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Article Info. Abstract

Thermal solar collector considers one of the main devices employed to transform solar energy into thermal energy and can
be classified into three main types named Evacuated tube collector (ETC), flat plate collector (FPC), and compound
parabolic collector (CPC) collector. In this study, where it was taken to evacuated tube solar collectors three different
geometries of the inner pipe diameter were proposed and combined with type of phase change materials (PCM) to evaluate
their performance using PCM. And mass flow rate 0.5 L\min, A validated computational fluid dynamic (CFD) model was
used in this examination. The data indicates that the highest outlet water temperature was observed at 45 °C from 1:00 pm
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1. Introduction

Renewable energy has become a popular source that is contributed to solving the problems of increasing demand for electrical energy. Where
it is considered as friendly to the environment. Among the types of renewable energies, solar energy is the main important source that is widely
used today. Generally, the energy of the sun can be converted into two useful energies such as electrical energy and thermal energy [1]. Solar
energy is transformed into thermal energy by using thermal collectors [2] and stored in some fluids like water or solid materials such as phase
change materials (PCMs). Thermal collector plays a big role and a main part in the thermal solar systems that concluded the domestic hot water
and commercial solar power systems [3-4]. The main classification of solar collectors can be divided according to the tracker mechanism into
non-tracking, one-axis tracking, and two axes tracking. The types of non-tracking collectors can be named as Evacuated tube collector (ETC),
flat plate collector (FPC), and compound parabolic collector (CPC) collector. FPC is a simple and most common collector among the kinds of
solar collectors. It is used in medium and low-temperature applications [5-7], involving industrial and building heating systems. A number of
the ETC designs have been developed. In a simple design, many long cylindrical flat plate modules are installed side-by-side. Each module is
a cylindrical evacuated glass tube containing a metal absorber plate in a rectangular form; therefore, many researchers have worked to improve
its efficiency using different techniques. Farzad and Abdi 2012 [8] investigated both theoretically and experimentally the capacity of the
evacuated solar heat pipe collector. Formulas for heat transmission were employed in the process of theoretical modelled, and a technique tested
based on ISO 9806-1 was used so that the theoretical model could be equated to the results of the experiment. Both the theoretical and practical
approaches were evaluated regarding the efficiency of the collectors and the amount of usable heat gained. It was shown that the theoretical
models matched well with the experimental data and that they were able to properly estimate the performance, temperature, and usable heat
gain of an evacuated heat pipe collector of working fluids at the outlet. Riffat et al. 2006 [9] investigated experimentally the effect of using
storage energy by PCM on thermal efficiency systems. Five different cases, including a referenced case, were investigated experimentally, and
the system performance of each was analyzed and integrated with an evacuated tube collector. Many experiments were made, and the collector
gave a better efficiency when filled with 25.28% of water. Zhang and Yamaguchi 2008 [10] used a specially designed stainless-steel U-shaped
pipe with a fin to collect energy from the fluid being tested in an evacuated tube.
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Nomenclature & Symbols

PV photovoltaic Ti Inlet water temperature (°C)
PCM phase change materials To Outlet water temperature (°C)
ETC Evacuated tube collector G Solar irradiance (W/m?)

FPC Flat plate collector. mf Mass fraction

CPC Compound parabolic collector. Pmax Maximum electrical power (W)
CFD Computational fluid dynamic. Ts Surface temperature (°C)

