Iranian Journal of Chemistry and Chemical Engineering (IJCCE)

Experimental studies on use of nanofluid and glass cover cooling on the

performance of hemispherical solar still: Energy and Exergy Approach

“Mohammed EI Hadi Attia®, Murshitha Shajahan?, Muthu Manokar®*, Ahmed Kadhim Hussein*, Elimame

Elaloui®, Hussein Togun®, Lioua Kolsi’®

LPhysics Department, Faculty of Exact Sciences, University of EI Oued, 3900, El Oued, Algeria,
attiameh@gmail.com
2Department of Electronics and Instrumentation Engineering, B.S. Abdur Rahman Crescent Institute of Science
and Technology, Chennai 600048, Tamil Nadu, India. murshitha@crescent.education
“SDepartment of Mechanical Engineering, B.S. Abdur Rahman Crescent Institute‘of Science and Technology,
Ch8ennai 600048, Tamil Nadu, India, a.muthumanokar@gmail.com
4 Mechanical Engineering Department, College of Engineering, University of Babylon - Babylon City - Hilla -
Irag, E-mail addresses: ahmedkadhim7474@gmail.com
SLaboratory of the application of materials to the environment, water, and energy (LR21ES15), Faculty of
Sciences of Gafsa, Gafsa University, Tunisia. limam.aloui@fsgf.u-gafsa.tn
6 Biomedical Engineering Department, University of Thi-Qar, 64001 Nassiriya, Iraq
Email: htokan_2004@yahoo.com; hussein-tokan@utg.edu.iqg
" Department of Mechanical Engineering, College of Engineering, University of Ha’il, Ha’il City 2440, Saudi
Arabia (E-mail: lioua-enim@yahoo.fr )
8 Laboratory of Metrology and Energy Systems, Department of Energy Engineering, University of Monastir,
Monastir 5000, Tunisia”

*Email: a.muthumanokar@gmail.com

Abstract

The impact.of using TiO2 nano-coated basin and glass cover cooling at different concentrations of 0.1, 0.2, and
0.3% on Traditional Hemispherical Solar Still (THSS) was researched at EI Oued City, Algeria. From the research
output, itiis found that by adding nano-coated basin at concentrations of 0.1, 0.2, and 0.3% in the HSS, the output
distilled water.of 4.07, 4.54, and 4.96 kg was obtained. The use of nano-coated basin at concentrations of 0.1, 0.2,
and 0.3% with glass cooling in the HSS produced the output distilled water of 4.9, 5.47, and 6.12 kg, respectively.
Furthermore, energy and exergy efficiencies are calculated. The diurnal energy efficiency obtained for the HSS
with a nano-coated basin at concentrations of 0.1, 0.2, and 0.3% is found as 33.24, 37.61, and 41%, while the
daily exergy efficiency is 2.52, 3.03, and 3.47%, respectively. Similarly, the daily energy efficiency obtained for
the HSS with a nano-coated basin at concentrations of 0.1, 0.2, and 0.3% with glass cooling are found to be 40.34,

46 and 51%, while the daily exergy efficiency is 3.32, 4.07, and 4.71%, respectively.

Keywords: Hemispherical solar still; distillation; Nano-coating; forced condensation; cover cooling; exergy
analysis
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1. Introduction

Water is important for all living things, including living beings, plants, animals, and people. One of the most
serious difficulties that human civilization has faced, particularly in third-world countries, is choosing who can
provide safe, clean water at a reasonable cost [1-2]. Desalination of water has emerged as a scientifically and
economically practical solution to the problems connected with increasing water scarcity in many parts of the
world [3-4]. In the last ten years, solar distillation systems have received a lot of interest from scientists and
academics to convert sea or brackish water into high-purity freshwater utilizing clean and free solar energy [5-6].
Distillation requires the use of solar energy to heat salt water that can be supplied from solar power or any other
low-cost source. Solar energy is a highly efficient energy source, a clean energy and alternative to fossil fuels, and
is good for the environment for a range of applications such as water heating, and distillation [7-20]. The working
principle is relatively basic, and it is quite similar to the well-known evaporation-condensation cycle that occurs in

nature, such as when rain falls. Survey papers on solar distillation have been referred to [11-18].

Researchers are trying to find new ways to improve SS performance, such asicumulative distillate yield, expanding
surface area, adding energy storage materials, and inventing unique designs [19-24]. All of these variables,
according to their findings, have a considerable impact on SS productivity, particularly during the spring and
winter seasons. Ismail [25] employed a hemispherical SS to improve the quantity of solar energy captured by the
SS and decrease the shadow of the SS walls. The efficiency and productivity of a hemispherical design are linearly
related to the depth of the water. Despite the enormous number of articles published on various SS styles, the
number of works on HSS is now very limited. Under. the. climate circumstances in Coimbatore (India),
Arunkumar et al. [26] reported the performance of the hemispherical top cover SS where the water flowing to
cool the still cover was examined in the first:case: In another case, the flow was not taken into consideration. It
was concluded that, by cooling the cover.of the HSS, the efficiency was enhanced from 34% to 42%. Raju et al.
[27] explored the prospect of increasing the efficiency of an HSS by combining it with evacuated tubes, a parabolic
reflector concentrator, and heat pipes in.Bangalore City’s outdoor settings (India). On the other hand, Hijleh Abu
[28] and Hijleh Abu‘& Mousa.[29] investigated the performance of HSS by using a water layer over a single
glass HSS. They.used the *film cooling parameters," which resulted in a 20% improvement in SS efficiency when
used for evaporation from the film, compared to just 6% when not utilized for evaporation. Mohd Zaheen et al.
[30] have numerically evaluated the influence of top cover cooling on the performance of HSS. Water flow over
the SS reduces cover/temperature, enhancing the system's daily yield and resulting in a 34 to 42% increase in HSS

efficiency.

