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Abstract

The global energy crisis and environmental concerns have
accelerated the shift toward renewable energy sources. As fossil fuels
deplete and climate change worsens, cleaner alternatives have become
essential. Renewable energy not only addresses ecological challenges
but also supports economic growth and energy independence. Among
these, solar power stands out as a sustainable option due to its
abundance and cleanliness. Solar thermal systems utilize solar
collectors to capture sunlight and convert it into thermal energy, using
fluids like water or air for heating and power generation. Key
components of a flat-plate collector include the absorber plate, fluid-
carrying tubes, transparent cover, insulation, and casing, all designed
for high efficiency in various applications.

Each category of solar collectors is designed for specific energy
needs, chosen based on economic viability and climate. Enhancing
the efficiency of these collectors is a key research area. The
prominent Hottel-Whillier-Bliss (H-W-B) model, developed from
earlier works in 1942, 1953, and 1959, is one-dimensional and
follows a lumped formulation. While research has evaluated various
parameters affecting collector performance, a comprehensive
theoretical analysis is still needed. This PhD study aims to fill that
gap by conducting a two-dimensional thermal analysis of flat-plate
collectors to improve thermal performance through analytical and
numerical modeling. It will examine heat transfer dynamics, fluid
flow behavior, and efficiency improvements, focusing on their overall

impact on system performance.

viii



A study develops an approximate analytical method to calculate
the two-dimensional temperature circulation in an absorber plate and
validates it against finite-difference method results. The findings
show excellent agreement, with deviations of less than 5%,
confirming the model's reliability for practical use.

A study provides a closed-form solution for 2D heat transfer in
absorber plates, accounting for nonlinear temperature variations at the
plate-tube interface. The energy equation is solved analytically using
the separation of variables method and validated with the finite
difference method. Results show a strong correlation between both
approaches, confirming the model's accuracy. This framework offers
a reliable method for thermal evaluation of solar collector absorber
plates.

A modified one-dimensional method using the trapezoidal rule is
proposed for approximating two-dimensional analysis, with validation
against the finite difference method showing good agreement. The
classical one-dimensional model is inadequate for absorber plates,
whereas the modified model aligns closely with the two-dimensional
approach, offering a more straightforward, more efficient solution.
This study enhances the accuracy of thermal analysis for absorber
plates, aiding in the design and optimization of flat-plate solar
collectors.

Analytical studies of solar flat-plate collectors typically use the
classical Fourier heat conduction model, which assumes an infinite
thermal wave propagation speed and a linear relationship between
heat flux and the temperature gradient. This assumption conflicts with
Einstein's relativity, even though it adheres to the second law of

thermodynamics. To address this, the Cattaneo-Vernotte model



introduces a finite thermal wave speed by incorporating a relaxation
term, transforming the heat conduction equation from parabolic to
hyperbolic. Previous research simplified this model by neglecting the
time relaxation term. However, analyses that do include this term
show that it reduces temperature circulation on the absorber plate.

In solar flat-plate collectors, the working fluid is crucial for heat
transport. Nanofluids outperform conventional fluids like water,
enhancing absorber plate performance and overall efficiency. A
comprehensive thermodynamic analysis, including energy and exergy
evaluations, identifies various losses, improving the efficiency of
thermal systems. This research examines the energy and exergy of
absorber plates in solar flat-plate collectors using nano-hybrid fluids
containing CuO, MgO, and TiO2 nanoparticles, providing insights
into more efficient absorber plate models and improved thermal

performance in solar thermal systems.
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Abstract

The global energy crisis and environmental concerns have
accelerated the shift toward renewable energy sources. As fossil fuels
deplete and climate change worsens, cleaner alternatives have become
essential. Renewable energy not only addresses ecological challenges
but also supports economic growth and energy independence. Among
these, solar power stands out as a sustainable option due to its
abundance and cleanliness. Solar thermal systems utilize solar
collectors to capture sunlight and convert it into thermal energy, using
fluids like water or air for heating and power generation. Key
components of a flat-plate collector include the absorber plate, fluid-
carrying tubes, transparent cover, insulation, and casing, all designed
for high efficiency in various applications.

Each category of solar collectors is designed for specific energy
needs, chosen based on economic viability and climate. Enhancing
the efficiency of these collectors is a key research area. The
prominent Hottel-Whillier-Bliss (H-W-B) model, developed from
earlier works in 1942, 1953, and 1959, is one-dimensional and
follows a lumped formulation. While research has evaluated various
parameters affecting collector performance, a comprehensive
theoretical analysis is still needed. This PhD study aims to fill that
gap by conducting a two-dimensional thermal analysis of flat-plate
collectors to improve thermal performance through analytical and
numerical modeling. It will examine heat transfer dynamics, fluid
flow behavior, and efficiency improvements, focusing on their overall

impact on system performance.

viii



A study develops an approximate analytical method to calculate
the two-dimensional temperature circulation in an absorber plate and
validates it against finite-difference method results. The findings
show excellent agreement, with deviations of less than 5%,
confirming the model's reliability for practical use.

A study provides a closed-form solution for 2D heat transfer in
absorber plates, accounting for nonlinear temperature variations at the
plate-tube interface. The energy equation is solved analytically using
the separation of variables method and validated with the finite
difference method. Results show a strong correlation between both
approaches, confirming the model's accuracy. This framework offers
a reliable method for thermal evaluation of solar collector absorber
plates.

A modified one-dimensional method using the trapezoidal rule is
proposed for approximating two-dimensional analysis, with validation
against the finite difference method showing good agreement. The
classical one-dimensional model is inadequate for absorber plates,
whereas the modified model aligns closely with the two-dimensional
approach, offering a more straightforward, more efficient solution.
This study enhances the accuracy of thermal analysis for absorber
plates, aiding in the design and optimization of flat-plate solar
collectors.

Analytical studies of solar flat-plate collectors typically use the
classical Fourier heat conduction model, which assumes an infinite
thermal wave propagation speed and a linear relationship between
heat flux and the temperature gradient. This assumption conflicts with
Einstein's relativity, even though it adheres to the second law of

thermodynamics. To address this, the Cattaneo-Vernotte model



introduces a finite thermal wave speed by incorporating a relaxation
term, transforming the heat conduction equation from parabolic to
hyperbolic. Previous research simplified this model by neglecting the
time relaxation term. However, analyses that do include this term
show that it reduces temperature circulation on the absorber plate.

In solar flat-plate collectors, the working fluid is crucial for heat
transport. Nanofluids outperform conventional fluids like water,
enhancing absorber plate performance and overall efficiency. A
comprehensive thermodynamic analysis, including energy and exergy
evaluations, identifies various losses, improving the efficiency of
thermal systems. This research examines the energy and exergy of
absorber plates in solar flat-plate collectors using nano-hybrid fluids
containing CuO, MgO, and TiO2 nanoparticles, providing insights
into more efficient absorber plate models and improved thermal

performance in solar thermal systems.
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Chapterl

Introduction
1.1Background

Energy is a crucial foundation of contemporary civilization,
propelling organizations, transportation, and everyday existence. It
manifests in multiple forms, involving mechanical, thermal, electrical,
and chemical energy, each playing a critical role in economic growth and
technological progress [1]. With rapid industrialization and urbanization,
global energy demand has surged, making energy production and
consumption key areas of study. Fossil fuels—coal, crude oil, and natural
gas—have historically prevailed in the energy portfolio, comprising over
80% of worldwide use [2]. However, their continued reliance raises
concerns over resource depletion, energy security, and environmental
sustainability. The combustion of fossil fuels contributes approximately
75% of global carbon dioxide emissions, accelerating weather alteration
and its related risks, including increasing sea levels, severe
meteorological phenomena, and loss of biodiversity [3]. Furthermore, air
pollution from fossil fuel use has been linked to severe public health
issues, while geopolitical tensions over energy resources expose the
vulnerabilities of fossil fuel dependency. These pressing challenges
underscore the urgent need for a changeover to cleaner, enhanced
renewable power solutions to guarantee sustainability economic stability

and environmental resilience.



1.2 Renewable Energy

The evolution to renewable energy offers a viable solution to
mitigate environmental degradation while augmenting energy sources
security. The International Renewable Energy Agency (IRENA)
emphasises that sustainable are becoming increasingly cost-competitive,
making them a pragmatic selection for long-term energy planning.
Supportive policies, subsidies, and research initiatives are accelerating
clean energy adoption, fostering an energy future that is more sustainable
and robust [4]. According to the Global Renewable Energy Status Report
(REN21), renewable sources now contribute approximately 29% of
global power generation, driven by environmental concerns, economic
benefits, and technological advancements [5]. The Intergovernmental
Panel on Climate Change (IPCC) underscores that transitioning to
renewable energy is crucial for limiting global warming to 1.5°C,
reinforcing the urgency of integrating clean energy solutions. Beyond
environmental advantages, renewables also stimulate economic
expansion by cultivating new sectors and generating employment, and

advancing infrastructure expansion [6].

