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ARTICLE INFO ABSTRACT

Handling Editor: Huihe Qiu This article performs a numerical study on a transient solar still (SOST) by utilizing a variable
Keywords: heat flux using COMSOL software. A phase change material (PCM) layer with a thickness of
Nanoparticles 10-50 mm is placed at the bottom of the desalination. Some aluminum nanoparticles are added to
Numerical method the water in the water desalination, and the two-phase method is used to simulate this part of the
PCM desalination water. Other variables include the angle of the glass that changes from 10 to 45° and
Water desalination the heat transfer coefficient (HTFGC) on the glass that varies from 5 to 300 W/m? The effect of
Two-phase mixture these variables on the average PCM temperature (T-PCM), PCM volume fraction (VOF-PCM),

average moisture (AV-MO) temperature, and AV-MO concentration is examined in 12 h. The
simulations are done using the finite element method (FEM). The results demonstrate that the
average temperature and VOF-PCM, AV-MO concentration, and AV-MO temperature are
enhanced from morning to noon and decreased from noon to evening. An increment in the
thickness of PCM causes the VOF-PCM in desalination water to reduce by 35%. An enhancement
in the glass angle reduces the average temperature of PCM, especially in the morning and af-
ternoon. The change in PCM thickness, especially in the evening, significantly enhances the AV-
MO temperature.

1. Introduction

Water is the origin of life for all creatures in the world. Some factors, such as population growth and human requirements, are
continuously reducing the water consumption percentage. Water quality also changes due to human activities and the entry of various
pollutants, ultimately affecting human health [1-3]. The history of human life indicates that in addition to trying to find water sources,
humans have always attempted to ensure its proper quality, for example, the storage of water in copper and silver containers, the use of
sunlight to improve the properties of water, storage, and boiling, the use of sand and gravel beds, which lead to the utilization of many
advanced water purification processes [4]. Water is a vital element with specific characteristics. It is one of the most important
chemical elements. Most arid and semi-arid countries are facing problems caused by the lack of water suitable for natural applications
[5]. Desalination of seawater has quickly become a massive source of drinking water production in many regions of the world [6]. The
desalination process is a process to purify sea water for drinking [7,8]. The desalination process leads to the purification of salt water
and the removal of salt from the water [9,10]. Aybar [11] introduced seawater into sealed shallow tanks. A transparent cover such as
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glass or plastic covered the upper surface of the device. The water in the pond was heated as the solar radiation smashed into it through
the glass. The glass decreased convectional heat loss and stopped radiation from leaving the device’s chamber. As a result, the
distillation apparatus’s thermal energy buildup raised the temperature of the water and the chamber, which in turn increased the
volume of water vapor inside. The water vapor condensed on the inner surface of the glass due to heat transfer from the glass to the
environment as the relative humidity in the chamber gradually increased, and the clean water resulting flowed to the water collection
components at the bottom of the glass cover. Additionally, the system intermittently or permanently removed condensed salt water.
Mousa et al. [12] evaluated the performance of humidification-dehumidification processes with different carrier gases by modeling
and simulation methods. The carrier gases used in this performance assessment, in addition to air, included hydrogen, helium, neon,
nitrogen, oxygen, argon, and carbon dioxide. The findings showed that while argon and carbon dioxide provide a better mass flux than
air, hydrogen and helium have more heat flux. Due to its mass and heat flux, carbon dioxide was suggested as a carrier gas in desa-
lination systems based on the humidification-dehumidification principle. A numerical and experimental study on the
humidification-dehumidification process using solar energy in the weather of Suez city, Egypt, was carried out by Nafey et al. [13] and
Nafey et al. [14]. The efficiency of the system is strongly influenced by the temperature of the salt water entering the evaporator,
according to both numerical and experimental results. The efficiency of the system was hardly affected by the flow rate of condenser
cooling water, air flow rate, solar radiation intensity, wind speed, or ambient temperature. According to the literature review, the need
for desalinated water is felt with the increase in water demand and the scarcity of water resources [15]. Besides, the issue of energy
consumption and its effects on the environment will increase significantly [16]. Therefore, in desalination technologies, the energy and
the amount of water demand should be fully considered. One of the best uses of renewable energy is the desalination process, which
uses solar energy [17]. It is appropriate to use solar energy for desalination in remote areas. The amount of solar radiation varies
globally, with the equator receiving the most of it. This article uses SOST for three-dimensional simulations, a PCM for the desalinated
water tank, and nanoparticles for the water itself. The variables of the problem include the HTFC on the glass, the PCM thickness, and
the angle of the desalination glass. By changing these parameters, the melting process in the PCM and its temperature, moisture
temperature, and moisture concentration are evaluated. The innovations of the present work are the use of PCM and two-phase
nanofluid in SOST and three-dimensional analysis of the process.