The addition of nanoparticles is one of the techniques to increase the SS's output. Sahota and Tiwari [31] used
Al;0O; and Sahota and Tiwari [32] used TiO;. in a double slope SS: The use of nanofluids in double slope SS
enhanced the accumulated distillate generated hourly and daily, according to their findings. Madhu et al. [33]
used Al;O3, TiO,, and CuO as nanofluids in the stepped SS. Kabeel et al. [34] investigated a basin-type SS with
a black-painted Cu,O4 nanoparticle absorber plate. Kabeel et al. [35] investigated the external heat exchanger and
the use of Al,O3 nanofluids on solar distillation yield. The addition of an external heat exchanger enhances the
output by 53.2%. The combined effect of the condenser and Al,O3 nanofluids in SS enhances the output by 116%.
In an experimental context, Kabeel et al. [36] examine the impact of a fan and the addition of 0.2 percent Al.O3

nanofluids on the yield of a SS. The combined effect of the operating fan and nanofluids enhances productivity



by 125 percent. Shanmugan et al. [37] examined the performance of a SS using Al,Os. Subhedar [38] examined
the influence of Al,O3 nanoparticles in a SS at varying volume concentrations. The researchers discovered that a
volume concentration of 0.1 percent Al,Os nanoparticles increases productivity when compared to 0.05 percent

Al>O3 nanoparticles.

Kabeel et al. [39] published the impact of water depth on a pyramid SS coated with TiO nano black paint. They
employed a new SS with a basin coated with TiO, nanoparticles mixed with black paint to increase the SS output.
The results found that the distilled yield was improved by about 6.1% by using TiO nano black paint. Shanmugan
et al. [40] investigated experimentally a SS with a TiO2 nano bed for natural freshwater innovation under a variety
of operating conditions, including coating the basin liner with TiO, nanoparticles mixed with Cr,Oz and various
hybrid bond adsorption combinations. The daily yield of the SS was 7.89 and 5.39 L during the summer and
winter, respectively. Shayanmehr & Mahdavi investigated the CSS using spraying water and a fog condenser [41].
Norouzi & Bozorgian [42] utilized the waste exhaust gas in the desalination plant. The CSS generated a daily
yield of 4.4 kg using a black cotton wick [43]. Bahrami et al. 2019 used CSS with a dish.concentrator to obtain a
yield of 75 kg per day [44]. Fallahzadeh et al. investigated the novel portable active still [45].

Parikh et al. [46] employed TiO;and a black die mixture as a base paint to determine the performance of the SS
at 20 and 40% weight by weight in a combination of TiO, materialsiand a black die mixture. They discovered that
a 20 percent and 40 percent mixture increased productivity by 11-18 percent and 20-23 percent, respectively, as
related to conventional SS. Nanoparticles were used in PCM for improving heat energy storage capacity [47-53]

and few researchers used nanoparticle coatings in SS basins [54-56].
Novelty statement:

A review of recent advances and development of HSS was referred to [6]. From the review [6] it is found that
only a few manuscripts were reported on the use of nano-particles and glass cooling. The freshwater yield from
HSS using nano-TiO; has not been investigated yet, as evidenced by the above-mentioned works of literature. As
a result, the objective of this_paper is to investigate improving the productivity of HSS using different

concentrations of hano=TiQz and constant flow cover cooling technique.

2.. Titanium oxide nano-particles preparation method

Sol-Gel is the most process used to synthesize TiO, pure or doped nanoparticles [57 - 61]. The Strober method or

a modified sol-gel route known permit to obtain TiO, mesoporous nanoparticles using a surfactant agent.
2.1 Synthesis of TiO2 nanoparticles in the presence of structuring agents

The synthesis of mesoporous titanium nanoparticles was carried out using a modified sol-gel technique with the
use of structuring agents. The process described in Figure 1 illustrates the different steps taken during the
synthesis. In the first step, the surfactant is solubilized in water to generate the formation of spherical micelles,
then with the addition of hydrolyzed titanium precursor, there will be self-assembly of this precursor around the
micelles formed to obtain titanium nanoparticles. The last step and the elimination of surfactant to form pores

inside an inorganic matrix.
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Fig.1. Schematic illustration of the formation of mesoporous titanium-oxide spheres.

The synthesis protocol is as follows: Typically, 200 mg of surfactant and 60 mL of distilled water were mixed
under agitation until complete dissolution. Then, a solution containing 1 mL of Ti(OBu)4 precursor and 20 mL of
ethanol was added drop by drop to the first solution, stirring strongly at 40°C. Thus, the milky white solution
formed has been kept in agitation for 12 h and then collected by centrifugation for 15 min. Subsequently, the
elimination of the surfactant was carried out by the extraction method using an alcoholic solution of ammonium

nitrate NHsNO3 (6 g/L) then wash three times with water.and ethanol. Finally, the air-dried product is recovered.
2.2 Characterization of TiO2 nanoparticles

Using a Hitachi S- 2600N, Transmission Electron=Microscopy (TEM) images were produced (employing a
detector made of secondary electrons). The particles were mixed in ethanol before being put onto copper grids
covered in porous carbon sheets for:TEM:.examination. Using a Micromeritics Autochem ASAP 2020 V3.00H
machine, measurements of nitrogen adsorption-desorption at 77 K were made to determine the specific surface
area and pore structure parameters of the materials. Measurements of X-ray diffraction (XRD) were made using
a PANalytical X'Pert MPD:(Philips 1710). The Cu Ka radiation was used to gather the XRD patterns.

221 . TEM

TEM images are shown in Figure 2. They reveal the presence of a large quantity of very small particles with an
average size of about 50 nm while constituting a disordered network which is a typical feature of mesoporous

structures.
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Fig«2. TEM images of TiO, samples at 200 nm and 50 nm

2.2.2. Desorption/ adsarption of liquid N2 at 77 K

Figure 3'illustrates the adsorption/desorption isotherms of liquid nitrogen at 77 K of the synthesized sample. The
isotherm obtained is a Type IV characteristic of mesoporous materials according to the IUPAC classification. In
addition, the increase in adsorption is rapid at pressures below 0.4 which implies that the particles have wide
pores. This can also be confirmed by the observation of hysteresis type H1, characteristic of mesopore, which is

because the desorption of the nitrogen condensed by capillarity in the pores is not reversible.



