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ABSTRACT

Computational fluid dynamics (CFD) simulation of fluid flow in weir-type cascade solar stills with
different geometries has been presented in this paper. The results of CFD simulation were also used to
estimate local entropy generation inside the weir-type solar stills. The results showed that maximum
water production was achieved with 7, 8 and 10 steps when the step height was 2 cm. In addition, con-
sidering number of steps and various steps heights, the case with six steps of 3.5 cm height was found
to be the best geometry for the investigated solar still. Moreover, the results of the simulation show
that the number of recirculating zones and their regularity are the main parameters affecting the pro-
ductivity of a weir-type cascade solar still. Contours of isotherms, vapor mass fraction, streamlines and
local entropy generation have been presented in order to demonstrate their contribution to the behav-
ior of the investigated solar still. Furthermore, the results of second law analysis showed that the most
entropy generation occurred near the glass and the water surface, as well as at the tip of the stairs. This
entropy generation was mainly due to the heat and mass transfer phenomena and the fluid friction.

Keywords: CFD simulation; Weir-type cascade solar still; Double diffusive natural convection; Heat and

mass transfer; Entropy generation; Second law analysis

1. Introduction

Fresh air and clear water are two vital components of life.
In many arid regions of the world including coastal, remote
and dry areas there is no sufficient resources for producing
electrical power to desalinate water. Therefore, over such
regions, there is a need to seek appropriate techniques and
technologies to make potable water.

Water desalination methods, such as distillation, reverse
osmosis or electrodialysis, are generally based on thermal and
membrane approaches. An appropriate desalination method
should provide features such as low and clean energy con-
sumption, high quality, good efficiency, ease of usage and low
cost. Hence, distillation could be seen as a preferred method
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of water desalination. Solar water desalination systems can
be a good choice to desalinate salt water within regions of
high solar irradiation. Many empirical studies and theoretical
analysis used to investigate performance and factors contrib-
uting to the efficiency of solar desalination systems [1-8].
Theoretical analysis can be also classified into two cate-
gories of mathematical modeling and numerical simulation.
The significant advantage of numerical simulation or compu-
tational fluid dynamics (CFD) over their counterparts is based
on the fact that fluid velocity, pressure and flow patterns can
be easily observed by such methodologies. Furthermore,
factors affecting the performance, either beneficial or harm-
ful, can be easily recognized, so that attempts can be made
to either solve the latter or improve the former. On the other
hand, due to simple adjustability of parameters, such as geo-
metric dimensions and boundary conditions, numerical anal-
ysis is an effective method that can help in the performance
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study of energy systems through changing various parame-
ters. However, numerical simulation has the following limita-
tions and a designer should be aware of these limitations when
using the CFD methods. However, numerical simulation has
the following limitations and a designer should be aware of
these limitations when using the CFD methods [9-14]:

e Establishing the solving algorithm is difficult on some
CFD codes.

e Convergence of solutions is time consuming in some
CFD algorithms.

e Usually needs fast and powerful hardware.

e Jtalways needs validation of the results.

® Moreover, in most cases, it is not possible to accurately
model all physical phenomena and a designer always
needs simplistic assumptions.

LeFevre et al. [15] simulated the flow behavior in
triangular cavities to predict solar still performance. They
used different cover angles and proposed some correlations
to estimate convective heat transfer coefficient in triangular
solar stills. Chouikh et al. [16] analyzed the convective flow of
combined buoyancy effects of mass and thermal diffusion in
a sloped chamber. Ahmed et al. [17] presented a mathemati-
cal model for a solar water desalination system having multi-
stepped distillation scheme to improve system productivity.
They also used Fluent and Nastran software to simulate heat
and mass transfer phenomena as well as structural analysis
of the system. Xu et al. [18] studied and numerically analyzed
a flat finned water desalination system using Fluent, where
average and local heat transfer, velocity and temperature dis-
tributions were investigated. Results of Colburn and friction
coefficient calculations illustrated that these values exhibit
an increase by increasing Reynolds number. Rahman et al.
[9,19] simulated double diffusive natural convection in two
triangular enclosures, one of them had a corrugated bottom
wall and the other had a flat bottom. They studied the effects
of Rayleigh number and buoyancy ratio on the flow structure
inside the cavities. Ching et al. [20] used the finite element
method to simulate heat and mass transfer in a right trian-
gular enclosure which is similar to single slope solar stills.
They reported the direct effect of buoyancy ratio on heat and
mass transfer inside the cavity. Ghachem et al. [21] used 3-D
CFD simulation to investigate the flow structure inside a rect-
angular solar distiller. Rahbar and Esfahani [22,23] numeri-
cally simulated the flow patterns inside a single sloped solar
still. They presented some models to obtain the approximate
rate of pure water production and convective heat transfer
coefficient. In another study, Rahbar et al. [24] simulated the
flow structure inside a tubular solar still. They also provided
some correlations to estimate convective heat transfer coeffi-
cient and water productivity inside the enclosure. Alvarado-
Judrez et al. [25,26] used a 2-D finite volume method to solve
governing equations of fluid flow inside an inclined cavity.
They reported that Ra, = 10% A =16 and 6 > 25° yielded the
most suitable case for a solar still.

