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ABSTRACT

Numerical computations were carried out for the experiments conducted with three
different still materials. The phase change interactions were captured between the water
evaporating into vapour at the liquid—vapour interface and the condensing vapour into
water droplets at the top glass surface. The objective of the present CFD analysis was to
validate the computational methodology adopted presently and to understand the system
characteristics in detail, which would otherwise be difficult to estimate experimentally. The
results from the computations are presented here in this work and the total quantity of
freshwater condensed i.e. the productivity of the still was compared with the corresponding

experiments.
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1. Introduction

Solar still represents one of the ancient models for
the production of freshwater from unpalatable water,
viz brackish water, saline water, brine water and sea
water [1,2]. Double-basin still has the highest distillate
productivity compared with single-basin still by 85%
for the same basin condition and minor deviation
below 10% between theoretical and experimental
results [3]. The hybrid photovoltaic thermal (PVT)
double-slope active solar still has the distillate produc-
tivity 1.4 times higher than the single-slope hybrid
(PVT) active solar still [4]. A single-basin and single-
slope solar still coupled with the helical copper wire,
aluminium fins and stainless steel tube increase the
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distillate productivity by 92% [5]. The single-basin
solar still with black sand beds increases productivity
more than 50% [6]. The fin-type solar still with the
industrial effluents, sponges, pebbles, black rubber
and sand combination has 75% increase in productiv-
ity [7]. The single-basin double-slope solar still with
the quartzite rock in the basin has a water temperature
of 60°C in the morning and it continuously decreases
in the evening [8]. The solar still with an integrated
flat-plate collector and conventional basin stills has the
maximum productivity of 0.58 and 0.42 kg/m?, respec-
tively, which are obtained with 1-cm depth at 2.00 PM,
23 March 2013 in Madurai, Tamil Nadu, India. Double-
slope passive and active solar still have the productivity
under natural mode of 1.838 and 2.791kg/ m?,
respectively [9]. The thermal efficiency of the system
is paramount than the exergy efficiency. The
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instantaneous thermal efficiency of solar still varies
between 0 and 23.9% and is greater than the thermal
efficiency of active solar still which is 0-17.9%. The
instantaneous thermal efficiency and the instantaneous
exergy efficiency for active solar still are paramount
between 0 and 1.958% as compared to the exergy effi-
ciency of solar still varying between 0 and 2.245%
[10].

Air-blown heat recycling solar still has the steady-
state productivity of 1kg/m?/h by varying the gas
flow rate between 1.5 and 4 m°/m”h and the feed-
stock flow rate between 2 and 4 kg/m?/h, respectively
[11]. The solar still productivity is enhanced by a
radiative cooling and packed bed storage tank (exter-
nal condenser), which are cooled during the night
using pure water into both [12]. Multiple-effect solar
still has the overall distillation rate of the still which is
0.364 g m*/h under solar radiation of 500 W/m? and
the 22 MJ m?/d overall daily solar radiation. The daily
productivity is calculated to be 16 kg/m?*/d from a
multiple of 0364 g m? s! and 22 M] L/ m?/d,
divided by 500 W/m? solar radiation [13]. The
inverted V-type solar still has the low productivity of
13-17% without insulation. The soot with 2.5-cm thick-
ness covers the system and has the productivity of 2-
41/m?/d. A land area for active stills of 20 000 m?, 32
modules, each of 625 m” area (50 x 12.5 m), the yearly
expense for an 8% fixed charge rate is 2-42 $/m> and
the yearly expense operation cost is 0.9 US$/m> with-
out taxes [14]. A solar still with polyvinyl chloride
tubes has the low thermal conductivity, high coeffi-
cient of thermal expansion and also the price for the
small and large thickness is 3.00 and 8.00 €/m, respec-
tively, for desalting the sea water [15]. A flower pot
transparent cap solar still manufacturing cost about
$20/m? with lifetime of one thousand days, the distil-
late cost was estimated around $7/m® at 3 L/m?/d
[16]. A solar still made of fibre-cement (corrosion-
proof materials) with two concentric commercial-type
cylindrical chambers integrated with a solar pond has
a productivity of 40 L/d with the maximum tempera-
ture of 65°C [17]. Compound parabolic concentrator
concentric tubular solar still (CPC-CTSS) has the yield
increased by 49%-3.05 L/d with cooling air flow effect
and with cooling water flow, the vyield further
increased by 64% compared with the air flow. The
CTSS with cold water flow has the highest productiv-
ity of 144% with respect to the ordinary CPC-CTSS
without air or water flow [18]. The cascade solar still
had the highest colonies forming units of 1,400 CFU/
ml, compared to the electrically powered still of
22 CFU/ml, and tap water of 12 CFU/ml. The selected
parameters (concentrations) of iron (0.875), lead
(0.214), calcium (2.060), zinc (1.443), sodium (2.109),

