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ABSTRACT

It is a well-known fact that, at present, one of the foremost challenges in front of the
entire world is to obtain fresh water from the natural resources of water to meet the increasing
demand for freshwater for domestic as well as industrial use. The scarcity score of water is
ranked high (R > 0.422) among all the Middle Eastern countries, China, Pakistan, South Africa,
etc. including India. To explore the potable water, the population in these areas have to travel
long, especially during summer. It is expected that by 2050, worldwide potable water demand
may increase more than twice including higher energy use (20-50%) than at present ~ 350
EJ/year. India is a tropical country with about 16% of the combined population of the world,
having only 4% of pure water availability with scarcity already apparent in many regions,
leading to challenges for the survival of Biota. This may exaggerate further with expected
population growth to 1.6 billion at the end of 2050.

The water available from rivers, lakes, and underground reservoirs contain a large
number of micro-organisms which may cause health hazard to human beings. However, the
available water, after distillation, may be used for domestic and industrial use. The
conventional methods for distillation exist, they are energy-intensive techniques and require
fast depleting sources of energy. In such circumstances, solar energy, which is the oldest form
of energy available to mankind and is abundant in nature, provides the best alternative to obtain
fresh water by the use of solar still.

The rate of distillate obtained from solar stills mainly depends on the operating
temperature and shape and material of condensing cover. It is to be noted that the primary aim
of most of the research work done in the field of solar distillation is to increase the yield of the

distiller unit, which can be attained by maximizing the temperature difference between water



and the condensing cover. Hence the design parameters should be employed efficiently to attain
the above-mentioned aim. Intensity and temperature are interrelated to each other. Higher
intensity leads to high temperature inside the solar still and hence results in the higher
temperature of water in it. It is essential that the solar radiations falling on solar still should
contribute towards the enhancement of temperature of the water, especially during winter
months. Temperature is the most critical climatic factor during winter.

The aim of most of the research work carried out in the field of solar distillation is to
increase the yield. This can be achieved either by increasing the water temperature or by
increasing the difference between water and glass cover temperature or by both. The higher
water temperature can be obtained by feeding the additional thermal energy to the basin water
after pre-heating it externally in the collector. Therefore, a new approach has been employed
by designing a modified geometry, coupling double slope solar still with ETC in force mode.
The force mode operation has various merits associated with it compared to the natural mode
of operation. As per the literature survey, the performance investigation of ETC integrated
double slope solar still has not been carried out. The objective of the present work is to develop
a thermal model for the proposed geometry of solar still and carry out the numerical simulation
to optimize the flow rate and water depth for the number of tubes connected in parallel. The
effect of the diffused reflector has also been considered. Further, the performance of the system
has been investigated for the water temperature attainable below the boiling point at an
optimum flow rate. The effect of water depth in the basin on the output such as yield, energy
efficiency, and exergy efficiency has also been investigated. Finally, the annual performance
of the present design of solar still has been estimated and compared with the other designs
reported in the open literature. The performance of the proposed model of solar still is found
superior compared to other designs in terms of output per m? of surface area. At optimal flow

rate, system yields 6.644 kg using 10 tubes at 0.005 m water depth.
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Chapter-I

General Introduction

1.1 Introduction

Water is the most abundant and important substance in nature. It is the principal component of
life, health, and sanitation. More than two-thirds of the earth’s surface is covered with water. A
major fraction of the available water is either present as seawater or icebergs in the Polar
regions. More than 97 % of the earth’s water is salty; rest around 2.6% is freshwater. Less than
1% of freshwater is within human reach. The availability of potable water to meet human needs
is limited worldwide and its scarcity seems most prevalent, particularly in the belt of arid
regions. Scarcity scores of water are ranked high (R > 0.422) among all the Middle Eastern
countries, China, Pakistan, South Africa, etc. including India [1]. To explore the potable water,
the population in these areas have to travel long, especially during summer. The reports of
WHO (2017), mention that about 2.1 billion humans worldwide have an inadequacy of safe
water and remote arid regions are highly water-stressed and facing scarcity. Richey et al. [2]
reported that globally out of 37 large aquifers, 21 possesses the scarcity of water and will
worsen soon with an increase in population. Worldwide, about 80 countries have a scarcity of
pure water, especially in the belt of the southern Mediterranean [3]. However, less energy-

intensive plants utilize renewable energy sources to provide potable water for water-stressed



areas (MENA) and Pacific Asia. It is expected that by 2050, worldwide potable water demand
may increase more than twice including higher energy use (20%-50%) than at present ~ 350
EJ/year [4]. India is a tropical country with about 16% of the combined population of the
world, having only 4% of pure water availability with scarcity already apparent in many
regions, leading to challenges for the survival of Biota. This may exaggerate further with
expected population growth to 1.6 billion at the end of 2050. Inter-dependence of potable water
and energy necessitates a requirement of self-sustainable technology to meet the need. The use
of solar energy is an alternative, self-sustainable source to distillate the brackish/saline water to
meet the requirement in an eco-friendly manner of small communities located remotely
(requirement is less than 200 m®/day), using a device called solar still [5]. The use of solar still
to purify water for the distant communities, in particular, can be a solution to reduce water
stress.

As the available freshwater is fixed on earth and its demand is increasing day by day due
to the increasing population, hence there is an essential and earnest need to get fresh water from
the saline/brackish water present on or inside the earth. This process of getting fresh water from
saline/brackish water can be done easily and economically by solar distillation.

According to World Health Organization (WHQO), the permissible limit of salinity in
water is 500 ppm and for special cases up to 1000 ppm while most of the water available on
earth has the salinity level up to 10,000 ppm whereas seawater normally has a salinity in the
range of 35,000-45,000 ppm in the form of total dissolved salts.

Excess brackishness causes the problem of taste, stomach problems, and laxative effects.
One of the control measures includes the supply of water with total dissolved solids within
permissible limits of 500 ppm or less. This is accomplished by several desalination methods
like reverse osmosis, electrodialysis, vapor compression, multistage flash distillation, and solar

distillation, which are used for purification of water, as shown in Table 1.1.



Table 1.1. Various desalination processes [6]

S.No | Phase-change/ Thermal processes Single-phase/ Membrane processes

1. Multi-stage flash (MSF) Reverse osmosis (RO)

e RO without energy recovery

e RO with energy recovery (ER-RO)

2. Multiple effect boiling (MEB) Electrodialysis (ED)

3. Vapour compression (VC)

4. Freezing

5. Humidification/dehumidification

6. Solar stills

e Conventional stills

e Special solar stills

e Cascaded type solar stills
e Wick-type solar stills

e Multiple-wick-type stills

Among these, the solar stills can be used as a desalination plant for such remote
settlements where briny water is the only type of moisture available, power is scarce and
demand is less than 200 m®/day. On the other hand, the setting of water pipelines for such areas
is uneconomical and delivery by truck is unreliable and expensive. Since other desalination
plants are uneconomical for low-capacity freshwater demand, under these situations, solar
stills are viewed as a means to attain self-reliance and ensure a regular supply of water.

The World Bank adopted a policy of water privatization and full-cost water pricing. This
policy is causing great distress in many third world countries, which fear that their citizens will

not be able to afford for-profit water. The blue planet project is an international effort begun by



the Canadian Council to protect the world's fresh water from the growing threats of trade and
privatization. During March 16-22, 2000, activists from Canada and more than a dozen other
countries met in Hague to oppose the trade and privatization agenda of the second world water
forum and to kick start an international network to protect water as a common resource and a
basic human right. This necessitated the different approaches in terms of economic and

technological efforts to cope up with this problem.

Ocean seawater
97.5%

Permanent snow & Ice Ground &

80% Surface water
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Fig. 1.1. Allocation of the world’s water resources [7]

The allocation of the world’s water is shown in Fig. 1.1. More than 97%, or about 1338
million km?, of the world’s water is seawater. Eighty percent of the remaining water is bound
up as snow in permanent glaciers or as permafrost. Hence, only 0.5% of the world’s water is
readily available as low-salinity groundwater or in rivers or lakes for direct use by humans [7].

Some regions of the world are blessed with an abundance of freshwater. This includes
areas with relatively low populations and easy access to surface waters, such as northern
Russia, Scandinavia, central and southern coastal regions of South America, and northern
North America [8]. More populated areas and areas with repaid industrialization are

experiencing more water stress, particularly when located in arid regions.
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Fig. 1.2. Global water stress in 1995 and predicted for 2025 [9]

Fig. 1.2 compares the global water stress in 1995 with that predicted for 2025. The areas
of the world that are not rich in water resources and that also experience un-stable and rapid
population growth and industrialization will see water stress significantly increase in the
future. As many as 2.8 billion people will face water stress or scarcity issues by 2025; by 2050,
that number could reach 4 billion people. Water stressed areas will include the south-central
United States, Eastern Europe, and Asia, while water scarcity will be experienced in the
Southwestern United States; Northern, Southern, and Eastern Africa; the Middle East; and

most of Asia [9].



In 2015, data received by the National Aeronautics and Space Administration (NASA)’s
satellite revealed that out of 37 world's large aquifers, 21 are facing severely water-stressed [2].
With increasing population and increased demand from industry and agriculture, researchers
indicate that calamity of pure drinkable water will become worsen soon. As per the reports of
WHO and UNICEF [10], about 0.844 billion humans in the world have an inadequacy of
fundamental drinking water service and 2.1 billion humans have an inadequacy of safely

managed water.
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Fig. 1.3. Annual baseline water stress [11]

Fig. 1.3 shows the Water Stress Index 2019 that estimates current water stress by
comparing water use to the available, renewable supply for regions around the world. Baseline
water stress estimates the ratio of overall water withdrawals to available renewable water
supplies. Water withdrawals include domestic, industrial, irrigation, and livestock
consumptive use. Available renewable water supplies include surface and groundwater

supplies and considers the impact of upstream consumptive water users [11].



Therefore, the worldwide challenge in the current era is the shortfall of safe, drinking
water. Solar desalination may be the economic and effective technique for converting the

brackish water into pure drinkable water.

1.1.1 Water Pollution

Human infectious diseases are among the most serious effects of water pollution,
especially in developing countries, where sanitation may be inadequate or non-existent.
Waterborne diseases occur when parasites or other disease-causing microorganisms are
transmitted via contaminated water, particularly water contaminated by pathogens originating
from excreta. These include typhoid, intestinal parasites, and most of the enteric and diarrheal
diseases caused by bacteria, parasites, and viruses. Among the most serious parasitic diseases
are amoebiasis, giardiasis, ascariasis, and hookworm. Some important issues arising due to

water pollution are listed below [12]:

e 5 million people die every year due to water-related disease and out of this 84% are
children in age group 0 - 14.

e Diarrhea is the main cause of 43% of water-related deaths.

e In the developing world, 98% of deaths are water-related.

e Poor people living in the slums often pay 5-10 times more per litre of water than

wealthy people living in the same city.
e About 13.2 gallons of water per person is required daily for sanitation, bathing, and

cooking needs, as well as for assuring survival.

1.1.2 Salinity of Water

The quality of groundwater has changed to an extent that the use of such water could be

hazardous. An increase in overall salinity of the groundwater and/or presence of high



concentrations of fluoride, iron, nitrate, arsenic, total hardness, and few toxic metal ions have
been noticed in large areas in several states of India.

Specific water quality problems include salinity (Total dissolved solids (TDS)), hardness
value (CaCOzs), iron, zinc, manganese, fluorides, heavy metals, pH value, bacterial
contamination, and pesticide/herbicide residues, etc. According to WHO guidelines [13] for
drinking water quality, the water with a TDS level less than 500 ppm is generally considered
safe for drinking and above 1000 ppm it becomes significantly objectionable to consume. In
India, the water salinity consumption by people reaches to 1500 ppm. Most of the water
available on earth as underground water has the salinity level up to 10,000 ppm. Seawater
normally has a salinity in the range of 35,000-45,000 ppm in the form of total dissolved salts.
India has about 53,000 habitations with salinity greater than 1500 mg/litre, most being in
remote and arid areas with saline water. Salinity varies slightly from place to place around the
world and varies somewhat with the seasons (affected by temperature and precipitation). The

water of salinity between freshwater and seawater is called brackish.

