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Abstract

Solar water heating system (SWHS) is a cost-effective technology with high household
adoption rates worldwide. The performance of SWHS significantly deteriorates due to several
factors, including design parameters as well as radiative and convective heat losses from the
system, which considerably impair the system's efficiency. Novel designs and unique heat
transfer techniques are increasingly being explored to improve the efficiency of SWHS. In this
framework, the following research focuses on designing and optimizing an SWHS integrated
with perforated delta obstacles. The influence of Reynolds number (400, 800, 1200), angle of
attack (15°, 30°, 45°), and pitch ratio (0.5, 1, 1.5, 2.0) on the friction factor, Nusselt number,
and thermo-hydraulic performance was investigated and optimized. The combination of
Reynolds number = 1200, angle of attack = 45°, and pitch ratio = 1 yielded the most significant
Nusselt number (90.55). In contrast, the combination of Reynolds number = 1200, angle of
attack = 15°, and pitch ratio = 0.5 yielded the lowest friction factor (0.38). The largest thermo-
hydraulic efficiency (2.75) was obtained using Reynolds number = 400, angle of attack = 45°,
and pitch ratio = 1. Since no single SWHS design alternative can meet all desired performance
criteria, selecting the best among SWHS design alternatives is not easy. Therefore, a hybrid
multi-criteria decision-making approach called AHP (analytic hierarchy process)-ARAS
(additive ratio assessment) was implemented, suggesting the SWHS design alternative having
the angle of attack = 45°, Reynolds number = 1200, and pitch ratio = 1 satisfies the preset
performance criteria. Finally, sensitivity analysis and validation with other decision-making
approaches were performed to verify the proposed decision-making framework's effectiveness,
proving the results' robustness.

The influence of different parameter combinations such as Reynolds number (200, 600, 1000,
1400, 1800), pitch ratio (0.5, 1, 1.5), blockage ratio (0.15, 0.20, 0.25), and angle of attack (45°)

on Nusselt number, friction factor and thermo-hydraulic performance of SWHS were analyzed.


https://www.sciencedirect.com/topics/engineering/reynolds-number
https://www.sciencedirect.com/topics/engineering/angle-of-attack
https://www.sciencedirect.com/topics/engineering/nusselt-number
https://www.sciencedirect.com/topics/engineering/friction-factor

For the combination of Reynolds number = 1800 and pitch ratio = 0.5, the Nusselt number
remained highest for 0.25 of blockage ratio, whereas the friction factor remained lowest for a
blockage ratio of 0.15. The maximum thermo-hydraulic efficiency was achieved using
Reynolds number = 200, pitch ratio = 0.5, and blockage ratio = 0.20. The obtained results were
intensely dependent on parameter combinations without any pronounced trend. Therefore,
criteria importance through inter-criteria correlation (CRITIC) and complex proportional
assessment (COPRAS) approach was implemented to find optimal design alternative. The
results of the hybrid CRITIC-COPRAS approach showed that the combination of Reynolds
number = 1800, pitch ratio = 0.5, blockage ratio = 0.20, and angle of attack =45° is the best
alternative for maximum thermal enhancement in SWHS. The sensitivity analysis proved the
robustness of the results that the first-ranked alternative is the most dominant in all scenarios.
In the next stage we are analysed the influence of materials like rock wool for insulation in
solar thermal collector in order to minimize heat loss. However, the use of such inorganic
materials raises substantial concerns for both the industry and the environment. Therefore, it is
crucial to decrease the reliance on these inorganic materials and instead adopt readily
available biodegradable materials that pose no environmental risks to the system. The current
research presents the usage of agricultural waste as insulating materials for S-FPC fabrication.
The novelty of this current research work is the effective utilization of agriculture waste (rice
husk, stubble fibre, coco-peat, and nitrile rubber) as an insulating material for the fabrication
of S-FPC. Experiments were performed with insulating thicknesses of 50 mm and 70 mm. The
optimum temperature was recorded to be 50-53 °C with an average thermal efficiency of 64—

66 % by using rice husk as the insulating material at 70 mm thick.


https://www.sciencedirect.com/topics/engineering/biodegradable-material
https://www.sciencedirect.com/topics/engineering/insulating-material
https://www.sciencedirect.com/topics/engineering/research-work
https://www.sciencedirect.com/topics/engineering/rice-husk
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Chapter 1 Introduction

CHAPTER 1
INTRODUCTION

1. Introduction

Thermodynamics is that branch of science that deals with the thermal energy conversion into
useful work. The conversion of energy from one phase to another is the most significant area
of research in thermodynamics [1]. The demand of energy is increasing rapidly in all the
sectors such as agriculture, residential, commercial and industrial applications etc; that leads
to the scarcity of natural resources, as well as enhance the destruction and humiliation of the
natural environment in the present situation [2-5]. Therefore, the examination of energy
conversion procedure has changed out to be a challenging process in the recent years. The
current study is focussed on the utilization of solar radiation form the efficiency evaluation of
solar thermal collector.

1.1 ENERGY

Energy has the capability for the production of physical outcomes. Energy take place in
different form i.e., open and closed system that are shown in Fig. 1. The total is further
classified into two main types: macroscopic and microscopic [6-9]. The macroscopic study is
based on the external flow energy, potential and kinetic energy. The microscopic approach is
based on the internal energy that are mainly focus on the moment of the molecular structure
and is classified as sensible heat, latent heat, chemical and nuclear energy. The energy that are
based on the phase change are refer to as latent change where as the rise in temperature of
fluid is defined as sensible heat [10-14]. The sensible heat takes place in various form such as
molecular rotation and translation, electron translation, molecular vibration and nuclear spin.

The difference of energy in initial and final stage defined as energy change in system.

Institute of Material science, Faculty of Engineering 1



Chapter 1 Introduction

The energy inside the system can be converted into the useful work according to the need.
The energy balanced between the dynamic and static form is referred to as conversion of
energy principle or first law of thermodynamics [15-18]. It states that the energy can be
transformed from one form to another form during interaction, the total amount of energy

remains constant but cannot be destroyed or created.

The energy balance Equation is stated as:

dEsystem

. = 0 (Steady state condition) (1)

Ein — Eout =

Esystem

Where as E;, — E,,; represent the net energy transfer and dT shows the change in

internal energy, kinetic energy and potential energy of the system.

Energy
I
Static Form (Total energy) Dynamic Form
— Heat
Macroscopic Approach Microscopic Approach — Work
— | Mass Flow
Internal Energy

1
_ Nuear || Chemical |

Fig.1. Representation of energy flow chart.

Institute of Material science, Faculty of Engineering 2
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1.2 ENTROPY

As thermal energy is transferred from a high-temperature body to a low-temperature body, it
deteriorates. Entropy and exergy were defined as a result of efforts to measure the quality or
"work potential” of energy using the second law of thermodynamics. Entropy theory offers
comprehensive understanding of the direction of spontaneous variation [19-23]. The idea of
"entropy" served as the basis for the initial introduction of the difference between reversible
and irreversible processes in thermodynamics.

Entropy analysis are measured the maximum amount of randomness or disorder inside the
system. Due to dispersion of energy, the heat energy transfer inside the system and increase
the entropy of the system. In other words, we can say that the entropy of the system increases
due to thermal process. According to the Clausius equations, if Q is the amount of heat flows
through the reservoirs at temperature, the entropy rise is defined as S= Q/T. It means that
higher the entropy higher the disorder. It is better understood that even a small amount of
reduction in entropy generation that may leads to the better performance of the system [24-
27].

Higher the entropy, higher the disorder which means that, lower the availability of the
system's energy to do the thermal process. The entropy generation indirectly specifies the
irreversibility, which is present in the system during the process [28]. It is clearly, observed
that even a small reduction in entropy generation may lead to a better performance of the
system. Hence, the entropy balance for each system should be carried out to quantify the
entropy generation.

Hence the energy balanced equation is defined as:

df;ty = =0 (Steady state) )

(Sin — Sout) + Sgen =
Sin — Sout Tepresent the entropy change between the system and the surrounding. S,

represent the entropy generated by the system.

Institute of Material science, Faculty of Engineering 3



Chapter 1 Introduction

1.3 EXERGY

In thermodynamics, energy inside the system has the ability to do work whereas the
exergy of the system has the optimum energy that is extracted from the given energy
[29]. The system's total energy, which stays constant during the operation, is split into
two types: unavailable energy and accessible energy. Determining how much of the
energy is worthless is crucial since the energy that is inaccessible cannot be
transformed into useful labour [30]. Using the energy and entropy balance equations,
the exergy balance equation is expressed as follows:

AdXsys

(Xin - Xout) + Xges = dt

According to the rule of energy conservation, the quantities of energy input and outflow are
equal under thermally steady-state conditions; nevertheless, the amount of entropy outflow is
more than the amount of entropy inflow according to the law of entropy growth, as shown in
Figure 2. The quantity of exergy outflow is less than the amount of exergy intake because the
entropy created by the system consumes exergy [31]. Exergy analysis evaluates the quality of
heat in a waste stream by clearly identifying the points in the system where energy is

degrading, which helps to advance the method or technology.

Institute of Material science, Faculty of Engineering 4
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Medium 1 Medium 2

Heat Transfer

Entropy Transfer

Exergy Transfer : S5 Exergy destroyed

1-T/TH)Q

Fig. 2. Energy, Entropy, and Exergy Flow in and out of a System.

While a system's energy analysis just considers the measure of amount, a system's exergy
analysis considers both the measure of quantity and quality. Therefore, examining a system's
efficiency from an energetic perspective will enhance the system's functionality [32-34]. The
ratio of the actual work done to the maximum amount of reversible work that might be done
under the same circumstances is known as the exergy efficiency, second law efficiency, or
second law of thermodynamics.

Exergy efficiency= Actual work done/ Exergy input.

Exergy efficiency= Maximum work-waste work/ Maximum work or 1-Waste

work/Maximum work.

Institute of Material science, Faculty of Engineering 5
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1.4 SOLAR THERMAL ENERGY

The sun is the most important feature in our solar system. The sun’s release energy in the
form of elaborate chemical process in the sun’s core- a process of thermonuclear process. The
energy is transmitted in all direction and a very little amount reached on the reach surface. In
the present situation the need of renewable and clean energy is of great demand [35-49]. The
solar energy fulfils all the need that are available from the fossil fuel. The solar energy in the
form of light and heat can be used for various purpose such as domestic and horticultural
purposes, industrial and commercial applications

Around 34% of solar energy is reflected into space by the Earth's atmosphere, clouds, and
surface [50]. The Earth's surface only absorbs on average 47% of the remaining 66%, while
water vapour, clouds, and the ozone layer each absorb 19%. The elements of the solar
radiation that is available are listed in Table 1.

Table 1.1 Spectral Distribution of Solar Radiation

Type of Radiation Wavelength Band (p) % of Total Radiation
Invisible Ultra-Violet (UV) 0.29t0 0.40 7
Visible Radiation 0.40t00.70 39
Near Infrared (IR) 0.70 to 3.50 52
Far Infrared (FR) 4.00to 4.75 2

The sun's energy provides a reliable and renewable source of power. Photovoltaic cells and
solar thermal collectors are two methods that solar energy may be converted into usable
energy with no negative environmental effect. Solar photovoltaic (PV) panels transform solar

energy into usable forms of energy by using a PV cell made of a semiconductor material [51].

Institute of Material science, Faculty of Engineering 6
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Contrarily, Concentrating Solar Power (CSP) concentrates solar energy into a heat receiver,

where it is transformed into mechanical energy and, ultimately, solar thermal power [52-55].

Since photovoltaic cells directly convert solar energy into electricity, they are more

advantageous than thermal collectors.

1.4.1 SOURCES OF ENERGY

The conventional and non-conventional energy sources are divided into two groups and are

depicted in Figure 3. Nuclear energy, fossil fuel energy, and hydraulic energy are examples of

traditional energy sources. Contrarily, non-conventional energy sources are continually

created via the utilisation of natural energy sources and are only employed for certain reasons

[56].

Sources of Energy

Conventional sources

Non-conventional sources

Solar Energy

Wind Energy

Geothermal Energy

Ocean thermal Energy

Fig. 3. Sources of Energy.
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1.5. SOLAR WATER HEATER
SWH is mainly the common application of solar energy for various application of
commercial and domestic purpose around the world. SWH utilised the solar radiation and
convert it into the heat energy [57]. The heat energy further absorbed by the working fluid
inside the absorber pipe and utilizing it in different purpose. The SWH can be utilized in
various climatic application in the world.
The main component of SWH is given below:

e Glass plate (cover)

e Collector Plate/absorber plate

e Water pipes

e Storage tank

The following is SWH's operating theory: The absorber plate within the solar collector
absorbs the sun radiation as it strikes it and transfers the thermal energy to the water flowing
through the glass or metal tubes. As water is heated, its density falls as its temperature rises.
So, through various tubes, hot water climbs to the top of the storage tank, warming the cold

water in the tank as it drops to the tubes. The collectors that are most often used are:

e Evacuated tube collectors

e Flat plate collectors
1.6. EVACUATED TUBE SOLAR COLLECTOR
Figure 1.5 [58] depicts an evacuated tube solar collector (ETSC) that uses heat pipes and
permits liquid to travel through them directly. ETSCs have a temperature range of roughly
120°C. Multiple evacuated glass tubes each holding an absorber plate fused to a heat pipe, as

illustrated in Figure 1.6, make up evacuated heat pipe tubes.

Institute of Material science, Faculty of Engineering 8
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nner glass tube

’ Heat transfer fluid

Vacuum

Outer glass tube

U tube

Fig. 4. Cross Sectional view of Evacuated Tube Collector

A common header pipe connects parallel rows of clear glass tubes found in an ETSC [59].
The fluid for the home hot water system receives heat from the hot end of the heat pipes.
Convection and conduction heat loss are significantly reduced by the vacuum that surrounds
the exterior of the tube. Therefore, especially in colder temperatures, more efficiency was
realised than with flat plate collectors. Based on the absorber tube that is utilised in the
collector, there are many types of evacuated solar collectors. The commonly used are:

e Glass-Glass evacuated tube collector

e Glass-Metal evacuated tube collector

Protective cover

Copper rod

Working fluid

Vacuum space

Fig. 5. Evacuated Tube Collectors

Institute of Material science, Faculty of Engineering 9
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1.7 FLAT PLATE SOLAR COLLECTOR

A flat plate solar collector (F-PSC) is a special type of heat exchanger that turns the solar
radiation that emitted from the suns into heat energy. The F-PSC collect the solar energy and
utilize that energy to warm the water and utilize the various application such as washing,
bathing and heating and even also utilize for various outdoor heating application such as
Swimming pools and hot tubes [60].

Due to its straightforward design, cheap cost, and comparatively easy installation compared
to other types of hot water heating systems, solar flat plate collectors tend to be more cost
effective for the majority of domestic and small business hot water applications [61].
Additionally, solar flat plate collectors are more than capable of supplying the requisite
volume and temperature of hot water.

A solar flat plate collector normally consists of a large heat-absorbing plate that has been
painted or chemically etched black to absorb as much solar radiation as possible for optimal
efficiency. Large sheets of copper or aluminium are frequently used because they are both
strong heat conductors [62]. Several parallel copper pipes or tubes, known as risers, that run
lengthwise across this blackened heat-absorbing surface hold the heat-transfer fluid, usually
water.

In order to achieve the greatest possible surface contact and heat transmission, these copper
pipes are directly glued, soldered, or brazed to the absorber plate. The temperature of the
absorbent surface rises as a result of solar heating. The fluid moving inside the copper pipes
is heated as the plate grows hotter, and this heat is subsequently absorbed by the fluid and
utilised by the home. In order to protect the enclosed absorber plate and provide an insulating
air space, the pipes and absorber plate are encased in an insulated metal or wooden box with a

sheet of glazing material, either glass or plastic, on the front. The majority of the incoming

Institute of Material science, Faculty of Engineering 10
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radiation strikes the darkened absorber since this glazing material does not significantly
absorb the sun's heat energy.

