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This study aimed to investigate the thermal behavior of water flows in a solar
collector equipped with zig-zag tubes. To achieve this, a numerical simulation us-
ing CFD was conducted, which is a powerful tool for analyzing fluid-flow and
heat transfer. The simulation employed the finite volume method to discretize the
fluid domain and the SIMPLE algorithm to solve the pressure-velocity coupling.
The simulation results indicated that the shape of the tubes significantly influ-
enced the flow behavior and overall performance of the solar collector. Specifi-
cally, the temperature profiles at various times of the day showed that zig-zag-
shaped tubes enhanced the heat transfer coefficient, resulting in higher tempera-
tures within the collector. Moreover, the zig-zag design increased the residence
time of the fluid inside the collector, further improving its overall efficiency.
These findings highlight the potential of utilizing zig-zag-shaped tubes to opti-
mize the performance of solar water heating systems, which could have important
implications for renewable energy applications.
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Introduction

A solar water heater is an innovative and sustainable device that harnesses solar en-
ergy to produce hot water using low to moderate temperatures. It works by converting sun-
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light into heat, which is then transferred to the water through a heat exchanger. This technolo-
gy is becoming increasingly popular due to its high energy efficiency, low operating costs,
and environmental friendliness. In addition to producing hot water, solar water heaters can al-
so be used in preheating systems, such as solar distillation, which is a process of purifying
water by evaporating and condensing it using solar energy. Solar water heaters are ideal for
residential and commercial applications, as well as for use in remote areas without access to
conventional power sources. They provide a sustainable and reliable solution for meeting the
hot water demand while reducing greenhouse gas emissions and dependence on fossil fuels.

Li et al. [1] have shown that a combination of air source heat pump and solar evacu-
ated tube water heater can be used as a winter heating system, presenting a novel approach to
heating single rural buildings in cold regions. The research conducted by Tamuli et al. [2]
demonstrates that incorporating phase change material in water heating leads to an increase in
outlet temperature, resulting in a higher temperature at the end of the day. Nazari et al. [3]
reveled that water heaters coated with CuO NS displayed superior performance when com-
pared to water heaters featuring black or simple copper absorber plates. The research con-
ducted by Siritan et al. [4] suggests that the most effective closed-loop pulsating heat pipe is
characterized by an inner diameter of 1.50 mm, an evaporator length of 1.25 m, and 4 sets.
Tamuli et al. [5] implemented innovative techniques to develop a solar water heater. Since the
output of solar collectors is subject to changes in solar radiation, this variability must be con-
sidered in the analysis. In Sivasubramanian and colleagues' study [6], water was first analyzed
using a solar water heater, yielding an outlet temperature of 355 K. Gudeta's objective [7] was
to assess the effect of tilt angles on the collection of solar thermal energy in various cities, in-
cluding comparisons of different tilt angles for the chosen locations.

Arun's study [8] aimed reduce heat loss and enhancing heat transfer in a solar collec-
tor tube. To achieve this, the geometry of the riser tube was modified by creating dimples
along its surface, arranged in a circular pattern. Al-Joboory [9] demonstrated enhancements in
overall daily efficiency of water heaters. Shalaby et al. [10] developed a novel heat storage
system with other different situations. In a study by Deeyoko et al. [11], the performance of
absorption tubes was investigated along side a thermal performance booster for a flat plate so-
lar water heater. Balaji et al. [12] employed two types of thermal boosters, namely rod and
tube, which were rubbed against a solar absorber tube. Tang et al. [13] showed that the re-
verse flow in a solar water heater was notably higher than that observed in a thermosyphonic
domestic solar water heater fitted with flat-plate collectors. Wannagosit et al. [14] carried out
a study on an evacuated tube solar water heater system that employed thermosyphon heat ex-
change, using both experimental and theoretical investigations. Li et al. [15] conducted a
comprehensive assessment of the flow and heat transfer efficiency of solar water heaters by
employing numerical simulation techniques. In a related study, Arab et al. [16] demonstrated
the substantial potential for enhancing the performance of solar water heaters. They highlight-
ed the remarkable economic benefits that can be achieved, with potential cost savings of up to
28%. Furthermore, Menni et al. [17, 18] conducted several numerical studies investigating
different heat exchanger channels under various geometric conditions. A multitude of re-
search endeavors have been carried out to improve the flow characteristics of air in diverse
industrial settings, encompassing the domain of diesel engines. These examinations have
aimed to maximize the efficiency of combustion, diminish emissions, and enhance the overall
performance of the engine [19].