1.2 Solar Distillation: A State of Art

The idea of saline water evaporation by using thermal energy and its subsequent
condensation for freshwater production was empirically applied several centuries ago to
simulate the atmospheric air humidification and dehumidification during the hydrologic cycle
[14].

Many options (conventional and non-conventional) are available to distillate the
brackish/saline water. Among all the non-conventional methods the most prominent method is
the “solar distillation” and is the oldest method to get the potable /distilled water by utilizing the
solar energy which is an abundantly available natural resource in the world. Solar distillation of

brackish water is an option to obtain fresh water for drinking, medicinal use, battery charging,



school, laboratories, etc. as it needs simple technology and low maintenance and it can be used
anywhere with a lesser number of problems.

Solar Still is a perfect water distiller designed especially for remote areas or during
power outages. Solar stills mimic the natural process when the water evaporates, it removes
only pure water and leaves all contaminated behind. Solar Still was certified for arsenic
removal by the National Sanitation Foundation (NSF). To use this free energy more efficiently,
various solar distillation methods have been studied since the past to desalinate impure water.
Swedish engineer Carlos Wilson in 1872 (worked till 1910) in Las Salinas, Chile built a plant
of 64 basins (4,459 m?) of capacity 20,000 liters /day. Based on the method of energy feed,
solar distillation is broadly classified as passive distillation and active distillation with various

designs reported [15-18].

1.3 Requirements for Solar Distillation

As long as the distiller is kept clean and working properly, the high quality of treated
water will be very consistent regardless of the incoming water quality. The various favorable
conditions for solar distillation are [19];

e Availability of salty/ brackish water if other sources are fully exploited.
e Total 3 m® day or less water requirement.

e Availability of solar energy.

e Rainfall below 0.5m/year.

e High water transportation costs.

e Competing technologies that require expensive and/or unreliable supply of

conventional fuel.

1.4  Advantages and Disadvantages of Solar Distillation

The major advantages and disadvantages of solar distillation are as follows [20]:
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1.4.1 Advantages of Solar Distillation

Solar distillation is a simple technology, eco-friendliness, the requirement of less

skilled workers, low maintenance and low energy needs.

e It produces potable water.

e No prime movers are required to run the unit.

e Solar distillation also removes pathogens present in the water.

e Solar stills, operating on sea or brackish water, can ensure supplies of potable
water.

e It can encourage cottage industries, animal husbandry, or hydroponics for food
production in areas where such activities are now limited due to inadequate
supplies of potable water.

e Solar distillation will permit settlement in sparsely - populated locations, thus
relieving population pressures in urban areas.

e  Operating cost is nearly zero and it is compact and lightweight.

e Approximately 90% feed water recovery.

e Investmentis low.

1.4.2 Disadvantages of Solar Distillation
The main disadvantages of solar distillation are as follows:
e In solar distillation, a large surface area is required for the collection of solar
energy.
e Distillate output mainly depends on climatic conditions.
o Difficult to transport mainly due to handling of the glass cover.
e Low daily distillate yield per m? of the basin area. (3 — 4 liter day*m).

e Routine maintenance is required.
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1.5 Factors Influencing the Performance of Solar Distillation

The effects of design and climatic parameters on solar still performance are given below:

1.5.1 Effects of Design Parameters
The design parameters of the solar still affect the performance of solar sill in the
following ways:
(a) High water temperature.
Following design parameters affect the temperature of water in the solar still basin:
e Integration of collectors with the solar still basin

High absorptivity of basin liner and collector plate

Reducing thermal losses to ambient using good insulating materials

High ambient temperature

Low water depth
(b) Large temperature difference between evaporative and condensing surfaces.
The large temperature difference between the evaporative and condensing surfaces can
be obtained as:
e Less absorptivity of the glass cover
¢ Rapid removal of heat from the outer glass cover by blowing of the wind or by other
means
(c) Low vapour leakage.

e The basin of the distillation system is made watertight to avoid water leakage

1.5.2 Effects of Climatic Parameters

The climatic parameters affect the performance of solar still in the following ways:
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e The higher convective heat loss from the glass surface can be achieved with the

higher wind velocity and hence higher will be temperature difference between the

evaporative and condensing surface.

e The output of solar still increases with the increase in the intensity of solar radiation.

1.6  Classification of Solar Distillation Systems

Depending upon the mode of operation, solar still can be classified as shown in Fig. 1.4.

[ SOLAR STILL ]

v

v

[ Passive Solar Still ]

v

[ Active Solar Still ]

:

\ 4

. - v

[ Single Slope ][ Double Slope ][ Multi Basin ] Various other
designs

A\ 4

\ 4
High Nocturnal
Temperature
v

v

v y
Auxiliary heating Distillation Hybrid (PVT)
Distillation with collector with collector
v

2 v

Regenerative ] [ Double Effect ]

\ 4

A A 4 i

[ With water flow ] [ With air flow ] [ Vertical wall ]

Fig. 1.4. Classification of solar distillation systems

1.6.1 Passive Solar Still

In this case, the water in the basin of the solar still is heated directly by solar radiation.

Various researchers have carried out study on the passive solar still [21-24]. Most of the
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researchers reported that passive solar still is a slow process of water evaporation and daily
total yield is about 2.25 kg/m? day during summer. The operating range of temperature for a
clear day and maximum solar radiation is in the range of 20°C - 50°C. A double slope passive

solar still is shown in Fig. 1.5.

Fig. 1.5. Double slope passive solar still at I.1.T Delhi

1.6.2 Active Solar Still

The temperature of the basin water governs the evaporation rate in the solar still. The
temperature of the basin water in the solar still can be heated both directly by solar radiation as
well as indirectly (i.e. feeding hot water, available from solar collector or industries or power
plant, etc.), and such system is known as active solar still. Double slope solar still in active

mode is depicted in Fig. 1.6. The active solar distillation is mainly classified as follows:

(i) High-temperature distillation: Hot water will be fed into the basin from a solar
collector/concentrator. The operating range of temperature is in the range of 50°C -

100°C and generally referred to as high operating distillation.
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(i) Nocturnal production: Water of the solar still is heated during the sunshine hours and
most of the energy is stored in the water mass. This stored energy is then utilized for

distillation during off sunshine hours.

2‘\»"—\ "
UBLE SLOPE SOLAR STILL FO
= e
W : -

WATER PURIFICATION =

> | "’. - — -...ﬁ

Fig. 1.6. Double slope active solar still [25]

Various researchers have carried out study on solar distillation systems with a flat plate
collector/concentrator [26-31] and using waste thermal energy from any chemical/industrial
plant [32]. Tiwari et al. [33] developed the thermal model for active solar still coupled with
different types of solar collectors and validated the theoretical values with experimental values
for 0.05 m water depth. The study reported that solar still integrated with evacuated tube

collector gives a maximum yield of 4.24 kg/m?day, among all other types of solar still.

1.7 Heat Transfer in Solar Still

There are two types of heat transfer in solar distillation systems as detailed in Fig. 1.7.
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1.7.1 Internal Heat Transfer

The internal heat transfer within the solar still from the water surface to the inner surface
of the condensing cover consists of radiation (g, ), convection (q.,,) and evaporation (g.,)-
The internal heat transfer mainly governs the transport phenomena of water vapour formed

above the water surface.

Radiation from glass
to sky (4rg)

Convection from
glass to ambient (g.4)

—»  Top Loss

Conduction from
—”| basin to bottom (gp4)

External | »

Convection from
bottom and sides to
ambient

./ Bottom Loss

Radiation from
bottom and sides to

ambient
Heat transfer

in solar still

Radiation from water

to glass cover (G,,)

Evaporation from
L, Internal ,| water to glass cover

(Gew)

Convection from
— " water to glass cover

(Gew)

Fig. 1.7. Types of heat transfer in the solar still
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All heat transfer occurs simultaneously, the evaporative heat transfer depends upon the
convective heat transfer but these two are independent of radiative heat transfer. Various

modes of heat transfer and energy losses in double slope solar still are shown in Fig. 1.8.
’ Sun
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round Absorbed in basin liner )
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Fig. 1.8. Heat transfer and energy losses in double slope solar still

The rate of heat transfer by different modes within the solar still is expressed as [19, 34]:

1.7.1.1 Radiative Heat Transfer
The radiative heat transfer between the water surface and inner surface of the glass cover

is obtained as:

Arw = Eeff o[(T, + 273)4 — (Tg + 273)4] (1.2)
Grw = hpw (T — Tg) (1.2)
how = €erp 0[(Ty + 273)% + (T, + 273)?][T,, + T, + 546] (1.3)
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Where, h,,, is the radiative heat transfer coefficient from the water surface to the glass cover

-1
and s, {Lil}

SW Eg

1.7.1.2 Convective Heat Transfer

Heat transfer occurs across humid air in the distillation unit by free convection, which is
caused by the effect of buoyancy, due to the density variation in the humid fluid. This occurs
due to the temperature gradient in the fluid.

The general equation of convective heat transfer from the water surface to glass cover of

the solar still is given as:
Gew = hew (T — Tg) (1.4)

The convective heat transfer coefficient (hcw), depends on the following parameters:
e Operating range of temperature
e The geometry of condensing cover
e Physical properties of the fluid within operating temperature
This convective heat transfer is calculated by using non-dimensional numbers. The
relation of non-dimensional Nusselt number carry convective heat transfer coefficient is given

as:

Nu = hcvk' L =C(GrPr)’ (1.5)

or, h, =-—--C(GrPr)’

| =

where, Gr and Pr are the Grashoff and Prandtl numbers, respectively, and C and n are unknown

constants. The Gr and Pr are given by the following expressions:

_ BoL’p*AT _ Buyoancy force

% Viscous force

Gr
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#C,  Momentum Diffusivity
K Thermal Diffusivity

v

and, Pr=

1.7.1.3 Evaporative Heat Transfer
The evaporative transfer coefficient (hew) can be written in terms of the convective heat
transfer coefficient as:

b, Lt M, 1 (1.6)
h, C, M, P

ow

Using Lewis relation (1922, 1933) i.e. the ratio of heat transfer coefficient to mass
transfer coefficient is equal to the specific heat per unit volume at a constant pressure of the
mixture and is given as:

h
cwW — 1 (17)
than

where hp is the convective mass transfer coefficient (m/s) from the water surface and is given

as:
o
a - D(pw pa)

where m is the mass transfer rate (kg/h). Using the perfect gas equation (PV=RT', V=M/p) for
water vapor and solving the Eq. (1.6) and Eq. (1.7) we will get

h M
ﬂ:#x Wxi (18)
h, p.C, RT' P

T

After substituting the values of My, pa, Cp, R, L, Pt (P=Pa) and T (at 50°C) in the Eq. (1.8), we

get

h,, =16.273x103xh_

[

The rate of evaporative heat transfer is expressed as:

Gew = hew (T — T¢;) (19)
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1.7.1.4 Total Internal Heat Transfer

Total upward internal heat transfer coefficient (h,, ) can be written as:
h, =h, +h, +h, (1.10)
The total internal energy (q,,,) transfers from water surface to inner glass cover and can be
expressed by adding the Eq (1.2), Eq (1.3) and (1.4) as:

(.hw = hlw(Tw - Tci) (111)

1.7.2 External Heat Transfer

The external heat transfer occurs outside the solar still by conduction, convection, and
radiation which are independent of each other. This occurs from the side, bottom, and top
surface of the glass cover to the environment. However, the side loss coefficient is generally

neglected.

