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ABSTRACT

In the present day, the water dilemma seems to be screaming for global
catastrophe. According to the projections that were made public by the United Nations,
it is anticipated that there would be a shortage of water for two billion people by the
year 2025. At this time, illnesses brought on by a lack of access to clean water cause
the deaths of 3.57 million people over the world each year. Therefore, to regulate this
condition, researchers are developing advancements in current desalination technology
to increase the output of fresh drinking water despite constraints like this automated
process' comparatively poor operational efficiency. The need for desalination has,
however, been borne by an ever-increasing demand due to resource depletion and rising
population demands. Parts of the Asian Pacific region, such as India, China, and Japan,
as well as global powers like Germany and the UK, have been heavily involved in the
development of this technology, with the Middle East (with Saudi Arabia being the
largest user of this technology for the treatment of seawater) and the USA seeing the
most significant advancements. When treated water is released, it affects aquamarines

in a bizarre way.

Desalination is the term for any process that purges water of extra salts and
minerals, as well as the chemical conversion of seawater into potable water. Any
commercial purpose, whether municipal, industrial, or otherwise may use these
procedures. Diverse technologies have been used by scientists to investigate the
majority of available disposal sources. The use of solar desalination technology is
becoming increasingly popular as a consequence of its enormous supply of energy as

well as its inexpensive installation costs.

The conventional methodology involving basin solar still is the most used
method for ages and is hassle-free for aspects related to convenience and maintenance.
The basin which is covered up with a see-through cover and contains saline water that
is unveiled in presence of solar radiation is usually black stained to facilitate maximum
radiation. Once water changes its state of form (due to evaporation), it is made to
condense once its particulates come in contact with the cover. The leftover water is then
distributed to the various facilities using the appropriate media, and the process is

repeated until it is complete. Unfortunately, this simplified apparatus suffers from a




substantial lack of efficiency as a result of the released latent heat of condensation and
the subsequent gradual increase in the temperature at which water evaporates. This is
the most important drawback of the apparatus.

The research work has the following objectives:

1. Design and fabrication of modified inclined solar still with stepped absorber and
evacuated tube.

2. Study the effect of Nano fluids, corrugated finned on stepped absorber and
evacuated tube on the productivity of the fabricated inclined solar still.

3. Comparison of the performance for modified fabricated inclined solar still and
conventional solar still.

4. Economic analysis of modified fabricated inclined solar still will be done.

In this research work, an inclined solar still having the stepped absorber with
corrugated fins integrated with vacuum tubes is fabricated. In order to lessen the amount
of heat that is lost from the water in the basin due to heat transfer, the basin of the solar
still has an area of one square metre and is built of galvanised iron. For insulation,
commercial plywood and polyurethane foam are used. The innermost part of the basin
has been given a black paint job so that it can soak up the maximum amount of solar
energy that is hitting the still. The 4 mm thickness plain glass is used which is placed
at 22° inclination as the approximately latitude of Nagpur (India). In the present study,
the 5 steps are used as absorber having dimension of 1 step is 160mm x 1000mm X
30mm on which triangular corrugated fins are attached. The 5 vacuum tubes are used
for experimentation having dimensions of 47mm inner diameter 58mm outer diameter
and 1800mm long which is attached at the lower side of a basin and inclined at 45° to
the horizontal. Also, Al,Oz (Aluminium oxide) nanoparticles are used in the
experimentation.

The experimentation is performed for five different cases, they are:

Case-1: Inclined solar still having stepped absorber with corrugated fins in winter
season.

Case-2: Inclined solar still having stepped absorber with corrugated fins integrated with
vacuum tubes in winter season.

Case-3: Inclined solar still having stepped absorber with corrugated fins in summer

season.




Case-4: Inclined solar still having stepped absorber with corrugated fins integrated with
vacuum tubes in summer season.

Case-5: Inclined solar still having stepped absorber with corrugated fins integrated with
vacuum tubes in summer season by using aluminium oxide nanoparticles.

An inclined solar still that has a stepped absorber with corrugated fins integrated
with vacuum tubes by using nanoparticles is the best basin condition of solar still to
obtain maximum output, which is 5.2 L/m?-day from the still, according to the results
of the experiments that were conducted. This conclusion was reached as a result of the
findings that were obtained.

As compared to inclined solar still having stepped absorber with corrugated fins
in the winter season, 25.32% more fresh distillate output is obtained from an inclined
solar still having a stepped absorber with corrugated fins in the summer season.
Similarly, for an inclined solar still having stepped absorber with corrugated fins
integrated with vacuum tubes in winter and summer seasons, 45.91% and 79.48%
respectively more fresh distillate output is obtained as compared to an inclined solar
still having stepped absorber with corrugated fins in the winter season. The highest
percentage of fresh distillate output is obtained i.e., 100.16% for an inclined solar still
having stepped absorber with corrugated fins integrated with vacuum tubes by using
nanoparticles as compared to an inclined solar still having stepped absorber with
corrugated fins in the winter season.

The TDS and pH values that were measured for the fresh distillate that was
produced fall within the acceptable ranges that have been set by the WHO.

Also, an economic analysis for all the cases is done and found that the payback
time is 299 days for inclined solar stills with stepped absorbers and corrugated fins, 281
days for inclined solar stills with stepped absorbers and corrugated fins integrated with
vacuum tubes, and 277 days for inclined solar stills with stepped absorbers and

corrugated fins integrated with vacuum tubes that use aluminum oxide nanoparticles.
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CHAPTER 1

INTRODUCTION

1.1 PREAMBLE

Water crisis in modern times appears to call out for catastrophic situations all over
the world. As per estimates declared by UNO, approximately 2 billion people are
estimated to suffer from water scarcity by 2025 [1]. Due to insufficient supply of water
and water-related diseases, currently, 0.003575 billion people die every twelve months.
The predicted tension of water on a country—level in 2040 is shown in figure 1.1 [2].
Hence, to get this situation under control, researchers are coming up with improvements
in existing desalination technology to enhance the productivity of fresh drinking water
despite limitations such relatively low operating efficiency of this mechanized process.
However, the ever-depleting resources and consequently raising population demands
have shouldered the need for desalination on an ever-increasing demand. With the
major advancements happening in the Middle East (with Saudi Arabia being the largest
user of this technology for the treatment of seawater) and the USA, parts of Asian
Pacific countries such as India, China, and Japan along with global powers like
Germany and UK have been heavily involved in the development of this technology
[3]. However, the treated water when discharged has a surreal impact on the
aquamarines. Firstly, the problems due to water scarcity and water pollution are

discussed below. Also, solar energy status in India is discussed.

According to the Bureau of Indian Standards, drinking water is water used for
human utilization for drinking and cooking purposes from any resource. Two major
problems that impact every nation's ability to prosper economically are a lack of water
and energy [4]. Water is a liquid of life, as there can be no life without water [5]. Water
is readily available, but not in the quality or quantity which makes it practical to

consume.
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Figure 1.1. Projected water stress in 2040 [2].

1.2 WATER RESOURCES IN INDIA

Almost three-quarters of the surface of the planet is taken up by the seas of the
globe. According to estimations provided by the UN, 75.2% of the world's freshwater
is found frozen in the polar areas, while the remaining 22.6% is found as groundwater.
There is approximately 2.7% of freshwater on Earth [6]. The following is a list of India's
most important water resources:

» Surface Water

» Groundwater

» Rainfall
Table 1.1: India projected population and water availability per person [7]
Population (million) Year Per Capita average annual water
(m3/Year)

1027 2001 1820
1211 2011 1657

1463 (Projected) 2031 1367

1628 (Projected) 2051 1228

Source: Government of India, 2009 (NCIWRD Report, 1999)




Over the following decades, there will likely be a major rise in water

consumption. Differences between water consumption and supply are getting worse.
[8].

From above table 1.1, we can predict how much amount of burden is coming
on the water sources. Now talk about today’s problem, there is water available but not
in a consumable state or phase [7]. Waterborne illnesses are a serious problem
worldwide, but they are particularly acute in developing nations where the majority of
the population lacks even the most basic access to potable drinking water, which
exacerbates their poor health and has a negative impact both on their economy and their
quality of life. Waterborne diseases such as cholera, typhoid, fever, malaria,
amoebiasis, and dysentery can be caused by polluted or contaminated water. Water-
related diseases kill more than 5 million people each year around the world [9].
Pollution sources have an effect on the quality of the water. These include sewage
discharge, industrial discharge, run-off from agricultural fields, urban run-offs, and
chemical substance percolation [5]. On July 21, 2017, the Indian government's Ministry
of Health and Family Welfare responded in the Indian Parliament, stating that between
2014 and 2016, more than 44 million Indians became sick with enteric fever and viral

hepatitis as a direct result of drinking water that was tainted.

Following table 1.2 shows the data on the number of deaths because of different

diseases.

Table 1.2: Number of Deaths Because of Different Diseases [9]

Diseases
Year
Diarrhea Typhoid Hepatitis Cholera
2014 1137 425 400 5
2015 1352 452 435 4
2016 1540 512 446 3
Average 1343 463 427 4

People are affected by waterborne diseases leads to an increase in their economic

burden on them. Averagely calculated public expenditures are shown in table 1.3 below.




Table 1.3: Public Expenditure on Health (Source GOI: Ministry of Health)

Sr. No Vear Public Expenditure on Per Capita
Health Expenditure on Health
1 2009-2010 72536 621
2 2010-2011 83101 701
3 2011-2012 96221 802
4 2012-2013 108336 890
5 2013-2014 112270 913
6 2014-2015 12160 973
7 2015-2016 140054 1112
8 2016-2017 178875 1397
9 2017-2018 213719 1651

1.3 WATER SCARCITY AND INSECURITY

Despite covering 70% of the planet, water is not abundant. Only 2.5% of all
water is fresh [6]. The world's population will be composed of 9.7 billion people by
2050, and 3.9 billion people, or more than 40%, will live in river basins that are severely

water-stressed [8].

Water resources are being strained by factors other than population growth.
Extreme use is also observable. In the 20" century, the world's population quadrupled,
yet water demand climbed by a factor of six. Water demand from manufacturing is
expected to increase by 400% between now and 2050, while household is expected to
increase by 130%. The growing amount of rivalry for limited access to this resource is
seen in figure 1.2. This competition will only intensify as water supplies become

increasingly scarce. There are an estimated 592 transboundary acquirers, which




contribute to the shared international river basins that supply sixty percent of the world's
surface fresh water. International cooperation and coordination must continue if there
is to be enough water for human, economic, and environmental needs. Even though
there have been hundreds of international water agreements signed over the years, it is
not always clear how nations will cooperatively manage increasing resource pressure

to prevent further water conflicts.

112 million

[ USS$114 billion per year ]
12.6 miillion ‘
. ' 4 D -

Figure 1.2. Global Water Scarcity [7]

Water scarcity may become worse during a drought. Drought has more negative
effects than any other kind of disaster. In 2016, 411 million people were impacted by
natural catastrophes, the majority of which were due to drought-related conditions
(94%). Droughts are also the most expensive natural disasters, having a particularly
negative impact on agriculture. Every year, droughts in the USA cost the agricultural
industry an average of US$ 6 to 8 billion. More than 27 million metric tonnes of yearly
grain output have been lost as a direct result of drought in China over the course of the
previous two decades. There has been a 116% increase in drought-affected crop areas
between the 1950s and the start of this century. Irrigated agriculture would have
produced an estimated US $94 billion in global welfare gains if water had been secured
for it in 2010. In addition, research suggests that increased water security might assist

in maintaining food crop prices as well as production levels. The likelihood that annual




global wheat production would fall below 650 million metric tonnes is reduced from
83 percent to 38 percent in the event that there is sufficient water security. (Source:

www.unicef.org).

1.4 SOLAR ENERGY STATUS IN INDIA

In order to produce solar energy, a variety of constantly developing technologies
are used, such as solar heating, photovoltaics for cell phones, solar thermal energy for
boilers, solar architectures for buildings, molten salt power plants, and synthetic
photosynthesis to use the radiant light and heat of the Sun.

India is experiencing rapid growth in solar power. India is the country with the
fourth-highest global energy consumption, behind the US, China, and Russia [10].
Electricity is mostly generated from this solar energy. As of July 31, 2019, the nation
had installed 30.071 GW of solar power. India is the nation in which the construction
of solar power installations is the most cost-effective.

One of the eight goals that were included in the Prime Minister's National
Action Plan for Combating Climate Change was for the Jawaharlal Nehru National
Solar Mission to begin working towards a target of 20 GW capacity for the year 2022.
This goal was completed four years earlier than it was anticipated to be completed. The
goal for solar energy production was increased to 100 gigawatts in the year 2015 [11].

Solar energy is one of the most significant forms of renewable energy that India
may utilise to supplement its existing energy sources and bring down the country's
carbon emissions. Solar energy currently meets more than one percent of the world's
demand for electricity. The country of India is in the enviable position of having
abundant access to solar energy, which has the potential to create up to 500 trillion
kilowatts of clean, renewable power [12].

Approximately 1.5 x 10'® kwWh of solar energy is incident on the surface of the
earth each year. From this Rajasthan is the largest state and Gujarat is the second largest
state which receives the amount of solar radiation in India.

Although Rajasthan receives between 6 and 7 kilowatt hours (kWh) per square
metre on a daily basis, Gujarat receives between 5.5 and 6 kilowatt hours (KWH) per
square metre [10].

From May 26, 2014, when there were just 2,650 MW, there are now over 20

GW as of January 31, 2018, India increased its solar-generation capacity by an




astounding 8 times. In 2015-2016, the country boosted its solar energy generation by 3
GW, more than 10 GW in 2017-2018, compared to 5 GW in 2016-2017. An average
cost of solar power today is now 18% less than an expense of its coal-fired counterpart
[13].

3.4 GW of solar energy is generated on roofs, 70% of which is used for business
or industry. India is working to provide off-grid solar power to meet its country's local
energy demands in addition to its extensive grid-connected solar photovoltaic (PV)
effort [14].

The main policy adjustments that were made to support the solar and renewable
energy industries are [15]

» Electricity Act 2003
Tariff policy (2006)
Integrated energy policy 2006

>
>
» National Action Plan on climate change

» Generation-based incentives for solar (2009)

» Jawaharlal Nehru National Solar Mission (2010)
Significant obstacles to the development and use of solar energy:
» Technological barriers

» Economic barriers
» Environmental barriers
» Social barriers
Till date advancement in a field of solar technology is as follow:
» Solar Photovoltaic
» Solar Thermal Powers

» Solar Heater
» Hybrid solar Plant

1.5 DESALINATION
Desalination is the term for any process that purges water of extra salts and
minerals, as well as the chemical conversion of seawater into potable water. Any

commercial purpose, whether municipal, industrial, or otherwise may use these




procedures. Two streams of water are produced after the feed water has been
treated in major desalination processes. Fresh water that has been treated and is
potable but contains less salt and minerals (treated water or product water) Brine
or concentrates with higher salt and mineral concentrations than the starting
saltwater or feed water [16]. Two categories: Membrane and Thermal represent the
most common approaches to achieving this.

1.5.1 Renewable Energy Desalination

The effects on the atmosphere’s carbon content were observed as a result of a need
to increase a productivity of a plants involved in this process and an adoption of fossil
fuel-driven mechanized processes led to a technology’s elimination and the use of
renewable sources as the plants' fuel. In the vast majority of the gulf countries, this
practice is prevalent. The following list of diverse sources is discussed:

a) Solar: The heat produced by a sun’s rays are used extensively by plants.

b) Wind: Mechanical generators produce electricity with the aid of windmill

plants.

c) Hydroelectric: Dams generate a lot of energy because of the large volume of

water flowing through them.

d) Biomass: Energy produced by burning or otherwise decomposing waste, such

as wood chips and cow dung cakes.

Thermal
desalination
technologies

Electricity -based
desalination
tachnologies

Renewable energy

Pressure -based
desalination
technologies

Figure 1.3. Technology for desalinating water combined with a storage system and renewable energy
[17].




e) Geothermal: For a generation of electricity, energy is used beneath a earth’s
crust in a form of particulate/liquidate form.

Diverse technologies have been used by scientists to investigate the majority of
available disposal sources. As a result of its large supply of energy and low installation
costs, solar desalination technology is widely preferred over others.

1.5.2 Solar Desalination
The above-mentioned technique is broadly classified as the management of solar
energy. As a result, it may mostly be divided into two distinct groups:
a) Direct: The absorption process and desalination take place in the same
apparatus.
b) Indirect: Both absorptions of solar energy and desalination are done through

different processes and systems.
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Figure 1.4. Stratification of different Solar Desalination Technologies [18].




The conventional methodology involving basin solar still is the most used method for
ages and is hassle-free for aspects related to convenience and maintenance. The basin
which is covered with a see-through cover and contains saline water that is unveiled in
presence of solar radiation is usually black stained to facilitate maximum radiation [19].
Once water changes its state of form (due to evaporation), it is made to condense once
its particulates come in contact with the cover. The leftover water is then distributed to
the various facilities using the appropriate media, and the process is repeated until it is
complete. Nonetheless, this reduced apparatus has a substantial number of drawbacks,
the most notable one being its low efficiency, which is caused by the released latent
heat of condensation and the subsequent gradual increase in the temperature at which
water evaporates [20].

1.5.2.1 Solar Distillation

Depending on the type of solar distillation system, it can be passive or active,
such as solar desalination or solar stills. When solar energy is used in the desalination
process, it is provided to a desalination unit indirectly (e.g., through flat panel
collectors, parabolic trough collectors, etc.). A desalination method appropriate for
these applications and a solar energy harvesting technology is required. The direct sun
harvesting desalination systems with the simplest and lowest cost are solar stills. To
separate freshwater from salt water and leave concentrated brines behind, these devices
use direct solar radiation. A single chamber houses both the evaporating and
condensing components of the solar still. Latent heat is rejected to the air around the

unit via the glass roof [17].
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Figure 1.5. Solar Distillation [17]
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Standard solar stills have an energy efficiency of 30% to 40%. Stills with an exterior
condensing surface that was kept cold or at a lower temperature displayed an
improvement in energy efficiency of up to 70%. Combining several effects into one
system can improve both energy competence and a distillate produce. By splitting the
distillation produced by the sun's radiation obtained by the unit, the energy competence
of the solar distillation is determined. Membrane technology, multi-effect distillation
at cold temperatures, humidifiers, dehumidifiers, or concurrent distillation and

condensation are some further indirect solar desalination techniques. [17].

1.5.2.2 Multi-Stage Flash Distillation (MSF)

This method is predicated on the concept of flash evaporation, which describes
the mechanism by which saltwater evaporates as a direct result of a decrease in pressure
through a number of stages. Sequential regenerative heating, which involves warming
the incoming saltwater with saltwater discharges in each flash container (effect or
stage), achieves energy efficiency. Utilizing exterior heating elements such as reduced
steam from power stations or steam produced from steam turbines, the saltwater is
heated before it is injected. The heated seawater is then pumped into the flash-
evaporating cylinders as the working pressures in the succeeding cycles fall. The
normal number of stages for energy recovery and flashing in modern, large-scale MSF
facilities is from 15 to 30. The size of the heat source that is accessible in the first stage
determines the working temperature, which varies between 90 to 120 degrees Celsius
(also known as that of the top brine temperature, or TBT). The plant often performs
better when run at higher temperatures because of the greater number of stages. Since
the produced water comes between two and ten parts per million, a post-treatment

procedure is required to provide pipelines with water for drinking purposes (ppm) [17].
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Figure 1.6. Multi-stage Flash Distillation (MSF) [21]
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1.5.2.3 Multi-effect Evaporation/Distillation (MED)

The MED process, depicted in figure 1.7, is a most effective thermal
desalination method at the moment from a thermodynamic perspective. similar to the
MSF technique shown in figure 1.6. Numerous options exist for the MED process to
increase energy effectiveness. In contrast to the MSF technique, which employs pre-
heated seawater, the steam generated from a power plant warms the pipes in the initial
evaporation chamber. They operate using a model of a double purpose power plant. In
the succeeding effect, the fresh water vapour that has condensed in the first evaporation
chamber is transferred via the condenser, which functions as the emitting surface. A
brine left over from initial evaporation chamber is sprayed in a lower-pressure, lower-
temperature evaporation chamber. Until an adequate temperature differential is present
for freshwater evaporation, this process proceeds in successive effects [17] [21].

Brine Feed
Saline
Feed
Vacuum Vacuum Vacuum
8
vepor | m 3
Steam In —— ———
Condensate
Back to Boiler
j ; .Brine
Discharge Discharge Discharge - Feueh
I "~ Water
Condensate

Figure 1.7. Multi-effect evaporation/distillation (MED) [17]
1.5.2.4: Vapour Compression

For small to medium-scale desalination plants, vapor compression works well.
Compressed mechanically in a compressor or thermally in a steam ejector, the vapour
that is produced in the final effect can be used as a source of heat in the initial effect.
This can be accomplished by mechanical or thermal compression, respectively. As a
result of the first effect, the vapour that is created is compressed, which results in an

increase in steam pressure and temperature above those of the initial vapour. The

12



compressor initially produces a vacuum in the evaporator in order to condense the
vapour that was extracted from the evaporator into a pipe. More vapor is produced as a
result of the boiling and partial evaporation of seawater that is sprayed on an exterior
of a heated tube bundle. A thermo compressor, which is an opening at the steam jet of
the steam-jet type of VCD unit, removes and creates water vapour from an evaporator
to lower atmospheric pressure. A steam jet compresses the water vapour that was
extracted. This combination condenses on a tube walls, producing a heat necessary for
the saltwater that is applied to on other side of a tube walls in an evaporator to evaporate.
It is expensive to construct a compressor for mechanical vapor compression, but an
ejector is all that is required for thermal vapor compression [17]. This is the difference
between the two vapor compression procedures. Compared to TVC, MVC compressors
are considered to be less efficient and have higher operational and maintenance
drawbacks figure 1.8.

Thermocompressor
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Drain

Preheated SW

Seawater

Discharge Feed
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Vapor PR

Figure 1.8. VVapour Compression [17]

1.5.2.5 Reverse Osmosis (RO)

The reverse osmosis method employs the semi-permeable barrier to separate the
fresh water from the salty feed water in a non-phase change operation. While salts
cannot enter through the barrier, water may. For fresh water to pass through the
membrane, an extreme force that is greater than an electrolyte of a feed water must be
applied. The amount of pumping necessary to generate the external pressure is
dependent on a salt content of the input water. During this procedure, the feed water

does not require any heating and does not go through any phase changes. Among the
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four parts of a RO plant, raw water is pretreated, high-pressure pumping is applied,
membrane separation is carried out, and permeate is treated after separation. In the pre-
treatment stage, big suspended particles, bacteria, and colloidal materials that could
harm membrane operations are removed. Pretreatment procedures frequently include
DE chlorination, multi-media filtering, coagulation, acid addition, and chlorination.
Utilizing cleaning agents will also help to prevent fouling issues. Several factors
determine the pretreatment method, including the characteristics of a feedwater,
configuration and type of a membrane, and the recapture ratio. Mixing and re-
carbonation with feed water are common methods of post-treating the permeate
(freshwater) [17].
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Figure 1.9. Reverse Osmaosis (RO) [17]

1.5.2.6 Electro Dialysis (ED)

The ionic salts' migration toward the corresponding countercharge electrodes
serves as the basis for this method's working theory. Concentrate and product streams
are created in a cyclical manner by selective membranes that alternately allow passage
of anions and captions. The cation-selective membrane prevents the anions from
passing through, blocking their passage and trapping them in the brine stream. The
anion-selective membrane allows the anions to pass through. The negative-charged
cation-selective membrane traps cations travelling in the opposite direction like anion-
selective membranes. Every cell pair in a standard ED system is made up of a
membrane stack, demineralized flow spacers, anion transfer membranes, and
concentrate flow spacers. The electrode storage compartments are located at the stack's
opposing ends. Regular flushing is necessary to prevent scaling or fouling on the

electrodes. "Feed-and-bleed mode" recycles concentrate streams and discharges them
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to trash or blow down. This is necessary because the brine and output streams flow
differently. As the brine stream is 10 times faster than the diluted stream, pressure
imbalances create concentrate recycling. ED units can remove 50-94% of source
water's dissolved solids, up to 12,000 mg/L TDS. Voltage input, process design
(number of stacks or stages), raw water quality, and membrane choice affect salt
removal. Economic considerations typically place a cap on TDS removal. As the feed
water TDS rises, ED costs rise as well. Similar to electrodialysis (ED), electrodialysis
reversal (EDR) reverses the polarity of the electrodes on a regular basis to release ions
that have accumulated on the membrane surface. By turning product streams into waste
streams, this procedure lessens the impact of inorganic scaling and fouling. This
procedure extends membrane life, enhances membrane and electrode cleaning, and

does not call for the inclusion of chemicals [17].
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Figure 1.10. Electro Dialysis (ED) [17]
1.5.2.7 Membrane Distillation (MD)

Because it makes use of both the concepts of membrane separation and heat
evaporation, the membrane distillation procedure is known as a hybrid procedure.
Water vapours rise and diffuse across the membrane barrier and condense in the
permeate flow on the cold side of the unit after the feed water (saline water) is heated

by an external heat source, usually solar energy or industrial waste heat. Only a 10-
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degree Celsius differential in temperature between cold (permeate or freshwater) and a
hot (saline water feed) streams are needed for this process to create fresh water. The
four most common variants of an MD process are called sweep gas membrane
distillation (SGMD), vacuum membrane distillation (VMD), and direct contact
membrane distillation (DCMD). Unlike AGMD, which provides an air gap amongst
the condensation surface and membrane to increase energy competence, DCMD brings
a membrane into straight contact with the liquid phases. In the VMD, a permeate side
is held at the lower pressure by mechanical pumping in order to maximise a permeate
flow. In a SGMD, the generated vapour is collected using a stripping or carrier gas. Of
all of them, DCMD has the greatest penetration rate and best operational efficiency.
For the AGMD, the permeate flux is rather low. VMD is appropriate for feed waters
with volatile [22].
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Figure 1.11. Membrane Distillation (MD) [22]

1.5.3 General Classification of solar still designs

The designs of solar stills are distinguished into 2 major categories i.e., Active and
Passive stills altogether depending upon the process involved in the heat source used
for the evaporation of saline water. Usually, solar heaters, Photovoltaic thermal hybrid
solar collectors, and concentrators are used for this purpose. The classification of solar

still is given in Figure 1.12.
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Figure 1.12. Classification of solar still [23]

1.5.4. Terminology used in solar still:

1. Solar still: A solar still is a piece of equipment that collects solar energy and

then uses that energy to desalinate water. The process takes place within the

solar still.

2. Single basin: The still in which a single tank is used to store brackish water,

which after absorption of heat from solar rays gets converted into fresh water

that still is known as a single basin solar still.

3. Double basin: A still in which two tank is used to store brackish water, which

after absorption of heat from solar rays gets converted into fresh water that still

is known as double basin solar still. In this still, one tank is placed on the lower
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side known as the lower basin and another one is placed over that tank known
as the upper basin.

4. Single slope solar still: Single slope solar stills are those in which there is just
one sloped surface that is used to transfer solar rays in order to evaporate salty
water and turn it into fresh water. These types of stills are referred to as single
slope solar stills.

5. Double slope solar still: Double slope solar stills transfer sun rays to evaporate
brackish water into fresh water.

6. Productivity/ yield/ Output: The fresh water obtained from still is measured,
that measured quantity is known as productivity/ yield/ output.

7. Effectiveness/ Competence/ Efficiency: The ratio of fresh water obtained from
still to the solar energy supplied to the brackish water is known as Effectiveness/
Competence/ Efficiency.

