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Abstract

The thermal performance of solar still can be enhanced by means of nanoparticles. The core aim of the present work is to
identify the influence of nanoparticles on productivity of single-basin dual-slope solar still through the experimental investiga-
tion with different glass cover orientations of still and the varying water depth in basin. Two identical single-basin dual-slope
solar stills were fabricated, and experiments were conducted at location (20.61° N, 72.91° E). In first set of experiments,
comparison of productivity of the still without nanoparticles and the still with 0.1% mass concentration of aluminium oxide
(Al,05) nanoparticles has been made at different depths of water. The experiments were conducted with glass covers ori-
ented towards East—West and North—South directions. Compared to the still without nanoparticles, enhancement of 19.40%,
28.53% and 26.59% in distilled output was obtained with Al,O; nanoparticles at the 30 mm, 20 mm and 10 mm water depth
for the North—South orientation, respectively. The enhancement of 58.25% and 56.31% in yield was obtained for 20 mm
and 10 mm water depth with copper oxide (CuQO) nanoparticles for the North—South orientation. Compared to the still with
0.1% Al,O5 nanoparticles, 27.27% and 26.60% higher productivities were achieved at 20 mm and 10 mm water depths with
the use of 0.1% CuO nanoparticles for the glass covers oriented towards North—South directions. Therefore, enhancement in
thermal performance of single-basin dual-slope solar still was observed higher with the consumption of CuO nanoparticles
than the Al,O5 nanoparticles.
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Introduction

Pure drinking water is an essential requirement for human
beings. Origin and continuation of mankind is dependent on
water. Water is abundantly available natural substance and
covers around 71% of the earth’s surface. About 97% water
is available in the ocean as brackish water [1]. Only 3% of
the quantity of available water is in the fresh and drink-
able form [2]. Moreover, only less than 1% of the available
potable water is in reach of human beings. The rest is in
the form of permanent ice, snow cover and permafrost. The
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requirement of water continuously increases with the world
population; hence, there is an urge of desalinate the brackish
water to get potable water. Currently, the widely and most
commonly used technique for the purification of water is
reverse osmosis. Other techniques such as multi-effect dis-
tillation, vapour compression, multi-stage flash distillation
and vacuum distillation are also utilized for water purifica-
tion [3]. Solar desalination is an ingenious technology that
utilizes the solar energy as an abundant and non-conven-
tional energy source for distillation of brackish water [4].
The apparatus utilized for solar distillation is called as solar
still. The solar still can also be utilized as regenerator for
liquid desiccant [5].

Muftah et al. [6] have analysed the factors influencing the
performance of solar still and deduced that the productiv-
ity depends upon the still body, its directional arrangement,
water mass in basin, condensing cover angle and vapour
tightness. Xiao et al. [7] have analysed the effect of environ-
mental parameters on performance of still such as incident
intensity of solar radiation, wind velocity around the solar
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still and ambient temperature. Further, water depth in basin,
influence of temperature difference among basin water and
glass cover, thermal insulating material and inclination of
glass cover were also studied. The water evaporation rate
in passive-type conventional solar still (CSS) relies upon
the incident solar radiation and water depth in still basin.
Previous experimental studies indicate that the quantity of
distilled yield from CSS has inverse proportionality relation
with basin water depth [8, 9]. Modi et al. [10] have carried
out an experiment to analyse the influence of water depth
(40 mm, 30 mm, 20 mm and 10 mm) on the yield of double-
basin single-slope (DBSS) solar still. The 13% higher yield
was achieved by authors at water depth of 10 mm than the
40 mm. Modi and Modi [11] have conducted an experiment
on DBSS solar still having small piles of wick material
(black cotton and jute cloth) to study the impact of water
depth (20 mm and 10 mm) on yield. Compared to 20 mm
water depth, higher yield of 9.81% and 13% was achieved
at 10 mm water depth with wick pile of jute cloth and black
cotton cloth, respectively. Jani and Modi [12] have studied
the influence of water depth (30 mm, 20 mm and 10 mm) on
the yield of single-basin dual-slope (SBDS) solar still with
square and circular cross-sectional hollow fins. Compared to
20 mm water depth, higher yield of 17.51% and 3.32% was
achieved at 10 mm water depth with circular fin and square
fin, respectively. Modi et al. [13] have achieved the higher
productivity with increase in water mass for spherical basin
solar still integrated with parabolic concentrator.