700

(]

o

o
1

Quantity Adsorbed (cm®.g”.STP

. . . , . :
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (p/p°)

Fig.3. The adsorption/desorption isotherms of liquid nitrogen at 77:K of TiO, nanoparticle

The specific surfaces obtained by the BET method, as well as the pore size distribution (pore diameter and
volumes) obtained by the BJH method (Barett-Joyner-Halenda).are presented in Table 1.
Table 1: The specific surfaces obtained by the BET method.

Sample SBET (m2.g?) D pores (nm) V pores (cm3.g™)
TiO, 437 8.54 1.01

Nanoparticle

223 XRD
The X-ray diffraction of the sample is shown in Figure 4. It shows that all peaks have been well-defined and can
be observed. In addition, the phase mainly formed for all prepared materials is anatase. The peaks located at 20 =
{25,3; 37,8; 48,1; 54,0} correspond to the reticular planes (101), (004), (200), (105), and (211) according to the
JCPDS files-(Joint Committee of Powder Diffraction Standards, Map No: 21-1272).
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3. Experimental setup

The performance of the HSS using TiO; nanoparticles at varying concentrations with constant flow cover cooling
was experimented. Three hemispherical basins made/of wood with a 50 mm thickness, each with a surface area
of 0.1 m2. Each basin was 40 mm in depth and 380.mm.in diameter. To better capture solar radiation, the interior
surfaces of the HSS have been coated with black silicon. The HSS was 400 mm in diameter and was covered with
a 3 mm thick plastic cap hemispherical cover as indicated in Figure 5. Figure 6 represents a picture of the
experimental setup. The three:HSS were experimented on for three days in the same climate of EI Oued city
Algerian. The TiO nanoparticles' specifications are listed in Table 2. Three experiments were carried out in this
research using three different TiO, concentrations. The first experiment compares three distillers: HSS, HSS with
0.1% of nano TiOz.coated basin, and HSS with 0.1% of nano TiO; coated basin with cover cooling a constant
flow at 2.5 L/h. The second experiment compares three distillers: HSS, HSS with 0.2% of nano TiO- coated basin,
and HSS with 0.2% of nano TiO; coated basin with cover cooling a constant flow at 2.5 L/h. The Third experiment
compares three distillers: HSS, HSS with 0.3% of nano TiO; coated basin, and HSS with 0.3% of nano TiO;
coated basin:with cover cooling a constant flow at 2.5 L/h.
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Fig. 5. Experimental trial rig schematic diagram.

Table 2: The TiO2 nanoparticles' specifications

Specifications Units TiO2 Nanoparticles
Thermal conductivity [W/(m.K)] 8.4

Density [g/cm?] 4.23
Specific heat, Cp [J/kg.K] 692
Melting Point ['C] 1843
Boiling Point [C] 2972
Average particles size [nm] 50

Appearance White powder




Fig. 6. Photograph of tests setup.

The experiments were conducted in three various situations, as.displayed in Table 3.

Table 3: Types of experiments conducted.

SS3

Experiment SS1 SS2

HSS with 0.1% of nano
Day-1 THSS ) .

TiO; coated basin

HSS with 0.2% of nano
Day-2 THSS . .

TiO, coated basin

HSS with 0.3% of nano
Day-3 THSS

TiO; coated basin

HSS with 0.1% of nano TiO;
coated basin with cover cooling
HSS with 0.2% of nano TiO;
coated basin with cover cooling
HSS with 0.3% of nano TiO;

coated basin with cover cooling

The examinations tested for 10 hours, with a saltwater depth of 1.0 cm in all HSS. Table 4 records measurement

instruments, as well as their accuracy and standard errors.

Table 4: Instruments, accuracy, and standard uncertainties.

Instrument Accuracy Range Standard uncertainty
Solar power meter +10 W/m? 0-1999 W/m? 5.77 W/m?
Thermocouple +0.1°C —100-500 °C 0.06 °C
Graduated cylinder +1mL 0-250 mL 0.6 mL

4, Results and discussions



4.1 performance of THSS, HSS with 0.1% of nano TiO: coated basin, and HSS with 0.1% of nano TiO:

coated basin with cover cooling

The impact of using nanomaterial with different concentrations in HSS is being investigated. The real-time
experiments were performed for three different days for various concentrations of nano-TiO; with constant flow
cover cooling to improve the output of HSS. Figure 7 represents the intermittent variation of solar radiation (It),
ambient temperature (T.), Water Temperature (Tw), and glass Temperature (Tg) on day-1. The solar radiation
reached its maximum around noon on all three days. The average solar radiation of day-1 is 682.90 W/m?. The
average T, of day-1 was 32.3°C. Which is comparatively high and it means the sunny conditions of the day. The
difference between Ty and Tq in the THSS, HSS with 0.1% of nano TiO; coated basin, and HSS with 0.1% of
nano TiO; coated basin with cover cooling is in the range of 3 to 10°C, 5 to 11°C and 6 to 12°C, separately.” Since
the temperature difference between Ty and T4 of HSS with 0.1% of nano TiO- coated basin with cover cooling is
more, the yield was higher in this case as compared to other cases. The average Tw of THSS, HSS with 0.1% of
nano TiO; coated basin, and HSS with 0.1% of nano TiO, coated basin with cover cooling are 48.9°C, 50.9°C,
and 49.8°C, separately. The average T4 of THSS, HSS with 0.1% of nano TiOz coated basin, and HSS with 0.1%
of nano TiO; coated basin with cover cooling is 43.3°C, 44.10°C, and 41.4°C, respectively. The average
temperature variation between Tyand T4 of THSS, HSS with 0.1% of nano TiO; coated basin, and HSS with 0.1%
of nano TiO; coated basin with cover cooling is 5.6, 6.8, and 8.4°C, respectively. it's inferred that the average Tw
and T4 of HSS with 0.1% of nano TiO; coated basin with cover cooling is 49.80°C and 41.40°C which is 1.1 °C
and 2.7 °C lower than the average Twand Ty of HSS with of nano TiO, coated basin. The drop in temperature is
due to the cooling effect of the HSS cover with 0.1% of nano TiO, coated basin with cover cooling. According
to the comparison tests, utilizing nano TiO, improves the HSS's performance. The surface area of the HSS with
0.1% of nano TiO, coated basin, and HSS with 0.1% of nano TiO, coated basin with cover cooling is higher than
that of the THSS. Therefore, HSS with TiO nanoparticles has a higher Tw than the Tw of the THSS.
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Fig. 7. Variations of It, Ta, Tw, T 0f SS on day-1