The geometric shape of the heat transfer fluid passage significantly affects the effi-
ciency of solar collectors that use direct water-absorbent plate contact. This study focuses on
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investigating the heat transfer between the absorbent wall and the heat transfer fluid in
Z-shaped tubes arranged in parallel, aiming to improve the efficiency of the solar collector.
The study uses different temperatures obtained during the day to analyze the heat transfer
characteristics between the absorbent wall and the heat transfer fluid. By studying the heat
transfer mechanism, the solar collector design can be optimized to improve its energy effi-
ciency and cost-effectiveness. The study's findings can contribute to the development of solar
thermal energy systems and advance sustainable and renewable energy technologies.

Comprehensive description of the model

Figure 1 depicts a schematic representation of a Z-shaped tube solar water heater,
consisting of a box with length, L, width, W, and height, H. The solar collector includes seven
copper tubes arranged in parallel beneath a copper absorber and a single white glass cover.
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Figure 1. Graphical illustration Figure 2. A comparison of the present CFD results
of the present solar water heating system with the experimental predictions made by [20]

The diagram presented in fig. 1 depicts a solar water heater with a Z-shaped tube de-
sign, which is an efficient and popular method for harnessing solar energy to heat water. This
schematic representation visually outlines the structure of the system, including the key com-
ponents and their interconnections, providing a clear understanding of how it functions.

The thermal insulation surrounding the collector is also illustrated, while the geo-
metrical and physical parameters of the collector are listed in tabs. 1 and 2, respectively. The
Z-shaped tube design aims to enhance the heat transfer between the absorber and the heat
transfer fluid, thereby improving the overall efficiency of the solar water heater. This illustra-
tion provides a clear visualization of the key components of the solar water heater and their
respective dimensions, which are crucial for accurate modeling and performance analysis.

Modeling and simulation

The mathematical framework for modeling fluid-flow and heat transfer is estab-
lished through the following governing equations:
Continuity:

o(pu) _
o0 (1)
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Table 1. The collector geometric parameters
Components Size Value
H [cm] 45
Box L [cm] 67.91
W [cm] 61.43
I [cm] 60.41
Tubes r fem] !
w [cm] 7.82
n 7
Tube (intel, outlet) L fem] o143
R [em] 1.75
Isolation L x W [cm?] Lxw
Table 2. Physical properties of the materials
Physical properties Copper (absorber + pipes) Rockwool (isolation) Single white glass
p [kgm3] 8978 48 2500
Cp [Jkg per °C] 381 840 720
A [wm per °C] 387.6 0.04 1
Absorption coefficient 0.9 0.9 0.1
Emissivity coefficient 0.2 0.2 0.93
Transmission coefficient / / 0.84

The CFD was employed as a powerful simulation tool to analyze fluid-flow and heat
transfer in the system. The finite volume method was used to discretize the fluid domain, and
the pressure-velocity coupling was solved using the SIMPLE algorithm. Before conducting the
numerical analysis, the grid-independency of the system was assessed by varying the number
of grids used. Eventually, the system was discretized into 1612054 elements to ensure both
grid-independency and accuracy of the calculations. The outlet water temperature profiles at
different times of the day obtained through the proposed numerical model were compared with
those predicted experimentally by Patel et al. [20], as shown in fig. 2. The comparison reveals
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a strong correlation between the results, demonstrating the accuracy of the proposed method.
The average relative error between the values is 6.8%, indicating good agreement.