The distillation through CSS has a lesser output [14].
Hence, the concept of dual-slope solar still was developed
with the aim of boosting the performance of solar still [14].
Elango et al. [15] have concluded that the higher distilled
yield was achieved for double-slope solar still as com-
pared to the CSS. The performance of solar still can also
be enhanced by the use of multi-slope glass cover solar still
as it enhances the condensation area, receives higher solar
radiation, eliminates the tracking requirements and reduces
the shading effect [16], and thermal modelling was presented
[17]. The use of phase change material (PCM) can enhance
the productivity of solar stills up to 120% [18]. Further, the
thermal performance of still can be enhanced by manipulat-
ing the thermo-physical peculiarities of water [3]. The use
of nanoparticles is one of the effective heat transfer means
to enhance the utilization of thermal energy in solar appli-
cations [19]. Nanofluids are eco-friendly in nature. Hence,
it has attracted the attention of researchers over the world
because of potential to enhance the thermo-physical charac-
teristics such as specific heat, thermal conductivity, viscosity
and density [4] compared to conventional fluids (water, gly-
cols, alcohols, various oils, etc.). The heat transfer ability of
base fluid can be enhanced due to enhanced thermo-physical
characteristics [20]. Further, the plasmon resonance absorp-
tion band of metallic nanoparticles lies within the spectrum
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of infrared and visible region that enhances the optical and
radiation absorption characteristic of base fluid [21].

Choi et al. [22] have conducted an analytical study on
nanofluids and concluded that utilization of nanoparticles
in base fluid enhances the heat transfer rate and thermal
conductivity. Other experimental studies also represent
the enhancement in thermal conductivity when nanoparti-
cles were mixed in base fluid [23, 24]. Yu et al. [25] have
reviewed the effect of parameter such as temperature, addi-
tives, particle volume concentration, particle material, parti-
cle size, particle shape and base fluid material on heat trans-
fer rate and thermal conductivity. They have concluded that
an enhancement of 15-40% in heat transfer was observed
with the use of nanoparticle. Nguyen et al. [26] inspected
the effect of nanoparticle size and temperature on viscosity
of water nanofluid. Concentration, size and temperature of
nanoparticle have a noteworthy impact on process of heat
transfer [27]. The utilization of nanoparticles for enhancing
the performance of solar—thermal devices has been prompted
by several researchers [28—33]. Jani and Modi [3] deduced
that the performance of solar energy-based thermal devices
can be enhanced with the consumption of nanoparticles.
Further, the use of nanoparticles enhances the heat transfer
characteristics in wavy channel heat sink [34], in closed con-
duit [35] and in pool boiling [36]. Nanotechnology has been
utilized for: (1) the blood flow analysis in medical sciences
[37, 38]; (2) the entropy and exergy analysis of nanofluid
under magnetic force in the porous medium [39]; (3) the
analysis of electro-osmotic flow of Couette—Poiseuille nano-
fluids [40]; and (4) the analysis of bi-phase coupled stress
fluid in the presence of Hafnium and metallic nanoparticles
over an inclined plane [41].

Elango et al. [42] have analysed the performance of CSS
with and without nanoparticles. In experiment, authors
have utilized the different nanoparticles, namely iron oxide
(Fe,0,), tin oxide (Sn0O,), aluminium oxide (Al,O5) and zinc
oxide (Zn0O). 29.95% higher distillate was obtained for solar
still with Al,O5; nanoparticles compared to the CSS. Kabeel
et al. [43] have concluded that CSS with nanoparticles and
an external arrangement of condenser enhance the produc-
tivity by 53.2% compared to the CSS. Omara et al. [44] have
utilized Cu,O and Al,O5 nanoparticles in corrugated wick-
type CSS, and enhancement of 285.1% and 254.88% in yield
was achieved than CSS. From analytical study, Sahota et al.
[4] have developed the characteristic equation for passive-
type double-sloped solar still using various nanoparticles
and concentration. Authors have achieved enhancement in
thermal efficiency of still (CuO—43.81%, TiO,—46.10%
and A1,0;—50.34%) with 0.25% nanoparticle concentration
compared to base fluid. Sahota et al. [19] evolved the theo-
retical expression of fluid temperature for dual-slope solar
still and analysed the performance for three different concen-
trations of Al,O5 nanoparticles (0.04%, 0.08% and 0.12%).
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Modi et al. [45] have examined influence of concentration
(0.2%, 0.1%, 0.05% and 0.01%) of Al,O; nanoparticles on
yield of DBSS. They observed that with a decrease in con-
centration of nanoparticles the output of still increases. 0.1%
concentration of ZnO nanoparticles was utilized by Modi
and Shukla [46] and Shukla and Modi [47] in hybrid solar
still for enhancement in heat transfer, yield and regeneration
of liquid desiccant CaCl, [46] and MgCl, [47]. The overall
average efficiency is 22.77% [46] and 19.20% [47] for hybrid
solar still. Nazari et al. [48] have conducted an experimental
and analytical investigation on CSS augmented by means of
Cu,0 nanoparticles and thermo-electric (TE) modules. The
study found that inclusion of Cu,O nanoparticles by 0.08%
volume fraction in base fluid enhances the yield, energy and
exergy efficiency by 82.4%, 81.5% and 92.6%, respectively.
Further, the combined use of Cu,O nanoparticles and TE
channels enhance the yield, energy and exergy efficiency
by 81%, 80.6% and 112.5%, respectively [49]. Rashidi et al.
[50] have utilized the volume of fluid model for the theoreti-
cal study of impact of Al,O; nanoparticles on productivity
of CSS and achieved the enhancement of 25%.