2. Problem definition

The geometry of the SOST is illustrated in Fig. 1. It has two glasses for the passage of solar irradiation. The angle of one of these
glasses varies from 10 to 45° (6). The HTFC (h) on the glass is also varied from 5 to 300 W/m?K. The PCM is used at the bottom of the
desalination, and its thickness (LPCM) is varied from 10 to 50 mm. Aluminum nanoparticles with a volume fraction of 0.1% are
suspended in the water in the desalination. The properties of nanoparticles, water, and PCM are presented in Table 1. The side walls of
the SOST are insulated, and non-uniform solar heat flux is applied to it in 12 h.

Solar
Radiation

Glass

Phase Change
Material

Fig. 1. A schematic of the SOST.
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3. Governing equations and numerical method

The equations used to solve the flow in the SOST are as follows [19]:
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The two-phase mixture model is used to solve the nanofluid flow, which is given as:
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km and pp, represent the coefficient of thermal conductivity and viscosity, respectively [20,21].
Table 1
The thermophysical properties of the base flow and nanoparticles [18].
Thermophysical properties n-Eicosane Al Water
Pr - - 6.2
C J 2040 (Liquid) 765 4179
? (@) 2010 (Solid)
k w 0.15 40 0.613
(o)
kg 856 (Liquid) 3970 997.1
’ (ﬁ) 758 (Solid)
kg - - 89x 104
# m.s
Tm(C) 29 R
AKJ /kg) 241 -
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The relations related to the melting process of PCM are [20,22,23]:
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The simulations made with COMSOL software employ FEM. To simulate nanofluid flow, a two-phase mixture model is used. For the
runs that take between 25 and 30 h, an internal code is used.

4. Grid study and validation

The generation of the grid on the SOST is also done using COMSOL software, Finer or coarser grids are employed according to the
importance of different parts in terms of heat or meshing speed. The grid generation on the glass is extremely fine due to its very small
dimensions. Also, the mesh is extremely fine in the PCM layer due to its importance. The number of elements used on the SOST and the
results for the average temperature of the PCM and its VOF-PCM at 6 h are shown in Table 2. The grid with 2127000 elements is chosen
for the simulations based on these findings.

To validate the present results, a similar work performed by Esfe and Toghraie [19] is utilized. They simulated SOST in three
dimensions. Table 3 presents the values of the productivity rate for different hours obtained from this work and those reported by Esfe
and Toghraie [19], indicating a slight difference between the results and the acceptability of the present simulations (Max error 2.1%).

5. Results and discussion

Fig. 2 illustrates the air and vapor velocity contours inside the SOST at two glass angles of 10 and 45°, the HTFC of 5 and 300 W/
m?K, and the PCM thickness of 10 and 50 mm. The changes in air and vapor velocity in the tank show which parts have the maximum
vapor velocity and which parts have the minimum velocity. The changes in the vapor velocity in the tank are dependent on the di-
mensions of the SOST. The angle of the glass changes the dimensions of the SOST, and as a result, significant changes are observed in

Table 2

The number of elements of the grids generated on the SOST and their effect on T-PCM and its VOF-PCM.
No. of elements 1497000 1738000 2127000 2561000
Trcm 319.81 318.55 318.39 318.38
% PCM 40.55 39.68 39.30 39.30
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Table 3
Productivity rate values for different hours: a comparison between the present results and those reported by Esfe and Toghraie [19].
Time 9 11 13 15
Esfe and Toghraie [19] -4.75 -8.73 -8.03 -3.34
Present work -4.81 -8.81 -7.92 -3.27
% Err 1.2 0.9 1.4 2.1
h o o
5 6 =10 0 =45
(W/m“K)

Yo 3 10 A 3.92x10% M/s vo 10" A 146x107 M5
0 1 2 3 0 H 10

300

X107 A 377x10% M/ Yo
0 o 2 x 0 5 10

Yo

x10 A 1.41x107 /s

Fig. 2. The air and vapor velocity contours inside the SOST at two glass angles of 10 and 45°, the HTFC of 5 and 300 W/m?K, and the PCM thickness of 10 and 50 mm.

the shape of the vortices inside the SOST. The creation of vortices is generally due to the buoyancy force created in the chamber. This
force is the result of the fluid temperature difference in the SOST. At a low angle of the glass, the velocity is high on the bottom wall and
top glass. However, increasing the angle of the glass changes the values of the velocity and the location of its maximum value. The
enlargement of the SOST makes it easier for the fluid to move through it. Hence, it has a higher velocity. PCM thickness and HTFC have
little effect on the fluid velocity in the SOST. Since the fluid movement is due to the heat transfer on the glass and the heating of the
bottom wall of the SOST, any change in the temperature of these parts can have a transient effect on the fluid velocity.