This heat is kept from escaping back into the atmosphere by the air gap that exists between
the plate and the glazing material. Warming up the absorber plate causes it to lose heat to its
surroundings while also transferring heat to the fluid inside the collector. The bottom and

sides of a flat plate collector are insulated with high temperature rigid foam or aluminium foil

z

insulation, as illustrated, to reduce this heat loss.

Solar
Radiation

Glazing Sheet

Hot Water
OUT 4~
ColdWater
IN
Sealed Heat
Enclosure

b ‘ 1
Foam or Aluminium
Insulation

Heat Absorbing Riser Tubes
Heat Absorbing Backplate

Lower Manifold
Collection Tube

Fig. 6. Typical Flat Plate Collector

From a variety of angles, flat plate collectors can use direct or indirect sunlight to heat the
fluid within. They also work in diffused light, which is common on overcast days since, in
contrast to photovoltaic cells, the ambient heat is what is being absorbed rather than the light
[63]. The time of year, how clear the sky is, and how slowly the water travels through the

collection pipes will all have a significant impact on how hot the circulating water becomes.
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1.7.1 Direct and Indirect Solar Thermal Systems

For usage in the house, water can be heated in a variety of ways. Flat plate solar collectors are
used in solar water heating systems, which can be classified as direct or indirect systems
depending on how the heat is transferred throughout the system [64]. You will require both a
solar collector to gather the heat and transmit it to the water as well as a hot water tank to
store this hot water for usage as needed in order to properly heat your water and utilise it both

during the day and the night.

Solar water
Heating system

Fig. 7. Classification of solar water heating system

1.7.2. Direct Solar Thermal System

A pump is used to move water throughout a direct solar water heating system, sometimes
referred to as an active open-loop system. Pumped straight from the house to an immersion
tank or central water storage, the colder water is heated by passing through the solar collector
[65]. The hot water exits the flat plate collector and flows continuously back towards the

tank. The water is then piped back into the house where it may be used as hot water.
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The system may be made greener by using a low-voltage 12-volt pump that can be supplied
by a tiny solar cell or electronic controller. In warmer areas with fewer cold days, direct
systems are typically employed, or they are emptied in the winter to prevent the water in the
pipes from freezing. Since the same water that flows through the flat plate collector is used in
the residence, chemicals cannot be added to the water to provide protection.

A passive direct hot water system transfers heat generated to the storage tank without the
need of pumps or other control systems. Instead, passive systems are what are referred to as
"open-loop systems™ that employ gravity's inherent power to assist move water throughout
the system. This kind of system combines a horizontally placed storage tank of some form
just above the solar flat plate collector with a solar flat plate collector [66].

Sun-heated water rises naturally through the solar collector pipes through convection and fills
the storage tank above. The colder water is driven out when the heated water enters the
storage tank above, and as cold water is denser than hot water, it falls to the bottom of the
collectors with the help of gravity. When the sun is shining, this cycle of hot water rising and

colder water dropping is known as a "thermosyphon flow" and it repeats itself continually.

Hot Water Flow Thermosyphon
-% Hot Water System

Hot Water Hot Water 5L
Storage Tank Flow o 7@\:
f 1 \
y /f Solar
.- ;-I 3 Radiation
ea
Cold Water Return Height /
C%‘ig{i‘e' Flat Plate
Collector

Fig. 8. Thermosyphon Hot Water System
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The thermosyphon system is the most popular sun heated hot water system on the market,
and it is the flat plate collector and storage tank configuration that is used in the majority of
commercially available passive direct solar hot water systems. Care must be taken while
building such a system, though, since the combined weight of the solar collector, storage
tank, and water itself can be too much for the supporting roof's architecture. When larger
structures than homes, enterprises, or offices employ passive solar hot water systems, there
are sometimes many storage tanks used to hold the heated water [67].

The so-called remote thermosyphon system functions similarly to the previous passive direct
thermosyphon system, with the exception that the storage tank is hidden inside a roof void or
space, dispersing the weight over a larger area and shielding it from the elements. To ensure
proper thermosyphoning, the water storage tank's base must be positioned at least one to two
feet (300 to 500mm) above the tops of the flat plate collectors. The system's "head height™ is
another name for this distance.

1.7.3. Indirect Solar Thermal System

In contrast to the preceding thermosyphon system, an indirect hot water system, often
referred to as a closed-loop system, employs a heat exchanger independent of the solar flat
plate collector to heat the water in the storage tank.

Indirect hot water systems are active systems that need pumps to move the heat transfer
liquid from the collector to the heat exchanger in the tank and around the closed-loop system.
Instead of only water that is heated and stored off from the primary household hot water
supply, the system has an antifreeze solution, often a 50% Glycol/water ratio [68].

The water in the water storage tank receives heat from the antifreeze solution in the collector
through the heat exchanger. Either a flat plate exchanger outside the storage tank or a copper

coil inside the bottom portion of the storage tank can serve as the heat exchanger.
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One of the main benefits of this closed loop indirect heating system is that the antifreeze
solution enables year-round operation in regions where the temperature drops below the

freezing point. It also guards against the system's collectors being corroded by untreated tap

water that contains gases and various dissolved salts.
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Fig. 9. Indirect Solar Thermal System
As most homes use gas or oil-fired boilers along with a hot water storage tank with built-in
heat exchanger coil, the main benefit of a forced circulation indirect hot water system is that
an existing domestic water heating system can be easily converted to solar heating of the
water just by adding a flat plate collector and a single pump [69].
The hot water storage tank may be positioned anywhere in the house since it does not need to
be higher than the collectors as in the prior passive or thermosyphon system, which increases
the likelihood that the system will be more efficient.
The closed-loop system's reliance on energy for the circulating pump, which may be costly or

unstable, is one drawback. Some designs make the system more effective and
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environmentally friendly by adding a modest low voltage pump and solar panel next to the
collector. Forced circulation indirect solar water heating is the standard for bigger systems
and in cooler areas when hot-water tanks are built within buildings below the roof [70].

There are also some classifications of SWHS bases on concentrating and non-concentrating

types of solar collector are shown in fig. 10.

Flat plate collector
(FPC)

Evacuated tube

Non-concentrating collector (ETC)

type solar collector

Compound parabolic

concentrator
Parabolic dish
Concentrating type
solar collector
Parabolic trough
Solar tower

Fig. 10. Classification of solar collector based on concentrating and non-concentrating types

Solar collector

1.8. Preliminaries in Heat Transfer Analysis

Conduction, Convection, and Radiation are the three distinct nodes that make up the heat
transmission process.

Conduction: It is the process through which heat is transferred from more energetic particles

to their less energy neighbours as a result of particle interactions. Solids, liquids, and gases all
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conduct. This phenomena in solids are brought on by the interaction of free electron energy
transfer and molecular vibrations in a lattice.

Convection: It is a type of energy transmission mechanism that combines the effects of fluid
motion and conduction between a solid surface and a nearby flowing liquid or gas. The fluid
moves more quickly the more convectional heat transfer there is. Only the convection method
can transfer heat from a solid surface to the nearby fluid.

Radiation: It is the energy that is released by matter as electromagnetic waves (or photons)
as a result of modifications to atoms' or molecules' electronic structures. The transport of heat
energy does not need the presence of an intermediary medium.

1.9. MOTIVATION AND OBJECTIVE

The main driver of the nation's economic growth and wealth creation is energy, and the
availability of resources strongly correlates with economic activity. Because of the
considerable developments in contemporary technology, the world's energy consumption is
steadily rising. The quest for energy sources is sparked by this. The most accessible and
limitless source of energy is solar energy. The conversion of solar energy into heat energy,
which is incredibly helpful for thermal applications, is one of the productive methods to use
solar energy. Due to its scientific feasibility and the economic allure of using solar energy,
SWH has grown to be a well-liked form of solar energy.

Heat is produced when solar light hits the surface of the collector. Solar energy losses
originate from irreversible heat transfer between the sun and the collection, between the
collector and the surrounding air, and inside the collector itself. Thus, research into energy
conversion techniques has greatly increased in importance in recent years. The design
parameters of solar water heating systems are therefore expected to be improved by scientific
organisations by reevaluating and regenerating energy conversion technologies that are both

efficient and affordable. The present non-conventional energy methodologies based on the
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first rule of thermodynamics are insufficient to quantify these losses since energy assessment
is just a measure of quantity.

However, employing the second law of thermodynamics to change the solar system's design
criteria and operational procedures provides a solid foundation for an amazing resolution.
Therefore, in order to expand the use of solar energy for home, agricultural, industrial, and
commercial purposes, it is required to explore the thermohydraulic performance based on
both quality and quantity of energy.

There are many researchers that have investigated the thermal performance of the SWHS by
providing the obstacle inside the absorber tube. The introduce of these obstacle technologies
enhance the thermal performance of the system with good design and proper installation of
these obstacle. The motivation of this study is to provide the thermal performance of the
system by using the delta-shape obstacle inside the observer tube. After the experimental
examination it was conclude that the heat losses are also one of the major concerns for lower
the thermal performance of the system. Therefore, additionally a experimental study is also
conducted by using the ecofriendly thermal insulating materials (rice husk, coco-peat, stubble
fibre and nitrile rubber) for absorbing the heat from solar radiation on the sunshine hours and
release this heat during the off-sunshine hours.

The objective of this study is as follows:

1. The experimental examination of solar water heating system with delta-obstacle for
enhance the thermal performance of the system.

2. The utilization of ecofriendly thermal insulating materials (rice husk, coco-peat, stubble
fibre and nitrile rubber) for efficiently work of the system during the off-sunshine hours.

3. To optimize the design parameters of a solar water heating system (SWHS) using various

Multi-Criteria Decision Making (MCDM) approaches.
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CHAPTER 2
LITERATURE REVIEW

2. Introduction

The literature underscores the persistent challenge in augmenting the overall efficiency of Solar
Water Heating Systems (SWHS), often hindered by factors such as design parameters and heat
losses. Active methods, reliant on external energy sources, pose drawbacks such as increased
operating costs due to high-pressure drops in pump systems. In contrast, passive techniques,
altering system design or material properties, offer promising avenues for efficiency
enhancement. Notably, previous research has explored various passive techniques, including
the integration of obstacles within absorber tubes. Among these, delta-shaped obstacles have
demonstrated superior performance owing to their increased surface area and generation of
vortices. Moreover, perforated delta-shaped obstacles exhibit even higher thermal efficiency
gains. Recognizing the complex interplay between design and flow parameters in SWHS, the
adoption of Multi-Criteria Decision-Making (MCDM) techniques becomes imperative for
optimal system design. While MCDM analyses have predominantly focused on solar air
heating applications, their application in solar water heating warrants further exploration. In
response, this study proposes an integrated Analytic Hierarchy Process-Analytic Network
Process (AHP-ANP) strategy to facilitate SWHS design selection, considering criteria such as
Nusselt number, friction factor, and thermo-hydraulic efficiency. By synthesizing earlier
SWHS designs and employing the proposed MCDM methodology, this research aims to
identify the most promising design alternative offering optimal performance across all
evaluation criteria.

2.1 Solar water heater
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Pathak et al. (2023) works on the integrated PCMs with nano-enhanced fillers in solar
water heater. In their study the author analysed the importance of the nano-enhanced PCMs for
the sake of heat storage working medium. The author analysed that the PCMs is consider the
best solution for the storage of heat emitted from the solar radiation into useful work. The study
also highlights the key issue related to SWH. In addition, they also provide some
recommendation associated with PCMs and nano-fillers. The author concludes that PCMs play
an important role for thermal enhancement of SWHS.

Li et al. (2023) studied the experimental and simulation work on heat dissipation
characteristic of evacuated tube SWH. The ice operation on all glass evacuated tube- SWH
encountered the problem of ice damage. The nighttime heat dissipation also reduces the risk of
frost damage in the winter times. The enthalpy equation is also introduced in the system for
examine the heat dissipation rate. The vacuum tube's bottom is where the icing initially appears,
and both the thickness and length of the icing there may reach 1145 mm and 15 mm,
respectively. ETSWH is at a significant danger of wintertime frost damage in extremely cold
places and frigid regions like Harbin and Beijing. The freezing issue can be effectively
resolved, which has important ramifications for the promotion and use of all-glass evacuated
tube collectors. It can be done by maintaining the initial working fluid temperature in the heater
above 50 C, making sure there is a minimum insulation thickness of 50 mm, and lowering the
emissivity of the heater's absorptive coating to below 0.07.

Chopra et al. (2023) studied the thermal and chemical reliability of paraffin wax for the
thermal enhancement of SWH. In this work the hot water tank is designed by installing the
paraffin wax so that the thermal storage of hot water will take place. It has been examined that

by installing the paraffin wax in the tank it can improve the thermal output of the system. The
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useful output energy of the system is improved by 36.81 %, 26.97 %, and 22.72 % for
Run 40°C, run 45°C, and Run 50°C respectively.

Wang et al. (2023) works on the thermal performance of integrated SWH with paraffin
wax and fin height. Phase change materials (PCMs) have been the subject of several theoretical
and practical research about the storage of thermal energy. In this work, a square solar water
heater uses paraffin with certain qualities as the PCM. The flow of paraffin, whose melting
point (MP) is 55 °C, the cause of heat transfer (HT) is temporary and natural convection. This
study examined the impact fin geometry, including fin height (H) (3, 4, and 5 cm) and fin
number (NoF) (double and threefold), on the heat exchanger's (HE) efficiency was looked into.
For different parameters, the contours of temperature (T) and liquid percentage were created.
The findings demonstrate that melting 3860 seconds is the time (MT) for scenario A (without
fins). Calculations reveal a 71% reduction in MT for scenario B (with 3 fins). At H=3, 4, and
5 cm, the MT decrease is 48, 61, and 74%, respectively.

Yari et al. (2023) experimental investigation of a solar water heater's storage system
including a cutting-edge absorber tank with a spherical double wall and a phase-change
material was conducted. Water is continuously circulated between the collector and the storage
tank throughout the thermal charging process in commercial active solar water heating systems.
The water is heated within the collector before being kept in an insulated tank. In the
development of solar thermal storage systems, the collector and tank designs are equally
important. In this study, the collector and tank are designed as spherical, stationary,
symmetrical structures that can monitor the sun's movement no matter where it is in the sky.
Additionally, the solar thermal storage tank, which has a double-walled spherical shape, was
designed using a novel technique. The inner chamber of this tank is used to retain the hot water

from the collector, and the outer chamber contains Phase Change Material (PCM). By
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functioning as both thermal insulation and a container for thermal energy, the PCM fulfils a
dual function. Importantly, in addition to being an excellent insulator, it can also absorb solar
energy from the tank's exterior surface.

The tank is enclosed in a greenhouse-like environment with a clear glass top to reduce heat
losses. The system reaches its greatest storage temperature of 80.3°C and its peak thermal
efficiency of 74% during the thermal charging phase, which takes place when the flow rate is
1.75 litres per minute. The system can provide enough warm water under these circumstances
to cover the demands of 8.43 people on average. At a flow rate of 1.25 litres per minute, the
most significant thermal stratification is seen, and when the flow rate is raised, this impact
weakens.

Pambudi et al. (2023) experimentally examine the energy efficiency of v-corrugated
zinc collector in SWH. Solar water heaters (SWH) offer an economical way to produce hot
water for a variety of uses. Therefore, the focus of this study is on the investigation of a
modified V-shaped corrugated zinc collector that is combined with an insulating layer
constructed of aluminium foil foam, with a 5 mm thick plywood foundation located at the
bottom. The studies were carried out in Indonesia's Central Java area, which has a hot
temperature. With both passive and open systems, the study especially looked at the effects of
varied flow rates, including 120, 180, and 240 litres per hour (Lph). Data was gathered from
8:00 a.m. to 3:00 p.m. at 10-minute intervals.