Figure 8 shows the variations of the Evaporative Heat Transfer Coefficient (EHTC) and productivity of
THSS, HSS with 0.1% of nano.TiO- coated basin, and HSS with 0.1% of nano TiO, coated basin with cover
cooling. The maximum EHTC of THSS, HSS with 0.1% of nano TiO; coated basin, and HSS with 0.1% of nano
TiO; coated basin with cover cooling are 36.94, 43.35, and 48.61 W/m?K, respectively. The maximum hourly
productivity of THSS, HSS with 0.1% of nano TiO; coated basin, and HSS with 0.1% of nano TiO; coated basin
with cover cooling are 0.87,.1.05, and 0.98 kg, separately. The daily yield of THSS, HSS with 0.1% of nano TiO;
coated basin, and HSS with 0.1% of nano TiO; coated basin with cover cooling are 3.70, 4.79, and 5.48 kg,
individually. The diurnal average EHTC of HSS with 0.1% of nano TiO; coated basin and HSS with 0.1% of nano
TiO; coated basin with cover cooling is 30.18 and 29.21 W/m?K, respectively which is higher than the THSS.
The maximum hourly yield produced by the HSS with 0.1% of nano Tio, coated basin is 1.05 kg. Higher EHTC
is found from the graph due to the high temperature in HSS with 0.1% of nano TiO coated basin compared with
THSS. Higher EHTC tends to maximize yield. The nano TiO2 on the HSS increases Tw, EHTC, and yield
compared to the THSS because the nano-coated absorber plate enhances
the thermal conductivity and surface area of the absorber plate.
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Figure 8. Variations of EHTC and yield of SS on day-1

Figure 9 shows the energy and.exergy analysis of THSS, HSS with 0.1% of nano TiO, coated basin, and
HSS with 0.1% of nano TiO; coated basin with cover cooling. The intermittent variations of exergy for the THSS,
HSS with 0.1% of nano TiO- coated basin, and HSS with 0.1% of nano TiO- coated basin with cover cooling are
calculated as the ratio’of exergy.output to exergy input. The highest energy and exergy of THSS are 53.89 and
3.52%, separately."The highest energy and exergy of HSS with 0.1% of nano TiO, coated basin are 65.41 and
4.67%, correspondingly. The highest energy and exergy of HSS with 0.1% of nano TiO, coated basin with cover
cooling are 61.08 and.4.16%, correspondingly. The diurnal average value of energy and exergy of THSS is 28.99
and 1.73%, correspondingly. The daily average value of energy and exergy of HSS with 0.1% of nano TiO; coated
basiniis 42.07. and 2.69%, separately. The diurnal average value of energy and exergy of HSS with 0.1% of nano
TiO2 coated basin with cover cooling is 48.45 and 2.84%, respectively. The highest daily average value of energy
and exergy of HSS with 0.1% of nano TiO; coated basin with cover cooling is 6.38 and 0.15% higher than HSS
with 0.1% of nano TiO; coated basin and 19.46 and 1.11% higher than the THSS. The maximum difference
between Twand Tg in the HSS with 0.1% of nano TiO coated basin with cover cooling leads to higher yield and
hence increases the exergy and energy when compared to THSS and HSS with 0.1% of nano TiO- coated basin.
The usage of nano TiO; coated basin and nano TiO> coated basin with cover cooling in HSS increases the surface
area of the basin and results in a higher yield and efficiencies. These results exhibited the efficiency of the

proposed modifications to enhance the output of the HSS.



day-1

l ' , . , . , . : . 12
W Energy Efficiency for THSS
| |-®@— Energy Efficiency for 0.1% of nano TiO2 coated basin
—&— Energy Efficiency for HSS with 0.1% of nano TiO2 coated basin with cover cooling
- W Exergy Efficiency for THSS
100 1| ® Exergy Efficiency for 0.1% of nano TiO2 coated basin
- A Exergy Efficiency for HSS with 0.1% of nano TiO2 coated basin with cover cooling
-9
— _
Q) E3 NS
S A =
75 . -
> o
(3 ) c
() 3 N kD)
B4 4 6 -
kS AT TN A )
& A S el FS
W 90+ R LN . . w
. " ® i >‘
a s ® Bl A @ [e))
= ’ ‘m S =~
) e’ = e )
. -3 X
< ‘. ‘"
w25 . 5] 3 w
4 =m " -
> . |
- A |
0 ; R ’ | O
T T T T T T T

10 12 14 16 18
Time in hrs

@ -

Figure 9. Variations of energy-and exergy efficiency of SS on day-1

4.2 performance of THSS, HSS with 0.2% of nano TiOz coated basin, and HSS with 0.2% of nano TiO:
coated basin with cover cooling

Figure 10 represents the intermittent variation of solar radiation, Ta, Tw, and T on day-2. The average Ta
of day-2 was 33°C which is comparatively-higher than that of day-1. The difference between Twand Tg in the
THSS, HSS with 0.2% of nano_TiO- coated basin, and HSS with 0.2% of nano TiO, coated basin with cover
cooling is in the range of 1'to 10 °C, 5 to 13 °C, and 6 to 16 °C, separately. The higher temperature difference
between Ty and Ty leads toomaximum yield. As per the experiment, the temperature difference between T, and
Ty is more in the HSS with 0.2% of nano TiO; coated basin with cover cooling hence yield produced was more.
The average solar radiation of day-2 is 684.2 W/m?.  The average T, of THSS, HSS with 0.2% of nano TiO;
coated basin, and"HSS with 0.2% of nano TiO. coated basin with cover cooling is 48.5, 53.2, and 52.2°C,
separately. The average T4 of THSS, HSS with 0.2% of nano TiO, coated basin, and HSS with 0.2% of nano TiO;
coated basin with cover cooling is 42.7, 44.5, and 41.3°C, separately. The average difference between Twand Ty
of THSS, HSS with 0.2% of nano TiO; coated basin, and HSS with 0.2% of nano TiO, coated basin with cover
cooling is 5.8°C, 8.7°C, and 10.9°C, respectively. It’s inferred from Figure 10, that the average Twand T4 of HSS
with 0.2% of nano TiO; coated basin with cover cooling is 52.2°C and 41.3°C which is 1°C and 3.2°C lower than
the average Twand T4 of HSS with of nano TiO; coated basin. The drop in temperature is due to the cooling effect
of the HSS cover with 0.2% of nano TiO; coated basin with cover cooling. But the difference between Twand Ty
is more in the HSS with 0.2% of nano TiO; coated basin with cover cooling hence maximum evaporation rate and