1.7.2.1 Top Heat Loss from Glass Cover
The external heat transfer from glass cover to the environment takes place by means of
convection and radiation. To get the more realistic value of the external radiative heat transfer

coefficient (h__), the sink temperature is considered as the sky temperature (Tsky) rather than

rcs

taking the ambient temperature (T, ) [35]. The sky temperature is expressed as [36];

15
T,y =0.0552x(T,) (1.12)
where, both the temperaturesTsky and T, are in Kelvin.

Based on sky temperature, the external radiative (h, ) and convective (h_ ) heat transfer

coefficient may be written as:

4 4
o0 (T, +273.15)* (T, + 273.15)*) e, AR (L13)
(Tco _Tsky ) (Tco _Tsky)
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where, AR = 0'((Ta +273.15)* — (T, + 273.15)4)

Rate of external radiative heat transfer is given as:
Gres = Pyes(Teo — Tsky) (1-13b)
The convective heat transfer coefficient from the exterior surface of the glass cover can be

expressed as:

(Tco -Ta )

h .=h
- ! (Tco _Tsky)

(1.14a)

where, h isthe wind convective heat transfer coefficient, which depends upon the wind speed.
Several correlations are available in the literature [37] and generally, h, is determined from
an expression in the form expressed as [37] :

h,= a+bVv,"

where, a=2.8, b=3,and n=1for V,<5m/s and, a=0, b=6.15,and n=0.8 for V,>5m/s.

The rate of external convective heat transfer from the outer surface of glass cover to ambient
is given as:
Gecs = hees(Teo — Tsky) (1.14b)

The total external heat transfer coefficient (h, ) between glass cover and sky can be written as:

h (T -T
h2c = hrcs + hccs = hrcs + %

co _Tsky )

(1.15a)
The higher variation in the value of h,_ (includes radiative and convective) occurs with

the variation of glass and ambient temperature. Some researchers proposed the simple
correlation to predict the external heat transfer coefficient as [19];

h, =2.8+3.0V, and h, =57+38V,
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Total heat transfer from glass cover to ambient is expressed as:

G2c = hoc(Teo — Ta) (1.15b)

1.7.2.2 Bottom Heat Loss

The loss of heat from the bottom to the environment can be written as:

QDa = hba(Tb - Ta) (1-16)
. -1
where, hba = {i + :I
Ky Py +hiy

1.7.2.3 Side Heat Loss
The loss of heat from the side (gs,) is insignificant as compared to bottom loss because

of less quantity of water in the basin. However, it can be written as:
. . Ags
Qsa = Yba (E) (1.17)

where A is the surface area in contact with basin water

1.8 Global Status of Solar Distillation

Most of the distillation systems have been abandoned due to a very slow production rate.
However, research in the area of solar distillation is limited in the following academic
organizations namely IIT Delhi (INDIA); Central Arid Zone Research Institute, Jodhpur
(INDIA); Sardar Patel Renewable Energy Research Institute, Anand (INDIA); Ciudad
Universitaria, Coyoacan (MEXICO); The University of the Ryukyus, Nagoya University and
Chuo University (JAPAN); Ben-Gurion University of the Negev, Be'er Sheva (ISRAEL);
Technische Universitat Bergakademie Freiberg (GERMANY); Alexandria University
(EGYPT); Jordan University of Science and Technology, Irbid (JORDAN); University of

Ouargla (ALGERIA); Xian Jiao Tong University (CHINA) and University of Foggia (ITALY).
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In India, the first largest solar distillation plant was installed by Central Salt and Marine
Chemical Research Institute (CSMCRI), Bhavnagar to supply drinking water in Awania
village (then non-electrified) and Chhachi lighthouse in 1978. The well waters in the area were

found to be saline with total dissolved solids exceeding 3000 ppm (and above 5000 ppm during

summer) and fluoride concentration about 6 to 8 ppm [38].

Fig. 1.9. Solar desalination plant at village Awania, Gujarat [38]

1.9 Thesis Outline

The remainder of this thesis is organized as follows:

Chapter 2: Includes an in-depth literature review designed to provide a summary of the
base of knowledge already available involving the issues of interest. It presents

the research works of previous investigators on solar distillation.
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Chapter 3:

Chapter 4:

Chapter 5:

Thermal modeling and optimization of double slope solar still augmented with
ETC under forced mode are carried out. The output results are also discussed

at the optimal flow rate with water depth.

Exhaustive energetic and exergetic assessment of the proposed system is
carried out in this chapter along with irreversibility. The effect of water depth
and sessional effect outcome in terms of energy and exergy efficiency are also

reported.

Finally, conclusions on the performance and recommendations are made for

the present design of solar still.
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Chapter-11

Literature Survey

2.1 Introduction

The chapter gives an in-depth literature review on various developments and researches
that happened in the field of solar distillation ever since the first known use of a solar still, to

date.

2.2  Literature Survey

The green-house effect had been first discovered by the Egyptians. The use of solar
energy had begun on 214-212 BC by Archimedes who made heat rays to defend the harbor of
Syracuse against the Roman fleet. First solar engine by using glass lenses, supporting frame,
and an airtight metal vessel containing water and air had been made by Salomon de Caux, a
French engineer, and architect, in the year 1615. This arrangement produced a small water
fountain when the air was heated up during operation. In the year 1774, Joseph Priestly, an
English Chemist, had discovered oxygen gas through an Experiment in which sunlight was
focused on mercuric oxide (HgO) inside a glass tube. The first known use of solar stills dates
back to 1551 when it was used by Arab alchemists. Other scientists and naturalists used stills

over the coming centuries including [39-41].
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It is also believed that Sailors were the first people to duplicate the natural water cycle as
shown in Fig. 2.1. They boiled seawater in a vessel using a wood fire and condensed it. They
condensed the vapour in a sponge. The water squeezed out of the sponge (virtually salt-free)
tasted unbeknownst. Sailors such as Sir Richard Hawkins reported that their men generated
freshwater for the purpose of drinking from seawater during voyage using this technique. A
primitive yet simple approach of desalination. However, the research and technological

advancements in the distillation facilities paced upon the verge of the nineteenth century.

Tl Ee S Ll

Fig. 2.1. Ancient representation of drinking water extraction from the sea

Mauchot [41] in his review, had written: “One uses glass vessels for the solar distillation
operation. According to the Arab alchemists, polished Damascus concave mirrors should be
used for solar distillation”. The great French chemist used a large glass lens, mounted on

supporting structures to concentrate solar energy on distillation flasks filled with content to be
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distilled [40]. The use of silver or aluminum-coated glass reflectors to concentrate solar energy
for distillation purposes had also been described [41].

Nebbia and Menozzi [42] had mentioned the work of Della Porta (1589) in a review of
the water desalination field. About his designed solar still, he said: “Insert green leaves into
wide earthen pots full of water, so that the vapours may thicken more quickly into water. Turn
all this apparatus, when it has been fully prepared, to the most intense heat of the sun s rays,
for immediately, they dissolve into vapours and will fall drop by drop (i.e. the distillate which
contains the essence of the green leaves, etc.) into the vessel which has been placed
underneath. In the evening after sunset, remove them and fill with new herbs. Knotgrass, also
commonly called “sparrow’s tongue”, when it has been cut up and distilled is very good for
inflammation of the eyes and other affictions. A liquid produced by ground-pine which will end
all convulsions if the sick man washes his limbs with it, and there are other examples too
numerous to mention”. The solar still used by Della Porta has been illustrated in Fig. 2.2 and

Fig. 2.3.

Inverted Earthen Pot

wwwwww

Paste of Green

. Wire Mesh
Leaves T

Essence of Green Leaves

Fig. 2.2. Solar distillation apparatus used by Della Porta [42]
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Fig. 2.3. Detailed schematic of solar still [39]

In 1870, the first American patent on solar distillation was granted to Wheeler and Evans.
A famous plant built by Swedish engineer Carlos Wilson in 1872 in Las Salinas, Chile. It
consisted of 64 water basins (4,459 m?) to supply water (20,000 liters /day) to miners working
in mining operations. It worked until 1910, due to the problem of accumulation of salts in the
basin that needed regular cleaning [22]. The design of conventional basin type solar still
formed a base for the majority of solar stills that are being built since that time. After 1878,
works on solar energy slowed down because of the availability of low-cost conventional fuels.

Different designs of solar stills namely metallic reflector to concentrate solar rays used
by Kush in 1920 [43], Cylindrical and parabolic reflectors [44] and spherical stills [45] were
studied and reported. About 200,000 of spherical stills have been used during the world war-II

to supply water in arid / desert areas, just after the war to supply fresh/potable water. During
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the 1950s, interest in solar distillation was revived to develop large centralized distillation
plants. However, after about 10 years, researchers around the world concluded that large solar
distillation plants were too expensive to compete with fuel-fired ones. Therefore, research
shifted to smaller solar distillation plants. Between, 1960-1970, 38 solar distillation plants
were built in 14 countries, with capacities ranging from a few hundred to around 30,000 liters
of water per day. Thereafter many pieces of research on design, fabrication methods and
performance evaluation, etc. of solar distillation systems have been carried out by various
scientists throughout the world.

The majority of high capacity solar still plants in India were installed by Central Salt &
Marine Chemicals Research Institute (CSMCRI), Bhavnagar. Gomkale [46] studied in detail
the solar distillation systems as per the Indian scenario. The pilot plant constructed at
Bhavnagar in 1965 was the first large capacity plant in India with a permanent construction of
basin area 350 m?with distillate production of 1000 liter per day. In 1977/78 a few plants were
also installed for community use. The solar stills constructed in 1968 at Navinar Lighthouse for
use by a small isolated group of those staying at the lighthouse. In 1983, basin type solar still of
area 7500 m? was constructed in Lakshadweep to distillate the seawater of productivity 2000
liter per day.

Twenty years (1952 — 1973) work on solar distillation was reviewed at the University of
California [5]. Talbert et al. [47] gave an excellent historical review of solar distillation.
Delyannis and Delyannis [48] reviewed the work of major solar distillation plants around the
world. This review also included the work of [49-51]. Gomkale [46] studied in detail the solar
distillation systems as per the Indian scenario. Various investigations have also been carried
out to study the impact of various techniques and how they affect the yield e.g. factors
influencing the performance, effect of orientation of glass cover [52], the effect of dyes [53],

use of condenser and water film cooling [54].
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The various designs of Passive solar stills have been proposed and research work carried
out [55-58] and for Active solar still [59-60] and on wick type solar still [61].

Garg and Mann [62], reported that productivity increases with an increase in solar
radiation and ambient temperature, however, the efficiency of active solar still is more than
passive, because of the higher operating temperature range. Tiwari and Madhuri [63] found
that the dependence of yield on water depth is a strong function of the initial temperature of
the brine in the basin of the still. Tripathi and Tiwari [64] reported the effect of water depths
on the heat and mass transfer coefficients and found that the convective heat transfer coefficient
between water and inner condensing cover depends significantly on the water depth.

Bouker and Harmim [65] carried out the effect of climatic conditions on the performance
of solar still for the climatic conditions of Algeria and reported that the daily productivity in
summer for simple double basin solar still varies from 4.01 to 4.34 1/m?/d as compared with
8.07 to 8.07 I/m?/d for a coupled double basin still in clear days. Al-Hinai et al. [66] reported
that with the rise in ambient temperature from 23°C to 33°C, the daily yield increases by 8.2%.
Tanaka and Nakatake [67], carried out the study of the effect of various factors on the
productivity of multiple — effect diffusion type solar still coupled with flat plate reflector.

It is found from the literature review that more work has been carried out during the clear
sky days on active and passive solar still performance. Rai and Tiwari [26] have developed a
thermal model of active solar still by using Dunkle’s relation [68]. EI-Sebaii [69] carried out
the effect of wind speed and other parameters on the different designs of active and passive
solar stills. Badran [70] carried out an experimental study of the enhancement parameters on
single slope solar still and found that the performance of solar still is increased by 51 percent
by combined asphalt basin liner and sprinkler. Kabbi and Nafila [71] studied the impact of
temperature difference on solar still global efficiency and found that with greenhouse effect it

improves solar still global efficiency and it can also be improved by attaching mirror, reflector
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and concentrator to increase the intensity of solar radiation to solar distillation system and
observed 20 I/d per unit area of reflector. Various aspects of passive and active solar stills have
also been reported [19].