Renewable energy encompasses a varied spectrum of sustainable
sources, comprising solar, wind, hydroelectric, biomass, and geothermal
power. Among these, Solar energy is among the greatest plentiful and
extensively employed energy sources, serving a pivotal function in the
worldwide the energy revolution (IRENA, 2023). In 2022, solar power
constituted 3.6% of global electricity production and over 31% of
installed renewable energy capacity, with a 22% growth from 2021. It is
projected to supply approximately 25% of the world's electricity by 2050
[7]. As of December 2024, fossil fuels contributed 47.6% of total net
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electricity generation, followed by renewables at 34.5% and nuclear at
17.5%. Renewable electricity generation continues to rise, with a 2.8%
annual increase, while solar power saw the highest growth at 26.4% year-
on-year, reaching 4.8% of total OECD electricity generation (IEA, 2024).
Beyond environmental benefits, renewable energy enhances social
development through the enhancement of energy accessibility in isolated
areas and off-grid communities [8].Technologies like solar household
systems and mini-grids can deliver dependable electricity to neglected
regions, enhancing living conditions and promoting economic

possibilities, particularly in low-income areas [9].
1.3 Solar Energy

Solar energy, originating from the Sun's emitted light and thermal
radiation, is among the most prevalent and sustainable sources of energy
available. Unlike fossil fuels, it is a renewable resource that reduces
carbon emissions, mitigates global warming, and offers an eco-friendly

alternative for energy production. The Sun serves as Earth's primary

energy powerhouse, emitting an immense 4.7x10°GW of energy into
space, a small fraction of which sustains life and meets global energy
needs. Solar power is harnessed primarily through photovoltaic (PV)
panels, that convert solar energy into electrical power, and solar energy
systems, which transform sunlight into usable thermal energy for
domestic heating and industrial applications. India, ranking fifth globally
in solar PV adoption, had an installed capacity of approximately 70.10
GW as of mid-2023, reflecting the growing reliance on solar energy.
Despite its numerous advantages, solar energy faces challenges such as
intermittency, energy transmission limitations, and efficiency constraints,

necessitating continued advancements in technology and infrastructure
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for widespread adoption. Solar energy plays a crucial role in electricity
generation, water heating, space heating, and cooling uses. As global
efforts intensify toward more efficient and environmentally friendly
energy solutions, solar power remains a key pillar during the shift

towards a more sustainable future [10-12].

Global net energy produced as of December-2024
3%

9%

34%

22%

I Coal
Renewable
[ Natural gas

I Nuclear
Others

Renewables

32%

Source-IEA, 2024

Fig. 1.1 Global net energy data

1.4 Solar collector

Solar collectors are vital elements of solar thermal systems,
engineered to effectively gather and convert solar radiation into useful
thermal energy. These collectors absorb sunlight and transfer the captured
heat to a working fluid, which can subsequently be utilized for diverse
applications like water heating, space heating, and engineering
progressions. Solar collectors can be categorised into two primary types

according to their concentration capacities:



Concentrating collectors: Concentrated solar collectors utilise
mirrors or lenses to concentrate sunlight onto a confined area,
significantly increasing the temperature of a working fluid for
various applications. Their ability to achieve high temperatures
makes them highly efficient and ideal for industrial processes and
large-scale electricity generation in solar power plants. Due to the
Sun's changing position throughout the day, these collectors
require tracking mechanisms to continuously focus sunlight onto
the absorber plate, ensuring optimal energy capture. Examples of
concentrating collectors include Parabolic Trough Collectors,
Parabolic Dish Collectors, Fresnel Reflectors, and Heliostat
Systems. Exhibiting a significantly more focus proportion than
non-concentrating  collectors, these devices can attain
temperatures surpassing 100°C, making them appropriate for
elevated-temperature thermal applications.

Non-Concentrating Collectors: These collectors absorb sunlight
directly through a large surface zone deprived of the use of
focusing mechanisms. Commonly referred to as flat plate solar
collectors, they are widely utilised in applications requiring low
operating temperatures, such as those with 50°C to 100°C. Non-
concentrating collectors are optimal for home and commercial
thermal requirements, including water heating, space heating, and
various domestic applications. By effectively using solar energy,
they aid in sustainable energy solutions, decreasing reliance on
fossil fuels and mitigating carbon emissions. Non-concentrating
collectors including Flat Plate Solar Collectors and Evacuated

Tube Collectors.



Further, solar collectors can also be categorized based on their

applications and operating temperature ranges:

0 to 40°C — Primarily used for pool heating and heat pump
applications, these systems typically employ unglazed collectors,
such as pool absorbers, which efficiently capture solar energy for

low-temperature heating.

40 to 90°C — Suitable for domestic hot water production, low-
temperature industrial processes (e.g., drying and desiccation),
solar cooling, and water desalination. Flat-plate collectors or
evacuated tube collectors are commonly used in this temperature

range due to their effective heat retention and versatility.

70 to 150°C - Ideal for medium-temperature applications,
including process heat, solar cooling, and steam generation. High-
efficiency flat-plate collectors with anti-reflective coatings and
superior insulation, as well as evacuated tube collectors, are

preferred for their enhanced thermal performance.

90 to 250°C - Designed for high-temperature industrial
applications, such as advanced process heating, these systems
utilize concentration and monitoring of collectors, such as Fresnel
and parabolic trough collectors, to achieve optimal efficiency by

focusing sunlight onto a smaller surface area.

1.5 Flat-plate solar collector

Among the numerous types of solar collectors, Flat Plate Solar

Collectors (FPCs) are among the predominantly utilised solar thermal

energy systems for heating applications due to their simplicity, cost-

effectiveness, and ability to capture both direct and prolix solar radiation.
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These collectors function by capturing solar energy, transforming it into
thermal energy, and transmitting the heat to a fluid of operation. Their
design features a large absorbing surface to maximize solar interception,
ensuring efficient heat capture. Since flat plate collectors are typically
fixed in position, proper orientation is essential to optimize their

performance and energy output.

Incident Solar Top Thermal Losses

Working Fluid Exit
Radiation To Sky Radiation 4

Convection By Wind / . ' / /
! LT |
Radiation Between Plate
and Cover ¥

4
e Glass Cover
Convection In Air / R

Gap / Sl »X Absorber Plate
N Insulation Layer
\9),
/ Rl
Riser W]:rking Fluid Inlet

Fig. 1.2 Diagrammatic representation of a flat plate solar collector panel.

The main components of an FPC include:

i.  Absorber Plate
The absorber plate is the primary component accountable for
capturing solar radiation and transforming it into thermal energy.
It is generally composed of substances with excellent thermal
conductivity, like copper or aluminum, and is plated with a
selective surface to maximize absorption while minimizing

radiation losses.



ii.  Fluid carrying Tubes or Channels
Heat transfer tubes, often made of copper or aluminum, are
connected to the absorber plate to transport the working fluid. The
solar heat flux collected by the absorber plate is transferred to the
fluid-carrying tube, resulting in a surge in the fluid's temperature
to give an useful energy. The fluid can be conventional such as
water, oil, glycol etc. or nanofluid-based such as Al,O3, MgO.
CuO, and TiO etc.

iii.  Transparent Cover (Glazing)
A transparent cover, usually made of glass or a polymer-based
material, allows sunlight to reach the absorber plate while
preventing convective and radiative heat loss.

iv.  Insulation
Thermal insulation minimizes heat loss from the back and sides of
the collector. Common materials include polyurethane foam,
mineral wool, and fiberglass, which are used to maintain high
thermal retention The use of aerogels as insulation material has
also been investigated due to their exceptional thermal resistance
and potential to improve the efficacy of flat plates collectors.

v.  Casing or Enclosure
The entire collector is enclosed within a durable, weather-resistant
casing that provides structural support and protection from
environmental conditions. The selection of materials and design

affects the thermal efficiency and durability of the system

Flat plate solar collectors operate based on fundamental principles
of solar radiation absorption and heat transfer. The general working

mechanism is outlined as follows:



» Solar Radiation Absorption:
Incoming solar radiation passes via the glass cover and is
assimilated by the black-coated absorber plate.

» Heat Transfer to Working Fluid:
The absorbed thermal energy is conveyed to the working
fluid circulating through the embedded tubes or channels,
raising its temperature.

* Minimization of Heat Loss:
The transparent cover and insulation materials help reduce
convection and radiation losses, ensuring more effective
heat retention.

» Circulation and Utilization:
The heated working fluid is then transported to a heat
exchanger or storage tank, where It can be employed for

residential water heating, space heating, or industrial uses

1.6 Types of flat plate solar collector

Flat plate collectors can be positioned based on the orientation of the

fluid-carrying tube

Category |

Here the tubes are bonded with below the plate. At the
intersection of the plate and tube, the temperature over the plate
and inside the tube may vary due to presence of bond

conductance. Graphically it can be shown as



Fig. 1.3 (a) Category | type FPSC
Category 11

Here the tubes are bonded with in line to the plate. At the
intersection of the plate and tube, the temperature over the plate
and inside the tube are equal as there is no bond conductance.

Graphically it can be shown as

Fig. 1.3 (b) Category Il type FPSC
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e Category IllI
Here the tubes are bonded with above the plate. At the
intersection of the plate and tube, the temperature over the plate
and inside the tube may vary due to presence of bond

conductance. Graphically it can be shown as

Fig. 1.3 (c) Category Ill type FPSC

Each category of solar collectors is designed to meet specific
energy demands, and the choice is made based on economic viability and
climatic circumstances, ensuring the efficient and sustainable utilization
of solar thermal energy across various sectors [13-15]. However,
improving the efficiency of these collectors remains a critical research
area. The widely used theoretical model of the flat-plate collector is
predicated on the first work of Hottel and Woertz in 1942 [17], further
developed by Whillier [18] and Bliss [19], and is commonly known as the
Hottel-Whillier-Bliss (H-W-B) model. This model is essentially one-

dimensional and follows a lumped formulation. Extensive theoretical and
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empirical research has been conducted to assess the influence of various
factors on solar collector performance. However, despite these
investigations, a complete theoretical investigation is missing in this area.
The objective of this study is to address this gap by providing a more
rigorous analytical approach. Over period of time, numerous
modifications have been introduced for FPSCs performance, namely;
Duffie and Beckman with considering fixed thickness, thermal
conductivity and overall loss coefficient [15,27], effects of axial
conduction in absorber plate [20], non-linear model for absorber plate
[21-25], with step-change in absorber plate local thickness [26], different
shapes of absorber plates [28-32], measurement of bond conductance
[33,34] with considering variable thermal conductivity & overall loss
coefficient [35,36], Many authors with different aspects [37-41] have put
their contribution for the improvement of performance of FPSCs. A two-
dimensional study is expected to provide a precise assessment of flat-
plate solar collectors instated of one-dimensional. With this some authors
considered two dimensional modeling of absorber plate [42-51]. The 2D
analyses have been done analytically and numerically with considering
different boundary conditions. Due to complexity of 2D heat conduction
1D modification is proposed by the author of [52, 53]. Analytical studies
of flat plate collectors are generally conducted under steady state
condition however, the unsteady-state operating conditions will be
appropriate due to change in solar flux, wind velocity etc.. With
considering the transient effect many have contributed [54-74] their
efforts towards the analysis of FPSCs. During analysis many have used
the classical Fourier heat conduction model. Fourier's law posits that heat
flux has a linear correlation with the temperature gradient, and assumes

an infinite thermal wave propagation speed. This paradox contradicts
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Einstein’s theory of relativity while still following the thermodynamics’
second law of. To resolve this ambiguity, a hyperbolic heat conduction
equation derived from a relaxation model is introduced, ensuring a
limited thermal propagation velocity. This methodology is frequently
termed non-Fourier heat conduction and called as the Cattaneo-Vernotte
model [75-83]. Considering this few work have been devoted towards the
study of Fourier and non-Fourier heat conduction in the flat-plate solar
collector's absorber plates [84-88]. The non-Fourier approach has also
been employed by several researchers [89-91] to analyze heat transfer in

fins.