The study's findings showed that a flow rate of 240 Lph produced the maximum energy
efficiency, which reached 50%. Meanwhile, the levels of energy efficiency were 40% and 34%,
respectively, at flow rates of 180 Lph and 120 Lph. Furthermore, a peak efficiency of 61% for
the collector was noted. These results demonstrated that SWH systems with V-shaped

corrugated zinc collectors performed better when greater flow rates were used. As a result, it
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is advised to choose V-corrugated collectors since they are affordable and have a 50% energy
efficiency rating.

Esmaeili et al. (2023) works on the influence of hybrid nanofluids and turbulators on

the thermal improvement of SWH. An efficient method for raising the thermal efficiency of
parabolic solar collectors (PTCs) is to simultaneously use turbulators and nanofluids as the
operating fluid. In the current study, the effects of adding a turbulator and hybrid nanoparticles
on the rates of heat transfer and entropy generation within a parabolic trough collector are
explored using a three-dimensional numerical simulation. The study covers two different kinds
of turbulators, one of which is innovative. The effects of variables like the Bejan number,
thermal entropy, viscous entropy, and friction coefficient are carefully considered.
Heat transmission is increased by 35.7% when conical helical gear rings are used as discs inside
the absorber tube as opposed to situations without turbulators. In addition, the development of
total entropy is significantly reduced in these cases by 32.8%. Notably, every instance has a
Bejan number greater than 0.9, which shows that thermal entropy creation is common.

Ravanbakhsh et al. (2023) studied the 3E thermo-modelling and optimization of
turbulator in SWH. In this paper, the author investigates the thermodynamic and financial
modelling of a photovoltaic solar system coupled with a single-effect absorption chiller cycle.
We take a multi-perspective approach, combining thermodynamics, computational fluid
dynamics, and optical analysis. The main goal is to use solar energy to power the absorption
chiller cycle, which cools residential structures. Our solar centralization system combines fluid
movement to store energy, solar panels to produce power, and energy utilisation within the
absorption cycle.

The author closely monitor system pressure decreases and outlet temperatures during our

numerical simulations. Our thermodynamic study digs into important performance indicators,
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such as the efficiency of the second law of thermodynamics, cooling load, and cooling flow
temperatures, as well as the performance coefficient of the absorption chiller cycle.

We compare our results to those acquired by optical analysis and numerical solutions to
guarantee their validity. This comparison shows a minimum maximum divergence of 7.6%
from the findings of the reference study. For instance, according to computer calculations, the
highest heat flux imparted to the water flow reaches 11884 (W/m2) in June, with the peak
temperature at Tow, CPVT = 368.8 (K). In light of the system's thermodynamic modelling, we
determine that the ideal flow rate for CPVT corresponds to m CPVT = 0.15 (kg/s). The Qgva=
8.509 (kW) cooling demand is met by this specific flow rate while keeping acceptable
production coefficients and efficiency levels. Additionally, the overall startup costs are 0.0424
($/hr) and the energy efficiency is 0.2714 ($/hr), respectively.

Khargotra et al. (2023) studied the design optimization of working parameter of delta-
obstacle in SWH. A solar water heating system (SWHS) is an economical technology that has
become widely used in homes throughout the globe. However, a number of issues, such as
design specifications and heat losses from the system brought on by radiation and convection,
can considerably impair SWHS performance and thus lower the system's overall efficiency.
Innovative designs and cutting-edge heat transfer methodologies are constantly being
investigated to address these problems and improve SWHS efficiency. In this context, the
design and optimisation of a SWHS that uses perforated delta barriers is the main focus of our
research. Three important parameters including Reynolds number (400, 800, and 1200), angle
of attack (set at 15, 30, and 45), and pitch ratio (varying from 0.5 to 2.0)—were studied in order
to better understand and optimise the effects they have on crucial variables such as the friction

factor, Nusselt number, and thermo-hydraulic performance.
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According to results, the Reynolds number of 1200, the angle of attack of 45 degrees, and the
pitch ratio of 1 produced the Nusselt number with the greatest value (90.55). The lowest friction
factor (0.38) was produced by the combination of Reynolds number = 1200, angle of attack =
15, and pitch ratio = 0.5. It also noted that the Reynolds number of 400, angle of attack of 45,
and pitch ratio of 1 resulted in the highest thermo-hydraulic efficiency (2.75).

Negeed et al. (2023) works on the numerical simulation of FPSC fitted with turbulator
using nano-fluids for enhancing the thermal performance of the system. Due to its
environmental friendliness and consequent reduction in pollutants, the use of solar systems has
attracted significant attention from a variety of businesses. For capturing mild heat from the
sun, flat plate solar collectors (FPSC) stand out among solar technologies and have several uses
in the engineering sector. In this investigation, it was investigating the effects of a novel
turbulator with different geometric features and a two-phase Cu-GO/water hybrid nanofluid on
the thermal-hydraulic performance, exergy efficiency, and energy efficiency of an FPSC,
particularly under turbulent flow conditions. Using the QUICK method, the governing
equations are discretized. The volume fraction () fluctuates between 1% and 4%, whereas the
Reynolds number (Re) ranges from 17,000 to 47,000. The system is characterised by turbulent
flow, which is modelled using the mixed two-phase approach and the RNG k-turbulence model.
Additionally, it is also taken into account different turbulator geometries (y = 0.5, 1, 1.5, and
2) located inside the FPSC's absorber tube. The research shows that, compared to a design
without a turbulator, adding one to the absorber tube greatly improves the thermal-hydraulic
performance. Additionally, it sees that the curvature angle () has a significant impact on the
amplification of the pressure drop (p) as well as the rate of heat transfer (HT), with an increase

in producing noticeable results.
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Poongavanam et al. (2023) studied the performance of the SWH with three approaches
1.e., nanofluids, absorber roughness, and surface coating. For the solar water heater (SWH), a
surface-modified (resurfacing) absorber plate was produced using the steel shot-blasting
procedure. This was the first of three distinct approaches used in this research. Furthermore,
synthetic activated carbon nanomaterials (ACNMs) derived from naturally occurring sources
were used as coating materials and nanofluids (NFDs) on absorber plates. Additionally,
utilising a two-step process, ACNMs and water-based nanofluids (DIW) were created and used
as heat transfer media (HTM). Additionally, experimental measurements of the thermal
characteristics of DIW-ACNM, including ratios of thermal conductivity (TC), specific heat,
viscosity, and density, were made. Zeta potential analysis and SEM analysis were also used to
guarantee the colloidal stability of NFDs. The HTM's temperature throughout the SWH was
measured at 0, 0.1, 0.25, and 0.4 vol% of ACNMs loading, respectively, to be 7.5, 9.8, 10.6,
and 12.04 C. Despite an increase in pressure drop and pumping power of 23.5 and 22.1%,
respectively, the thermal efficiency of modified SWH was raised up to 52.7% with a volume
fraction of 0.4%. Overall, the SWH performance was greatly enhanced by using ACNM as an
NFD, coating material, and shot-blasting on the absorber plate, with a performance
augmentation factor of 1.14.

Variyenli et al. (2023) experimentally examine the performance of helically-coiled
turbulator for the thermal enhancement of system. Solar water collectors are frequently used to
generate hot water for usage in a variety of applications. In order to determine its overall
performance, a solar water collector with a helically coiled absorber has been developed,
constructed, and tested under various situations. By creating a perpendicular angle between the
absorber and the incident solar rays, a tube-type absorber can improve the thermal efficiency

of the collection. Additionally, compared to typical solar water collectors, adopting a helically-
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coiled construction allows for an increase in absorber surface in a comparatively small volume.
A solar radiation model has been used to simulate the planned helically-coiled solar collector
in the first stage of this research. Next, three distinct inclination angles and varying water flow
rates have been used to experimentally evaluate the constructed helically-coiled solar collector.
The mean thermal efficiencies of horizontal, vertical, and angular helically-coiled collectors
were found to be in the ranges of 29.48-48.23%, 27.17-47.03%, and 32.50-52.71%,
respectively, according to the experimental data. Additionally, sustainability index values of
1.0041-1.0091, 1.0039-1.0087, and 1.0043-1.0102, respectively, were attained for horizontal,
vertical, and angular helically-coiled collectors. Furthermore, it was determined that there was

a maximum 14% difference between the numerical and experimental results.

Ghanbari et al. (2023) A parabolic trough collector (PTC) is a useful tool for capturing
solar heat. Recent years have seen a tremendous increase in academics' interest in improving
these devices' efficiency. The goal of the current work was to use a magnetic hybrid nanofluid
and a new geometric form of compound turbulator to boost the thermal efficiency in the PTC.
In this work, a two-step procedure is used to create the magnetic hybrid nanofluid of MWCNT-
Fe304-Cu/Water. Then, in the current investigation, a working fluid with its thermophysical
characteristics is employed. The examined PTC's absorber tube is fitted with three distinct
geometrically designed compound turbulators (Cases A, B, and C). The vertical or horizontal
positioning of the geometric forms in Cases A and B is different. By adding the compound
turbulator, the fluid particles in the direction perpendicular to the movement channel are also
mixed and travel randomly, in contrast to laminar flow where the fluid particles move in layers.
The findings of the thermal-hydraulic performance assessment criteria analysis show that the

compound turbulator used in the PTC absorber tube always plays a positive role in this study.
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The absorber tube with a combination of a compound turbulator and circular coil is connected
to the absorber tube with the highest energy efficiency and productivity.

Abdalla and Shahsavar (2023) studied the influence of a rotary propeller type turbulator
on the energy and exergy efficiencies of a concentrating photovoltaic/thermal hybrid collector
has been mathematically investigated. Photovoltaic/thermal hybrid collectors (PTHCs) are
created by fusing solar collectors that can capture heat with photovoltaic panels that can convert
solar energy into electricity. These systems perform better than individual photovoltaic panels
and solar collectors because solar energy is concurrently transformed into electricity and heat
in them. This is why researchers have constantly focused on enhancing these systems'
performance. The goal of the current numerical research is to examine how the energy and
exergy characteristics of the collector are affected by the use of a rotary propeller type
turbulator in a concentrating PTHC (CPTHC). The outcomes are contrasted with information
from instances with and without stationary turbulators. Additionally, it was discovered that the
useable electrical power, first law electrical efficiency, second law electrical efficiency, and
second law overall efficiency of the CPTHC all exhibit an ascending-descending trend as
increases, with their greatest values occurring at = 5000 rpm. The case of Re = 20000 and =
10000 rpm had the best total energy efficiency, which was equal to 130.78%, whereas the case
of Re = 20000 and = 5000 rpm had the highest exergy efficiency, which was equal to 17.24%.

Bhattacharyya et al. (2017) used twisted tape at various entrance angles to create the
solar water heater to improve heat transmission. At various entry angles, the twisted tape is
detached from the tube wall. The entry angle and pitch are taken into account while
configuring. The entry angle range is considered to be between 180 and 160 and 140 with a
range of 100 to 20,000 for the Reynolds number. The CFD analysis is also utilised to verify

the superior outcomes. The Nusselt number increases more when using the greater entry angle
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(180 degrees) than when using the lower entrance angle, according to the results. The testing
findings indicate that the entry angle of 180 degrees and twist ratio of 18.0 produced the

greatest rate of heat transmission.

Kulkarni and Deshmukh (2015) designing and conducting an experimental study on the
effectiveness of a solar water heater. He describes the water heater's design parameters in this
essay. The performance of solar water is also influenced by a number of other elements,
including sun irradiation, wind speed, ambient temperature, and solar thermal losses.

Nikam et al. (2016) experimental study examines the V-shaped aluminium turbulator put in a
tube for improving heat transmission. The primary goal of this research project is to improve
the friction and heat transfer coefficients for V-shaped turbulators. The experiment is run for
the plain tube first, and then the absorber tube is equipped with a turbulator. The test section's
length is split into three segments of 120 mm, 160 mm, and 200 mm. Utilising aluminium
turbulators in the shape of a V, the average heat transmission rate was found to be 198%, 213%,
and 241%. The experiment is conducted under various operating conditions depending on the

tube diameter, and the Reynolds number ranges from 3000 to 10000.

Yuan (2018) conducted an experiment to study the flow via a circular tube with a ball
turbulator. Flow turbulation is one of the most used techniques for increasing heat. This
research examines the impact of the ball introduced into the tube as well as the impact on heat
transfer characteristics. The Reynolds scale ranges from 5000 to 35,000. The turbulator ball
was constructed with varying spacer lengths and diameter ratios. The spacer length varies from
40 mm to 62.5 mm, and the diameter ratio ranges from 0.5 to 1. In comparison to a larger

friction ratio, the smaller diameter ratio produced the lower friction ratio.
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Ngoka (2008) does experimental research on the straightforward pipe solar water
heater. He employed this kind of water heater to provide hot water for residential usage. Solar
water heaters in the form of pipes are employed. Following experiments, it was discovered that
the efficiency ranges between 85% and 90%.

Balaji et al. (2017) conducted an experimental investigation into the energy, exergy,
and environmental analyses of forced convection in solar water heaters. He conducts an
experimental investigation into the impact of a heat enhancer in a pipe in this study and
contrasts the outcomes with a plain pipe. It has been discovered that the environment's impact
is crucial for improving heat transmission. First, the energy, exergy, and economic cost of a
solar flat plate collector are examined in this study. According to the exergy study, the rod type
heat enhancer has a greater exergy efficiency than a flat plate collector made of a simple tube.
The highest energy efficiency for rod-type heat enhancers was determined to be 8.3%, 10.9%,
and 11.3%, respectively, when compared to plain-type solar collector.

Khorasani et al. (2018) studied the impact of helical twist turbulators on solar water
heater thermal increase. In this paper, he conducts an experimental investigation of the impact
of the spire wire turbulator's geometrical characteristics on the water heater. The only sort of
turbulator that can be simply put into the tube wall is a spiral wire turbulator. It is necessary to
measure both the entrance and output temperatures in order to compute the convective heat
transfer coefficient. The findings demonstrate the impact of wire diameter and pitch on heat
exchanger thermal enhancement. The Nusselt number can be raised by 70—73% as a result of
wire diameter and pitch effects on turbulators.

Balaji et al. (2017) used a velocity enhancer to test the thermal efficiency of a solar
water heater. In this study, he uses a passive approach to remove the barrier while conducting

an experimental investigation of the thermal performance of a water heater utilising a velocity
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enhancer. Increasing the convective heat transfer coefficient while minimising pressure drop
and maximising thermal enhancement factor is the major goal of this effort. The engagement
factor was destroyed by the velocity enhancer's continued interaction with the thermal
boundary layer. It is discovered that the velocity enhancer has a bigger impact on the enhancer
configuration than the pumping power, which is at its minimum. When the findings are
compared, it is discovered that the velocity enhancer is 10-15% more effective.

Sadhish Kumar and Balusamy (2014) studied the thermal performance of solar water
heating systems. He focuses on various testing techniques for improving solar water heaters. It
has been discovered that direct solar water heater conversion is 70% more efficient than
previous methods. He makes it apparent in this piece that whereas forced circulation is the

subject of the majority of study, natural convection systems have received far less attention.

2.2 Salient points from the literature review

The water heating system was improved by the obstruction promoter that was introduced into
the absorber tube because it provided a considerably more efficient rate of heat transmission.
It is clear from the literature that there aren't as many studies on the usage of corrugations at
intake locations to improve stratification in solar water heaters. There is further room for
improving stratification in solar water heaters by refining latent heat storage. An organised
investigation is required to create an effective SWHS design. Current research also examines
how a hindrance promoter affects a solar water heater. The large storage density and isothermal

functioning of the turbulator are its key benefits.

It was also examined from the experiment that the design parameters of the working
obstacle are not depend on the working parameters that we fix during the experiment. The

outcome result will change if we are going to change the objective set of design parameters.
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Therefore, it is very important to optimize our working parameters by applying the multi-
criteria decision approach. In current research work the author applying the different MCDM
approach such as CRITIC-COPRAS and AHP-MEW technique to find out the optimum set of
design parameters.