Kudish et al. [72] designed and tested a solar desalination system suitable for desalination
of seawater; consisting of a solar collector coupled to an evaporation/condensation chamber
made of non-corrosive polymeric materials (polymers). The carrier of thermal energy
associated with the PV module may be either air or water. Once thermal energy withdrawal is
integrated with the photovoltaic (PV) module, it is referred to as a hybrid PV/T system. The
work on the PVT system has been reported by various researchers [73-75].

The low productivity was the main issue of passive solar stills, thus to enhance the
productivity, various methods i.e. multi-stage solar still [76], use of nanofluids [77], integrated
solar still with ETC, parabolic concentrator, FPC had been used for considerable improvement.
Among them, FPC is becoming popular because of its less maintenance and ease of operation.
The enhancement of annual performance using hybrid (PV/T) solar still was investigated and
observed an increase in productivity by 350% compared to a passive one, using 4m? size of
series-connected PVT-FPC [78]. Dwivedi and Tiwari [25] carried out work under the natural
mode on FPC integrated double slope solar still and estimated the yield about 51% higher than
the uncoupled solar still. Higher yield (51%-148 %) than passive solar still was obtained using
PVT, FPC, and hot air methods [79]. Feilizadeh et al. [80] reported that the optimal ratio
between width and length as 0.4 for the maximum yield from a single slope distiller. Singh and
Tiwari [81] carried out theoretical performance evaluation of series integrated PVT-CPC solar
still and found the optimal rate of flow as 0.04 kg/s using 7 collectors to achieve outlet water
collector temperature below boiling point.

Utilizing the evacuated tubes collectors in the solar distillation leads to the refinement in

the performance of the system. Morrison et al. [82] reported better performance using an ETC

30



than FPC for high-temperature operation. Glembin et al. [83] reported a decrease in efficiency
by 10% when the hourly rate of flow decreases (78 to 31 kg/m?) using 60 parallel vacuum
tubes. Dev and Tiwari [84] investigated daily yield as 3.328 with an overall energy efficiency
of 30.1% during summer when a single slope distiller was charged from the ETC water heater.
In the scenario of natural ETC water heater, Sato et al. [85] reported that the natural operation
of ETC dis-favors the extraction of energy due to the intermixing of fluid, which takes place
within the tube as hot and cold-water currents travel in opposite directions. Singh et al. [86]
investigated the performance of single slope solar still augmented with ETC under natural flow
in summer using 10 parallel tubes. They analytically predicted an increase in yield to 3.8
kg/day, while corresponding exergy efficiency as 2.5%. Sampathkumar et al. [87]
experimented with an ETC integrated single slope solar still under natural mode using 15 tubes
and found 219% higher production than obtained under the passive arrangement. Further,
Kumar et al. [88] extended the work of previous researchers using the forced mode in ETC
augmented single slope solar distiller and reported output as 3.9 kg/m?/day while thermal
efficiency as 33.8%. Panchal and Awasthi [89] found an increase in yield by 140%, using ETC
integrated solar still under natural mode. Yari et al. [90] experimentally validated the results
presented for ETC integrated single slope solar still and reported that placing semi-transparent
photovoltaic modules on the solar still and coupling the basin with ETC size of 10 tubes, under
natural mode yields maximum 2.3 kg.m2day™* at 0.07 m water depth, which increases to 4.76
kg.m2day* using 30 tubes. Patel et al. [91] studied stepped type solar still charged using ETC
water heater and reported improvement in yield ~ 24% during summer than uncoupled solar
still.

Operation of ETC in forced mode has advantages over natural circulation mode namely:

a) better heat extraction from the tube.

b) no internal recirculation.
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C) no stagnation in the reservoir.
d) the non-circulation area at the bottom of the tube avoided.
e) controlled water flow rate.
Recently, Jowzi et al. [92] have used a modified evacuated tube system with the
attachment of an additional tube between the water tank and bottom of ETC tube to remove

stagnation and found an enhancement in performance.

2.3 Research gap

From the literature survey, it is noted that investigations on ETC augmented single slope
solar still have been reported. However, in the field of high-temperature distillation, no work
has been reported for the double slope solar still augmented with Evacuated tube collectors

(ETC) with ‘N’ parallel tubes under the forced mode.

2.4  Objective of the Present study

The objective of the present work is to extend the work further using double slope solar
still under forced mode (a modified geometry). Hence, the performance of double slope solar
still integrated with ETC under forced mode has been estimated analytically for the first time.
The objectives of this research work are:

e To present a comprehensive mathematical model and carry out the performance
evaluation of the system.

e To optimize the mass flow rate through the collector for optimal performance.

e Sizing of the number of tubes in terms of water depth for water temperature and yield,
energy efficiency and exergy efficiency.

e To study the effect of the diffused reflector on the performance.

e To carry out the energetic and exergetic analysis.
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Chapter-I11

Thermal Modelling and Optimization of the System

3.1 Introduction

In this Chapter, a thermal model is developed for ETC integrated double slope solar still
under forced mode. The internal heat transfer coefficients obtained by using the Dunkle model
[68] are used along with other design and climatic parameters. The results are validated with
previously published results with some changes in design conditions. The predicted results are
obtained for water temperature, inner glass temperature, and finally distillate yield using the
proposed model for different water depths. The results are obtained after developing a
computer program for the proposed model in MATLAB.

The thermal model to simulate the rate of production of freshwater from seawater as a
function of different meteorological parameters and specifications of the solar stills were
developed by various researchers. Tiwari and Tiwari [93] carried out the indoor simulation to
study the effect of condensing cover slope (15°, 30°, 45°) on internal heat and mass transfer in
the passive distillation unit and reported higher yield with increase in water temperature for 30°
cover inclination. Besides, there is a significant reduction in the evaporative heat transfer
coefficient with an increase of inclination. The researchers [60, 94, 95] also developed the

thermal models based on the energy balance equations of passive and active solar still with
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different concepts, in different operating modes and validated the theoretical results with the
experiments.

Operation of ETC in force mode has advantages over natural circulation mode, namely
(a) better heat extraction from the tube (b) internal recirculation avoided (c) stagnation in
reservoir avoided (d) the non-circulation area at the bottom of the tube avoided and (e)
controlled flow rate. Kumar et al. [88] executed a theoretical analysis of ETC incorporated
single slope solar distiller under forced manner and reported maximum daily yield and
efficiency as 3.9 kgm2 and 33.8%, respectively in summer. Panchal and Awasthi [89] found an
increase in yield by 140%, using ETC integrated solar still under natural mode. Yari et al. [90]
experimentally validated the results presented for ETC integrated single slope solar still and
reported that placing semi-transparent photovoltaic modules on the solar still and coupling the
basin with ETC size of 10 tubes, under natural mode yields maximum 2.3 kg.mday™* at 0.07
m water depth, which increases to 4.76 kg.m2day™ using 30 tubes. Patel et al. [91] studied
stepped type solar still charged using ETC water heater and reported improvement in yield ~
24% during summer than uncoupled solar still. Theoretical performance evaluation of single
and double slope solar still coupled with N numbers of PVT-CPC in series was carried out and
optimum performance at an optimal flow rate of 0.04 kg/s was reported, using seven collectors
at outlet water collector temperature below boiling point [81]. Recently, Jowzi et al. [92] have
used a modified evacuated tube system with the attachment of an additional tube between the
water tank and bottom of ETC tube to remove stagnation and found an enhancement in the

performance.

34



3.2 System description

An ETC coupled solar distiller with double slope under forced mode with basin size of 2
m?is illustrated in Fig. 3.1. The basin is composed of fibre reinforced plastic (FRP), oriented E-

W direction (latitude 28°35" N and longitude 77°28E).

Solar still

I Glass cover

Inner tube Stand

Vacuum

ETC Tubes —e——
Water Flow

Fig. 3.1. Schematic of double slope solar still augmented with ETC under forced mode

On the top, a transparent condensing cover (made of glass) of 0.004 m thickness and 0.76
WmK! thermal conductivity is fixed at 15° inclination from horizontal with proper sealing.
Evacuated tubular collector composed of several parallel tubes of 1.4 m length and 0.07 m

center spacing is inclined at 45° from horizontal, south oriented, and fixed at the bottom of the
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basin. A valve is also provided to regulate the flow rate. To avoid reverse flow during the night,
ETC may be cut off from solar still by providing a regulating valve in the pipeline after the
pump, which also regulates flow rate as per requirement during the day. The radiations are
transmitted through glass cover after reflection and absorption of some part and reach to basin
water. Out of transmitted radiations, some are reflected while some percentile is absorbed by
the water and remaining reaches to the basin liner. Basin water gets heated and water vapor
condenses underneath the glass surface, flows down in a trough fabricated at the lower end, and
finally taken in a jar kept outside using a pipe. The flow rate can be fitted after the pump.

The design specifications of the complete system are given in Table 3.1. Exhaustive
performance of the complete system has been carried out using experimental climatic data
recorded and given in Table 3.2 for a typical day. The initial water temperature of solar still,
ETC has been taken as 23.1°C along with 23°C initial glass temperature and measured values

of ambient temperature (23°C).

Table 3.1. Parameters of ETC coupled double slope solar still distillation system

Parameters Value Parameters Value
basin area 2 m? conductivity of glass 0.78 WmK*
glass area 1.14 m? glass thickness 0.004 m
thickness of basin 0.005m conductivity of basin 0.351 WmlK*
outer dia. of tube 0.047m tubes No. 10
tube inner dia. 0.044m water per tube 2.25 kg
center distance 0.07m length of tube 1.4m
between tubes
surface area of tube 0.21m?
pump size 12 VI 24W
connecting pipe 1/2” Gl
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Table 3.2. Measured parameters for 4" October 2010 [96]

Time  Isg(t) Isw(t) le(t) Ta
(Wm?) (Wm?)  (Wm?) °C)
7am 0 0 0 23 Initial water temperature of solar
8 300 180 280 25 still and ETC = 23.1°C
9 500 300 480 28 Initial glass temperature = 23°C
10 540 420 600 30
11 600 520 660 31
12 680 660 720 32
13 600 620 680 33
14 460 560 600 34
15 300 470 460 33
16 180 300 280 32
17 120 200 180 31
18 0 0 0 29
19 0 0 0 27
20 0 0 0 26
21 0 0 0 26
22 0 0 0 25
23 0 0 0 25
24 0 0 0 25
1 0 0 0 24
2 0 0 0 24
3 0 0 0 23
4 0 0 0 23
5 0 0 0 22
6am 0 0 0 22

3.3 Thermal analysis

To evaluate the temperatures, yield, and performance parameters, the thermal equations
are developed with the help of relations given in the Appendix. These equations are then solved
with the hereunder assumptions:

(a) no vapour leakage from the system.
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(b) negligible heat storage by condensing and basin material.
(c) thermophysical properties are temperature dependent.

(d) temperature drop in the connecting pipe is 2°C.

(e) heat transfer coefficients (h.t.c) are evaluated based on initial water and condensing

cover temperatures.
(F) basin water mass at a constant level.
(g) the system is in a quasi-steady condition during sunshine.
(h) heat loss through the frictional resistance is neglected.
(i) bending effects in the tubes/pipe are neglected.