maximum yield. According to the comparison tests, utilizing nano TiO, improves the HSS's performance. From



the day-2 experiments also, it is proven that the surface area of HSS with 0.2% of nano TiO; coated basin, and
HSS with 0.2% of nano TiO, coated basin with cover cooling is higher than that of the THSS. Therefore, HSS
with TiO nanoparticles has a higher Tw than the Tw of the THSS.
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Fig. 10. Variations of solar radiation, Ta, Tw, Tq 0f SS on day-2

Figure 11 shows the variations of the EHTC and productivity of THSS, HSS with 0.2% of nano TiO-
coated basin, and HSS with 0.2% of nano: TiO; coated basin with cover cooling. The maximum EHTC of THSS,
HSS with 0.2% of nano TiO, coated basin, and HSS with 0.2% of nano TiO; coated basin with cover cooling are
35.45, 45.15, and 52.84 W/m?K, correspondingly. The maximum hourly yield of THSS, HSS with 0.2% of nano
TiO; coated basin, and HSS with 0.2% of nano TiO, coated basin with cover cooling is 0.83, 1.0,6, and 1.10 kg,
correspondingly. The diurnal yield of THSS, HSS with 0.2% of nano TiO; coated basin, and HSS with 0.2% of
nano TiOz coated basin with cover cooling is 3.75, 5.39, and 5.98 kg, correspondingly. The daily average EHTC
of HSS with 0.2% of nano TiO- coated basin and HSS with 0.2% of nano TiO- coated basin with cover cooling is
45.15 and 52.84 W/m?K, respectively, higher than the THSS. Higher EHTC is found from the graph due to the
high temperature in HSS with 0.2% of nano TiO, coated basin compared with THSS. Higher EHTC tends to
maximize the yield. The nano TiO, on the HSS increases Tw, EHTC, and yield compared to the THSS
because the absorber plate enhances the thermal conductivity and surface area of the absorber plate.
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Figure 12 shows the energy and exergy analysis-of THSS, HSS with 0.2% of nano TiO- coated basin,
and HSS with 0.2% of nano TiO; coated basin with cover cooling. The diurnal average value of energy and exergy
of THSS is 29.58 and 1.66%, respectively. The daily average value of energy and exergy of HSS with 0.2% of
nano TiO; coated basin is 48.8 and. 3.40%, carrespondingly. The diurnal average value of energy and exergy of
HSS with 0.2% of nano TiO, coated basin.with cover cooling is 55.61 and 3.71%, individually. The highest daily
average value of energy and exergy of HSS with 0.2% of nano TiO; coated basin with cover cooling is 6.81 and
0.31% higher than HSS with 0.2% of nano TiO; coated basin and 26.03 and 2.05% higher than the THSS. The
maximum difference in temperature between Ty and Ty in the HSS with 0.2% of nano TiO; coated basin with
cover cooling leads to'higher yield and hence increases the exergy and energy when compared to THSS and HSS
with 0.2% 0f nano TiO- coated basin. The usage of nano TiO, coated basin and nano TiO; coated basin with cover

cooling:in HSS rises the surface area of the basin and results in a higher yield and efficiencies.
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Figure 11. Variations of EHTC and yield of SS on day-2
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Figure 12. Variations of energy.and exergy efficiency of SS on day-2

4.3 performance of THSS, HSS with 0.3% of nano TiO2 coated basin, and HSS with 0.3% of nano TiO:
coated basin with cover cooling

Figure 13 represents the intermittent variations of solar radiation, T,, Tw, and T4 on day-3. The average
solar radiation of day-3 is 686.50 W/m?. The'average T, of day-3 was 32.10°C. This is comparatively lower than
day-1 and day-2. The temperature difference between Twand Tgin the THSS, HSS with 0.3% of nano TiO; coated
basin, and HSS with 0.3% ©f nano TiO; coated basin with cover cooling are in the range of 1 to 11°C, 6 to 14°C
and 7 to 17°C, separately.. The higher difference between Ty and T4 leads to maximum yield. As per the
experiment, the temperature difference between Ty and Tg is more in the HSS with 0.3% of nano TiO, coated
basin with cover cooling hence yield produced was more. The average Ty, of THSS, HSS with 0.3% of nano TiO>
coated basin.and HSS with 0.3% of nano TiO; coated basin with cover cooling is 48.4°C, 54.6°C, and 53.2°C
correspondingly. The average T4 of THSS, HSS with 0.3% of nano TiO. coated basin, and HSS with 0.3% of
nano TiO- coated basin with cover cooling are 42.7, 44.5, and 41.2°C, individually. The average temperature
difference between Twand Ty of THSS, HSS with 0.3% of nano TiO; coated basin, and HSS with 0.3% of nano
TiO; coated basin with cover cooling is 5.7°C, 10.1°C, and 12°C. It’s inferred from Figure 13, that the average
Twand Ty of HSS with 0.3% of nano TiO; coated basin with cover cooling is 53.2°C and 41.2°C which is 1.4°C
and 3.3°C lower than the average Twand T4 of HSS with of nano TiO. coated basin. The drop in temperature is
due to the cooling effect of the HSS cover with 0.3% of nano TiO; coated basin with cover cooling. But the
difference between Ty and Tg is more in the HSS with 0.3% of nano TiO2 coated basin with cover cooling hence

maximum evaporation and maximum yield. According to the comparison tests, utilizing nano TiO2 improved the



HSS's performance. From the day-3 experiments, it is proven that the surface area of HSS with 0.3% of nano TiO;
coated basin, and HSS with 0.3% of nano TiO; coated basin with cover cooling is higher than that of the THSS.
Therefore, HSS with TiO2 nanoparticles has a higher Tw than the Tw of the THSS.
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Fig. 13.:Variations of solar radiation, T, Tw, T of SS on day-3