Weir-type cascade solar stills have caught much atten-
tion in recent years. In these systems, due to the lower space
between glass and water, the empty space is rapidly saturated
leading to higher efficiency as compared with that of other

types of solar stills. Another advantage of such systems is their
orientation adjustment capability for various latitudes, so that
the maximum sunlight absorption can be guaranteed [27].
Velmurugan et al. [28] studied a 50 tray water desalina-
tion system with various heights. They also used sun absorb-
ing materials (sponge, blade and gravel) to achieve higher
solar absorption and an increased efficiency. Radhwan [29]
evaluated the efficiency of a stepped water desalination
system combined with a thermal energy storage reservoir.
Dashtban and Tabrizi [30] and Tabrizi et al. [31] performed
studies using thermal storage paraffin wax (phase change
material [PCM]) beneath the absorbing plate. They reported
that the system temperature was higher enough to produce
distilled water in the absence of sunlight. This enhanced
the system productivity by 31% as compared with that of a
system without PCM. In other studies, Sarhaddi et al. [32],
Tabrizi et al. [33] and Ziabari et al. [34] investigated the effects
of using phase change materials on the performance and pro-
ductivity of various stepped type solar stills. Omara et al. [35]
used external and internal reflectors to enhance the produc-
tivity of a stepped solar still. El-Samadony et al. [36] used
internal and external reflectors and an external condenser
to enhance water productivity of a stepped solar still. They
reported that the enhancement of productivity was about
66% and 165% higher than that of the conventional still for
using reflectors and condenser, respectively.
Entropy can be defined as a measure of disorder within
a thermodynamic system. Second law analysis shows that
every irreversible system has an entropy generation greater
than zero. This means that the system’s irreversibilities
reduce the useful work of the system [37-39]. For a solar
still this useful work can be defined as pure water produc-
tion inside the system. Heat transfer, fluid friction and mass
transfer are the main reasons for existence of irreversibilities
and entropy generation inside the solar stills. Lower entropy
generation leads to higher useful work and higher water pro-
duction inside a solar still. Therefore, many attentions have
been made to study the entropy generation and exergy anal-
ysis in different configurations of solar stills [40-49].
Looking at the literature, most of the previous researches
have been done on evaluation of overall entropy generation
inside the solar stills. Generally, these studies are based on
mathematical and experimental procedures. On the other
hand, CFD methods provide the ability to obtain local entropy
generation in a thermodynamic system [50]. In this way, it
is possible to determine the exact location where the most
entropy generation was happened. Hence, we have an oppor-
tunity to minimize the entropy generation and to improve the
performance of the system by knowing these locations.
Number and height of steps can affect the flow pattern
in a weir-type cascade solar still. It is clear that the change in
flow pattern affects heat transfer, mass transfer and fluid fric-
tion, thus affecting the amount of entropy production within
the enclosure. As mentioned before lower entropy produc-
tion leads to higher water productivity inside the solar still.
Therefore, it seems that there will be an optimal value for the
number and dimension of steps. To the best knowledge of
the authors of the present paper, there are not enough inves-
tigations on the effects of number and dimensions of steps
on the performance of stepped type solar stills. Moreover,
no research has been done on the effect of steps on the local
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entropy production in the weir-type cascade solar stills. The
aim of this study is to use the CFD to simulate the flow pat-
tern and to estimate the local entropy generation inside a
stepped type solar still. Moreover, optimum values for num-
ber of steps and their dimensions will be investigated.