Findings and analysis

On January 5, 2021, the meteorological data of the Adrar region was measured ex-
perimentally by the URER/MS. If the yield obtained on this day of the year is deemed ac-
ceptable as a minimum, we can anticipate achieving even higher yields during other periods
when the temperature reaches up to 50 °C. This highlights the potential for increased produc-
tivity and underscores the importance of further investigating the relationship between mete-
orological conditions and yield in the Adrar region.

At 08:00 a. m., fig. 3 illustrates the evolution of water temperature profiles at the
center of the sensor on the (X, Z) plane, with ambient temperature Tamy = 274.75 K, direct
normal irradiation D; = 189 W/m2, and diffuse horizontal irradiation Dy = 7 W/m2. The figure
shows a gradual increase in water temperature as it flows from the entry cylinder towards the
exit cylinder of the sensor, passing through the seven parallel tubes. Notably, the temperature
of the water reaches 288 K within the tubes, indicating effective heating within the system.
These results highlight the importance of understanding the temperature dynamics within the
sensor, which can inform the optimization of the system for improved performance.

Figure 4 displays the distribution of water temperature along the two inlet cylinders
and the outlet. The data shows that the temperature of the water circulating inside the inlet
cylinder increases by 4 K between the first and seventh tubes, whereas the temperature at the
outlet cylinder remains almost constant. This behavior is expected, as the water at the start of
the cycle is relatively cold and gradually heats up until reaching thermal equilibrium towards
the end of the cycle. Low flow rates are favorable in achieving thermal equilibrium as com-
pared to higher flow rates. Therefore, understanding the temperature distribution and the ef-
fects of flow rates can aid in optimizing the system's design and operation to enhance thermal
efficiency and improve overall performance.

Figure 5 depicts the evolution of water temperature profiles at the center of the sen-
sor on the (X, Z) plane at 10:00 a. m., with ambient temperature Ta.mp = 278.95 K, direct nor-
mal irradiation D; = 922 W/m2, and diffuse horizontal irradiation Dy = 49 W/m2.
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Figure 3. Temperature field 08:00 a. m., Figure 4. Evolution of the water temperature

(Tamb = 274.75 K, Di = 189 W/m?, Du = 7 W/m?) inside the inlet and outlet tubes at 08:00 a. m.
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The results highlights the rapid increase in water temperature at the inlet cylinder,
which is further increased as it passes through the seven Z-shaped tubes. This behavior results
in the water reaching a temperature of 328 K at the outlet of the sensor, indicating effective
heating of the fluid. These findings emphasize the importance of understanding the tempera-
ture dynamics within the sensor, as it can provide valuable insights into optimizing the sys-
tem's design and operation for enhanced thermal efficiency and improved performance.

Figure 6 displays the temperature profile of water circulating within the inlet cylin-
der between the first and seventh Z-shaped tubes, indicating an increase of 12 K in tempera-
ture. In contrast, the temperature rise at the outlet cylinder is found to be only 1 K. These re-
sults suggest that while the heating efficiency is significant within the sensor, it is not fully
optimized as thermal equilibrium is not achieved at the output due to higher energy input.
Therefore, to enhance the thermal performance, it is recommended to regulate the water flow
rate at the inlet to achieve optimal thermal equilibrium at the outlet. These observations are
crucial for designing and operating the sensor with improved efficiency and performance.
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Figure 5. Temperature field 10:00 a. m. Figure 6. Evolution of the water temperature inside

(Tamb = 278.95 K, Di =922 W/m? Du =49 W/m?»)  the inlet and outlet tube at 10:00 a. m.

At noon, fig. 7 illustrates the progression of water temperature profiles at the center
of the sensor on the plane (X, Z), given an ambient temperature of Tamp = 285.95 K, direct
normal irradiation of D; = 1025 W/m?, and diffuse horizontal irradiation of Dy = 60 W/m2.
The temperature of the water rapidly rises at the inlet cylinder and continues to increase as it
flows through the seven Z-shaped tubes. At the outlet of the sensor, the water temperature
peaks at 334.5 K.