P. Malaiyappan and N. Elumalai | Desalination and Water Treatment 57 (2016) 21211-21233

pH (0.218), conductivity (1.888), turbidity (0.436), total
suspended solids (1.081), chloride ions (1.081) and
microbiological assays (0.939) [19]. A single-stage
basin-type solar still has the daily yield of 2 L/m?/d
with daily efficiency of 27%. The system (solar still) is
integrated with the conventional flat-plate collector for
24 h which has the yield of 231% but efficiency
decreases by 2.5%. The system with same collector
operating from 8 am to 5 pm has the yield of 4.687 L
and efficiency of 25.8% [20].

A plastic solar still with two basins superimposed
upon each other in order to utilize the waste latent
heat accumulated between the water layer and glass
layer. This arrangement increases the distillation pro-
ductivity by 5-5.5 L/m?/d [21]. The hybrid active solar
still has the thermal efficiency of 20% higher than the
normal solar still. The daily productivity of the hybrid
active solar still in summer and winter month is 3.2
and 5.5 times, respectively, higher than the normal
solar still [22]. “V”-type solar still with a charcoal
absorber has 30.05% of overall efficiency with the cen-
tre collection of the productivity. The experimental
value for the density of water still without boosting
mirror is 1.1499-1.0797 kg m >, with the boosting mir-
ror 1.1555-1.0492 kg m >, with floating charcoal with-
out the boosting mirror 1.1499-1.06185kgm™> and
with floating charcoal without the boosting mirror is
1.1555-1.0263 kg m > [23]. Pyramid-shaped solar still
with the free and forced convection has the distillation
yield around 2.99 and 2.485L/d, respectively. The
hourly variation of the still efficiency with the free and
forced convection is 40.2 and 50.5%, respectively [24].
A tube-type solar still with wax has the productivity of
15%/d higher than without wax. For the highest irradi-
ation intensity, 720 g/m?/h is the maximum error for
the distillation rate per hour [25]. A double-slope solar
still with sea water has the experimental and theoreti-
cal value global losses factor (Uy) of 2.76 W/m*°C and
(Uy) of 5.12 W/m?"C, respectively [26]. The cost of the
system (algal pond to co-treat solar still brine and sew-
age) for the freshwater productivity in Kaudikasa vil-
lage is USD 20,418 [27]. The laboratory solar still for
the distillate chemical oxygen demands for the first 3 d
has no change. The contamination starts on day 4, the
COD value is twice and on day 5 a high value of
566 mg/1 is obtained [28]. A “V”-type solar still with
and without cotton gauze top cover cooling has the
yield of 3.3 and 4.3 L/m?/d, respectively [29]. The
parabolic-type solar still with a line concentrator has
the maximum distillate for a period of four hours with
average value of 0.16 kg/m?/h [30].

The solar still with and without solar dish concen-
trator has the daily average efficiency for brackish
water desalination which is 68 and 34%, respectively.
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The single-basin still has distillate production without
and with preheating which is 244 and 347%, respec-
tively [31]. A portable thermal-electrical solar still
integrated with an external reflecting booster and out-
side condenser increases to 85% efficiency in continu-
ous mode of operation by preheating saline water
[32]. The single-basin solar still has the daily yield of
4.736 kg/m?/d and daily efficiency of 39.6%. The still
is modified with baffle-suspended absorber which has
the daily yield of 5.737 kg/m?/d of 47.8 and daily effi-
ciency of 39.6% [33]. The inverted absorber solar still
(IASS) with the curved reflector has a distillate pro-
ductivity of 4 kg/m? for the water depth of 0.01 m
and the annual cost of distilled water per kg/m? is Rs.
0.95/- [34]. Wind turbine-inclined still tests are made
under these conditions: water depths of 0.01, 0.02, and
0.03 m, different water flow rates of 25.0, 41.7, and
58.3 ml/min and the modes of operation which are
south facing having the efficiencies of 67.21-69.59 and
57.77-62.01% and the sun tracking having the efficien-
cies of 66.81-69.01 and 57.08-62.38%, respectively [35].
A stepped solar still of flashing chamber has the yield
of 2.27 L/d/h under the following conditions, electric
motor speed of 250 rpm, mass flow rate of 9.333 1/h,
power consumption of 2.92 kW, base temperature of
76.7°C, inner cover temperature of 53.6°C, outer cover
temperature of 38.9°C, inlet water temperature of
28.7°C, ambient air temperature of 32.3°C and wind
speed of 0.9 m/s [36]. The solar still with the sun
tracking system has the increase in the yield around
22% compared to that without the sun tracking [37].
The theoretical results of solar still for 10 partitions
with 5- or 3-mm diffusion gaps are 19.2 or 21.8 kg/
m®/d, respectively [38]. The single-effect device with
the heating power source of 300 and 400 W has the
maximum distillate productivity under steady-state
conditions which is 0.445 and 0.495 kg/h, respectively.
The single-effect device has the highest productivity
compared with the two- and three-effect device under
the same input power condition [39]. The dome-
shaped solar still with a corresponding performance
conversion ratio of 50% has the daily average
efficiency of 33% [40].

