickel tubes at different
thicknesses'and rotational speeds.
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Figure .13. Comparison of the convective heat transfer coefficient for water and nanofluid in the presence of different
numbers of turbulators and Reynolds numbers.
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Figure .14. Comparison of the convective heat transfer coefficient for water and nanofluid in the presence of different
numbers of turbulatorsiand Reynolds.numbers.
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Figure .15. Comparison of the effects of nanofluid and the number of turbulators on the Nusselt number ratio
at different Reynolds numbers.
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