Hence, the use of nanofluid in field of solar still can con-
fer the new dimensions on performance of passive solar still.
From the present literature, influence of nanoparticles has
been studied on efficiency and productivity for CSS [48, 49].
However, significance of impact of different nanofluids with
varying basin water depth has not been found for the SBDS
solar still for the identification of higher-productive configu-
ration. Moreover, the influence of orientation of SBDS solar
still on performance is traceless in the present literature.
These research gaps have been replete in the present study
along with economic feasibility analysis.

The core objective of research is to investigate the influ-
ence of still orientation, water depth and different nanopar-
ticles on productivity of SBDS solar stills. To execute the
purpose, two identical SBDS solar stills were fabricated and

Fig. 1 Working principle and
heat transfer mechanism of ,
SBDS solar still {
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the experiments were performed. In first set of experiments,
productivity of still with 0.1% mass concentration of Al,O;
nanoparticles at various water depths (30 mm, 20 mm and
10 mm) was compared with the still without nanoparticles.
The first set of experimentations were conducted for glass
covers facing East—West and North—South directions at the
location (20.61° N, 72.91° E). The second set of experi-
ment were carried out for the still with and without 0.1%
mass concentration of CuO nanoparticles at the 20 mm and
10 mm basin water depth and for the glass covers oriented
towards North—South direction.

Solar still and experimental methodology

Fundamentals and heat exchange mechanism of SBDS solar
still is depicted in Fig. 1. Solar still harnesses solar energy to
obtain distilled water as a product. The saline water in basin
of still is evaporated by absorbing incident solar radiations.
The water vapour arises because of difference of tempera-
ture among the water and glass cover that came in contact
with inner surface of glazing cover where it gets condensed.
To collect the condensate, inclination is provided to glazing
cover.

The basin of solar still has a shallow and wide structure
to enhance the surface area. To increase the solar radiation
absorption, black colour was painted on basin. The black
painted basin raises the temperature of saline water that
increases rate of evaporation. The transparent glass cover
is utilized for condensation and to accumulate the distil-
late. Further, distilled yield from solar still increases with
increase in temperature gap among the saline water and glass
cover. The solar radiation transmitted from absorber plate
is intercepted by glass cover, which generates greenhouse
effect inside the still.

. _~GLASS COVER
= I DISTILLATE

—SALINE WATER
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The solar radiations (/; - @,y) absorbed by the basin of
solar still. From the basin, a part of heat is lost in environ-
ment (Q,.,) and a part of heat is supplied to saline water in
basin (Q._,,). The brackish water in basin gains the heat
from basin (Q,,,_,,) and solar radiation (/; - a,,). The heat in
brackish water leads to vaporization by means of evapora-
tion (Q, ,,_,), convection (@, ,,_,) and radiation (Q, ,_,). The
glass covers gain the heat from solar radiation (/; - a,/) and
brackish water in basin (Q, y_1e> Oc jw—1g Or.iw-1¢) and that
heat is lost in the form of convection (Q ) and radiation
(Qy yg—sky) in atmosphere.