The performance evaluation of any thermal system is assessed
using the principles of both the first and second laws of thermodynamics
simultaneously. The first law, based on energy conservation, ensures that
the total energy input is accounted for in various forms, such as useful
work and heat losses. Meanwhile, the second law provides insight into
the quality of energy conversion by assessing entropy generation and
irreversibilities within the system. A comprehensive thermodynamic
analysis, incorporating energy and exergy evaluations, helps in
identifying the direction of various loss thus the potential for
improvement in efficiency and the performance of thermal systems can
be optimized. Exciting studies using the energy and exergy principles on
solar collectors were also undertaken to maximize the characteristics and
operating circumstances of these systems [92-100]. Furthermore, the
working fluid is essential in the heat transfer assessment of the absorber
plate in a flat-plate solar collector, as it is responsible for carrying heat
away from the absorber plate. Compared to conventional fluids like
water, nanofluids enhance the execution of the absorber plate, improving

the overall efficiency of the flat-plate solar collector. Utilizing various
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nanofluids can enhance both energy output and efficiency in flat plate
solar collectors [101-157].

1.7 Organization of the thesis

This thesis is arranged into eight chapters, each covering a distinct
aspect of the study. A brief summary of each chapter is provided as

follows:

Chapter 1 gives brief Introduction provides an overview of flat-plate
solar collectors, highlighting their fundamental working principles,
design, and significance in harnessing solar energy. It discusses their role
in various thermal applications. Additionally, this chapter outlines the
merits of flat-plate solar collectors compared to other solar thermal
technologies, focusing on their simplicity, durability, and ability to
operate under different climatic conditions. The chapter sets the
foundation for the study by explaining the importance of refining the
thermal performance of these collectors through advanced heat transfer

techniques and innovative working fluids.

Chapter 2 presents a comprehensive literature survey on the
advancements in flat-plate solar collector technology over the past two
decades. It explores various research studies focused on enhancing the
performance of these collectors through innovative design modifications,
improved heat transfer techniques, and the application of sophisticated
working fluids. The chapter reviews key contributions from researchers,
highlighting developments in absorber plate materials, coatings, and flow
channel configurations. Additionally, it examines the role of nanofluids
and hybrid nanofluids in improving thermal efficiency. By analyzing past

and recent works, this chapter provides a strong foundation for
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identifying research gaps and justifying the need for further investigation
in this field.

Chapter 3, the thermal analysis of absorber plates in flat-plate solar
collectors has traditionally been conducted using one-dimensional heat
conduction models. However, due to the inherent shape and thin structure
of absorber plates, a two-dimensional temperature circulation naturally
occurs. While temperature variation in the thickness direction is often
negligible, a comprehensive two-dimensional heat flow analysis remains
essential. In this chapter an analysis of the two-dimensional temperature
distribution in the absorber plate of a flat-plate solar collector using an
approximate analytical approach. Determining the temperature field
under two-dimensional heat flow and actual boundary constraints is
challenging with exact analytical methods. As an alternative, numerical
techniques such as the finite difference method (FDM) offer a viable
solution; however, they come with increased computational complexity.
To overcome this challenge, an approximate analytical model has been
developed to provide a simplified yet effective means of evaluating the
temperature distribution. The accuracy of this approach has been
validated through a comparative analysis with numerical results, showing
strong agreement between the two methods. The deviations between the
analytical and numerical results do not exceed 5%, demonstrating the
reliability of the proposed model. This approach serves as an efficient
alternative to computationally intensive numerical techniques, making it a

valuable tool for thermal analysis in solar energy applications.

Chapter 4 presents a closed-form solution to the energy equation,
establishing a two-dimensional heat flow model for the absorber plate
while accounting for nonlinear temperature variance at the plate-tube

section. The energy equation is solved by means of the method of
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variable separation, and for validation, the same equation is numerically
solved using the finite difference method (FDM). The results demonstrate
a close agreement between the analytical and numerical solutions,
confirming the accurateness of the projected model. Ultimately, this study
develops a reliable analytical model for practical thermal examination of
absorber plates in solar collectors, ensuring precise and efficient

implementation.

Chapter 5 introduces a modified one-dimensional method based on the
trapezoidal rule to approximate two-dimensional heat conduction on the
absorber plate of flat plate solar collector. The results indicate that the
modified 1-D model closely aligns with the 2-D model, demonstrating its
improved accuracy over the conventional 1-D classical model.
Consequently, the classical 1-D approach is insufficient for accurately
predicting absorber plate performance. The proposed modified 1-D model
offers a simplified yet effective method for understanding and calculating
temperature distributions, making it a valued tool for thermal analysis in

solar collector applications.

Chapter 6 analytically investigates both Fourier and non-Fourier heat
conduction in the absorber plate of a flat-plate solar collector. To account
for non-Fourier behavior, the single-phase-lag model incorporating the
loss coefficient is applied to the energy equation. The analytical results
are validated through computational simulations using the finite
difference method (FDM).Additionally, the study explores the impact of
key the influence of parameters—including the Vernotte number,
dimensionless time, and thermo-geometric parameter—on the heating
behaviour of the absorber plate. The proposed model is further compared
with the published results of Kundu and Lee, who did not consider the

phase lag associated with the loss coefficient. The observed differences in

16



temperature distribution highlight the significance of phase lag effects in
accurately predicting the transient thermal response of the absorber plate.

Chapter 7 investigates the thermodynamic performance of a flat-plate
solar collector (FPSC) utilizing ternary nanofluid as a heat transfer
medium. The study evaluates the effects of mono, hybrid, and ternary
nanofluids (THNF) on system efficiency groundedon energy and exergy
study.Specifically, the analysis considers CuO-MgO-TiO. ternary
nanofluids, MgO-TiO; binary nanofluid, and mono nanofluids including
MgO/water, TiOz/water, and CuO/water. Their performance is studied
with that of nanoparticle volume contentvarying from 0.1% to 0.5% by
energy and exergy analysis. The findings highlight the superior efficiency
of nanofluids in improving the thermal characteristics of flat-plate solar
collectors, demonstrating their possible for improving solar energy

operation.

Chapter 8 presents the key findings and common observations derived
from the research. The conclusions are summarized in concise points,
highlighting the significant outcomes of the study. This section offers an
extensive summary of the research contributions and insights gained,
reinforcing the effectiveness of the proposed methods and models in

enhancing the thermal performance of flat-plate solar collectors.

This chapter also outlines the future scope of the research,
highlighting potential areas for further exploration and development. This
section discusses possible enhancements to the proposed models,
advanced computational techniques, and the integration of innovative
materials or hybrid nanofluids to enhance the efficiency of flat-plate solar

collectors.
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Chapter 2

Literature Review

2.1 Introduction

Flat plate solar collectors (FPSC) are a vital factor of solar
thermal systems, with ongoing research focused on enhancing their
efficiency and thermal performance. Despite significant advancements,
improving their efficiency remains a critical challenge. Extensive studies
have explored heat transfer mechanisms, fluid dynamics, and material
optimization to improve their overall effectiveness. Two-dimensional
(2D) analysis provides a more detailed understanding of temperature
distribution and heat losses compared to conventional one-dimensional
models, making it a valuable tool for performance evaluation. This
chapter presents a comprehensive review of existing research on FPSCs,
covering mathematical modeling, experimental studies, and numerical
simulations, with a specific focus on 2D analytical approaches, Fourier
and non-Fourier heat transfer models, and energy-exergy analysis. The
review highlights key advancements, identifies research gaps, and

establishes the foundation for the present study.

2.2 One-dimensional steady state

The widely used theoretical model of the flat-plate collector
originates from the foundational work of Hottel and Woertz (1942) [17],
later refined by Whillier (1953) and Bliss (1959). This model, commonly
known as the Hottel-Whillier-Bliss (H-W-B) model [18, 19], is primarily
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one-dimensional and relies on a lumped formulation. While efficiency
factors are introduced to account for the problem’s multi-dimensional
nature, they assume infinite thermal conductance within the system.
Consequently, the model cannot properly anticipate the temperature of
the collector plate or the fluid. Furthermore, it does not consider the
variation in thermal losses along the length of the collector, from the inlet
to the outlet. Since estimating the overall heat-loss coefficient requires
knowledge of the plate temperature distribution, the model instead
assumes an average plate temperature, which may not always be precise.

Additionally, the internal resistances of the plate and tube are neglected.

Starting in the 1970s, interest in solar energy applications for
space heating and cooling grew significantly. Given that the economic
viability of solar energy systems serves a crucial role in their practical
implementation, a more detailed and rigorous analysis of collector models
became essential. The HWB model's analysis disregards axial conduction
in both the fluid and the receiver. To address this limitation, Phillips [20]
developed a closed-form solution that explicitly incorporates the
belongings of axial conduction within the receiver. His findings reveal
that ignoring axial conduction can consequence in errors of up to 30% in
calculating the collector heat removal factor, though the typical deviation
for most collectors is less than 12%. This study highlights the importance
of accounting for axial conduction in the thermal performance of solar

collectors to improve the accuracy of performance predictions.