1.6 ORGANIZATION OF THE THESIS

e Chapter — 2 of the report deals with the literature review that has been carried
out on the topic of the study. The problem statement is also defined in this

chapter.

e A complete detail of the research methodology, design of experimentation,
experimental set-up, experimental procedure, and data reduction techniques

adopted is given in chapter 3.

e Results & discussion of the experimentation are presented and are discussed in

chapter 4.

e Chapter 5 is the last chapter of the thesis and deals with the conclusion drawn

from the analysis and scope for future work.
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CHAPTER 2

LITERATURE REVIEW

Scientists had proposed the number of experiments using both active and passive
methods for desalinating water using solar energy. The primary objective of this
literature review is to provide a summary of previous investigations of this kind. The
upcoming section is divided into four sub-sections.

1. The first section includes studies of the consequences of engrossing (absorbing)

substances in the basin.

2. The second section presents a few literatures available on the consequences of

reducing the temperature of the upper surface of the still

3. The third section illustrates how phase change material (PCM) affects still

images

4. The fourth section is related to an economic analysis of solar still.

2.1 EFFECT OF ABSORBING MEDIUM IN THE BASIN

It is necessary to enhance the amount of heat transfer that occurs within the solar
still in order to evaporate the water that is contained within the solar still. The next
paragraphs will cover the many types of absorbent material that are employed.
2.1.1 Solar still with wick

Wick can be defined as porous solid material which is used to induce the capillary
action of the liquid to reduce its vapor pressure. Due to reduction in vapor pressure,
water evaporates at lower temperature. The different materials used as wick are jute
fabric, woollen fabric, terry cotton, etc.

Kalidasa et al. [24] performed a dual-slant solar experimental analysis with specific
energy-absorbing content. Light cotton fabric, sponge sheets, coir mate, and scraps of
cotton are among the several energy-storing materials employed in experiments. Mild
steel pieces are also used in the experiment. To increase productivity aluminium
rectangular extended surfaces are used. On aluminium extended surfaces various
covering materials are also placed and length wise and breadth wise studies were

undertaken. From that, they found that light black cotton cloth is the most efficient
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absorbing material. The length wise arrangement of the aluminium fin covered with a
cotton cloth is very efficient found.

Anburaj et al. [25] experimental research on tilted solar still with rectangular
channels and edges on an absorber plate was carried out. The experimentation was
undertaken in Tamil Nadu, India. For various inclinations (20°, 30% and 35°) the still
was studied. On the absorber plate, several wick materials, including waste cotton bits,
jute fabric, and black cotton textiles, are used. Likewise, for energy storage material
mild steel pieces are used. Experimentation led them to discover that an inclination of
thirty degrees, which yields 3.77 litres of water per day, is the optimal setting for output
production. When utilised in its capacity as wick material, the black cotton fabric
yielded a daily volume of 4.21 litres. The production of 4.27 |/day was achieved by
including the pieces of mild steel as well as the clay pot.

500
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Scale: 1:10
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All dimensions are in mm

Figure 2.1. Diagram of tilted type solar still. Figure 2.2. Different basin materials used. [25]
Srivastava et al. [26] performed both theoretical and experimental research on a

single-slope solar still equipped with a floating absorber surface. Black jute cloth is
used as an absorber surface. The experimentation was carried out at Rewa, Madhya
Pradesh, India. About 9 absorbers are floated on a surface of a water to cover a whole
basin part. Some portion of jute cloth ate deep inside the basin water due to which
capillary action takes place and jute cloth always remains wet. From experimentation,
they found that 68 % higher yields were obtained during the pure day whereas 35 %
was obtained when there was an overcast day. A 2 vertical mirror is placed above the
improved still due to which 79% greater productivity was obtained from the improved
still. In this improved still, there was no effect of water gravity in the still. So, this

improved still is used at greater water gravity.
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Figure 2.3 A Schematic diagram with modified solar still with blackened jute cloth [26]

Alaudeen et al. [27] did the experimental solar research using a tray-mounted
stepped absorber plate and an inclined flat plate collector. The two basins were
developed one was conventional and the other with a stepped absorber. The
experimentation was done for different gravity of water inside the conventional still (2
cm, 3 cm, and 4 cm) while the same amount is kept inside the steeped type solar still (2
cm). Different wick materials such as rock, sand, wooden chips, sand, coal, and coconut
coir were used also sponges are used to increase capillary action. The 1468 L/m? output
were obtained for water gravity of 2 cm which was the highest output while 1150 L/m?
were obtained for 4 cm water gravity which was the lowest. The 1305 L/m? were
produced when the wick and sponge are used for 2 cm water gravity and 1280 L/m?

were produced when the wick and sponge are used for 4 cm water gravity.
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Figure 2.4. Sectional view of the stepped type solar still. [27]
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Hansen et al. [28] by experimentation tested tilted solar still with a particular wick
and absorber composition. Water coral hustle and timber tissue are taken as wick
material in this polystyrene sponge experiment while four-sided stepped, flat platter,
and cable web are taken as absorbers. The end result shows that the performance of
water coral hustle with a stepped cable web absorber increases by 71.2 percent
compared to a flat absorber and by 48.9 percent when water coral hustle with stepped
wire mesh absorber increases compared to a step absorber.
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Figure 2.5. Demonstrating working of inclined type solar still. [28]

Omara et al. [29] performed the analysis on solar still in which wick and reflectors
were used with a corrugated absorber. The conventional still was compared with the
still in which a corrugated absorber, wick, and reflector was used. When compared to

the typical method, the utilisation of a corrugated absorber resulted in a 55.36% increase
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in production. Also 90% output and 49.3% everyday competence increases as compared
to conventional still when the wick material was placed over the corrugated absorber.
When an interior reflecting surface is utilized with a corrugated absorber having wick
material, the output and everyday competence is increased by 145.5% and 59% as
compared to conventional still. The everyday competence obtained from conventional

still was 33%.
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Figure 2.6 Cross-sectional view of solar stills. [29]

Agrawal et al. [30] experimentally and theoretically evaluated the performance
of a single slope single basin solar still in which multiple “V-shaped floating wick”
were applied as absorbers which were made up of thermocol as base and jute cloth was
wrapped on that. The experiment was done in the city of Rewa for the period of summer
and winter seasons. By using a V-shaped, the evaporative surface was increased by
26%. During experimentation when there was no cloud the distillation output obtained
was nearly 6.20L/m? during springs and 3.23 L/m? in fall having a regular yield of
56.62% for springs and 47.75% for fall. Analytical results are compared with
investigational one and established in very nearby i.e., less than 20% were found.

According to Table 2.1, jute cloth is the most used wick material followed by
sponge, cotton fabric and wool. The maximum improvement in productivity is 85% for

jute cloth while the lesser is for black cord fabric i.e., 12 percent.
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Table: 2.1: Comparative study of different wick materials

Increase in
Author Year Type of wick Type of still productivity
(%)
Minasian et al. Single basin solar
1995 Jute cloth ) 85
[61] still
Jute fabric
Kalidasa et al. Coir mate Dual basin solar
2011 Scrubber sheet . -
[24] Light black cotton still
fabric
Anburaj et al. Mamchmmm _ _
2013 Jute fabric Tilted solar still 12
[25] Cord chips
Srivastava et al. _ Single basin solar 68
[26] 2013 Jute fabric still
Rajaseeniva an BlaCk cotton fabriC Dual baSIn and
2013 Jute fabric single basin solar 85
et al. [62] . .
Waste thread chips stills
Alaudeen et al. ; Conventional
2014 Wooden ch!ps . 16.36
[27] Coconut coir Solar still
Rajaseenivasan Black cord fabric Dual basin solar
et al. [63] 2015 Jute fabric still
Hansen et al. Timber tissue Tilted type solar
2015 Coral hustle . 71.2
[28] still
Polystyrene
Omaraetal. _ Conventional 80
[29] 2016 Double layer wick Solar still
A et al Single-slope
rawal et al. ; ;
J 2019 V shaped floating wick single-basin solar 56.62
[30] (Black Jute) .
still
1. Polyester
Saravanana et 2020 Square shaped pyramid 2. Terry cotton 331
al. [64] solar still 3. Jute cloth

4. Woollen fabric

2.1.2 Solar still with charcoal
Charcoal, also known as activated carbon, is a porous absorbent substance that

is used to increase the amount of water that can be obtained from the distillation process.

24



Tris et al. [31] an experiment was carried out using a solar still of the basin type,
combined with flat plate collectors that included various heat absorber materials. The
various absorber material used in this experimentation were blackened rock-bed,
charcoal, and black paint. After experimentation outcomes indicated that coupled of flat
plate collector increases the output by 194% but there was 3 times increase in cost as
compared to basin type. From different absorber materials, charcoal produces 11% to
18 % more than black paint and 23% to 92% more than blackened rock beds.

2.1.3 Solar still with baffles

Installing baffles on the absorber plate is yet another method that may be utilised to
improve the quality of the distilled water.

Sathyamurthy et al. [32] The performance of a solar still with a semi-circular
absorbers and baffles was experimentally investigated. Experiments were conducted in
Chennai, India. An effectiveness of a solar still is affected by the quantity of barriers
and the speed of the water flow. The 3 L/m? output and 38% competence of every day
were obtained from still using a semi-circular absorber with baffles whereas 2 L/m?
output and 32% competence were obtained when still was conventional. Distillate
output as well as hot water was obtained from the present still. The temperature of the
water coming from still was more when the baffle was used. The repayment time for
the current still used in this experiment was less than associated with traditional still.
2.1.4 Solar still with gravels

Gravels, which are tiny stones, can be added to the solar still in order to boost the
amount of sensible heat produced there. This is another strategy for increasing the
output.

Shanmugan et al. [33] still conducting the analysis with sensible heat storage
content on a single slope solar basin. White marble blocks, pebbles, black blocks, and
iron scraps are some sensible energy storage materials used in experiments. The water
which has to be distilled is supplied by a dripping arrangement. Due to greater specific
heat capacity, calcium stones are best for sensible heat storage during the day and night
time. The 43.67% total thermal competence were developed from this still.

Panchal et al. [34] examine the solar still that utilises blue metal stones and cow
dung cake as the heat storing material. The state of Gujrat in India was the location of

the experiments. Three sun stills of comparable design were constructed for the purpose
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of conducting an experiment. The first solar still was filled with blue metal stone, the
second solar still was filled with cow dung cake, and the third solar still was a typical
design (only blue paint at the base). In solar still having blue metal stones produces
35% more distillation yield as compared to conventional still. Similarly, solar still
having cow dung cakes produces 20% more distillation yield as compared to
conventional still. This led to the discovery that blue metal stones can store more heat
than cow dung cake.

Velmurugan et al. [35] experiment was carried out on a solar still with a double
slope and a single basin, heat storage material was utilised, and an external reflector
was installed in order to increase the yield of the still. For that, they made the 3 still
with similar dimension such as traditional still, containing warmth storage material and
still with an exterior mirror. During experimentation, they compared the above
mentioned 3 still and found that the still in which the reflector was utilize produces
higher water temperature as well as distillate output during sunlight time but during
decreasing sunlight time the still carrying heat storage material has maintain elevated
temperature of the water as well as distillate output. The competence improvement for

still having reflector is 62.97 percent higher than traditional but similarly still with

Black granite
pieces

Sand

Charcoal

Figure 2.7. Schematic diagram for aligning of heat storage materials in the basin [35]

Nasri et al. [36] carried out an experiment on a solar still using a number of different
absorber materials, including sand, gravel, and polyethylene. The geometry for the
same was represented by figure 4. For the experiment the accumulating area used was
0.25m2. The experiment was done in the southern region of Algeria and the
performance were compared for different absorber material. From the experiment they

found that when gravel was used as an absorber it produces 5 L/m? of fresh water after
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that black polyethylene absorber produces 4.48 L/m?/day and lastly sand absorber
produces 3.84 L per m? per day of fresh water. As compared to sand, gravel produces
32.20% and black polyethylene produces 16.67% from this it was established that
gravel has been found to be the best absorber and has maximum yield as differentiated
with respect to another absorber. The effectiveness of the present still was nearly about

99.30 %.
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Figure 2.8. Photograph view of different absorbers. [36] Figure 2.9. Cross sectional view of the solar
still. [36]
Table 2.2: Comparative study of different gravels

Increase in
Author Year Type of gravels Type of still productivity
(%)
Sakthivel et al. Black sandstone Single basin
2008 o ) 52
[68] chippings solar still
White limestone
Shanmugan et Stepping stones Single basin
al. [33] 2012 Pebble solar Still 4807
' Dark gravels
Calcium chippings
Panchal et al. Conventional
2015 Blue metal stones and ) 35
[34] Cow dung cakes solar still
Black ite pi
ack granite pieces Single basin
Velmurugan et Sand
| 135 2019 Charcoal double slope 23.08
al. [35] Red brick pieces solar stills
Small rock
_ Gravel Conventional
Nasri et al. [36] 2019 Black Polyethylene . 99.30
sand Solar still

2.1.5 Solar still with sponges
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Sponges, organic polymer compound in the foam form, in the various shapes
(cubical, pyramid, etc.) used to augment the capillary action of water and to increase
the wetted surface area in the solar still due to their higher porosity.

Abdallah et al. [37] a solar still with a single slope was used to investigate the
impact of a variety of absorbing materials. In this experiment “coated and uncoated
porous media and black volcanic rocks” are used as heat storage material. For
experimentation 4 different solar still of the same size were designed out of which 1
still contain the coated sponge, 2 still contains the uncoated porous sponge, 3 still
contain the black volcanic rocks and the last was conventional still. The 28% total
output was found from still having a coated sponge, while still having an uncoated
sponge produces 43% total output. The highest total output was obtained from still
having black volcanic rock and i.e., 60%.

Harris et al. [38] studied energy storage material having low cost in
conventional still for rising the content of fresh water. For the experiment, sponges and
salt balls with spherical shape are used as energy storage equipment. The 3.7 L/m?
everyday output was obtained from still having a salt ball as energy storage material
whereas 2.4 L/m? was obtained from still having sponges as energy storage material
whereas 2.6 L per m? from single slope solar still. After every 14 days, the sponges
have to be changed because the salts are sucked within the sponge’s holes and the
capillary action doesn’t take place properly. The cost of water is maintained at a very

low level even when spherical ball heat storage is used in single slope solar.

Figure 2.10. An Experimental setup of a conventional solar still with spherical ball salt heat storage and
sponges. [38]
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2.1.6 Solar still with sand

Sand is a granular material that is made up of very small particles of several
minerals. Sand may be distinguished from one another not by its composition but by
the size of its grains. Sand is grittier than silt and has granules that are more uniform in
size than gravel. As a result of its great capacity for absorbing heat, it is frequently
utilised as the absorbing medium in solar stills.

Sebaii et al. [39] sand is used as a heat absorber in a single sloped solar still that
was calculated experimentally. A scientific model was created to test stills with and
without storage substance. The 4.005L/m? per day output was obtained from still having
10kg of sand as heat storage with a competence of 37.8%, while 2.852L/m? per day was
obtained from still without heat storage material with a competence of 27%. The overall
yearly competence was 23.8% more in still having warmth storage material as
associated with the still without warmth storage material.

2.1.7 Solar still with fins

Increasing the absorber's surface area improves the solar still's heat transmission
area. Fins on the absorber plate improved solar still performance in a simple and
effective way.

Omara et al. [40] experimentation was done on solar stills with both finned and
corrugated absorber plate surfaces, and the results were analysed. For experimentation
3 still are developed. One was conventional still, the second was finned as an absorber
surface and the third was a corrugated absorber surface. Results obtained from the
second and third stills are compared with the conventional still. For 50 mm water
gravity under still and 30 L & 50 L amount of water, the experiment was undertaken.
From the results, they find that, relative to traditional still, more yield is obtained in
finned and corrugated. For 30L of saline water, 40 % more yield was obtained for finned
type solar still and 21 % more yield was obtained for corrugated still. 47.5%
competence were obtained for finned still, 41 % competence were obtained for

corrugated still and 35 % competence were obtained for conventional solar still.
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Figure 2.11. Schematic view of absorbing materials in the solar still. [40]
Agrawal et al. [41] single slope solar experimental study with an extended porous
surface between winter and summer seasons. Old cotton rags that have been blackened

and used for testing are used to create a porous extended surface that is submerged in
the bathwater just partly. They found that improved still gives 56% more productivity
during day time and 48 % more during 24 hours as compared to conventional still for
February month. Similarly, 23 % more productivity during day time and 15 % more
during 24 hours as compared to conventional still for may month. A 7.5L/m? output
were obtained from this improved still during the month of May which was the

maximum. The yield of still becomes lowers as the water gravity within the basin rises.

Porous fins

Basin water
Glass cover

Distillate channel

/

Bamboo sticks

Figure 2.12. Photograph of the porous fins. [41] Figure 2.13. Photograph of the porous fins [41]

Alaian et al. [42] experimented with employing pin-finned wick as an absorber to
study the effects of solar still. Two types of stills were constructed in order to carry out
the experimentation: one was a conventional still, and the other was a pin-finned
absorber. A competency of 55 percent is achieved in the still by employing the pin-
finned wick. During experimentation, 23% more productivity was obtained when this

system was used. A number of additional measurements, such as the temperature of a
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glass surface or the temperature of the water, are also taken into consideration. The
amount of distillate produced adjusts in accordance with the variation in the ambient

temperature.
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Figure 2.14. Schematic of the experimental test unit. [42] Figure 2.15. Pin-finned wick elements. [42]
Gnanaraj et al. [43] conducted the experiment on single basin double slope solar
still for improving the productivity of distillate fresh water for that some internal and
external modification has been done. For the period from March to May 2018, this
experiment was undertaken in Villianur, Pondicherry. The internal modification which
done was still coupled with corrugated finned, still enclosed with black granite for heat
storage, and stilled with wick material similarly external modification was done by
incorporating reflectors. One basin is made by utilizing all the above modifications.
After experimentation, they found that during the day time basin with a reflector and
corrugated finned has speedy growth of water temperature. Although still with black
granite has greater water temperature during evening and night time. Conventional still
produces 1.88L/m?-day of distilled output, similarly, corrugated fin still produces 2.995
L/m?-day, black granite still produces 3.21L/m?-day, still having wick material
produces 2.69 L/m2-day, still in which reflector was incorporated produces 3.655L/m?-
day and the still in which all the internal and external modification were done produces
5.13L/m?-day. When all the modification was used the efficiency of that still were
171.43% higher than that of conventional still followed by 93.93% for still having
reflector after that 69.84% for black granite still, still with corrugated fins has 58.47%

and still in which wick material was used had 42.33%.
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Figure 2.16. Finned Corrugated basin. [43] Figure 2.17. Black cotton wrapped fin. [43]
Jania et al. [44] the experiment was carried out on a solar still with a double slope

and a single basin. The absorbers for the experiment were fins with hollow circular and
square cross section area fins. The experiment was performed in the Valsad city,
Guijarat, India. In this experiment, square hollow fin (20mm height, 25mm side length,
and 2mm thick) and circular fin (20mm length, 25mm diameter, and 2mm thick) and is
joined on mild steel plate (300mmx600mmx2 mm) and uses as an absorber for water
desalination. The depth of water was varied i.e., 10 mm, 20 mm, and 30 mm were used
for both an absorber plates. From that, they found that when the circular fin was used
as an absorber the distilled output obtained were 54.22 % for 10 mm, 38.49 % for 20
mm, and 43.86 % for 30 mm water depth as weighed up against a square fin absorber.
The everyday vyield for circular fin was 26.86% for 10 mm, 19.52 % for 20 mm, and
25.32 % for 30 mm depth of water were achieved. Circular fin having 10 mm water
depth produces 1.4917 L/m?-day distilled output and a square fin having 10mm water
depth produces 0.9672 L/m2-day distilled output. From this, it indicates that as the depth

of water was less the productivity was more.

Figure 2.18. Circular finned absorber plate of mild steel. [44] Figure 2.19. Square finned absorber plate
of mild steel. [44]
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Figure 2.20. Schematic diagram for the layout of experimental setup. [44]

Khaled et al [45] study was carried out, both theoretically and experimentally,
on solar stills that had inside mirrors and fins. The experimentation was performed in
Jordan. From model results, they found that when the interior mirror was placed on the
south, east, and west side the competence was increased by 13 % in June, 20 % in April,
28% in September, 33 % in October, 37 % in January, and 46 % in December. While
the average monthly competence increases by 29.1% and output were increased by
3.014 L/day-m?. From experimentation, they also found that if fin were added alone
there was no change in output but if they added with an interior mirror both output and
competence were increased tremendously.

2.1.8 Solar still with Nano particles:

Nanoparticles are solid particles having the diameter in the range of 1 — 100 nm.
They have been utilised during the previous two decades, and they are surely a novel
approach among other methods, in order to increase the performance of solar stills in
terms of the amount of fresh water they produce. The capacity of nanoparticles to
provide the needed thermo-physical qualities, which may be accomplished by varying
the particle size, shape, and concentration, has awarded them with a place as one of the
primary research foci in the solar still.

Kabeel et al. [46] experimental analysis of solar still integrating exterior condensers
and nano fluids was carried out. The experimentation was performed in Kafrelsheikh
city, Egypt. The vaporization and condensation amounts increase with the use of fan.
During the daytime when fan was operating at the speed of 1350 rpm a yield was

augmented by 53.22 % as associated to the conventional still. In a similar vein, the
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production was raised by 50.24 percent when the fan was operating at the same speed
between the hours of 11 am and 3 pm in comparison to a traditional still. When nano
fluids are used with an exterior fan the output of still were increased by 116 % and
when nano fluid are used without the external fan the output were increased by 76 %.
This shows that nano fluids increased the productivity of still.
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Figure 2.21. Schematic diagram of the experimental setup. [46]

Kabeel et al. [47] performed the traditional solar experimental investigation which
was still adjusted by nanoparticles and equipped with vacuum. The nanoparticles used
in the study are copper oxide and aluminium oxide. Experimentation was done for
different mass concentration of nanoparticles which varies from 0.02% - 0.2 % at a
period of 0.02%. They found that when copper oxide is used as nanoparticles with fan
to provide a vacuum the efficiency obtained were 133.64% and when vacuum fan are
not used the efficiency obtained were 93.87 % more as compared to conventional still.
Similarly, when aluminium oxide is used as nanoparticles with fan for vacuum, the
efficiency obtained were 125 % and when fan has not used the efficiency obtained was
88.97 % more as compared to conventional still. This indicates that copper oxide
increases productivity.

Elango et al. [48] comparative research on a single basin single solar slope also
performed with separate nanoparticles. Nanoparticles of "Aluminium Oxide, Zinc
Oxide, and Tin Oxide" are being utilised for the purpose of comparison in this

investigation. For doing experimentation 2 similar size still were developed in which
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one still has only plain water while the other is having nanoparticles. From
experimentation, they found that 29.95% more output were obtained when Aluminium
oxide is used as nanoparticles as compared to plain water. Similarly, when Tin oxide
were used as nanoparticles the output obtained was 18.63% more than plain water and
for Zinc oxide, 12.67% more output was obtained. Due to its greater thermal
conductivity than other nanoparticles, aluminium absorbs more radiation, increasing
the temperature differential between seawater and glass covers. This shows that thermal
conductivity plays an important role in distillate output in still. The 2.8 years were
required for repayment when nanoparticles are used, which were much lesser than plain
water.
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Figure 2.22. Schematic diagram of single basin single slope solar still. [48]

Sahota et al. [49] a consequence of the solar nanoparticles still having a double
slope were studied. Al.Oz were used as nanoparticles in the experiment. The 3 different
centralizations of nanoparticles were used in this study. The 30kg and 80kg mass of
water was used for doing experimentation. For liquid, the logical utterance was
designed for the given studied. The results were compared for still having nanoparticles
and without nanoparticles. In comparison to the situation when nanoparticles were not
present, the yield increased to 12.2% for 35 kg of water and 8.4% for 80 kg of water
when 0.12% of Al,Os was employed.

Modi et al. [50] examined a solar still with a single slope and a double basin,
performing side-by-side comparisons with and without nanoparticles. An

experimentation was done in Gujrat, India. For doing experimental work two still was
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made of the same size. During experimentation, the mass of nanoparticles Al.O3 was
varied i.e., 0.01%, 0.05%, 0.10% & 0.20%. The efficiency of still were increased by
the use of nanoparticles as compared to without nanoparticles. The distilled output for
mass 0.01% of Al,Oz gets 17.6%, for 0.05% gets 12.3%, for 0.10% gets 7.2% and for
0.20% gets 2.6% as compared to still without nanoparticles. It was observed that with
the increase in particle concentration of Al2Oz, a decrement in the efficiency of still has
occurred.

Sathyamurthy et al., [51] experimentation and study were carried out employing
fumed silica nanoparticles in black paint for the stepwise solar still layers. The
concentration of nanoparticles varies from 10-40% and it is found that when the
concentration of nanoparticles increased from 20% there is no effect on the output.
Throughout the course of the investigation, it was discovered that increasing the
concentration of the nanoparticles to 10% resulted in a 27.2% increase in production in
comparison to using regular black paint. In a similar manner, the output was boosted
by 34.2%, 18.3%, and 18.4% correspondingly when 20%, 30%, and 40%
concentrations of nanoparticles were utilised in comparison to regular black paint.

Panchal et al., [52] nanoparticles were used in the experimental research that was
carried out on the stepped solar still. The Magnesium oxide and Titanium oxide of
different concentration was used for experimentation. The range of nanoparticles
concentration used for experimentation was 0.1% to 0.2%. From the results it was found
that for magnesium oxide with 0.1% concentration, 33.33% more fresh water was
obtained, whereas for 0.2% concentration 45.38% was obtained. Similarly for Titanium
oxide with 0.1% concentration 4.1% fresh water was produced and for 0.2%
concentration, 20.4% was produced. In comparison to titanium oxide, magnesium oxide
has a higher thermal conductivity and a lower specific heat capacity, both of which
contribute to a larger production of fresh water from a still.

2.1.9 Solar still with Evacuated tube

The Evacuated or Vacuum tubes are used in a number of rows of parallel transparent
glass tubes, through which the water circulates and absorb heat generated by tubes. Due
to cylindrical shape, sunlight is always perpendicular to the evacuated tubes and
performed well in the low intensity of sunlight, in the morning or late in the afternoon,

or when shaded by clouds.
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ShivKumar et al. [53] an investigation into the theoretical workings of a single solar
slope still that was combined with vacuum tube and forced mode functions was carried
out. For 0.006 kg/s quantity movement of water, 3.47 L of everyday output was
obtained from the still when the gravity of the water in the still were 0.01 m. But the
best output was found when the quantity of movement is 0.006 kg per sec having gravity
of water in still was 0.03 m. The 3.9 L of everyday output was obtained with 33.8 %
energy competence and 2.6 % exergy competence. They also found that more output
was obtained in forced mode as compared to natural mode.

b
Sun .'rfD
s

Solar radiatio
: | Water
\ . v feed

Water flow protector (used
during off-sunshine hours)

Evacuated tubes
filled with water

Connecting
insulated pipes
Flowing

water

*___Wm:r pump (used only

in forced mode)

Outlet

Figure 2.23. An lllustration of EISS solar still in forced mode. [53]
Panchal et al. [54] experimentation with a vacuum tube and a double basin single

slope solar still. In this experiment, black granite gravel was also used. The
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experimentation was done in Gujarat, India. The experiment makes use of four distinct
styles of dual basin stills: a straightforward dual basin still, a dual basin still that
incorporates a vacuum tube, a dual basin still that makes use of black granite gravel,
and a dual basin still that combines all three of these design elements. They discovered
that still's vacuum tube coupling enhanced competences by 56%, while the still's
vacuum tube coupling and the presence of black granite gravel increased competences
by 65%. After experimentation, they said that vacuum tube augmentation was very
efficient as compared to other passive augmentation techniques. According to financial

examination, 195 days were required to repay the cost of the product.
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Figure 2.24. Photograph of experimental setup. [54]
Panchal et al. [55] have tested double basin solar stills with evacuated tubes and

solid fins. The 2cm water-filled 3cm mild steel extended surface is utilised for
experiments. In March 2018, a double basin solar still connected with an evacuated tube
was tested. In April 2018, a solid-extended tube was tested. They observed that a double
basin solar still combined with an evacuated tube with an enlarged surface yielded 25%
more fresh water than one without. This method boosted daytime and off-set yield.
Badran et al. [56] experimented with a pyramid roof solar still, evacuated tube, and

flat plate collector. Evacuated tube vs. flat plate collector. This experiment delivered
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hot water to the solar still by connecting the outlet side of an evacuated tube and flat
plate collector to the intake side. A flat plate collector augmentation produces 2.485L
of fresh water as differentiated to conventional still which was higher than 7.62%,
similarly evacuated tube augmentation produces 2.615L of fresh water as differentiated
to conventional still which was higher than 13.25%. From this, it was clear that
evacuated tube augmentation had higher efficiency than “flat plate collector”

augmentation and traditional still.