c,ug—a

Experimental model

The experimental model of SBDS solar still and wire-
frame model with elementary dimensions are depicted
in Fig. 2a, b, respectively. The basin was fabricated from
2 mm thick sheet of galvanized iron (GI) with the size of
300 mm X 600 mm X 100 mm. To increase radiation absorp-
tion rate, basin was painted with black colour. To debili-
tate the heat transfer from the bottom and side walls of
still, 10 mm thick plywood sheet (density =~ 545 kg m~>
[51]) was utilized due to its low thermal conductivity
(~0.12 W m~! K~ [51]). The glass having 4 mm thickness
was selected as glazing cover to capture and condense the
evaporated water vapour. Semi-circular-shaped PVC pipe
of 1 inch diameter was utilized to accumulate the distillate
yield. To increase the solar radiations absorption and ther-
mal conductivity, 0.1% concentration [42] of two nanopar-
ticles such as Al,O; and CuO was used with ground water
as a base fluid. The reason for selection were: from litera-
ture, it has found that increment in thermal conductivity is
higher for Al,0; and CuO nanoparticles compared to other
nanoparticles [52] and has high ability to disperse the heat
in fluid [53].

In present work, glazing glass covers were tilted at an
angle of 20° (xlatitude of the location) on both sides at

upper edge of the basin of solar still. The collecting chan-
nels were attached just below the glass cover to collect the
distilled water. To supply makeup water and to attach tem-
perature sensor inside basin, 10 mm diameter two holes were
provided in side wall of basin. Silicon sealant was utilized
to affix the glass. For drainage, 20 mm diameter hole was
provided at bottom of basin. M-Seal was used to prevent the
effusion from solar still.

Experimental methodology and instrumentation

For the study of impact of solar still orientation, water depth
and different nanoparticles on distillate, two similar SBDS
solar still and experimental set up were prepared as shown
in Figs. 2b and 3, respectively. The experiments were con-
ducted at location of (20.61° N, 72.91° E, elevation from
mean sea level =17 m) starting from 8:00 to 18:00 h.

In first set of experiments, productivity of still with 0.1%
mass concentration of Al,O; nanoparticles for 30 mm,
20 mm and 10 mm water depths in basin was compared
with the still without nanofluid. The experimentations were
conducted for glass covers oriented facing North—South and
East—West directions. 0.1% mass concentration of nanoparti-
cles have good stability (Zeta potential: —52.3 mV) and the
higher enhancement in thermal conductivity [42] as well as
results in higher distillate output. Thus, 2.304 gm, 4.608 gm
and 6.912 gm of Al,O; nanoparticles were added to prepare
the 0.1% concentrated nanofluid at water depth of 10 mm,
20 mm and 30 mm, respectively. Further, two-step method
was used to prepare nanofluid without surfactant. Nanofluid
was stirred 45 min in magnetic stirrer followed by ultrasoni-
cation using probe sonicator for 60 min. In second set of
experiments, productivity of still with 0.1% mass concen-
tration of CuO nanoparticles for 20 mm and 10 mm water
depths in basin was compared to the still without nanoparti-
cles. The experimentations were conducted for glass covers
oriented facing North—South directions. Wind velocity, solar

Fig.2 a Actual fabricated model, b wireframe model of SBDS solar still (all dimensions are in mm)
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Fig.3 Actual experimental
set up
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Fig.4 a The measurement of solar radiation using calibrated solar
PV cell. b Solar PV cell calibration curve

radiation, distilled output, atmospheric, glass cover, water
and basin temperature were measured in experiments at an
interval of 1 h for both solar still. The calibrated solar pho-
tovoltaic (PV) cell was utilized to measure solar radiation.
As shown in Fig. 4a, solar radiations were recorded by keep-
ing solar PV cell in short-circuiting mode on a horizontal
surface. Figure 4b shows the calibration curve of the solar
irradiation on horizontal surface recorded by pyranometer
(W m™2) versus solar cell current (amp). The solar radiations
were calculated as: solar radiation (W m~2)=cell current
(amp) X 2175. The glass cover temperature, water tempera-
ture, basin temperature and atmospheric temperature were
measured using PT-100 temperature sensors. The digital
anemometer was utilized for measuring wind velocity, and
measuring cylinders were used for measurement of distilled
output. The total dissolved solids (TDS) and pH of ground
water and distilled water were measured using TDS meter
and pH meter.