Additionally, it was also examined from the experiment that the heat losses in one of
the major concerns in SWHS. Therefore, in this research work an experiment is carried out to
examine the influence of the eco-friendly thermal insulation materials to examine their

importance and impact on enhancing the heat transfer rate.

2.3 Research gap

After carefully studied the number of research work, we discovered that many researchers
employed heat enhancer devices to increase the effectiveness of the collector. In this study, the
author experimentally examines the influence of the delta-obstacle by providing the MCDM
approach to optimize the design parameters. Besides these, the author also examined that the
loss of heat is also the major concern in regard to thermal performance of the system. The
author used different type of eco-friendly thermal insulation materials such as Rice husk, coco-

peat, stubble fibre and nitrile rubber for making the system ideal.
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CHAPTER 3
MATERIALS AND METHODOLOGY

This chapter inside the details description of the fabrication and the design of SWHS
with natural circulation system and also describe the mathematical equations that are needed
to solve the complex problems. The delta obstacle is used as hindrance promoter for increasing

the heating effect. The details description of the SWHS is described below:

3.1 Introduction

A major area of concentration has been on the study of using delta obstacle to improve
the thermal performance of solar water heaters. The creation of boundary layers is delicately
disrupted by these winglets, enhancing the overall thermal efficiency of solar water heaters. As
a result, in compared to other options, they are thought to be the most efficient devices for
improving thermal performance. The examination of the experimental technique involving the
insertion of delta obstacle into the absorber tube is briefly described in this chapter. It is crucial
to carefully study the procedure's specifics through an extensive literature research to ensure
the effective execution of the experimental setup. Every element of the experiment is carefully
set up with an emphasis on measurement accuracy. Additionally, choosing measuring tools with
the least amount of uncertainty has received a lot of attention. In order to avoid any potential
setup errors, consideration is also given to the solar water heater's physical design. The
computation of measurement uncertainty is also covered in detail in this chapter, and gives a
thorough analysis of all the different parts of the experimental setup.

Due to a number of factors, including design specifications and heat losses from radiation and
convection, solar water heating systems (SWHS) incur a considerable drop in performance.
Researchers are progressively looking at novel designs and distinct heat transfer techniques to

increase SWHS efficiency. The current work is concerned with the design and optimisation of
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a SWHS that includes perforated and non-perforated delta obstacle. We examined and fine-
tuned the effects of several factors on elements like friction factor, Nusselt number, and thermo-
hydraulic performance, including Reynolds number, angle of attack, pitch ratio, blockage
ration and spacer length. Figure 3.1 (a) and (b) shows the schematic, and real view of the

SWHS.

G~ Temperature sensor
——im - e < » Insulated water tank

Pyranometer
Insulated box

Riser’s

v —Footer
Stand

Delta shape winglet

Inclination angle

(b)

Fig. 3.1 (a) Schematic, and (b) Real view of the SWHS.
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Table 3.1. Specification of SWHS.

Specifications Standards

Type Flat plate water heater
Testing area 1m?

Glass Thickness 4 mm

Material of glass Toughened

Inner diameter of tubes 50 mm

Outer diameter of tubes 54 mm

Material of the tube Copper
Delta-shaped obstacles material Copper

Lower side insulation (Rockwool) 50 mm
Reflective insulation Aluminum foil

Side part insulation (XP Sheet) 15 mm
Absorbing plate Aluminum (0.5 mm)

From 10:30 am until 4:30 p. pm, the working fluid was allowed to run through the tubes for
six hours. An instrument called a pyranometer is used to evaluate the intensity of sun radiation.
A flow metre is used to control and measure the water flow rate. The sun energy is transmitted
to the absorber pipe via a single piece of transparent glass with a thickness of 4 mm, helping to
raise the temperature of the running fluid. To reduce heat loss from the collector, the collection
and absorber tubes are both insulated. The storage tank is entirely emptied each day at the
conclusion of data gathering and then filled back up with new water. The SWHS's
specifications are displayed in table 3.1.

3. 2 Geometric parameters with hindrance promoter

By employing the hindrance promoter put into the SWHS tubes, the performance of the SWHS
was intended to be improved. Inserted obstacles with a delta form generate swirls inside the
tube. The delta-winglet breaches the laminar boundary layer along the wall when water enters

the tube, enhancing eddy formation and the water's thermal conductivity. Figure 3.3 depicts the
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primary stream and the production of the secondary stream as a result of the insertion of a
SWHS barrier in the form of a delta. Figure 3.2 (a) and (b) shows the schematic and actual

view of delta-shaped obstacles.

Copper strip

(a)

S|

Water out

Water in

B,,

(Pitch ratio of delta winglet) (Blockage ratio of delta winglet)

Fig. 3.2. (a) Schematic, and (b) Actual view of delta-shaped obstacles.

Main flow
Secondary flow

Primary flow
Fig. 3.3. Primary and secondary flow in the tube of SWHS.
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Choosing the optimum SWHS design from the available options is difficult since no single
SWHS design can satisfy all of the needed performance requirements. To solve this problem,
the CRITIC-COPRAS approach for non-perforated delta obstacle and AHP (analytic hierarchy
process)-ARAS (additive ratio assessment), a hybrid multi-criteria decision-making technique
for perforated delta obstacle was used. The efficiency and dependability of the outcomes from
the suggested decision-making framework were then confirmed by sensitivity analysis and
validation with other decision-making techniques.

The pitch ratio—which is defined as the ratio of the precise distance between each winglet and
the tube's diameter—is one of the geometric characteristics of the delta winglet installed on
both sides of the copper strip that is taken into account for the current inquiry. and blockage
ratio, which is the proportion of the tube's diameter to the height of the winglet. To determine
how friction factor and heat transfer affected the thermal performance of the SWHS, a range
of operational and geometrical factors, including Reynolds number (Re; 200, 600, 1000, 1400,
1800), Pqw (0.5, 1, 1.5), Baw (0.15, 0.20, 0.25), and fixed angle of attack (asw=45°), were taken
into account.

Table 3.2 Design alternatives for non-perforated obstacle.

Experimental parameters Experimental parameters

Alternatives Re Bay Py Alternatives Re Baw Pay
Alternative-1 200 0.15 0.5 Alternative-14 1400 0.2 1
Alternative-2 600 0.15 0.5 Alternative-15 1800 0.2 1
Alternative-3 1000 0.15 0.5 Alternative-16 200 0.2 1.5
Alternative-4 1400 0.15 0.5 Alternative-17 600 0.2 1.5
Alternative-5 1800 0.15 0.5 Alternative-18 1000 0.2 1.5
Alternative-6 200 0.2 0.5 Alternative-19 1400 0.2 1.5
Alternative-7 600 0.2 0.5 Alternative-20 1800 0.2 1.5
Alternative-8 1000 0.2 0.5 Alternative-21 200 0.25 0.5
Alternative-9 1400 0.2 0.5 Alternative-22 600 0.25 0.5
Alternative-10 1800 0.2 0.5 Alternative-23 1000 025 0.5
Alternative-11 200 0.2 1 Alternative-24 1400 025 0.5
Alternative-12 600 0.2 1 Alternative-25 1800 0.25 0.5
Alternative-13 1000 0.2 1
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Table 3.3 The selected design alternatives for perforated obstacle.

Alternatives Re Angle (a,, ) Pr
Alternative-1 400 15 0.5
Alternative-2 800 15 0.5
Alternative-3 1200 15 0.5
Alternative-4 400 30 0.5
Alternative-5 800 30 0.5
Alternative-6 1200 30 0.5
Alternative-7 400 45 1.5
Alternative-8 800 45 1.5
Alternative-9 1200 45 1.5
Alternative-10 400 45 1
Alternative-11 800 45 1
Alternative-12 1200 45 1
Alternative-13 400 45 2
Alternative-14 800 45 2
Alternative-15 1200 45 2

3.3 Validation of the test setup and uncertainty analysis

Testing was done to validate the experimental setup and determine how accurately it matched
the published heat transfer and friction factor formulae. The results of the experimental setting
are contrasted with the correlations reported in the literature. Without the presence of any
obstructions, the friction factor (f,) and Nusselt number (Nup) of plain tubes were calculated
and compared to the original Dittus-Boelter [85] and modified Blassius equation [86].
Dittus-Bolter equation:

Nu, =0.023Re® Pr®* (3.1)

Modified Blasius equation:

f,=0.316 Re%%® (3.2)
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Figure 3.4 shows the comparison of the expected and actual values of Nup and fp as a function
of Re. The findings from the experiment and those from the conventional equations are within
2-4% of one another, validating the precision of the experimental apparatus. No matter how
much care is taken, mistakes can still happen during experiments. As a result, it is crucial to

identify any potential errors, which is why Kline and McClintock's method [87] was used to

validate the data.
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Fig. 3.4. Comparison of experimental and predicted value of Nu, andf,.

3.4 Identification of performance criteria and governing equations

Three performance defining parameters, including Nusselt number of tubes with delta-shaped
obstacles (Nuaw), friction factor of tube with delta-shaped obstacles (faw), and thermo-hydraulic
efficiency (n4w), have been analysed for the performance of the delta-shaped obstacles in the
SWHS. The Nugw is employed to determine the rate of heat transfer between the flow fluid and
the solid body, and the f4w stands in for the pressure loss experienced by the fluid inside the
pipe as a result of contact with the fluid. The hindrance promoter is used by the scientist to
compare the performance of the SWHS to that of the plain tube SWHS. The ideal properties of

a SWHS are often greater Nuaw and naw values with a lower fgw value.
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Table 3 and 4 show the instrumental and experimental error respectively. The equations used
in the calculation of selected criteria values are given below.

The Re is calculated by the following equation.

D
Re = 2! (33)

Y7,

Where p,, is water density, u is speed of flow and D, is pipe diameter.

The f,, value is calculated using the pipe length (Lp), the pipe inner diameter (Dj), and the

pressure drop (d4p) using the following equation:

f=o (3.4)

el
D, 2
The heat gain (Q,,) is determined using the inlet (T,, ) and outlet (T, ) temperatures from the
flow of water as follows:
Qu=m,C,(Tou = Tin) (3.5)

The heat transfer coefficient is calculated by using the equation below:

AT ¢

A is the surface area of the heated tube, T, is the wall temperature of tube and T, is the fluid

bulk temperature.

The Nusselt number is calculated as:

Nug, = hvlzD‘ (3.7)

w

The thermo-hydraulic efficiency is determined using the following equation:

N f 0.33

udw dw

_ Taw 3.8
77dw NUp /[ fp J ( )
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Table. 3.4 Uncertainty intervals of various measurements.

PARAMETER EQUIPMENT/ ACCURACY
INSTRUMENT

Solar Intensity Pyranometer +0.5 W/m?

Length Linear scale +1mm

Temperature Digital type +1°C

measurement

Pressure measurement Pressure gauge +0.1 (Pa)

Pipe Diameter Varnier caliper +0.05 mm

Table. 3.5 Experimental error.

Sr.No. | PARAMETER Symbols Unit Experimental error (%)
1 Area of flow pipe | Ag, m? 0.002%
2 Area of heated tube | Ay, m? 0.12%
3 Determination  of | p,, Kg/m3 0.15%

density
4 Mass flow rate m,, kg/s 0.25%
5 Useful heat gain Qw w 2.2%
6 Heat transfer | h,, W /m?k 2.2%

coefficient
7 Nusselt number Nu,, Dimensionless 2.2%
8 Reynolds Number | Re Dimensionless 0.27%
9 Friction factor fw Dimensionless 1.22%
10 Thermal hydraulic | ng4, Dimensionless 3.43%

performance
parameter

Additionally, it is also examined that the heat losses are one of the major concerns in the solar

collector. There are various ways in which the heat losses will take place due to conduction,
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convection and radiation. The researcher used the toughened glass in order to minimize the
heat losses and helps in adverse climatic conditions. In order to ensure the lower heat losses
from the collector, it is very important to have the better thermal insulation from the side and
bottom of the system. Insulation materials are designed to absorb solar radiation, capturing and
retaining heat from the sun. This enhances the energy efficiency of buildings and reduces the
reliance on heating and cooling systems [88]. These materials are typically installed in walls,
roofs, and floors of buildings, and can be made from a range of materials, including fibreglass,
cellulose, foam board, and reflective coatings [89]. One common type of insulating material
that are used for solar radiation absorption is spray foam insulation, which is made from a
mixture of liquid chemicals that expand and harden into a solid foam. Spray foam insulation
provides an air-tight seal and high insulation value, making it an effective way to reduce heat
loss and gain through walls and roofs. Other types of insulation materials, such as reflective
coatings, are designed to reflect solar radiation away from buildings, reducing the amount of
heat that is absorbed by the building envelope. By incorporating insulation materials that can
absorb or reflect solar radiation, buildings can be made more energy-efficient and
environmentally friendly. Traditionally, insulating materials like rock wool, ceramic wool,
glass wool, polyurethane foam, etc. are utilized to reduce these heat losses [90]. Even though
there is much high-performing thermal insulation on the market, these materials nevertheless
face a number of difficulties, including costs, mechanical and thermal qualities, and health
issues. Thermal insulation is an essential component of many buildings, helping to reduce
energy consumption and improve indoor comfort. However, some insulation materials can pose
health hazards if they are not handled or installed properly. One such material is asbestos, which
was commonly used as insulation until the 1970s when its health risks were discovered.
Asbestos fibers can become airborne when insulation is disturbed or damaged, and when

inhaled, can lead to serious respiratory diseases, including lung cancer and mesothelioma.
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Other insulation materials, such as fibreglass, can also cause respiratory irritation if inhaled in
large quantities. To minimize the risk of health hazards, it is important to use insulation
materials that are non-toxic and safe for human exposure, and to follow proper handling and
installation procedures. These typical thermal insulations produce harmful compounds
throughout the design, manufacture, and implementation process in the form of mineral fiber
and synthetic binder dust or other air pollution or hazardous waste creation. Figure 3.5 shows

the detailed representation of S-FPC.

Solar radiation (a) Assembled view of collector

» Casing

b Header pipe

» Wooden assembly

(b) Unassembled view of collector

—— -]

/ » Toughened Glass

Absorber sheet

» Absorber tube/pipe

Fig. 3.5 Detailed representation of S-FPC.

In this experimental work, a study is also conducted to examine the importance of the eco-
friendly insulating materials for solar thermal collector. The different type of insulating
biodegradable materials that are used in this research work are rice waste, coco peat, stubble
waste and nitrile rubber as a naturally occurring biodegradable and eco-friendly easily available

waste materials.
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These dried insulating materials are then prepared for the experimental examination. In this
experimental examination nitrile rubber play a very crucial role for the preparation of the
thermal insulating materials. Nitrile rubber exhibits high thermal resistance, making it suitable
for insulation applications where heat retention or insulation against extreme temperatures is
required. Now the Nitrile rubber is prepared according to the collector size. The three different
nitrile sheets are prepared with three different Insulating materials coco peat, rice waste and
stubble waste. These insulating materials are fix on the upper surface of the nitrile sheet and
after that put again the nitrile sheet on the upper surface of it. Then there a sandwich type of
three insulating sheet is prepared for the experimental examination. The actual view of this
sheet is shown below. Figure 3.6 (b) illustrate the preparation of a sandwich insulating sheet

using nitrile rubber with various types of insulating materials.
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Nitrile rubber

~Msulating
> material sheet <

Nitrile rubber
sheet

-

Fig. 3.6. (a) Open dried insulating materials; (b) illustrate the preparation of a sandwich
insulating sheet, and (c) Prepared sandwich insulating sheet.