Energy balance equations at different locales of the system are given hereunder:

3.3.1 Water mass in evacuated tubes

Following Budihardjo et al. [97], instantaneous efficiency is calculated as;

_ (Tew—Ta)

rliC = rlO IC (t)

Useful heat gain from collector tubes can be obtained as;

q = Ic(t) 1N

or

q'=1.(t) N. [0.54; + (CD — d)ypr- Lelnc

Energy balance in ETC tubes using this useful heat is expressed as [88];
q'= [le ()7 Mo = @ ANe(Tery — Tl = Moy Cyp =2 + 126 (Tery — Tow)

Using eqn. (3) we get:

dTew

2t T Tew + by . Toy = g1(t)

where,

0 = (Up)
M., .C,
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m
MCW

b1=_

I.(t)rn, + a'T, A N,
M.,,.cyw

g1(t) =

Ut = Th. CW + 0(’ At NC,IC(t)T = Ic(t) NC [0'5At + (CD - dt)ypT'Lt]

3.3.2 Energy balance on east condensing cover

Q) Inner side of cover

agIE(t)AgE + hlw,E (Tsw - Tgi,E)Ab_hr,EW(Tgi,E - Tgi,W)AgE = hkg (Tgi,E
(i) Outer side of cover
hkg (Tgi,E - Tgo,E) AgE = hlg,E (Tgo,E - Ta) AgE

3.3.3 Energy balance on west condensing cover

Q) Inner side of cover

- Tgo,E)AgE

ay Iw(t)AgW + th,W(Tsw - Tgi,W)Ab - hr,WE (Tgi,W - Tgi,E)AgW = hkg (Tgi,W

Tgo,W)AgW

(i) Outer side of cover

hkg (Tgi,W - Tgo,W)AgW = hlg,W(Tgo,W - Ta)AgW

3.3.4 Basin Liner
ap (Ig(OAge + Iy () Agw) = 2 Ap hyy (Ty — Te) + 24phpa (T — T)

or

ap (Ig(©)Age+Iw (©)Agw ) +2Ap (Rpw Tow+hpaTa)
2Ap(hpw+hpg)

sz
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3.3.5 Basin water mass

Rearranging the energy inflow and outflow at water mass using energy balance, the

instantaneous temperature of water in solar still (Tsw) together with collector water temperature

(Tew) can be expressed as [98];

%c + aW(IE(t)AgE + IW(t)AgW) + 2 hbWAb (Tb - Tsw) = Msw w

Tgi,E) + hyww Ap (Tsw - Tgi,W)

where

Que = M Cyy(Tew — Tewi)

With the above egns. (3.5 to 3.8), we get the following;

(lg IE(t)AgE + hlw,ETswAb+hr,EWTgi,WA gE + UlTaAgE

giLE hiwe Ap + hrgw Age + Uy Ag
or
T . = Ry+hiw,E Tsw Ap+hrgwT giw Age

giLE 7
where

highigE
U1 — g'"1g
hkg +h1g'E

Us = hyywp Ap + Uy Agg + hygw Age

Ry = (“gIE(t) + UlTa)AgE

T __Qqg Iw(®Agw + U1TaAgw + hawwTswAp + hrweT giwAgw
W=
gt hiwwApthrweAgw +U2Agw

or
R+ hywwTswAp +hrweT gi EAgw

T i W =

gi, Us
where

_ hkg hlg,W
, =
hig + higw

Us = hiwwAp + hepwAgw + Uz Agw
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R, = (ag Iy () + U,Ty) AgW

From Eqns, (3.12) and (3.13);

_ Tgi,EU3 - Rl - hlw,ETsw Ab _ RZ + hlw,WTsw Ab +hr,WETgi,E AgW

T . =

gLw hy ew Age Uy
or
TyipUsUs — Ry Uy — By g T ApUs

= Ryhy gwAge + hawwTswAphr gwAge + he weTgi eAgwhr ewAge

or
Ay + Az Tsw
T, p = ii2isw
gi,E U
hk T 'E+h ,ET
and Ty, p = —L L2922

hkg+h1g_E

Similarly, for west side condensing cover;

Bq + ByTsy,
T .. —=-LT725w
gi,w U
and T W=hkg Tow *higwTa
go, kg T hy oW
where

A1 = RUy + Rohy gy Agg
By =R,U3 + thT,WE AgE
U = U3U4_

- hr,EWhr, WE AgEAgW

From eqgn. (3.10);

mCW(TCW - Tsw) + ay (IE(t)AgE + IW(t)AgW) + 2h'bwAb (Tb - Tsw) =M

hlw,E Ab (Tsw - Tgi,E) + hlw,WAb (Tsw

or

Ay = hiw gUsAp + hiwwAphe gwAgw
By = hyy, wUsAp + hyy g Aphr weAgw

- Tgi,W)
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dTsw _ MewTew n (thew+2hpywAp+hiw EAp+hiwwAp) aw(Ig(®)Age+Iw () Agw)

dt Mgy cw Mgy ow TSW - Mswew +
aphpw(IE(OAgp+Iw (D Agw) 24ph},, 2AphpwhpaTa (haw,gA1+hiwwB1)Ap n
(hpw+hpayMswcw (hpw+hpayMswcw sw (hpw+hpayMswcw UMsy cw
(hiw,gA2+h1wwB2)Ap T
UMswcw
or
dTsy mTew 1 . 2hpwhpalp U- A2 U-B; _
dt Mgy + Mgy Cor [mcw + (how+hpa) + hlw EAb( ) + hlw WAb( )] Tsw -
abhbw ] 2AphpwhpaTa (h1w,eA1+h1wwB1)Ap
dr.
>+ ay. Toy + by Tsy, = g2 (t) (3.18)
where
m
az - -
MSW
_ MmewtUpers
b, = Dcwtiers
Mgwcw
_ (aT)effZIseff + ULTa + hlweff
g2(t) = M
SWCW
__ 2hpywhpadp _ U—-A, U— Bz
U,=—"""""Uerr = U, + haw,gAp (=) + hawwAp ()
(hbw+hba)
aphpw
at a e —
(@T)esrz = (aw + 720

Ierr = (Ie(©)Age + Iy (D) Agw)

b _ (haw,gA1 + hyywB1)Ap
weff = U

The relations to evaluate various heat transfer coefficient, the properties are given in
Appendix.

Solving eqgns. (3.4) and (3.18). After multiplying Eqgn. (3.18) by y and adding with eqn.
(3.8), and solving after multiplying e one gets;

= (Tow + YTo) € = {g1(8) +7g2 (D)} e (3.19)
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Further considering (a; + ya,) = c¢; (b; + yb,) = yc and resolving the above equation
one get;

az)’z + (a1 —b)y—b; =0 (3.20)

—(a;—by)+/(a1—bz)2+4az.by)
2a2

Onecangety =

This gives us two roots i.e. y* and y ~corresponding values of ¢* and ¢~
Further, with the hereunder assumptions;

(@) The time interval is very small.

(b) T.,; and Ty,,; are the temperatures att=0.

(c) No flow of water through ETC during off-sunshine hours.
On solving the equation (3.19) we get;

@ 70}

(Tcw + V+ Tsw) = oF - e—c*’t) + (Tcwi + V+Tswi) e—c*’t
(3.213)
_ g1(®) +v~g2(t) _
(Tcw+ Y Tsw)—g(l_ ¢ t)+(Tcw1+V TSWl)e et
(3.21b)
Solving eqn. (3.21), we get following
1_e—C+t 1— —c"t V+ 1—€_C+t -(1- —c"t
Tow = = yigﬂﬂg - )—(i_)}+gxo{(c+ ) _ree )}+
T,wi (e‘c+t — e‘c_t) + Towi (y+e‘c+t — y‘e‘c_t)] (3.22)
and
yH(1—e—ct y~(1—e—ct 1—e~Ct
nw=wy)P(ﬂ e ) (ﬁ.)} y@@ﬂ(e )
(1—3_C+t) _ _ ot _ e g
+Towi(yTe ™t —y e ) +yty Tou(et—et)] (3.23)

Hourly distillate yield and efficiency may be obtained as [25];

hew,g (Tsw—Tgi,g) X 3600
L

Mew, £ =
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Rew,w (Tsw — Tgiw) X 3600
Meww = I

Total hourly yield =my,, r = Mgy g + Moy w (3.24)

3.4 Performance parameters

3.4.1 Dailyyield

Daily yield can be attained as;

_ 2%4 Mey . L
Naaity,overall = Y24 (1(£).Aq + I5(t) Ag) X 3600

x 100 (3.25)

3.4.2 Energy efficiency

n _ Mew,T . L
Loverall ™ (1 (¢). Ar. Ne+ Ig(0)Agg + Iw (£)Agw)3600

x 100 (3.26)

3.4.3 Exergy efficiency

Exergetic efficiency (%) for the system can be put down as [99];

e = 1072 1; overau X {1 - (M)} (3.27)

Tsw+273

3.5 Methodology

The experimental data of Ghaziabad, India (NCR Delhi) on a typical day has been used.
The measured radiations on both the condensing cover of solar still oriented E-W, on collector
surface inclined at 45° to due south and ambient temperature reported have been considered for
further assessment of the integrated system in forced mode.

The initial water temperature of solar still, ETC has been taken as 23.1°C along with
23°C initial glass temperature and measured values of ambient temperature (23°C). In
order to evaluate the temperatures at various points, yield, energy efficiency, etc., equations given
in sections 3 and 4 are executed using MATLAB program and using design parameters

with the help of thermophysical properties appended in Appendix. Temperatures of water,
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glass covers, basin obtained at the verge of an hour become entry temperature in the next

round of calculation. The piping loss of 2°C has been considered at the inlet of ETC.

3.6 Results and Discussion

In this section, the results of numerical simulations are shown in Figs. 3.2 - 3.8 to
optimize the flow rate and water depth for water temperature ~ 98.5 from the end of a collector
using 10 - 40 parallel tubes. The performance of the system with water depth at an optimal flow

rate using climatic data of a typical month is presented in Figs. 3.9 - 3.14.

3.6.1 Validation of the thermal model

There is no work reported in the open literature of ETC integrated double slope solar
stills. Therefore, to validate the present model, eqns. 3.1 to 3.4 are executed with a
combination of equations of single slope solar still reported by Kumar et al. [88] to obtain the
final eqns. 3.22 and 3.23 of water and glass temperature. The proposed thermal model is used
to conclude the hourly water, glass temperature and the yield using the proposed model with
modification as applied to the ETC integrated single slope solar still augmented under forced
mode. The results so obtained using the proposed model are correlated with those reported by
Kumar et al. [88] for the typical day for the same climatic conditions, using 10 tubes, 0.03m
depth, and 0.001kg/s flow rate. The predicted results are shown in Fig. 3.2 and found in good
agreement. The proposed model predicts marginally higher water and glass cover temperature
with a ~ 5% increase in yield than predicted by Kumar et al. [88], due to the accounting of
reflected radiations in the term I.(t); used in eqn. (3.2). From the validation, it can be
concluded that the model developed for ETC integrated double slope solar still under forced
way using eqns. (3.1 - 3.23) can be successfully applied to investigate the performance of the

present geometry.
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Fig. 3.2. Validation of thermal model at 0.03 m basin water depth, 0.001 kg/s flow rate

and 10 vacuum tubes

3.6.2 Flow rate optimization

The optimal flow rate affects the outlet temperature and output attainments of the system.
The dissimilar outlet temperature of water at the end of ETC tube, with the change of flow rate
and depth of basin water, is shown in Fig. 3.3. Higher the depth, the higher the quantity of mass
in the basin. It is noticed that as the flow rate decreases, outlet temperature from tube increases
and hits maximum at 13:00 hrs. Variation of temperature attainable for flow rate range ~ 0.05 -
0.07 kg/s remains almost the same. This is due to a trivial change in the heat removal factor
beyond this range. It is also observed that with an increase in basin water depth to 0.015 m (30
kg water mass), hourly temperatures attainable are lower than obtained at a lower water depth
of 0.005 m (10 kg water mass) till 15:00 hrs and reciprocal thereafter at low sunshine hours.
During low sunshine, the flow rate effect is negligible, as low solar energy is accessible for

absorption by the water (flowing in the tube).
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m depth=0.005m, flow 0.01kg/s m depth=0.005m, flow 0.03kg/s