The standard uncertainties of various instruments are
presented in Table 1. Uncertainty is the probabilistic span
of physical parameter within which the real values of physi-
cal parameters reside. In experiment, physical parameters
were recorded using instruments, which has an inherent
uncertainty known as accuracy of instruments. The standard

[T L]

uncertainty “u” was computed from [54, 55]:

Table 1 Instrumental

. Sr. no. Device Span Accuracy Standard uncertainty
uncertainty
1 Temperature sensor (PT 100) 0-400 °C +0.1°C 0.0577 °C
2 pH Meter 0-14 pH +0.01 pH 0.0058 pH
3 Anemometer 0-45ms™! +0.03 ms™! 0.0173 ms™!
4 TDS meter 0-99.9 ppm +0.01 ppm 0.0058 ppm
5 Solar PV cell 0-2500 W m™2 +1Wm™ 0.5773 W m™2
6 Measuring cylinder 0-100 mL +1mL 0.5773 mL
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a
u=—
V3
where a =instrument accuracy. An accuracy of instrument
was obtained from the data book of instruments.

Results and discussion

The first set of experiments were conducted to compare
the total yield and efficiency of the still with 0.1% concen-
tration of Al,O5 nanoparticles and the still without Al,O;
nanoparticles and with the glass covers facing North—South
and East—West directions. The observations for the system
parameters were recorded for 30 mm, 20 mm and 10 mm
water depths in basin for both stills on hourly basis. The
ground water had TDS of 740 ppm and pH of 6.5. After
experiment, the TDS of 114 ppm and pH of 7.0 were
obtained for distilled water.

For glass covers oriented towards North—South direction,
Figs. 5a, 6a and 7a represent the hourly variation in glass
cover, water, basin and ambient temperature of still without
Al,O; nanoparticles for 30 mm, 20 mm and 10 mm water
depths, respectively, whereas Figs. 5Sb, 6b and 7b represent
that for the still with 0.1% concentration of Al,O; nanoparti-
cles. From observations, the temperature of basin and water
was achieved to be higher with the reduction of mass of
water in basin for both the stills. Because of reduced mass of
water at lower depth of water, temperature of various com-
ponents of both the stills was obtained higher. Compared to
the still without Al,O; nanoparticles, temperature of glass
cover, basin and water was achieved to be higher for the still
with Al,O; nanoparticles. Further, the temperature of water
in solar still having Al,O; nanoparticles remains higher than
basin temperature. The reason was the use of nanoparticles
enhances the energy storage capacity that absorb and store
the higher amount of solar energy and delivers to the water
in basin, which results in higher temperature of water. Fur-
ther, the performance of still depends upon the temperature
of various components of still and the heat transfer among
the basin and water [3].

Figure 8a—c represents hourly change in solar radia-
tions and comparison of distilled yield at water depth of
30 mm, 20 mm and 10 mm for the still with and without
Al,O5 nanoparticles, respectively. The distillate output of
1120 mL m™2, 1221 mL m™? and 1252 mL m™* at water
depth of 30 mm, 20 mm and 10 mm was obtained from
the still with nanoparticles, respectively, whereas distillate
output for the still without nanoparticles was 938 mL m~2,
950 mL m~2 and 989 mL m~2 for 30 mm, 20 mm and 10 mm
water depths, respectively. Compared to the still without
nanoparticles, higher yield of 19.40%, 28.53% and 26.59%
was achieved from the still with nanoparticles at 30 mm,

@ Springer

(a) Water depth - 30 mm, Without Al,0O5 nanoparticles
65

60 -
554
o
> 50
—
2
s 451
[}
oL
£ 40
o
[
354
30
25
(=3 (=3 (=3 (=1 (=3 =3 (=3 (=1 (=3 [=3 (=3
S S S S S S S S S S S
o0 (=) [=] — o o < wy N o~ o0
g 2 2 =Z & o ¥ =2 2 & 2
Time/h

—@— Basin temperature e« 4« Water temperature

—A — Average glass cover temperature B Atmospheric temperature

b) Water depth - 30 mm, With Al,O, nanoparticles
( 203
65

60
55
I
g 50
S 45
8
g 40
(]
F
35
30
25
=3 =3 =3 =3 =3 =3 =3 =3 =3 =3 =3
(=} (=} (=} (=} (=} (=} (=} (=} (=} (=} (=}
% =N S — S ) < o) ) ~ )
3 3 = = = = = = et — =
Time/h