2. Problem statement
2.1. Physical description

Fig. 1 shows a schematic view of the geometry used in
this research. The model is a stepped type solar still with
the length and height of 0.57 and 0.285 m, respectively. The
system consists of a number of steps of length L and height
d, a glass cover and two completely insulated vertical walls.
Water and glass temperatures are assumed to be T, and T,
respectively. Investigating the effect of the number of steps
on the still performance, 24 different models are considered.
Table 1 summarizes characteristics of each of the models.

2.2. Mathematical formulation

In this study, the flow is assumed as 2-D, steady and lam-
inar. In addition, uniform temperatures for water and glass
and an adiabatic boundary condition for vertical walls were
assumed. Moreover, the fluid has been considered as incom-
pressible humid air with negligible viscous dissipation.
Taking these assumptions, the governing equations includ-
ing mass, momentum, energy and concentration conserva-
tion equations are as follows [5,51,52]:
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Fig. 1. Sketch of the geometry, boundary conditions and coordi-
nate system of the solar still.
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In the above equations, saturated air properties such as
specific heat, viscosity and thermal conductivity can be cal-
culated according to the values given in Table 2.

For a 2-D flow, the local volumetric entropy generation,
S” , can be given as follows [53,54]:

=G G EE]
R )

Table 1
Characteristics of various models used to simulate the problem

Case No. of Length of Height of
steps (1) steps L' (cm) steps d (cm)

1 4 12.5 2
2 4 125 3
3 4 12.5 4
4 4 12.5 5
5 5 10 2

6 5 10 3
7 5 10 3.5
8 5 10 4

9 5 10 4.5
10 6 8.33 2
11 6 8.33 2.5
12 6 8.33 3
13 6 8.33 3.5
14 6 8.33 4
15 7 7.14 2
16 7 7.14 2.5
17 7 7.14 3
18 7 7.14 3.5
19 8 6.25 2
20 8 6.25 2.5
21 8 6.25 3
22 9 5.55 2
23 10 5 2
24 12 4.16 2
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Table 2
Properties of humid air at mean operating temperature [23]

Quantity Expression

Specificheat C,=999.2+0.1434 x T, + 1.101 x 10 = T?
—-6.758 x 10® x T?

Density p =353.44/(T, +273.15)

Thermal K=0.0244 +0.7673 x 10 x T,

conductivity

Viscosity u=1718x10°+4.62x10* x T,

Mean T = (Tg +T)/2

temperature

The above equation indicates that local entropy genera-
tion in a heat and mass transfer process is due to heat trans-
fer, fluid friction and mass transfer inside the flow field.

2.3. Solution procedures

A system of discretized equations was obtained by inte-
grating the governing differential Eqs. (1)—(7) over an ele-
mentary control volume. More details about discretization
procedure can be found in a paper by Rahbar and Esfahani
[22]. SIMPLEC was used for pressure-velocity coupling, and
line-by-line Thomas algorithms were employed to iteratively
solve the prediscretized equations [55,56]. It was assumed
that convergence is attained when the values of scaled resid-
uals are smaller than a prescribed value of 10, with an excep-
tion for the energy equation where this prescribed value is set
at 10°[57,58].

Moreover, the following equations were used to calculate
the average Nusselt number and the hourly yield (per unit
area) of the stepped type solar still [23].

Nu-— [ I )
LT, -T)™ oyl,,.

m:—S,BOOxDM‘J-,ﬁ w (10)
L oyl

Assessing the independence of solutions from grid size
and eliminating errors resulted from grid roughness, numer-
ical solutions for various grids of 1,300, 2,500, 5,000, 12,000
and 25,000 cells were also investigated. Fig. 2 represents the
plot of grid independency test for the stepped type solar still.
As can be seen, a grid of 12,000 elements was selected for
solution process. The associated error with this grid differed
less than 10% from that of a grid of 25,000 triangle elements.
Maximum aspect ratio, minimum orthogonal quality and
maximum ortho-skew quality were 4.46, 0.6 and 0.28, respec-
tively. Moreover, to improve the solution accuracy, a finer
grid was used near walls. Fig. 3 illustrates the implemented
grid in this research.