Figure 14 shows the variations of the EHTC and yield of THSS, HSS with 0.3% of nano TiO- coated
basin, and HSS with 0.3% of nano TiO- coated basin with cover cooling. The maximum EHTC of THSS, HSS
with 0.3% ofnano TiO; coated basin, and HSS with 0.3% of nano TiO, coated basin with cover cooling are 39.52,
58.86, and 56.85 W/m?2K; respectively. The maximum hourly yield of THSS, HSS with 0.3% of nano TiO; coated
basin, and HSS with 0.3% of nano TiO, coated basin with cover cooling is 0.86, 1.13, and 1.35 kg,
correspendingly. The diurnal yield of THSS, HSS with 0.3% of nano TiO; coated basin, and HSS with 0.3% of
nano TiO; coated basin with cover cooling is 3.73, 6.13, and 6.96 kg, individually. The diurnal average EHTC
of HSS with 0.3% of nano TiO2 coated basin and HSS with 0.3% of nano TiO; coated basin with cover cooling
is 38.8 and 36.6 W/m?K, respectively, higher than the THSS. The diurnal average yield of HSS with 0.3% of
nano TiO- coated basin with cover cooling is 6.96 which is 0.83 kg higher than HSS with 0.3% of nano TiO;
coated basin and 3.23 kg higher than the THSS. The maximum daily average of EHTC and yield produced by
HSS with 0.3% of nano TiO; coated basin is 58.86 W/m?K and 1.13 kg, respectively. The use of nano-coated
basins at concentrations of 0.1, 0.2, and 0.3% in the HSS improves the output of distilled water by 31.27, 50.24,
and 67.61% as compared to the THSS. Similarly, the use of nano-coated basin at concentrations of 0.1, 0.2, and

0.3% with glass cooling in the HSS improves the output distilled water by 58.08, 81, and 106.73% as compared



to the THSS. Higher EHTC is found from the graph due to the high temperature in HSS with 0.3% of nano TiO2
coated basin compared with THSS. Higher EHTC tends to maximize the yield. The nano TiO2 on the HSS
increases Tw, EHTC, and yield compared to the THSS because the nano-coated absorber plate enhances

the thermal conductivity and surface area of the absorber plate.
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Figure 14. Variations of EHTC and yield of SS on day-3

Figure (15 shows the energy and exergy analysis of THSS, HSS with 0.3% of nano TiO, coated basin,
and HSS with 0.3% of nano TiO- coated basin with cover cooling. The daily average value of energy and exergy
of THSS is 29.47 and 1.77%, respectively. The diurnal average value of energy and exergy of HSS with 0.3% of
nano. TiO> coated basin is 56.01 and 4.32%, correspondingly. The diurnal average value of energy and exergy of
HSS with 0.3% of nano TiO; coated basin with cover cooling is 62.15 and 4.53%, respectively. The highest daily
average value of energy and exergy is produced by HSS with 0.3% of nano TiO; coated basin with cover cooling
is 8.45 and 1.07% higher than HSS with 0.3% of nano TiO, coated basin and 34.54 and 3.7% higher than the
THSS. The maximum difference between Ty and Tg in the HSS with 0.3% of nano TiO, coated basin with cover
cooling leads to higher yield and hence increases the exergy and energy when compared to THSS and HSS with
0.3% of nano TiO; coated basin. The usage of nano TiO coated basin and nano TiO, coated basin with cover

cooling in HSS increases the surface area of the basin and results in a higher yield and efficiencies.
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Figure 15. Variations of energy.and exergy efficiency of SS on day-3

4.4 Comparison of present studies:

Table 5, 6, and 7 summarizes the Comparison of THSS, HSS with different concentrations of nano TiO; coated
basin, and HSS with different concentrations of'nano TiO- coated basin with cover cooling. The yield produced
in THSS is 3.7 kg. But yield by the HSS with'0.1% of nano TiO, coated basin and HSS 0.1% of nano TiO, coated
basin with cover cooling is 4.79 kg and 5.48 kg which are 29.6% and 48.01% more than the THSS. The Energy
and Exergy efficiency of the HSS with 0.1% of nano TiO; coated basin and HSS 0.1% of nano TiO- coated basin
with cover cooling is 42.07, 2.69, and 48.45, 2.69% which are 55.71%, and 64.84% more than the THSS.

Table 5. Comparisonof THSS, HSS with 0.1% of nano TiO: coated basin, and HSS with 0.1% of nano
TiO2 coated basin with cover cooling

THSS MHSS with 0.1% of nano MHSS 0.1% of nano TiO;
TiO; coated basin coated basin with cover
cooling
Yield 3.7 4.79 5.48
% improvement - 29.60 48.01
EHTC 26.35 30.18 29.21
% improvement - 145 10.83




Energy 28.99 42.07 48.45

% improvement --- 45.11 67.10
Exergy 1.73 2.69 2.69
% improvement 55.71 64.84

The yield produced in THSS is 3.75. But yield by the HSS with 0.2% of nano TiO; coated basin and HSS 0.2%
of nano TiO; coated basin with cover cooling is 43.76% and 59.37% more than the conventional THSS. The
Energy and Exergy produced by the HSS with 0.2% of nano TiO- coated basin and HSS 0.2% of nano TiO,coated
basin with cover cooling is 48.80, 3.4, and 55.61, 3.71% which are 105.2%, and 123.8% mare than the THSS.

Table 6. Comparison of THSS, HSS with 0.2% of nano TiO: coated basin, and HSS with 0.2% of

nano TiO2 coated basin with cover cooling

THSS MHSS with 0.2% of.nano | MHSS 0.2% of hano TiO;
TiO> coated basin coated basin with cover

cooling

Yield 3.75 5.39 5.98

% improvement -- 43.76 59.37

EHTC 25.72 35,51 34.44

% improvement -- 38.06 33.91

Energy 29.58 48.80 55.61

% improvement -- 64.97 87.98

Exergy 1.66 3.40 3.71

% improvement -- 105.20 123.80

The yield produced in THSS is 3.73. But yield by the HSS with 0.3% of nano TiO; coated basin and HSS 0.3%
of nano TiO; coated basin with cover cooling is 6.13 and 6.96 kg which is 64.34% and 86.67% more than the
THSS. The energy and exergy efficiency of the HSS with 0.3% of nano TiO; coated basin and HSS with 0.3% of
nano TiO; coated basin with cover cooling is 56.01, 4.32, and 62.15, 4.53 which are 143.49% and 155.7% more
than the conventional THSS.

