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confirmed with data from analytical and experimental models to ensure reliability. The
results showed that the V-type still has a higher number of recirculation zones than
that of single slope and greenhouse stills. These vortex regions are small, but the
velocity magnitude is no less than the other two stills. This difference makes the
freshwater yield and convection heat transfer coefficient of V-type still the largest.
Daily freshwater productions of single slope, V-type, and greenhouse stills are 0.592,
0.673, and 0.623 kg/m?, respectively. Productivity at 15 PM is 2.5 times higher than the

Keywords: hours from noon to 14 PM. The natural convection heat transfer coefficient seemed to
Desalination; Solar distillation; Double be unvaried with the temperature difference but changed strongly with the still
slope; Symmetry geometry.

1. Introduction

Freshwater is an essential need of humans, animals, and organisms to sustain life. However, most
of the water on earth is saltwater. There is a shortage of potable water in remote areas, and islands
in the summer [1]. While these regions are often hot due to high solar radiation [2]. Therefore, using
solar energy to produce freshwater is the optimal solution. Passive solar still is a simple and effective
device for the hard areas mentioned above [3]. As it is composed of a transparent cover, water basin,
and insulation. Passive solar still consists of two types: single slope and double slope. Depending on
the layout of the glass covers, the double slope still includes two kinds: V-type and greenhouse.
Studying the configurations of passive solar distillation remains a great interest of scientists to
improve its productivity [4-7].

Analytical and experimental research for V-type solar still was done early [8, 9]. However, a
numerical investigation to analyze the heat and mass transfer phenomena in the still enclosure has
not been found. Rahbar et al., [10, 11] confirmed that computational fluid dynamics (CFD) is a good
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tool for explaining transport phenomena in a solar still. Edalatpour et al., [12] placed baffles in the
still chamber to change the natural convection flow pattern. They have drawn that baffle location
can either increase or decrease freshwater yield. Rashidi et al., [13] added nanoparticles to a single-
slope solar still. The results show an increase in productivity of up to 25%. Keshtkar et al., [14]
examined numerically to compare the yield of three solar stills including single slope, greenhouse,
and multi-stage greenhouse stills. The yields of these stills were 5.652 kg/m?, 11.82 kg/m?, and 24.3
kg/m?, respectively. Chen et al., [15] studied the floating greenhouse still by outdoor experiment and
numerical simulation approaches. The highest yield of 1.5 kg/m? was achieved in their study.
Recently, Shoeibi et al.,, [16] used nanofluid to cool the cover glass of a greenhouse still. They
reported that freshwater yield increased by 11.09% compared to the still without nanopowders.

Single slope, V-type, and greenhouse solar stills have similar shapes. However, a comparative
study of the yield and transport phenomena of these three types was not found. In addition,
numerical research for V-type still has been lacking attention. To bridge these gaps, simulation of
three still enclosures was performed in this study. The two-dimensional (2D) computational domain
and symmetric boundary conditions are used to reduce the computation time for these similar stills.
The influence of hourly boundary temperatures on yield and transport mechanism was investigated
and analyzed.

2. Model Description

Figure 1 shows three similar passive solar stills including single slope (SS), V-type and greenhouse
distiller. The SS still is the most conventional and simple. The V-type still has a condensate trap in the
middle. While the greenhouse still has 2 traps placed on either side. It is conceivable that the V-type
and greenhouse stills are composed of two SS stills symmetrically assembled from the short vertical
edge and the long vertical edge, respectively. In other words, V-type or greenhouse stills is equivalent
to two individual SS stills. Hence 3 stills are simulated from a computational domain with different
boundary conditions as shown in Figure 2. The calculation domain has dimensions of short vertical
edge h; = 75 mm, long vertical edge hr = 187 mm, water surface length L = 438 mm, and glass
inclination 0 = 14.35° [11]. Simulation of the computational domain is performed with the following
assumptions:

- Laminar, two-dimensional, and time-independent flow,

- Fluid is moist air,

- The thermophysical parameters of humid air are calculated as in Table 1.
- Ignore the effect of thermal radiation.

Table 1

Models for the thermophysical properties [17]
Property Model
Density Incompressible ideal gas
Specific heat capacity Mixing law

Thermal conductivity and viscosity =~ Mass-weighted mixing law
Thermal diffusion coefficient Kinetic theory
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Fig. 1. Three similar passive solar stills

Based on the assumptions, the governing equations can be written as:
The continuity equation [18, 19]:

ou ov
—+
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where u is the horizontal velocity component, v is the vertical velocity component, x and y are
Descartes coordinates.