To validate the CFD results, numerical solution of the
present study has been evaluated by three methods. In the
first method, a single slope solar still was simulated, solved
and compared with the study of Rahbar and Esfahani [22].
Table 3 shows the comparison results revealing a maximum
error of 8.4%.
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Fig. 2. Grid dependency check for the solution.
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Fig. 3. The implemented grid in numerical simulation of the
weir-type cascade solar still.

Table 3
The comparison between the results of this study and Rahbar
and Esfahani [22]

Case T, (K) T, (K) Nu, Rahbar  Nu, Error %
and Esfahani Present
[22] work

1 313 303 15.29 16.3 6.6

2 323 313 15.46 15.93 3

3 333 323 15.68 17 8.4

4 343 333 15.53 15.76 1.5
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In the second method, double diffusive natural convec-
tion was simulated inside a simple square cavity and the
results were compared with the study of Beghein et al. [59].
Table 4 shows different cases used in simulation of the cav-
ity. Fig. 4 compares the results of CFD code with the results
reported by Beghein et al. [59]. The maximum error between
CFD and the results of Beghein et al. were 4.5% and 1.8%
for local Nusselt number and local Sherwood number,
respectively.

On the other hand, since the purpose of this work is
to investigate the flow structure inside a stepped type
solar still, experimental data from a real case have been
compared with the results of numerical simulation. Data
were obtained from an experiment performed in a summer
day under the climatic conditions of Semnan (35°33" N,
53°23" E), Iran. The experiment was carried out from 10:00
to 14:00 and the solar still is positioned toward the south.
When the air became saturated and the condensation
on the glass was occurred, the glass temperature, water
temperature and water productivity were measured.
Figs. 5 and 6 show the setup used in the experiment, while
Tables 5 and 6 provide the characteristics of the experimen-
tal facilities. More information about the calculation of the
uncertainty of measuring devices (mentioned in Table 6)
can be found in the literature [7,60].

Table 4
Different cases used in simulation of the square cavity

Fig. 5. Photograph of the experimental setup at the beginning of
the experiment.

Case 1 2
Le 1 1
Pr 0.71 0.71
Ra, 20,000 10,000
Br 0 1 . . . .
Fig. 6. Experimental setup in the middle of the day.
Table 5
The geometry used in CFD simulation validation
S
- The height of left side (solar still) 6 cm
45 po@ —— — Present Study - - - :
f,. ...... :. o o Study of Beghein et. al The height of right side (solar still) 28.5 cm
4F i .l Length of solar still 60 cm
a5 : N Width of solar still 51 cm
E ey No. of steps 10
3F "-: 5 Length of each step 5cm
= 25k '\._\ o Height of each step 2 cm
7~ - g Width of each step 50 cm
o ~
2 g
sk @ Table 6
“E '\_-\ Accuracies, ranges and standard uncertainty of measuring
1E ] instruments
- Bp
05F S Instrument Temperature sensor Volume
0 S N P T S (type K) (°C) meter (mL)
0 0.2 0.4 08 08 1 Accuracy 0.1 0.2
y Range -100 to 1,300 0-5
Standard uncertainty 0.06 0.115

Fig. 4. Local Nusselt number on the left wall (for case 1, Table 4).
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Table 7
A comparison between experimental data and numerical results

Case 1

Time 13:00-14:00
m From experiment (cc/m? h) 260

m From CFD simulation (cc/m? h) 231

Error % 11

As mentioned before, the air was assumed as saturated
humid gas in the CFD simulation of the solar still. Thus, only
the experimental data for saturated condition was chosen to
compare with the CFD simulation. Note that, the saturated
condition was occurred when continues condensation of
water vapor took place on the glass cover (between 13 and
14 o’clock). Table 7 shows the comparison between CFD
simulation and experimental procedure between 13 and 14
o’clock which has had 100% relative humidity of air. The
result shows that the relative error for CFD simulation is
about 11%, which is acceptable according to the following
reasons:

e In real condition, front, rear and side walls have several
effects on system efficiency, while in 2-D simulation, this
fact is neglected.

e Under experimental condition, the glass has no uni-
form temperature on its various points. However, glass
temperature is assumed to be uniform in numerical
simulation.

e In real conditions, some water droplets remain on walls,
while in numerical simulation, this fact is not taken into
account.