A\ \\
Figure 2.25. Experimental setup of the project [56]

Panchal et al. [57] carried out the test using a single basin passive solar still that
was linked with a vacuum tube. The experiment was carried out in the Indian state of
Gujrat between the months of July 2011 and June 2012 inclusively. During this time
span, they discovered that a solar still equipped with a vacuum tube produced 4.994 L
of distillate, which was 97.6% more than what could be gotten from a conventional still.

It was also determined that the vacuum tube augmentation approach was more effective

39



than other passive ways such as the application of flat plate collectors, parabolic
collectors, and solar ponds. This was one of the conclusions that was reached as a result

of the research that was conducted.

s

Figure 2.26. Schematic arrangement of single basin passive solar still with vacuum tubes [57]

Shehata et al. [58] investigated on a single slope solar system with an ultrasonic
humidifier and evacuated solar collector. Egypt was the location of the testing. They
created a model with a 1 m x 1 m dimension for experiments. To increase the
vaporisation capacity, 6 ultrasonic humidifiers were utilized. The ultrasonic humidifier
gets the power from a solar panel having a capacity of 280 W. for supplying hot water
to the still, evacuated solar collector were attached in the experiment. Experimentation
was done for 3 months of summer having the identical climatic conditions. Phase
change materials were used in 4 different cases in the experiment: solar stills with phase
change materials, ultrasonic humidifiers, and phase change materials, evacuated solar
collectors and phase change materials, and solar stills with phase change materials,
evacuated solar collectors, and ultrasonic humidifiers. After experimentation, they
found that when the height of the water was 25 mm in the basin the everyday vyield
obtained were 5.34 L per day for still with phase change material and when the height
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was 35 mm the everyday yield obtained were 7.4 liters per day for a still with an
ultrasonic humidifier and an evacuated solar collector. The daily production was
increased by 25% for a water height of 25 mm and 44% for a water height of 35 mm in
the basin by employing an ultrasonic humidifier in conjunction with an evacuated solar
collector.

Patel et al. [59] performed a series of experiments on a solar still equipped with
three basins, a vacuum heat pipe, a corrugated sheet serving the function of an absorber,
and a sensible heat storage medium. Experiments used granite and pebbles as heat
storage materials because of their high density. The experiment was carried out in three
distinct settings: a conventional triple basin sun still; a triple basin solar still including
pebbles; and a triple basin solar still containing granite. Typical triple basin sun still as
compared to a conventional triple basin sun still, the triple basin solar still that used
granite to collect the sun's rays generated 180% more distillate, whilst the triple basin
solar still that used pebbles to collect the sun's rays produced 169% more distillate.
Distillate was generated at a rate of 17.5 kg/m?/day by the standard triple basin sun still
with vacuum heat pipe and pebbles, while the traditional solar still with vacuum heat
pipe and granite produced 19.0 kg/m?/day.

Panchal et al [60] experimentation and study were carried out on a solar still
equipped with vacuum tubes and calcium stones as the sensible heat storage medium.
The experiment was performed in the Gujarat, India. For experimentation 1m? area of
a basin with fourteen vacuum tubes were used. For the purpose of conducting
experiments, three distinct types of stills were constructed: the first was a traditional
solar still, the second was a traditional solar still with vacuum tubes, and the third was
a traditional solar still with vacuum tubes and calcium stones. For performing
experimentation ground water were used. From experimentation, they found that when
traditional solar still with vacuum tubes were used 5.09 L yield were obtained and when
traditional solar still with vacuum tubes and calcium stones 5.31 L were found. After
comparison, they found that 113.52 % yield were increased when traditional solar still
with vacuum tubes were used as compared to traditional still and 104.68 % were
increased when traditional solar still with vacuum tubes and calcium stones as
compared to traditional still. The amount of time needed to recoup costs was calculated

to be 237 days for standard solar stills that use vacuum tubes.
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Table 2.3: Comparative study of different absorbing material

Author(s)
and . -
. Year | Still Type | Absorbers used Findings
experiment
location
When wick type solar still
coupled with conventional
solar still produces 85
percent more output over
Minasian et al. Single basin . traditional  solar il
. 1995 . Wick whereas 45 percent more
[61], India solar still
output was developed from
wick type solar still
coupled with conventional
solar still over to only wick
type solar still.
1. Aluminium | The light black cotton
members fabric is the most efficient
2. Jute fabric absorbing material. The
. . . Coi length wise arrangement of
Kalidasa et al. Dual basin 3. Coir mate g . .g
241 Indi 2011 lar till 4. Scrubber sheet | the aluminium fin covered
[24], India solarst 5. Light  black | with cotton cloth are very
cotton fabric efficient found.
6. Waste cotton
chips
The 4.21 L/day were
obtained when the black
1 Black cord cotton. cloth is used_as wick
. . . material. By adding the
Anburaj et al. 2013 Tilted solar | fabric mild steel pieces and cla
[25], India. still 2. Jute fabric P y
. pot the output of 4.27 I/day
3. Cord chips .
was obtained.
The 68 % higher yield were
obtained during the pure
day whereas 35 % was
obtained when there was an
Srivastava et 2013 Single basin Jute fabric overcast day. The79%
al. [26], India solar still greater productivity were
obtained from the
improved still when 2
vertical  mirrors  were
placed.
Rajaseeniva . 1. Black cotton | For all the absorber
Dual basin . .
anetal. [62], | 2013 and sinale fabric material, 85 percent more
India g 2. Jute fabric yield were produced from
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basin solar
stills

3. Waste thread
chips

4. Clay pot -
facing up

5. Clay pot -facing
down

the double basin still over
the single basin still.

6. Mild steel
pieces
1. Stepped | Maximum productivity of
Absorber 1468 per m? was obtained
Alaudeen et Conventional 2 Rock for 2 cm water dep_t h and
al. [27], India 2014 Solar still 3. Sand _ the lowest productlon_ of
4. Wooden chips | 1150 L per m? was obtained
5. Coal for 4 cm water depth.
6. Coconut coir
The  2.072%  energy
1. Black cord | competence was obtained
. . . fabric when mild steel chunks
Rajaseenivasa Dual basin . .
netal. [63] 2015 solar still 2. Jute fabric Wer.e use.d in the double
3. Cord parts basin still, whereas for
4. Steel sections single still 1.412%
competence was increased.
The performance of water
1. Smooth | coral fleece with stepped
absorber wire mesh absorber
2. Paced absorber | increases by 71.2 percent
Hansen et al. Tilted type | 3. Wire- mesh | compared to a flat absorber
[28], India. 2015 solar still absorber and by 48.9 percent when
4. Timber tissue water coral fleece with
5. Coral hustle stepped wire mesh absorber
6. Polystyrene increases compared to a
step absorber.
The 145.5 percent more
. distilled water produces
' with wick over traditional
still.
It is found that maximum
. daily productivity is 6.20
Agrawal et al. 2019 i;:gllg__;:;?ﬁ V shaped floating | L/m? in summer and 3.23
[30], India solar still wick (Black Jute) | L/m? in winter having
efficiencies of 56.62% and
47.75% respectively.
From the result it was
Square 1. Polyester found that 9.4%, 20.9%,
Saravanana et shaped 2. Terry cotton and 33.1% more yield was
al. [64], India 2020 pyramid 3. Jute cloth produced for  woollen
solar still 4. Woollen fabric | fabric wick material as

compared to jute, Terry

43




cotton, and
respectively.

polyester

The 1.21L per m? per day

Okeke et al. Single basin output was obtained from
[65], Nigeria. 1990 solar still Charcoal and coal still having an effectiveness
of 16.5%.
The 18 percent and 92
percent more output were
. . . L. Black dye obtained from still when
Tris etal. [31], 1996 Single ba_lsm 2. Charcoal charcoal was used as
Turkey solar still 3. Darkened rock .
bed compared to the black paint
and blackened rock bed
respectively.
The 20% everyday output
Sebaii et al. Single basin of fresh water increases by
[66], Egypt. 2000 solar still Baffles using the baffle plates as an
absorber in the still.
Semi- The 3 L/m? output and 38%
Sathyamurthy circular competenc? of everyda.ly
etal. [32], 2015 through solar Baffles were obtained from still
India. Sstill using a semi-circular
absorber with baffles
1 Black elastic The output increases by
with  dissimilar 20% when the still having
: ; : black rubber of 10mm and
Nafev et al. Single basin | width -
[67],)I/Egypt. 2001 solar still 2. Black g:)ellqu?ntlty of water was
chippings  with m
dissimilar width
The still with black granite
i . . produces 52% competence
SIS, | ung | ST | Bk ST | v v s o s
’ ' PPINgs compared to traditional
still.
1. White | The 43.67% total thermal
limestone competence were
2. Steppingstones | developed from this still.
Shanmugan _et 2012 Single bal.sin 3. Pebble
al. [33], India solar Still 4. Dark gravels
5. Calcium
chippings
6. Iron crumbs
The 35 percent as well as
20 percent more yield were
Panchal et al Conventional Blue metal stones produ_ce_d by the still
[34], India 2015 solar still and Cow dung | containing blue  metal

cakes

stones and cow dung cake
respectively as equated to
reference still.
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Madhu et al.
[69], India

2018

Tilted solar
still

1. Baffles
2. Polyester sheet
3. Rubber sheet

The results show that
57.1% more output was
obtained from still
containing polyester sheet
as sensible heat storage
material and 59.5% more
output was produced from
still containing rubber sheet
as sensible heat storage
material as compared to
traditional still not
containing any sensible
heat storage material.

Velmurugan et
al. [35], India

2019

Single basin
double slope
solar stills

1. Black granite
pieces

2. Sand

3. Charcoal
4. Red
pieces

5. Small rock
6. Exterior Mirror

brick

It is observed that during
bright sunshine external
reflectors accelerate the
production  rate  while
during decline sunshine
hours higher production is
obtained from heat storage
material. It also observed
that the efficiency of a still
with energy  storing
material was 23.08 percent
more than traditional still
while the efficiency with
reflectors was 62.97%.

Nasri et al.
[36], Algeria.

2019

Conventional
Solar still

1. Gravel

2. Black
Polyethylene

3. Sand

The 5 L per m? of fresh
water is obtained from
gravel, after that black
polyethylene absorber,
produces 4.48 L per m? per
day and lastly, sand
absorber produces 3.84 L
per m? per day of fresh
water. The effectiveness of
still  was nearly about
99.30%.

Raj et al. [70],
India

2019

Single basin
solar still

1. Stone chips
2. Sand stones
3. Calcium oxide

As compared to traditional
solar still the 19.8% more
fresh water was obtained
from still containing stone
chips, 18.41% more was
obtained from still
containing sand stones, and
26.98% more was obtained
from  still  containing
calcium oxide.
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The everyday yield was
increased by 51.8%

1. Exfoliated . . .

. . . . obtained for still containing
Sharshir etal. 2020 Single ba_15|n graphlte flake exfoliated graphite flakes,
[71], Egypt solar still 2. Wick .

3. Carbon foam ar!d carbon foam with the
wick as compared to
traditional solar still.

1. Black scrubbers | By using the scrubber dices

B . . 2. Black coal the output was improved in

H”Ie;';t al. 2003 Sm?le ba}lslm 3. Black steel the range of 18% to 273%

[72] solar st 4, Yellow | as compared to the still
scrubbers without scrubber dices.

1. Uncovered | The highest total output

) ) metal wiry | was obtained from still
Abdallah et al. 2009 Single ba}sm scrubbers having black volcanic rock
371 solarstill | 5 " covered metal | andi.e., 60%.

wiry scrubbers
The 35.2% more output
was obtained from still
having a sponge of 5mm

) . . thickness as compared to
Arjunan e; al. 2011 Single ba.lsm Scrubbers traditional still. The
[73], India. solar still .

performance of the still
were improved by using the
sponges as  absorbing
material.

The 3.7 L/m? everyday
output was obtained from

1. Sphere-shaped still having a salt ball .as

. . . . . energy storage material
Harris et _al. 2016 Single ba}sm ball with saline whereas 2.4 L/m?  was
[38], India. solar still rock . . .

5 Scrubbers obtained from still having
sponges as energy storage
material and 2.6 L per m?
from traditional still.

The overall yearly

competence was 23.8%
Sebaii et al. Single basin . more in still containing heat
[39], Egypt. 2009 solar still Beach Soil storage material as equated

to the still lacking warmth

storage material.

When extended surfaces

were used as absorber

1. Scrubber surfaces the output increase

Velmurugan et 2008 Single basin | 2. Wick by 45.5%, when the wick
al. [74] solar still 3. Extended | was wused as absorber

Surface surface the output increases
by 26.6% and when
sponges were used as
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absorber  surfaces the
output increases by 15.3%.

For 30L of saline water, 40

Omara et al. 2011 Single basin it.Jrface Extended % more yield and 47.5%
[40], Egypt. solar still . competence were obtained
2. Ribbed cloth . .
from finned type solar still
A 7.5L/m? output were
sinale sloped obtained from this
A?E\]NE}LZE;I' 2013 Isgérssgﬂe Porous Fins improved still during the
’ month of May which was
the maximum.
A 155 % output was
Panomwan et Single basin ?ncreased from _ the
al. [75], 2013 . Extended surface | improved solar still as
: solar still
Thailand. compared to the
conventional solar still.
When the pin finned wick
Alaian et al. Single basin L . is used in still, a 55 percent
[42], Egypt. 2016 solar still Pin-finned wick competence and 23% more
productivity was obtained.
The 25.9% increase in
Tubul | Semi- circular | thermal competence was
E;%?mg et etll. 2018 ubu ?:Iso ar Corrugated obtained from a tubular still
» EQYP st absorber Plate with a  semi-circular
corrugated absorber plate.
The everyday yield of 5.13
. . 1. Finned grooved L pe.r m* and 171.43% We.r €
) Single basin . obtained from the still
Gnanara) e_t al 2019 dual slant 2 Blgcken granite when all the modifications
[43], India . 3. Wick .
solar stills . . were done in this research
4. Exterior mirror
as compared to the
traditional still.
The everyday vyield of
Single basin | Rounded and | 1.4917 L per m? were
Jani et aI_. [44], 2019 twofold four_—sided Cross- o!otained from still having
India slope solar | sectional hollow | circular  fins  whereas
still fins 0.9672 L per m? was
obtained for square fins.
The average monthly
Khaled et al Conventional 1. Extended | competence increases by
[45], Jor dan. 2020 Solar still surface 29.1% and output were
' 2. Interior mirror | increased by 3.014
L/daym?.
The 42.3% more output
Panchal et al. Single basin . was obtained by the use of
[77], India 2020 solar still Porous Fins porous fins on the absorber

plate.
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Panchal et al.

[78], India

2020

Traditional
solar still

Inclined and
vertical extended
surface

The 26.77% more output
was produced from still
having inclined fins as
compared to traditional still

Kabeel et al.
[46], Egypt

2014

Single basin
solar still

Nano fluids

When nano fluids are used
with an exterior fan the
output of still  were
increased by 116 % and
when nano fluid are used
without the external fan the
output were increased by
76 %.

Kabeel et al.
[47], Egypt

2014

Conventional
solar still

1. CuO
2 Al,O3

The maximum increase in
productivity of the
modified still is achieved
when using the cuprous
oxide-water nano fluid
(133.64% and 93.87%
higher than the productivity
of the conventional still
with and without operating
the fan throughout the
daytime).

Elango et al.
[48], India

2015

Single basin
solar still

1. Al,O3
2.Zn0

3. F8304
4, SnOz

The 29.95% more output
were  obtained  when
Aluminium oxide is used as
nanoparticles as compared
to plain water.

Sahota et al.
[49], India.

2016

Dual slant
solar still

Al,O3

When 0.12% of Al,Os were
used the yield obtained was
12.2% for 35kg of water
and 8.4% for 80 kg of water
as compared to still without
nanoparticles.

Modi et al.
[50], India

2019

Single slant
double basin
solar still

Al;O3

The use of Al;Os increases
the yield of fresh water by
17.6% as compared to still
without Al;Os,

Sharshir et al.

[79], Egypt

2019

Pyramid
solar still
with
evacuated
tube

1. Copper oxide
2. Carbon black

The modified solar still was
having 50% daily
efficiency  which  was
increased to 61% for
modified solar still with
copper oxide and 64.5% for
modified solar still with
carbon black.

Panchal et al.

[52], India

2019

Stepped
Solar still

1. Magnesium
oxide
2. Titanium oxide

The magnesium oxide with
0.1% concentration has
33.33% more fresh water,
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whereas for 0.2%
concentration 45.38% was
found.

When 0.08% of copper
oxide nanoparticles were

Nazari et al. Single slope . used in solar still with a
[80], Iran 2019 solar still Copper oxide thermoelectric cooling
channel 81% more output
of fresh water was found.
The efficiency was
o increased by 17.4% and
Shafieian et al. Conventional . . 18% more when
[81], 2020 . Aluminium oxide . .
. Solar still nanoparticles was used in
Awustralia. .
the summer and winter
season respectively.
Single slope When nanoparticles were
solar still used the output was
Behuraet_al. 2020 with V Copper oxide increased by 62.74% as
[82], India .
corrugated compared to traditional
absorber still.
The 88% more output were
- . obtained from still when
i Conventional Titanium _ —oxide ener storage material
Dsilva et f"ll' 2020 . and latent heat | . 9y g.
[83], India Solar still . with nanoparticles were
storage material.
used as compared to
traditional solar still.
When 20% concentration
Sathyamurthy Conventional Layered using of nanopartlcle§ were used
et al. [51], 2020 Solar still fumed silica | the output was increased by
India nanoparticle 34.2% as compared to
ordinary black paint.
The everyday output of
_ Sinale slope 3.47L/m?> was obtained
ShivKumar _et 2014 g P Evacuated tube from the basin when it is
al. [53], India solar .
integrated to the vacuum
tube.
The 56% competence were
increased when still was
coupled with vacuum tube
Panchal et al. 2015 4 Dual basin | Blacken granite | whereas 65% competences
[54], India. solar still gravel increase when the still was
coupled with the vacuum
tube and having black
granite gravel.
Double basin When the extended surface
solar still was used in double basin
Panchal et al. 2018 with Solid fins. solar still integrated with an
[55], India. .
Evacuated evacuated tube the yield of
tubes fresh water was increased
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by 25 % as compared to the
still  without extended
surfaces.

It is observed that when the
still is connected to a flat
plate collector the water

Pyramid- 1. Flat Plate | yielding is increased by
?;g]raﬂ)?;:k 2018 roof-type Collector 7.62% and when it is
’ solar still 2. Evacuated Tube | connected to an evacuated
tube collector it is 13.25%
as compared to the
conventional one.
The  distilled output
. . obtained from the solar still
Panchal et al. Smgle basin with vacuum tube was
[57], India 2019 passw.e solar | Evacuated tube 4.994 L which was 97.6%
still .
more than the conventional
still.
By using the ultrasonic
humidifier coupled with an
. 1. Evacuated tube evacuated solar .collector
Shehata et al. 2020 Smgle. solar 5 Ultrasonic the everyday vyield was
[58], Egypt still humidifier upgraded by 25 % for 25
mm water height and 44 %
for 35 mm water height in
the basin.
From experimentation, it
was found that for 4 cm
Solar still Wgter depth 7.39 Liter per
integrated m¢ per day was fou.n(.i and
Bhargva etal. 2020 | with vacuum | Evacuated tube the — everyday eff|0|gncy
[84] tube and heat Wa§ 30.5% was obtained
exchanger which was 138.9% mqre as
compared to traditional
solar still for the same
water depth.
The 180% distillate output
Triple basin | 1. Corrugated | were found more from
Patel et al. solar still absorber triple basin solar still with
[59], India 2020 with vacuum | 2. Pebbles granite as compared to
heat pipe 3. Granite traditional  triple  basin
solar.
The 113.52 % yield were
increased when traditional
Panchal et al. Conventional | 1. Evacuated tube solar still “with vacuum
[60], India 2020 Solar still 2. Calcium stone tubes were used and 104.68

% were increased when
traditional solar still with
vacuum tubes and calcium
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stones as compared to
traditional still.

Saw et al.
[85], Malaysia

2020

Triangular
shaped
glazing solar
still with
vacuum tube

Evacuated tube
operated in natural
mode

The 60.5%
competence was
from solar still
vacuum tubes.

average
found
having

Saadi et al.
[86], Algeria.

2018

Conventional
Solar still

Stepped absorber
coupled with
Multi Tray
evaporator

The 47.18% to 104.73%
more fresh water was
produced from stepped
solar still having multi tray
evaporator as compared to
traditional solar still.

Shyora et al.
[87], India

2019

Conventional
Solar still

Stepped absorber

The 23.88% more fresh
water was obtained from
stepped solar still as
compared to traditional
still.

A. E. Kabeel
et al. [88],

Egypt

2019

Stepped solar
still

1. Phase change
material

2. Internal
reflector

3. Graphite

4, Vacuum tube

The 13.6 L/m? to 13.62
L/m? day  everyday
freshwater was found when
stepped solar still with
internal reflector coupled
with the vacuum tube and
phase change material with
graphite are used

Sharshir et al.
[89], Egypt

2020

Stepped
double slope
solar still

1. Linen wick
2. Carbon black

The 80.57% fresh water
yield were increased when
linen wick and carbon
black nanoparticles were
used in the still as
compared to traditional
solar still.

Katekar et al.
[90], India

2020

Conventional
Solar still

Stepped absorber

The 147.93% more output
was obtained from still
having a stepped
corrugated absorber as
compared to traditional
still.

Vignesh
Kumar
Ramalingam
et. al. [91]

2021

Inclined
solar still

Stepped absorber

When compared to a
normal solar still, the
inclined solar still with heat
storage materials increased
production from 28 to
69.5%, whereas the
inclined solar still with
wick material increased
output from 8225 to
144.5%.
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When a 30% Sio./Tio;
A. Moh_andass Stepped solar _ coating was employed, the
Gandhi et.al. | 2021 . Nano particles stepped solar still
[92] still efficiency, which was
49.21%, raise.
1.CuO The thermal efficiency of
nanoparticles the stepped solar still by
Mohamed Stepped solar coated absorber | using an absorber pl_ate
Abdelgaied et | 2022 still surface coated with copper oxide
al. [93], Egypt 2. Interior mirrors | nanoparticles, interior
3.Phase change | mirror, and PCM s
materials increased by 136.6%.
1.Flat absorber. When  phase  change
2.Finned material comprising
absorber. nanoparticle and electrical
heaters were used in the
A. S. Abdullah 2022 Tray.solar 3. Jute. . finned tray solar still
et.al. [94] still 4.Copper . oxide simultaneously, the daily
nanoparticles water yield was increased
mixed with | by 196% compared to the
PCM. conventional sun still.
1.PVC insulation | By employing air stones in
Masoud Conventional box the solar still, the fresh
Sobhani et.al. | 2022 solar still 2. Sliding absorber quality )_/ield and efficiency
[95] '_ were raised by 34.7% and
o. Alr stones 8.8%, respectively.

2.2 EFFECT OF COOLING OF GLASS COVER OF STILL
In the solar still, one of the most significant criteria is the temperature of the upper

surface of the glass. The new distillate that is produced by the still is collected from the
inside of the glass cover, where the condensation of the water that has been evaporated
has been collected. The studies that have been conducted by so many researchers in
order to lower the temperature of glass by chilling it are going to be addressed in the
following part.

Arunkumar et al., [96] carried out a semi-circular solar still engineered
comparative analysis both with and without the flashing of cold water on the glass
surface. For experimentation 1100 mm x 1100 mm x 250 mm size semi-circular still
was fabricated. For cooling the surface of the glass, the tank was attached in which cold
water was present and placed at a particular gravity head so that identical water was
supplied at the glass cover. The 0.01l/min of water are allowed to drift over the glass
surface. From experimentation, they revealed that the competence of semi- circular still
rises from 34% to 42 % when the upper portion were cooled by a continuous supplied

of cold water.
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Abdullah et al., [97] performed the experimental study on solar still in which
stepped type absorbers were used and temperature reduction of the upper surface was
done. In experiments, conventional still and stepped solar still were compared. A 0.5
m? absorber plate area is used for conventional and stepped solar still. The 5 steeped
were made as an absorber in solar still. The water in the basin was warmed up by
employing the utilisation of a solar air heater. A layer of aluminium pieces was
positioned beneath the absorber plate in order to both boost and maintain the maximum
yield. A water which was supplied over the top cover for reducing temperature having
0.03 kg/s movement. From experimentation, it was found that as compared to
conventional still when stepped absorber still are used the production of water increases
i.e., 112 % more output were obtained.
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Figure 2.27. An lllustrative Diagram of the experimental setup. [97]

Aneesh et al. [98] the theoretical analysis was carried out on a single solar basin
still in which upper portion cooling were done using an air cooler. To lower the water
temperature which was supplied over the cover surface for cooling it, an evaporative
cooler was used by the researcher. The 1.5 m/s permanent water was supplied over the
upper surface. In this study 2 different techniques were used by the researcher for
reducing the temperature of the upper portion: 1) from the desert cooler the cold water

utilized 2) the normal water was used having a surrounding temperature. The
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temperature of the water which was flowing over the upper portion increased, by
absorbing heat from that surface, and then that water was again supplied to the desert
cooler. After experimentation researcher observed that when water from the desert
cooler were used the yearly output was increased from 41.3 % - 56.5 %. Similarly, when
water at surrounding temperature were used the yearly output increases from 21.8% -
30.1%.
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Figure 2.28. Schematic illustration of a solar still coupled to a desert cooler. [98]

Mord et al. [99] performed the experimental study on solar still having double slope
which were integrated with a flat plate collector in which the upper shield was cooled.
For experimentation rectangular still were fabricated having dimension 1.7 m x 0.7 m.
For various gravity of water, the yield of the still were studied. The 800 ml/hr of water
was supplied for cooling the upper portion of the glass in a still. The cooling water was
supplied on a discontinuous basis i.e., for 5 min the water was supplied, and for the next
5 min the water was stopped. The 7.80 L per m? per day production are obtained from
traditional still when the cooling water are supplied. When the still is used together with
the flat plate collector and the upper half of a glass is chilled, a collection rate of 10.06
litres per square metre per day is attained. They observed that when the density of the
water and the thickness of the glass surface were raised, the still's capacity fell. This
was a surprising finding.

Srither et al. [100] by chilling the top surface we were able to successfully complete

an experimental investigation on a freestanding triple basin still. Throughout the course
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of the experiment, a comparison of three different stills was carried out. The first still
was a standard triple basin solar still, the second still was a triple basin sun still with
temperature reduction in the top half, and the third still was a triple basin solar still that
was attached to a parabolic dish collector. The 300mm x 360mm x 330mm still was
fabricated for experimentation. The 20ml/s, 25ml/s, 30ml/s, 35ml/s, and 40ml/s where
different flow rates of water were studied. From experimentation, they found that a
40ml/s flow rate of water produces maximum yield. As a result of lowering the
temperature in the top part, there was a 32.8% increase in the overall yield.