X-momentum equation:
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where p is pressure, p is density, and v is kinematic viscosity.

y-momentum equation [20]:
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where g is the gravity acceleration.

Energy equation:
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where T is temperature, and o thermal diffusivity.

(4)

Transport equation for the water vapor mass fraction (Y) [15]:
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where mass diffusivity (Dm) can be estimated as [14, 21]:

D, =2.6x10° 10132 (LJM
mo p 298

(6)

Boundary conditions associated with partial differential equations Eq. (1)-(5) are presented in
Figure 2 with the no-slip condition for all boundaries except symmetry walls. Yg and Y\ are the water
vapor mass fractions of saturated humid air at temperatures Tg and Ty, respectively. Figure 3 shows
meshing in the computational domain. Dense meshing at water and glass surfaces to enhance flow
physics predictions at these surfaces. Many element sizes have been tested to reach grid
independence. The results show that the number of elements of 65634 achieves the result stability
and suitable calculation time. Distillers were simulated in ANSYS Fluent 19.2 software. The SIMPLE
algorithm is used to link pressure and velocity in the Navier-Stokes equations. Species transport
model in ANSYS Fluent is employed to simulate the mass fraction of the air-water vapor mixture. The
iteration will stop when the error of the energy equation is 10, and the other equations of 107,

From the simulation results, the freshwater production capacity (m) calculated for one square
meter of water surface in one hour (kg/m?2.h) of a distillation unit is expressed as follows [10, 14]:

dx

water surface (7)

L
1= =3600D,p Y
L 1oy

where L is the length of water surface.

And the convection heat transfer coefficient (CHTC) between the water surface and glass cover
can be determined by the following equation: .

dx

water surface (8)

L
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where k is thermal conductivity.
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Fig. 2. Computational domain and boundary conditions
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Fig. 3. Mesh generation with refinement at glass cover and water surface

To ensure reliable simulation, the performance of SS still is compared with the prediction of well-
known Dunkle’s mathematical model and published experimental result in the study of Rahbar and
Esfahani [11]. Figure 4 shows the comparison between three approaches. It can be seen that the
current calculation result stands between the results from Dunkle’s model and the experiment. The
simulation is therefore reliable and extended to similar distillers.
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Fig. 4. Comparison of single slope still at T, = 63°C and Ty = 48°C with the prediction of Dunkle’s model
and experimental result [11]

3. Results and Discussions

Table 2 presents the hourly glass and water surface temperatures used for the analysis and
comparison of the three solar stills in this section. These temperatures are experimental data in the
single slope still study of Rashidi et al., [20].
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Table 2
Hourly variation of the glass cover and
water surface temperatures

Hour Tw(°C)  Tg(°C)
9 36 36
10 47 46
11 55 53
12 63 61
13 64 62
14 65 63
15 65 61
16 58 54

Figures 5 to 8 visualize heat and fluid flow at 15 PM. This is the time with the highest water surface
temperature and the largest temperature difference (Tw — Tg). Figure 5 shows the magnitude of the
velocity in the stills. The air and water vapor mixture in the greenhouse still has the highest velocity
because the free area in the middle is the largest. SS still has the smallest natural convection velocity
due to the narrowest space. The fluid velocity on the left edge of the V-type solar still is up to 0.09
m/s. The fluid velocity on the right edge of the greenhouse still is up to 0.13 m/s. Two large vortices
in the upper right corner of SS and V-type stills can be observed. These are dead zones that reduce
the condensation surface of water vapor. It is worth noting that V-type still produces 4 primary
vortices while 2 other stills have 3 primary vortices. Therefore, V-type still may obtain high water
production due to increase in rotation [12, 20].
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0.08
0.06