As shown in fig. 8, the temperature of the water circulating inside the inlet cylinder
has increased by a significant 12 K between the first and seventh tubes (Z-shaped), while at
the outlet cylinder, the increase is only 2 K. However, achieving 100% thermal equilibrium at
the output is still not possible due to the increasingly high energy received by the sensor,
which leads to a higher temperature gradient. To optimize the performance of the sensor, it is
recommended to adjust the water flow rate at the inlet to achieve a balance between energy
absorption and heat dissipation, thus allowing the sensor to operate closer to the thermal equi-
librium state.
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Figure 7. Temperature field 12:00 p. m., Figure 8. Evolution of the water temperature
(Tamb = 285.95, Di = 1025 W/m?, and inside the inlet and outlet tube at 12:00 p. m.

Du = 60 W/m?)

The water temperature profiles at the center of the sensor on the (X, Z) plane at
02:00 p. m. are presented in fig. 9. The experimental conditions consisted of an ambient tem-
perature of 291.15 K, direct normal irradiation of 1037 W/m2, and diffuse horizontal irradia-
tion of 60 W/m2. It is observed that the temperature of the water increases sharply at the inlet
cylinder and progressively rises as it passes through the seven Z-shaped tubes. Ultimately, the
temperature reaches 356 K at the outlet of the sensor, indicating effective heat transfer within
the system.

According to fig. 10, there is a significant increase in the temperature of the water as
it circulates inside the inlet cylinder between the first tube (Z-shape) and the seventh tube
(Z-shape), with an increase of 14 K. However, at the level of the output cylinder, the increase
is only 2 K. This indicates that the thermal equilibrium is not fully achieved at the output due
to the high energy received by the sensor. To optimize the thermal equilibrium and improve the
efficiency of the system, it is recommended to reduce the water flow rate at the sensor inlet.
The results obtained from this study provide valuable insights into the behavior of the sensor
under different conditions, which can be useful in designing and optimizing similar systems.
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Figure 9. Temperature field 02:00 p. m., Figure 10. Evolution of the water temperature

(Tamb = 291, Di =1037 W/m?, and D = 60 W/m? inside the outlet tube at 02:00 p. m.
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At 4:15 p. m., fig. 11 exhibits the progression of the water temperature profiles at the
center of the sensor on the (X, Z) plane. The ambient temperature is Tamp = 293.05 K, the di-
rect normal irradiation is D; = 901 W/m2 and the diffuse horizontal irradiation is
Du = 55 W/m2, 1t is observed that the water temperature rises rapidly at the inlet cylinder and
is further augmented as it passes through the seven Z-shaped tubes, ultimately reaching 322 K
at the outlet of the sensor.

According to fig. 12, the water temperature circulating within the inlet cylinder, spe-
cifically between the first and seventh tubes in the 'Z' formation, is expected to increase by a
notable 0.8 °C. Conversely, at the output cylinder level, the temperature is projected to in-
crease by a slightly higher 1 °C. These changes in temperature have important implications
for the overall efficiency of the system, and should be closely monitored to ensure optimal
performance.
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Figure 11. Temperature field 04:15 p. m., Figure 12. Evolution of the water temperature

(Tamb =293.15 K, Di =901 W/m?, Dy =55 W/m?)  inside the outlet tube at 04:15 p. m.

At 6:00 p. m., fig. 13 presents a clear illustration of the water temperature profiles at
the center of the sensor on the (X, Z) plane, taking into account various external factors. Spe-
cifically, with an ambient temperature of 292.25 K, direct normal irradiation of 406 W/m?2,
and diffuse horizontal irradiation of 15 W/m2, the data indicates a gradual increase in water
temperature at the inlet cylinder, with the temperature eventually reaching 304 K.