Mousa et al. [101] studied on solar still having phase change material, cooling of
the upper surface of the still, and integrated to a flat plate collector. Three different
types of modification were done i.e., solar still with upper surface cooled, solar still
with upper surface cooled integrated with exterior flat plate collector and solar still with
upper surface cooled combined with phase change material and flat plate collector.
They used 3 different PCM for experimentation. The consequences of hot water
circulation rate, the mass of phase change material, the flowrate of cooled water, solar
irradiation, atmospheric temperature, and speed of wind had been studied. They found
that when the intensity of solar rays was increased from 200 — 700 W/m? the yield was
increased from 0.9 ml/min — 3.4 ml/min for solar still with upper surface cooled, 2.35
ml/min — 10 ml/min for solar still with upper surface cooled integrated with flat plate
collector and 3 ml/min — 11.9 ml/min for solar still with upper surface cooled integrated
with phase change material (as sodium acetate trihydrate) and flat plate collector. The
2.4 times yield were increased by adding an exterior flat plate collector with phase
change material. When the quantity of cooled water circulation was increased from 0
kg/s — 10 kg/s the yield was augmented from 1 ml/ min - 2.14 ml/min for solar still with
upper surface cooled, 1 ml/min - 6.65 ml/min for solar still with upper surface cooled
integrated with flat plate collector, and 1 ml/min - 7.5 ml/min for solar still with upper
surface cooled integrated with phase change material (as sodium acetate trihydrate) and
flat plate collector. Further, when a circulation of hot water was increased from 0 — 0.1
kg/s the yield was augmented by 2.4 ml/min — 6 ml/min for solar still with upper surface
cooled integrated with flat plate collector and 4 ml/min — 7.4 ml/min for solar still with
upper surface cooled integrated with phase change material (as sodium acetate

trihydrate) and flat plate collector. The 1.8 times more yield had been obtained for solar
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still with upper surface cooled integrated with flat plate collector as compared to solar
still with upper surface cooled and 2.3 times had been obtained for solar still with upper
surface cooled integrated with phase change material and flat plate collector using
sodium acetate trihydrate as phase change material as compared to solar still with upper
surface cooled.

Table 2.4: Comparative study of various upper surface cooling technique

Author(s)
Still Flow -
ar!d Year Findings
experiment Type rate
location
. . The competence of semi- circular still rises
Hemispheri .
Arunkumar et 0.01 | from 34% to 42 % when the upper portion
. 2012 cal solar . . .
al. [96], India. still L/min | were cooled by a continuous supplied of
cold water.
When the air was allowed to pass over the
Arunkumar et 1 top surface of the CPC-TSS, the yield was
al. [102], 2013 CPC-TSS LO/'O_ increased by 40% and when water was
India. MmN allowed to pass over the top surface of
CPC-TSS, the yield was enhanced by 43 %.
. The output of water production was
Single . .
Hasan et al. 2013 slope solar 0.6 depending on the surrounding temperature,
[103], Jordon. pstill L/min | solar rays’ intensity, and movement of cold
water over the surface.
As compared to conventional still when
Abdullah et al. 2013 Stepped 0.03 | stepped absorber still are wused the
[97], Egypt solar still L/s production of water increases i.e., 112 %
more output were obtained.
The yearly output was increased from 41.3
Single % - 56.5 % when water from the desert
Aneesh et al. .
[98], India 2014 basinsolar | 1.5m/s | cooler was used. The yearly output
' still increases from 21.8% - 30.1% when water
at surrounding temperature were used.
El-Samadony Stenped 0.045 - | The everyday distillate output increases by
et al. [104], 2014 PP . 0.085 | 8.2% when the movement of cold water
solar still
Egypt L/s takes place over the glass cover.
The "V" type solar still produced an
Suneesh et al. 2014 V type 0.15 | average output of 4.6L/m? when the
[105], India solar still L/min | temperature of the upper surface was
lowered by spraying cold water on it.
The 10.06 L per m? per day was collected
Mord et al. 2015 Dual slant 0.8 when the still was connected to a flat plate
[99], Egypt. solar still L/hr | collector and the upper portion of the glass
was cooled.
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Arunkumar et cPC- Thg out!out of 7.7 L per day was obt_auned
. 0.01 | while still attached to the solar pyramid are
al. [106], 2016 pyramid . .
. . L/s the composite parabolic concentrator-
India. solar still .
concentric tube-shaped solar.
0.02, | The 40ml/s flow rate of water produces
0.025, | maximum vyield. The total yield was
1 0,
suvrea | | owean | (00| 52 e e proere
[100], India. solarstill | - PPErP '
and
0.040
L/s.
The yield was augmented by 2.4 ml/min —
Single slant 6 ml/min for solar still with upper surface
Mousa et al. so!ar still 0L/s- cooled mtegrated with fIaF plate collectgr
[101], Jordon 2020 with flat 10 Lfs and 4 ml/min — 7.4 ml/min for solar still
’ ' plate with upper surface cooled integrated with
collector phase change material (as sodium acetate
trihydrate) and flat plate collector.

2.3 EFFECT OF PHASE CHANGE MATERIAL (PCM) IN THE BASIN
Thermal energy storage systems are able to store energy in the storage medium by

either heating or cooling it. In the future, the energy that was stored can be used to
generate electricity, provide heating, or provide cooling. Latent heat storage materials
are responsible for the absorption and release of heat whenever a material goes through
a phase change. Latent heat storage technologies, such as PCM, have been shown to be
perfect for use in solar stills due to the fact that they are able to retain anywhere from 5
to 14 times more heat than sensible heat storage. As a result, a number of researchers
have utilised various PCM in solar stills, which are mentioned in the next section.

2.3.1 Solar still with Lauric acid

Lauric acid, also known as dodecanoic acid, is a 12-carbon saturated fatty acid that
has many characteristics with medium-chain fatty acids. It has a little scent of soap or
bay oil and is a dazzling white, powdery substance.

Hamadani et al. [107] lauric acid was used as a phase transition material in an
experiment on solar still. For experimentation, 2 different solar stills were designed
having an area of 1m?. Below the solar still, phase change material was placed. It was
discovered that increasing the amount of material that changed phase and decreasing
the amount of water in the still enhanced the daily production as well as the efficacy of
the solar still. The maximum output of 2.63 L/m? per day was achieved during

experimental work.
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2.3.2 Solar still with Myristic acid
Myristic acid has a 14-carbon backbone and is a saturated long-chain fatty acid.
Butter fat, coconut oil, and palm oil all naturally contain myristic acid.

Shukla et al. [108] conducted research and studies on solar stills including
phase transition materials such as myristic and lauric acid. For the purpose of storing
the heat energy, the phase change material was positioned on the lower side of the still.
As a result of having a better capacity for energy storage, the output of the experiment
that employed lauric acid as the phase transition material was found to be boosted by
36%.

2.3.3 Solar still with Stearic acid

A saturated fatty acid with an 18-carbon chain is stearic acid. Octadecanoic acid is
known by its IUPAC name. It has the chemical formula CH3(CH2)16CO2H and is a waxy
solid.

Ajeetkumar et al. [109] using phase change material as steric acid the tubular
solar still has been examined experimentally. The 0.77m? absorber area was used in the
experimentation. For measuring the temperature of the solar still, copper thermocouples
were used. From experimentation, they found that the everyday competence of fresh
water was 21.87 %.

2.3.4 Solar still with Paraffin wax

The soft, colourless material known as paraffin wax is made of a combination of
hydrocarbon molecules with between 20 and 40 carbon atoms and is generated from
petroleum, coal, or oil shale. The majority of paraffin wax is found as a white,
odourless, tasteless, waxy solid with a density of roughly 900 kg/m?® and a typical
melting point of between 46 and 68 °C. It is not water soluble.

Sathyamurthy et al. [110] using paraffin wax as a phase change medium, and
an experiment was done to examine the effects of water mass on a triangle solar still.
Comparisons were made between phase transition materials that were still present and
those that were not. The still's ability to produce fresh water declines as the volume of
water there rises. A still with phase change material produces 5.5L/m? of fresh water
per day, according to testing, whereas a still without phase change material only
produces 3.5L/m?2. When compared to a traditional still, a phase transition material still

produced 35% more output.
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Rajasekhar et al. [111] conducted an experiment on solar cells that still
included a mix of nanoparticles and phase-change materials. Al,Os and paraffin wax
were employed as phase transition materials in the experiment. Phase change materials
that are still present and those that are not were compared. The output of stills was found
to be boosted by 45% when nanoparticles and phase change material were employed.
Similar results were obtained by simply using phase change material and not any
nanoparticles, which resulted in an output of 40%, as opposed to 38% when using both
phase change material and no nanoparticles.

Shalaby et al. [112] A single-basin solar still with material that changes phase
and a v-corrugated absorbers was tested experimentally. Paraffin wax was the phase-
change substance employed in the experiment. Both phase change material and no
material were used in the experiment. After testing, it was discovered that using phase
material in the still caused production to increase at night and drop during the day by
7.4% and 72.7%, respectively. The daily production obtained was 12% higher when
phase change material was utilized in a single-basin solar still with a v-corrugated
absorber than when phase change material was not employed. When 25kg of water were
used, the daily output was about 11.7% higher than when wick and phase change

material were still present.
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Figure 2.29. Single slope single basin solar still [112]
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Table 2.5: Comparative study of various PCM used in still

Author(s)
and . .
. Year | Still Type | PCM Used Findings
experlment
location
Hamadani et Sinale slant The greatest daily production of
al. [107], 2012 so?ar still Dodecanoic acid | 2.63 L/m? was attained. The
India. efficacy was raised by 30 to 35%.
. e A 35 - 40 % effectiveness were
Shukla et al. Single slant Muyristic and . _ .
. 2014 . R increased when Myristic acid
[108], India. solar still Dodecanoic acid
were used.
Ajeetkumar et Tube-shaped | Octadecancic An everyday competence of fresh
al. [109], 2015 k . water was 21.87 % were found
. solar still acid L
India. when Stearic acid are used.
An everyday output from still
having phase change material was
6.7 L per m?*and from still without
Dashtban et Stepped . phase change material was 5.1 L
2011 . Paraffin wax ) ; .
al. [113], Iran. solar still per m% In comparison to still
having no phase change material,
the output will be 31% higher
with it.
The still with phase change
material produces 5.5 L/m?/day of
fresh water, whereas the still
Sathyamurthy . . .
etal, [110] 2014 Pyramid Paraffin wax without phase change material
Ir;dia ’ solar still produces 3.5L/m?%day. The 35 %
' more output was produced from
still having phase change material
as compared to traditional still.
Arunkumar et Concentrator The output was augmented by
al. [114], 2015 supported Paraffin wax 26% when the phase change
India. solar still material was used.
The 307 % output was increased
. Concentrator .
Chaichan et . by wusing the phase change
2015 supported Paraffin wax . .
al. [115], Iraq. - material and solar tracking
solar distiller
system.
When nano particles are used with
PCM the output of still were
increased by 45 %. When the still
Rajasekhar et 2015 Single slant AL,O3 with without nanoparticles and only
al. [111] solar still paraffin wax PCM the output were 40% while
the still without PCM and without
nano particles the output obtained
were 38%.
- - 5
Shalaby et al 2016 Single basin Paraffin wax ([))uut“Lr:tg dtehcereaiae)ém\?vehilz I4d/f1rir? f
[112], Egypt. solar still P g

night time 72.7% of output
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increased when phase material
was used in the still.

The 9.36 L/m?/day output were
obtained from upgraded still

| . S
Kabeel et al. _mproved . coupled with hot air injection and
2016 single slant Paraffin wax . .
[116], Egypt. solar still having phase change material,

whereas traditional still produces
4.5 L per m? per day.

2.4 STUDIED RELATED TO ECONOMIC ANALYSIS OF SOLAR STILLS

Kabeel et al. [117] utilizing phase change material, an experimental study was
conducted focusing primarily on the performance of a solar still. Paraffin wax was used
as a phase-change material during tests. For testing, two different solar stills with the
same area of 0.615 m? were built. For testing, 17.5 g of paraffin wax were used in one
still. Through experiments, they found that distillate is produced at a rate of 7.54 L per
m? per day in a still containing phase change material as opposed to 4.51 L per m? per
day in a still without phase change material. Phase-change materials were used, which
resulted in a 60% increase in overall still productivity. Phase change materials reduced
the cost of producing one liter of distillate water from $0.03 to $0.032, respectively.

Joshi et al. [118] created a research project using a heat exchanger and a single
slant solar still. In this experiment, exergo-economic and enviro-economic analyses of
the cost of producing fresh water and energy were completed. A single slope solar still
with a partly, fully, and totally covered flat plate collector was compared to three
distinct variations. The final instance included a flat plate collector with a single slope
solar still. It cost 0.22 Rs/kg to produce fresh water using a solar still, a partly covered
flat plate collector, and a 2% interest rate. Similar to this, the cost of manufacturing
using an uncovered flat plate collector and a 2% interest rate is 1.20 Rs/kg. Flat plate
collectors that were partially covered were preferred in the solar stills above.

Panchal et al. [119] studied the financial and exergy examination on triangular
pyramid solar still coupled to incline solar still having baffles. For different water
depths, experimentation was done. They discovered that when an inclined sun still was
combined with a pyramid solar still, the output distillation increased. When the depth
of water was raised from 0.02 m to 0.05 m during the alongshore phase, the exergy

rose. The reimbursement period increases from 5.6 months — 11.4 months when
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triangular pyramid solar still was used only and it will increase to 6.3 months when they
are coupled to inclined solar still for retailing price of distilled water was 5 Rs/kg. The
1533 L/ year was obtained from triangular pyramid solar still when the depth of water
was 0.02 m while 2744.8 L/year was obtained from three-sided pyramid solar still
coupled with inclined solar still for the same depth of water.

Bait et al. [120] performed an experimental on tube-shaped solar still coupled
with dual slant solar still. The exergy enactment, enviro-economic, and economic
analysis were done. The obtained outcomes were distinguished with the traditional solar
still having the same dimension. The 405.04L/m? yearly output were obtained for the
conventional still, whereas the 549.77L/m? yearly output were obtained from the
upgraded solar still. For passive solar still, the hourly exergy competence was 7% and
total exergy competence was 30% were found, similarly for active solar still the hourly
exergy competence was 11% and total exergy competence was 41% were found. The
financial examination revealed that the cost of fresh water production is less when the
interest rate is 5% and the duration of 30 yrs. For simple solar still, the production cost
of fresh water was 0.018 $/L whereas for modified still 0.036 $/L were found. For
passive solar still, the reimbursement duration was 7.7 yrs. and for active solar still was
21 yrs. having 5% interest rate and the trading price of fresh water was 0.04 $/L.

A.F. Mohamed et al. [121] the performance of a solar still was experimentally
tested utilizing basalt stone as an absorber material, and a thermo-economic analysis
was performed. The consequences of different sizes of stone i.e., 1 cm, 1.5 cm, and 2
cm, and the absorbency of spongy absorber were studied. Two still were fabricated for
experimentation one was conventional and the other was modified, and their result were
compared. After experimentation, they concluded that the modified solar still produces
0.901L/m? output with augmentation of 19.81% for 1 cm size of stone as distinguished
to traditional still, for 15 mm size of stone the 1.005L/m? output were found and
augmentation of 27.86 % were found as compared to conventional still. Similarly for 2
cm size stone 1.075L/m? were obtained with augmentation of 27.86% as compared to
conventional still. The highest everyday thermal competence was 22.6% developed for
2 cm size stone with augmentation of 32.07%. From economic analysed they obtained
that the cost of production of fresh water per liter was 0.017 $/m?2. liter for 2 cm size of

the stone, whereas for conventional still, the cost of freshwater production per liter was
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0.020$/m?. liter. So, it was revealed that the size of the stone had a great impact on fresh
water production and their enactment.

Naseer et al. [122] studied on upgraded solar still coupled with a solar collector.
For upgrading the yield, 2 different modifications were done in conventional solar still.
In 1% modification, a revolving hollow pipe were used inside the solar still to increase
the vaporization area and decrease the boundary layer thickness. The hollow tube was
revolved for 3 different speeds i.e., 0.5 rpm, 1 rpm, and 3 rpm. The 2" up gradation
was done for increasing the temperature of the water inside the basin, an exterior solar
collector was coupled with upgraded solar still. After experimentation, they concluded
that, as the speed of rotation was decreasing the yield from still were increased and the
maximum Yyield was obtained when the speed was 0.5 rpm. The production was
enhanced to 5.5 L/m? when the rotating hollow pipe inside still were connected to the
exterior solar collector. The yield obtained was 1.4 L/m? when the conventional still
was paired with an external solar collector. By utilizing this modification, the yield was
improved by 292 %. A liter of fresh water produced by a modified solar still cost 0.048

dollars, compared to 0.049 dollars for a normal still.

2.5 RESEARCH GAP

From the above literature review the following research gap is found:

1. As per the literature reviewed, very few experimental investigations have been
conducted for the use of Nano fluids having stepped absorbers in the inclined
solar still.

2. According to the literature review, very few experimental studies on the
corrugated fins on stepped type absorbers in the inclined solar still have been
done.

3. According to the literature research, there haven't been many experimental
experiments to look at the impact of an evacuated tube with a stepped absorber
in an inclined solar still.

4. Only a few experimental studies employing corrugated finned on stepped type
absorbers, evacuated tubes, and nano fluids have been done to evaluate the

economic analysis of inclined solar stills, according to the literature study.
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2.6 RESEARCH OBJECTIVES

The research work has the following objectives:

1. Design and fabrication of modified inclined solar still with stepped absorber and
evacuated tube.

2. Study the effect of Nano fluids, corrugated finned on stepped absorber and
evacuated tube on the productivity of the fabricated inclined solar still.

3. Comparison of the performance for modified fabricated inclined solar still and
conventional solar still.

4. Economic analysis of modified fabricated inclined solar still will be done.

Now, the experimental set-up was designed and fabricated. The details are

discussed in the next chapter.
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CHAPTER 3

EXPERIMENTAL SET- UP, OPERATING
PROCEDURE AND DATA REDUCTION

This chapter deals with the design and fabrication of the experimental set-up
used to generate sufficient data. By adjusting various parameters over a wide range, a
large amount of data was created. In this chapter, we also discuss the instrumentation
and data collection, and reduction techniques used.

3.1 RESEARCH METHODOLOGY

Step-by-step descriptions of the research methodology

Step 1: Determining the Research Problem: The research topic, "Experimental
performance and economic analysis of nano fluids in inclined solar still equipped
of the stepped absorber with corrugated fins and evacuated tube," has already been
completed as the first stage.

Stepped with corrugated fins are utilized as absorber plates for the experimental work,
it has been determined. Nanoparticles (Aluminum Oxide) and evacuated tubes are also
employed.

Step 2: Review of the Literature With the most recent research articles published to
date, the second step—the review of the literature—has been finished and is continually
being updated. This informs us of the gaps and developments in solar desalination
systems around the world,

Step 3: Research Objectives: After findings the gaps from the literature review, the
research objectives are framed and finalized.

Step 4: Creating the experimental setup It entails fabricating the entire experimental
setup. It contains:

Fabrication of the Solar Still Basin: Galvanized Iron (Gl) sheet has been used to build
the solar still basin for the experimental setup.

Stepped Absorber plate: Galvanized iron (GI) sheet was chosen as a stepped absorber

plate for the experimental set-up.
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Corrugated fins: The triangular-shaped corrugated fins that have been selected for
investigation were created using galvanised iron (GI) sheet as the primary material.
Glass Cover: White, 4 mm-thick glass is used to cover the top of the solar still.
Evacuated Tube: The two concentric tubes made of borosilicate glass having dimension
1800 mm long, 47 mm inner diameter and 58 mm outer diameter has been taken for
experimentation.

Nano Particles: For the experimental set-up Aluminium Oxide has been taken as nano
particles.

Step 5: Measuring Instrument: The following are the instrument used for measuring
different parameters. It includes

PT 100 thermocouple and Temperature Indicator: PT 100 thermocouple is used to find
out temperature of the atmosphere, Basin water, Glass cover, and Absorber plate. A
total of 12 thermocouples are used.

Solar Meter: It is used to measure the hourly solar irradiation, which is used to find the
efficiency of the still.

pH and TDS Meter: A pH metre is a piece of equipment that is utilised in the process
of determining the quality of water. One type of measuring device is called a TDS
metre, and its purpose is to determine the amount of solid material that has been
dissolved in water.

Collecting Jar: The collecting jar is a glass or plastic container with a narrow neck, used
for collecting the yield water. It is employed to calculate the solar still's hourly yield.
Step 6: Data Collection: When the product has been manufactured, measurements will
be taken to collect data on the temperature of the absorber plate, the environment around
it, the water in the basin, the glass, and the amount of solar radiation. The hourly yield
of the still, as well as its overall efficiency, will be determined with the use of this
information.

Step 7: Data Analysis and Processing: To obtain the best outcome possible, data
analysis and processing will be done after all the cases' data have been collected.

Step 8: Data interpretation through graphs: Following data processing, graphs will be
created to present the findings in a more arranged manner.

Step 9: Cost Analysis: Cost analyses will be completed for each case after reviewing

the entire process and determining the desired outcomes in terms of efficiency.
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Step 10: After receiving all of the results, the report authoring process will be
completed.
3.1.1 Methodology for Objective 1

The objective consists of designing and developing modified inclined solar still
with a stepped absorber, corrugated fins, and evacuated tube. For this purpose, a
geometrical parameter of [57] is adopted for an evacuated tube. The 0.4cm thickness of
the glass cover is decided as per the study undertaken [123] and the inclination of the
glass cover is taken as 21.1458° N approximately equal to 22° N (equal to the latitude
of Nagpur) from the study [57].
3.1.2 Methodology for Objective 2

The following improvements were recognized as best suited for increasing distillate
output from inclined solar stills with single slopes. They are

1. Stepped absorber with finned corrugated basin in the still.

2. Nano particles in the inclined solar still.

3. Evacuated tube coupled to incline solar still.
So, three different conditions will be studied to evaluate inclined solar stills.
They are:
Condition I — Inclined solar still having stepped absorber with corrugated fin.
Condition Il — Inclined solar still having stepped absorber with corrugated fin
integrated with vacuum tubes.
Condition 11 — Inclined solar still having stepped absorber with corrugated fin
integrated with vacuum tubes by using Nano particles.
For the above conditions, the performance of inclined solar still will be studied. In order
to determine the yield of the inclined solar still with these improvements, we will apply
the above methodology.
Efficiency of still
The evaporative heat transfer to sun irradiation on the absorber plate ratio, which can
be calculated as follows, is what determines the thermal or energy efficiency of a solar
still. This ratio may be calculated as follows: [4], [90], [124], [125].

2 mew heg

3600 ApZ I () (3.1)

Nth =

Where hsg is the latent heat of vaporization of water and given by
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hg, = 3.1615(10° — 761.6 T;), When T, > 70°C (3.2)
hg, = 2.4935 (10° — 947.79 T; + 0.13132 T;* — 0.0047974 T;*), When T; < 70°C
(3.3

A, = Area of absorber plate (m?).

| (t) = solar radiation(W/m?).

Ti= Mean temperature of glass and water (° C).

The freshwater productivity (mew) may be computed using the formula

hewAw(Tw— Tg)3600

(3.4)

m =
ew hfg

Where hew is the computed heat transfer coefficient for evaporation between water and

the interior of the condenser glass cover:

_3 B
hew _ (16.28 x 1073) hew (Pw— Pg) (3.5)

Tw—Tg

A, = Area of water (m?).
Tw = Temperature of water (° C).
Ty = Temperature of glass (° C).

A glass cover and water's convective heat transfer coefficient (hcw) is determined

empirically,
(Pw= Pg)(Tyw+273) ;1

hew = 0.884 [(T, — T,) + a0 ry | /3 (3.6)
Partial Vapour pressure of Water (Pw)

5144
P, = e[25'317_ﬁ] 3.7)
Partial Vapour pressure of glass (Pg)

5144
) = e[25'317_ﬁ] (3.8)

3.1.3 Methodology for Objective 3

The comparison of modified inclined solar still will be carried out with
conventional solar still for similar conditions. The comparison will be done between
the inclined solar still having stepped absorber plate with evacuated tube and Nano
particles with the inclined solar still having stepped absorber plate having finned

surface with evacuated tube and Nano particles.
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3.1.4 Methodology for Objective 4

The production rate of distilled water as well as the time required to repay the cost of
still will be studied. For this, the different equations were taken from [118], [124],

[125].

Table 3.1: Different Parameters for Economic Study

Ii;' Considered Criteria Formulations Inferences
First ~ Annual  Cost Where:
1 FAC = CS x CRF )
(FAC) CS = total cost of still
( )N Where:
Capital recovery factor i(1+1i .
2 RF=—F— i = interest rate
(CRF) ¢ 1+iDN-1
N = number of years
Annual Operating and
3 maintenance cost | AMC =15% x FAC
(AMC)
A Sinking fund factor SFF [
(SFF) (4N -1)
Where: S = salvage
Annual salvage value o
5 ASV =SFF xS value and it is taken as
(ASV) .
10% of capital cost
6 Annual total cost (TAC) | TAC =FAC + AMC - ASV
; Cost of freshwater per TAC Where: L= Yearly
CPL = —
liter L fresh water output.
Where:
e CF = cash flow and
8 Net payback period In ( CF ) calculated as below
_ CF — (AFCx1i) _ N vield
In(1+1) CF = yearly yield x
selling price

3.2 DESIGN CALCULATIONS

Dimensions for solar distillation are given as: -
Distilled water output per day = 4 - 5 kg/day

Period of incident solar energy = 8 hours
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The base design, also known as the base area, is where the unclean water was contained
and stored for the distillation process. The base is formed like a square. The base area
is the square form in the top perspective.
3.2.1 Amount of solar energy required:

Q required = M X hig

Evaporation occurs when the temperature reaches to 100°C from the steam table
@100°%.

hig = 2257 x 10% J/Kg

Q required = 5 X 2257 x 10°

Q required = 11.285 x 10° J/day
It is believed that the sun always produces the same amount of energy. The radiation
from the sun weakens as it travels through space, and by the time it reaches the edge of
the Earth's atmosphere, it is less strong still. The incidental solar energy in the city of
Nagpur is approximately 480 W/m?,

Period of 8 hours:

Q incident = 480 W/m?

Q incident = 480 x 8 x 60 x 60

Q incident = 13.824 x 10° J/ day
Now the area of the base required:
A = Q required/ Q incident

=11.285 x 10°/ 13.824 x 10°

= 0.816 m? = Approx 1 m?
As the Solar radiation is not consistent throughout the day, the base area is taken more
(1m?) than required (0.816 m?) to absorb more amount of radiation and to obtain the
required amount of distillate.
Hence, L = 1m and W= 1m.

3.2.2 Flat Plate Absorber
The basin is having the length of 1m and a width of 1m, therefore the basin area is 1 m?
and the flat plate absorber is placed at the bottom side of the solar still basin.
Consequently, the flat absorber plate's area is
Area of Flat absorber plate = Length x width

=1x1
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=1m?