Single slope

Fig. 5. Contour of velocity magnitude at 15 PM
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The vertical convection current is represented by the velocity component v. Figure 6 shows the
v-velocity at the y = 50 mm horizontal line. Positive velocity represents upward current and negative
velocity represents downward current. The current goes up at roughly the same speed close to the
right edge (x = 438 mm) of the three stills. Hence the right vortex is counterclockwise. Successive
vortices have the opposite direction as gear meshing. Due to the larger number of vortices of the V-
type still, the clockwise vortex occurs close to the symmetry wall of the V-type still (x = 0). Although
the number of vortices increases and thus the vortex size is small in the V-type still, the magnitude
of v-velocity is not inferior to the remaining 2 stills. Therefore, the intensity of convection heat
exchange in the V-type still does not decline.
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Fig. 6. Variation of v-velocity at the line y =50 mm
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Fig. 7. Temperature distribution inside the solar stills
at 15 PM
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The temperature distribution in the stills is shown in Figure 7. The temperature in the stills is
relatively uniform. But the temperature changes sharply near the water and glass surfaces.
Therefore, transport characteristics occur strongly near these surfaces. There is a thermal plume on
the water surface with a temperature of 64°C. A thermal plume at glass cover with a temperature of
61.6°C was observed for SS and greenhouse stills. For V-type still, there are 2 thermal plumes at the
cover glass due to 4 rotations. The vapor mass fraction distribution is quite like the temperature
distribution as shown in Figure 8. Most of the area has a mass fraction of 0.153. This is the average
value of the mass fractions at the water and glass surfaces. Due to condensation and evaporation,
there is a significant variation of the mass fraction near the glass and the water surface.
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Fig. 8. Water vapor mass fraction inside the solar
stills at 15 PM

Hourly freshwater vyield is shown in Figure 9. The yield increases with the water surface
temperature and the temperature difference between the water surface and the glass. Thus, the
yield increases from 9 AM and peaks at 15 PM. At 16 PM, productivity is lower due to reduction of
water surface temperature. V-type still achieves the greatest yield due to its four-rotation flow
pattern. Greenhouse still obtains the second highest yield due to the high natural convection velocity.
Between noon and 14 PM, the vyield increased slightly due to the increase in water surface
temperature while the temperature difference remained constant. Productivity at 15 PM is 2.5 times
higher than previous hours. This is due to the heat storage of the water, so the water surface
temperature is very high at 15 PM while the glass temperature has decreased with the ambient
temperature. Cumulative freshwater production is seen in Figure 10. At the end of the day, the yields
of SS still, V-type still, and greenhouse still are 0.592, 0.673, and 0.623 kg/m?, respectively. That
means the yield of V-type still is higher than that of SS still and greenhouse still 1.13 and 1.08 times,
respectively.

75



CFD Letters
Volume 186, Issue 1 (2024) 68-78

0.05 / I

—e—SS V-type Greenhouse

= 0.25

£

B 0.2

.g 0.15

j

5 0.1

o

o

=

3

I O

9 10 11 12 13 14 15 16
Hour
Fig. 9. Hourly water productivity with different stills
—e—SS V-type Greenhouse

€ 038
S~
52(17
.S 0.6
$ 05

>
g 0.4

a 0.3
202
= 0.1 o

E 0
© 9 10 11 12 13 14 15 16

Hour

Fig. 10. Cumulative freshwater production with different stills

The convection heat transfer coefficient (CHTC) in stills with time is shown in Figure 11. In general,
the natural convection heat transfer coefficient is proportional to the temperature difference [22].
Hence the coefficient of a still is almost constant between 11 AM and 14 PM due to temperature
difference of 2 K, like 15 PM and 16 PM with temperature difference of 4 K. On the other hand, the
effect of temperature gradient near water surface causes change of CHTC with still shape. V-type still
has the largest CHTC due to the 4-vortex structure leading to the highest temperature gradient at the
water surface.
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Fig. 11. Hourly convective heat transfer coefficient with different stills
4. Conclusions

2D numerical simulations for single slope, V-type, and greenhouse solar stills were performed in
this study. These three types have similar shapes derived from a right trapezoid. Therefore, they are
simulated simultaneously to compare productivity, heat transfer coefficient and flow fields. The main
results are drawn as follows:

- The number of swirls in V-type still is greater than that of single slope and greenhouse stills.

- The amount of drinking water collected per day of single slope, V-type, and greenhouse solar
stills is 0.592, 0.673, and 0.623 kg/m?, respectively.

- Natural convection velocity in greenhouse solar still is the largest followed by V-type still.

- For the same temperature difference, the convective heat transfer coefficient of V-type distiller
is the largest followed by greenhouse solar still.

- Fresh water productivity at 15 PM is 2.5 times higher than that at noon, 13 PM, or 14 PM.
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