Cooper and Dunkle [21] developed a non-linear model for flat-
plate solar collectors, addressing the complexities of heat transfer and
efficiency prediction. The study incorporated non-linear effects such as

radiation losses and temperature-dependent properties to enhance the
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accuracy of performance estimations. Results demonstrated that the non-
linear approach provides a more precise representation of collector

behavior compared to traditional linear models.

In another work Chiou [22] investigated the influence of non-
uniform fluid flow dispersion on the thermal characteristics of solar
collectors, highlighting its impact on heat transfer efficiency. The study
analyzed how variations in flow distribution lead to temperature
imbalances, reducing overall collector performance. Findings suggested
that optimizing flow uniformity improves heat absorption and minimizes

thermal losses, thereby enhancing efficiency.

Francken [23] explored the effectiveness of flat plate solar
collectors, focusing on key factors that influence their thermal
performance. The study examined various design parameters, including
absorber plate material, collector orientation, and heat loss factors, to
assess their impact on efficiency. Findings indicated that optimizing these
variables significantly enhances the collector's overall effectiveness in
capturing solar energy. This technical note provides valuable insights for
improving flat plate collector designs and optimizing their use in solar

thermal applications.

O’Brien-Bernini [24] developed a performance model for non-
metallic flat plate solar collectors, exploring their thermal efficiency and
feasibility as an alternative to conventional metallic collectors. The study
analyzed the impact of material properties, absorber design, and
insulation on overall performance, demonstrating that non-metallic
materials can offer cost-effective and durable solutions for solar thermal

applications. The proposed model provided insights into optimizing
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collector design for improved energy absorption and heat retention,

contribute to the progression of sustainable solar energy knowledges.

Samdarshi and Mullick [25] analyzed the primary thermal loss
coefficient of flat plate solar collectors featuring single and double
glazing, focusing on its impact on overall collector efficiency. The study
examined how glazing configurations influence heat retention and
thermal losses, with particular attention to the differences between single
and double glazing. Results showed that double glazing substantially
lowers thermal loss, enhancing the thermal recital of the collector. This
work gives valuedvisions into optimizing glazing choices for improving

the energy efficiency of flat plate solar collectors.

Hollands and Stedman [26] examined an absorber plate fin with a
step-varried in local thickness to optimize and enhance the thermal
behaviour of solar collectors. The work focused on how variations in the
thickness of the absorber plate fin affect heat transfer efficiency and fluid
flow distribution. Results demonstrated that strategically varying the
thickness improves heat absorption and reduces thermal losses, leading to
better overall collector performance. This research offers valuable design

insights for optimizing absorber plate geometry in solar thermal systems.

Matrawy and Farkas [27] conducted a proportional study on the
behaviour of three diverse types of solar collectors for water heating,
evaluating their efficiency under varying operating conditions. The
research analyzed flat plate, evacuated tube, and concentrating collectors,
highlighting their thermal performance, heat retention capabilities, and

suitability for different applications. Results indicated that while each
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collector type has distinct advantages, selection depends on factors such

as climate, cost, and efficiency requirements.

Keeping in view for the shape of flat plate collector Kundu
[28,32] conducted a performance investigation and to optimize the
absorber plates with dissimilar geometries for flat-plate solar collectors,
presenting a proportional study to evaluate their thermal efficiency. The
research examined various absorber plate designs, including their
material properties and geometric configurations, to determine the
optimal structure for enhanced heat absorption and reduced thermal
losses. Findings indicated that specific geometries significantly improve
collector performance, offering guidance for designing more efficient

solar thermal systems.

Kaushika and Sumathy [29] reviewed solar transparent insulation
materials (TIMs) and their role in enhancing the efficiency of solar
energy systems. The work explored various TIM types, their optical and
thermal properties, and their applications in passive and active solar
technologies. The review highlighted how TIMs reduce heat loss while
allowing maximum solar radiation transmission, improving the
performance of solar collectors and building-integrated solar systems.
This research provides a comprehensive understanding of TIMs' potential
in increasing energy efficiency and sustainability in solar thermal

applications.

Kalogirou [30] provided a complete evaluation of solar thermal
collectors and their applications, covering various collector designs,
counting flat plate, evacuated tube, and concentrating collectors. The

study discussed their working principles, efficiency factors, and
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suitability for various thermal used like space heating, water heating, and
industrial processes. The research emphasized advancements in solar
thermal technology and the potential for integrating these systems into
sustainable energy solutions. This work serves as a fundamental reference
for optimizing solar collector performance and expanding their

applications in renewable energy systems.

Kundu [31] used a step-finned flat-plate collector to examine how
the temperature of the collector fluid at the intake affected the efficiency
of a solar-assisted absorption system. The study examined how variations
in the inlet temperature affect the thermal efficiency and heat transfer
features of the system. Outcomes indicated that higher inlet temperatures
progress the thermal effectiveness of the collector, resulting better heat
absorption and system efficiency. This study delivers valuable
perceptions into optimizing the operating conditions of solar-assisted

absorption systems for enhanced energy utilization.

Kundu [32] investigated the thermal performance and optimal
geometric configuration of absorber plate fins with a recto-trapezoidal
cross-section in flat-plate solar collectors. The analysis emphasized the
influence of fin geometry on heat transfer enhancement and associated
flow behavior. The findings demonstrated that the recto-trapezoidal fin
profile provides superior thermal efficiency compared to conventional
shapes, primarily due to improved heat absorption and a reduction in
conductive thermal resistance within the fin. The study highlights the
importance of geometric optimization in absorber plate design and
provides a useful foundation for improving the overall performance of

solar thermal collector systems.
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Badran et al. [33] examined the bond conductance in solar
collector absorber plates, a critical factor influencing thermal
performance and heat transfer efficiency. The study examined different
bonding techniques between the absorber plate and the heat transport
medium, analyzing their impact on overall collector efficiency.
Experimental findings demonstrated that optimizing bond conductance
significantly enhances heat transfer, reducing thermal resistance and
improving energy absorption. This research provides valuable insights
into material selection and fabrication methods for improving the

effectiveness of solar thermal collectors.

Villar et.al. [34] performed numerical 3-D heat flux simulations
on flat plate solar collectors to analyze their thermal performance. The
study focused on modelling heat transfer processes, including the effects
of fluid flow and thermal losses, using three-dimensional simulations.
Results provided detailed insights into the distribution of heat flux across
the collector surface, helping to identify design improvements for more

efficient energy capture.

Kundu [35] developed an analytic technique for assessing the
thermal behaviour and the improvement of an absorber plate fin with
capricious thermal conductivity and overall loss coefficient. The study
analyzed how changes in thermal properties and loss parameters impact
the efficiency of flat-plate solar collectors. The outcomes indicated that
accounting for variable thermal conductivity significantly improves the
accuracy of performance predictions, while optimizing the overall loss
coefficient enhances heat retention and efficiency. This research provides
a deeper understanding of absorber plate fin design for more efficient

solar thermal systems.
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Kundu et al.[36] performed a statistical investigation on the
operational design parameters of a solar-powered vapour absorption
cooling system using an absorber plate with various profiles. The
research focused on how various absorber plate geometries affect system
performance, particularly in terms of heat absorption and efficiency under
different operating conditions. The study highlighted that optimizing the
absorber plate profile can pointedly improve the thermal performance and
overall efficiency of solar-powered cooling systems. This work provides
valuable insights for refining the design of solar absorption cooling

systems for better energy utilization.

Alvarezet.al [37] presented an investigational analysis with
numerical simulation using Finite Element Method (FEM) for a newly
premeditated flat-plate solar collector featuring a ridged channel and an
increased surface area in direct contact with the heat transfer fluid. The
collector’s thermal and hydrodynamic performance validated against

investigative outcomes for a conventional fin-and-tube solar collector.

Roberts and Forbes [38] developed an analytical model to assess
the immediate performance of glazed flat plate solar water heaters,
emphasizing the role of absorber plate properties in thermal performance.
The findings highlight that increasing absorptance enhances energy
absorption, while lower emittance minimizes radiative heat losses,
leading to improved overall performance. However, the study cautions
against reducing emittance at the expense of absorptance, as it may

negatively affect efficiency.

Subiantoro and Tiow [39] developed analytical models to

compute and optimize the performance of single and double glazing flat
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plate solar collectors, considering normal and small air gap spacing. The
study analyzed the effect of glazing configurations on heat transfer,
thermal losses, and overall collector efficiency. Findings indicated that
double glazing with optimized air gap spacing reduces heat loss while

maintaining high solar transmittance, enhancing collector performance.

Eismann and Prasser [40] addressed the inaccuracies in traditional
analytical models of flat plate solar collectors caused by neglecting edge
effects. They introduce a correction factor that accounts for heat losses at
the absorber's edges, enhancing the precision of performance predictions.
This advancement is particularly significant for optimizing collector
designs, especially in systems with high-temperature gradients or

compact configurations.

Bhowmik and Amin [41] examined the effectiveness
enhancement of flat plate solar collectors by integrating reflectors to
increase solar radiation absorption. Their study demonstrated that adding
reflectors significantly improves thermal performance by directing
additional sunlight onto the collector surface, thereby increasing heat gain
and overall efficiency. Experimental results showed a notable rise in
collector efficiency, making this approach a cost-effective and practical
solution for optimizing solar energy utilization. This research provides a
strong foundation for further studies on solar collector modifications to

enhance energy capture and sustainability in solar thermal applications.