Fig. 3 depicts the air and vapor temperature contours inside the SOST at two glass angles of 10 and 45°, the HTFC of 5 and 300 W/
m?K, and the PCM thickness of 10 and 50 mm. Due to the solar radiation on the bottom of the tank, the temperature in this area is
higher and the fluid temperature is enhanced since it is in contact with the PCM at the bottom of the chamber. On the other hand, due
to the contact of the glass with the ambient air, the temperature of the glass is low. When the vapor collides with the glass, the
temperature of the vapor is decreased, leading to water condensation on the glass. Therefore, the temperature of the vapor at the
bottom of the tank is high. It is lower at the bottom of the SOST. For low angles of the glass, the different temperature layers of vapor
are placed on top of each other in a regular manner, which is due to the low velocity of the vapor in the SOST. On the other hand, at
high angles of the glass, the vapor rises from the middle of the tank and moves towards the glass, and there is turbulence in the vapor.
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Fig. 3. The air and vapor temperature contours inside the SOST at two glass angles of 10 and 45°, the HTFC of 5 and 300 W/m?K, and the PCM thickness of 10 and
50 mm.
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Fig. 3. (continued).

This is due to the higher velocity of the fluid due to the higher buoyancy force. In the part where the PCM is placed under the tank, the
temperature of this part is almost constant, which is due to the PCM latent energy of melting. The enhancement in the HTFC on the
glass reduces the value of the minimum temperature in the SOST due to the better heat transfer of the ambient air with the glass,
resulting in a reduction in the vapor temperature near the glass.

Fig. 4 demonstrates the relative humidity contours inside the SOST at two glass angles of 10 and 45°, the HTFC of 5 and 300 W/m?K,
and the PCM thickness of 10 and 50 mm. The relative humidity in the SOST is changed according to the angle of the glass and the HTFC,
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as well as the thickness of the PCM. The moisture rises from the water at the bottom of the tank until it reaches the cold glass, where the
moisture remains on the glass as water droplets. At the top of the tank, the relative humidity is higher due to the lower temperature.
The accumulation of moisture in this region causes the relative humidity to rise. Changes in relative humidity in the tank are dependent
on changes in temperature and velocity of vapor. From the part where the hot vapor moves up, humidity changes can be observed. The
maximum amount of relative humidity is on the glasses. Changes in the angle of the glass cause moisture to rise from the middle of the
tank toward the glass and reach the glass in the upper part of the tank.

Fig. 5 illustrates the AV-MO concentration in 12 h for different angles of the glass, different values of the HTFC, and different
thicknesses of PCM. The amount of moisture in the SOST is very important and is effective on the amount of freshwater produced in it.

vl 1 A 111 vl 1 A 106

300

vi [ —— All4 vl 1 A 106
2 3 6 8 10

LPCM=10 mm

vi [ —— A 109 vl
b} 4 6 8 10

Fig. 4. The relative humidity contours inside the SOST at two glass angles of 10 and 45°, the HTFC of 5 and 300 W/m?K, and the PCM thickness of 10 and 50 mm.
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Fig. 4. (continued).

The changes in this parameter are dependent on the amount of solar heat flux and the time, which indicates the change in solar flux.
The AV-MO concentration is maximal in the afternoon when the maximum amount of solar irradiation is received by the SOST. It can
be seen that the presence of PCM leads to the maximum value of AV-MO concentration occurring in the afternoon. The presence of PCM
at the bottom of the tank results in energy storage during the hours when the solar energy is maximal. Part of the energy is spent on
changing the PCM phase. In the early hours of the morning, when the amount of energy received by the SOST is too low, the presence of
PCM causes some of this energy to be spent on heating and changing the phase of PCM, which ultimately leads to a sharp decrease in
AV-MO concentration. On the other hand, the AV-MO concentration is higher in the afternoon than that in the morning due to the
energy stored in PCM. The change of the HTFC has a small effect on the AV-MO concentration, but the enhancement in the glass angle
results in a reduction in the AV-MO concentration, especially during the peak hours of solar radiation. Also, the use of more PCM at the
bottom of the tank leads to an increment in the AV-MO concentration in the afternoon.

Fig. 6 shows the average temperature of moisture in 12 h for different angles of the glass, different values of the HTFC, and different
thicknesses of PCM. Enhancing the temperature in the SOST causes more vapor to be produced, which can be a desirable thing. It can
be seen that during the hours when the amount of radiation received by the SOST is increased, the average temperature of moisture is
enhanced, which is due to the increment of the energy received by the SOST. The glass angle and the HTFC have a very small effect on
the AV-MO temperature. However, the thickness of the PCM layer leads to a significant change in the AV-MO temperature. The
presence of PCM at the bottom of the tank causes the amount of energy entered into the desalination water to be spent on changing the
phase of PCM in the morning. On the other hand, this energy changes the PCM phase in the afternoon when the solar heat flux becomes
lower, leading to a slight enhancement in the average temperature of moisture for more hours. Therefore, the SOST works for higher
hours and can continue to produce water. The AV-MO temperature shows the average temperature of the mixture of air and vapor in
the SOST.