They found that solar radiation affected the different phases of COz, including liquid, liquid-gas, and supercritical phases, as well as the mass
flow rate of CO2. This suggests that solar radiation can have a significant impact on the behavior of CO: in different phases, which could have
important implications for energy collection and storage technologies. Mat et al. 2013 [11] investigated numerically using RT 82 PCM, which
dissolves at 77 °C in the system to enhance the performance. Throughout the experiment, the position of the heat source moved a total of 29
times. The results revealed that the introduction of fins significantly improved heat transmission and shortened melting times by 43.3%. Ong
and Tong 2013 [12] performed a comparison study between the outdoor efficiency of the two systems of solar water heaters. The result revealed
that the installed panel solar collector's system gave the best compared with the vertical panel solar collector's system. Xinyu and Shijun 2014
[13] studied the performance of extraction heat-based direct-flow of coaxial ETSC experimentally with and without heat shields. It was designed
to create a tested system to measure the thermal efficiency of solar collectors operated at middle temperatures. The results showed that the heat
shield improved the efficiency of an ETSC, particularly at higher temperatures. Dilip Mishra 2015 [14] studied the influence of using the
evacuated tube solar collector (ETSC) with a U-tube on system efficiency experimentally. The results revealed that the idea of the inserted
copper fin into it increase the system performance of the ETSC from 10% to 15% from the water-in-glass evacuated collector. Yao et al. 2015
[15] examined the impact of twisted inserts on the performance of the evacuated tube for solar water heaters. Twisted tape reduces velocity
magnitude and maintains temperature uniformity. The results revealed the improved solar water heaters were 9.29% higher than the regular
ones. Abokersh et al. 2017 [16] Studied experimentally the possibility of applying the PCM in a similar method where the added aluminum fins
were on the U-shape tube outer surface and the tube inner surface for the glass absorber. The result showed that adding the aluminum fins
improve the heat retention capacity and decreasing in thermal performance by 14% compared to that of the design using only the PCM and
without the aluminum fins. Felinski and Sekret 2017 [17] studied, in a controlled experiment, the influence of paraffin application on the
performance of the evacuated tube solar collector and storage (ETC/S) system. Based on the heated medium mass flow rate during the discharge
period, the findings demonstrated that the total quantity of heat produced from paraffin integrated ETC/S system was enhanced by up to 45-
79% compared with an ETC. Although the reviewed papers provide valuable insights into improving the efficiency of solar collectors and
storage systems, some limitations need to be addressed. Firstly, most of the studies are focused on experimental and numerical analysis, which
may not necessarily reflect real-life conditions. Secondly, the studies mainly focus on the performance of specific types of solar collectors and
do not compare their effectiveness with other types of solar collectors. Finally, some studies lack detailed information on the cost-effectiveness
and scalability of the proposed designs.

To overcome these limitations, this work proposes a comprehensive review that considers different types of solar collectors and their
performance in real-life conditions. The review will also assess the cost-effectiveness and scalability of the proposed designs, making it easier
for researchers and policymakers to determine the most effective and feasible approach for implementing solar collectors and storage systems.
Additionally, the review will analyze both experimental and numerical studies to provide a more comprehensive understanding of the
performance of solar collectors and storage systems. Overall, this work aims to provide a more holistic and practical approach to improving the
efficiency of solar collectors and storage systems. where especially this theoretical study focuses on the change in U-shaped pipes. smooth pipe,
two lobes, and four lobes.

2. Methods

Computational Fluid Dynamics (CFD) has become an important method to evaluate and solve many engineering problems such as the behavior
of phase change materials (PCMs) in the evacuated tube. For such a problem, detailed information on temperature distribution and flow can be
obtained by using a CFD method. In addition, choosing a suitable CFD model can provide an accurate simulating result at a low cost compared
with the experimental part. Therefore, in this study, a CFD model using ANSYS Fluent was employed to investigate and obtain more details
of the influence of using (PCMs) in different geometry of the evacuated tube. To obtain an accurate prediction in the CFD model, many points
need to be taken carefully such as type of (PCMs), tube dimension, radiation, and flow rate. In addition, selecting an appropriate CFD model
consider one of the main important factors in simulation results. The correct CFD model will help to get a stable simulation process and give
accurate simulation results. This was obtained by solving the partial differential equations of continuity, energy equations, and momentum.

The Navier-Stokes equations with phase change materials, also known as the phase change Navier-Stokes equations, are a set of partial
differential equations that describe the motion of fluids and the phase change process.

The equations are based on the conservation of mass, momentum, and energy, and are given by:

Conservation of mass:

op/ot+V - (pu)=0

where p is the fluid density, t is time, u is the fluid velocity and V is the gradient operator.

Conservation of momentum:

p(Qu/ot+u-Vu)=-VP+V -1

where P is the pressure, and 7 is the stress tensor, given by:

t=p(Vu+(Vu) T)-x VT

where p is the dynamic viscosity, T is the temperature, k is the thermal conductivity, and (Vu) T is the transpose of the gradient of u.
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Conservation of energy:
pecp(@T/0t+u-VT)=V - (kVT)+Q
where ¢y is the specific heat capacity at constant pressure, and Q is the heat source term due to phase change.