In all the analyses discussed above, a one-dimensional heat
conduction equation has been used. However, since the absorber plate of
the collector exhibits a two-dimensional temperature distribution, a more

accurate performance evaluation requires a two-dimensional analysis.
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Consequently, extensive research has been conducted on two-dimensional
heat conduction equations under various boundary conditions. A selection
of studies on two-dimensional analysis of flat-plate solar collectors is

listed below.
2.3 Two-dimensional steady state

Grossman et.al. [42] conducted an in-depth heat transfer study of
a flat-plate solar collector, focusing on its two-dimensional geometry,
which maximizes the contact area among the fluid and the sun-exposed
collecting surface. Their analysis provided temperature and heat flow
circulations across both dimensions of the collector, while also
investigating the expansion of the thermal boundary layer. The study
calculated overall efficiencies under conditions of uniform solar heat

influx and flexible heat losses from the absorber plate.

Rao's study [43] presents a comprehensive two-dimensional
theoretical model of a flat-plate solar collector, focusing on heat transfer
dynamics, temperature distribution, using analytically and by perturbation
method. The system, enabling accurate performance evaluation under
varying operating conditions without assuming an average plate
temperature. Unlike traditional lumped models, which may overestimate
efficiency in certain flow regimes, this approach provides a more precise

assessment of collector performance.

Rahman et.al. [44] presented a two-dimensional mathematical
model for analyzing the thermal behaviour of an evacuated tubular solar
collector. The collector features a thin flat plate spanning its diameter as

the absorbing surface. The study develops a detailed performance model
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by applying energy balance equations separately to the collector plate and
tube. A zero-capacitance assumption is found to be adequate when using
hourly meteorological data, allowing for a steady-state analysis of the
system. By incorporating conduction, convection, and radiation effects,
the model provides insights into temperature distribution, heat flux

variations, and efficiency under different operating conditions.

Lund's study [45] presents a comprehensive thermal analysis of
parallel-flow flat-plate solar collector absorbers, focusing on heat transfer
mechanisms, temperature distributions, and overall thermal efficiency.
The research develops a mathematical model that accounts for solar
radiation absorption, conductive and convective heat transfer, and fluid

flow dynamics to predict absorber performance.

Wijeysundera and Thevendran [46] presented a two-dimensional
heat transfer examination of the thermal-trap collector, focusing on its
thermal performance and efficiency. The study develops a mathematical
model to examine temperature distributions, heat flux variations, and

overall heat transfer mechanisms within the collector.

Hobson and Norton [47] presented a detailed analysis of heat
transfer and fluid flow in direct thermosyphonic solar water heaters,
emphasizing the impact of small buoyancy-driven flow rates. A two-
dimensional formulation of the collector energy equations was employed
to accurately simulate heat transfer and thermal capacitance effects.
Incorporating a non-isothermal friction factor correlation for riser pipe
energy losses resulted in predicted flow rates that matched experimental
values within 2%. For the investigated laminar flow rates and storage

configuration, axial conduction in the store walls was found to dominate
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thermocline relaxation. An indoor microcomputer-controlled test facility
simulated real operating conditions, with predicted system responses
aligning well with experimental observations, achieving a heat delivery

accuracy within 2.8%.

Kazeminejad's [48] study presents a numerical investigation of a
two-dimensional parallel-flow flat-plate solar collector, focusing on
thermal characteristics and heat transfer characteristics. A computational
scheme is established to simulate temperature distributions, heat flux
variations, and efficiency under various operating conditions. The study
also compares one- and two-dimensional analyses to optimize collector
design. Results indicate that while the performance curves and isotherms
align closely, one-dimensional analysis slightly deviates from two-
dimensional results, mainly at low mass flow rates. This highlights the
importance of two-dimensional modeling for more accurate performance

predictions in solar collector design.

Varol and Oztop [49] conducted relative numerical research on
natural convection heat transfer in inclined wavy and flat-plate solar
collectors to evaluate their thermal performance. By means of
computational fluid dynamics (CFD) simulations, the study analyzes heat
transfer and fluid flow characteristics under isothermal boundary

conditions for the absorber and cover.

Li and Chen [50] applied entransy theory to optimize heat transfer
in flat-plate solar collectors, providing a novel perspective on thermal
performance enhancement. The study focuses on using entransy
dissipation analysis to evaluate and improve heat transfer efficiency

within the collector. By optimizing energy transport processes, the
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research identifies key factors influencing collector performance,
including absorber plate design, fluid flow characteristics, and heat loss

mechanisms.

Mortazavinejad and Mozafarifard [51] conducted a numerical
examination of two-dimensional heat transfer in the absorber plate of a
flat-plate solar collector by means of the dual-reciprocity technique
grounded on the boundary element approach. Their study focused on
accurately modeling heat transfer mechanisms within the collector to

enhance its thermal performance.

The two-dimensional analysis can be modified to one-dimensional
one by applying trapezoidal rule. With this concept Kundu and Lee [52],
Kundu et al. [53] presented an in-depth analysis of wet fins, optimizing
their design using modified one-dimensional (1-D) and two-dimensional
(2-D) approaches and the results shows that a 2D heat conduction models
have been extensively studied for to deliver a further precise calculation
of temperature circulation and thermal performance using modified 1D

by using trapezoidal method.

Further the authors [54, 55] performed a transient
multidimensional second law analysis and numerical analysis
respectively for solar collectors subjected to time-varying insolation with
diffuse components. Results highlighted how dynamic variations in
insolation affect the thermal performance, contributing to the
optimization of solar collector designs for enhanced energy efficiency

and sustainability.

Previous research has predominantly focused on evaluating the

behaviour of solar collectors under steady-state situations. However, in
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practical applications, variations in insolation, ambient temperature, and
wind conditions significantly influence their operation, requiring a
transient analysis to understand these dynamic effects. Numerous studies
in the literature have examined transient assessments of absorber plate
fins, offering valuable insights into how changing environmental
parameters affect the thermal efficiency of flat-plate solar collectors.
Below is a compilation of studies on transient analyses of flat-plate solar

collectors.
2.4 one-dimensional unsteady state

To address some of the limitations of HWB model, Duffie and
Beckman [56] refined the Ilumped analysis by incorporating the
resistances between the tube and the fluid. They first derived an
expression for the average fluid temperature and then calculated the
average plate temperature by accounting for the thermal resistance
between the two. The study examined the thermal response of the
collectors under varying conditions, providing a detailed understanding of

how transient effects influence efficiency and energy capture.

Grossman et.al. [57] conducted a heat transfer examination of a
flat-plate solar energy collector, focusing on the key thermal processes
that govern energy absorption and heat loss. The study examined the
effects of various factors, such as collector design, material properties,
and environmental conditions, on the overall efficiency of the system.
Results provided valuable insights into optimizing heat transfer
mechanisms, leading to upgraded behaviour and energy utilization in

solar thermal applications.
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De Ron [58] established a dynamic model to simulate the
effectiveness of a flat-plate solar collector, focusing on the transient
thermal behavior and its impact on system efficiency. The study
incorporated factors like fluid flow, heat loss, and solar radiation
variations to accurately predict collector performance over time.
Experimental verification of the model showed strong agreement with
real-world data, validating its applicability for designing and optimizing
solar thermal systems.

Mather [59] explored the transient response of solar collectors,
focusing on how fluctuations in solar radiation and temperature affect
their performance over time. The study analyzed the time-dependent
thermal behavior of collectors, emphasizing the impact of start-up
conditions and dynamic thermal responses on efficiency. Results
indicated that understanding transient effects is crucial for optimizing
collector performance, particularly under varying environmental

conditions.

Tiwari and Srivastava [60] presented a simple transient analysis of
plate temperature in flat-plate solar collectors, focusing on the time-
dependent temperature variations and their effect on collector
performance. The study established an logical model to envisage the
transient thermal characteristics of the collector's absorber plate under
different operating conditions. Results showed how factors like solar
radiation and fluid flow influence plate temperature and overall

efficiency.

Saito et.al. [61] examined the transient response of flat-plate solar
collectors under periodic solar intensity variations, focusing on how

fluctuating solar radiation impacts the thermal behaviour of the collector
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over time. The study analyzed the dynamic temperature changes and heat
transfer efficiency, providing insights into the collector's ability to adapt
to varying solar intensity. Results highlighted that accounting for periodic
intensity variations is vital for optimizing the enterprise and operation of

solar thermal systems.

Kamminga [62] explored the knowledges of a solar collector test
method utilizing Fourier transfer functions, aiming to improve the
accuracy and efficiency of performance evaluations. The study focused
on applying Fourier analysis to model the thermal behavior and transient
response of solar collectors under varying conditions. By using transfer
functions, the research provided a more precise way to assess thermal
dynamics and efficiency. Results demonstrated that this method enhances
the reliability of solar collector testing, offering value dperceptions for

improving the enterprise and performance of solar thermal systems.

Yadavet.al. [63] conducted a transient examination of parallel flat-
plate water collectors, focusing on the dynamic thermal performance
under varying environmental conditions. The study examined how
fluctuations in solar radiation, water flow, and temperature affect the
performance of parallel configurations of flat-plate collectors. The
outcomes presented that optimizing these factors can significantly

enhance collector performance and energy efficiency.

Zhao [64] conducted a transient simulation of flat-plate solar
collectors, focusing on the time-dependent thermal characteristics under
varying environmental conditions. The study utilized dynamic modeling
techniques to model the thermal response of the collector to changes in

solar radiation, ambient temperature, and fluid flow. Results indicated the
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significant impact of transient effects on collector efficiency and
highlighted the importance of incorporating these variations in design and

performance predictions.

Zeroual et.al.[65] compared two dynamic test approaches for
evaluating the efficiency of solar flat-plate collectors. The study assessed
the effectiveness and accuracy of each testing approach in capturing
transient thermal responses and efficiency under varying conditions.
Results demonstrated that both methods provided valuable insights, with

specific advantages in different testing scenarios.