The prepared sandwich sheet is then fixed inside the collector. In the experiment, a weight of
80 kg was applied to the prepared sandwich nitrile rubber sheet of coco peat; rice husk and
stubble waste are shown in Figure 3.6 (c). This weight was kept in place for 48 hours.
Subsequently, the weight was removed, and the mixture was dried under direct sunlight for a
period of 5 days. These insulation sheets were then installed in the casing of the S-FPC to
prevent heat loss from the bottom of the system.

3.5 Performance assessment of an S-FPC

Insulation produced from coco-peat, stubble fibre and rice husk were used in the SWHS, and
its performance was evaluated under controlled settings to ensure it met ISO standards. Prior
to the evaluation, a visual inspection of the SC was performed to identify any signs of cracks.

The riser and header pipes were subsequently filled with water to ensure there was no leakage
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of water. Throughout the tests, a constant flow rate of 0.02 I/s of cold water at the inlet were
maintained. The pyranometer is used to measure the /.. This particular device is capable of
accurately measuring solar radiation levels up to 2000 W/m?. The various measuring
instrument used in this experimental work are Linear scale, thermocouple, pressure gauge and
vernier clipper etc. Figure 3.7 show the schematic representation of S-FPC using thermal

insulating materials.

Nitrile rubber sheet

Insulating material sheet
of rice husk, stubble fibre
and coco-peat

Fabrication part

Nitrile rubber sheet

.(") ) :
(a) Coco peat (b) Rice husk (c) stubble fibre

L 50
SB .

Fabrication of solar collector
using thermal insulating
materials

Fig. 3.7 Schematic representation of S-FPC using thermal insulating materials.

The S-FPC (solar flat plate collector) water heating system's effectiveness was assessed in
diverse weather conditions by employing specifically designed insulation materials. To gauge
the system's performance, various factors were measured, including the water's mass flow rate,
the temperatures of the fluid at the inlet/outlet, the collector area, and the /. The efficiency of

S-FPC (denoted as 1) is calculated using the subsequent formula.

. ﬁ _ mcp(Tfo_Tfi)

== Acls (3.9)
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In the equation provided by [30], the solar collector efficiency (1), expressed as a percentage,
is determined by several variables. These variables include the useful heat output (Qu) in watts
(W), the mass flow rate () in kilograms per second (kg/s), the specific heat capacity of water
(CP) in joules per kilogram per degree Celsius (J/kg’C), the gross collector area (Ac) in square
meters (m?), the incident global solar radiation (I) in watts per square meter (W/m?), and the

fluid outlet temperature (Tf,) and inlet temperature (Tf;) in degrees Celsius (*C).
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CHAPTER 4
RESULTS AND DISCUSSIONS

4. Introduction

This chapter discuss the experimental details of SWH by using the delta obstacle. On based on
these experimental results we are applied the different MCDM approach with perforated and
non-perforated delta obstacle. The CRICTIC-COPRAS optimization technique is applied to
non-perforated delta obstacle and AHP-ARAS optimization technique is applied to perforated
delta obstacle. Beside these the author also examined the importance of the heat losses control
by using the different types of eco-friendly insulating materials in solar thermal collector. The
importance of the different eco-friendly insulating materials such as rice husk, coco-peat and
stubble fibre are experimental studied in details. The details result of the MCDM approach for
perforated and non-perforated delta obstacle and experiments results for eco-friendly insulating
materials are discussed in details in this chapter. The result part is divided into three main

classes:

1. CRITIC-COPRAS MCDM optimization approach applies on non-perforated delta obstacles.

2. AHP-ARAS MCDM optimization approach applies on perforated delta obstacles.

3. Experimental examination of eco-friendly insulating materials to analyse their impact on

heat transfer characteristics.
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4.1 Case I: CRITIC-COPRAS MCDM optimization approach applies on non-perforated
delta obstacles.

Proposed Methodology

Figure 4.1 depicts the overall algorithm of the suggested MCDM model employed in this study.
The suggested model is divided into three phases (Table 4.1), which are:

Phase 1: Alternatives, criterion, and performance matrix

Phase 2: CRITIC method

Phase 3: COPRAS method

Fig. 4.1 Structural design of the proposed methodology.
Table 4.1 Various parts of proposed MCDM model.

Criterion

C, C, C
Weight

0, @, @y,
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Alternatives Ranking

Performance matrix

A1 p11 p12 plx Ql
Az P2 P2, Pas Qz
Ah phl phz Px Qh

Phase 1: Alternatives, criterion, and performance matrix
For any decision-making problem a performance matrix must be first formulated for the
selected design alternatives and performance criteria. For 7 alternatives and X criteria, a

performance matrix can be structured as follows:

C]_ C2 Cj C?L
A Pu Po o Py oo P
Az Pa Pz oo P2y oo P
) : . . : : 4.1
phxk A| pil pi2 plj pm ( )
A, P Paz oo By oo P

A (A, i=12,--, h) is the i" alternative, C, (Cj, 1=12,--, 7&) is the j" criterion, while P;

denotes the i alternative value with respect to the j" criterion.

Phase 2: CRITIC method

The CRITIC method, developed by Diakoulaki et al. [91], is generally utilized to determine
the attributes weight in a decision-making problem. Generally, the procedure of CRITIC
method includes the following steps: -

Step I: Data normalization, where the structured performance matrix was normalized using the

following equation.
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_ Py —min(p;)
~ max(p;)-min(p,)’

i if j is favourable criterion and

B max(p;) — p;
- max(p;)-min(p;)’

" if j is non-favourable criterion (4.2)

Step II: Correlation coefficient ( y ), a correlation value is determined between two criterion

using following equation:

ij:\/ = 7 — (43)

SV, i=Leh (4.4)

Step IlI: Calculation of standard deviation ( p;), where p; is determined using following

equation.

i1

1 &0 —v.
pj:\/ﬂz(vn—vj)z; i=1,% (4.5)

Step 1V: calculation of criterion performance index value (&;), according to the following

equation:

x

g=p > -2.) J=1-% (4.6)

j=1
Step V: In the last step the criterion weights are calculated using the following equation:

o= j=lek 4.7)

%
2.%)

j=1
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Phase II1: COPRAS method

In COPRAS the ranking is described though relative significance of alternatives with different
criterion which was proposed by Zavadskas et al. [92]. The various steps associated with
COPRAS method are described as follow:

Step I: Normalization of the performance matrix is performed by using following equation.

N = Pi i=12--,hand j=1,2,---, & (4.8)

U : (pij)

Step I1: Weighted normalized performance matrix (@;; ) formulated using following equation.
ZU-IJ:NUX&)J i:1,2,"',handj=1,2,"',7§4 (4.9)

Step I11: The sum of weighted normalized performance matrix is computed according to the

implication of the criterion as:

9. = Z a.j

(4.10)

j=1
)

Where A and A — Aare the criteria to be maximized and minimized.
Step 1V: The relative importance of the design alternatives (€2;) determined in this step using

following equation.
Q=¢,+—2— (4.11)

Step V: The absolute priority of the alternatives is finding in terms of utility values using

following equation.

@i(%):g?i <100 fori=1,2,...h (4.12)

max
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Where Q.. is the upmost relative importance value. The absolute priority of the alternatives

remains in between 0-100% and the design alternative with highest absolute priority is the most
suited design.

4.1.1 Experiment results

4.1.1.2 Effect of parameters on performance criteria

The experimental results of the investigated SWHS alternatives in terms of selected criteria are
presented in Table 4.2 and depicted in Figs. 4.2-4.4. Where C-1, C-2 and C-3 represent nusselt
number, friction factor and thermo-hydraulic efficiency respectively and ‘A’ represent
alternative.

Table 4.2 Experimental data of the alternatives.

Alternatives C-1 C-2 C-3 Alternatives C-1 C-2 C-3

A-1 18.60 0.718 2.47 A-14 68.80 0.641 1.77
A-2 37.20 0.618 2.07 A-15 79.80 0.635 1.63
A-3 50.20 0.561 1.82 A-16 16.07 0.720  2.25
A-4 62.50 0.543 1.69 A-17 35.10 0.610 1.98
A-5 72.30 0.534 1.57 A-18 48.10 0.560 1.77
A-6 20.10 0.928 291 A-19 60.09 0.541 1.63
A-7 4330 0.816 2.55 A-20 69.80 0.535 1.52
A-8 61.00 0.763 2.36 A-21 21.80 0.923  2.75
A-9 76.60 0.746 2.20 A-22 43.60 0.811  2.25
A-10 90.90 0.734 2.12 A-23 63.50 0.758  2.08
A-11 17.31 0.820 241 A-24 79.50 0.741 1.93
A-12 39.61 0.710 2.12 A-25 93.50 0.731 1.83
A-13 55.73  0.660 1.89

From the experimental results, it can be inferred that the flow and geometric parameter
combinations of Re, Pay and Baw have a significant effect on the evaluated performance
characteristics of SWHS. For the alternative set of A-1 to A-5 (Table 4.2, Fig. 4.2), the Re varies

from 200-1800 while the Baw and Pay values are fixed at 0.15 and 0.5, respectively. The
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outcome shows that the value of the Nug, increases from 18.60 for alternative A-1 to 72.30 for
alternative A-5. This enhancement in Nug, is credited to properly mixing the fluids at this
particular range of Bay and Pay. As the Bayw changed from 0.15 to 0.2 (alternatives A-6 to A-10),
an enhancement of ~8-26% in Nua, was recorded and remained between from 20.10 to 90.90.
For increased Baw from 0.15 to 0.2, the flow rate of fluid increases. With this increased flow,
the fluid particle gets maximum congregation and carries heat along the pipe's boundary that's

helps to yield optimum heat.

Fig. 4.2. Variation of Nua, (C-1) with alternatives.

Furthermore, the Pas changed from 0.5 to 1 for alternatives A-11 to A-15; a gradual decrease
of ~12-14% in Nuayw was recorded, further reducing by ~7-12% as the P, changed from 1 to
1.5 for alternatives A-16 to A-20. This low heat transfer with increased pitch ratio was
described to the increased distance between the two consecutive winglets. With increased
distance, fluid does not create swirl generation, resulting in a low heat transfer rate. The highest
range heat transfer rate was recorded for the alternatives A-21 to A-25, having Re of 200-1800,

Baw of 0.25 and Paw of 0.5. The fluid-particle mixes properly inside the pipe and absorb heat
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from the surface of the tube. The fluid gets favourable time to flow from one end to another
and create the vortex generation along the face of the winglet and gain maximum heat. The
minimum and maximum Nug, values of 16.07 and 93.50 were recorded for A-16 and A-25,
respectively. The results of fa, are presented in Fig. 4.3. The figure revealed that the fu was
found to decrease with increased Re values. For alternatives A-1 to A-5 (Re = 200-1800,
Baw=0.15, P#~=0.5) the fu was decreased from 0.718 for A-1 to 0.534 for A-5. This may be
understandably attributed to the retardation of the flowing fluid is not enough to create friction

at this particular range of alternative.

Fig. 4.3. Variation of fa, (C-2) with alternatives.

As the Bay increased to 0.20 for the exact condition of Re and Paw, a gradual increase in fa, was
noted in alternatives A-6 to A-10 and remained between 0.734 and 0.928. As the Baw is
increased the fluid gets large surface area of the winglet to create the friction along the path.
The lowest and highest fa, values of 0.534 and 0.928 were recorded for A-5 and A-6,

respectively. With a further increase in Baw to 0.25 (alternatives A-21 to A-25), a slight decrease

Institute of Material Science, Faculty of Engineering 55



Chapter 4 Results and Discussion

in fa4,» was recorded for the same conditions of Re and Pa.. This might be ascribed to the height
of the winglet is large witch restrict the flow rate of fluid and resulted in lower friction rate.
Compared to alternatives A-6 to A-10, the value of /4, was found to decrease as the P4, changed
from 0.5 to 1 for alternatives A-11 to A-15. With a further increase in Paw to 1.5 (alternatives
A-16 to A-20), the fa decreased further to 0.535-0.720. As the Pay is increased the fluid
hindrance rate between two consecutive winglets is less which interns create a low friction rate.
Also, the naw which evaluates the overall performance improvement of the SWHS was

computed using Eq. 3.8 and depicted in Fig. 4.4.

~

T

Fig. 4.4 Variation of 54y, (C-3) with alternatives.
It can be evident from Table 4.2 and Fig. 4.4 that with an increase in Re from 200 to 1800, at a

constant Bay, of 0.15, Pay of 0.5 (i.e., alternatives A-1 to A-5), the 74w decreases. However, as
the Bayw increased to 0.20, a steep increase of 18-35% in 54w was noted for alternatives A-6 to
A-10 and remained between 2.12-2.91. With a further increment in Bayw to 0.25, the 7w

decreased for alternatives A-21 to A-25 and fluctuated between ~1.83-2.75. As the P,
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increased from 0.5 to 1, naw decreased by 17-23% and fluctuated between ~1.63-2.41. With a
further increase in Pay to 1.5, a decrement in 74, was recorded for alternatives A-16 to A-20.
The smallest 74 was registered for alternative A-20 with Re = 1800, Baw = 0.2 and Pay = 1.5.
Whereas the maximum 74, value of 2.91 was recorded for the alternative A-6 having Re of
200, Baw of 0.20 and Pay of 0.5. At this range of Paw, the fluid gets maximum hindrance with
the delta-shaped obstacles. The final performance of SWHS depends upon the combination of
design and flow parameters such as; Re, Ps» and Baw. The optimal combination of these
parameters contributes to enhancing device performance in terms of working criteria of Nuay,
faw and nay. For efficient working of SWHS, higher values are preferred for Nuaw and #aw,
whereas a lower value is desirable for fav. As indicated in Table 4.2 and Figs.4.2-4.4, the results
of the evaluated criteria are found to be intensely dependent on the combination of design
parameters and without any pronounced trend. The Nuay of alternative A-25 was higher (93.5),
but its #a remains on the lower side (1.83). The fa. of alternative A-25 was lowest (0.534)
among all investigated design alternatives, but it exhibits the second-lowest #ay value (1.57).
Conversely, the #av value remains highest (2.91) for alternative A-6, but it exhibits the highest
faw (0.928) value with a smaller Nua, value of 20.10. The results uncover no particular design
alternative that shows the best performance by considering all criteria simultaneously. Hence,
it is difficult to suggest a design alternative for the SWHS to deliver the highest performance.
Accordingly, to pick the best design candidate by considering all criteria together, the COPRAS
approach coupled with the CRITIC method was implemented.

4.1.1.3 CRITIC method for criteria weight calculation

The solar water heater design selection problem consists of three criteria and twenty-five
alternatives, as presented in the form of a performance matrix in Table 4.2 using Eq. 4.1. In
hybrid COPRAS-CRITIC approach, the criterion weight has great significance. The criterion

weights are computed by using CRITIC method. The method was initiated by normalizing the
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performance matrix by using Eq. 4.2. Thereafter, the normalized matrix was used to calculate

the correlation coefficient ( y; ) and standard deviation ( p; ) values using Eq. 4.3 and Eq. 4.5,

respectively. After calculating the performance index value (&;) using Eq. 4.6 the criterion

weight was determined using Eq. 4.7. The results obtained from CRITIC method are
summarized in Table 4.3. The order of criterion weight was obtained as C-3 (0.3970) >C-2
(0.3137) >C-1 (0.2893).

Table 4.3 Results of CRITIC method.

Criteria

C-1 C-2 C-3
Pi 03020 0.2944 0.2663
€| 0.6867 0.7447 0.9426
@ 0.2893 0.3137 0.3970

4.1.1.4 COPRAS approach for final ranking

After criterion weight calculation COPRAS approach was implemented to find the
combination of design and flow parameters with optimal device performance. For ranking
analysis, the performance matrix was first normalized by applying Eq. 4.8 and presented in
Table 4.4.

Table 4.4 Normalized performance matrix.