Solar still with 5-mm diffusion gaps has the effi-
ciency of 3.5 and 1.2-1.6 times higher than the average
experimental results of the conventional basin-type
stills and the multiple-effect stills, respectively [41].
The cost of freshwater for the vinyl chloride sheet and
the polythene film tubular solar still cover model is
9,705 and 1,244 Yen/m? [42]. The inverted trickle solar
still simulation result (steady state) shows 35-40%
higher than the experimental result and the productiv-
ity increased from 2.5 to 2.8 L/d with the use of the
brackish water [43]. The single-sloped solar still with
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the 3-cm water depth has a minor deviation of 4% for
floating plate, 6% for plain water between the theoreti-
cal and experimental results [44]. The non-conven-
tional solar stills with the charcoal particles act as
both heat absorber and wick medium which supports
the high flow rates and efficient removal of pollutants
from the wastewater [45]. A novel continuous single-
stage solar still with the phase change energy storage
mixture (paraffin wax, paraffin oil and water) has the
efficiency of 36.2% for the saline water flow rate which
was 40 ml/min [46]. The solar still coupled with the
evacuated tube collector has 107% increase in produc-
tivity compared with the solar still alone [47]. The
comparison of the different basin materials integrated
with solar stills is shown in Table 1.

2. Experimental set-up

Experimental set-up is a do-it-yourself device
which consists of the container (basin material), the
plastic storage tank, flexible hole and wvalve. The
unpalatable water from the overhead supply tank is
allowed to flow through the container of the solar
still [1]. A sump is made to adjust the water level
within an accuracy of 2 cm: the float actuates a valve
(vl) connected to an overhead supply tank. The
arrangements are made in such a way that the sun
rays fall on the unpalatable water and reach the tray
through the transparent medium (glass) which sup-
ports the film condensation for high efficiency. The
condensing surface in the still is simply a 1.1 x 1.1 m?
sloping glass cover [5]. The unpalatable water in the
basin gets heated and due to this effect, a phase change
occurs. The water vapour then rises and comes into
contact with the transparent roof-shaped surface. In
this surface, vapour further goes through a phase
change from vapour back to liquid. This liquid runs
off through the transparent inclined surface into a col-
lection channel, which is made of plastic (prevent cor-
rosion and rust) and connected to the measuring jar
[5]. Fig. 1 skeleton shows basic working operation
(evaporation, condensation and distillate productivity)
in a single-basin and single-slope solar still. The opti-
mum tilt angle of condensing cover for the test area
Chennai, Tamil Nadu, India is 13°, is taken from
Table 2 [5]. The increase or decrease in the tilt angle
results in decrease in the distillate productivity [5].
The condensing cover faced south direction, during all
the experiments, in order to receive the maximum
solar radiation. The experiments were conducted at
Chennai from 8.30 AM to 8.30 PM, the following day
during March 2014. The whole experimental set-up is
kept in the south direction to receive the maximum
solar radiation throughout the year.
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Fig. 1. Skeleton representation of the conventional solar still for the recovery of freshwater from the unpalatable water.

Table 2
Based on the latitude of the given area, tilt angle opti-
mized is taken from Ref. [5]

S. No. Latitude Tilt angle

1 ®<14Nor 14°S p=14°
14°N < @ or 53°S 6°<p<26°

3 15'5<® or 55°S 75°<p<26°

2.1. Glass solar still

An experimental investigation was carried out on
glass basin solar still, with minimum saline water
depth of 2 cm in the basin on a clear day (2 March
2014). The thermophysical properties of glass basin
materials are taken from Table 3. Photograph of the
glass basin solar still is shown in Fig. 2. During the
daytime in the still, a higher heat transfer rate occurs

Table 3

and water productivity shows a higher variation in
water production. The T, (°C), the Tpasin (°C), the
Twater ('C), daytime productivity increased in the glass
basin solar still at 12.30 pm due to higher solar radia-
tion 870 W/m? and low wind speed of 0.2m/s as
shown in Figs. 3 and 4, respectively. The basin and
glass temperature difference is high for the high wind
speed 0.4 m/s occuring between 3:00 and 05:00 pm
which has a lower productivity. The freshwater pro-
ductivity is 600 ml/m?/d for the glass basin solar still.