Amer et.al. [66,67] established a transient method for testing flat-
plate solar collectors, aiming to improve the accuracy and reliability of
performance evaluations under dynamic conditions. The study introduced
a testing approach that accounts for time-dependent changes in
temperature and solar radiation, providing more detailed insights into the
collector's thermal behavior. Results highlighted the method's
effectiveness in capturing transient energy variations, offering a better

understanding of solar collector performance over time

El-Adawi [68] familiarized a new methodformodelling flat-plate
solar collectors using the Fourier transform technique, aiming to improve
the accuracy of thermal performance predictions. The study utilized
Fourier transforms to analyze heat transfer processes in the collector,
allowing for a more efficient evaluation of transient thermal behavior and

system efficiency under varying solar radiation conditions.

Dhariwal and Mirdha [69] developed analytical equations to
model the response of flat-plate collectors under numerous transient

situations, focusing on the impact of time-varying solar radiation and
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environmental factors on collector performance. The study provided a set
of equations to forecast the thermal response of the collector over time,
helping to understand how dynamic conditions influence efficiency.

The author of [70, 71] developed a comprehensive numerical
model for flat-plate solar thermal system, aiming to accurately simulate
the thermal performance under varying operational conditions. The study
incorporated complex aspects such as heat transfer, fluid dynamics, and
temperature variations to predict the collector's behavior.

Zima and Dziewa [72] modeled the operation of liquid flat-plate
solar collectors in transient states, focusing on the time-dependent
thermal behavior under varying environmental conditions. The study
developed a model to simulate the dynamic response of the collector,
considering aspects like fluctuating solar radiation, fluid temperature, and
heat transfer processes. Results showed the impact of transient effects on
system performance, helping to optimize collector design and operation

for improved efficiency.

Zima and Dziewa [73] established a mathematical model for heat
transfer in liquid flat-plate solar collector tubes, focusing on the complex
thermal interactions between the absorber plate, fluid, and surrounding
environment. The study incorporated key parameters like fluid flow
dynamics, temperature gradients, and heat loss mechanisms to forecast

the collector's behaviour under various operating circumstances.

Rodriguez et. [74] investigated the transient behavior of flat-plate
thermal solar collector performance beneath working circumstances,
presenting a detailed model explanation and investigational validation.

The study established a comprehensive model to simulate the collector's
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thermal performance over time, accounting for dynamic aspects like solar

radiation variations and fluid temperature changes.

In the above analysis, traditional heat conduction models based on
Fourier’s law assume instant thermal wave propagation, resulting in a
parabolic heat equation. This assumption contradicts Einstein’s theory of
relativity, especially at extremely short time scales or near absolute zero.
To address this issue, a finite thermal wave propagation speed has been
proposed, introducing a delay in heat flux response. This approach,
known as non-Fourier heat conduction, was developed by Cattaneo and
Vernotte. By incorporating relaxation time, it transforms the governing
equation into a hyperbolic form, overcoming the limitations of classical

models. A selection of studies on non-Fourier analysis is listed below.

Peshkov [75] introduced the concept of second sound in helium 11,
a quantum hydrodynamic phenomenon where heat propagates as a wave
rather than by diffusion. This groundbreaking study provided
experimental evidence for the existence of temperature waves in super
fluid helium, challenging classical heat conduction theories. Peshkov’s
work laid the foundation for further research into non-Fourier heat
transfer, influencing the study of anomalous thermal transport in various
materials, including high-temperature superconductors and microscale

heat transfer applications.

Cattaneo [76] introduced a modified form of the heat equation that
removes the paradox of immediate heat circulation, which was a
limitation of the classical Fourier heat conduction theory. By
incorporating a time delay in the heat transfer process, this formulation,

now known as the Cattaneo equation, accounts for finite speed of heat
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propagation, addressing the unrealistic assumption of infinite heat speed
in traditional models. Cattaneo’s work laid the foundation for non-Fourier
heat conduction theories, contributing significantly to the study of
transient heat transfer and influencing subsequent developments in
thermal transport, particularly in systems involving high-speed or

complex materials.

Vernotte [77] addressed the paradoxes inherent in the continuous
theory of heat conduction by analyzing the limitations of the classical
heat equation. He highlighted the issues arising from the assumption of
infinite propagation speed for heat, which led to non-physical results,
such as the instantaneous transmission of thermal energy. Vernotte
proposed a modification to the classical theory, incorporating a finite
propagation speed for heat, similar to Cattaneo’s later work, to resolve
these paradoxes. His contributions laid the groundwork for the
development of non-Fourier heat conduction models, providing a more
realistic framework for analyzing heat transfer in various physical

systems.

Tzou [78, 79] carried out an investigational study on the lagging
performance in heat propagation, focusing on how delayed thermal
responses affect the performance of heat transfer systems, including solar
collectors. The research provided experimental support for the concept of
heat propagation lag, analyzing how this phenomenon influences
efficiency and thermal dynamics. Results showed that the lag in heat
transfer can significantly affect system performance, especially under

varying environmental conditions.
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Antak [80] explored the key features of analytical resolutions for
hyperbolic heat conduction, focusing on the mathematical modeling of
heat transfer in materials under transient conditions. The study examined
how hyperbolic equations, which account for finite speed of heat
propagation, provide more accurate predictions compared to classical
Fourier-based models, especially in scenarios involving rapid temperature
changes. Results highlighted the importance of using hyperbolic heat
conduction models for systems where thermal waves and transient effects

play a significant role.

Lin [81] investigated the non-Fourier effects on fin effectiveness
underneath periodic thermal circumstances. The study developed a model
that incorporates the impact of non-Fourier heat conduction, accounting
for thermal lag and memory-dependent effects in fins subjected to
periodic heating and cooling cycles. The research provided a thorough
analysis of temperature circulation and heat flux variations,
demonstrating how non-Fourier effects can influence the thermal

efficiency of fins in real-world applications.

Moosaie [82] investigated non-Fourier heat conduction in a finite
medium subjected to arbitrary non-periodic surface disturbances,
focusing on the thermal response of materials when subjected to irregular
and transient heat sources. The study explored heat transfer dynamics
beyond the classical Fourier law, accounting for finite speed of heat

propagation and the resulting thermal effects.

Ahmadikia and Rismanian [83] provided an analytical solution to
non-Fourier heat conduction problems in a finite medium with recurring

boundary circumstances. By applying this non-Fourier approach, the
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researchers were able to model transient heat conduction more accurately,

especially in systems where rapid or irregular temperature changes occur.

Kundu and Lee [84] conducted a Fourier and non-Fourier heat
conduction analysis in the absorber plates of a flat-plate solar collector,
focusing on how both classical and non-classical heat transfer models
affect the thermal characteristics of solar collectors. The study explored
the implications of using non-Fourier models, which account for the finite
speed of heat circulation, in contrast to traditional Fourier-based methods.
The findings showed that non-Fourier effects can significantly influence
the efficiency and heat distribution in solar collectors, especially under

rapid transient conditions.

Rodriguez et.al.[85] presented exact and analytic-numerical
solutions of lagging models of heat transfer in a semi-infinite medium,
focusing on the delayed thermal response that occurs when heat
propagation is not instantaneous. The study explored how these lagging
effects impact heat transfer dynamics, especially in systems subject to
transient thermal conditions. By developing both exact and hybrid
analytic-numerical solutions, the researchers provided a more
comprehensive understanding of heat conduction in materials with finite

thermal wave speeds.

Kundu and Lee [86] presented a non-Fourier analysis to study
heat transmission in fins with internal heat generation. Their research
developed a model that accounts for both non-Fourier heat conduction
effects and the impact of internal heat sources, offering a more accurate
representation of thermal behavior in such systems. The study explored

the transient temperature distribution and heat flow in fins, providing
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valuable insights into the optimization of fin designs for applications with
internal heat generation. The findings contribute to the understanding of
non-Fourier heat transfer and improve the thermal behaviour prediction in

heat dissipation systems.

Bhowmik et.al. [87] conducted an inverse modelling study of a
solar collector, incorporating both Fourier and non-Fourier heat
conduction to enhance the accuracy of thermal characteristics predictions.
The research focused on using inverse methods to estimate key
parameters in solar collectors, such as heat transfer coefficients, by
considering both classical and non-classical heat conduction effects. The
study showed that accounting for non-Fourier heat conduction, which
involves finite heat propagation speed, can significantly improve the

modeling of transient thermal responses.

Panda et al. [88] conducted an inverse heat transfer analysis to
identify key design parameters influencing the effectiveness of a flat-
plate solar collector. The research utilized numerical techniques to
estimate thermal properties and boundary conditions by minimizing
discrepancies between experimental and simulated temperature
distributions. The analysis focused on optimizing absorber plate
characteristics, heat loss mechanisms, and fluid flow dynamics to
enhance overall efficiency. The results provided a systematic approach
for improving solar collector design, offering valuable insights for

developing more effective and energy-efficient solar thermal systems.

Wankhade et.al.[89] established a non-Fourier heat conduction
model to accurately predict the transient thermal response in wet fins.

Their study accounted for phase change effects and thermal lag, which
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are critical in applications involving condensation and evaporation. By
employing an advanced heat conduction framework, the research
improved the understanding of heat transfer dynamics in wet fins, leading
to more precise thermal performance predictions and potential design

optimizations for enhanced efficiency in heat exchanger systems

Mozafarifardet al.[90] carried outa numerical research on
anomalous heat conduction in the absorber plate of a solar collector using
the time-fractional single-phase-lag (TF-SPL) model. This approach
accounts for non-Fourier heat conduction effects, capturing thermal lag
and memory-dependent behavior in the heat transfer process. The study
examined the effect of fractional-order parameters on temperature
distribution and heat flux, providing deeper insights into transient thermal
responses. The findings demonstrated the significance of non-Fourier
conduction in solar collector absorbers and highlighted the potential for
optimizing thermal performance through advanced heat transfer

modeling.