3. Results and discussion

In this work, a stepped type solar still was numerically
simulated. Since the purpose of this study has been to find
the optimal geometry of the system, at first, the effect of num-
ber of steps on production rate of the system has been eval-
uated. Then, flow structure inside the system was simulated
under various conditions.

Fig. 7 represents the effect of the number of steps on pro-
duction rate where the glass and water temperatures were
set to the values obtained at 14:00 when saturation condi-
tions were well-established inside the solar still. As can be
observed, taking a constant step height of 2 cm, the maxi-
mum water production rate is found to be 233 mL/m? h
achieved with 7, 8 and 10 steps. It would be seen later that
this is due to the structure of recirculating zones within the
enclosure. As can be seen in Fig. 7, there is a sudden drop
in water productivity for the value of nine steps. The reason
for that is due to changing airflow pattern and structure. In
fact, the geometry of a solar still can affect the flow structure
inside the enclosure. This changes the flow strength and the
time of vapor existence near the glass cover. This is the main
reason for changing water productivity in different number
of steps.

Step height affects the flow structure inside the enclo-
sure, so as there will be an optimal value for step height.
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Fig. 7. Effect of the number of steps on productivity (d = 2 cm,
T,=330Kand T, =318 K).

Fig. 8 represents the effects of step height on production rate
of desalination systems with4, 5, 6, 7 and 8 steps. As can be
seen, the production rate is maximized by considering six
steps of 3.5 cm height, while it is minimized when five steps
of 3.5 cm height are considered. On the other hand, con-
sidering eight steps inside the solar still, there is more than
230 mL/m? h water productivity in all cases of steps height.
It should be noted that, in solar still with seven steps of 2 cm
height, production rate also increases considerably to reach
an average amount of 231 ml/m? h.

Fig. 9 illustrates flow streamlines for various six-step
solar stills. As it is mentioned before, the production rate is
maximized by considering six steps of 3.5 cm height. This
issue can be justified by referring to Fig. 9 wherein stream-
lines are depicted together with the number and regularity
of recirculating zones. As the number of vortices increases,
time for vapor approaching from water surface to glass
will be shortened, so that an increase is expected within
the distillation rate and system output. From Fig. 9, it is
evident that in case (d), where step height is 3.5 cm, the
number and regularity of vortices are more than other
cases.

Figs. 10 and 11 represent temperature and concentration
changes within desalination systems in various cases of six
steps. The results showed that the variation of temperature
for the most area of the solar still is about 2 K, while the vari-
ation of mass fraction was about 0.01. Moreover, temperature
and concentration of the middle of recirculating zones has
the values of 324 K and 0.09, respectively. This showed that
the middle of recirculating zones has the average values of
water and glass cover.

Fig. 12 illustrates variations of production rate as well as
convective heat transfer between water and glass for various
step heights in a six-step solar still. Obviously, increasing heat
transfer rate, production rate increases as well. Higher Nusselt
number will result in higher heat transfer rate within the sys-
tem, which is due to more power of vortices. Indeed, heat
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Fig. 9. Streamlines in solar still with six steps and various heights (T, =330 K and T,=318K). (a) d=2cm, (b)d=25cm, (c)d=3 cm,

(d)d=3.5cmand (e) d =4 cm.

transfer rate increases because vortices have enough time to
absorb the heat. The important implication is that the changes
in heat transfer rate are directly related to those in output of
desalination system. This is in agreement with the findings of
other researchers [24]. Maximum heat transfer rate and water
productivity are about 18 W and 234 mL/m? h, respectively.
Fig. 13 shows local entropy generation inside the six steps
solar stills with various step heights. The results showed that

the highest entropy production occurred at the edge of the
stairs (due to the friction) and in the place of the rising and
lowering of the recirculating zones (due to the temperature
and concentration gradients). The results also indicated that
the entropy generation is high along the water and glass, and
it is low in the middle of the enclosure.

Fig. 14 shows contours of local entropy production
near the vertical partition located at the bottom of the solar
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Fig. 10. Isotherms in solar still with six steps (T, =330 K and T,=318K). (a) d=2cm, (b)d=2.5cm, (c)d=3 cm, (d) d=3.5 cm and (e)
d=4cm.

still with 3.5 cm steps height (Fig. 13(d)). It is clear that
due to the collision of air vortices with the partition, there
is a high value of entropy production just after this area.
On the other hand, there is a destructive vortex after the
vertical partition which leads to a high amount of entropy
production in this area. There is also a great amount of
entropy production at the tip of the stairs. This is due to
the friction between the fluid flow and the edge of the
stairs.