An increase in the concentration of nanoparticles resulted in higher surface area and high solar intensity absorption
capacity which resulted in increases in the yield and hence higher efficiencies. The HSS with 0.3% of nano TiO;

coated basin produces 64.34% improvement and the HSS 0.3% of nano TiO, coated basin with cover cooling



produces 86.67% than the THSS. Hence increase in the concentration of nanoparticle coating with cover cooling

increases the yield and hence the efficiencies.

Table 7. Comparison of THSS, HSS with 0.3% of nano TiO2 coated basin, and HSS with 0.3% of nano

TiO2 coated basin with cover cooling

THSS MHSS with 0.3% of nano | MHSS 0.3% of nano TiO>
TiO; coated basin coated basin with cover

cooling

Yield 3.73 6.13 6.96

% improvement -- 64.34 86.67

EHTC 25.57 38.8 36.6

% improvement -- 51.73 43.14

Energy 29.47 56.01 62.15

% improvement -- 90.06 110.90

Exergy 1.77 4,32 453

% improvement -- 143.49 155.7

4.5 Comparison of the present study with published similar works

In Table 8, our results are compared with already existing works with hemispherical-based solar desalination
systems. From Table 5, it can be noticed that output of HSS with PCM [5] is minimum with a value equal to
29.84%. However, for'the HSS with convex absorber basin, wick, and PCM, it is maximum with a value equal to
87.06% [4].

Table 8. Comparison of similar studies

Author(s) and.Reference Absorbers used Increased (%)
- 0.3% of Nano-TiO> 61.84
Our results - 0.3% of Nano-TiO; and cooling of the glass cover 80.26
25L/
-PCM 29.17
Abdelgaied et al. [63] -0.3% of Nano -CuO 60.42
-PCM and 0.3% of Nano-CuO 80.21
Kabeel et al. [64] - V-corrugated circular basin and reversed solar 68.82
collector
Beggas et al. [65] - Aluminum waste 48.19
- Convex 62.35
Attia et al. [66] absorber basin and wick
- Convex absorber basin, Wick and PCM 87.06
-PCM 27.84
Ravishankar et al. [67] - Mixed Nano- Al,Oz; with PCM 71.13




5. Economic Assessment

5.1. Accumulated daily productivity

Table 9 nations the accumulated daily productivity of HSS without and with nano-TiO; of various concentrations

with a cooling plastic cap at a constant flow recorded on experiments days September 28, 29, and 30, 2022 for a

period of 10 hours. It can be seen that employing HSS-Ti02&0.3%+2.5 L/h enabled the maximum improvement

in daily yield to reach 80.26%.

Table 9: daily output of THSS, HSS-TiO,, and HSS- TiO; with cooling plastic cap at a constant flow at 2.5 L/h

recorded during trial hours.

Experiment Date THSS HSS- TiO; HSS-TiO and cooling | Improvement rate
L/m? of the glass cover 2.5 %
(L/m?) (L) g (%)
L/h (L/m?)
01% 02% 03% | 0.1% 02% 0.3%
28/09/2022 3.1 4.07 - - 31.27
One
4.9 - - 58.08
29/09/2022 3.02 - 4.54 - 50.24
Two
- 5.47 - 80.93
30/09/2022 2.96 - - 4.96 67.61
Three
- - 6.12 106.73

5.2. Economic analysis

A comprehensive cost analysis.is performed for all the HSS. Table 10 displays the time takes to recover the total
cost of THSS, HSS with 0.1% of nano TiO; coated basin, and HSS with 0.1% of nano TiO, coated basin with
cover cooling; THSS, HSS with 0.2% of nano TiO; coated basin, and HSS with 0.2% of nano TiO, coated basin
with cover cooling and THSS, HSS with 0.3% of nano TiO- coated basin, and HSS with 0.3% of nano TiO; coated
basin with.cover cooling, respectively. The payback period of 19 days is obtained for the HSS-Ti02C&0.3%+2.5

L/h.



Table 10: Manufacturing cost of the different HSS

(1$=132.78 DZD, 1€=156.03 DZD)

THSS HSS-TiO2 HSS-TiO2
01% | 0.2% 0.3% 0.1% 0.2% 0.3%
+2.5L/h +2.5L/h +2.5L/h
total cost of production (DZD) 9000 9000 9000 9000 9000 9000 9000
The price of nanoparticle of TiO2 - 15 30 45 15 30 45
(DzD)
The price of spray water (DZD) - - - 30 30
Cost of maintenance (DZD) 50 50 50 50 50 50 50
Total cost 9050 9065 9080 9095 9095 9110 9125
(DZD)
the volume of water generated 31 4.07 4.54 4.96 4.9 5.47 6.12
each day (kg/m?/day)
The price of distilled water per 60 60 60 60 60 60 60
liter in the market (DZD)
The cost of producing water per 186 2442 | 2724 297.6 294 328.2 367.2
day (DZD)
Recovery period (days) 49 37 33 30 31 28 25
Conclusions

This study focuses on adopting varying concentrations of nano- TiO; (0.1, 0.2, and 0.3 percent) with a cooling

plastic cap at a constant flow at 2.5 L/h, to improve the productivity of HSS experimentally. The experiments were

conducted on September 28, 29; and 30, 2022 for a period of 10 hours. The test outcomes led to the following

conclusions:

1. Nano-TiO; and Cooling the plastic cap significantly improves the efficiency of the HSS.

2. The daily yield following from THSS and HSS with nano-TiO; at various concentrations (0.1, 0.2, and
0.3%) are 3.1, 4.07, 4.54, and 4.96 kg/m?/day, respectively.

3... Thedaily yield resulting from HSS with nano-TiO- at various concentrations (0.1, 0.2, and 0.3%) with
cooling plastic cap at a constant flow at 2.5 L/h are 4.9, 5.47, and 6.12 kg/m?/day.