Gamaounet al.[91] carried out a numerical work on non-Fourier
heat transfer in a moving longitudinal radiative-convective dovetail fin,
highlighting the impact of thermal lag effects on heat dissipation. Using
advanced heat conduction models, the research analyzed the interplay
between conduction, convection, and radiation in a dynamic setting. The
study provided insights into optimizing fin geometries for enhanced
thermal performance in high-speed applications, contributing to the
broader understanding of non-Fourier heat transfer in advanced thermal

management systems.
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The energy proficiency of solar collectors is traditionally assessed
using the first law of thermodynamics, which measures their ability to
renovate solar energy into usable thermal energy. However, a more
comprehensive evaluation incorporates exergy investigation grounded on
the second law of thermodynamics, providing deeper insights into system
performance and irreversibilities. Exergy analysis aids in optimizing
design parameters and selecting the most effective working fluid
properties, including nanoparticle concentration, size, and shape, to
enhance efficiency. Extensive research has explored the thermodynamic
presentation of flat-plate solar collectors using both energy and exergy
analyses. Below is a compilation of works focusing on the exergy

analysis of flat-plate solar collectors.

Bejan [92] analyzed the exergy removal from solar collectors
under time-varying circumstances, emphasizing the influence of transient
solar radiation on system efficiency. The study developed a theoretical
framework to evaluate the exergy flow and losses, providing insights into
optimizing collector performance. This work serves as a foundational
reference for improving thermodynamic efficiency in solar thermal

applications.

Fujiwara [93] conducted an exergy analysis to evaluate the
efficiency of solar collectors, focusing on the thermodynamic efficiency
of energy conversion. The study examined exergy losses in various
collector designs and proposed methods to enhance their efficiency. By
applying the exergy approach, the research provided a deeper
understanding of irreversibilities in solar energy utilization, contributing

to the development of more effective solar thermal systems.
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Gribik and Osterle [94] investigated the second law efficiency of
solar energy conversion, emphasizing the role of exergy in evaluating
system performance. The study analyzed the fundamental limits of solar

energy utilization and identified key factors affecting efficiency losses.

Chelghoum and Bejan [95] performed a second-law examination
of solar collectors incorporating energy storage, focusing on exergy
efficiency and entropy generation. The study evaluated how storage
capability influences system performance and identified key

thermodynamic losses.

Suzuki et.al. [96] applied the exergy concept to determine the
optimal operating conditions of solar heat collectors. The study analyzed
exergy efficiency and losses under varying conditions, providing insights

into maximizing useful energy output.

Suzuki [97] formulated a important relation for exergy
equilibrium in solar collectors, providing a theoretical framework to
assess energy conversion efficiency. The study examined exergy flow,

losses, and entropy generation to enhance system performance evaluation.

Farahat et.al. [98] carried out a work to optimize the exergy on
flat plate solar collectors to regulate optimum performance and design
parameters analytically. They performed detailed energy and exergy
analyses, considering variables like absorber plate area, collector sizes,
pipe dia., volume flow rate, fluid temperatures at the inlet and outlet, and

overall heat loss coefficient.

Jafarkazemi and Ahmadifard [99] presented a comprehensive theoretical
model for the energy and exergy scrutiny of flat plate solar collectors.
After validating the model with experimental data, they examineed how

design factors like the fluid flow rate, temperature at inlet, working fluid
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type, and back insulation thickness, affect collector performance. Their
findings indicate that setting the water temperature at the inlet about 40°C
above atmospheric temperature and using a lower flow rate enhances

overall effectiveness.

Ge et al. [100] conduct an exergy analysis of flat plate solar
collectors analytically. The study examines energy efficiency, exergy
destruction, and thermodynamic optimization, providing insights into

performance improvements for solar thermal systems.

The working fluid is a key factor in the thermal performance of
flat-plate solar collectors (FPSCs), directly affecting heat transfer
capacity and thermal conductivity. Conventional fluids such as water,
glycols, and oils have relatively low thermal conductivity, which limits
their efficiency. Recent research has explored next-generation working
fluids, including mono and hybrid nanofluids, which offer superior
thermal and exergy efficiency. This section presents a computational
analysis of these advanced fluids and their role in enhancing FPSC
performance. Below is a compilation of studies focusing on the exergy

analysis of flat-plate solar collectors using various nanofluids.
2.5 Analysis using nanofluids

The authors [101,102] experimentally examined impact of
nanoparticle concentration on size, and material on thermal conductivity,

revealing significant improvements compared to conventional fluids.

Duangthongsuk and Wongwises [103] experimentally measured
the temperature-dependent thermal conductivity and viscosity of TiO»-

water nanofluids. Their study analyzed how temperature variations
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influence the thermo-physical properties of nanofluids, showing enhanced
thermal conductivity but increased viscosity at higher concentrations.

Yousefi et al. [104] carried out a investigational study on the
consequence of Al,O3-H>O nanofluid on the efficiency of flat-plate solar
collectors. The research analyzed the influence of nanoparticle absorption
and surfactant addition on thermal performance, demonstrating a notable

increase in collector efficiency.

Rahman and Aziz [105] investigated heat transfer behaviour of
water-based nanofluids (TiO2-H2O, Al,03-H,O, and Cu-H20) over a
extending cylinder. Results showed that nanofluids significantly enhance
heat transfer rates associated to conventional fluids, with variations

depending on nanoparticle properties.

Faizal et. al. [106] conducted a complete energy, economic, and
ecological examination for flat-plate solar collectors by means of metal
oxide nanofluids of CuO, SiO2, TiO2, and Al.03.With numerical
techniques and published data the study evaluated thermal efficiency
improvements, economic feasibility, and environmental impact. Findings
indicated that metal oxide nanofluids enhance heat transfer performance,

resulting in higher energy savings and lower carbon emissions.

Alim et al. [107] used multiple metal oxide nanofluids, like Al;Os,
CuO, SiO2, and TiO, distributed in water for volume portions and mass
flow rates in the range of 1-4% and 1-4 L/min, respectively, to analyze
the entropy production and pressure drop for a standard flat plate solar
collector. The analytical data indicate that, relative to water as an
absorbing fluid, the CuO nanofluid may potentially improve the heat
transfer coefficient by 22.15% and reduce entropy formation by 4.34%.
Additionally, there is a slight 1.58% drop in pumping power
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Said et al. [108] performed an experiment on the thermos-physical
characteristics of Al.Oz-water nanofluid and its influence on the
efficiency of a flat-plate solar collector.The research examined variations
in thermal conductivity, viscosity, and heat transfer characteristics,
demonstrating improved collector efficiency with nanofluid usage. The
study highlighted the potential of Al,Oz nanofluids in enhancing solar
thermal system performance while considering the trade-offs associated

with viscosity and pressure drop.

Mabhian et al. [109] inspected the efficacy of a mini-channel solar
collector using diverse nanofluids. The work assessed heat transfer
enhancement, head loss, and overall thermal efficiency under various
operating circumstances. The findings exhibited that nanofluids
significantly improved the collector's performance by increasing thermal
conductivity and convective heat transfer. However, the study also
highlighted the need to balance efficiency gains with potential pressure

drop challenges.

Madhesh et al. [110] conducted an experimentation on the
convective heat transfer and rheological behaviour of Cu-TiO2 hybrid
nanofluids. The study analyzed the impact of hybrid nanoparticles on
thermal conductivity, viscosity, and overall heat transfer performance.
Results demonstrated that Cu-TiO> nanofluids enhance convective heat
transfer more effectively than single-component nanofluids, though

increased viscosity may impact flow characteristics.

Verma and Tiwari [111], Gupta et al.[112]provided a complete
assessment of nanofluid use in solar collectors, summarizing

advancements in thermal performance enhancement. The study analyzed
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various nanofluids, their thermo-physical properties, and their impact on
heat transfer efficiency. It also discussed challenges such as stability,

pressure drop, and economic feasibility.

Shojaeizadeh et al. [113] examined the exergy performance and
optimization of a flat-plate solar collector using AlOsz-water nanofluid.
The work analyzed the infulence of nanoparticle concentration,
temperature at the inlet, and mass flow rate on system performance.
Results demonstrated that nanofluid-enhanced collectors achieved higher

exergy efficiency associated to conventional fluids.

Faizal et al. [114] carried out an environmental economic energy
analysis of a flat-plate solar collector using SiO2 nanofluid. The research
assessed the impact of nanofluid on thermal efficiency, cost-

effectiveness, and environmental benefits.

Said et.al. [115] analyzed the exergy efficiency of a flat-plate
solar collector using graphene-based nanofluid. The study examined the
impact of graphene nanoparticles on heat transfer performance, entropy
generation, and overall system efficiency. Results indicated that
graphene-based nanofluids significantly enhanced exergy performanceas

equated to conventional fluids.

Esfe et al. [116] examined the thermal conductivity of Cu/TiO;-
water/EG hybrid nanofluid through investigational analysis and
predictive modelling by means of artificial neural networks. The work
studied the impact of nanoparticle content and base fluid composition on
thermal performance. Their outcomes exhibited that the hybrid nanofluid
exhibited superior thermal conductivity associated to single-component

nanofluids. The research provided empirical correlations and ANN-based
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models for accurately predicting thermal behavior, contributing to the

enhancement of nanofluids in heat transfer uses.

Esfe et al. [117] experimentally determined the thermal
conductivity and dynamic viscosity of Ag-MgO/water hybrid nanofluid.
The work examined the impacts of nanoparticle content and temperature

on thermo-physical aspects.

Verma et.al [118] examined the performance improvement of a
flat-plate solar collector by MgO/water nanofluid. The work analyzed the
impact of nanoparticle concentration on thermal efficiency, heat transfer
rate, and overall system effectiveness. Results indicated that MgO
nanofluid significantly enhanced the collector’s performance by

enhancing thermal conductivity and convective heat transfer

Said et.al. [119] conducted an energy and exergy analysis of a
flat-plate solar collector using aluminum oxide-based nanofluids of
different particle sizes. The study examined the impact of nanoparticle
size on heat transfer characteristics, entropy generation, and system

efficiency.