In addition to the above equations, the phase change Navier-Stokes equations also include a phase change model that describes the change of
phase from one state to another. The phase change model can be added as a source term in the energy equation.

2.1. Investigated case study description

In this investigation, three different geometries of the ETC combined with (PCMs) are examined numerically to find the influence of using the
(PCMs) on ETC performance at three different geometries. In this study, three cases, case-(1), case-(2), and case-(3), were simulated at the
inner diameter of a glass tube (3.7 cm), and PCM (Paraffin wax 54-57 °C) and different configurations of the inner diameter of copper tube.
Where case-1 represents smooth pipe, case-2 represents two lobes pipe and case-3 represents four lobes pipe. Fig. 1 shows the geometry of the
present investigated cases. And details of PCMs and the properties of thermophysical of PCMs that were used in the numerical analysis are
summarized in Table 1.

Case-1 (Smooth pipe) Case-2 (Two Lobes) Case-3 Four Lobes

Fig. 1. Geometry of cases under study

Table 1. Thermo-physical properties of PCMs [19]

Properties Paraffin Wax

Melting Temperature (°C) 54-57

Thermal Conductivity [W/m K] 0.21
The heat of fusion [KJ/Kg] 189
Density [Kg/m?] 795

Specific heat [ki/kg K] 2/2.15

Dynamic viscosity of liquid paraffin [kg/m s] 0.023

The thermal expansion coefficient of paraffin [1/K] 0.0003085

2.2. Mesh generation

For any CFD simulation, it is very important to generate a suitable mesh with high quality. This will improve the simulation solution stability
and give accurate results. Therefore, in this study, a high-quality mesh with a suitable size was employed. As a complexity of the investigated
geometry, as presented in Fig. 2, the ETC geometry was divided into two different zones as shown in Fig, 2. Both types of tetrahedral and
hexahedral meshes were utilized to generate the mesh for such complex geometry. About 1,500,000 cells were used in this study. The mesh
density was distributed depending on the interesting zone. Where high-density mesh was generated in the area near the walls and (PCMs). Fig.
3 aand b illustrate the mesh distribution for the examined geometry at different views. Fig. 3 ¢ shows detailed information on the mesh used in
this study.

2.3. Numerical schemes

In the ANSYS FLUENT software, a pressure-based solver was employed and the PISO scheme with PRESTO mode was employed in this
investigation. The square cell base was employed to calculate for gradient using a second-order mode which was employed to calculate the
energy and momentum. The convergence of calculations was set at 10 for momentum and continuity while for energy equations, the
convergence was set to be 10%. Momentum, pressure, and liquid fraction were under-relaxed by factors of 0.5, 0.3, and 0.9 respectively. The
calculations were performed for 12 hours with a time step of 60 sec. In this investigation, the 3-D model was used for the evacuated U-shape
tube with PCM s to calculate the impact of employing the PCMs on ETC performance at different geometry.

2.4. Solar Radiation Simulation

Traditionally, solar collectors were operated using the average solar radiation as a constant heat source [20-21]. However, in this current
investigation, unsteady radiation is used to account for the actual amount of solar radiation during each hour experimentally from 8:00 am to
18:00 pm by using a solar meter, which reduces deviations from reality. Fig. 4 shows the solar radiation in Irag-Baghdad on March 20th, 2022,
with the maximum solar radiation occurring at 1:00 PM, which was 950 W/m?, gradually decreasing until sunset. The equation below is derived
from Fig. 4, which simulates the change of the solar radiation using a User Defined Function (UDF) via MATLAB software program, and
import to the Ansys Fluent R19.3 software. Taking into account both the time "t" and amount of solar radiation "G." It is assumed that the
reflector applied to the collector produces a uniform G(t) on the outer wall.

G(t) =-18.36 12 + 160.8 t + 415.84
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(a) Mesh Top View (b) Grid (U-tube View) (c) Grid (Bottom View)
Fig. 2. Grid design for the top and bottom of U-tube of ETC
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Fig. 3. Grid design for an isometric and cross-section of a U-tube of ETC
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Fig. 4. The profile of solar radiation

3. Validation of Numerical Study

To validate the present numerical model, present simulation results were calculated and compared with an experimental for the previous work
Mat [18]. Fig. 5 shows the temperature profile for the previous experimental results and presents numerical results. It is clear to see that the
curves in both studies were approximately matching. This gave a good indication of the accuracy of the numerical results.