® depth=0.005m, flow 0.05kg/s W depth=0.005m, flow 0.07kg/s
® depth=0.005m, flow 0.09kg/s depth=0.015m, flow 0.01kg/s
B depth=0.015m, flow 0.03kg/s W depth=0.015m. flow 0.05kg/s
W depth=0.015m, flow 0.07kg/s W depth=0.015m, flow 0.09kg/s
120
100

80
60
40
20 m
0
7am 8 9 10 11 12 13 14 15 16 17
Time of the day

Water temperature (°C)

Fig. 3.3. Effect of mass flow rate and basin water depth on collector outlet temperature

The combined effect of variation of the number of ETC tubes (10 - 30), water depth
(0.005 - 0.025 m) and flow rate (0.01 - 0.09 kg/s) on the maximum temperature attainable
at the collector outlet (Tcw) is further evaluated and shown in Fig. 3.4. It is found that each
combination produces a different outlet water temperature. The temperature ~ 98.5°C is
observed with a combination of 10 tubes, 0.005 m depth, and rate of flow between ~ 0.06 -
0.07 kgs™. However, with 20 and 30 tubes, a higher temperature (> 100°C) is observed
irrespective of the flow rate through the pump. This is due to a decreased rate of flow/tube
with an increment in the number of parallel tubes, which increases the outlet water
temperature. This reveals that combination with a higher number of ETC tubes attracts a
higher depth of water in the basin so that the final temperature of basin water remains
below the boiling point. Therefore, the system is further simulated for water depth with
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ETC consisting of 20/30 tubes to obtain typical water depth between 0.005 - 0.025 m.
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Fig. 3.4. Effect of number of tubes, water depth and flow rate on the maximum water

temperature in the collector (Tew)

The effect of ETC size and rate of flow on daily yield, overall energy, and exergy
efficiency is depicted in Fig. 3.5 - 3.6. It is noticed that as the tubes number increases, daily
yield increases with a decrement in efficiencies,

however, the percentage

increase/decrease further depends on the rate of flow through the pump.
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Fig. 3.5. Effect of ETC size and flow rate on the daily yield with water depth
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Fig. 3.6a. Effect of ETC size and flow rate on the energy efficiency with depth of water
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Fig. 3.6b. Effect of ETC size and flow rate on the exergy efficiency with depth of water

To optimize the system for the number of tubes, mass flow rate, and water depth for
use in the high-temperature application (~ 90.0 - 99.0°C), the energy balance equations are
further simulated with the variation of the number of tubes (10 - 30), flow rate (0.01 - 0.24
kgs?) and depths. The variation of results obtained is depicted in Fig. 3.7 - 3.8. It is
observed that to achieve maximum temperature (= 98.5°C) using 10, 20 and 30 tubes, the
minimum depth of basin water shall be maintained as 0.005m (10 kg), 0.010m (20 kg), and
0.0125m (25 kq), respectively. The daily yield and efficiency increase exponentially with
the faster rate with an increase in flow rate (0.001 to 0.005 kg/s/tube) and then reaches to
the maximum value for ~ 0.006 - 0.007 kg/s/tube and then start decreasing with increase in
flow rate. No appreciable change in results are observed between ~ 0.006 - 0.007 kg/s/tube
flow rate. At smaller flow rates, heat loss increases due to higher temperature, however, it
reduces the amount of total energy absorbed. Yield and efficiency increase due to an increase

in heat removal and collector efficiency factors as flow rate increases [100]. The decrease in
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yield and efficiency with an increase in flow rate > 0.007 kg/s/tube is due to unstable collector
outlet temperatures causing an increase in heat loss at a higher flow rate. It reveals that total
flow rate through the pump for optimal performance with ETC size of N¢ tubes may be

maintained as 0.006x N. kg/s and found in the range reported [101].
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Fig. 3.7. Variation of daily yield and maximum outlet water temperature with mass flow rate

and depth of water

Maximum vyields of 6.644 kg, 6.618 kg and 7.082 kg while maximum energy
efficiencies ~ 33.8%, 25.4% , 20.9% and exergy efficiencies ~ 4.9%, 3.6% and 2.99% are
found at 0.06 kgs™ (0.006 kg/s/tube), 0.12 kgs™ (0.006 kg/s/tube) and 0.018 kgs™ (0.006
kg/s/tube) flow rate using 10, 20 and 30 ETC tubes respectively. It is found that at the

optimal flow rate, respective yields are ~ 2.64% and ~ 6.62% higher using ETC size of 20
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and 30 tubes compared to ETC with 10 tubes. However, respective energy and exergy

efficiencies decrease significantly by ~ 24.6% and ~ 38.6%.
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—=—Exergy eff.(depth = 0.010m, Nc=20) —a— Exergy eff.(depth = 0.0125m, Nc=30)

40 20

35

30

25 -

20

Energy effiency (%)
Exergy efficiency (%)

15 -

10

0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.1
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19

0.2
0.21
0.22
0.23
0.24

Mass flow rate (kg/s)

Fig. 3.8. Variation of energy and exergy efficiencies with mass flow rate and depth of water

3.6.3 Performance at optimum flow

Changes in temperatures (hourly) of water in the basin, collector, glass cover,
ambient, solar radiation on a typical day at an optimal flow rate (~ 0.006 kg/s/tube) using
10 tubes for given water depth (0.005 m) are depicted in Fig. 3.9. The temperature of basin
water is found 2 - 3°C lower than the collector outlet temperature due to mixing with basin

water.
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Fig. 3.9. Hourly variation of water and glass cover temperature at optimal flow rate using 10

tubes

Further, the variation of hourly yield and heat transfer coefficients is shown in Fig.
3.10 for a typical day at optimal conditions. It is observed that maximum yield is obtained
at around 13:00 hrs., and maximum evaporative heat transfer coefficient at 14:00 hrs
whereas maximum radiation occurs at 12:00 hrs. This is due to the dependence of yield on
the evaporative heat transfer coefficient (hew), the difference in Tsw-Tgi as well as on the
time lag between evaporation and condensation. The convective (hcw) and radiative (hnw)

h.t.c. contributes to losses and found much lower than evaporative values as anticipated.
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Fig. 3.10. Hourly variation of yield and heat transfer coefficients at optimal flow rate using 10

tubes

3.6.4 Effect of water depth at optimum flow

Variation of hourly yield at an optimal flow rate with water depth using 10 tubes is
analyzed and depicted in Fig. 3.11. The hourly yield also depends on the accessibility of
solar radiation and the comparative total percentage output at sunshine hours is found to
be higher when the quantity of basin water mass is kept lower. The increased basin mass
attributes to more sensible storage during the day, which decreases the temperature of
basin water reducing the difference between water (Tsw) and glass cover (Tgi). During off
sunshine hours, the reverse phenomena is due to increased thermal energy storage
associated with an increase in basin thermal mass, which leads to a higher difference
between Tswand Tgyi. The percentage decrease in day time yield is evaluated in the range
of ~ 95.0 - 67.0%, while off sunshine yield increases in the range of ~5.0% - 33.0% with
an increase in basin water depth from 0.005m (10 kg) to 0.030m (60 kg). It can be noticed
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that with further increase in water depth, 0.05m onward (100 kg basin water mass), the
cumulative output during day time decreases than obtained during off sunshine hours
irrespective of the number of ETC tube integration as shown in Fig. 3.12. This is because
of increased thermal storage of water with increasing depth in the basin, which is used

during night time yield.
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Fig. 3.11. Hourly variation of yield with depth of water at optimal flow rate using 10 tubes
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Fig. 3.12. Variation of yield with depth of water at flow rate of 0.006 kg/s/tube
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Effect of variable basin water depth ~ 0.005 - 0.030m (i.e. 10.0 - 60.0 kg water) on the
daily performance of solar distiller incorporated with ETC (10 tubes) maintaining the optimal
flow rate of 0.006 kg/s/tube is shown in Fig. 3.13. The decrease in daily yield is in the range

of ~ 6.644 - 4.753 kg, with an increase in the water depth.
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Fig. 3.13. Hourly variation of yield with depth of water at optimal flow rate using 10 tubes

3.6.5 Effect of interception of reflected radiation by the diffuse reflector

The diffuse reflector is aluminum or white painted plate of low cost placed below the
tubes to reflect perpendicular radiation incident through interspacing between the tubes. The
reflected radiations are received at the back (on the half surface area). Various designs of the
reflector are used to increase the performance of the system as well as to reduce the cost. The
effect of the reflector on the present design is analyzed and shown in Fig. 3.14. An ETC
integrated solar still without reflector plate produces less yield (~ 5.764 kg), energy efficiency
(~28.76%) and exergy efficiency (~3.87%), while the system with 0.72 reflectivity-

absorptivity yields ~ 6.644 kg with an energy efficiency of ~ 33.74 %, and exergy efficiency
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~4.9%. It is found that using the reflector with 80% interception of the reflected radiation
(90%), daily yield, energy, and exergy efficiencies are enhanced (~15.0%, 15.0%, and 24%

respectively) in comparison to the system without a reflector.
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Fig. 3.14. Effect of diffuse reflector on performance at optimal flow rate using 10 tubes

3.7 Conclusions

Based on the performance evaluation carried out post thermal analysis, the following
conclusions have been drawn for the modified geometry solar distiller.

(i)  The optimal flow rate ranges in ~ 0.006-0.007 kg/s/tube for the prime performance
irrespective of parallel tubes integrated with the system. Daily yield, energetic, and
exergetic efficiencies are obtained as ~ 6.644 kg, ~ 33.74%, and ~ 4.9% respectively at
water depth 0.005m, using 10 tubes at an optimal flow rate.

(it)  Higher yield is obtained with an increment in the number of tubes. It is found that at

the optimal flow rate, the system with 20 and 30 tubes yield higher (2.64% and 6.62%)
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than that of the ETC with 10 tubes for water temperature ~ 98.5°C attainable at the
collector. However, respective energy and exergy efficiencies decrease
significantly by ~ 24.6% and ~ 38.6%. Though the increase in the number of tubes
yields more, for the marginal gain, the higher investment is dis-favorable.

(iii) With an increment in the depth of water, day time yield decreases, and night time yield
increases. At an optimal flow rate, a decrease in daily yield is in the range of ~ 6.644 -
4.753 kg, decrement in energy and exergy efficiencies is found to be in the range of
33.74 - 24.1% and ~ 4.9% - 2.4% respectively, with an increase in water depth from
0.005-0.030 m.

(iv) The use of a diffused reflector enhances performance. Comparative daily yield,
energy, and exergy efficiencies are enhanced by ~ 15.0%, 15.0%, and 24%,
respectively with the use of reflector with 90% reflectivity and tubes with 80%

interception.

In the subsequent chapter 1V, exhaustive energetic and exergetic performance evaluation

of the ETC integrated double slope solar still is carried out.
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Chapter-1V

Energetic and Exergetic Performance

4.1 Introduction

In this chapter, an Energy and Exergy analysis of ETC integrated solar still under forced
mode has been carried out. The general approach for comparing the performance of different
designs of solar stills in different climatic conditions is based on energy efficiency, and in use
since the past. The energy analysis is governed by the first law of thermodynamics and
provides the knowledge of interexchange without its use in different sections of the system.
Cooper [102] presented that the efficiency of ideal solar still of about 60 percent is the upper
limit. Experimental work with high-efficiency solar still has shown that in practical
installations it is highly unlikely that efficiencies much greater than 50 percent would be
attained. Malick et al. [34] reported the maximum energy efficiency of conventional solar still
is 30%, which further depends on climatic conditions.

Rosen [103] presented that the results of energy analysis can indicate the main
inefficiency within the wrong side of the system because of various limitations. Exergy is a
strong instrument to identify the causes, locations, and magnitude of the system inefficiencies.
Besides, it provides a precision measurement of how the solar still approaches the ideal. The

exergy analysis based on the quality of energy of the thermal system enables us to identify the
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sources of irreversibility and inefficiencies to reduce the losses, achieve the maximum resource
utilization and capital savings. The exergy-based performance analysis of a system overcomes
the limitations of an energy-based analysis.