Alternatives  C-1 C-2 C-3 Alternatives  C-1 C-2 C-3

A-1 0.0041 0.013 0.0190 A-14 0.0150 0.0116 0.0136
A-2 0.0081 0.0112  0.0159 A-15 0.0174 0.0115 0.0125
A-3 0.0110 0.0101  0.0140 A-16 0.0035 0.0130 0.0173
A-4 0.0136 0.0098 0.0130 A-17 0.0077 0.0110 0.0152
A-5 0.0158 0.0097 0.0121 A-18 0.0105 0.0101 0.0136
A -6 0.0044 0.0168 0.0224 A-19 0.0131 0.0098 0.0125
A-7 0.0095 0.0147  0.0196 A-20 0.0152 0.0097 0.0117
A -8 0.0133 0.0138 0.0182 A-21 0.0048 0.0167 0.0212
A-9 0.0167 0.0135 0.0169 A-22 0.0095 0.0147 0.0173
A-10 0.0198 0.0133  0.0163 A-23 0.0139 0.0137 0.0160
A-11 0.0038 0.0148 0.0186 A-24 0.0174 0.0134 0.0149
A-12 0.0086 0.0128 0.0163 A-25 0.0204 0.0132 0.0141
A-13 0.0122 0.0119 0.0145
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Next step was to obtain the weighted normalized performance matrix (@ ) by using Eq. 4.9.

After that sum of weighted normalized performance matrix values was computed according
the implication of the criterion using Eq. 4.10. The sum of weighted normalized (¢,; and ¢ ;)
values were associated with the performance implication (larger-is-better and smaller-is-better)
of the selected criteria. The relative importance of the alternatives (€2, ) was computed using
Eq. 4.11 while the absolute priority of the alternatives is determined in terms of utility values (

®, ) using Eq. 4.12. The computed 2; , @, values and ranking of the alternatives are tabulated

in Table 4.5. It was evident that the utility value (®;) for the design alternative A-10 has the

highest performance (100%) which is closely followed by design alternative A-25 with a
performance of 96.85%. Whereas for design alternative A-16, the utility value was 68.49% and
found to remains lowest. Therefore, the hybrid COPRAS-CRITIC analysis showed that the
design alternative A-10 with parameters Re =1800, Bsw= 0.2 and P4,=0.5 is considered as the
best design for solar water heating application.

Table 4.5 The ranking of the alternatives.

Alternatives Q @ Ranking Alternatives Q @ Ranking
A-1 0.0349 73.32 23 A-14 0.0418 87.82 10
A-2 0.0377 79.20 17 A-15 0.0432 90.76 6
A-3 0.0402 84.45 13 A-16 0.0326 68.49 25
A-4 0.0423 88.87 9 A-17 0.0368 77.31 20
A-5 0.0437 91.81 5 A-18 0.0393 82.56 16
A-6 0.0359 75.42 21 A-19 0.0413 86.76 11
A-7 0.0395 82.98 15 A-20 0.0427 89.71 7
A-8 0.0426 89.50 8 A-21 0.0352 73.95 22
A-9 0.0450 94.54 3 A-22 0.0372 78.15 18
A-10 0.0476 100.00 1 A-23 0.0411 86.34 12
A-11 0.0328 68.91 24 A-24 0.0438 92.02 4
A-12 0.0369 77.52 19 A-25 0.0461 96.85 2
A-13 0.0396 83.19 14
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4.1.1.5 Sensitivity analysis

Furthermore, the sensitivity analysis of the proposed CRITIC-COPRAS approach was
conducted by generating new weights, and their effect on the changes in the rankings of the
alternatives was analysed. This sensitivity analysis has been performed by decreasing and
increasing a criterion weight in three steps (£5%, +10% and +15%). The weight ratios of the
other criteria were obtained concerning the proportionality that the total weight of all the
criteria equal one. Figure 4.5 shows the alternative's ranking with a change in the weights of

the selected criteria for sensitivity analysis.
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Fig. 4.5 Sensitivity analysis.

Analyzing the data presented in Fig. 4.5, it can be concluded that the alternative A-10 remains
first-ranked, whereas the alternatives A-25 and A-9 remain the second-and third-ranked in the
sensitivity analysis. After that, some sensitivity in the ranking was observed as the alternatives
swap places. However, these changes do not significantly affect the final results of the proposed

CRITIC-COPRAS approach, as the target was to find out the optimal alternative from a pool
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of available alternatives. In all analyzed scenarios, alternative A-10 remains dominant. The
sensitivity results were also confirmed by the Spearman correlation coefficient value, which
was greater than 0.983 in all scenarios, indicating a high correlation. As a result, it can be
concluded that the proposed ranking is valid and reliable.

4.2. Case Il. AHP-ARAS MCDM optimization approach applies on perforated delta
obstacles Overview of integrated AHP-ARAS method

An integrated AHP-ARAS approach has been developed in this work for ranking the best
SWHS alternatives. The proposed method's algorithm is depicted in 4.6. The approach involves

AHP to determine SWHS criteria weight and the ARAS method to determine the best SWHS

alternative.

Fig. 4.6. Algorithm of proposed AHP-ARAS method.

Table 4.6 The selected design alternatives.

Alternatives Re o Pan Alternatives Re Qg Pan
A1 400 15 0.5 Ao 1200 45 1.5
Az 800 15 0.5 Ao 400 45 1
Az 1200 15 0.5 A 800 45 1
A4 400 30 0.5 A 1200 45 1
As 800 30 0.5 Az 400 45 2
As 1200 30 0.5 A 800 45 2
A7 400 45 1.5 Ais 1200 45 2
As 800 45 15
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4.2.1 AHP method for weight calculation

AHP is a well-recognized MCDM tool widely applicable for prioritizing and selecting sub-
criteria, criteria, and alternatives using a comparison matrix [93]. This method's main
advantages include the ease of handling tangible and intangible criteria and a consistency check
to validate the final judgments. The AHP approach is utilized in this study to determine the
weight of specified criteria for SWHS selection. For this, a pair-wise comparison matrix is

constructed using a standardized comparison scale of 9 points [93]. For N criterions

(c =42, N )the pair-wise comparison matrix (P,,, )is constructed as:

C1 Cz Cs"' CN
Cl P Pi, Pz - Pin

Co|Pa Po Pu P N 1
P\ = E2 E21 szz E23 s2N pijzllflzj,pji=p_,pij¢0 4.13)

ij

CN Pni Pnz Pansr P

Normalization of the geometric mean method is used to determine the weight (w;) of each

criteria as [94];

IT.», P
Z. L p.,}

It is reported in the literature that AHP superiority is firmly related to the consistency of the

i=12--- N (4.14)

pair-wise comparison outcomes. The consistency ratio (CR) is computed as,

Consistency index (CI)

CR = -
Random lindex (RI)

(4.15)

Here RI value is decided according to the order of the constructed pair-wise comparison matrix

[93]. The CI value is determined using following equation,

Cl = Zmax (4.16)
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Here N is the number of criteria and 4, is the maximum eigenvalue.

X
Suppose the calculated CR value is equal to or less than the recognized limit of 0.1. In that
case, it shows that the evaluation within the matrix is appropriate or that the comparison
judgments expressed in that matrix have a suitable level of consistency. If the CR value is more
than 0.1, the pair-wise comparison matrix is recreated to increase consistency.

4.2.2 ARAS method

Zavadskas et al. [92] present the ARAS (additive ratio assessment) technique, which has proven
to be a more effective tool for prioritizing and ranking diverse alternatives in various
engineering and management areas. The ARAS technique has been used to efficiently manage
complex and ambiguous decision-making situations by estimating the utility degree for each
alternative and considering the selected criteria' optimal value. After utilizing AHP to evaluate
the weights for each selected criterion, ARAS analysis calculates the utility degree values for
each selected option. The ARAS approach has a total of five steps in its mathematical version:
Step I: Creation of a decision matrix

Here the selected alternatives and criteria are expressed in the form of a decision matrix.

Generally, a decision matrix (U) for any MCDM problem with M alternatives

(A| i=012---, M ) to be evaluated by N criteria (Cj‘ j=12,-, N )is constructed as:

C, C, - C;, - Cy
Ao Uy Up - u0j o Uy
A1 Uy U, - ulj e Uy

Uz ° : : . : . : @.17)
Ai Ui, Up oo uij o Uiy
AM Uy Uwo Uy Unn
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An element u; of the decision matrix signifies the performance score of the i™ alternative, A
with respect to the jth criterion, C;. Also, the Uy; in the decision matrix indicates the optimal

value of jth criterion and determined using following equations.

Uy; = Max(u; ) , if j € beneficial criterion

Uy; = Min(u; ), if j € non-beneficial criterion

Unlike other MCDM methods, the ARAS technique provides a line of optimal values in the
initial matrix for each criterion.

Step II: Decision matrix normalization

For comparative analysis following formulae are used for matrix normalization:

u.
M, =———, if j € beneficial criterion (4.18)

] M
2.

=0

1
u.

R, = ———  if j € non-beneficial criterion (4.19)

M=

1
u;

o

Step III: Weighted normalized decision matrix

In this step weighted normalized decision matrix was obtained using the following equation.

Oy Wy - Wy, oy
o, Oy @y N
o = (4.20)
@y W o Wy o Oy
Tyy Tyy o Ty Tyn

Where, @; =R; x @

Step IV: Optimality function calculation
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The optimality function (¥;) of each alternative is determined using the weighted matrix as

follows:
¥ => o (4.21)

The value of the optimality function of the i alternative is denoted by ;. The highest ¥,
value is regarded as the best, while the lowest ‘¥, value is regarded as the worst.

Step V: Utility degree calculation

The process is finished in the final step by computing the utility degree (€2;) and determining
the ranks. According to the following equation, ;is derived by comparing the optimality

function of the alternatives ('¥';) to the optimality degree of the best decision option (‘¥ ):
Q, =— (4.22)

The candidate with the highest Q; is suggested as the optimum alternative.

4.2.3 Experiment results

4.2.3.1 Angle of attack and pitch ratio impact on thermal performance

The angle of attack (ag4,) plays a vital role in the thermal enhancement of the system. The
experiments are performed at three a4,=15°, 35°, and 45°. The experimental outcomes show
that different a4, gives different heat transfer rates. It was concluded from the results that at
agn=45°, the system displays an optimum heat transfer rate. The surface area of the delta
obstacle has sufficient so that the flowing fluid comes in contact with this winglet and carries
away the maximum heat. At a;,=15°, the secondary fluid stream generation caused by the
transversality of the obstacle in the fluid channel is less, which results in substantially less heat
transfer enhancement. The analysis can be evident with the help of Fig. 4.7. The effect of the

P,y 1s also analyzed with the help of Fig. 4.8. The space between each winglet is sufficient for
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fluids with greater Py, to generate the maximum amount of swirl, which speeds up the rate of
heat transfer. As P, decreases to 0.5, the flow reattachment does not happen, resulting in low

heat transfer rate.

* idout Pl Flidout

Delta
obstacle

ag=15 am=30 =45
Fig. 4.7 Schematic representation of delta obstacle with different angles of attack.

/* Fluid out

/" Fluid out Fluid out

flow

Fidin /
Pan=0.5 Pan=1 Pin=15
Fig. 4.8. Represent the schematic representation of delta obstacle with varying pitch ratios.

4.2.4 Influence of design parameters on the performance of selected criteria
The outcomes of the evaluated SWHS design alternatives are illustrated in Fig. 4.9 and Fig.
4.10. Figures 4.9 and 4.10 consists of fifteen SWHS design alternatives (A1 to As as described
in Table 4.6) and three properties (Nuy,= Ci1, fzn= C2, and n4,= C3) fixed as selection criteria.
The results demonstrate that the various combinations of design parameters significantly affect

the performance of the examined criteria. For design alternatives A to A3 (Fig. 4.9), the Re

Institute of Material Science, Faculty of Engineering 66



Chapter 4 Results and Discussion

varies from 400-1200 while the a;;, (15°) and Py (0.5) are fixed. With increased Re values,
the Nugpy, increases to 26.28 for design alternative A to 66.54 for design alternative Asz. This
improvement in Nugy, is credited to swirl generation by adequately mixing of the working fluid
inside the absorber tube for this particular range of the a 45, and P, . As the a4, changed from
15° to 30° and P, remained unchanged (0.5), the Nuy, enhanced from 33.3 for design
alternative A4 to 79.54 for design alternative A¢. Further enhancement in Nugj, is due to the
change in a4;,. As the ay;, increases from 15° to 30°, the impact of obstacle is comparable to
that of a transverse obstacle, which has a high rate of heat transfer due to the creation of a
secondary vortex fluid stream. For design alternatives A7 to Ao, ag4), changed from 30° to 45°,
and Pyj changed from 0.5 to 1.5. A slight enhancement in Nugj, was recorded as it increased

from 34.30 for design alternative A7 to 80.54 for design alternative Ao.

100 = 0.75
u = L
] _-_f dh Max. f;,=0.73% Max. Nug,=90.55 070
90 | dh ] - U.
- 0.65
80 L
L 0.60
c 704 - 0.55
5 I 5
Z 60 - - 0.50 ™
IIP ON
O 504 L 0.45
L 0.40
40 - L
- 0.35
301 L 0.30
20 - 0.25

N DD o bvfp?:\?@avg%\e?}\v@%@%\uv@

Alternatives

Fig. 4.9 Variation of Nug;, (C1) and fy, (C2) with alternatives.

For the alternative Ao to A1z, the Re varied from 400-1200, while a g, 1s 45° and Py, is 1. The

results show that the C increases from 41.45 for alternative A10 to 90.55 for alternative A».
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The alternative A1> offers the highest value of Nugy,. At this particular a;,=45° and P;,=1,
the water gets the maximum surface area of the winglet and the appropriate distance between
the winglet that can help the fluid to gain the maximum heat from the wall surface of the
absorber tube and also due to the proper mixing of the fluids. This could be result of a surge in
turbulence that accelerated mixing, shattered the thermal boundary layer, and increased the Nu
in the pipe. Near the leading edge of the perforation, the water flow creates a swirl from the
delta obstacle surface and after that; the flow was reattached to the delta obstacle at the back
of the perforation. Therefore, some sought of vortex are generated that helps to rise the local
mixing of flow close to adjoining area. That will enhance the exchange of energy and therefore
enhance the heat transfer rate [95, 96]. Compared to alternatives Ajo-A12, as P;p, changes from
1 to 2 and a4, remains constant at 45°, a decline of 25-34% in Nug;, for alternatives Ai3 to Ais
was observed. This decrease in Nugy, occurs because the distance between the winglets is too
great for large values of Py, . As a result, the fluid that is moving obtains the maximum amount
of time for stagnation along the path. As a result, the fluid does not produce a full swirl, and
the rate of heat transfer is also reduced. The f;;, results are presented in Fig. 4.9, revealing that
the f;, decreased with increased Re values. For instance, in design alternatives A to A3 (Re =
400-1200, agp=15°, Py, = 0.5), the f;;, was reduced from 0.53 for A to 0.38 for As. For this
range of parameters, the fluid retardation was insufficient to cause friction, resulting in a
decrease in f45,. The same is the case for the alternative set A4 to Ao, and the f;, is decreased
from 0.62 for A4 to 0.52 for A9. It is concluded from the results that the minimum and
maximum fy, are found for the alternatives Az (0.38) and Aio (0.73), respectively. The
enhancement in fy;, for alternative Ao is due to the larger surface of the winglet, i.e., agy, (45°)
and Py, value of 1 between the winglet is not enough to stagnated the fluid inside the pipe and

create maximum swirl along the path. This contributes to making the fluid flow more turbulent.
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But as we have seen for the alternative set A3 to Ais (Re = 400-1200), az,=15°, Pyp= 2, the
fan Was decreased from 0.52 to 0.43.

From the investigation of Nug, and f; behaviours, it is concluded that insertion of perforated
delta barrier in the absorber tube of SWHS leads to enhanced heat transfer, but at the cost of
increased friction factor. Therefore, it is important to choose a design that not only provides
maximum heat transfer but also keeps the friction factor at the lowest possible level. In order
to achieve this goal of simultaneous consideration of thermal as well as hydraulic performance
a parameter known as thermohydraulic efficiency/performance (1,45) has been utilized by the
researchers [97, 98]. The 1y, for various SWHS design alternatives was calculated using Eq.