4. Results and Discussion

4.1. Impact the configuration of the copper tube at 3.7 cm inner diameter of the glass tube and PCM 54-57 °C

The first three cases, case-(1), case-(2), and case-(3), were simulated at the inner diameter of a glass tube (3.7 cm), PCM (Paraffin wax 54-57
°C) and different configurations of the inner diameter of copper tube. Where case-1 represents smooth pipe, case-2 represents two lobes pipe
and case-3 represents four lobes pipe. Table 2 presents the contours of the liquid fraction of the three cases from 60 to 720 min. The complete
melting was achieved after 180 minutes and the melting rate at the upper plane was higher than the lower one. This was mainly because the
force of the natural convection draws the liquid of PCM to the upper section and the solidified PCM sink downward. Moreover, it was noticed
that the solid PCM layer around the U-shape copper pipes propagates as an almost similar circular segment surrounding both sides of the copper
U-shape. During the period of the charging process from 60 to 480 min, the smooth pipe has a higher melting rate than the two and four lobes.
Among the studied smooth pipe, it is showing the smallest melting rate, although the differences between the geometrical pipes were not as
marked.

Fig. 6 shows the change in the PCM temperature under the impact of variation of copper tube configuration. It is easy to see that the outlet
temperature of PCM with lobes pipes (two and four) is equal to and higher than the PCM temperature with the smooth pipe. In addition, the
peak of the outlet temperature was recorded at 79 °C from 1:00 pm until 2:00 pm. Consequently, the lowest temperature of the PCMs was
recorded from 4:00 pm until 6:00 pm. This was because that the decrease in the solar radiation and the heat transfer between PCMs and water.
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Fig. 5. Comparison study between the previous experimental and present numerical results of the PCM

Table 2. 2D Contours of the liquid fraction at different inner copper tube configurations with an inner diameter of glass tube (3.7) cm and
PCM (54-57) °C

Time _ Case-1 _Case -2 _Case -3
(min) Glass tube diameter = 3.7 cm and Glass tube diameter = 3.7 cm and Glass tube diameter = 3.7 cm and
Paraffin wax 54-57 °C Paraffin wax 54-57 °C Paraffin wax 54-57 °C
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Fig. 6. Average PCM temperature for the three cases-1,2,3
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Fig. 8 displays the variations in outlet water temperature for cases-1, 2, and 3. It is clear that the maximum outlet water temperature was recorded
at 45 °C between 1:00 pm to 2:00 pm for case-1 while, it was recorded at 41 °C and 40 °C in case-2 and case-3 respectively.
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Fig. 8. Displays the variations of the PCM liquid fraction for the three cases

As shown in Fig. 9, the PCM liquid fraction of case-1 was recorded at a high level of about 0.94 in case-1 at the melting point at 1:00 pm while
it was recorded at about the same value in case-2 and case-3. The PCM can fully melt and this continues when solar radiation is high at noon,
and this is called charging and then started decreasing in liquid fraction this is called as discharging process and this was due to decrease the
solar radiation where the PCMs send the stored heat to the working heat fluid.
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Fig. 9. Liquid fraction charging and discharging process for three cases-1, 2, and 3
5. Conclusion

The objective of this paper was to analyse the effect of three different geometry, smooth, two-lobed, and four-lobed pipes, on the thermal
performance of the ETSC that is filled by PCM. This investigation employed a numerical simulation for the melting and solidification phases
and assessed the impact of the number of lobes, depth corrugated, and pitch on various performance metrics. The findings are presented below.

= The phase change process commenced at 9:00 AM and persisted until 15:00 PM to ensure the collector was fully charged. During this
period, the melting process was also underway, and by 13:30 PM, the heat working fluid had attained the desired outlet temperature of
45°C, rendering the system suitable for domestic hot water applications.

= During the charging process, when the number of lobes was examined, the rate of change in the outlet temperature and liquid fraction was
not substantially different between the smooth pipe, two-lobe, and four-lobe pipes. Consequently, the corrugated tube was found to be
ineffective during the melting process.

= When examining the number of lobes during the discharging process, it was discovered that the smooth pipe could sustain the operational
temperature of the collector until 20:00 PM, up to a maximum of 36 °C.
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