2.2. Galvanized iron basin solar still

An experimental investigation was carried out on
galvanized iron (GI) basin solar still, with minimum
saline water depth of 2 cm in the basin on a clear day
(17 March 2014). The thermophysical properties of GI
basin materials are taken from Table 3. Photograph of
a GI basin solar still is shown in Fig. 5. The To (°C),

Thermophysical properties of basin materials used in the experiment

Density p Thermal diffusivity a Specific heat c Thermal conductivity
Material (Kg/m®) (m?/s) (J/kg k) (k W/mK)
Aluminium 2,707 84.18 x 10°° 898 204.2
Galvanized iron 7,897 20.34 x 10°° 452 72.7
Glass 2,500 7.46 x 1077 750 1.4
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Fig. 2. Photograph of a glass basin solar still.
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Fig. 3. Variation of time (h) with solar radiation (W/ m?) and the Tam (°0), the Tpasin (°O), the Tovarer (°C), the Tglass ("C) of

the G solar still.

the Tpasin ('C), the Tyarer ('C), daytime productivity
increased in the GI basin solar still at 12.30 am by
1,031 W/m? due to higher solar radiation and low
wind speed of 0.2m/s, as shown in Figs. 6 and 7,
respectively. The GI basin acts as an energy storage
material which absorbs the heat during the morning
and releases the heat during night (6.30-8.30 pm)
which increases the productivity as shown in Fig. 7.
The overall productivity of the GI basin solar still is
higher than the glass basin solar still. For the high
wind speed of 0.6 m/s, occurs between 6:00 and
7:30 pm which has the lower productivity. The fresh-
water productivity is 1,000 ml/m?/d for the GI basin
solar still.

2.3. Aluminium solar still

An experimental investigation was carried out on
aluminium basin solar still, with minimum saline
water depth of 2 cm in the basin on a clear day (24
March 2014). The thermophysical properties of
aluminium basin materials are taken from Table 3.
Photograph of an aluminium basin solar still is shown
in Fig. 8. The T,im (°C), the Tpasin ('C), the Tyater (°O),
daytime productivity increased in the glass basin solar
still at 12.30 pm due to the higher solar radiation
(951 W/m?) and low wind speed of 0.2 m/s, as shown
in Figs. 9 and 10, respectively. The aluminium basin
acts as energy storage material which absorbs the heat
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Fig. 4. Variation of time (h) with productivity (ml), wind velocity (m/s) of the G solar still.

Fig. 5. Photograph of a GI basin solar still.

during the morning time and releases the heat during
night time (6.30-8.30 pm) which increases the produc-
tivity, as shown in Fig. 10. The high wind speed of
0.4 m/s, occurs between 2:30 and 7:30 pm which has
the lower productivity. The overall productivity of the
aluminium basin solar still is higher than the GI basin
solar still. The aluminium basin solar still has the
highest distillate productivity of 2,000 ml/m*/d com-
pared to the glass basin and GI basin productivity.

Distillated wate

3. Uncertainties analysis calculation

The following are the instruments used for the
research work.

3.1. Thermocouple

The temperatures of the basin, glass, ambient and
water were recorded with the help of K-type
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the GI solar still.
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Fig. 7. Variation of time (h) with productivity (ml), wind velocity (m/s) of the GI solar still.

thermocouples and it has a range of 0-100°C. The
accuracy of the the K-type thermocouples is +0.1°C.
Least experimental value is 15°C. Paramount possible
error is 0.001. Percentage error for K-type thermocou-
ples used in the experiment is 0.1%.

3.2. Solarimeter

The solarimeter is used to measure the solar inten-
sity and it has a range of 0-5,000 W/m?. The accuracy

of the solarimeter is +1 W/m? Least experimental
value is 80 W/m”. Paramount possible error is 0.0125.
Percentage error for solarimeter wused in the
experiment is 1.25%.

3.3. Anemometer

The velocity of ambient air was measured with an
anemometer and it has a range of 0-15m/s. The
accuracy of the anemometer is +0.2m/s. Least
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Fig. 8. Photograph of an aluminium basin solar still.
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Fig. 9. Variation of time (h) with solar radiation (W/ m?) and the Thum (°C), the Tpasin (°C), the Tyater (°C), the Tgass ('C) of

the Al solar still.

experimental value is 1 m/s. Paramount possible error
is 0.2. Percentage error for anemometer used in the
experiment is 20%.