In fig. 14, it is evident that there has been a significant increase in the temperature of
the water circulating between the first and seventh tubes of the inlet cylinder, rising by a nota-
ble 3.5 °C. Meanwhile, the temperature of the outlet cylinder has increased by a more modest
0.5 °C. However, it is worth noting that this represents a slight decrease in temperature com-
pared to measurements taken at 4:15 p. m. This decrease can be attributed to a drop in both di-
rect normal irradiation, which has fallen to 495 W/m2, and diffuse horizontal irradiation,
which now stands at 40 W/m2. The impact of these external factors on the system's perfor-
mance underscores the importance of continuous monitoring and adjustments to optimize ef-
ficiency and maintain optimal performance.
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Figure 13. Temperature field 06:00 p. m., Figure 14. Evolution of the water temperature

(Tamb = 292.25 K, Di = 406 W/m?, Du = 15 W/m?) inside the outlet tube at 06:00 p. m.

At 8:00 p. m,, fig. 15 provides a detailed visual representation of the water tempera-
ture profiles at the center of the sensor on the (X, Z) plane, taking into account ambient tem-
perature, direct normal irradiation, and diffuse horizontal irradiation. In this case, the ambient
temperature is 286.75 K, and the direct normal irradiation and diffuse horizontal irradiation
are both recorded at 0 W/m?2. Despite these conditions, the temperature of the water in the in-
let cylinder shows a gradual increase, reaching a temperature of 294.75 K. This indicates that
the system is still functioning effectively, even in the absence of external energy sources,
highlighting the importance of effective thermal management for sustained performance. Con-
tinuous monitoring of these factors will be crucial to ensure that the system operates at its op-
timal capacity.

According to fig. 16, the temperature of the water circulating between the first and
seventh tubes of the inlet cylinder has increased by 3.5 °C, while the outlet cylinder has expe-
rienced a increase of 0.5 °C. However, due to the time of day, the sensor's overall perfor-
mance is significantly diminished as it is currently night. The complete absence of both direct
normal irradiation and diffuse horizontal irradiation, recorded at 0 W/m?, underscores the im-
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Figure 15. Temperature field 08:00 p. m., Figure 16. Evolution of the water temperature
(Tamb = 286.75K, Di = 0 W/m?, Du = 0 W/m?) inside the outlet tube at 08:00 p. m.
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portance of external energy sources in maintaining optimal performance. Despite these chal-
lenging conditions, the system is still able to achieve some degree of thermal management,
highlighting the potential for continued improvements in efficiency and performance even in
less-than-optimal conditions. Ongoing monitoring and refinement of the system design and
operation will be key to unlocking its full potential.

Figure 17 provides a comprehensive view
of the daily efficiency of the Z-tube solar water
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Figure 17. Evolution of water temperature
during the day

Conclusions

This study aimed to investigate the thermal behavior of water flows in a solar collector
equipped with zig-zag tubes using CFD. The simulation was performed using the finite vol-
ume method and the SIMPLE algorithm to discretize and solve the fluid domain. The simula-
tion results demonstrated that the tube's shape significantly affects the flow behavior, which
directly impacts the system performance. The inlet and outlet temperatures of the solar collec-
tor followed a clear pattern, increasing from 9:00 a. m. until reaching a peak of 356 K at 2:00
p. m., which corresponds to the peak solar radiation intensity. However, as the solar radiation
intensity and ambient temperatures decrease, the inlet and outlet temperatures gradually start
to decrease, and this trend continues until the solar collector cycle ends at 7:00 p. m. These
findings underscore the importance of carefully managing external factors, such as solar ra-
diation intensity and ambient temperatures, to maximize the system's efficiency. By continu-
ously monitoring and adjusting these variables, the system's full potential as a sustainable and
efficient source of thermal energy can be realized. In summary, the simulation results provide
a comprehensive view of the daily efficiency of the Z-shaped tube solar water preheater, high-
lighting the significance of considering external factors to achieve optimal performance.
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