3.8 and corresponding results are depicted in Fig. 4.10.
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Fig. 4.10 Variation of 4 (C3) with alternatives.

For the design alternatives A to Az (Fig. 4.10), the Re varies from 400-1200 while the a4y,
(15°) and P, (0.5) are fixed. With increased Re values, the 145, decreases from 2.05 for design
alternative A to 1.65 for design alternative As. With the further increase in the ayy from 15°-

30° and the value of the P;;, remaining constant at 0.5, it was noted that the 1,4, increases for
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alternatives A4 to Ag and remains between 2.33 to 1.80. The further increment in the P, from
0.5 to 1.5 and a4;, from 30° to 45° for alternatives A7 to Ao, 145, fluctuated between ~2.44-1.87.
The ng4p, performance remains lowest (1.65) for design alternatives Az (Re = 1200, az,= 15°,
and Py, =0.5) and A5 (Re= 1200, a4,=45°, and Py, =2). In contrast, the highest 14, value (2.75)
was registered for design alternative Ao (Re =400, az,=45° and Pgp=1).

It is evident from Fig. 4.9 and Fig. 4.10 that the changes in design parameters (Re, P;p, and
aapn) considerably influence the evaluated performance criteria (Nugp, fan, and ng4p). The
findings for the examined criteria are incredibly reliant on the parameter’s combination and
without any distinct trend. The highest value of 90.55 for Nug, was recorded with design
alternative A2 but exhibited the third highest f;;, value (0.65). For design alternative A3, the
fan value remains the smallest (0.38) but also displays the lowest 14, value (1.65). The largest
Nan Vvalue of 2.75 was recorded for design alternative Ao but showed highest f,;;, (0.73) value
with a lower for Nug;, (41.45). The results show that no single design alternative performs best
when all criteria are considered together. As such, it becomes challenging for SWHS to
recommend a design option that best serves each criterion. Accordingly, to select the best
SWHS design alternative, the ARAS approach was proposed in conjunction with the AHP
method.

4.2.5 Ranking of the design alternatives

4.2.5.1 AHP for criteria weight prioritization

The AHP method was carried out to calculate the weight of the various performance criteria.
Table 4.7 shows the pair-wise comparison matrix and results of AHP. Considering the values
presented in pair-wise comparison matrix (Table 4.7), the weights are calculated as 0.461,

0.231, and 0.308 for each criterion including Nuan (C1), fan (C2) and nan (C3) respectively.
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Table 4.7 Comparison matrix and weight results.

Pair-wise comparison matrix Results of AHP

Ci C Cs Consistency parameters Weight (@, )
C 1 2 3/2 Amax=3.000001 0.461
C 172 1 3/4 RI=0.58 0.231
Cs 2/3 4/3 1 CR=0.0000008 0.308

For determined value of 4, =3.000001, the CI value for N=3 is calculated using Eq. 4.16 as;

A —N_3.000001-3

Cl = =
N-1 3-1

= 0.0000005

For N=3, the RI value is 0.58, the CR is calculated using Eq. 4.15 as;

_ Cl_ 0.0000005

CR=—=
RI 0.58

=0.0000008

The criteria weights are acceptable as the computed CR value is nearly zero, indicating that the
generated pair-wise comparison matrix has a high level of consistency.

4.2.6 Final ranking of the alternatives

After calculating the weight of the different performance criteria, the ranking of selected SWHS
alternatives has been evaluated. The results of the fifteen SWHS design alternatives concerning
the three selected performance criteria are tabulated in a decision matrix as presented in Table
4.8. The normalized (Table 4.9) and weighted normalized (Table 4.10) decision matrix are
formulated using Eq. 4.18-4.20.

Table 4.8 Experimental results arranged in the form of a decision matrix.

Alternatives C; C Cs Alternatives Ci C G

Ao 90.55 0.38 2.75 As 59.30 0.57 2.09
A 26.28 0.53 2.05 Ao 80.54 0.52 1.87
As 46.77 0.45 1.82 Aio 41.45 0.73 2.75
Az 66.54 0.38 1.65 A1l 67.20 0.68 2.35
Ay 33.30 0.62 2.33 A1 90.55 0.65 2.07
As 58.30 0.55 2.04 Az 27.28 0.52 2.09
As 79.54 0.49 1.80 Ais 47.77 0.45 1.84
A7 34.30 0.63 2.44 Ais 67.54 0.43 1.65
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Table 4.9 The normalized decision matrix.

Alternatives C; C Cs Alternatives C; C Cs

Ao 0.0987  0.0850 0.0819  Asg 0.0647  0.0567  0.0622
Al 0.0287  0.0609  0.0610 Ao 0.0878  0.0621  0.0557
Az 0.0510  0.0718  0.0542 Ao 0.0452  0.0442  0.0819
As 0.0725  0.0850  0.0491 An 0.0733  0.0475  0.0700
Ay 0.0363  0.0521 0.0694 A 0.0987  0.0497  0.0616
As 0.0636  0.0587  0.0607  Ai3 0.0297  0.0621  0.0622
As 0.0867  0.0659  0.0536 A 0.0521  0.0718  0.0548
A7 0.0374  0.0513  0.0726  Asis 0.0736  0.0751  0.0491

Table 4.10 The weighted normalized decision matrix.

Alternatives Ci C Cs Alternatives Ci C Cs

Ao 0.0455  0.0196  0.0252  Asg 0.0298  0.0131  0.0192
Al 0.0132  0.0141  0.0188 Ao 0.0405  0.0143  0.0171
Az 0.0235  0.0166  0.0167 Ao 0.0208  0.0102  0.0252
As 0.0334  0.0196  0.0151 An 0.0338  0.0110  0.0215
A4 0.0167 0.0120 0.0214 A 0.0455  0.0115  0.0190
As 0.0293  0.0136  0.0187  Aj;3 0.0137  0.0143  0.0192
As 0.0400 0.0152  0.0165 A 0.0240  0.0166  0.0169
A7 0.0172  0.0118  0.0224  Ajs 0.0339  0.0174  0.0151

Using weighted normalized (Table 4.10) decision matrix, for each alternative the ‘¥,

(optimality function) values are calculated using Eq. 4.21 as follows:

¥, =0.0455+0.0196 +0.0252 = 0.0903
Y, =0.0132+0.0141+0.0188 = 0.0461
¥, =0.0235+0.0166 +0.0167 = 0.0568

¥, =0.0339+0.0174 +0.0151=0.0664
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The computed ‘¥,values for each alternative are presented in Table 4.11. Finally, by

considering the ¥ as optimum value the utility degree (€2,) of each alternative is computed

using Eq. 4.22 as follows:

0, = 2046145105
0.0903
= Q0968 _ 4 6200
0.0903
00664 o
0.0903

Table 4.11 shows the € values and the related rank of each alternative. The €; of the Ai» is
discovered to be greatest (0.8416), indicating that it is the best among all accessible choices,
followed by Ao (0.7962) and A¢ (0.7940). With a €2, =0.5105, Alternative A1 exhibits the least
desirable performance. Under the assessment of three criteria, it is concluded that option A2
(Re =1200, P,,= 1.0, a = 45°) is determined to be the best contender for improving SWHS

performance.

Table 4.11 ARAS results for alternatives rank.

Alternatives ¥, Q

Optimum value 0.0903 1.0000 Rank
Al 0.0461 0.5105 15
Az 0.0568 0.6290 10
A3 0.0681 0.7542 4
A4 0.0501 0.5548 13
As 0.0616 0.6822 8
As 0.0717 0.7940 3
A7 0.0514 0.5692 12
Asg 0.0621 0.6877 7
Ay 0.0719 0.7962 2
Aio 0.0562 0.6224 11
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An 0.0663 0.7342 6
A 0.0760 0.8416 1
Az 0.0472 0.5227 14
Alg 0.0575 0.6368 9
Als 0.0664 0.7353 5

4.2.7 Sensitivity analysis

The results of any MCDM approach can be inaccurate or prone to change under various
conditions, such as changing the weighting of criteria due to the evolving experts' viewpoints.
Consequently, it becomes essential to perform a sensitivity analysis to assess the robustness of
the MCDM results. For sensitivity analysis, additional criterion weights per the literature's
recommendations were created, and their impact on the ranking of alternatives was examined
[99]. In this study, the criteria weights were adjusted in three steps of £10%, £20%, and £30%,
and new alternatives rankings were assessed. When a criterion's weight was increased or
decreased, the weights of the remaining two criteria were altered proportionally to achieve a

cumulative weight of one. For instance, a +10% weight increment for C» (fux) indicates that the

1
real weight of C» (0.231) is increased by 10% (0.231x %20.0231), while the weights of C;

(Nuar) and Cs (yan) are dropped by , resulting in a sum of all the criterion weights of 1.

The weights for various criteria with +10% increments in C, weight are as follows:
10
fy, =0.231+(0.231x—) =0.254
100

Nu,, =0.461— % =0.449

Ty = 0.308—% =0.296

The generated new weight by adopting £10%, £20%, and +30% variation in different criteria

is listed in Table 4.12. There are a total of eighteen weight exchange scenarios for three criteria.
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As a result, eighteen sets of rankings of SWHS alternatives are provided in Fig. 4.11. In all
scenarios, alternative A2 remains first-ranked, whereas alternative A remains last-ranked.

Table 4.12 The new criteria weights.

Weight levels for variation in Cy
+30% +20% +10%  Actual -10%  -20%  -30%
Nutn 0.599 0553 0.507 0.461 0415 0369 0.323
Jan 0.162 0.185 0.208 0.231 0.254 0.277 0.300
Ndh 0.239 0.262 0.285 0.308 0.331 0.354 0377
Weight levels for variation in C»
Nutan 0426 0438 0449 0461 0473 0484 0.496
Jan 0.300 0.277 0.254 0.231 0.208 0.185 0.162
Ndh 0273 0.285 0.296 0.308 0.320 0.331 0.343
Weight levels for variation in Cs3
Nutn 0415 0430 0446 0461 0476 0492 0.507
Jan 0.185 0.200 0.216 0.231 0.246 0.262 0.277
Ndh 0.400 0370 0.339 0.308 0.277 0.246 0.216
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Fig. 4.11. Sensitivity analysis.
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It is observed that the ranking of SWHS concerning the weightage of Nuan (C1) 1s quite robust.
A slight sensitivity was noticed as alternative A», and Ao swap their positions when the
weightage of Nuan is decreased by -30% and -20%. Also, alternatives A1 and Ais switch their
places for the increase in the weightage of Nuan by +30% and +20%. The ranking of the SWHS
alternatives remains more susceptible to the weightage changes made for fan (C2) and nan (C3).
Interestingly, alternatives Ao and A1 are most vulnerable to the shift in weightage of fan and
Ndn- As the weightage of fan 1s decreased by 20% and 30%, the ranking of the alternatives Ao
and A11 goes up by two places. Similarly, the order of alternatives Ao and A1 goes up by two
places as the weightage of nan 1s increased by +20% and +30%. However, the swapping in
sensitivity analysis has no significant effect on the ranking of the AHP-ARAS model, which is
also confirmed by the Spearman correlation coefficient, determined using Eq. 4.23 [100].
M
6> X’

Spearman Correlation coefficient =1- —/= (4.23)
MM -1

Here, M is the number of alternatives and X is the difference between the nominal rank and

rank obtained using change in a criterion weight.

For all scenarios, the obtained correlation coefficient value is larger than 0.98, suggesting the
reliability of the ranking results.

4.2.8 Validation using other MCDM techniques

Before making a final decision, it is necessary to check whether the proposed MCDM model
satisfies the literature. Therefore, the ranking results of the proposed ARAS technique were
compared with those of other decision-making tools such as TOPSIS [101], VIKOR [102], and
COPRAS [103] models, as demonstrated in Fig. 4.12. The ranks of the alternatives using the
various MCDM approaches in (Fig. 4.12) show that A1> is the most dominating (first-ranked)
alternative. At the same time, A1 is the worst alternative, ranking last across all models. The

results showed that ARAS, VIKOR, and COPRAS did not affect ranking. However, a
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negligible effect on the ranking was recorded with the TOPSIS model, which was a fourth- and
fifth-ranked alternative swap position. Further, Spearman’s correlation coefficient was
determined to analyse the statistical significance of the difference obtained between the ranking
results of the proposed MCDM models and the other decision-making tools. The results show
a significant statistical correlation greater than 0.999, which helps us conclude that the obtained

ranking is reliable and valid.
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—p—A,
—@—A,
w—A,
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COPRAS

TOPSIS
Fig. 4.12 The ranks of the alternatives in terms of different MCDM methods.

4.3. CASE III. Experimental examination of eco-friendly insulating materials to analyse
their impact on heat transfer characteristics.

The conventional solar flat plate collector commonly uses rock wool or other insulating
materials to lower thermal losses. These inorganic materials are one of the significant concerns
to the industry and the environment. Thus, reducing these inorganic materials and utilizing the

naturally occurring biodegradable materials available in abundance and without any
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environmental hazards to the system is imperative. The current research presents agricultural
waste as an insulating material for S-FPC fabrication. The novelty of this current research work
is the utilization of rice husk, stubble fibre, coco-peat, and nitrile rubber as an insulating
material for the fabrication of S-FPC. Experimentation is performed with insulating thicknesses
of 50 mm and 70 mm. The optimum temperature is attaining 50-53°C with an average thermal
efficiency of 64-66% by using rice husk as the insulating material with a thickness of 70 mm.

Traditionally, insulating materials like rock wool, ceramic wool, glass wool, polyurethane
foam, etc. are utilized to reduce these heat losses [104]. Even though there is much high-
performing thermal insulation on the market, these materials nevertheless face a number of
difficulties, including costs, mechanical and thermal qualities, and health issues. Thermal
insulation is an essential component of many buildings, helping to reduce energy consumption
and improve indoor comfort. However, some insulation materials can pose health hazards if
they are not handled or installed properly. One such material is asbestos, which was commonly
used as insulation until the 1970s when its health risks were discovered. Asbestos fibers can
become airborne when insulation is disturbed or damaged, and when inhaled, can lead to
serious respiratory diseases, including lung cancer and mesothelioma. Other insulation
materials, such as fibreglass, can also cause respiratory irritation if inhaled in large quantities.
To minimize the risk of health hazards, it is important to use insulation materials that are non-
toxic and safe for human exposure, and to follow proper handling and installation procedures.
These typical thermal insulations produce harmful compounds throughout the design,
manufacture, and implementation process in the form of mineral fiber and synthetic binder dust
or other air pollution or hazardous waste creation. Figure 4.13 shows the detailed representation

of S-FPC.
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Fig. 4.13 Detailed representation of S-FPC.

4.3.1 Performance assessment of an S-FPC

Insulation produced from coco-peat, stubble fibre and rice husk were used in the SWHS, and
its performance was evaluated under controlled settings to ensure it met ISO standards. Prior
to the evaluation, a visual inspection of the SC was performed to identify any signs of cracks.
The riser and header pipes were subsequently filled with water to ensure there was no leakage
of water. Throughout the tests, a constant flow rate of 0.02 1/s of cold water at the inlet were
maintained. The pyranometer is used to measure the /. This particular device is capable of
accurately measuring solar radiation levels up to 2000 W/m?. The various measuring
instrument used in this experimental work are Linear scale, thermocouple, pressure gauge and
vernier clipper etc. Figure 4.14 show the schematic representation of S-FPC using thermal

insulating materials.
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Fig. 4.14. Schematic representation of S-FPC using thermal insulating materials.