—@— Basin temperature  + &=« Water temperature

—A — Average glass cover temperature B Atmospheric temperature

Fig.5 Variation in temperatures for the still a without and b with
Al,O; nanoparticles and the glass covers oriented towards North—
South direction (30 mm water depth)

20 mm and 10 mm water depths, respectively. The mixing
of nanoparticles with water enhances the heat transfer char-
acteristics and evaporative properties of mixture. Further,
the addition of nanoparticles in water enhances the ther-
mal conductivity and convective heat transfer coefficient of
water. Therefore, ability of evaporation and condensation is
improved in still with nanoparticles, resulting in enhance-
ment of productivity. Compared to the still without Al,O;
nanoparticles, uniform and effective heat transfer occurs
along the surface of water with the use of nanoparticles,
which results in higher distillate output in the still with
Al,O5 nanoparticles. Further, nanoparticles store the higher
and excess amount of solar energy during the sunshine hours
and that was liberated during the off-shine duration, which
enhances the distillate output for the still with nanoparti-
cles. Figure 9 shows the comparison of efficiency of the
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(a) Water depth - 20 mm, Without Al,0O5 nanoparticles
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(b) Water depth - 20 mm, With Al,O; nanoparticles
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Fig.6 Variation in temperatures for the still a without and b with
Al,O; nanoparticle and the glass covers oriented towards North—
South direction (20 mm water depth)

still with and without nanoparticles at the water depth of
30 mm, 20 mm and 10 mm and for the glass covers oriented
towards North—South directions. Compared to still without
nanoparticles, an increment of 18.91%, 27.17% and 24.66%
in efficiency was obtained for still with nanoparticles at the
water depth of 30 mm, 20 mm and 10 mm, respectively.
For the glass covers facing East—West direction, Figs. 10a,
11a and 12a represent the hourly variation in glass cover,
water, basin and ambient temperature of still without Al,O,
nanoparticles for 30 mm, 20 mm, 10 mm water depths,
respectively, whereas Figs. 10b, 11b, 12b represent that for
still with 0.1% concentration of Al,O; nanoparticles. The
trend observed for still with glass covers facing East—West
direction was similar to the trend obtained in still with glass
covers facing North—South direction. Figure 13a—c repre-
sents hourly change in solar radiations and comparison of

(a) Water depth - 10 mm, Without Al,0 nanoparticles
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(b) Water depth - 10 mm, With Al,05 nanoparticles
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Fig.7 Variation in temperatures for the still a without and b with
Al,O; nanoparticle and the glass covers oriented towards North—
South direction (10 mm water depth)

distilled yield at water depth of 30 mm, 20 mm and 10 mm
for still with and without Al,O; nanoparticles, respectively.
The distillate yield obtained from the still with nanoparti-
cles was 1092 mL m™2, 1080 mL m~* and 1230 mL m™> for
the 30 mm, 20 mm and 10 mm water depth, respectively,
whereas the distillate output from the still without nano-
particles was 914 mL m~2, 933 mL m~2 and 967 mL m~2
for the 30 mm, 20 mm and 10 mm water depths, respec-
tively. Compared to still without nanoparticles, higher yield
of 19.48%, 15.76% and 27.20% was achieved from the still
with nanoparticles at 30 mm, 20 mm and 10 mm water
depths, respectively. Figure 14 shows the comparison of
efficiency of the still with and without nanoparticles at the
water depth of 30 mm, 20 mm and 10 mm and for the glass
covers oriented towards East—West directions. Compared to
still without nanoparticles, an increment of 19.44%, 15.24%

@ Springer



906 K.V. Modi et al.

Fig. 8 Hourly variation in solar (a) Water depth - 30 mm, North - South orientation
radiation and distillate yield for o 2504 - 1400

the still with and without Al,O5
nanoparticles and for the glass
covers oriented towards North—
South direction: a 30 mm, b
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Fig.9 Efficiency of the still with and without Al,O; nanoparticles
and the glass covers oriented towards North—South direction (30 mm,
20 mm and 10 mm water depths)

and 23.25% in efficiency was obtained for still with nano-
particles at the water depth of 30 mm, 20 mm and 10 mm,
respectively.