3.4. Collection tank

The collection tank is used to measure the produc-
tivity and it has a range of 0-1,000 ml. The accuracy of

the collection tank is +5 ml. Least experimental value
is 100 ml. Paramount possible error is 0.05. Percentage
error for collection tank used in the experiment is 5%.

4. Numerical investigations

The following section discusses the numerical
investigations of the solar stills.
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Fig. 10. Variation of time (h) with productivity (ml), wind velocity (m/s) of the Al solar still.

Fig. 11. Schematic sketch of the computational domain pre-
sently studied.

Notes: (1) Top cover: glass and (2) Bottom sheet: chosen
material.

4.1. Computational model

The computational model is the volume of the
fluid where the flow, heat and phase transfer interac-
tions take place in the experimentally tested physical
domain. Thus, the computational domain for the pre-
sently carried out numerical computations will be the
internal volume of the solar still, which is the ‘fluid
domain’. The solid thickness of the plates/glass sheets
used for the construction of the solar still was not con-
sidered for the numerical simulations. The schematic
sketch of the computational domain considered for the
present numerical simulation is shown in Figs. 11 and
12, respectively.

4.2. Governing equations

The following section discusses the governing
equations used by the CFX solver for the generic flow
and heat transfer problems. The governing equations
for the multiphase flow problems are discussed in the
subsequent section.

4.3. Generic flow and heat transfer problems

The fundamental governing equations for flow
and heat transfer are the continuity, momentum
(Navier-Stokes) and energy equations along with the
equations for modelling the turbulence quantities. The
governing equations are discussed in detail in this sec-
tion. Based on the geometry and the phase transfer
physics occurring in a solar still, the anticipated
Rayleigh numbers will be well below the critical value
and hence the flow can be treated as laminar in the
present computations. The conservation equations for
laminar flow in an inertial (non-accelerating) reference
frame are presented here. The equation for conserva-
tion of mass, or continuity equation, can be written as
follows:

Op /ot + V - (pd) = S )

Eq. (1) is the general form of the mass conservation
equation and is valid for incompressible as well as
compressible flows. The source S, is the mass added
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Fig. 12. Dimensions of the computational domain: (a) side view and (b) front view.

to the continuous phase from the dispersed second
phase and any user-defined sources. The equation for
the conservation of momentum in an inertial reference
frame is given as:

(pB) + V - (pT0) = —Vp + V - (T) + pg + F @

where p is the static pressure, 7T is the stress tensor,
and pg and F are the gravitational body force and
external body forces (e.g. that arise from interaction
with the dispersed phase), respectively. F also con-
tains other model-dependent source terms such as
porous-media and user-defined sources. In the present
computational study, only gravitational body force is
included. The stress tensor 7 is given by:

_ 2
T=pu|(VD+ vaT)—gv-m 3

where u is the molecular viscosity, I is the unit tensor
and the second term on the right-hand side is the
effect of volume dilation.

The CFD code solves the energy equation in the
following form:

0/0t(pE) + V - (B(pE + p))

=V | ketVT =D I ) + (Zetr - a)) + S @
j

where ke is the effective conductivity (= k + k;, where
k; is the turbulent thermal conductivity, defined
according to the turbulence model being used), & is
the sensible enthalpy for ideal gases and fj the diffu-
sion flux of species j. The first three terms on the
right-hand side of the equation represent energy trans-
fer due to conduction, species diffusion and viscous
dissipation, respectively.

4.4. Multiphase flow and heat transfer problems

Two distinct multiphase flow models are available
in CFX:

(1) Eulerian—Eulerian multiphase model and
(2) Lagrangian particle tracking multiphase model.

This section describes Eulerian—-Eulerian multi-
phase flow theory as used in the CFD solver CFX.
This approach is valid for all types of flow where
different phases of the fluid occupy the same control
volume. Different phases of fluids are denoted using
lowercase Greek letters a, f, y etc. In general, a quan-
tity subscribed with a, g, y etc. refers to the value of
the quantity for that particular phase. For example,
the volume fraction of a is denoted as r,. Thus, the
volume V, occupied by phase a in a small volume V
around a point of volume fraction r, is given by:

Vo=r,-V G))
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This is the actual mass per unit volume of phase a,
given that phase a only occupies a fraction of the vol-
ume, that is the mass of a, per unit volume of the bulk
fluid.