LPCM=10 mm LPCM=50 mm

——Teta=10, h=5

5, b=5

—Teta=10, h=5

Average Moisture concentration
Average Moisture concentration

------ Teta=45, h=5

— -Teta=10, h=300
Teta=45, h=300

0 1 2 3 4 5 6 7 8 9 0 1 12

Time (Hour)

— -Teta=10, h=300
Teta=45, h=300

4 5 6 7 8 9 0 11 12

Time (Hour)

Fig. 5. The AV-MO concentration in 12 h for different angles of the glass, different values of the HTFC, and different thicknesses of PCM.
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Fig. 6. The average temperature of moisture in 12 h for different angles of the glass, different values of the HTFC, and different thicknesses of PCM.

Fig. 7 demonstrates the VOF-PCM in 12 h, different values of the HTFC, different thicknesses of PCM, and different angles of the
glass. The changes in the HTFC as well as the glass angle, have little effect on the VOF-PCM. In some hours, they cause a decrease or
increase in the VOF-PCM. The thickness of the PCM has a significant effect on the VOF-PCM. It can be seen that the increase in the
thickness of the PCM at different hours significantly reduces the VOF-PCM. From the place where the solar irradiation is received by
the PCM, the melting process starts and reaches the lower regions. For small thicknesses of PCM, the PCM is completely melted in a
short time due to the small volume of PCM used. All the PCM remains melted in the afternoon. In the early hours of the morning, when
the radiation is weak, the T-PCM is increased, but it does not melt until its temperature reaches its melting temperature. After this time,
the melting process continues depending on the thickness of the PCM. In the evening, when the solar energy is weakened again, the
energy inside the PCM is transferred to the water as latent heat of fusion. If the PCM is thick, some of the PCM always remains solid and
does not melt. Also, at the end of the 12 h, there is still some molten PCM in the tank, which means that the effectiveness of the SOST
works even hours after the reduction of solar radiation.

Fig. 8 depicts the average temperature of PCM for 12 h for different angles of glass, different values of HTFC, and different
thicknesses of PCM. The average temperature of PCM is dependent on the angle of the glass, which is seen in the morning and noon. An
increment in the angle of the glass causes the average temperature of PCM to decrease. The maximum impact on the T-PCM by
changing the angle of the glass occurs during the hours of peak solar irradiation. The HTFC and the thickness of the PCM have little
effect on the average T-PCM. In the morning, the temperature of PCM is low until it reaches the melting temperature, and some of the
PCM is melted and can reach a temperature higher than its melting point. Therefore, the change in PCM thickness has a greater impact
on the T-PCM in the evening hours, because there is a greater difference in the VOF-PCM for two different thicknesses of PCM. As a
result, the average T-PCM is slightly different for these two cases. The presence of vapor and water on the PCM leads to slight changes
in the T-PCM because water has a high specific heat capacity affecting the T-PCM.

6. Conclusions

This article simulates SOST in three dimensions. A layer of PCM with two thicknesses of 10 and 50 mm is placed at the bottom of the
SOST. Aluminum nanoparticles are also used in the desalination, and the two-phase mixture scheme is employed to solve the fluid
flow. By changing the angle of the glass and the HTFC, this study is done and the following results are obtained:

1 An enhancement in the angle of the glass reduces the AV-MO concentration, but the PCM thickness and the HTFC of the glass have
little effect on the AV-MO concentration.

2 The average temperature, VOF-PCM, AV-MO concentration, and AV-MO temperature with time have an increasing trend from
morning to noon and a decreasing trend from noon to evening.

3 The glass angle and HTFC have little effect on the AV-MO temperature, but the PCM thickness, especially in the evening, leads to a
significant enhancement in the AV-MO temperature.

4 The increment in the thickness of PCM causes the VOF-PCM to reduce drastically so that the amount of molten PCM is decreased by
35% during the peak hours of radiation.

5 An enhancement in the angle of the glass causes the average temperature of PCM to reduce, especially in the morning and af-
ternoon. An increase in the thickness of the PCM also causes the average T-PCM to enhance slightly in the evening.
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Fig. 7. The VOF-PCM in 12 h, different values of the HTFC, different thicknesses of PCM, and different angles of the glass.
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Fig. 8. The average temperature of PCM for 12 h for different angles of glass, different values of HTFC, and different thicknesses of PCM.
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