In recent years, many engineers /researchers have recognized the use of exergy analysis
in thermal design as a powerful tool for the evaluation of the thermodynamic systems.
Exergetic analysis usually predicts the thermodynamic performance of an energy system and
provides a clearer view of energy losses in the system by providing a qualitative and
quantitative study of different losses. Several kinds of losses (exergy destruction, lost work,
friction, irreversible heat) occur due to irreversibility. Exergy is generally not conserved as
energy, it gets destroyed in the system. The exergy efficiency of the system is a true measure of
its actual performance since it approaches the ideal and identifies the area of improvement in
the system. The exergy transfer can be associated with mass, with work interaction, and with
heat interaction, however in solar energy; the exergy transfer takes place with the mass flow
and heat interaction.

Dincer [104] highlighted the importance of the exergy as:

It is a primary tool in best addressing the impact of energy resource utilization on the

environment.

e Itis an effective method of using the conservation of mass and conservation of energy
principles together with the second law of thermodynamics for the design and analysis
of energy systems.

e It is a suitable technique for furthering the goal of more efficient energy resource use,
for exergy enables us to locate and determine the waste and losses in the system.

e Itis an efficient technique revealing whether or not and by how much it is possible to

design more efficient energy systems by reducing the inefficiencies in existing systems.

e Itisakey component in obtaining sustainable development.
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Generally, when the performance of any system is discussed, it revolves around the
energy consumption viewpoint. However, energy is conserved, follows the first law of
thermodynamics and its conversion does not affect the quantity of energy. During conversions,
the quality of energy gets degraded, and this degradation of quality is accounted for as exergy.
Exergy is based on the quality and amount of the maximum work potential available in energy
concerning to surrounding environmental conditions and follows thermodynamically the
second law. There are very limited studies on the exergetic evaluation of solar desalination
systems in the literature. Fujisawa and Tani [105] carried out the annual exergy-based
evaluation of PV/T hybrid collector and predicted higher output than obtained from an
individual PV module or liquid flat plate collector. Lourdes and Carlos [106] carried out the
exergy analysis of a solar multi-effect distillation system (SOL-14 plant) located in the
Almeria solar research center in southeastern Spain. Sow et al. [107] reported the energetic and
exergetic analysis of a triple effect distiller driven by solar energy. This work quantifies the
power consumption per unit mass of pure water. He obtained exergetic efficiencies between
19% - 26% for the triple effect system, 17% - 20% for a double effect system, and less than 4%
for a single effect system. Hepbasli [108] carried out a key review on exergetic analysis and
assessment of renewable energy resources for a sustainable future for solar collectors, solar
cooker, solar drying, solar desalination, solar thermal power plants, and hybrid PV thermal
solar collector. Torchia—NUfieza et al. [109] analyzed the theoretical exergetic performance for
a low depth basin solar still and found exergy efficiencies of the liner, water, and solar still as
12.9%, 6.0%, and 5.0%, respectively. Further, Kumar and Tiwari [99] developed an analytical
model and investigated a decrease in exergy efficiency by 36.7% with a decrease in basin liner
absorptivity (0.9-0.6). Singh et al. [96] reported the annual energy efficiency as 17.4% from a
PVIT integrated double slope still while exergy efficiency as 2.3%. The daily energy and

exergy efficiencies on a typical day of summer are found to be 33.8%, and 2.6% respectively,
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whereas 27.1% and 1.93% during winter for ETC integrated single slope solar still under forced
mode [88]. Ranjan et al. [110] carried out an exergy and energy evaluation on a single slope. It
was spotted that the exergy efficiency is smaller than the energy efficiency. They found that the
exergy destruction rate in the still components is dependent on the rate of incident insolation
with evaluated values equal to 9.7, 62.5, and 386 W/m? for the glazing, the water, and the
bottom trough, respectively. Deniz [111] reported that FPC coupled single slope solar still
attained maximum exergy efficiency as 2.76%. Recently, Hedayati et al. [102] carried out the
exergy-based assessment of a double-slope solar still incorporated with base PCM and coupled
with a PV-T collector. They reported an increase in yield by 10.6% and the exergy efficiency
by 27.0% (summer) and 2.0% (winter), respectively, with an enhancement of flow rate (range
0.001-0.01 kg/s).

In this Chapter, the energetic and exergetic analysis of the system carried out. The
analysis is based on experimental climatic data observed round the year 2010 on the respective
surface of solar still and collector. Numerical simulation is executed to estimate energy,
exergy, fractional exergy, and irreversibility using resource strategies at the optimum flow

condition.

4.2  Systematic analysis

Energy and exergy conversion of any system determine its effective utilization during its
lifespan. To check the performance, the following parameters are evaluated. The instant energy

and exergy efficiencies of an integrated entity can be written as hereunder.

4.2.1 Energy efficiency

The energy efficiency of the solar still is the ratio of energy recovered from the yield to
the original energy input from the Sun. The energy efficiency is either based on the overall

system together or using solar still alone, accounting total energy fed to the distiller. Therefore,
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the overall energy efficiency of the system and solar still alone can be expressed by following

eqns. 4.1 and 4.2, respectively.

Mew.L X 100 (4.1)

Mi,overalt = (I (£) A+ Ig()AgE + IW(f)AgW) 3600

_ Mew . L
nl,solar still — (C'Iuc+ls(t) Ag) %3600

x 100 (4.2)

Where q,.=mcy(Tewo — T

CWi)

4.2.2 Exergetic analysis

According to the second law of thermodynamics, heat can’t be completely converted to
work cyclically and some part of heat supplied by the system is necessarily rejected to the sink.
The maximum part of input energy that can be converted to work is called the available energy
and energy rejected to the surrounding is called unavailable energy. Therefore,

Heat supplied (energy) = Available energy (exergy) + unavailable energy (anergy)

Following the exergy matrix presented by various researchers [109-110], the analytical
expressions for the exergy associated with different elements of the integrated entity are as
under;

The exergy efficiency can be evaluated by employing the general rule hereunder;

__ Exergy out from component __ EXgestruction iN the component 4.3
Nex = Exer, =1- i (4.33)
gy Input to component Exergy input to component
b .
X Ex
_ evap _ dest
77E)( T e =1- . (43b)
E Xin E Xin

The exergy efficiency of the overall system and solar still alone can be written as:

hew (Tw=Tg) Ap X [1—(%)]

NiEx,0verall = [5°9331. (0) 4, + 0.9331, (D(Age +Agw)]+Wyp

x 100 (4.4)

Ta
Rew (Tw—Ty)Ap % |1—(5%
n' ' ew(w g) b [ (Tw)]
LEX,solar still [ExcErc+0.9331s (D(Agp +Agw)]+Wp

x 100 (4.5)
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Daily energy/exergy efficiency can be obtained by taking cumulative values of parameters
expressed in egns. (4.1-4.5).

Patela [112] presented an expression to evaluate the exergy of the sun’s radiation I (t)
concerning the environment as given under:

Ta

. 4 1 (Ta\*
Exsy, = (1 ~ix(B)+2x (B )15 (©) ~ 0.9331, (1) (4.6)
Total solar exergy input (Exin,S) on the surface of integrated solar still can be expressed as:

Exins = 0.933[I (V) (Age + Agw) + L(DA,] (4.7

Exergy transfer between the source (T, ) and the sink (Ta) temperature, can be expressed as:

Ex=gq (1--%) (4.8)

TS w

4.2.3 Irreversibility
Actual work done in a process is always less than idealized work available in a reversible
process. The difference between the two is called irreversibility. In general, the irreversibility

can be written in the process/components as under [110];
Irreversibility (I) = Input exergy - output exergy- accumulated exergy
ZEXin _ZEXout ZZEXdest

With an increase in the difference in temperature (T, — Ta) for a local/global
environment, the exergy output will be higher. Exergy transfer between the various elements of

the integrated unit is pictorially shown in Fig. 4.1.
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Fig. 4.1. Pictorial representation of exergy transfer in various components

4.2.4 Exergy analysis in the various components
4.2.4.1 Basin liner

The input energy/exergy is the total of solar energy/exergy on the surface of a solar still,
the ETC, and used by the pump. A component of basin exergy (a;, Exs,,) is used to raise the
water temperature (Exy,,,), some is lost to ambient (Ex,,) and remaining destroyed (I;,):

(a) Exergy absorbed by liner = a}, Exsyp (4.92)
(b) Exergy transfer from liner to the ambient is:
Expq = ha (Ty = Ta) Ay (1- 1) (4.90)
b

(c) Exergy transfer from liner to the basin water is only during sunshine hours and can be

expressed as:

Expy = hpy (Ty — Tsw) Ap ( - T—a) (4.9¢)
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(d) Irreversibility in the basin liner can be written as:

ib = 0(,'3 EX;un - (ED.CbW + EJ&ba) (49d)

4242 Basin water

(a) Solar exergy fed to water mass = a}, Exgyn +Expy + Ex, g (4.10a)

(b) Total interior exergy transfer from water - glass cover (E'xlwg) can be given as:
Exlwg = E'xewg + E.xcwg + E.xrwg (4.10b)

where

E Xewg = how(Tow = Toi) Ap (1= 72) = miy L (1-72),

sw

Excwg = h—cw (TSW - Tgi) Ab ( o %),

and

Ta

Exrwg = hrW(TSW - Tgi)Ab (1 N g X (i) + % X (_)4)

TSW TSW
where E'xewg, E'xcwg and E'xrwg are the components of associated exergy due to the respective

mode of energy transfer from water to the interior glass cover.

(c) Exergy accumulated (day time) in the basin water can be written as:

; Tsw
Exgem = M, c,, [(TSW — Towi) — Ta Ln ] (4.10c)

Tsw,i

The total accumulated exergy of the day is utilized for night distillation.

(d) Exergy associated with recirculated water at the outlet of solar still.

E Xosp =M Cy [(Tsw —Ta) —Tq LnTS_W (4.10d)

Ta

(e) Irreversibility rate in basin water during day:

i, = (a;VE Xsun + EXpw +Ex'oETC) — (Ex;wm + Exlwg + Exosp) (4.10e)
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4.2.4.3 Glass cover
The glass cover helps in the condensation and rejecting heat to the ambient. There is a
marginal variation of glass cover temperature on both sides (East and West). Therefore, an

average of both surfaces has been accounted while doing the exergetic estimation.
(a) exergy absorbed = &}, Exgy, + Ex1y4 (4.11a)
(b) external exergy transfer associated can be evaluated as:

Exlga = higa (Tg - Ta) Ay ( - %) (4.11b)

g

higa =5.7+38 1,
(c) Irreversibility rate in glass cover during the day can be estimated as:

Iy =ay E Xgm + E X105 — E X144 (4.11c)

4.2.4.4  Collector
Following Jafarkazemi [113], exergy associated with ETC is hereunder:
(a) Exergy input to ETC can be expressed as:
Exipre = 09331, (1) Ac + Ex,gp (4.12a)
(b) Exergy feed from collector to basin water Ex,, g7 can be written as:
Exogre = Cy [(Tow — To) — Toln %:V] (4.12b)
(c) Exergy gain by water during circulating through ETC tubes can be calculated as:
Excre = 1 Cy [(Tewo = Tows) = Taln %] (4.12¢)

(d) Irreversibility rate in ETC can be expressed as:

jETC = E XiETC ~ E xC‘ETC (412d)
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4.3 Results and discussion