The mixture density is given by:

Pm = Z Pola (6)

Interfacial transfer of momentum, heat and mass is
directly dependent on the contact surface area
between the two phases. This is characterized by the
interfacial area per unit volume between phase a and
phase f, known as the interfacial area density A,s.
Note that it has dimensions of inverse length. Interfa-
cial transfer can be modelled using either the particle
or mixture models. These essentially provide different
algebraic prescriptions for the interfacial area density.

4.5. Continuity equation

The continuity equation for the homogeneous mul-
tiphase flow is described below:

) &
5(’/“"0“) + V.(rap,Uy) = Smss + Zl"oc[)’ 7)
=

where Sy, describes user-specified mass sources. I'uf
is the mass flow rate per unit volume from phase f to
phase a. This term only occurs if interphase mass
transfer takes place.

4.6. Momentum equation

The momentum equation for the homogeneous
multiphase flow is given below:

g(pU) +V.(pu ® u-u(vu + (vu)T)) =Sy —Vp

ot
(8)
where
Np Np
p=> ry-pyand u=> 1, - p,
o=1 =1

4.7. Interphase momentum transfer

When using the homogeneous model, momentum
transfer between phases is assumed to be very large.
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Interphase momentum transfer, M,z occurs due to
interfacial forces acting on each phase o, due to inter-
action with another phase f. The total force on phase
a due to interaction with other phases is denoted as
M,, and is given by:

My =7 My ©
B#a

Note that interfacial forces between two phases are
equal and opposite, so the net interfacial forces sum to
Zero:

M,y = —Mpy =Y M, =0 (10)

The total interfacial force acting between two phases
may arise from several independent physical effects:

M.y = My, + My + M® + M + M2 + Ms + ...
(11)

The forces indicated above, respectively, represent the
interphase drag force, lift force, wall lubrication force,
virtual mass force, turbulence dispersion force and
solids pressure force (for dense solid particle phases
only).

4.8. Conservation equations

Other than the governing equations, the following
conservation equations are needed to arrive at the
proper solution.

4.9. Volumetric conservation

The volumetric constraint tells that the sum of the
volume fractions of the phases considered in the study
should sum to unity:

ty +1p=1 (12)

4.10. Pressure constraint

This condition ensures that all the phases in the
mixture share the same pressure field in the computa-
tional domain:

P,=P;=P (13)
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Table 4
Thermal boundary conditions for CFD analysis
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Basin material Temperature (°C) @ 12:30 PM

Solar radiation (W/m?)

Ambient Basin Water Glass
Al 30 63 60 30 870
GI 32 52 53 52 1,031
G 31 48 47 28 951
200 - ambient, basin material, water and glass temperature
—o~ CFD-ALSull estimated at 12:30 PM are tabulated. The correspond-
T 1801 A ing solar insolation as estimated from the experiments
«E‘ 160 : is also shown in the last column of the Table 4.
£ 140 |
2 | 4.13. Discretization
= |
2 1201 i Meshing was carried out using the preprocessing
100 ! tool Gambit 2.4 to generate hex-dominant finite-vol-
0.0 02 04 0.6 0.8 ume elements throughout the computational domain.

Mesh size (in millions of cells)

Fig. 13. Variation of solar still productivity with different
mesh densities.

4.11. Interphase mass transfer

Interphase mass transfer occurs when mass is car-
ried from one phase into another. It is applicable to
both the inhomogeneous and homogeneous multi-
phase models. Mass transfer is represented by sources
in the phase continuity Eq. (7). As interfacial area is
commonly proportional to volume fraction, this
permits automatic linearization of mass transfer terms
relative to volume fraction.

4.12. Boundary conditions

For any thermal CFD analysis, an appropriate ther-
mal boundary condition is important for an accurate
prediction. The thermal energy gain of the absorber
fluid, to affect the phase transfer, depends mainly on
the incident heat flux. For the present numerical anal-
ysis, isothermal boundary conditions identified from
the experiments at a chosen time of the day, say 12:30
PM, data were used and chosen from Figs. 3, 6, and 9.
Experimentally measured absorber plate temperature
i.e. basin temperature at the bottom and the steam
condensing glass temperature at the top were used as
the boundary conditions.

Table 4 shows the thermal boundary conditions
used for the present CFD analysis, with inputs from
the present experiments. The temperature values of

Finer near wall meshing is developed using the
boundary layer mesh feature of the preprocessor with
the first node at 0.1 mm and with a default growth
factor of 1.1 for 10 layers. This is done to capture the
flow and thermal features happening close to the wall
more accurately.