The flat plate absorber is having 1 m?,
3.2.3 Stepped Absorber plate
In experimentation the 5 steps are used having the dimension of 5 steps is 800mm X
1000mm x 150mm. Therefore, the area of the stepped absorber is
Area of stepped absorber for 5 steps = (Length x Width) + (Height x Width) + Flat
Absorber Area (Length x Width)

=(0.8x1)+(0.15x 1) +(0.2x 1)

=1.15m?
Since the area of the stepped absorber is more as compared to flat plate absorber, the
heat transfer is also greater in the stepped absorber than in the flat plate absorber.
Additionally, with stepped absorbers as opposed to flat absorbers, there is less space
amongst the glass cover and the absorber plate, which causes the water to evaporate

more quickly.
3.3 EXPERIMENTAL SET-UP
3.3.1 Experimental Setup Description

As shown in figure 3.1, a single-basin, single-slope glass inclined solar still with
a stepped absorber and a corrugated fin integrated with vacuum tubes is made for
experiments. Commercial plywood and PuF are used as insulating materials in the still's
basin, which has a surface area of 1 m? and is composed of galvanized iron. In order to
maximise amount of solar energy that is absorbed by a still, an interior of a basin is
painted a dark colour. The 4 mm thickness plain glass [123] is used which is placed at
22° inclination as the latitude of Nagpur (India) [57]. In the present study the 5 steps
are used as absorber having dimension for 1 step is 160mm x 1000mm x 30mm on
which triangular corrugated fins are attached. The 5 vacuum tubes are used for
experimentation having dimension of 47mm inner diameter 58mm outer diameter and
1800mm long which is attached to the basin's lower side and inclined at 45° to the
horizontal [57]. At the lower portion, the tube is supported with a rubber bush to prevent
it from breakage. For the measurement of the ambient temperature, the temperature of
the water, the temperature of the inner glass cover, and the temperature of the absorber

plate, this configuration needs a total of twelve thermocouples.
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An experimental set up is fabricated and all the equipment’s were taken to NIT
Polytechnic College, Nagpur, Maharashtra, India (21.1458° N, 79.0882° E). In order to
get more sun insolation, a solar still was positioned with a south and a north facing
directions. From morning 9:00 to afternoon 5:00 on each day, the experimental
procedures were observed. The temperature of the air, the absorber plate, the water in
the basin, the glass, the dispersed radiation, and the collected water were all likewise
monitored every hour. The ambient air temperature, the temperature of the glass, the
temperature of the water in the basin, and the temperature of the absorber plate were all
measured with a thermocouple once per hour. Using a solar meter, the amount of sun
radiation was simultaneously measured. The rate of water desalination was calculated

hourly using a collecting jar.

Figure 3.2. Photographic View of Experimental Setup
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Figure 3.3. Schematic diagram of experimental setup without evacuated tube
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Figure 3.4. Schematic diagram of experimental setup with evacuated tube
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3.3.2 Construction Details

In the solar desalination process for purifying the saline water, different parts are

used to construct the solar still. In the construction of solar still, the following key parts

and accessories are used.

©© N o o & w0 D

Solar still single basin

Single slope glass cover

Evacuated tube

Stepped absorber plate

Corrugated fins

Inlet way
Drain tube

Out let way

10.

11

12.

13

14.
15.

Flexible out let hose
Collecting jar

Drain plug

Sealing paste
Insulation tape
Rubber feeding

PuF insulation

Figure 3.5. Design dimension of experimental Setup
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3.3.2.1 Single basin based solar still

The basin is container in which saline water is stored. The inlet valve is attached on
the upper side of a basin through which salty water is entered, while outlet valve is
attached at a bottom side of a basin through which fresh water is obtained. A “U” shaped
tube is placed below the glass cover and is connected to the outlet valve of the solar
still. The fresh water obtained from the still is collected by the U tube connected by the
flexible pipe in the collecting jar. A basin's interior has been painted black to better
absorb solar radiation. A figure 3.6 b shows the photographic view of the solar still
basin.

Figure 3.6 a. Dimension of solar still basin
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Figure 3.6 b. Solar Still Basin
Table 3.2: Design Parameters of Solar Still Basin

Material Galvanized Iron Sheet (G.I)
Shape Square

Type Inclined basin

Basin Inner surface Smooth surface

Basin Outer surface Rough surface

Colour Black

Basin Inner size 1000 mm x 1000 mm x 250 mm
Effective area of a basin 1m?

3.3.2.2 Single slope glass cover
A square-shaped, white glass cover with a white color protects the solar still basin. The
following are the advantages of using a single slope glass cover.

1. The solar radiation is transmitted through the glass cover.
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4.
5.
6.

As it is transparent the inside portion of the still is clearly visible.

The vaporised water forms a layer on an inside of a glass cover for condensing
purposes.

The inner side is where the water condenses.

It is very good corrosion resistant against the water.

It gives good stability for the solar still desalination process.

The 4 mm thick glass cover is selected for experimentation because it gives good

stability for a longer time periods. According to a literature review, more solar radiation

is absorbed when the glass is inclined at a level that is comparable to the experiment's

location's latitude, therefore 22 degrees was chosen as the glass' inclination since it is

about equivalent to Nagpur's latitude. To prevent the leaking of fresh water collected

from the still as well as water vapour, a rubber gasket is installed on top of a basin's

glass cover. A glass cover dimension and material are given in following table 3.3.

Figure 3.7. Single Slope Glass Cover

Table 3.3: Features of single slope glass cover

Material Glass

Shape Square

Size 1000 mm x 1000 mm
Thickness 4 mm
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Colour White

Inclined angle 22°

3.3.2.3 Evacuated Tube
The evacuated tube is made up of borosilicate glass having two concentric tubes. Due
to the absence of air to conduct or move heat, convective and conductive heat losses
are decreased. However, some radiant heat loss occurs as a result of heat moving
through the tube from a warmer to a cooler area. When compared to the heat that is
absorbed by the fluid that is moving inside of the tube, this loss is quite minimal. The
solar radiation travels through the outer glass tube, is received by the coated surface,
and is absorbed by the fluid that is contained within the tube. The evacuated tube has
the following advantages:

1. It works in both direct and diffuse radiation

2. Itdoesn't need a tracking system to absorb solar radiation.

3. It has higher efficiency as compared to flat plate collectors.

{ﬁf ]
ik ]

1800 e 47

Figure 3.8 a. Dimension of Evacuated Tube
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Figure 3.8 b. Photographic view of Evacuated Tube
The evacuated tube material and dimension is given in following table 3.4

Table 3.4: Features of evacuated tube

Material Borosilicate Glass
Length 1800 mm

Outer Diameter 58 mm

Inner Diameter 47 mm

No. of Tubes 5No’s

Inclination 45°

3.3.2.4 Stepped absorber plate
The stepped absorber has a cross section in the shape of a rectangle. As a result of solar
energy being transferred from the top surface of the glass to the saline water in an

absorber, some of the water in the absorber will evaporate and then condense on the
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inside of the glass cover. The following table 3.5 shows the dimension and material of

the stepped absorber.

Figure 3.9 a. Photographic view of Stepped Absorber Plate

l

1000

30\8/ )\

Figure 3.9 b. Dimension of Stepped Absorber
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Table 3.5: Features of Stepped Absorber

Material Galvanized Iron Sheet (G.I)
Shape Rectangular
No. of Steps 5No’s
Length = 160 mm
Dimension for 1 step Width = 1000 mm
Height = 30 mm
Length = 800 mm
Dimension for 5 steps Width = 1000 mm
Height = 150 mm
Thickness 1mm
3.3.2.5 Corrugated fins

There are three triangles in the cross section of the corrugated fins. To expand the
absorber plate's surface area, it is employed. Maximum sun energy is transported to the
salt water as a result of the increased surface area, which also increases heat
transmission. As a result, the salt water evaporates more quickly, increasing the output

of fresh water. Table 3.6 shows the dimension and material of corrugated fins.

1000
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Figure 3.10. Dimension of Corrugated Fins
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Table 3.6: Features of Corrugated fins

Material Galvanized Iron Sheet (G.I)
Shape Triangular

Base 20 mm

Height 20 mm

Thickness 1mm

3.3.2.6 Inlet way

One hole, known as the inlet passage, is placed on a top edge of a still basin to allow
salty water to enter a basin. By the gravitational force, only the saline water is feed into
the basin and no external device is used for the inlet purpose, so this method of
desalination is known as the Passive desalination method. To avoid leakage insulating
tape and sealing paste are used for sealing and fixing the inlet pipe with a solar still
basin. The PVC pipe is used for inlet pipe material.

3.3.2.7 Drain tube

The PVC pipe is cut into a semi-circular cross section and placed under the lower edge
of the solar still glass cover. The outlet way of the solar still is connected to the drain
tube outlet. It is fixed at some inclination on the support of the basin. It is used to collect,
and condenses water obtained from the glass cover, and also the fresh water yield is
collected in the collecting jar through a flexible outlet hose.

3.3.2.8 Out let way

On the lower side of a solar still basin, one passage is provided to collect a fresh
distillate yield obtained from the still that hole is known as the outlet way. It is
connected to the collecting jar through a flexible hose. The fresh water yield is collected
in a measuring jar by gravitational force only without any external device. To avoid
leakage from the outlet way an insulation tape is used.

3.3.2.9 Flexible out let hose

It is used to connect the outlet of the solar still basin with the collecting jar. The hose's
other end is placed into the measuring jar while the other end is attached to the basin's
outflow. To avoid the leakage of fresh water, an insulating tape is used to connect the

outlet pipe with the flexible hose. Nylon is used as the flexible hose material.
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3.3.2.10 Drain plug

It is a small passage is made at a bottom of a still basin. For cleaning purposes, it is
possible to discharge the salt water from the solar still basin. The excess storage of
saline water is also drained through the drain tube. It is made up of plastic material. It’s
one end is inserted inside the basin while the other end is outside the basin and fixed
with proper insulating material to avoid leakage of fresh water.

3.3.211 Sealing paste

To fix the joints of the solar still sealing paste is used. The various joints of solar still
such as basin edges joints, top cover glass joints, inlet way, outlet way and drain plug
joints is sealed by the sealing paste. It is also used to join the solar still accessories for
avoiding any leakage from the solar still basin. The material used to make the sealing
paste is silicon sealant.

3.3.2.12 Rubber feeding (Gasket)

It is the sealant material that gives the cushioning effect between the two mating parts.
For avoiding leakage between the two mating parts the rubber gasket is provided.
Rubber gaskets are provided on both the upper and lower surfaces of a solar still basin,
as well as on a lower side of a glass cover, which creates a cushioning effect when the
two mating pieces are in contact with one another. Additionally, it stops water from
vaporizing when solar still and a glass cover are in contact. A gasket is made up of
rubber material.

3.3.2.13 PuF and Plywood insulation

The PuF and commercial plywood is used as an insulator material in experimentation.
A solar still has a PuF and plywood coating applied to all four sides, as well as the
bottom, to prevent heat from escaping into the atmosphere. It has low thermal
conductivity due to which it does not allow the heat to flow outside from the still.
3.3.2.14 Nano Material

The colour of the nanoparticle is white. The purity of the nanoparticle is nearly 99 + %.
The mean particle size of the nanoparticle is > 60 nm, Morphology of the nanoparticle
is nearly spherical. A specific heat capacity of a nanoparticle is 900 J/Kg-K. Its size is
uniform. It has a high degree of particle spherically as a result, high flow ability, and
high packing density. It has high thermal conductivity, hardness, etc. Nano metal oxides

have a greater surface area. Alumina nanoparticles are thermodynamically stable
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particles over a wide temperature range. The Nano material (Aluminium Oxide) is not
dissolved in water and is not destroyed under sun light. Hence it is re- usable, and lost
longer. The nano material could retain more heat energy and is also easily available
Nano- material (Al203) is a sensible heat storage material and it is placed inside of the
solar still basin.

3.4 MEASURING INSTRUMENT

An experimental work, the various readings are measured by using some
measuring instruments. Every hour, thermocouples record the temperatures of the
atmosphere, basin water, glasses, condensate yield, and diffused radiation. Using a
Solar Meter, the strength of sun radiation is measured. A jar is used to calculate the rate
of the hourly collected desalinated water.

3.4.1 PT 100 Thermocouple and Temperature Indicator:

To measure the temperature of the solar still, a thermocouple (PT-100) (copper
constantan thermocouple sensors) is used in the experiment as shown in figure.3.11. To
measure the various temperature of still at a different location, twelve different
thermocouples are used. The following temperatures are measured by the
thermocouple, they are:

a) Atmospheric temperature
b) Inlet water temperature

c) Outlet water temperature

d) Basin water temperature

e) Glass temperature

f) Absorber Plate temperature.

To measure the atmospheric temperature the first thermocouple is used. To
monitor the temperature of the absorber plate, the second through sixth thermocouples
are affixed to the plate. The temperature of the salty water in the solar still's basin is
measured by a seven to nine thermocouple that is installed on the basin's bottom side.
On the upper edge of the solar still's basin, a thermocouple is attached to measure a
temperature of a glass. All temperature readings are measured in every one hour. The
measuring temperature readings are in ° C. The value of the temperature reading is

displaced on the digital temperature indicator shown in figure 3.12.
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Figure 3.11. PT100 Thermocouple Figure 3.12. Digital Temperature Indicator
3.4.2 Solar Meter:

The instrument that is used to evaluate the sun’s intensity is called a solar meter.

Calculating the hourly solar intensity in terms of W/m? requires its utilisation.
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3.4.3 pHand TDS Meter:

The pH Meter is the device that is used to gauge the purity of water. It measures
the amount of hydrogen atom present in the water. The value of the pH meter indicates
whether the water is suitable for drinking purpose or not. Normally the pH rate is 6-10.
For good drinking water, the pH value is 7. As the amount of salt present in water is
increased, the pH value of the water likewise rises, which makes the water unfit for
human consumption and renders it useless for other purposes. The sea water is having
10 as pH value.

The device which is used to measure the solid contents dissolved in the water
that device is known as TDS meter. A quality of fresh water is also indicated by the
TDS value. The total dissolved solids (TDS) metre is used to determine whether or not
the water contains any contaminants. The 500 mg/L to 2000 mg/L is the normal TDS
rate. For drinking water, the TDS value is 100 mg/L. The sea water is having 1000 to
30, 000 mg/L of TDS value.

Figure 3.14. pHand TDS Meter

3.4.4 Collecting Jar:

It is a piece of machinery used to gather fresh water discharge that is made of
glass or plastic. The collecting jar measures the distillate water that was produced by
the solar still. On the outer surface of the jar, the marking is marked to measure the
quantity of fresh water. The collecting jar used in experimentation for measuring

distillate output is having a capacity of 1 liter.
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Figure 3.15. Collecting Jar

3.5 PREPARATION OF NANOFLUID

In order to use nanoparticles to improve the thermal conductivity of fluids, it is
essential to first prepare nanofluids. Aluminium oxide nanoparticles were acquired
from Nanoshell Lab in Dera Bassi, Punjab (India) for the experiment, and using a two-
step procedure with ground water as the base fluid, nanofluid was produced without the
use of a surfactant. A nanofluid was then swirled by a magnetic stirrer for 45 minutes
before being ultrasonicated for 1 hour with a Probe Sonicator. Nanofluids with 0.1%
concentrations were created and used in the solar still in this study. Table 3.7 shows the

nanoparticle's specifications.

Amount of nanoparticles added in grams

Concentration in %

= 100 x Volume of water in ml x Density of nanoparticles in grams/ml

(3.9)
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Table 3.7: Aluminium oxide nanoparticles specifications

Chemical True Average Thermal
Material Svmbol Density particle Conductivity
y (Kg/m®) | size (nm) (W/mK)
Aluminium
Oxide Al203 3900 10-14 46

Table 3.8: The thermal conductivity and cost of various nanoparticles [126].

Sr. _ The_rmal )

No. Nanopowders Quantity conductcl’\}/<|t»¥) (Wm™ | Cost/Rs
1 Tin oxide (SnO.) 25¢ 36 1500
2 Aluminium oxide (Al>Os) 259 46 2000
3 Iron oxide (Fe20s3) 25¢g 7 1750
4 Zinc oxide (ZnO) 100 g 29 1500
5 Titanium dioxide (TiOy) 100 g 8.5 12,859
6 Gold nanopowder (Au) 19 315 35,029
7 Carbon nanotubes 0.25¢ 3000 - 6000 19,521
8 Copper oxide (CuQ) 5¢ 76 3111
9 Boron nitride (BN) 50 ¢ 30-33 4911
9 Zirconium (1V) oxide (ZrO,) 100 g 2 10,611
10 Diamond nanopowder (C) g 900 8755
11 Silicon nitride (Si3Na4) 25¢g 29 30 11,434
12 Aluminium nitride (A1N) 50 ¢ 140 - 180 5193
14 Silver nanopowder (Ag) 5¢ 424 12,917

3.6 OPERATING PROCEDURE

It is important to ensure there are no leaks before beginning the experiment. The

joints of the inlet and outlet portions, as well as the pipe fittings, were all thoroughly

checked for leaks and professionally sealed to reduce the likelihood of leaks. To prevent

vapour leakage, a glass cover is correctly positioned over a basin.

» A thermocouple is affixed to an absorber plate, inner glass cover, and

submerged under a basin water to monitor a temperature.

» A flexible hose line is securely attached to the output path and collecting jar.
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» The TDS and pH value of water is tested which is used for desalination.

» The input valve supplies water to a basin.

» An upper portion of a glass cover is properly cleaned with the tissue paper or
cloth to avoid the reflection of solar still.

» The absorber plate, atmosphere, glass, and basin water temperatures are
recorded hourly using the digital temperature indicator.

» When sunlight strikes a glass cover, it is absorbed by an absorber plate that is
painted black and then transmitted to the water.

» The water absorbs the radiation due to which its temperature rises and is
converted into vapour.

» On the inside of the glass cover, the vapour rises and condenses, discharging
heat into the surrounding area.

» The condensate water is collected in the drain tube which is fixed at a bottom
portion of a glass cover.

» Fresh yield is collected in the measurement jar and measured on at hourly basis.

» The TDS and pH value of fresh yield is calculated.

» The solar metre takes readings on an hourly basis to determine the amount of
radiation received from the sun.

» An air temperature, a temperature of an absorber plate, a temperature of a glass,

and a temperature of a water in a basin are all measured every hour.

3.7 DATA REDUCTION

The experimental data was compiled to determine the average absorber plate
temperature, average glass temperature, average water temperature, sun intensity, and
fresh yield. This data is then used to determine the efficiency of the still.
1. Average Temperature of Absorber Plate:
The temperature of the absorber plate is recorded at various locations and the average

absorber plate temperature (Tp) is calculated:

Ty+T3+T4+T5+Tg
5

T, = (3.10)

Where:
T2, Ts, Ta, Ts, and Te are the temperature of the absorber plate (° C).
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2. Average Water Temperature:
The temperature of the water is measured at a number of different locations, and from
those readings, the average temperature of the water (Tw) is determined.:

T, = 2

(3.11)
Where:

T7, Tg, and Ty are the temperature of water (° C).

3. Average Glass Temperature:

The temperature of the glass is measured in a number of different spots, and from those

readings, the "average glass temperature” (TQg) is determined:

T10+T11+T
T, = % (3.12)

Where:
Tio, T11, and T1o are the temperature of the glass (° C).
4. Mean Temperature of Water and Glass:

The mean temperature of water and glass (T;) is calculated:

T = £ (3.13)
Where:

Ty = Average temperature of glass (°C).

Tw = Average temperature of water (°C).

5. Latent heat of vaporization of water [4], [90].:

The latent heat of the Vaporization of water (htg) is calculated:

hg, = 3.1615(10° — 761.6 T;), When T, > 70°C (3.14)
hey = 2.4935 (10° — 947.79 T + 0.13132 T;* — 0.0047974 T;*), When T; < 70°C
(3.15)

Where:

Ti= Mean temperature of glass and water (° C).
6. Efficiency of still [4], [90], [124], [125]:

2 mew heg

3600 ApZ I () (3.16)

Nth =

Where:

htg = latent heat of vaporization of water (J/Kg).
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A, = Area of absorber plate (m?).

| (t) = solar radiation (W/m?).

Mew = Fresh Yield (L).

3.8 VALIDATION FOR EXPERIMENTAL RESULT WITH PREVIOUS
STUDIES

Distillate Output Vs Time
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Figure 3.16. Validation of experimental results

The present experimental results have been validated by comparing them to the
work of other researchers, as shown in Figure 3.16. According to the graph, the readings
that were acquired for the current study effort are quite similar to the results that were
gained from a prior research work that was carried out by a variety of researchers. The
conclusion that can be drawn from this is that the experimental setting has been verified,
and the result that was achieved may be trusted.

The results obtained during experimentation is discussed in the next chapter.
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CHAPTER 4

RESULTS & DISCUSSION

This chapter provides a detailed evaluation of the performance studies based on
experimental data gathered, yield output, and different component temperatures.

The data generated on the experimental setup and the results obtained for
different cases of solar still for different basin conditions from which an effect obtained
on the fresh yield productivity and efficiency of still are presented. We go into great

detail on cost analysis and water quality.
The following cases have been discussed:

Case-1: Inclined solar still having stepped absorber with corrugated fin
(Winter).

Case-2: Inclined solar still having stepped absorber with corrugated fin
integrated with vacuum tubes (Winter).

Case-3: Inclined solar still having stepped absorber with corrugated fin
(Summer).

Case-4: Inclined solar still having stepped absorber with corrugated fin
integrated with vacuum tubes (Summer).

Case-5: Inclined solar still having stepped absorber with corrugated fin

integrated with vacuum tubes by using Nanoparticles.

4.1 CASE-1: INCLINED SOLAR STILL HAVING STEPPED ABSORBER
WITH CORRUGATED FIN (WINTER SEASON).

Based on the values that were measured for the different components, such as the solar

incidence, the temperature of the absorber plate, the temperature of the glass, and the

temperature of the basin water. A number of the subsequent observations have been

plotted and discussed for an inclined solar still having stepped absorber with

corrugated fin (Winter season).
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4.1.1 Hourly Solar Intensity

The quantity of energy that is collected from the sun in the form of
electromagnetic waves is what is referred to as solar intensity. Increasing the
temperature of the various components that are employed in a solar still requires solar
intensity. Both the quantity of fresh produce that may be collected from a still and its

overall effectiveness are dependent on the amount of available solar energy.
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Figure 4.1. Time-dependent Changes in Solar Intensity (Case-1)

The change in hourly sun intensity for inclined solar stills with stepped absorbers and
corrugated fins in the winter season for various testing days is depicted in Figure 4.1. It
is evident from the graph that on all of the trial days, the hourly sun intensity rises from
9:00 am until 1:00 pm, after which it begins to steadily decline. For all days, the highest

and minimum values of the hourly sun intensity are respectively measured at 1:00 pm
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and 5:00 pm. On February 3, 2022, at 1:00 pm and 5:00 pm, respectively, the maximum
value of 793 W/m? and the minimum value of 229 W/m? are measured. In the same
vein, the highest value of hourly sun intensity on the 04th, 06th, 08th, and 14th of
February 2022 is 830 W/m?, 848 W/m?, 822 W/m?, and 721 W/m? respectively, while
the lowest value of hourly solar intensity is 304 W/m?, 250 W/m?, 243 W/m?, and 233
W/m? respectively.

4.1.2 Absorber Plate Temperature

Solar stills have essential absorber plate temperatures. Because absorber plate
temperature determines still output. The following graph shows the absorber plate

temperature during several experimental days.
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Figure 4.2. Time-dependent Temperature Variation of the Absorber Plate (Case-1).

For several trial days, Figure 4.2 shows the temperature of the absorber plate for

inclined solar stills with stepped absorbers and corrugated fins changes over the winter.
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From the graph, it is evident that for each of the experiment days, the absorber plate
temperature increases from 9:00 am to 2:00 pm before beginning steadily fall, just as
solar radiation rises from 9:00 am to 1:00 pm before falling. A highest temperature
recorded for the absorber plate was 82.4°C on February 6, 2022, at 2:00 pm.
4.1.3 Glass Temperature

Solar still glass cover temperature matters. It controls condensation and solar
still yield. The graph below illustrates glass temperature over a day. Solar intensity
affects its temperature.
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Figure 4.3. Temperature Change in Glass with Time (Case-1)

Figure 4.3 depicts the fluctuation in glass temperature for various testing days for an
inclined solar still with a stepped absorber and corrugated fins in winter season. From

the graph, it is obvious that for each of the experiment days, the glass temperature
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increases from 9:00 am to 2:00 pm, after which it initiates to steadily fall, just as the
solar radiation rises from 9:00 am to 1:00 pm, before falling again. A highest glass
temperature measured was 72.7 ° C on February 6, 2022, at 2:00 pm.
4.1.4 Basin Water Temperature

Basin water is solar still water that evaporates to provide new output. Fresh
production depends on water temperature. Evaporation and production increase with

basin water temperature.
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Figure 4.4. The temperature of the water in the basin changes throughout time (Case-1).
For various testing days, Figure 4.4 illustrates the variation in basin water temperature
over the winter for an inclined solar still with a stepped absorber and corrugated fins.
From the graph, it is obvious that for each of the experiment days, the basin's water

temperature rises from 9:00 O’clock to 2:00 O’clock before gradually falling, just as
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the sun's rays rise from 9:00 am to 1:00 pm before falling. On February 6, 2022, at 2:00
pm, the greatest basin water temperature recorded was 77.0°C.

4.1.5 Absorber Plate, Glass and Basin Water Temperature for Different
Experimental Days
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Figure 4.5. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on
February 3, 2022.
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Figure 4.6. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on
February 4, 2022.
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Temperature Vs Time
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Figure 4.7. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on
February 6, 2022.
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Figure 4.8. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on
February 8, 2022.
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Temperature Vs Time
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Figure 4.9. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on
February 14, 2022.

The temperature of the water that was collected in the basin, the glass, and the absorber
in an inclined solar still with a stepped absorber and corrugated fins is depicted in
figures 4.5 to 4.9. These figures show the fluctuation in temperature that occurred over
the course of many test days. The graph makes it abundantly clear that throughout the
course of each day of the experiment, the temperature of the absorber plate, the glass,
and the water in the basin all increase from nine in the morning until two in the
afternoon, at which point they all begin to gradually decrease. This coincides with the
rise in solar radiation from nine in the morning until one in the afternoon, after which
it begins to gradually decrease. The absorber plate, the glass, and the water in the basin
all achieved their highest recorded temperatures on February 3, 2022 at 2:00 p.m.,
which were respectively 72.7 °C, 63.7 °C, and 68.3 °C. In a manner comparable to this,
the maximum temperatures for the absorber plates on February 4, February 8, and
February 14 in the year 2022 at 2:00 p.m. are 73.8°C, 82.4°C, 71.2°C, and 77.4°C,
respectively; the highest temperatures for the glass are 64.7°C, 72.7°C, and 64.7°C,
respectively; and the highest temperatures for the water in the basin are 68.3°C, 77.0°C,
and 67.3°C
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4.1.6 Hourly Fresh Yield

The fresh water obtained from still is measured on hourly basis, that measured
quantity is known as hourly fresh yield. It is determined on an hourly basis how much
energy was received by the water on an hourly basis and how much water will get
transformed into new output in order to establish the hourly efficiency of the still. This

is done by measuring it.
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Figure 4.10. Time-dependent Change in Hourly Fresh Yield (Case-1).

For various testing days, Figure 4.10 displays the variance in hourly fresh yield for an
inclined solar still with a stepped absorber and corrugated fins in winter season. The
graph shows that for all of the testing days, the hourly fresh yield increases between
9:00 am and 2:00 pm, after which it begins to steadily decrease. Since the amount of
fresh yield produced depends on sun intensity, which rises from 9:00 am to 1:00 pm

and then falls, the peak amount is produced at 2:00 pm. The highest hourly fresh yield

101



measurement was 0.6 L/m? on February 3, 2022, at 2:00 pm. In a similar vein, the
highest hourly fresh yield for the 04™, 06™, 08™, and 14™ of February 2022 will be 0.59
L per m?, 0.60 L per m?, 0.60 L per m?, and 0.54 L per m? at 2.00 pm, respectively.