4. The HSS with 0.3 percent TiO, with a cooling plastic cap at a constant flow at 2.5 L/h achieved the
highest yield as compared to the HSS with 0.1 and 0.2 percent TiO, with a cooling plastic cap at a
constant flow at 2.5 L/h.

5. When using HSS with 0.1, 0.2, and 0.3 percent TiO,, the yield was improved by 31.27, 50.2, and 67.6%,
respectively as compared to THSS.

6. When using HSS with 0.1, 0.2, and 0.3 percent TiO, with a cooling plastic cap at a constant flow at 2.5

L/h, improved the yield by 58.08, 81, and 106.7%, respectively, compared to THSS.



7. Daily energy efficiency for the HSS with a nano-coated basin was found to be 33.24, 37.61, and 41%,
while daily exergy efficiency was found to be 2.52, 3.03, and 3.47%, respectively.
8. The HSS with a nano-coated basin at concentrations of 0.1, 0.2, and 0.3% with glass cooling was found

to have daily energy efficiencies of 40.34, 46, and 51%, respectively, while daily exergy efficiencies were

3.32,4.07, and 4.71%.

9. 51 days are needed for the payback period to recover the complete cost of THSS, whereas 25 days for
HSS-Ti02&0.3%+2.5L/h. This indicates that the HSS-TiO02&0.3%+2.5L/h is the best economical HSS.

Finally, by increasing the concentration of TiO, nanoparticles and cooling the plastic cap, the output of an HSS

can be greatly increased.

Nomenclature

SS Solar Still

SSSS Single Slope Solar Still

THSS Traditional Hemispherical Solar Still

EHTC Evaporative Heat Transfer Coefficient
Appendix-1:

Experimental errors:

Table 3: Errors of the used devices

Device name Measuring Range Accuracy Error
parameter

Solar meter solar radiation 0-3500 W/m? +10 W/m? +35%

Calibrated flask Hourly yield 0-1500 ml +10 ml +1.5%

Thermocouple temperature 0 to 600 °C +0.1°C +1.5%

Digital indicator display - - -

Uncertainty analysis [69-71]

If there is a possibility of instrument error, the total level of uncertainty during the investigation will alter. It is

written as,

o= @)

The amount of uncertainty in calculating the daily efficiency of the THSS, HSS with different nano TiO, coated

basin, and HSS with different nano TiO; coated basins with cover cooling is calculated by,

)




= JGarn) + Gt Rio)

Ry = \/ (6m Rm) + aI(t) Rice) ©)

There are 1.5, 3.5, and 1.5% estimated uncertainties for temperature, sun intensity, and yield, respectively.
Equation (2) is used to calculate the uncertainty error for daily thermal efficiency, and the result is 2.1%.
Appendix-2:

Figures 16 and 17 shows the formulas to find the energy and exergy efficiency of the THSS, HSS with different
nano TiO2 coated basin, and HSS with different nano TiO- coated basins with cover cooling,

Energy Efficiency
M, * L

Nenergy = (45 * T Iy * 3600)

i=9
M, = Z m,,
i=1

L =24935+10°* [1—(9.4779 * 107*T,, + 1.3132 107 * T\, — 4.794 » 107° * T, *]

Solar Still Exergy Efﬁuf&ncy

Z Exevap

I] = —_—

Saline water Bx y By
Basin M, *L* [1 - (%)]

Z Exeray = 3600
. . 4 (T,+273\ 1 (T.+273\*
s s

my hoyrly.dif')tillate.yield (ke) i W ambient air temperature (K)
M,, daily distillate yield (kg) 3 water temperature (K)
L latent heat of vaporization (J /kg) T basin temperature (K)
. : 3

Ag basin Hres of solar still (n_‘ )' , T, inner glass temperature (K)
Iy(s) hourly incident solar radiation (W /m?) 4 outer glass temperature (K)
b3 I_t(s) Total incident solar radiation (W /m? / day) T sky temperature (K)
2 E,,  exergyinputof solarstill (W) g Absorptivity of glass cover
S Exom exergy output of solar still (W) ap Absorptivity of basin liner
b Exdest exergy destructed in solar still (W) Oy Absorptivity of water
b 7 E‘xm exergy input from the sun on solar still (W) Tg Transmissivity of glass cover
¥ Exmp exergy evaporated on solar still (W) Tw T;:msmlsswlty of water

. : € Effective emissivity

E, k rate f lar still (W -
2 By eTRY wo.r. rate for sofay stll (W) o Stefan — Boltzmann constant
Nex exergy efficiency (%)
./ J— daily energy efficiency (%)

Fig 16 Energy efficiency [68]
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Ex,.p,  exergy destruction from basin liner (W/ m?)

Exges.  €xergy destruction from saline water (W / m?)

Exd%g exergy destruction from glass cover (W / m?)

Ex,.. exergy loss through insulation (W / m?)

Ex, exergy utilized to heat saline water (W / m?)

Ext,w—g total exergy associated with saline water and glass cover (W / m?)

Exw_E exergy associated with saline water and glass cover through evaporation (W / m2)
EXCW_g exergy associated with saline water and glass cover through convection (W / m?)
Ey ., exergy associated with saline water and glass cover through radiation (W / m?)
Extg_a total exergy associated with glass cover and atmosphere (W / m2)

Excg—a exergy associated with glass cover and atmosphere through convection (W / m?)
Exr.g—a exergy associated with glass cover and atmosphere through radiation (W / m2)
hy, convective heat transfer between basin liner and water (W / m? K)

hy overall heat transfer between basin liner and atmosphere (W / m2 K)

h evaporative heat transfer coefficient between saline water and glass cover (W / m? K)

hew-g  convective heat transfer coefficient between saline water and glass cover (W / m?K)
hy g radiative heat transfer coefficient between saline water and glass cover (W / m? K)
heg o convective heat transfer coefficient between glass cover and atmosphere (W / m? K)
hyga radiative heat transfer coefficientbetween glass cover and atmosphere (W / m2 K)
\Y wind velocityin (m / s)

Fig. 17 Exergy efficiency [68]
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