4.14. Grid independency

Grid independency tests are carried out for the
solar still with the quantity of freshwater generated or
the productivity of the still as the assessment criteria.
Fig. 13 shows the variation of productivity in the solar
still with aluminium as the absorber basin material
with different mesh densities. It can be observed that
the productivity increases from a mesh size of 2.0 to
3.5 million cells. The variation of the productivity
from 3.5 to 6.0 million cells is very less, which indi-
cates that the effect of mesh density is insignificant
beyond 3.5 million cells and hence it was decided to
continue with the mesh settings of 3.5 million cells for
the present study. Fig. 14(a) shows the isometric view
of the computational domain mesh that was used for
the present study, whereas Fig. 14(b) shows the side
view of the mesh. A total of 35 elements were used in
the still height direction and 100 elements in the still
length and breadth directions.

4.15. Numerical details

The computations were carried out as a steady,
incompressible, three-dimensional Reynolds-averaged
Navier-Stokes (RANS) solution with VOF approach
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Fig. 14. Details of the meshed computational domain: (a) isometric view and (b) side view.

for the phase changing interaction between water and
water vapour. Two-phase approach was used with
water vapour as the primary phase and liquid water
as the secondary phase. A water depth of 2 cm used
in the experiments was specified as the initial condi-
tion in the simulations by patching the liquid volume
defined in the preprocessor with a secondary phase
volume fraction value of 1. The vapour volume
defined earlier was patched with a corresponding
value of 0.

Gravity option was enabled to include the natural
gravitational pull for the condensing vapour into fresh
liquid water to fall down. For the evaporating vapour
to rise up due to buoyancy effect, an appropriate
option was enabled in the property definition for the
vapour material. A user-defined function (UDF) was
developed to make the phase transfer between liquid
water and water vapour. The UDF was compiled
inside the Ansys Fluent solver and hooked to the sol-
ver as a UDF in the mass transfer interaction panel.
The UDF can be found in Appendix 1.

Simple scheme was used to couple the pressure
and velocity and second-order up-winding scheme for
the spatial discretization of most of the governing
terms. For the volume of fluid alone, first-order up-
winding was chosen to control the solution conver-
gence. Default values of under-relaxation were used
for all the solution control terms. To make the solution
stable, initial 100 iterations were carried out by dis-
abling the phase transfer physics.

4.16. Convergence criteria

The convergence criteria for the computational
solution are determined based on scaled residuals for
the equations of continuity, momentum equations and
phase transfer parameter such as the volume fraction
of the secondary phase fluid. The scaled residuals for
solution convergence are set to 107> for all governing
equations. The solution is considered to be converged
when all the scaled residuals are less than or equal to
this prescribed value. Computations are carried out
until the steady state is reached.

4.17. Results and discussion

The results from the computational analysis with
three different solar still basin materials, aluminium
(AD), GI and glass (G) are discussed in this section. A
comparison of the numerically estimated productivity
of the solar still is compared with that of the
experiments.

4.18. Basin material—aluminium (Al)

Fig. 15 shows the contours of liquid volume frac-
tion in the solar still with Al as the basin material.
The corresponding thermal boundary conditions
applied to the CFD, from the experiments, can be
found in Table 4. Fig. 15(a) shows the contours of lig-
uid fraction at the bottom of the still, at the start of
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Fig. 15. Contours of liquid water fraction—Al still.

the simulations, indicating that the still was initiated from the decreased volume fraction of the secondary
with a fixed water level. With rise in temperature of phase fluid i.e. liquid water.

water in the still, phase change occurs within the still Due to buoyancy, the steam thus produced rises
and the steam is produced. This change in phase can up and when the steam is in contact with the glass
be observed in Fig. 15(b)-(e), which can be visualized surface at the top, the steam starts condensing and
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Fig. 16. Contours of liquid water fraction—GI still.
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Fig. 17. Contours of liquid water fraction—G still.
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Fig. 18. Comparison of present experimental and CFD
results.

produces freshwater. Fig. 15(f)-(h) show the freshwa-
ter condensation which can be seen from the increased
volume fraction of the secondary phase. The freshwa-
ter production rate was continuously monitored and
the total freshwater produced for 30 min was esti-
mated. The freshwater production from the CFD anal-
ysis was found to be 182.3 ml.

4.19. Basin material—GI

Figs. 5 and 6 show the contours of liquid volume
fraction in the solar still with GI as the basin material.
Similar to the Al still, with rise in temperature of
water in the still, phase change occurs within the still
and steam is produced. This change in phase can be
observed in Fig. 16(b)—(e), which can be visualized
from the decreased volume fraction of the secondary
phase fluid i.e. liquid water. Fig. 16(f)-(h) shows the
freshwater condensation which can be seen from the
increased volume fraction of the secondary phase. The
freshwater production rate was continuously moni-
tored and the total freshwater produced for 30 min
was estimated. The freshwater production from the
CFD analysis was found to be 92.8 ml. Compared to
the Al basin material, the GI basin material gave a
lesser productivity.