The system is simulated at an optimal flow rate, using 10 tubes and basin water depth
as 0.005m. Equation (4.10b) is used to estimate the exergy fluxes associated with internal
energy transfer. The modes of internal exergy flux are evaluated during diurnal and shown in
Fig. 4.2. The respective exergy flux shows the dependency on temperature difference and
found as ~ 50.6, ~ 2.1, and ~ 4.3 W/m?, respectively. From the outputs, it's clear that water
temperature has a notable effect on the increase of the evaporative exergy and that the
temperature difference (Tsw-Tgi) affected the values and their trend. The trends are found in

accordance with reported by Ranjan et al. [110].
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Fig. 4.2. Variation of internal exergy fluxes in different modes

Exergy fractions influence the yield and the change of three modes (i.e. evaporation,
convection, and radiation) of internal fractions with water temperature is shown in Fig. 4.3.
The evaporative exergy fraction affects the yield, whereas convective and radiative fractions
play a negligible impact on productivity. With an enhancement in water temperature,

evaporative fraction exergy increases in the range of 0.2 - 0.9, whereas convective and
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radiative fraction decreases significantly. When the basin water temperature is at a peak, the
evaporative exergy fraction exhibits higher value, whereas convective and radiative fractions
exhibit the lowest value. With a decrease in temperature of the water, the radiative and
convective flux increases, while evaporative flux decreases, with reduced available exergy.
The higher the evaporative exergy fraction, the higher will be the distillate yield and hence

exergy efficiency will increase.
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Fig. 4.3. Variation of fractional exergy transfer in different modes within solar still

Figure 4.4 shows the change of instant exergy associated and exergy efficiency of the
various components of the system derived using equations referred in section 4.2. It is observed
that exergy transportation from liner to the water is negative after 14:00 hrs. This is due to
comparatively lower liner temperature than basin water and the associated exergy transfer from
water to the basin at low sunshine hours because of high-temperature water feed from the
collector end. The range of instant exergy efficiency of the collector during day time is noticed
as 0.0% - 45.0%. Whereas, overall instant exergy efficiency of solar still accounting useful

exergy output in the form of distillate is estimated in the range of 0.0% - 8.4%.
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Fig. 4.4. Variation of (a) instant exergy transfer and (b) exergy efficiency of various

components

The effect of water depth on instant overall energy and exergy efficiencies during day
time is depicted in Fig. 4.5 and observed that the efficiencies are a function of water depth,
since a decrease in water temperature leads to a decrease in temperature difference (Tsw — Tgi)

with an enhancement of depth, resultantly decreasing the evaporative fractional exergy transfer
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and increase in irreversibility. It is further noticed that exergy efficiency is lower than energy
efficiency and both decrease with an enhancement of water depth due to higher irreversibility
associated with enhancement of thermal storage. A decrease in respective daily efficiencies
(energy/exergy) is found in the range of 33.8 - 25.2% and 4.9 - 2.7%, with an enhancement of

water depth (0.005 - 0.025 m) due to higher thermal inertia effect with storage water.
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Fig. 4.5. Effect of water depth on overall instant energy and exergy efficiencies

The overall energy/exergy efficiency is observed nearly zero between 7 — 9 am to
decrease low yield and low water temperature in the morning hours. As can be seen from the
figure that the decrease of energy and exergy efficiency during low sunshine hours is the
function of water depth possibly due to a decrease in water temperature while circulating

through the ETC collector in the evening hours, which increases the value of term (T_ /T ).

The effect of water depth on exergy efficiency associated with individual components of
the integrated system is shown in Fig. 4.6. There is an insignificant increase in water exergy

efficiency with an increase in water depth, due to a total increase in the convective and
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radiative fractional exergy compared to the decrease in evaporative fraction as well as reduced
exergy input due to decrease in water temperature. The daily exergy efficiency of the liner,
water mass, glass cover, collector, overall system, and solar still alone are found as ~ 8.12, ~
30.1, ~ 41, ~ 18, 4.9, and ~ 7.1%, respectively at 0.005m water depth at optimal conditions. It
has been observed that when the exergy input rate is higher than irreversibility, both

irreversibility and exergy efficiency increase.
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Exergy efficiency of various components of integrated solar still
Fig. 4.6. Daily exergy efficiency of various elements with water depth

Effect of variable basin water depth ~ 0.005 - 0.030m (i.e. 10.0 - 60.0 kg water) on the
daily performance of solar distiller incorporated with ETC (10 tubes) maintaining the optimal
flow rate of 0.006 kg/s/tube is shown in Fig. 4.7. The decrease in daily yield is in the range of
~ 6.644 - 4.753 kg. The decrement in overall energy and exergy efficiencies of the system
ranged within 33.74 - 24.1%, and ~ 4.9-2.4% respectively, with an increase in the water

depth.
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Fig. 4.7. Hourly variation of yield with depth of water at optimal flow rate using 10 tubes

The extent of the irreversibility of the various devices of the solar still at a typical flow
rate is depicted in Fig. 4.8. The largest sequential rates of irreversibility during the day time are
those of the liner (i), water (i, ), and glass cover (I,). It is further noticed that with the
increase in radiation intensity, irreversibility increases due to a low difference in temperature
between the entities and environment. The highest irreversibility rates are found as ~ 412, ~
302, and ~ 98 W at liner, water, and glass cover, respectively. Higher irreversibility at the liner
is due to a low heat transfer rate from liner to water as well as to the surrounding. The
irreversibility of basin liner can be reduced by using a liner made up of material, tending an
instant rise in the temperature to a higher degree. Further, improvement by designing a glass
cover of nearly zero heat capacity, the irreversibility of water mass can be reduced due to an

increase in inter exergy transfer, but these aspects are a matter of further investigations.
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Fig. 4.8. Effect of water depth on the irreversibility of various components of solar still

Fig. 4.9. depicts the performance of the present design of integrated solar still compared
to other geometries of active double slope solar stills reported under similar climatic conditions
to check the performance viability of the system at water depth ~ 0.025 m (50 kg basin water
mass). It is noticed that though the total daily yield obtained from the present design is lower
than reported, system energy and exergy efficiencies are significantly higher. The higher yield
in other designs is due to the large collection area of FPC used. Therefore, the comparative
analysis based on per unit collection surface area of solar energy is evaluated and found that
present design yields ~ 1.66 kgm distillate with energy and exergy efficiencies as ~ 24.1 %
and ~ 2.8%, respectively, substantially higher than other configurations. This is due to the
integration of high-performance ETC collectors with solar still. The results reveal that the use

of the present geometry of solar still is viable to use for distillate production with a smaller

surface area.
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Fig. 4.9. Comparative yield, energy, and exergy efficiency of some designs of double slope

active solar still for ~ 0.025 m basin water depth (~ 50 kg mass)

Evaluation of annual output is estimated and variation of monthly yield, energy, and
exergy efficiency on a typical day of each month obtained using the climatic data for the year
2010 are depicted in Fig. 4.10. The annual yield ~ 1627 kg in a year is estimated with annual
energy and exergy efficiency as ~ 29.5% and ~ 4.2% respectively when the system operates at

0.005m water depth at optimal flow rate with 10 tubes coupled with the collector.
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4.4 Conclusions

Based on the aforementioned performance evaluation, the conclusions drawn for the
modified geometry of solar distiller are hereunder.

(i) The optimal rate of flow is 0.006 kg/s/tube, irrespective of the number of vacuum tubes
connected with ETC. At optimal flow rate system yields ~ 6.644 kg/day with overall
energy and exergy efficiencies as ~ 33.8 and ~ 4.9%, respectively. With an increase in the
number of tubes, yield increases but the energy and exergy efficiencies drop significantly.

(if) Daily energy and exergy efficiencies are noticed to decrease in the range of 33.8% - 25.2%

and 4.9% - 2.7%, respectively, with an increase in water depth from 0.005 to 0.025m.

Evaporative exergy flux is found as ~50.6 W/m? and dominates over the convective (~ 2.1

W/m?) and radiative (~ 4.3 W/m?) fluxes.
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(iii) With an increment in the depth of water, energy and exergy efficiencies are found to be in
the range of 33.74 - 24.1% and ~ 4.9% - 2.4% respectively, with an increase in water depth
from 0.005-0.030 m.

(iv) Comparative analysis based on per unit collection surface area of solar energy is evaluated
and found that present design yields ~ 1.66 kg/m? distillate with energetic and exergetic
efficiencies as ~ 24.1 % and ~ 2.8%, respectively which is substantially higher than the

other designs.

The next Chapter V presents the overall conclusions drawn from the present work and

suitable recommendations, suggestions for future work.

77



Chapter-V

Conclusions and Recommendations

5.1

Conclusions

Based on the present study and findings, the following conclusions are made:

(i)

(i)

(iii)

(iv)

The optimal flow rate ranges ~ 0.006-0.007 kg/s/tube for the optimal performance
irrespective of parallel tubes integrated with the system. Daily yield, energetic, and
exergetic efficiencies obtained are ~ 6.644 kg, ~ 33.74%, and ~ 4.9% respectively at
water depth 0.005m, using 10 tubes at an optimal flow rate.

Higher yield is obtained with an increment in the number of tubes. It is found that at
the optimal flow rate, the system with 20 and 30 tubes yield higher (2.64% and
6.62%) than the ETC size of 10 tubes. However, respective energy and exergy
efficiencies decrease significantly by ~ 24.6% and ~ 38.6%.

Though the increase in the number of tubes yields more, for the marginal gain, the
higher investment is dis-favorable.

At an optimal flow rate, a decrease in daily yield is in the range of ~ 6.644 - 4.753 kg,
decrement in energy and exergy efficiencies is found to be in the range of 33.74
24.1% and ~ 4.9%-2.4% respectively, with an increase in water depth from 0.005 -

0.030 m.

78



v)

(vi)

(vii)

The use of a diffused reflector enhances performance. Comparative daily yield,
energy, and exergy efficiencies are enhanced by ~ 15.0%, 15.0%, and 24%,
respectively with the use of reflector with 90% reflectivity and tubes with 80%
interception.

Comparative analysis based on per unit collection surface area of solar energy is
evaluated and it is found that present design yields ~ 1.66 kg/m? distillate with
energetic and exergetic efficiencies as ~ 24.1% and ~ 2.8%, respectively
substantially higher than other designs.

The annual productivity of yield, energy and exergy are estimated as ~ 1627 kg,

~1131 kWh, and ~ 152 kWh, respectively.

5.2 Recommendations

The study carried out in this dissertation can be extended and future investigators can

explore other aspects, which include:

(i)

(i)

(iii)

The experimental study on the ETC integrated Double slope solar still can be carried
out to know the deviation from the numerical work.

Performance evaluation of the system can be carried out using different designs of
ETC tubes.

A study can be carried out with an increase in ETC tubes and using a heat exchanger

with a fluid of high boiling point.
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APPENDIX

Thermophysical properties can be estimated as [86];
Cy = 4226 — 3.224T + 0.057T2 — 0.0002656T3 (A-1)

L =2.506 x 10° — 3.639 x 103T + 0.2678T? — 8.103 X 1073T3 — 2.079 X 10~ T* (A-2)

5144

Dgi = exp (25.317 — Tgi+273) (A-3)
5144
Psw = exp (25.317 — Tsw+273) (A-4)

Internal h.t.c. can be estimated as [68];

1

(Psw=Pgi)(Tsw+273)]3
hew = 0.884 [(TSW —Tyi) + T, ] (A-5)
h,, = 0.016273 X hy,, x Lw=Pat (A-6)
(Tsw_Tgi)
Ryw = Eopf. 0 [(TSW +273)2 + (T, + 273)2] [Ty + Ty: + 546] (A7)

hlw,E = hcw,E + heW,E + hrw,E v hpa = [Lp/Kp + 1/2-8]_1; hkg = kg/lg and hb = kb/lb

-1

&g Ew
The overall external h.t.c from the top glass surface, the bottom of the basin or other such surfaces

can be expressed as [117];
hlgE = hlgW = 57 + 38Va (A'S)

and radiative h.t.c. between east and west surfaces can be expressed as;

hrgw = 0340 [(Tyi5 + 273)° + (Tyiw +273)°| [Ty + Tyiaw + 256]
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