Fig. 15 shows contours of local entropy production near
the water surface and the glass cover for the solar still with
3.5 cm steps height (Fig. 13(d)). It is concluded that, there is
a high amount of entropy production near the glass cover
due to the heat transfer and condensation between humid air
and the glass cover. On the other hand, there is also a high
amount of entropy production near the water surface. This is
due to the heat transfer and vaporization between the dry air
vortices and the water surface.
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Fig. 11. Mass fraction in a solar still with six steps (T, =330 K and T, =318 K). (a) d=2cm, (b)d=2.5cm, (c) d
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and (e) d =4 cm.

4. Conclusions

In this paper, second law analysis and performance eval-

uation of weir-type cascade solar stills with different geom-
etries have been studied using CFD simulation. The main
conclusions can be summarized as follows:

Considering a step height of 2 cm, having 7, 8 and 10
steps leads the system to achieve high water production.
This is because of the regular structure of recirculating
zones within the enclosure.

Among different number of steps and various heights,
the case of six steps of 3.5 cm height is the optimum
geometry for the investigated solar still.

Number of recirculating zones and their regularities are
the main effective parameters on the productivity of the
weir-type cascade solar still.

Increasing heat transfer rate between water and glass,
the production rate increases as well.
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Fig. 14. Local entropy generation near the vertical partition in
the bottom of solar still with six steps and d = 3.5 cm (T, = 330 K
and T, =318 K).

Fig. 15. Local entropy production near water and glass for the
solar still with six steps and d = 3.5 cm (T, =330 K and T,=318K).
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e Maximum heat transfer rate and water productivity are

about 18 W and 234 mL/m? h, respectively.

* Maximum entropy generation occurred at the edge of the
stairs (due to the friction) and in the place of the rising
and lowering of the recirculating zones (due to the tem-

perature and concentration gradients).

e The entropy generation is high along the water and glass,

and it is low in the middle of the enclosure.

e A destructive vortex exists after the vertical partition

which leads to a high amount of entropy production.

e A great amount of entropy production was seen at the
tip of the stairs which was due to the friction between the

fluid flow and the edge of the stairs.

e There is also a high amount of entropy generation near
the glass cover due to condensation and heat transfer

between the humid air vortices and the glass.

® Moreover, a high amount of entropy production was
seen near the water surface due to vaporization and heat

transfer between the cold air and the water surface.
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Symbols
A — Aspect ratio, L/h
Br — Buoyancy ratio, M
B.(T,~T,)
C, — Specific heat, J/kg K
C — Vapor concentration of air, kg/m?
d — Height of steps, m
D,, — Mass diffusivity of vapor, m/s
g — Gravitational acceleration, m/s?
H — Distance between water and glass, m
K — Thermal conductivity, W/m K
L — Length of solar still, m
L — Length of steps, m
Le — Lewis number, a.D;},
m" — Water productivity, kg/s m?
7l — Hourly water productivity, kg/h m?
n — Number of steps
Nu — Average Nusselt number
Nu — Local Nusselt number
4 — Pressure, Pa
Pr — Prandtl number, va™
q — Convective heat transfer, W
R — Ideal gas constant, J/kg K
Ra, — Thermal Rayleigh number,
8B, (T, ~ T)(va)”
X — X direction in Cartesian coordinate
y — Y direction in Cartesian coordinate
Sg’en — Volumetric entropy generation, J/m® K
T — Temperature, K
Tg — Glass temperature, K
T — Mean operating temperature,
0.5(T, + Tg), °C
Tw — Water temperature, K

u
[

— X-component of velocity, m/s
— Y-component of velocity, m/s

Greek symbols

PR R
~

© D<ES

— Thermal diffusivity of air, m?%/s

— Volume expansion coefficient, K™

— Species expansion coefficient, kg/m?
— Relative humidity, %

— Dynamic viscosity, kg/m s

— Kinematic viscosity of air, m?/s

— Slope of glass

— Density, kg/m?

Subscripts

— Water

— Glass

— Operating condition
— Generation
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