4.20. Basin material—glass (G)

Fig. 17 shows the contours of liquid volume frac-
tion in the solar still with G as the basin material. Sim-
ilar to the Al still, with rise in temperature of water in
the still, phase change occurs within the still and
steam is produced. This change in phase can be
observed in Fig. 17(b)—(e), which can be visualized
from the decreased volume fraction of the secondary
phase fluid i.e. liquid water. Fig. 17(f)—(h) shows the
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freshwater condensation which can be seen from the
increased volume fraction of the secondary phase. The
freshwater production rate was continuously moni-
tored and the total freshwater produced for 30 min
was estimated. The freshwater production from the
CFD analysis was found to be 55.4 ml. Compared to
the Al and GI basin materials, the G basin material
gave a lesser productivity.

5. An economic analysis of the solar stills

5.1. An economic analysis calculation for the glass solar
still

The total fixed cost of the glass solar still includes
the sum of the insulation, the basin material, the paint,
the flexible hoses, a valve and the auxiliary system. The
total fixed cost of the plastic solar still is F =5 $. The
total cost of the glass solar still C is equal to the sum of
the fixed cost and the variable cost. Assuming that the
variable cost V equals 0.3 F per year [5] and the
expected still life is 10 years, then C =5 + (0.3 x 5 x 10)
=20 $. The minimum average productivity of the solar
still is 600 ml/m?/d from the experimental result.
Chennai is a suitable hot place, where the solar still can
operate for 335 d. The total productivity of the solar
still lifetime = 600 ml x 10 x 335 =2,010 L. The cost
of one litre of water from the glass solar still =
20/2,010 = 0.001 $.

5.2. An economic analysis calculation for the GI solar still

The total fixed cost of the GI solar still includes the
sum of the insulation, the basin material, the paint,
the flexible hoses, a valve and the auxiliary system.
The total fixed cost of the conventional solar still is
F =25%. The total cost of the GI solar still C is equal
to the sum of the fixed cost and the variable cost.
Assuming that the variable cost V equals 0.3 F per
year [5] and the expected still life is 10 years, then
C =100 + (0.3 x 100 x 10) = 400 $. The minimum aver-
age productivity of the solar still is 1,000 ml/m?/d
from the experimental result. Chennai is a suitable hot
place, where the solar still can operate for 335 d.
The total productivity of the solar still life-
time =1 x 10 x 335 =3,350 L. The cost of one litre of
water from the GI solar still = 100/3,350 = 0.029 $.

5.3. An economic analysis calculation for the aluminium
solar still

The total fixed cost of the aluminium solar still
F=90$. The total cost of the solar still C is equal to
the sum of the fixed cost and the variable cost.



21232

Assuming that the variable cost V equals 0.3 F per
year [5] and the expected still life is 10 years, then
C =90+ (0.3 x90 x 10) =360 $. The minimum average
productivity of the solar still is 2,000 ml/m?/d from
the experimental result. Assume that the solar still can
operate for 335 d. The total productivity of the solar
still lifetime =2 x 10 x 335 = 6,700 L. The cost of one
litre of water from the aluminium solar still = 360/
6,700 = 0.055 $.

6. Conclusion

The comparisons of the present experimental and
present computational results for the same boundary
conditions in CFD as that of experiment are shown in
Fig. 18. The results showed that the solar still with Al
basin material was found to show the highest freshwa-
ter production. The GI basin material followed next to
Al and the least freshwater generation was observed
in G basin material. Overall observation showed that
the present CFD results are in good agreement with
the experimental values. This validates the presently
adopted computational methodology.
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Appendix 1

UDF in the Mass Transfer Interaction Panel

#include “udf.h”
DEFINE_MASS_TRANSFER(liq_gas_source,cell thread,
from_index,from_species_index,to_index,to_species_index)
{

real m_lg;

real T_SAT=312.25;
Thread*gas=THREAD_SUB_THREAD(thread,from_in-
dex);
Thread*lig=THREAD_SUB_THREAD(thread,to_index);
m_lg=0;

if(C_T(cell liq)>=T_SAT)

{

m_lg =—0.1*C_VOF(cell liq)*C_R(cell liq)*fabs(C_T(cell,
lig)-T_SAT)/T_SAT;

}

if((m_lg==0)&&(C_T(cell,gas)<=T_SAT))

{

m_lg=0.1*C_VOF(cell,gas)*C_R(cell,gas)*fabs(T_SAT-
C_T(cell,gas))/T_SAT;

}

return (m_Ig);
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