From first set of experiments, higher productivity and
efficiency were obtained for the solar still with glass covers
oriented towards North—South direction. Further, percent-
age increment in the distillate output and efficiency were
observed higher at water depth of 20 mm and 10 mm com-
pared to 30 mm in still with Al,O5 nanoparticles and for the
glass covers oriented towards North—South direction. There-
fore, the second set of experiments were conducted at water
depth of 20 mm and 10 mm in basin with 0.1% concentration
of CuO nanoparticles and without nanoparticles and for the
glass covers oriented towards North—South directions.

Figures 15a and 16a represent the hourly variation in
glass cover, water, basin and ambient temperature of the
still without CuO nanoparticles for the 20 mm and 10 mm
water depths, respectively, whereas the Figs. 15b and 16b
represent that for the still with 0.1% concentration CuO
nanoparticles. For second set of experiments, similar trend
in variation of various temperatures has been found as
observed in first set of experiments. Compared to still with
Al,05 nanoparticles, 77.31% rise in average temperature of
water was achieved for the still with CuO nanoparticles at
water depth of 10 mm and for glass covers oriented towards
North—South direction. The reason may be: enhancement in
thermal conductivity and heat transfer properties was higher
in the still with CuO nanoparticles because of higher ther-
mal conductivity of copper (Cu). Figure 17a, b represents
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Fig. 10 Variation in temperatures for the still a without and b with
Al,0O5 nanoparticles and the glass covers oriented towards East—West
direction (30 mm water depth)

the hourly variation of solar radiations and the comparison
of distillate output at the water depth of 20 mm and 10 mm
from the still with and without CuO nanoparticles, respec-
tively. The distillate output obtained from the still with nano-
particles was 1554 mL m~2 and 1585 mL m~2 at the water
depth of 20 mm and 10 mm, respectively, whereas distillate
output for the still without nanoparticles was 982 mL m™>
and 1014 mL m~2 at the water depth of 20 mm and 10 mm,
respectively. Thus, compared to still without CuO nanopar-
ticles, higher yield of 58.25% and 56.31% was obtained at
water depth of 20 mm and 10 mm for the still with nanopar-
ticles, respectively. Compared to still without CuO nano-
particles, an increment of 65.99% and 50.70% in efficiency
was obtained for still with nanoparticles at water depth of

@ Springer



908

K.V. Modi et al.

(a) Water depth - 20 mm, Without Al,0 nanoparticles
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Fig. 11 Variation in temperatures for the still a without and b with
Al,05 nanoparticles and the glass covers oriented towards East—West
direction (20 mm water depth)

20 mm and 10 mm, respectively. The distilled water yield
obtained was higher at water depth of 10 mm than 20 mm,
whereas increment in efficiency was obtained higher at water
depth of 20 mm than 10 mm. Further, distillate output and
efficiency for still with 0.1% concentration of CuO nanopar-
ticles obtained were higher compared to the still with 0.1%
concentration of Al,O5 nanoparticles.

Sahota and Tiwari [19] have studied the effect of vari-
ous concentrations of Al,O; nanoparticles on distillate
yield obtained from passive-type SBDS solar still oriented
towards East—West directions. From results, they have con-
cluded that enhancement of 12.4% was observed in distil-
late output for 0.12% concentration of Al,O; nanoparticles.
Sahota and Tiwari [4, 56, 57] have studied the effect of
various nanoparticles (Al,O5, TiO, and CuO) and con-
centration (0.2%, 0.25% and 0.3%) on distillate output for

@ Springer
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Fig. 12 Variation in temperatures for the still a without and b with
Al,0O; nanoparticles and the glass covers oriented towards East—West
direction (10 mm water depth)

passive-type SBDS solar still oriented towards East—West
directions. From theoretical study, monthly enhancement
of 11.90% in distillate output was obtained for 0.25% con-
centration of Al,O; nanoparticles at 35 kg mass of water in
basin compared to CuO nanoparticles. Further, Sahota et al.
[4, 56, 57] have theoretically achieved 13.50% enhancement
in annual yield for SBDS still with the Al,O; nanoparti-
cles than the CuO nanoparticles and for the orientation of
East—West direction, whereas in the present research work,
daily increment of 27.27% and 26.60% at water depth of
20 mm and 10 mm was obtained with 0.1% concentration of
CuO nanoparticles than Al,O; nanoparticles and for the still
orientation of North—South direction. Further, enhancement
in yield observed in prior studies are: 54.22% for circular fin
SBDS still compared to the square fin SBDS still at 10 mm
water depth [12]; 18.3% for the jute cloth wick pile DBSS
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Fig. 13 Hourly variation in
solar radiation and distillate
yield for the still with and
without Al,O; nanoparticles
and for the glass covers oriented
towards East—West direction:

a 30 mm, b 20 mm, ¢ 10 mm
water depths in basin
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100 ; Comparison of efficiency - East -West direction
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Fig. 14 Efficiency of the still with and without Al,O; nanoparticles
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Fig. 15 Variation in temperatures for the still a without and with b
CuO nanoparticles and the glass covers oriented towards North—
South direction (20 mm water depth in basin)
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(a) Water depth - 10 mm, Without CuO nanoparticles
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Fig. 16 Variation in temperatures for the still a without and with b
CuO nanoparticles and the glass covers oriented towards North—
South direction (10 mm water depth in basin)

still compared to the black cotton cloth wick pile DBSS still
at the 10 mm water depth [11]; 45.8% for the square fin with
wick CSS compared to the simple CSS [58]; and 21.5% with
the corrugated CSS still compared to the simple CSS [59].
In present work, yield enhancement of 56.31% has been
achieved for SBDS still with 0.1% concentration of CuO
nanoparticles.

Economic analysis

The proposed configuration has to be economically viable
for universally implemented on larger scale and for being
accepted by the end users. Economics deals with the return
obtained through the system on certain investment. For
solar applications, cost plays an important role as it can be
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Fig. 17 Hourly variation in solar radiation and distillate yield for the
still with and without CuO nanoparticles and the glass covers ori-
ented towards North—South direction: a 20 mm, b 10 mm water depth
in basin

exploited by the individual users as well as by the industrial
organizations. Hence, economic analysis is the key factor in
promoting use of solar—thermal applications. With the same
aim, economic analysis of present desalination system has
been performed.

The expenditure involved in fabrication of one SBDS
solar still utilized in experiment is given in Table 2. The
maximum yield of 1585 mL m~2 was achieved with the use
of 0.1% concentrated CuO nanoparticle. The payback dura-
tion for system relies upon cost of saline water, construction
cost and operation and maintenance cost. The costs of opera-
tion and maintenance and brackish water procurement are
negligible. Considering average sunny days for location in a
year as 250 days and cost of distilled water as X20/1,

Table 2 Fabrication expenditure of single solar still

Sr. no. Narration of items Expenses (X)
1 GI sheet 500
2 Plywood 200
3 Fabrication cost 800
4 CuO nanoparticles cost 2000
5 Other expenditure 1000

Total 4500
The payback duration

Capital Cost

~ Average sunny days in experiment region X Cash flow
=4500/(250 x 20 x 1.585)
= 0.5678 year ~ 208 days

Conclusions

Authors have carried out the experimentations to study the
impact of solar still orientation, water depths and different
nanoparticles on yield of SBDS solar still. In study, two
identical SBDS solar stills were developed and experiments
were conducted at location (20.61° N, 72.91° E, Government
Engineering College, Valsad). The first set of experiments
were conducted to study the impact of 0.1% concentration of
Al,0O5 nanoparticles, still orientation (North—South direction
and East—West direction) and water depths (30 mm, 20 mm
and 10 mm) on the performance of SBDS solar still. For the
still glass covers oriented towards North—South direction,
higher yield of 19.40%, 28.53% and 26.59% was obtained
at water depth of 30 mm, 20 mm and 10 mm for the still
with nanoparticles, respectively, whereas higher yield of
19.48%, 15.76% and 27.20% was obtained at water depth
of 30 mm, 20 mm and 10 mm water depth for the still
with nanoparticles and for glass covers positioned facing
East—West directions. Based on results of first set of experi-
ments, second set of experiments were conducted to study
the effect of 0.1% concentration of CuO nanoparticles and
water depth (20 mm and 10 mm) on yield and for glass cov-
ers oriented towards North—South directions. An enhance-
ment of 58.25% and 56.31% in distillate output was achieved
at 20 mm and 10 mm water depths for the still with CuO
nanoparticles, respectively, compared to the still without
nanoparticles. Compared to still with 0.1% concentration of
Al,O5 nanoparticles, higher distillate yield of 27.27% and
26.60% was obtained at 20 mm and 10 mm water depths for
the still with 0.1% concentration of CuO nanoparticles and
for glass covers oriented towards North—South directions.
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Thus, the performance of SBDS still with CuO nanoparticles
was achieved higher than the SBDS still with Al,O, for the
location.
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