4.1.7 Cumulative Fresh Yield
The total fresh water obtained from still for a particular experimental day is
measured, that measured quantity is known as cumulative fresh yield. It is measured to

determine the efficiency of the still for that particular day.
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Figure 4.11. Time-dependent Change in Cumulative Fresh Yield (Case-1).

102




The fluctuation of the cumulative fresh production for an inclined solar still with a
stepped absorber and corrugated fins over the winter for several testing days is shown
in Figure 4.11. The graph shows that the fresh yield reaches its peak around 2:00 pm
on all experimental days. Because the amount of fresh produce produced depends on
sunlight intensity, which rises from 9:00 am to 1:00 pm and then drops, the largest
amount is produced at 2:00 pm. The highest cumulative fresh yield measurement was
2.62 L per m? per day on February 6th, 2022. Similarly, the cumulative fresh yield
values for February 3, 4, 8, and 14 in 2022 are 2.56 L per m?2 per day, 2.5 L per m? per
day, 2.45 L per m? per day, and 2.35 L per m? per day respectively.

4.1.8 Solar Intensity and Absorber Plate Temperature

Solar Intensity & Absorber Plate Temperature Vs Time
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Figure 4.12. Solar Intensity and Absorber Plate Temperature with Time (Case-1)
Figure 4.12 illustrates how the sun intensity and absorber plate temperature changed

over the course of many testing days during the winter season for inclined solar stills
with stepped absorbers and corrugated fins. These stills were subjected to the tests on a
variety of days. It has been found that the temperature of the absorber plate increases

from 9:00 am to 2:00 pm on each of the testing days. After that, the temperature begins
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to gradually decrease. It has also been found that the solar intensity increases between
the hours of 9:00 am and 1:00 pm on each of the testing days. As the absorber plate
temperature totally depends upon the solar intensity, we get the maximum solar
intensity at 1:00 pm for all the testing days therefore the highest temperature of the
absorber plate is found at 2:00 pm. Because an absorber plate temperature remains
greater after absorption of heat from the sun.

4.1.9 Daily Efficiency of Still
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Figure 4.13. Daily Efficiency of Still (Case-1)
For various test days, Figure 4.13 displays a everyday efficiency for an inclined solar

still with a stepped absorber and corrugated fins in winter season. According to the
graph, the still will operate at its highest daily efficiency on February 14", 2022, and
its lowest daily efficiency on February 4", 2022, at 29.64%. As the efficiency is
depends upon the fresh output of still and solar intensity, that’s why the variation in

efficiency for different experimental days is recorded.
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4.2 CASE-2: INCLINED SOLAR STILL HAVING STEPPED ABSORBER
WITH CORRUGATED FIN INTEGRATED WITH VACUUM TUBES
(WINTER SEASON).

Based on the measured value of various components like solar incident, temperature
of absorber plate, glass temperature and basin water temperature. Various following
observations has been plotted and discussed for inclined solar still having stepped
absorber with corrugated fin integrated with vacuum tubes (Winter season).

4.2.1 Hourly Solar Intensity

The quantity of energy that is collected from the sun in the form of
electromagnetic waves is what is referred to as solar intensity. Increasing the
temperature of the various components that are employed in a solar still requires solar
intensity. The production of fresh produce received from still as well as the efficiency
of still is largely dependent on the amount of sun intensity that is present.
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Figure 4.14. Time-dependent Changes in Solar Intensity (Case-2).

Figure 4.14 depicts the hourly sun intensity fluctuation for an inclined solar still with a

stepped absorber and corrugated fins combined with vacuum tubes in the winter season
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for various trial days. It is evident from the graph that on all of the trial days, the hourly
sun intensity rises from 9:00 am until 1:00 pm, after which it begins to steadily decline.
For all days, the highest and minimum values of the hourly sun intensity are
respectively measured at 1:00 pm and 5:00 pm. On January 26, 2022, the highest value
of 814 W/m? and the minimum value of 270 W/m? are attained at 5:00 pm and 1:00 pm
respectively. In a similar fashion, the highest values of hourly solar intensity for the
27", 28" 29" and 30" of January 2022 are 806 W/m?, 865 W/m?, and 844 W/m?
respectively, while the lowest values are 257 W/m?, 290 W/m?, 329 W/m?, and 241
W/m? appropriately.
4.2.2 Absorber Plate Temperature

The critical temperature of the solar still is determined by the temperature of the
absorber plate. Seeing as since the temperature of the absorber plate is the sole factor
that determines the output of the still. As a result, the temperature of the absorber plate
was monitored during the experiment and recorded on the accompanying graph at

various points in time.
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Figure 4.15. Time-dependent Temperature Variation of the Absorber Plate (Case-2).
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Figure 4.15 depicts a temperature variation of an absorber plate for an inclined solar
still having stepped absorber with corrugated fins and integrated with vacuum tubes in
the winter season over various testing days. From the graph, it is evident that for each
of the experiment days, the absorber plate temperature rises from 9:00 am to 2:00 pm
before beginning to steadily fall, just as solar radiation rises from 9:00 am to 1:00 pm
before falling. A highest temperature recorded for the absorber plate is 82°C on January
28, 2022, at 2:00 pm.
4.2.3 Glass Temperature

The temperature of the glass cover is a very crucial aspect in the solar still.
because it determines the pace of condensation and, as a result, the amount of water
that can be extracted from the solar still. The graph that follows illustrates how the
temperature of the glass changed during the course of a single day. Its temperature is
also dependent on the amount of sunlight that is received.
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Figure 4.16. Temperature Change in Glass with Time (Case-2).
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Figure 4.16 depicts the fluctuation in glass temperature for various testing days for an
inclined solar still having stepped absorber with corrugated fins integrated with vacuum
tubes in winter season. It is evident from the graph that for each of the experiment days,
the glass temperature rises from 9:00 am to 2:00 pm, after which it begins to steadily
fall, just as the solar radiation rises from 9:00 am to 1:00 pm, after which it falls. The
highest glass temperature measured was 72.67° C on January 28, 2022, at 2:00 pm.
4.2.4 Basin Water Temperature

Basin water is solar still water that evaporates to provide new output. Fresh
production depends on water temperature. Evaporation and production increase with

basin water temperature..
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Figure 4.17. The temperature of the water in the basin changes throughout time (Case-2).
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Figure 4.17 depicts the fluctuation in basin water temperature for various testing days

for an inclined solar still having stepped absorber with corrugated fins and integrated

with vacuum tubes in winter season. The graph shows that for all of the experiment

days, the basin's water temperature rises from 9:00 am to 2:00 pm, after which it begins

to fall steadily, just as the sun's rays rise from 9:00 am to 1:00 pm, after which they fall.

The highest basin water temperature recorded for January 27, 2022, at 2:00 pm, is

78.33°C.

4.2.5 Absorber Plate, Glass and Basin Water Temperature for Different

Experimental Days
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Figure 4.18. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on

January 26, 2022.
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Figure 4.19. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on

January 27, 2022.
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Figure 4.20. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on

January 28, 2022.
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Figure 4.21. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on

January 29, 2022.
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Figure 4.22. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on

January 30, 2022.
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For inclined solar stills with stepped absorbers that have corrugated fins integrated with
vacuum tubes in the winter season, Figures 4.18 to 4.22 illustrates the fluctuation in
temperature of the water in the basin, glass, and absorber for several trial days. From
the graph, it is evident that for each of the experiment days, the temperature of the water
in the basin, glass, and absorber increases from 9:00 am to 2:00 pm, after which they
begin to steadily decrease, just as the solar radiation does from 9:00 am to 1:00 pm,
before decreasing. The highest values for the absorber plate temperature, glass
temperature, and basin water temperature were recorded on January 26, 2022, at 2:00
pm 77.2°C, 69.0°C, and 73.67°C, respectively. Similar to this, the maximum
temperatures for the absorber plates on the 27", 28%, 291" and 30" of January 2022 are
80.4°C, 82.0°C, 77.4°C, and 81.4°C, respectively, at 2.00 pm; a highest temperature for
the glass are 70.33°C, 72.67°C, 71.67°C, and 70.67°C, respectively; and a maximum
temperature of the basin water are 78.0°C, 78.33°C, 75.0°C, and 76.33°C respectively
at 2.00 pm.
4.2.6 Hourly Fresh Yield

The fresh water obtained from still is measured on hourly basis, that measured
quantity is known as hourly fresh yield. It is monitored hourly to assess the water's
energy intake and how much water is turned into new output to establish the still's

hourly efficiency.

Hourly Fresh Yield Vs Time
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Figure 4.23. Time-dependent Change in Hourly Fresh Yield (Case-2).
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For various testing days, Figure 4.23 displays the variance in hourly fresh yield for an
inclined solar still with a stepped absorber and corrugated fins combined with vacuum
tubes in winter season. The graph shows that during the experiment, hourly fresh
distillate output increases from 9:00 am until 3:00 pm, after which it begins to steadily
decline. The maximum yield is achieved at 3:00 pm because the output of fresh yield is
based on solar intensity, which rises from 9:00 am to 1:00 pm and then falls.
Additionally, because evacuated tubes are utilized, water temperature climbs more and
stays higher for longer periods of time. A maximum value of hourly fresh yield obtained
is 0.68 L/m? for 26" January 2022 at 3.00 pm. Similarly, for 27%, 28" 29" and 30™
January 2022 the maximum value of hourly fresh yield is 0.67 L per m?, 0.75 L per m?,
0.83 L per m? and 0.67 L per m? respectively at 3.00 pm.
4.2.7 Cumulative Fresh Yield

The total fresh water obtained from still for a particular experimental day is
measured, that measured quantity is known as cumulative fresh yield. It is measured to

determine the efficiency of the still for that particular day.
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Figure 4.24. Time-dependent Change in Cumulative Fresh Yield (Case-2).
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For several testing days, the change of the cumulative fresh yield for an inclined solar
still with a stepped absorber and corrugated fins combined with vacuum tubes in the
winter season is shown in Figure 4.24. It is evident from the graph that on all of the
experimental days, the fresh yield peaks at about 3:00 PM. Because the fresh yield
production is influenced by solar intensity, which rises from 9:00 am to 1:00 pm, and
because evacuated tubes are employed, which cause the water temperature to rise more
and stay higher for longer, the highest yield is attained at 3:00 pm. For the 29" of
January 2022, the highest cumulative fresh yield measurement was 3.62 L/m?/day.
Similarly, for 26", 27", 28" and 30" January 2022 the value of cumulative fresh yield
is 2.96 L per m? per day, 2.92 L per m? per day, 3.26 L per m? per day, and 2.88 L per
m? per day respectively.

4.2.8 Solar Intensity and Absorber Plate Temperature
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Figure 4.25. Solar Intensity and Absorber Plate Temperature with Time (Case-2).

During an inclined solar still with a stepped absorber and corrugated fins combined
with vacuum tubes throughout the winter for several trial days, Figure 4.25. depicts the

fluctuation of solar intensity and absorber plate temperature with regard to time. On all
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testing days, it is found that the sun intensity increases from 9:00 am to 1:00 pm before
beginning to decline. Similarly, its observed that a temperature of an absorber plate
increases from 9:00 am to 2:00 pm before beginning to gently decline after that. The
maximum temperature of the absorber plate is found at 2:00 pm since a temperature of
an absorber plate completely depends on solar intensity, which is at its highest for all
testing days at 1:00 pm. The temperature of the absorber plate is increased by absorbing
heat from the solar rays falling on an upper portion of a glass through which it is
transmitted inside the solar still.
4.2.9 Daily Efficiency of Still

As the efficiency is depends upon the fresh output of still and solar intensity,
that’s why the variation in efficiency for different experimental days is recorded and

shown in below graph.
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Figure 4.26. Daily Efficiency of Still (Case-2).

Figure 4.26 displays the daily efficiency for an inclined solar still with a stepped
absorber and corrugated fins combined with vacuum tubes in the winter season for
various test days. According to the graph, the still will operate at its highest daily
efficiency 40.65 percent, on January 29, 2022, and its lowest daily efficiency on January
27, 2022, will be 35.48 percent.
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4.3 CASE-3: INCLINED SOLAR STILL HAVING STEPPED ABSORBER
WITH CORRUGATED FIN (SUMMER SEASON).

Based on the measured value of various components like solar incident, temperature
of absorber plate, glass temperature and basin water temperature. Various following
observations has been plotted and discussed for inclined solar still having stepped
absorber with corrugated fin (Summer season).

4.3.1 Hourly Solar Intensity

The quantity of energy that is collected from the sun in the form of
electromagnetic waves is what is referred to as solar intensity. Increasing the
temperature of the various components that are employed in a solar still requires solar
intensity. The production of fresh produce received from still as well as the efficiency

of still is largely dependent on the amount of sun intensity that is present.
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Figure 4.27. Time-dependent Changes in Solar Intensity (Case-3).
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For several test days during the summer, Figure 4.27 depicts the variance in hourly sun
intensity for inclined solar stills with stepped absorbers and corrugated fins. It is evident
from the graph that on all of the trial days, the hourly sun intensity rises from 9:00 am
until 1:00 pm, after which it begins to steadily decline. For all days, the highest and
minimum values of the hourly sun intensity are respectively recorded at 1:00 pm and
5:00 pm. On May 2, 2022, at 1:00 pm and 5:00 pm, respectively, the greater value of
885 W/m? and the lesser value of 420 W/m? are measured. Likewise, for May 39, 4",
5t and 6", 2022, the highest and minimum values of hourly sun intensity are, 985
W/m?2, 900 W/m?, 890 W/m?, 854 W/m? and 305 W/m?, 330 W/m?, 300 W/m?, 342
W/m? respectively.
4.3.2 Absorber Plate Temperature

The critical temperature of the solar still is determined by the temperature of the
absorber plate. Seeing as since the temperature of the absorber plate is the sole factor
that determines the output of the still. As a result, the temperature of the absorber plate
is recorded over the several days of the experiment and represented on the

accompanying graph.
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Figure 4.28. Time-dependent Temperature Variation of the Absorber Plate (Case-3)
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Figure 4.28 depicts the change in absorber plate temperature for inclined solar stills
with stepped absorbers and corrugated fins throughout various test days during the
summer. The graph shows that for all of the experiment days, the absorber plate
temperature rises from 9:00 am to 2:00 pm, after which it begins to fall steadily, just as
the solar radiation rises from 9:00 am to 1:00 pm, after which it falls. The highest
absorber plate temperature measured was 86.6 ° C on May 6, 2022, at 2:00 pm.
4.3.3 Glass Temperature

The temperature of the glass cover is a very crucial aspect in the solar still.
because it determines the pace of condensation and, as a result, the amount of water
that can be extracted from the solar still. The graph that follows illustrates how the
temperature of the glass changed during the course of a single day. Its temperature is
also dependent on the amount of sunlight that is received.
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Figure 4.29. Temperature Change in Glass with Time (Case-3).
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In Figure 4.29, the fluctuation in glass temperature for an inclined solar still with a
stepped absorber and corrugated fins is shown for various test days during the summer.
It is evident from the graph that for each of the experiment days, the glass temperature
rises from 9:00 am to 2:00 pm, after which it begins to steadily fall, just as the solar
radiation rises from 9:00 am to 1:00 pm, after which it falls. The highest glass
temperature measured was 83.3° C on May 6, 2022, at 2:00 pm.
4.3.4 Basin Water Temperature

The term "basin water" refers to the water that is held within the solar still for
the purpose of evaporation so that it may be transformed into a new output. The
temperature of this water is also very significant, as the amount of fresh produce that
can be extracted is solely dependent on the temperature of this water. The higher the
temperature of the water in the basin, the higher the evaporation rate will be, and the
bigger the production will be..
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Figure 4.30. The temperature of the water in the basin changes throughout time (Case-3).
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For several test days during the summer, Figure 4.30 depicts the variance in basin water
temperature for an inclined solar still with a stepped absorber and corrugated fins. The
graph shows that for all of the experiment days, a basin's water temperature rises from
9:00 am to 2:00 pm, after which it begins to fall steadily, just as the sun's rays rise from
9:00 am to 1:00 pm, after which they fall. The highest water temperature measured in
the basin was 85.3° C on May 6, 2022, at 2:00 pm.

4.3.5 Absorber Plate, Glass and Basin Water Temperature for Different
Experimental Days
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Figure 4.31. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on
May 02, 2022
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Figure 4.32. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on
May 03, 2022

120



Temperature (°C)

90.0

80.0

60.0

40.0

Temperature Vs Time

9:00 AM

10:00
AM

11:00 12:00PM 1:00 PM 2:00 PM 3:00 PM 4:00 PM 5:00 PM
AM

04-05-2022
Time (Hrs.)

s« 4« Average
Temperat
ure of
Absorber
Plate (°C)

Average
Temperat
ure of
Glass
°C)

soo® e Average
Temperat
ure of
water

)

Figure 4.33. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on

May 04, 2022
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Figure 4.34. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on

May 05, 2022
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Figure 4.35. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on
May 06, 2022

Figures 4.31 to 4.35 show a temperature variation of the water in a basin, glass, and
absorber plate for several trial days throughout the summer for inclined solar stills with
stepped absorbers and corrugated fins. It is clear from the graph that for each of the
experiment days, the temperature of an absorber plate, a glass, and a water in a basin
rise from 9:00 am to 2:00 pm, after which they start to progressively decline, exactly
like the solar radiation does from 9:00 am to 1:00 pm, before declining. The greatest
temperatures for the absorber plate, glass, and water in the basin were recorded at 2:00
pm on May 2, 2022, and they are 86.0°C, 82.3°C, and 84.3°C, respectively. Like this,
the highest possible absorber plate temperature for the third, fourth, fifth, and sixth days
of May 2022 is 85.4°C, 85.0°C, 85.4°C, and 86.6°C, respectively, at 2:00 pm; the
highest possible glass temperature is 80.3°C, 79.7°C, 77.3°C, and 83.3°C, respectively,
at 2:00 pm; and the highest possible basin water temperature is 82.7°C, 81.7°C, 80.7°C.
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4.3.6 Hourly Fresh Yield

The fresh water obtained from still is measured on hourly basis, that measured
quantity is known as hourly fresh yield. It is determined on an hourly basis how much
energy was received by the water on an hourly basis and how much water will get
transformed into new output in order to establish the hourly efficiency of the still. This

measurement is done every hour.
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Figure 4.36. Hourly Fresh Yield Changes Over Time (Case-3).

Figure 4.36 depicts the change in hourly fresh yield for an inclined solar still with a
stepped absorber and corrugated fins during various test days during the summer. The
graph shows that for all of the testing days, the hourly fresh yield increases between
9:00 am and 2:00 pm, after which it begins to steadily decrease. Since the amount of

fresh distillate produced depends on sun intensity, which rises from 9:00 am to 1:00 pm
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and then falls, the peak amount is produced at 2.00 pm. The highest hourly fresh yield
measurement was 0.75 L/m? on May 2, 2022, at 2 o'clock. Similarly, for 03", 04", 05
and 06" February 2022 the maximum value of hourly fresh yield is 0.82 L per m?, 0.79
L per m?, 0.77 L per m? and 0.81 L per m? respectively at 2.00 pm.
4.3.7 Cumulative Fresh Yield

The total fresh water obtained from still for a particular experimental day is
measured, that measured quantity is known as cumulative fresh yield. It is measured to

determine the efficiency of the still for that particular day.
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Figure 4.37. Time-dependent Change in Cumulative Fresh Yield (Case-3).
Figure 4.37 shows the variation of cumulative fresh yield for inclined solar still having

stepped absorber with corrugated fins for different experimental days in summer

season. From the graph, it is observed that for all an experimental day a fresh distillate
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output is maximum at 2:00 pm. Since the amount of fresh yield produced depends on
sun intensity, which rises from 9:00 am to 1:00 pm and then falls, the peak amount is
produced at 2:00 pm. The maximum value of cumulative fresh yield obtained is 3.82
L/m?/ day for 06" May 2022. Similarly, for the 02", 03", 04" and 05" May 2022 the
value of cumulative fresh yield is 3.54 L per m? per day, 3.74 L per m? per day, 3.65 L
per m? per day and 3.46 L per m? per day respectively.

4.3.8 Solar Intensity and Absorber Plate Temperature
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Figure 4.38. Solar Intensity and Absorber Plate Temperature with Time (Case-3).

Figure 4.38 depicts the time-dependent change of solar intensity and absorber plate
temperature for an inclined solar still with stepped absorbers and corrugated fins across
many testing days throughout the summer season. It is noticed that the sun intensity
increases from 9:00 a.m. to 1:00 p.m. on all testing days and then gradually decreases.
Similarly, the temperature of the absorber plate rises from 9:00 a.m. to 2:00 p.m. on all

testing days and then gradually decreases. Because the temperature of the absorber plate
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is entirely dependent on solar intensity, we obtain the highest solar intensity at 1:00 pm
on all testing days, and thus the maximum temperature of the absorber plate is
determined at 2:00 pm. Because the absorber plate temperature remains higher for
several time periods after the absorption of heat from the sun's rays.
4.3.9 Daily Efficiency of Still

As the efficiency is depends upon the fresh output of still and solar intensity,
that’s why the variation in efficiency for different experimental days is recorded and

shown in below graph.
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Figure 4.39. Daily Efficiency of Still (Case-3).
Figure 4.39 shows the daily efficiency for inclined solar still having stepped absorber
with corrugated fins for different experimental days in summer season. From the graph,
it is found that the still's daily efficiency at its highest is 40.0% on 06" May 2022 and
the minimum efficiency of the still is 36.56% on 05" May 2022.
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4.4 CASE-4: INCLINED SOLAR STILL HAVING STEPPED ABSORBER
WITH CORRUGATED FIN INTEGRATED WITH VACUUM TUBES
(SUMMER SEASON).

Based on the measured value of various components like solar incident,
temperature of absorber plate, glass temperature and basin water temperature. Various
following observations has been plotted and discussed for inclined solar still having

stepped absorber with corrugated fin integrated with vacuum tubes (Summer season).

4.4.1 Hourly Solar Intensity

The quantity of energy that is collected from the sun in the form of
electromagnetic waves is what is referred to as solar intensity. Increasing the
temperature of the various components that are employed in a solar still requires solar
intensity. The production of fresh produce received from still as well as the efficiency

of still is largely dependent on the amount of sun intensity that is present.
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Figure 4.40. Changes in Solar Intensity over Time (Case-4).
For several test days during the summer, Figure 4.40 depicts the variation in hourly

solar intensity for an inclined solar still with a stepped absorber and corrugated fins
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combined with vacuum tubes. It is evident from the graph that on all of the trial days,
the hourly sun intensity rises from 9:00 am until 1:00 pm, after which it begins to
steadily decline. For all days, the highest and minimum values of the hourly sun
intensity are respectively recorded at 1:00 pm and 5.00 pm. On April 26, 2022, the
highest value of 890 W/m? and the minimum value of 390 W/m? are both attained at
1:00 pm. Similarly, for 27%, 28" 29" and 30" April 2022 a greatest value of hourly
solar insolation is 881 W/m?, 880 W/m?, 890 W/m?, and 905 W/m? correspondingly
and a minimum value of hourly solar intensity is 375 W/m?, 350 W/m?, 375 W/m? and
410 W/m? respectively.
4.4.2 Absorber Plate Temperature

The critical temperature of the solar still is determined by the temperature of the
absorber plate. Seeing as since the temperature of the absorber plate is the sole factor
that determines the output of the still. As a result, the temperature of the absorber plate
was monitored during the experiment and recorded on the accompanying graph at

various points in time.
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Figure 4.41. Time-dependent Temperature Variation of the Absorber Plate (Case-4).
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Figure 4.41 depicts the change in absorber plate temperature for inclined solar stills
with stepped absorbers that have corrugated fins combined with vacuum tubes on
several trial days throughout the summer. The graph shows that for all of the experiment
days, an absorber plate temperature increases from 9:00 am to 2:00 pm, after which it
starts to fall steadily, just as a solar insolation rises from 9:00 am to 1:00 pm, after
which it falls. The highest absorber plate temperature recorded is 97.6°C on April 26,
2022, at 2:00 pm.
443 Glass Temperature

The temperature of the glass cover is a very crucial aspect in the solar still.
because it determines the pace of condensation and, as a result, the amount of water
that can be extracted from the solar still. The graph that follows illustrates how the
temperature of the glass changed during the course of a single day. Its temperature is
also dependent on the amount of sunlight that is received.

Glass Temperature Vs Time
Wt T o,
75.00 : " S, Y
x. ..... R
< ° Ve
—~ v .-
¢ SR
— .)(
£60.00 it
= 2o
z X
< X ] -
= 45.00 >
2 ES
&) ® .
o x
15.00
0-00 11-00 12-00 1-00 2-00 3-00 4-00 5-00
AM AM PM PM PM PM PM PM
50.00 58.67 68.33 75.33 84.33 75.67 70.67 66.67
16.67 51.67 69.33 77.67 83.33 75.67 54.33 50.33
47.67 55.00 66.33 71.33 81.67 69.67 60.67 52.67
42.00 52.33 53.00 71.33 77.33 75.33 73.00 69.67
47.33 57.67 67.33 77.67 79.33 77.67 71.33 69.33
Time (Hrs.)

Figure 4.42. Temperature Change in Glass with Time (Case-4).
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For several test days during the summer, Figure 4.42 depicts the variation in glass
temperature for an inclined solar still with stepped absorbers that have corrugated fins
combined with vacuum tubes. It is evident from the graph that for each of the
experiment days, the glass temperature increases from 9:00 am to 2:00 pm, after which
it initiates to steadily fall, just as the solar insolation rises from 9:00 am to 1:00 pm,
after which it falls. The highest glass temperature measured was 84.33° C on April 26,
2022, at 2:00 pm.
4.4.4 Basin Water Temperature

The term "basin water" refers to the water that is held within the solar still for
the purpose of evaporation so that it may be transformed into a new output. The
temperature of this water is also very significant, as the amount of fresh produce that
can be extracted is solely dependent on the temperature of this water. The higher the
temperature of the water in the basin, the higher the evaporation rate will be, and the

bigger the production will be.
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Figure 4.43. Temperature Changes in the Basin Water Over Time (Case-4).
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For various testing days during the summer, Figure 4.43 depicts the variation in basin
water temperature for an inclined solar still with stepped absorbers that have corrugated
fins combined with vacuum tubes. The graph shows that for all of the experiment days,
the basin's water temperature increases from 9:00 am to 2:00 pm, after which it begins
to fall steadily, just as a sun's rays rise from 9:00 am to 1:00 pm, after which they fall.
The highest water temperature recorded for the basin is 93.33° C on April 26, 2022, at
2:00 pm.