The S-FPC (solar flat plate collector) water heating system's effectiveness was assessed in
diverse weather conditions by employing specifically designed insulation materials. To gauge
the system's performance, various factors were measured, including the water's mass flow rate,
the temperatures of the fluid at the inlet/outlet, the collector area, and the /. The efficiency of

S-FPC (denoted as 1) is calculated using the subsequent formula.

Q mCy(Tro—T¢i)
n=S = Rl 0

In the equation provided by [105], the solar collector efficiency (1), expressed as a percentage,
is determined by several variables. These variables include the useful heat output (Qu) in watts
(W), the mass flow rate () in kilograms per second (kg/s), the specific heat capacity of water
(CP) in joules per kilogram per degree Celsius (J/kg’C), the gross collector area (Ac) in square
meters (m?), the incident global solar radiation (I) in watts per square meter (W/m?), and the

fluid outlet temperature (Tf,) and inlet temperature (Tf;) in degrees Celsius (*C).
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4.3.1 Results and discussion

4.3.1.1 Influence of the insulting materials on the thermal performance of the S-FPC
The performance of the S-FPC is evaluated by using special type of biodegradable insulating
materials such as risk husk, stubble fibre and coco-peat. The thickness of sandwich insulation
of nitrile rubber of 50 mm and 70 mm were used to examine the parametric influence of these
sandwich sheets on the performance of S-FPC. The various graph is plotted with respect to
time of system using sandwich sheet of risk husk, stubble fibre and coco-peat are shown in
Figs. 4.15-4.16. Experimentation was carried out during the duration of 11.00-16-00 h. The
insulation thicknesses of 50 mm were taken during the first round of experiment of each set of
materials of Risk husk, stubble fibre and coco-peat and see their influence on the outlet
temperature of water. First, we look at the effect of rice husk on a nitrile rubber sheet with
thicknesses of 50 and 70 mm to see how it affects the system's performance. The width of the
insulation is a key factor in how well S-FPC works. To keep heat from escaping, the thickness
of the shielding materials must fall within the range of the Indian standard (IS 3346). In this
study, rice husk, stubble fibre, and coco peat with thicknesses of 50 mm and 70 mm are used
instead of rockwool, which is usually used as insulation. Figure 4.15 shows the effect of rice
husk with changing outlet-inlet water temperature, outdoor temperature, and /s over time. The

experimentation is carried out from 11:00 a.m. to 16:00 p.m. The Tf; of water varies from 30-

35°C due to the variation in I;. The average temperature of water at the inlet is 34°C. The I, at
the initial period of experiment is 1000 W/m? then it increased up to approx. 1170 W/m? at the
noon time the it starts decrease due to decreasing period of sunshine hours. The Ty, of water is

also vary in accordance to variation of solar intensity.
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Fig. 4.15 Influence of rice husk on outlet-inlet water temperature, ambient temperature, and
I over time.
The sandwich sheet of rice husk and nitrile rubber that are used as the thermal insulator in this
study, play a very key role for the enhancement of outlet water temperature. Initially the
sandwich sheet is gaining heat from the solar radiation and start gaining heat continuously that
intern gave the conductive heat to the absorber pipe that are installed inside the collector. The
absorber heats continuously gaining heat by two ways, in the first way the absorber pipe absorb
heat from the sandwich sheet of rice husk and nitrile rubber and secondly it gets heat by direct
falling of solar radiation on the collector. In this way the system start worked and the hot water
is obtained. Figure 4.16 depicts the temporal dependence of the outlet-inlet water temperature,
ambient temperature, and /s on the stubble fibre. The sandwich sheet of nitrile rubber and
stubble fibre are used for the experimentation. The insulation thickness of 50 mm and 70 mm
are used to examine their influence on the output temperature of water. The average Ty, varies
from 30-36°C. The /s are varies with respect to time. From the experimental examination it was
examined that the heat absorption capacity of the stubble is low as compared to rice husk. The
average optimum temperature obtained after examination is 56°C by using the stubble fire with

70 mm of insulation.
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Fig. 4.16 Influence of stubble fiber on outlet-inlet water temperature, ambient temperature,
and I over time.
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Fig. 4.17 Influence of coco-peat on outlet-inlet water temperature, ambient temperature, and
I over time.
Figure 4.17 depicts the temporal dependence of the outlet-inlet water temperature, ambient
temperature, and /s on the used coco peat insulation. It is also concluded from the examination
that the coco-peat does not show much impact as compared to other two insulation materials.
There a comparative thermal efficiency is examined for these three insulation materials to show

their influence on the performance of the system. The optimum thermal efficiency if found for
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rice husk with thickness of insulation sheet is 70 mm as shown on figure 4.18. The lower

thermal efficiency is found for coco-peat with insulation thickness of 50 mm.
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Fig. 4.18 Thermal efficiency calculation of rice husk, stubble fibre and coco-peat with
insulation thickness of 50 and 70 mm.
The efficiency of S-FPC with different natural insulating materials and thickness are shown in
Table 4.13. In table 4.13 the various parameter is taken into consideration such as insulating
materials, thickness, Tf;, T, I; and Nave. It is observed from the table for the insulating material
of coco-peat with thickness 50 mm and 70 mm the average thermal efficiency is found to be
53-54%. In case of stubble fibre and rice husk the average thermal efficiency is found to be 55-
66% which is well in the range of 51-80% of conventionally used insulating materials in SWHS
[106, 107]. The reason behind to attain the maximum efficiency of 66% with insulating

thickness of 70 mm rice husk is due to lower heat losses form the collector.
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Table 4.13: Thermal efficiency of S-FPC with various insulating materials and thickness.

Insulating Insulation Tg; (Avg.) Ty, (Avg.) I, (avg.) Navg

materials  thickness (CO) (CC) (W/m?) (%)

50mm 34.5 49.5 1057 53

Coco peat
70mm 35.5 50.1 1026 54
Stubble 50mm 33.20 50.4 1075 60
fibre 70mm 36.2 50.8 1075 57
50mm 34 52 1070 64

Rice husk
70mm 34.10 52.9 1070 66
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CONCLUSIONS AND RECOMMENDATION FOR
FUTURE WORK

This chapter summarized the conclusion remarks from the experimental studies and is

discussed below.

5.1 Conclusions from Experiment
The following conclusion has been drawn from the experimental studies in SWHS with MCDM
approach in Perforated and non-perforated delta obstacle. Additionally, the author made an
attempt to utilize the naturally occurring biodegradable insulating materials with different
thickness for fabricating S-FPC. The key points from the experimental results are listed below:
Case I: Key points on MCDM approach in Perforated delta obstacle
e The design alternatives significantly affect the SWHS's evaluated performance criteria.
The largest Nusselt number (90.55) was attained by design alternative having Re =1200,
angle of attack = 45°, and pitch ratio = 1. The friction factor remains lowest (0.38) for
the design alternative having Re =1200, angle of attack = 15°, and pitch ratio = 0.5. On
the other hand, the largest thermo-hydraulic efficiency (2.75) was attained by design
alternative having a combination of Re= 400, angle of attack = 45°, and pitch ratio = 1.
e The AHP-ARAS results show that the SWHS design alternative has geometric and flow
arrangement as Re =1200, angle of attack = 45°, and pitch ratio = 1, giving the best-
optimized performance among the investigated alternatives. The study shows that when
the performance criteria for a set of alternatives are heavily dependent on geometric
and flow arrangements and show no discernible pattern in the performance, the hybrid
AHP-ARAS technique is an excellent optimization tool for identifying the best SWHS
design.
¢ Inthe sensitivity analysis, the different weight exchange scenarios did not significantly

affect the ranking result. Comparison with the other prominent decision-making tools,
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such as VIKOR, TOPSIS, and COPRAS, was performed to validate the stability of the
proposed model.
Case I1: Key points on MCDM approach in non-perforated delta obstacle

e The highest value of Nusselt number (95.90) has been recorded against the design
alternative-25, with Reynolds number =1800, pitch ratio=0.5 and blockage
ratio = 0.25, whereas lowest friction factor (0.534) recorded for design alternative-5,
with Reynolds number = 1800, pitch ratio = 0.5 and blockage ratio = 0.15.

e The highest thermo-hydraulic efficiency (2.91) was recorded for design alternative-6,
with a combination of Reynolds number =200, pitch ratio =0.5, and blockage
ratio = 0.20.

e The CRITIC - COPRAS technique results describe that the design alternative A-10,
with Reynolds number = 1800, pitch ratio = 0.5, blockage ratio = 0.20, and angle of
attack = 45°, delivers the overall best-optimized performance among the examined
alternatives.

Case Il11: Key points on the utilize the naturally occurring biodegradable insulating
materials with different thickness for fabricating S-FPC

e Rice husk and stubble fibre show the promising sustainable insulating materials that
has the capability to replace the inorganic materials, since they are widely available in
this region, are non-polluting, and can be recycled.

e It was found form the experimentation that the thermal performance of S-FPC is slightly
higher by using the insulating sandwich sheet of nitrile rubber and rice husk as
compared to stubble fibre insulating sheet.

e By increasing the thickness of insulating sheet to 70 mm the T, is subsequently rise

and the nayg IS attain to 66%.
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e For regions where these wastes are widely available, it is simple to design and construct
the locally built system employing waste materials. In addition, compared to systems

sold commercially, the related cost is similarly minimal.

# Thesis Point:

Thesis point contains three parts and the topic are “CRITIC-COPRAS MCDM optimization
approach applies on non-perforated delta obstacles”, “AHP-ARAS MCDM optimization
approach applies on perforated delta obstacles Overview of integrated AHP-ARAS
method”, and Experimental examination of eco-friendly insulating materials to analyses
their impact on heat transfer characteristics” respectively. The detailed thesis points are

discussed below:

> 15t Thesis point: CRITIC-COPRAS MCDM optimization approach applies on non-

perforated delta obstacles.

This study reports on the performance of delta-shaped obstacles in a solar water heating system
(SWHS) through experimental analysis and optimization. The influence of different parameter
combinations such as Reynolds number (200, 600, 1000, 1400, 1800), pitch ratio (0.5, 1, 1.5),
blockage ratio (0.15, 0.20, 0.25), and angle of attack (45°) on Nusselt number, friction factor
and thermo-hydraulic performance of SWHS were analyzed. For the combination of Reynolds
number=1800 and pitch ratio = 0.5, the Nusselt number remains highest for 0.25 of blockage
ratio, whereas the friction factor remains lowest for a blockage ratio of 0.15. The maximum
thermo-hydraulic efficiency was achieved using Reynolds number=200, pitch ratio=0.5, and
blockage ratio=0.20. The obtained results were intensely dependent on parameter combinations
without any pronounced trend. Therefore, criteria importance through inter-criteria correlation

(CRITIC) and complex proportional assessment (COPRAS) approach was implemented to find
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optimal design alternative. The results of the hybrid CRITIC-COPRAS approach showed that
the combination of Reynolds number=1800, pitch ratio=0.5, blockage ratio=0.20, and angle of
attack=45° is the best alternative for maximum thermal enhancement in SWHS. The sensitivity

analysis proves the robustness of the results that the first-ranked alternative is the most

dominant in all scenarios.

V e ~e— Temperature sensor
> 85 S

I d water tank

Insulated box

Riser’s

Inclination angle

Figurel. represent Schematic and Real view of the SWHS.

Related articles of the 15t thesis point:

Rohit Khargotra, Raj Kumar, Kovacs Andras, Gusztav Fekete, Tej Singh, (2022).
Thermo-hydraulic characterization and design optimization of delta-shaped obstacles in solar
water heating system using CRITIC-COPRAS approach. Energy. 2022 Dec 15; 261:125236.

D1[l. F=9].

» 2" Thesis point: AHP-ARAS MCDM optimization approach applies on

perforated delta obstacles Overview of integrated AHP-ARAS method.
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Solar water heating system (SWHS) is a cost-effective technology with high household
adoption rates worldwide. The performance of SWHS significantly deteriorates due to several
factors, including design parameters as well as radiative and convective heat losses from the
system, which considerably impair the system's efficiency. Novel designs and unique heat
transfer techniques are increasingly being explored to improve the efficiency of SWHS. In this
framework, the following research focuses on designing and optimizing an SWHS integrated
with perforated delta obstacles. The influence of Reynolds number (400, 800, 1200), angle of
attack (15°, 30°, 45°), and pitch ratio (0.5, 1, 1.5, 2.0) on the friction factor, Nusselt number,
and thermo-hydraulic performance was investigated and optimized. The combination of
Reynolds number = 1200, angle of attack = 45°, and pitch ratio = 1 yielded the most significant
Nusselt number (90.55). In contrast, the combination of Reynolds number = 1200, angle of
attack = 15°, and pitch ratio = 0.5 yielded the lowest friction factor (0.38). The largest thermo-
hydraulic efficiency (2.75) was obtained using Reynolds number = 400, angle of attack = 45°,
and pitch ratio = 1. Since no single SWHS design alternative can meet all desired performance
criteria, selecting the best among SWHS design alternatives is not easy. Therefore, a hybrid
multi-criteria decision-making approach called AHP (analytic hierarchy process)-ARAS
(additive ratio assessment) was implemented, suggesting the SWHS design alternative having
the angle of attack = 45°, Reynolds number = 1200, and pitch ratio = 1 satisfies the preset
performance criteria. Finally, sensitivity analysis and validation with other decision-making
approaches were performed to verify the proposed decision-making framework's effectiveness,

proving the results' robustness.
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Outlet

(a)

Perforated delta

Circular hole

Fig. 2. (a) Real and (b) Schematic view of SWHS. Fig. 3. Perforated obstacle design (a)
Schematic, (b) Real.

Related articles of the 2Nd thesis point:

Rohit Khargotra, Raj Kumar, Ashutosh Sharma, Tej Singh, (2023). Design and performance

optimization of solar water heating system with perforated obstacle using hybrid multi-criteria

decision-making approach. Journal of Energy Storage. 2023 Jul 1; 63:107099. D1 [I. F=9.4]

» 3" Thesis point: Experimental examination of eco-friendly insulating materials to

analyse their impact on heat transfer characteristics.

The conventional solar flat plate collector commonly uses rock wool or other insulating
materials to lower thermal losses. These inorganic materials are one of the significant concerns
to the industry and the environment. Thus, reducing these inorganic materials and utilizing the
naturally occurring biodegradable materials available in abundance and without any
environmental hazards to the system is imperative. The current research presents agricultural
waste as an insulating material for S-FPC fabrication. The novelty of this current research work
is the utilization of rice husk, stubble fibre, coco-peat, and nitrile rubber as an insulating

material for the fabrication of S-FPC. Experimentation is performed with insulating thicknesses
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of 50 mm and 70 mm. The optimum temperature is attaining 50-53°C with an average thermal

efficiency of 64-66% by using rice husk as the insulating material with a thickness of 70 mm.

Nitrile rubber sheet

Insulating material sheet
of rice husk, stubble fibre
and coco-peat

Fabrication part

Nitrile rubber sheet

() ;- .
(a) Coco peat (b) Rice husk (c) stubble fibre

s
B

Fabrication of solar collector
using thermal insulating
materials

eeeee

Fig. 4. Schematic representation of S-FPC using thermal insulating materials.

Related articles of the 3'9 thesis point:

Rohit Khargotra®, Alam T, Thu K, Andras K, Siddiqui TU, Singh T. Influence of heat
enhancement technique on the thermal performance of solar water heater for sustainable built
environment. Start-of-the-art review. Sustainable Energy Technologies and Assessments. 2023
Jun 1; 57:103293. Q1 [I. F=8]

Rohit Khargotra, Kumar, R., Kovéacs, A. et al. Techno-economic analysis of solar thermal
collector for sustainable built environment. J Therm Anal Calorim 149, 1175-1184 (2024). Q1
[I. F=4.4]

Rohit_Khargotra® Tabish Alam, Kovéacs Andras, Tej Singh. Indigenous solar thermal

collector for hill climates: An experimental study of eco-friendly insulating materials.

Results in Engineering. 2023 Dec 16:101681. Q2 [I. F=5]
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