4.45 Absorber Plate, Glass and Basin Water Temperature for Different
Experimental Days
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Figure 4.44 Shows the evolution of the water's temperature in the basin, glass, and absorber plate on
April 26, 2022
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Figure 4.45 Shows the evolution of the water's temperature in the basin, glass, and absorber plate on

April 27, 2022
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Figure 4.46. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on

April 28, 2022
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Figure 4.47. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on

April 29, 2022
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Figure 4.48. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on

April 30, 2022
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For inclined solar stills with stepped absorbers that have corrugated fins integrated with
vacuum tubes, Figures 4.44 — 4.48 illustrates a temperature variation of a glass, water
in the basin, and absorber for various trial days over the summer. From the graph, it is
evident that for each of an experiment day, glass temperature, absorber plate
temperature, and basin water temperature increase from 9:00 am to 2:00 pm, after which
they begin to steadily decrease, just as the solar insolation does from 9:00 am to 1:00
pm, before decreasing. A highest value of the absorber plate, glass, and basin water
temperature were recorded for April 26, 2022, at 2:00 pm, and are 97.6°C, 84.33°C, and
93.33°C, respectively. In a similar vein, the maximum absorber plate temperatures for
the 271, 28™ 29" and 30™ of April 2022 are 88.2°C, 93.6°C, 87.4°C, and 87.4°C,
respectively, at 2:00 pm; a greatest glass temperatures are 83.33°C, 81.67°C, 77.33°C,
and 79.33°C, respectively; and the maximum basin water temperatures are 85.67°C.
4.4.6 Hourly Fresh Yield

The fresh water obtained from still is measured on hourly basis, that measured
quantity is known as hourly fresh yield. It is determined on an hourly basis how much
energy was received by the water on an hourly basis and how much water will get
transformed into new output in order to establish the hourly efficiency of the still. This

measurement is done every hour.
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Figure 4.49. Hourly Fresh Yield Changes Over Time (Case-4).
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For several test days during the summer, Figure 4.49 displays the variance in hourly
fresh yield for an inclined solar still with a stepped absorber and corrugated fins
combined with vacuum tubes. The graph shows that during the experiment, a hourly
fresh output increases from 9:00 am until 3:00 pm, after which it begins to steadily
decline. The maximum yield is achieved at 3:00 pm because the output of fresh yield is
based on solar intensity, which rises from 9:00 am to 1:00 pm and then falls.
Additionally, because evacuated tubes are utilized, water temperature climbs more and
stays greater for longer periods of time. A maximum value of hourly fresh yield
obtained is 0.98 L/m? for 26" April 2022 at 3:00 pm. Similarly, for 271, 28" 29" and
30" April 2022 the maximum value of hourly fresh yield is 0.92 L per m?, 0.9 L per
m2, 0.92 L per m?, and 0.9 L per m? respectively at 3:00 pm.
4.4.7 Cumulative Fresh Yield

The total fresh water obtained from still for a particular experimental day is
measured, that measured quantity is known as cumulative fresh yield. It is measured to

determine the efficiency of the still for that particular day.
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Figure 4.50. Time-dependent Change in Cumulative Fresh Yield (Case-4).
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Figure 4.50 shows the variation of cumulative fresh output for inclined solar still having
stepped absorber with corrugated fins integrated with vacuum tubes for different
experimental days in summer season. From the graph, it’s found that for all an
experimental day the fresh distillate output is maximum at 3:00 pm. Because the fresh
yield production is influenced by solar intensity, which rises from 9:00 am to 1:00 pm,
and because evacuated tubes are employed, which cause the water temperature to rise
more and stay higher for longer, the highest yield is attained at 3:00 pm. The maximum
value of cumulative fresh yield obtained is 4.7 L/m?/ day for 26" April 2022. Similarly,
for 27, 28" 29" and 30" April 2022 the value of cumulative fresh yield is 4.52 L per
m?2 per day, 4.35 per m? per day, 4.51 per m? per day, and 4.32 per m? per day

respectively.
4.4.8 Solar Intensity and Absorber Plate Temperature
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Figure 4.51. Solar Intensity and Absorber Plate Temperature with Time (Case-4).
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For an inclined solar still with a stepped absorber, corrugated fins, and evacuated tubes
combined during the summer for several testing day, Figure 4.51 depicts the variation
of solar intensity and absorber plate temperature with respect to time. Similar to the
way the temperature of the absorber plate increases for all testing days from 9:00 am to
2:00 pm and then slowly declines, it is observed that the solar insolation rises from 9:00
am to 1:00 pm for all testing days before beginning to decline. Since the absorber plate
temperature is entirely dependent on solar intensity, we receive a greatest solar
insolation at 1:00 pm on all testing days, which results in the highest temperature of the
absorber plate is determined at 2:00 pm. Because after absorbing heat from the sun's
rays, a temperature of an absorber plate remains greater for certain time periods.
4.4.9 Daily Efficiency of Still

As the efficiency is depends upon the fresh output of still and solar intensity,
that’s why the variation in efficiency for different experimental days is recorded and

shown in below graph.
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Figure 4.52. Daily Efficiency of Still (Case-4).
Figure 4.52 shows the daily efficiency for inclined solar still having stepped absorber

with corrugated fins integrated with vacuum tubes for different experimental days in
summer season. From the graph, it is found that the still's daily efficiency at its highest
is 46.72% on 26™ April 2022 and the minimum efficiency of the still is 44.17% on 30"
April 2022.
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45 CASE-5: INCLINED SOLAR STILL HAVING STEPPED ABSORBER
WITH CORRUGATED FIN INTEGRATED WITH VACUUM TUBES BY
USING NANOPARTICLES.

Based on the measured value of various components like solar radiation, temperature of
absorber plate, glass temperature and basin water temperature. Various following
observations has been plotted and discussed for inclined solar still having stepped
absorber with corrugated fin integrated with vacuum tubes by using nanoparticles.

4.5.1 Hourly Solar Intensity

The quantity of energy that is collected from the sun in the form of
electromagnetic waves is what is referred to as solar intensity. Increasing the
temperature of the various components that are employed in a solar still requires solar
intensity. The production of fresh produce received from still as well as the efficiency
of still is largely dependent on the amount of sun intensity that is present.
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Figure 4.53. Changes in Solar Intensity over Time (Case-5)
For several testing days, Figure 4.53 depicts the variation in hourly sun intensity for

inclined solar stills with stepped absorbers and corrugated fins integrated with vacuum

138



tubes by using aluminium oxide as nanoparticles. It is evident from the graph that on
all of the trial days, the hourly sun intensity rises from 9:00 am until 1:00 pm, after
which it begins to steadily decline. For all days, the highest and minimum values of the
hourly sun intensity are respectively recorded at 1:00 pm and 5:00 pm. On October 6,
2022, at 1:00 pm and 5:00 pm, correspondingly, the highest value of 865 W/m? and the
lowest value of 329 W/m? are measured. Similarly, for 07", 08", 09", and 10" October
2022 a highest value of hourly solar rays is 825 W/m?, 827 W/m?, 855 W/m?, and 865
W/m? respectively and the minimum value of hourly solar radiation is 330 W/m?, 342
W/m?2, 330 W/m? and 325 W/m? respectively.
4.5.2 Absorber Plate Temperature

The critical temperature of the solar still is determined by the temperature of the
absorber plate. Seeing as since the temperature of the absorber plate is the sole factor
that determines the output of the still. As a result, the temperature of the absorber plate
is recorded over the several days of the experiment and represented on the

accompanying graph.
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Figure 4.54. Time-dependent Temperature Variation of the Absorber Plate (Case-5).
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Figure 4.54 depicts the change in absorber plate temperature for inclined solar stills
with stepped absorbers integrated corrugated fins and vacuum tubes by using aluminum
oxide as nanoparticles on various experimental days. From the graph, it is evident that
for each of the experiment days, the absorber plate temperature increases from 9:00 am
to 2:00 pm before beginning to steadily fall, just as solar radiation rises from 9:00 am
to 1:00 pm before falling. On October 9, 2022, at 2:00 pm, the highest temperature
recorded on the absorber plate was 95.42°C.
4.5.3 Glass Temperature

The temperature of the glass cover is a very crucial aspect in the solar still.
because it determines the pace of condensation and, as a result, the amount of water
that can be extracted from the solar still. The graph that follows illustrates how the
temperature of the glass changed during the course of a single day. Its temperature is
also dependent on the amount of sunlight that is received.
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Figure 4.55. Temperature Change in Glass with Time (Case-5).
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Figure 4.55 depicts the fluctuation in glass temperature for an inclined solar still with
stepped absorbers integrated corrugated fins and vacuum tubes by using aluminum
oxide as nanoparticles on various experimental days. It is evident from the graph that
for each of the experiment days, the glass temperature increases from 9:00 am to 2:00
pm, after which it initiates to steadily fall, just as a solar insolation rises from 9:00 am
to 1:00 pm, after which it falls. The highest glass temperature measured was 89.23°C
on October 9, 2022, at 2 o'clock.
4.5.4 Basin Water Temperature

The water which is stored inside the solar still for evaporation to get converted
into fresh output is known as basin water. The temperature of this water is also very
important, as fresh output is depending upon this water temperature only. Higher the

basin water temperature more will be the evaporation rate and greater will be the output.
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Figure 4.56. Temperature Changes in the Basin water Over Time (Case-5).
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For inclined solar stills with stepped absorbers and corrugated fins integrated with
vacuum tubes, Figure 4.56 illustrates the fluctuation in basin water temperature for
various trial days utilizing aluminum oxide nanoparticles. The graph shows that, for all
of the experiment days, the water temperature in the basin increases from 9:00 am to
2:00 pm, after which it initiates to fall steadily, just as a solar insolation increases from
9:00 am to 1:00 pm, after which it falls. The maximum basin water temperature
obtained is 93.33°C for 09" October 2022 at 2.00 pm.

455 Absorber Plate, Glass and Basin Water Temperature for Different

Experimental Days
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Figure 4.57. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on
October 06, 2022
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Temperature Vs Time
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Figure 4.58. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on
October 07, 2022
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Figure 4.59. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on
October 08, 2022
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Figure 4.60. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on

October 09, 2022
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Figure 4.61. Shows the evolution of the water's temperature in the basin, glass, and absorber plate on

October 10, 2022
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A temperature change of an absorber plate, a glass, and a water in a basin for an inclined
solar still with stepped absorbers and corrugated fins integrated with vacuum tubes by
using Al2Os nanoparticles is shown in Figures 4.57 to 4.61 for several testing days.
From the graph, it is evident that for each of the experiment days, a temperature
variation of a water in a basin, glass, and an absorber plate increases from 9:00 am to
2:00 pm, after which they begin to steadily decrease, just as the solar insolation does
from 9:00 am to 1:00 pm, before decreasing. A highest value of an absorber plate, glass,
and basin water temperature were recorded on October 6, 2022, at 2:00 pm, and they
are 91.17°C, 85.87°C, and 89.23°C, respectively. Similar to this, the maximum
absorber plate temperatures for the 7%, 8", 9" and 10" of October 2022 are 91.39°C,
92.06°C, 95.42°C, and 84.90°C, respectively, at 2:00 pm; the maximum glass
temperatures are 83.63°C, 86.99°C, 89.23°C, and 75.41°C, respectively; and the
maximum basin water temperatures are 88.11°C, 89.23°C, 93.33°C, and 79.89°C.
4.5.5 Hourly Fresh Yield

The fresh water obtained from still is measured on hourly basis, that measured
quantity is known as hourly fresh yield. It is monitored hourly to assess the water's
energy intake and how much water is turned into new output to establish the still's

hourly efficiency.
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Figure 4.62. Hourly Fresh Yield Changes Over Time (Case-5).
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In Figure 4.62, the hourly fresh yield fluctuation for an inclined solar still with a stepped
absorber and corrugated fins combined with vacuum tubes by using Al.Oz nanoparticles
for various testing days is depicted. The graph shows that during the experiment, an
hourly fresh distillate output increases from 9:00 am until 3:00 pm, after which it begins
to steadily decline. The maximum yield is achieved at 3:00 pm because the output of
fresh yield is dependent on solar intensity, which increases from 9:00 am to 1:00 pm
and then reduces. Additionally, evacuated tubes and nanoparticles are used, which
cause the water temperature to increase more and stay greater for long periods of time.
A maximum value of hourly fresh yield obtained is 1.05 L per m? for 10" October 2022
at 3:00 pm. Similarly, for 06", 07", 08" and 09" October 2022 the maximum value of
hourly fresh yield is 0.98 L per m?, 0.99 L per m?, 0.97 L per m?, and 1.02 L per m?
respectively at 3:00 pm.
4.5.6 Cumulative Fresh Yield

The total fresh water obtained from still for a particular experimental day is
measured, that measured quantity is known as cumulative fresh yield. It is measured to

determine the efficiency of the still for that particular day.
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Figure 4.63. Time-dependent Change in Cumulative Fresh Yield (Case-5).
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According to the different trial days, Figure 4.63 depicts the variance in the cumulative
fresh production for an inclined solar still with stepped absorbers and corrugated fins
combined with vacuum tubes by using Al>Os nanoparticles. It is evident from the graph
that on all of the experimental days, the fresh yield peaks at about 3:00 pm. The highest
output is achieved around 3:00 pm since the output of fresh yield is based on solar
intensity, which increases from 9:00 am to 1:00 pm. Additionally, evacuated tubes and
nanoparticles are utilized, which causes the water temperature to raise more and stay
greater for long periods of time. A maximum value of cumulative fresh yield obtained
is 5.2 L per m? per day for 08" October 2022. Similarly, for 06", 07", 09", and 10"
October 2022 the value of cumulative fresh yield is 4.7 L per m? per day, 4.75 L per m?
per day, 5.15 L per m? per day, and 5.18 L per m? per day respectively.

4.5.8 Solar Intensity and Absorber Plate Temperature

Solar Intensity & Absorber Plate Temperature Vs Time
1000 120.0 06-10-2022
(Solar Intensity)
900
: 07-10-2022
» - P .
IR LS e . N 100.0 (Solar Intensity)
800 g:::3® i )
) a3t e @00 08102022
~ 200 .::- g . .., .-._,.:. ’ Q=.4 (Solar Intensity)
= o 505 X3 ., 800 £
:_'-.'J ."' .0..0. ’.\.' o =] sodes (05-10-2022
E 600 s -::.. v .:;::.. . ;,_-' (Solar Intensity)
n d o* . =
£ ‘. P 1 * S ee@ee 10102022
Z 500 s ;‘ ., 600 (= (Solar Intensity)
g 0: t'... ". &
= e ” = sodpes )6-10-2022
-, 400 ¢ PP LA oy (Absorber Plate
= 90 '. -t Temperature)
= P 400 o
w300 ...“ = 07-10-2022
'-' 5' (Absorber Plate
00 5 Temperature)
= 5 - 08-10-2022
20.0 (Absorber Plate
Temperature)
100
09-10-2022
(Absorber Plate
0 0.0 Temperature)
9:00 10:00 1100 12:00 1:00 2:00 3:00 400 5:00 sodes 10-10-2022
AM AM AM PM PM PM PM PM PM (Absorber Plate
B Temperature)
Time (Hrs.)

Figure 4.64. Solar Intensity and Absorber Plate Temperature with Time (Case-5).

Figure 4.64 depicts the variations in solar intensity and absorber plate temperature over

time for inclined solar stills with stepped absorbers and corrugated fins integrated with
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vacuum tubes using aluminium oxide as nanoparticles over the course of several test
days. On all testing days, it is found that the solar intensity rises from 9:00 am to 1:00
pm before beginning to decline. Similarly, it is discovered that temperature of an
absorber plate rises from 9:00 am to 2:00 pm before beginning to slowly decline. We
get the maximum absorber plate temperature at 2:00 pm on all testing days because it
is completely dependent on the solar intensity which is maximum at 1:00 pm.
4.5.9 Daily Efficiency of Still

As the efficiency is depends upon the fresh output of still and solar intensity,
that’s why the variation in efficiency for different experimental days is recorded and

shown in below graph.
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Figure 4.65. Daily Efficiency of Still (Case-5).
Figure 4.65 displays, for various testing days, the daily efficiency for inclined solar
stills with stepped absorbers and corrugated fins integrated with vacuum tubes.
According to a graph, still's daily highest efficiency is 56.56% for October 10, 2022,
while its daily minimum efficiency is 51.5% for October 6.
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4.6 CUMULATIVE FRESH YIELD

4.6.1 Comparison of Case 1 and Case 2

Cumulative Fresh Yield Vs Time
4
-~ - 0‘
. &
. A
=] - A .“ .-...
- ) s AL ...-
= oA e
bt L] ®
L:: " ' :0
il L5 ’.‘o'. v:-’
E o : "-'.
3 .‘ -0. 4
Z 1 L
= A
o ol R
0.5 .‘.', -'_.. :,!
T U
st !E ') P =
0 —!5--"-'-‘-‘ !
o 1000 | 11:00 - 12:00 1.6 gy [ 2-00 M| 3:00 PM [ 4:00 M| 5:00 PM
AM AM AM PMO|CT T T
26-01-2022 Case-2| 0 0.07 0.17 0.33 0.61 1.16 1.84 2.44 2.96
27012022 Case-2| 0 0.05 0.15 0.34 0.65 1.23 1.9 2.45 2.92
28-01-2022 Case-2| 0 0.08 0.17 0.37 0.74 1.39 2.1 2.7 3.2
eoares 20012022 Case2| 0 0.07 0.2 0.46 0.86 1.58 2.41 3.06 3.62
oo es 30012022 Case2| O 0.05 0.16 0.36 0.68 1.3 1.95 247 2.88
oo es 03-02-2022 Case-1 0 0.01 0.05 0.2 0.5 11 1.63 2.14 2.56
04-02-2022 Case-1 0 0.01 0.09 0.24 0.56 1.15 1.68 2.12 2.5
06-02-2022 Case-1 0 0.01 0.08 0.26 0.6 1.2 1.765 2.21 2.62
08-02-2022 Case-1 0 0.02 0.08 0.23 0.51 111 1.64 2.08 2.45
oo es 14.02-2022 Case-1 0 0.02 0.09 0.26 0.56 11 1.57 1.99 2.35
Time

Figure 4.66. Variation of Cumulative Fresh Yield with Time for Case- 1 and Case- 2

The cumulative fresh yield for inclined sun stills with stepped absorbers and corrugated
fins in the winter (Case-1) and for inclined solar stills with stepped absorbers and
corrugated fins integrated with vacuum tubes in the winter (Case-2) is shown in Figure
4.66 for various testing days. The graph shows that for all of the trial days, the fresh
yield from the integrated still with an evacuated tube is higher than the fresh yield from

the integrated still without an evacuated tube. A temperature of a water rises as a result
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of an evacuated tube, increasing the still's production. The highest yields were achieved
in Cases 1 and 2, at 2.62 L/m?-day and 3.62 L per m2 per day, respectively.
4.6.2 Comparison of Case 3 and Case 4
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Figure 4.67. Variation of Cumulative Fresh Yield with Time for Case 3 and Case 4

The cumulative fresh yield for inclined solar stills with stepped absorbers and
corrugated fins in the summer (Case-3) and cumulative fresh yield for stills with
stepped absorbers and corrugated fins integrated with vacuum tubes in the summer
(Case-4) are shown in Figure 4.67 for various experimental days. From the graph, it is
obvious that throughout the whole testing period, the fresh yield achieved from the
integrated still with an evacuated tube is greater than that of the still without an
evacuated tube. The output from the still rises as a consequence of a water's temperature
rising as a result of an evacuated tube. A maximum production of 3.82 L per m? per day

and 4.7 L per m? per day, respectively, was attained for Cases 3 and 4.
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4.6.3 Comparison of Case 1 and Case 3

Cumulative Fresh Yield Vs Time
4.5
4
l.’
= 35 RO
:f-'" .Q'
S gt
"; 3 - t‘v
w O
- ., -
<3 R A
@ 25 ood.
-‘E c. ..’ : * .
3 .' - ..
= 2 y .
E L ‘ 9.:.'
= Y 4
oy - L]
S .. R |
- L o
XY
1 t‘ Iv .‘.
3 "
Py 'lt
L]
0.5 o \ W W
£ L
et 3 st .‘
N ] e . . "] L ]
o ot .
5”!1 10:00 11:00 12:00 . . |- il | = ;
ey A AN Pap | 1:00 PM|[2:00 PM(3:00 PM [ 4:00 PM | 5:00 PM
03-02-2022 Case-1 0 0.01 0.05 0.2 0.5 . 1.63 2.14 2.56
04-02-2022 Case-1 0 0.01 0.09 0.24 0.56 1.15 1.68 2.12 2.5
06-02-2022 Case-1 0 0.01 0.08 0.2 0.6 . 1.765 2.21 2.62
e+ 4 e 08-02-2022 Case-1 0 0.02 0.08 0.23 0.51 1.11 1.64 2.08 2.45
«s e 14-02-2022 Case-1 0 0.02 0.09 0.26 0.56 . 1.57 1.99 2.35
o oo 02052022 Case3 0 0.07 0.24 0.59 1.02 1.77 2.42 3.02 3.54
03-05-2022 Case-3 0 0.1 0.31 0.68 1.12 1.94 2.59 3.21 3.74
04-05-2022 Case-3 0 0.08 0.35 0.67 1.13 1.92 2.56 3.19 3.65
05-052022 Case 3 0 0.06 0.31 0.63 1.07 1.84 2.5 3.08 3.46
oo o se 06-05-2022 Case-3 0 0.09 0.32 0.7 1.18 1.99 2.67 3.32 3.82
Time

Figure 4.68. Variation of Cumulative Fresh Yield with Time for Case 1 and Case 3

Figure 4.68 displays the fluctuation in cumulative fresh yield for inclined solar stills
with stepped absorbers and corrugated fins during the winter season (Case-1) and
summer season (Case-3) for various testing days. From the graph, it is obvious that for
all of the testing days, a fresh distillate output from a summer still is greater than a fresh
distillate output from the winter still. The production from the still rises in summer
because the solar intensity is higher in summer compared to winter, which causes the
water's temperature to be higher in summer and lower in winter. The maximum output

obtained for Case-1 and Case-3 is 2.62 L per m? per day and 3.82 L per m? per day

respectively.
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4.6.4 Comparison of Case 2 and Case 4

Cumulative Fresh Yield Vs Time
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Figure 4.69. Variation of Cumulative Fresh Yield with Time for Case 2 and Case 4

Figure 4.69 displays the change in cumulative fresh yield for inclined solar stills with
stepped absorbers with corrugated fins combined with vacuum tubes during the winter
season (Case-2) and during the summer season (Case-4) for various testing days. From
the graph, it is obvious that for all of the testing days, a fresh distillate output from the
summer still is greater than a fresh distillate output from a winter still. Since the sun's
rays are stronger in the summer, water temperatures are higher in the summer and lower
in the winter. This is because the solar intensity is higher in the summer than it is in the
winter. Additionally, an evacuated tube raises water temperatures, increasing the output
of the still. A maximum production of 3.62 L per m? per day and 4.7 L per m? per day,

respectively, was attained for Cases 2 and 4.
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4.6.5 Comparison of Case 4 and Case 5

Cumulative Fresh Yield Vs Time
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Figure 4.70. Variation of Cumulative Fresh Yield with Time for Case 4 and Case 5

Figure 4.70 displays the cumulative fresh yield variation for inclined solar stills with
stepped absorbers and corrugated fins integrated with vacuum tubes during the summer
(Case-4) and for inclined solar stills with corrugated fins and vacuum tubes integrated
with aluminum oxide nanoparticles (Case-5) for various experimental days. The graph
shows that for all of the trial days, the fresh yield from the still using aluminum oxide
nanoparticles is higher than the fresh yield from the still using no nanoparticles during
the summer. The water temperature rises in the still containing nanoparticles as opposed
to the still without nanoparticles because nanoparticles have a higher thermal
conductivity, which augmented an ability of a still to absorb heat as compared to stills
in which nanoparticles are not employed. The maximum outputs for Cases 4 and 5 are

4.7 L per m? per day and 5.2 L per m? per day, respectively.
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4.6.6 Comparison of Case 1, Case 2, Case 3, Case 4 and Case 5

Cumulative Fresh Yield Vs Time
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Figure 4.71. Variation of Cumulative Fresh Yield with Time for Case 1, Case 2, Case 3, Case 4 and
Case 5
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Figure 4.71 shows the variation of collective fresh produce for inclined solar still having
stepped absorber with corrugated fins in the winter season (Case-1), collective fresh
produce for inclined solar still having stepped absorber with corrugated fins integrated
with vacuum tubes in the winter season (Case-2), collective fresh produce for inclined
solar still having stepped absorber with corrugated fins in summer season (Case-3),
collective fresh produce for inclined solar still having stepped absorber with corrugated
fins integrated with vacuum tubes in summer season (Case-4) and collective fresh
produce for inclined solar still having stepped absorber with corrugated fins integrated
with vacuum tubes by using aluminium oxide as nanoparticles (Case-5) for different
experimental days. From the graph, it is evident that for all of the experimental days,
the still-existing stepped absorber with corrugated fins integrated with the evacuated
tube and using aluminum oxide as nanoparticles (Case-5) produces the highest fresh
yield, while the still-existing stepped absorber with corrugated fins for the winter season
produces the lowest yield (Case-1). As a result of the nanoparticles' increased thermal
conductivity, both the evacuated tube's capacity to absorb heat and a water's
temperature rises as a result of an evacuated tube's reduced heat loss. The maximum
outputs for Cases 1, 2, 3, 4, and 5 are, respectively, 2.62 L per m? per day, 3.62 L per
m? per day, 3.82 L per m? per day, 4.7 L per m? per day, and 5.2 L per m? per day.

4.7 FRESH YIELD

4.7.1 Comparison of Case 1 and Case 2
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Figure 4.72 Comparison of Day Fresh Output of Still for Case 1 and Case 2
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Figure 4.72 shows the day wise fresh output obtained from the still for different basin
conditions in the winter season. From the graph, its visible that for all an experimental
day the yield gained from the inclined solar still having stepped absorber with
corrugated fins integrated with vacuum tubes in winter season (Case-2) is more as
compared to an inclined solar still having stepped absorber with corrugated fins in
winter season (Case-1). The maximum output obtained for case 2 is 3.62 L/m? and for
case 1 is 2.62 L/m?, while the minimum output obtained for case 2 is 2.88 L/m? and for
case 1 is 2.35 L/m?,

4.7.2 Comparison of Case 3 and Case 4
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Figure 4.73 Comparison of Day Fresh Output of Still for Case 3 and Case 4
The fresh production received from the still daily for various basin conditions is shown

in Figure 4.73. According to the graph, the output from an inclined solar still with
stepped absorber and corrugated fins combined with vacuum tubes in the summer
(Case-4) is more than an of the inclined solar still with stepped absorber and corrugated
fins in the summer for all of the testing days (Case-3). The maximum output obtained
for case 4 is 4.70 L/m? and for case 3 is 3.82 L/m?, while the minimum output obtained

for case 4 is 4.32 L/m? and for case 3 is 3.46 L/m?.
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4.7.3 Comparison of Case 1 and Case 3
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Figure 4.74. Comparison of Day Fresh Output of Still for Case 1 and Case 3
Figure 4.74 shows the day wise fresh output obtained from the still. From the graph, its

visible that for all an experimental day the yield obtained from an inclined solar still
having stepped absorber with corrugated fins in the summer season (Case-3) is more
as associated to an inclined solar still having stepped absorber with corrugated fins in
winter season (Case-1). The maximum output obtained for case 3 is 3.82 L/m? and for
case 1 is 2.62 L/m?, while the minimum output obtained for case 3 is 3.46 L/m? and for

case 1 is 2.35 L/m?,
4.7.4 Comparison of Case 2 and Case 4
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Figure 4.75. Comparison of Day Fresh Output of Still for Case 2 and Case 4
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Figure 4.75 shows the day wise fresh output obtained from the still. From the graph, its
visible that for all an experimental day the yield gotten from an inclined solar still
having stepped absorber with corrugated fins integrated with vacuum tubes in the
summer season (Case-4) is more as associated to an inclined solar still having stepped
absorber with corrugated fins integrated with vacuum tubes in winter season (Case-2).
The maximum output obtained for case 4 is 4.70 L/m? and for case 2 is 3.62 L/m?, while
the minimum output obtained for case 4 is 4.32 L/m? and for case 2 is 2.88 L/m?.

4.7.5 Comparison of Case 1, Case 2, Case 3, Case 4 and Case 5
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Figure 4.76. Comparison of Day Fresh Output of Still
The fresh production received from the still daily for various basin conditions is shown

in Figure 4.76. The graph reveals that for the entire testing period, the output obtained
from the inclined solar still having stepped absorber with corrugated fins integrated
with vacuum tubes by using aluminium oxide as nanoparticles (Case-5) is more as
associated to an inclined solar still having stepped absorber with corrugated fins

integrated with vacuum tubes without nanoparticles in summer and winter season
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(Case-4 & Case-2), the inclined solar still having stepped absorber with corrugated fins
in summer season (Case-3) and the inclined solar still having stepped absorber with
corrugated fins in winter season (Case-1). The maximum output obtained for case 5 is
5.2 L/m?, for case 4 is 4.7 L/m?, for case 3 is 3.82 L/m?, for case 2 is 3.62 L/m? and for
case 1 is 2.62 L/m? while the minimum output obtained for a case 5 is 4.7 L/m?, for a
case 4 is 4.32 L/m?, for a case 3 is 3.46 L/m?, for a case 2 is 2.88 L/m?and for a case 1
is 2.35 L/m?.

4.8 TOTAL FRESH YIELD

4.8.1 Comparison of Case 1 and Case 2
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Figure 4.77. Comparison of Total Fresh Yield of Still for Case 1 and Case 2
Figure 4.77 shows the total fresh yield obtained from a still for various basin conditions.

The chart reveals that in the inclined solar still, the total fresh yield had stepped
absorbers and corrugated fins integrated with vacuum tubes in winter season (Case-2)
is more as associated to an inclined solar still having stepped absorber with corrugated
fins in winter season (Case-1). The total productivity obtained for Case- 2 is 15.64

L/m?, while the total productivity obtained for case- 1 is 12.48 L/m?.
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4.8.2 Comparison of Case 3 and Case 4
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Figure 4.78. Comparison of Total Fresh Yield of Still for Case 3 and Case 4
Figure 4.78 displays the overall fresh yield from the still for various basin conditions.

According to the graph, the inclined solar still in Case-4 has a higher total fresh yield
in the summer than the inclined solar still with corrugated fins in Case-3. The total
productivity obtained for Case- 4 is 22.4 L/m?, while the total productivity obtained for
case- 3 is 18.21 L/m?,

4.8.3 Comparison of Case 1 and Case 3
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Figure 4.79. Comparison of Total Fresh Yield of Still for Case 1 and Case 3
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Figure 4.79 shows the total fresh yield obtained from the still. From the graph, it can be
seen that the inclined solar still in summertime, the total fresh yield had stepped
absorbers and corrugated fins (Case-3) is more as associated to the inclined solar still
having stepped absorber with corrugated fins in winter season (Case-1). The total
productivity obtained for case- 3 is 18.21 L/m?, while the total productivity obtained
for case- 1 is 12.48 L/m?,

4.8.4 Comparison of Case 2 and Case 4
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Figure 4.80. Comparison of Total Fresh Yield of Still for Case 2 and Case 4
Figure 4.80 shows the total fresh yield obtained from the still. From the chart, it can be

seen that in the inclined solar still's summertime, the total fresh yield had stepped
absorbers with corrugated fins attached to them (Case-4) is more as associated to the
inclined solar still having stepped absorber with corrugated fins integrated with vacuum
tubes in winter season (Case-2). The total productivity obtained for case- 4 is 22.4 L/m?,

while the total productivity obtained for case- 2 is 15.64 L/m?.
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4.8.5 Comparison of Case 1, Case 2, Case 3, Case 4 and Case 5
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Figure 4.81. Comparison of Total Fresh Yield of Still
Figure 4.81 shows a total fresh distillate yield obtained from a still for different basin

conditions. On the chart, it can be visible that a complete fresh yield was gotten by an
inclined solar still with stepped absorbers and corrugated fins integrated with vacuum
tubes and Al>Os (Case-5) is more as associated to the inclined solar still having stepped
absorber with corrugated fins integrated with vacuum tubes and without nanoparticles
in summer season (Case-4), the inclined solar still having stepped absorber with
corrugated fins integrated with vacuum tubes and without nanoparticles in winter
season (Case-2), the inclined solar still having stepped absorber with corrugated fins in
summer season (Case-3) and the inclined solar still having stepped absorber with
corrugated fins in winter season (Case-1). The total fresh yield obtained for Case- 5 is
24.98 L/m?, while the total fresh yield obtained for Case- 4 is 22.4 L/m?, and the total
fresh yield obtained for Case- 3 is 18.21 L/m?. Similarly, for Case-2 and Case-1, the
total fresh yield is 15.64 L/m2and 12.48 L/m? respectively.
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4.8.6 Comparison of Fresh Distillate Output for VVarious Basin Conditions of Still

Table 4.1: Comparison of Fresh Distillate Output for Various Basin Conditions of Still

Fresh Distillate Output

Sr. Important characteristics environment for o
(0]
No. inclined type solar still L /day
Increase
Stepped Absorber with Corrugated Fins
1 ) 12.48 Reference
(Winter) (Case-1)
Stepped Absorber with Corrugated Fins and
2 _ 15.64 25.32 %
Evacuated Tube (Winter) (Case-2)
Stepped Absorber with Corrugated Fins
3 18.21 45.91%
(Summer) (Case-3)
Stepped Absorber with Corrugated Fins and
4 22.4 79.48%
Evacuated Tube (Summer) (Case-4)
Stepped Absorber with Corrugated Fins and
5  Evacuated Tube by using Nano particles (Case- 24.98 100.16%
5)
4.9 EFFICIENCY OF STILL
4.9.1 Comparison of Case 1 and Case 2
Efficiency of Still Vs Day
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Figure 4.82 Comparison of Efficiency of Still for Case 1 and Case 2
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Figure 4.82 shows the comparison of the efficiency of the still for different conditions
of still. From the graph, it is found that the efficiency obtained from the inclined solar
still having stepped absorber with corrugated fins integrated with vacuum tubes in
winter season (Case-2) is more as associated to the inclined solar still having stepped
absorber with corrugated fins in winter season (Case-1). The maximum efficiency
obtained for Case- 2 is 40.65 % and for Case 1 is 32.59%, while the minimum efficiency
obtained for case- 2 is 35.48 % and for case- 1 is 29.64 %.

4.9.2 Comparison of Case 3 and Case 4
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Figure 4.83. Comparison of Efficiency of Still for Case 3 and Case 4

The effectiveness of stills for various basin conditions is compared in Figure 4.83. The
efficiency of the inclined solar still with stepped absorber corrugated fins and integrated
with vacuum tubes in the summer can be seen from the graph (Case-4) is more as
associated to an inclined solar still having stepped absorber with corrugated fins in the
summer season (Case-3). The maximum efficiency obtained for case- 4 is 46.72 % and
for case 3 is 39.19%, while the minimum efficiency obtained for case- 4 is 43.75 % and
for case- 3 is 35.79 %.
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4.9.3 Comparison of Case-1 and Case 3
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Figure 4.84. Comparison of Efficiency of Still for Case 1 and Case 3

Figure 4.84 shows the comparison of the efficiency of the still. From the graph, it is

found that the efficiency obtained from the inclined solar still having stepped absorber

with corrugated fins in the summer season (Case-3) is more as associated to an inclined

solar still having stepped absorber with corrugated fins in winter season (Case-1). The

maximum efficiency obtained for Case- 3 is 39.19 % and for Case 1 is 32.59%, while

the minimum efficiency obtained for case- 3 is 35.79 % and for case- 1 is 29.64 %.

4.9.4 Comparison of Case-2 and Case-4
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Figure 4.85. Comparison of Efficiency of Still for Case 2 and Case 4
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Figure 4.85 shows the comparison of the efficiency of the still. From the graph, it is
found that the efficiency obtained from the inclined solar still having stepped absorber
with corrugated fins integrated with vacuum tubes in the summer season (Case-4) is
more as associated to an inclined solar still having stepped absorber with corrugated
fins integrated with vacuum tubes in winter season (Case-2). The maximum efficiency
obtained for Case- 4 is 46.72 % and for Case 2 is 40.65 %, while the minimum
efficiency obtained for case- 4 is 43.75 % and for case- 2 is 35.48 %.

4.9.5 Comparison of Case 1, Case 2, Case 3, Case 4 and Case 5
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Figure 4.86. Comparison of Efficiency of Still
Figure 4.86 shows the comparison of the efficiency of the still. From the graph it is

found that the efficiency obtained from the inclined solar still having stepped absorber
with corrugated fins integrated with vacuum tubes by using aluminium oxide as
nanoparticles (Case-5) is more as related to an inclined solar still having stepped
absorber with corrugated fins integrated with vacuum tubes in summer season (Case-
4) and the inclined solar still having stepped absorber with corrugated fins integrated
with vacuum tubes in winter season (Case-2), the inclined solar still having stepped
absorber with corrugated fins in summer season (Case-3) and the inclined solar still
having stepped absorber with corrugated fins in winter season (Case-1). The maximum
efficiency obtained for Case- 5 is 56.56 %, for Case- 4 is 46.72 %, for Case- 3 is 39.98

%, for Case- 2 is 39.19 % and for Case 1 is 32.59%, while the minimum efficiency
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obtained for Case- 5 is 51.5 %, for Case- 4 is 44.17 %, for Case- 3 is 36.56 %, for case-
2 15 35.48 % and for case- 1 is 29.64 %.

4.9.6 Comparison of Energy Efficiency Output for Various Basin Conditions of
Still

Table 4.2: Comparison of Energy Efficiency for Various Basin Conditions of Still

Efficiency
Sr. Important characteristics environment for
No. the inclined type solar still %
%
Increase
Stepped Absorber with Corrugated Fins (Winter)
1 32.59 Reference

(Case-1)
Stepped Absorber with Corrugated Fins and

2 ) 39.19 20.25%
Evacuated Tube (Winter) (Case-2)

Stepped Absorber with Corrugated Fins
3 39.98 22.67%
(Summer) (Case-3)

Stepped Absorber with Corrugated Fins and

4 46.72 43.36%
Evacuated Tube (Summer) (Case-4)
Stepped Absorber with Corrugated Fins and

5  Evacuated Tube by using Nano particles (Case- 56.56 73.55%

5)

4.10 TDS and pH VALUE

4.10.1 TDS Value

Table 4.3: TDS Value Comparison of Fresh Distillate Output for Various Basin
Conditions of Still

Sr.  Important characteristics environment for TDS Value

No. the inclined type solar still Before After

Stepped Absorber with Corrugated Fins
(Winter) (Case-1)

450 to 500 60 to 100
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Stepped Absorber with Corrugated Fins and
2 ) 450 to 500 60 to 100
Evacuated Tube (Winter) (Case-2)

Stepped Absorber with Corrugated Fins
3 450t0 500 60 to 100
(Summer) (Case-3)

Stepped Absorber with Corrugated Fins and
4 450to 500 60 to 100
Evacuated Tube (Summer) (Case-4)

Stepped Absorber with Corrugated Fins and
5  Evacuated Tube by using Nano particles (Case- 450 to 500 60 to 100
5)

4.10.2 pH Value
Table 4.4: pH Value Comparison of Fresh Distillate Output for Various Basin
Conditions of Still

Sr.  Important characteristics environment for pH Value

No. the inclined type solar still Before After

Stepped Absorber with Corrugated Fins

1 ] 10to 12 6to 7.5
(Winter) (Case-1)
Stepped Absorber with Corrugated Fins and

2 ) 10to 12 6to 7.5
Evacuated Tube (Winter) (Case-2)
Stepped Absorber with Corrugated Fins

3 10to 12 6t0 7.5
(Summer) (Case-3)
Stepped Absorber with Corrugated Fins and

4 10to 12 6to 7.5
Evacuated Tube (Summer) (Case-4)
Stepped Absorber with Corrugated Fins and

5  Evacuated Tube by using Nano particles (Case-  10to 12 6to7.5

5)

4.11 ECONOMIC ANALYSIS OF STILL
In order to determine whether solar energy is commercially viable, the
economic analysis will evaluate the solar industry while it is still in operation. A cost

of distillate water with a solar still is determined by it is initial purchase and ongoing
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operating expenses. The following assumptions are used in the economic analysis of
solar stills, and the equations can be solved as indicated in Table 4.5. A total cost of an
inclined solar still having stepped absorber with corrugated fins is estimated as 8800
Rs., a total cost of an inclined solar still having stepped absorber with corrugated fins
integrated with evacuated tube is estimated as 10300 Rs and a total cost of an inclined
solar still having stepped absorber with corrugated fins integrated with evacuated tube
by using aluminium oxide as nanoparticles is estimated as 13300 Rs.
The following presumptions are made during economic analysis:

a. The solar still has a 10-year lifespan.

b. 15% of the annual expenditure goes toward maintenance.

c. There is a 10% interest charge.

d. A salvage value equals 10% of the initial costs of the component.

e. A number of available clear, sunny days in Nagpur City is considered to be 310.

f. The cost of selling water is set at Rs. 2.
Table 4.5: Different Parameters for Economic Study [118], [124],[125].

Ifl(r)'. Basic Considerations Formulations Inferences
First Annual Cost | FAC = CS x CRF Where:
1 (FAC) CS = total cost of
still
Capital recovery factor CRF = i(1+)N Where:
(CRF) 1+DN -1 i = interest rate
° N = number of
years
Annual Operating and | AMC = 15% x FAC
3 maintenance cost
(AMC)
s Sinking fund factor SFF — .i
(SFF) (A+dv-1)
Annual salvage value | ASV =SFFx S Where: S = salvage
° (ASV) value and it is taken
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as 10% of capital
cost

Annual total cost | TAC = FAC + AMC — ASV

(TAC)

Cost of freshwater per CPL = TAC Where: L= Yearly

litre L fresh water output.

Net payback period In (CF _ (CIIjACx i)) Where:

Np = n(+0) CF = cash flow and

calculated as below
CF = yearly yield x
selling price
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Table 4.6: Economic study of an angled solar still for various basin conditions is compared.

Sr.
No.

Equation

Total Cost of Still (CS)

CRF — i(1+i)N
T @A+iN-1
FAC = CS x CRF

AMC = 15% x FAC

i

B CED IR

ASV =SFF x S

TAC = FAC + AMC - ASV

Inclined solar still having
stepped absorber with

corrugated fins

8800 Rs.
cpp 2 0L +0D)
(1+0D0—1
=0.163
FAC = 0.163 x 8300
= 14344
AMC = 0.15 x 1434.4
=215.16
SEp — 0.1
(1 +0.1)10—1)
=0.063
ASV =0.063 x 0.1 x 8800
= 55.44

TAC =1434.4 + 215.16 — 55.44

=1594.12

Inclined solar still having
stepped absorber with
corrugated fins integrated with

evacuated tubes

10300 Rs.

CRF = 0.1 (1+ 0.1)t°
(1+0.1)10 -1
=0.163

FAC = 10300 x 0.163
=1678.9

AMC =0.15 x 1678.9
= 251.84

SFF = 01
((1+0.1)1° —1)
=0.063
ASV =0.063 x 0.1 x 10300
= 64.89
TAC = 1678.9 + 251.84 — 64.89
= 1865.85

Inclined solar still having
stepped absorber with
corrugated fins integrated with
evacuated tubes by using

Nanoparticles.

13300 Rs.

CRF = 0.1 (1+0.1)t°
(1+4+0.1)10 -1
=0.163

FAC = 13300 x 0.163
=2167.9

AMC = 0.15 x 2167.9
=325.19

SFF = 0.1
((1+0.1)10 —1)
=0.063
ASV =0.063 x 0.1 x 13300
=83.79
TAC = 2167.9 + 325.19 — 83.79
= 2409.3
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CPL = 1594.12 CPL = 1865.85 CPL = 2409.3
8 CPL = # ~ 951.39 T 1179.24 1548.76
=1.67 Rs/ Litre = 1.58 Rs/ Litre = 1.55 Rs/ Litre
Cash flow
) ) CF=951.39x2 CF=1179.24x 2 CF=1548.76 x 2
9 CF = yearly yield x selling
i =1902.78 = 2358.48 =3097.52
price
ln( 1902.78 2358.48 3097.52 )
In (L) _ \1902.78 = (1434.4x 0.1) 2358.48 — (1678.9x 0.1) 3097.52 — (2167.9x 0.1)
0, = Cf ‘(1( f f‘)cx D) M In(1 +0.1) In(1 +0.1) In(1 +0.1)
n l
=0.82 Years =0.77 Years =0.76 Years

Payback time is 299 days for inclined solar stills with stepped absorbers and corrugated fins, 281 days for inclined solar stills with stepped

absorbers and corrugated fins integrated with vacuum tubes, and 277 days for inclined solar stills with stepped absorbers and corrugated

fins integrated with vacuum tubes that use aluminum oxide nanoparticles.

The next chapter will focus on the primary takeaways from this research and what they mean.
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CHAPTER 5

CONCLUSIONS AND SCOPE
FOR FUTURE WORK

Thorough experimentation was carried out, and adequate data was created and

evaluated, in order to determine the amount of fresh distillate produced by the still as

well as the energy efficiency of its operation under a variety of basin circumstances.

The main conclusions of the present experimental study are as under.

5.1 FRESH DISTILLATE OUTPUT

>

The maximum distillate yield found from an inclined solar still having stepped
absorber with corrugated fin in winter season (Case-1) is 2.62 L/m?-day.

The maximum distillate yield found from an inclined solar still having stepped
absorber with corrugated fin and evacuated tube in winter season (Case-2) is
3.62 L/m?-day.

The maximum distillate yield found from an inclined solar still having stepped
absorber with corrugated fin in summer season (Case-3) is 3.82 L/m?2-day.
The maximum distillate yield found from an inclined solar still having stepped
absorber with corrugated fin and evacuated tube in summer season (Case-4) is
4.7 LIm?>-day.

The maximum distillate yield found from an inclined solar still having stepped
absorber with corrugated fin integrated with vacuum tubes by using aluminium
oxide as nanoparticles (Case-5) is 5.2 L/m2-day.

The total fresh distillate yield found from an inclined solar still having stepped
absorber with corrugated fin and evacuated tube in winter (Case-2) is 15.64 L
which is 25.32% more as compared to an inclined solar still having stepped
absorber with corrugated fin in winter (Case-1) is 12.48 L.

The total fresh distillate yield found from an inclined solar still having stepped
absorber with corrugated fin and evacuated tube in summer (Case-4) is 22.4 L
which is 79.48% more as compared to an inclined solar still having stepped

absorber with corrugated fin in winter (Case-1) is 12.48 L.
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» The total fresh distillate yield found from an inclined solar still having stepped
absorber with corrugated fin integrated with vacuum tubes by using aluminium
oxide as nanoparticles (Case-5) is 24.98 L which is 100.16% more as compared
to the inclined solar still having stepped absorber with corrugated fin in winter
season (Case-1).

» From experimentation, it is found that inclined solar still having stepped
absorber with corrugated fin integrated with vacuum tubes by using aluminium
oxide as Nanoparticles (Case-5) is the best basin conditions to obtain maximum
fresh distillate output.

» In accordance with the recommendations provided by the WHO for the quality
of water to be used for drinking, the TDS value of the fresh distillate yield that
is achieved from an inclined solar still falls within the range of 60 to 100 ppm
for all basin circumstances. This is inside the range that ensures the water is
safe to drink.

» Similar to this, the fresh distillate output obtained from the inclined solar still
has a pH value that, for all basin conditions, falls between 6 to 7.5, which is
within the permissible range for the water that is safe to drink according to

WHO drinking water guidelines.
5.2 ENERGY EFFICIENCY

» From experimentation, it is found that the inclined solar still having stepped
absorber with corrugated fin integrated with vacuum tubes by using aluminium
oxide as nanoparticles has maximum thermal efficiency as compared to the
other basin condition of the still.

» The maximum efficiency obtained from the inclined solar still having stepped
absorber with corrugated fin integrated in winter season (Case-1) is 32.59%.

» The maximum efficiency obtained from the inclined solar still having stepped
absorber with corrugated fin integrated with vacuum tubes in winter season
(Case-2) is 39.19%.

» The maximum efficiency obtained from the inclined solar still having stepped

absorber with corrugated fin integrated in summer season (Case-3) is 39.98%.
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» The maximum efficiency obtained from the inclined solar still having stepped
absorber with corrugated fin integrated with vacuum tubes in summer season
(Case-4) is 46.72%.

» The maximum efficiency obtained from the inclined solar still having stepped
absorber with corrugated fin integrated with vacuum tubes by using aluminium
oxide as nanoparticles (Case-5) is 56.56%.

» The 73.55% of thermal efficiency is increased from the inclined solar still
having stepped absorber with corrugated fin integrated with vacuum tubes by
using aluminium oxide as nanoparticles (Case-5) as associated to an inclined
solar still having stepped absorber with corrugated fin in winter season (Case-
1).

5.3 ECONOMIC ANALYSIS

» The price of producing distillate water using an inclined solar still with a
stepped absorber and corrugated fin integrated with vacuum tubes is 1.55
Rupees per Liter. In contrast, the prices for inclined solar still having stepped
absorbers with corrugated fins combined with vacuum tubes are 1.58 rupees
per liter and 1.67 rupees per liter, respectively.

» The payback time period for the angled solar still with a stepped absorber with
corrugated fins is 299 days, while regarding the angled solar still having a
stepped absorber with corrugated fins integrated with vacuum tubes is 281 days
and regarding the angled solar still having stepped absorber with corrugated
fins integrated with vacuum tubes by using aluminum oxide as nanoparticles is
277 days.

» So finally, it is concluded that the distillate output obtained from the inclined
solar still having stepped absorber with corrugated fins integrated with vacuum
tubes by using aluminum oxide as nanoparticles is more also the cost of
production of fresh distillate output is more and the net payback period time is
less. Therefore, these basin conditions are considered the best design for fresh
distillate.
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5.4 SCOPE FOR FUTURE WORK
» To investigate the effect on fresh distillate output, a Phase change material (PCM)
can be utilized in an inclined solar still with a stepped absorber integrated with
corrugated fins and evacuated tubes.
» To observe the effects of various factors under various operating situations,
mathematical modelling can also be used.
» A mathematical model can be used to compare the variances with the

experimental readings.
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Appendices

APPENDIX |

UNCERTAINITY ANALYSIS

The degree of uncertainty demonstrates the accuracy of measurements and measuring
tools. Our experimental study only accounts for the uncertainty that is connected to the
systematic error since we have assumed that the measurements are distributed

uniformly. The standard uncertainty is defined as follows [90], [127].

a
U=

Where:

a = accuracy of the measuring instrument

u = the standard uncertainty.
A type and description of measurement tools used during experiments are shown in
Table I. It demonstrates that every uncertainty falls inside the allowable range.

Table I: The Uncertainty of measuring instrument

Equipment Range Accuracy Uncertainty

PT100

Thermocouple

0°C to 100°C +1°C 0.57°C

0 W/m? to 2000
Solar Meter + 10 W/m? 5.77 W/m?
W/m?
pH meter 0 pHto 14 pH +0.1PH 0.057 pH
Calibrated Flask 0 ml to 1000 ml +10 ml 5.77 ml
TDS meter 0 PPM to 990 PPM +1 PPM 0.577 PPM
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APPENDIX I
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Stock No © NSOI30-03-300

CAS SR £ 11 RS

Average Particle Size (APS) o <100nm

Molecular Formula o AL

Assay 99.9%

Total Metal Impuritics N. /-\\

MOSHEL

Sl I Caling MIacies 1 B

Note 1: Values are given in ppm unless otherwise specified.

Note 2: All figures sbove are weight for weight as determined by ICP
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MATERIAL SAFETY DATA SHEET

ALUMINUM OXIDE NANOPOWDER
Stock #: N§6130-03-300

L IDENTIFICATION OF THE FRODUCT AND THE COMPANY

Product Mame
Tss
Address

Emerzency

¢

Almimm Orxide X
Rasearch and Development
Manoshsl LLC

3422 0dd Capitol Suit 1305
Willnington DE - 19808
Unined States

+1.532.253 9878

=

un::..ual
Il.'l.l:l.'-l.ll'.lll

1 COMPOSITION & INFORMATION ON INGREDIENTS

Chemical Characterization
Hazardous Ingradisnts
3. HAZARD IDENTIFICATION

Tomicity
Eye Confact

4 FIRST AID MEASURES
Skin

Eyes

Inzestion

AL,
Nl

No Data Available

Dhast may canse imifation

Wash skin with soap and copious ameunts of water
Imediate and prolongsd imitation treat with
copious amounts of water

Wash out meuth with water provided person
[s Conscious.

If inhaled. remove to fresh air. If not
hreathing give artificial respiration. If
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breathing is difficult, give oxygen

§. FIREFIGHTING MEASURES

Extinguishing Data . Water Spray

Unsuitable Extinguishmz Data~ :  Carbon Diowade, Dry Chemical Powder,
Polymer Foam

Umusual Firefighting Hazards : Capable of creating a dust explosion

Special Firefighting Procedures - Usz normal procadurss which include
wearing self-contamed breathing apparatus
and protective clothing to prevent contact
with skin and eves.

6. ACCIDENTAL RELEASE MEASURES

Personal Precautions , Wear respirator, chemical safty goggles,
rubber boots and gloves.

Precautions to the Enviropment  :© Sweep up, place in a bag and hold for waste
dtsposal

l ;\ A m A~
Cleanup Procedures Amdrnnngmst vmmmmm
a spull site after material pickup 15 complets.

7. HANDLING AND STORAGE

Handling Precautions . Chemucal Safety Goggles. Compatible with

Storage : Store in a cool dry place.

Umusable Packazing Maternals d Wash thoroughly after handling Imitating
dust, Keep tizhtly closad

§. EXPOSURE CONTROLS AND PERSONAL PROTECTION

Personal Protective Equipment

Respiratory : Self-containad breathing appanatus

Hand : Chemcal-resistant Gloves

Eve ) Avoud conract with eyes

Skin : Wash thoroughly after handling
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9 PHYSICAL AND CHEMICAL PROPERTIES

Appearamee

Form : Bowder

Colom : White

(dor : Ko Odour

Safety Belated Information

FlashPoint : NA

Boiling Point : 2077°C

Melting Pomt : A72°C

tH - NA

10. STABILITY AND REACTIVITY

Stability : Completely Stble
Eeactivity ; Non Reactive' Non Soluble

11. TOXICOLOGICAL INFORMATION

Possible Health Effects

Skin ; o effact

Eyes ; Imitation

Inhalation : No Checlknz Hazard
Tomicity [ Nom-Toxic

11 ECOLOGICAL IMPACT

Avoid raising dust Ventilate area and wash spill site after matenial pickup is complate.
Wo Negative Ecologcal Impact, Data not Available

13. WASTE DISPOSAL

Dissolve or mrx the material with a combustibie solvent and um m 3 chemscal
incinerator, equipped with an afterbumner and scrubber

14 TRANSPORT INFORMATION (UN ORNEE OLARAK VERILMISTIR)

H5 Code ; 28182090

CAS ; 1344251

Proper Shoppmz Name ; Alnmimm Oride Nanopowder
Air Tansport (TCAD & IATA) Oide Nanopowder

Class ; Non Hazardeous

Packinz soup : Normal Packing

Tranzport information ; Notf regulated for [ATA (ATR)
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15. OHTER REGULATORY INFORMATION
Faderal and State Regulations: TSCA B(t) inventory: Alumimum Oxide Nanopowdsr

(rher Ragulations: EINECS: This product is on the European Inventory of Existng
Commercial Chemical Substances.

Other Classifications:
WHMIS (Canada): Not controllad imder WHMIS (Canada)

DSCL (EECY:
B3§- Imitating to eves
52- Eeep out of the reach of children
544 If swallowed, sesk medical advice immediately & show container or [abel

HMIS (US A}
Health Hazard: |
Fire Hazard:
Raactvity: |
Dersomal Profection: E

Nationa] Fire Protechion Associaion (U.5A §
Health: 1
Flammahility-
Reactivity: {
Specific hazard:
Protective Equipment:
(riowes.
Lab coat.
Dhust respirator. Be sure o use an approved cerified mspiratr o equivalent.
Splash gozgles

16. OTHER INFORMATION

References: Not wadable
Other Special Considerations: Not wvalable
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