Authors of [120,121] projected a novel method to enhance the
thermal  conductivity of CuO/H.O-based nanofluids.  Results
demonstrated a significant improvement in thermal conductivity, making

CuO nanofluids more effective for thermal management applications.

Verma et.al.[122] conducted an investigational assessment of a
flat-plate solar collector using nanofluids to enhance thermal

performance. Results indicated that nanofluids significantly improved the
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collector's thermal conductivity and overall effectiveness associated to

conventional fluids.

Dasaien and Elumalai [123] investigated the performance
improvement of a thermo-syphon flat-plate solar water heater using CuO

nanofluid.

Said and Saidur [124] provided ainclusive review of the thermo-
physical beahviour of metal oxide nanofluids, emphasizing their potential
uses in heat and mass transfer engineering. The study discussed key
parameters like specific heat, viscosity, thermal conductivity, and density,
highlighting their dependence on nanoparticle concentration, temperature,
and base fluid properties. The findings underscored the advantages of
metal oxide nanofluids in enhancing heat transfer efficiency, creating a
prime factor for various thermal management equipments, including solar

energy systems.

In another work authors of [125], conducted a theoretic study to
appraise the effectiveness of a flat-plate solar collector utilizing CuO-
water, nanofluid using energy and exergy analysis of a flat-plate solar

collector.

Kilic et al. [126] examined the influence of using TiO2-water
based nanofluid on the thermal characteristics of a flat-plate solar
collector. The study analyzed energy efficiency, heat transfer
enhancement, and general system effectiveness when linked to
conventional water-based fluids. The outcomes presented that the usage
of TiO2 nanofluid enhanced thermal efficiency because of its enhanced

thermo-physical characteristics, including higher thermal conductivity.

Ziyadanogullari et al. [127] explored the thermal efficiency

improvement of flat-plate solar collectors using three dissimilar

49



nanofluids. The outcomes demonstrated a visible development in thermal
efficiency due to the superior thermo-physical properties of the
nanofluids, such as increased thermal conductivity and heat absorption.

Verma et al. [128] examined the performance of hybrid nanofluids
in flat plate solar collectors, highlighting their potential as advanced
working fluids. The study compared hybrid nanofluids with conventional
nanofluids and base fluids, emphasizing improvements in various thermal
factors. The outcomes exhibited that hybrid nanofluids prominently
heightened the collector’s thermal efficiency due to the synergistic effect

of multiple nanoparticles.

Farajzadeh et al. [129] conducted experimentation and numerical
study on the impact of Al203/TiO2-H20 based nanofluids on the thermal
performance of a flat plate solar collector. Their research aimed to assess
how the combination of aluminum oxide (Al.O3) and titanium dioxide
(TiO2) nanoparticles in water could improve heat transfer efficiency

associated to conventional fluids.

Dehaj and Mohiabadi [130] conducted experimentation study on
the effectiveness of a heat pipe solar collector (HPSC)by means of
magnesium oxide (MgO) nanofluids as the base fluid. Results indicated
that MgO nanofluids significantly improved heat transfer characteristics

associated to conventional fluids.

Mousavi et al. [131] conducted an in-depth experimental study on
the thermos-physical and rheogram of a dual hybrid nanofluid containing
MgO and TiO2 nanoparticles dispersed in water. The research focused on
analyzing the impact of temperature and volume concentration of

nanoparticle on thermal conductivity, viscosity, and stability. The results
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indicated that increasing nanoparticle concentration significantly
enhanced thermal conductivity, while also increasing viscosity, which
could influence flow performance. This study underscores the potential of
MgO/TiO, hybrid nanofluids for efficient heat transfer applications,

particularly in solar energy and cooling systems.

Mousavi et al. [132] carried out an experimentation on the
thermo-physical and rheological properties of a ternary hybrid nanofluid
composed of CuO, MgO, and TiO, nanoparticles distributed in water.
The study analyzed the effects of temperature variations and nanoparticle
volume concentration on the thermal conductivity, viscosity, and overall

stability of the nanofluid. The results showed that increasing the

nanoparticles concentration enhanced thermal conductivity but
also led to higher viscosity, which could impact flow characteristics.
These findings highlight the potential of ternary hybrid nanofluids in
advanced heat transfer applications, particularly in energy and cooling

systems.

Okonkwo et al. [133] done a proportional examination on the
thermal performance of alumina/iron mono and hybrid nanofluids using
both experimental and theoretical methods. Their research aimed to
evaluate the accuracy of predictive models in estimating thermo-physical

properties such as thermal conductivity and viscosity.

Tong et al.[134] conducted an energy and exergy analysis of a
flat-plate solar collector using water, Al,O3 nanofluid, and CuO nanofluid

as working fluids. The results demonstrated that nanofluids enhanced
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both the efficiencies as equated to water, with CuO nanofluid exhibiting
the highest performance improvement.

Choudhary et al. [135] investigated experimental the stability of
MgO nanofluid and its influence on the thermal properties of a flat-plate
solar collector. Their study focused on the dispersion characteristics and
long-term stability of MgO nanoparticles in the working fluid, ensuring
optimal heat transfer properties.

Okonkwo et al. [136] conducted a thermodynamic assessment and
optimization of a flat-plate solar collector utilizing alumina and iron-
based mono and hybrid nanofluids. Their study examined the energy and
exergy performance of these nanofluids, identifying optimal

concentrations for maximum efficiency.

Tong et al. [137] performed a comparative efficiency sensitivity

analysis of a flat-plate solar collector using various nanofluids.

Sundar et al.[138] investigated the thermo-physical aspects, heat
transfer performance, and ecological impactof a flat-plate solar collector

utilizing nanodiamond-based nanofluids.

Liu et al. [139] conducted an energy analysis of solar collectors
utilizing carbon and metallic oxide-based nanomaterials as main fluids.
Their study demonstrated that these nanomaterials significantly enhance

heat transfer efficiency.

Sarsam et al. [140] investigated the thermal efficiency of a flat-
plate solar collectorby means of aqueous based colloidal dispersions of
graphene nanoparticles with varying specific surface areas. Their findings
indicate that graphene nanoplatelets enhance thermal conductivity and

heat absorption.
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Eltaweelet al.[141] carried out a comparative study of flat-plate
and evacuated tube solar collectors using nanofluidsas a factor of energy
and exergy performance. Their study highlights that evacuated tube
collector’s exhibit higher thermal efficiency and exergy gain compared to
flat-plate collectors.

Akram et al. [142] conducted experimentation on the efficiency of
a flat-plate solar collector using carbon and metal oxide-based nanofluids.
Their findings indicate that nanofluids significantly enhance thermal
conductivity and heat transfer efficiency, leading to improved energy
absorption in the solar collector.

Mostafizur et al. [143] performed energy and exergy evaluation of
a flat-plate solar collector utilizing different nanofluids through an

analytical method.

Adun et al. [144] performed a multi-objective optimization and
energy-exergy analysis of a parabolic trough solar collector

(PTSC)integrated with a Kalina cycle, utilizing ternary nanofluids.

Nfawa et al. [145] examined the novel use of MgO nanoparticles
as an additive to enhance the thermal conductivity of CuO/water
nanofluid. Their work demonstrated that the addition of MgO
significantly improved heat transfer properties, making the hybrid

nanofluid a more efficient working medium for thermal energy systems.

Asadi et al. [146] carried out an investigation into the stability,
characterization, and dynamic viscosity of CuO-TiO2/water hybrid
nanofluid. Their study aimed on evaluating the thermo-physical aspects
of the hybrid nanofluid, particularly its long-term stability and viscosity

behavior under varying conditions.
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Said et al. [147] provided an inclusive assessment on the uses of
nanofluids in low to medium temperature solar collectors, analyzing their

energy, exergy, economic feasibility, and environmental effect.

Kumar et al. [148] conducted an energy, exergy, and cost-
effective study of a liquid flat-plate solar collector utilizing green
covalent functionalized graphene nanoplatelets (GNPs) as the primary
working fluid. Their experimentation findings demonstrated that
functionalized GNPs significantly enhance thermal conductivity and heat
transfer performance, leading to improved energy and exergy efficiency
of the solar collector.

Choudhary et al. [149] performed a time-based evaluation of the
thermal performance of a flat-plate solar collector utilizing magnesium
oxide (MgO) nanofluid. They demonstrating that the MgO nanofluid
significantly enhances thermal conductivity and collector performance

compared to conventional fluids.

Esfe et al. [150] carried an experimentation and sensitivity
studyon anew group of ternary hybrid nanofluids (THNFs), focusing on

thermal conductivity enhancements.

Khan et al. [151] studied the thermal conductivity performance of
a ternary hybrid nanomaterial, emphasizing its impact on entropy
generation. The findings revealed that ternary hybrid nanofluids exhibit

superior thermal performance

Ajeena et al. [152] conducted a complete examination of
nanofluids and their uses in flat plate solar collectors, focusing on
fundamental principles, thermo-physical properties, and stability

challenges.
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Desisa [153] conducted an experiment as well as numerical
investigation into the heat transfer behaviour of a solar flat plate collector
utilizing nanofluids. Findings highlighted progresses in heat transfer

performance and collector efficiency when using nanofluids,

Kumar et al. [154] explored a novel approach of mixing MgO in
CuO/water nanofluid to enhance thermal conductivity. Their experiment

demonstrated a noteworthy enhancement in heat transfer performance.

Ajeena et al. [155] carried out experimentation on the energy and
exergy valuation of a flat plate solar thermal collector using silicon
carbide (SiC) nanofluid. Their findings highlight the potential of SiC

nanofluid in enhancing thermal efficiency.

Senthilkumar [156] presents anovel approach to enhance the
thermal conductivity of dihybrid nanofluids. The study investigates the
synergistic influence of combining two different nanoparticles, evaluating
their impact on heat transfer performance and potential applications in

thermal management systems.

Khan et al. [157] conducted a numerical analysis on the effects of
multiple slip conditions in a CuO/MgO/TiO,-water ternary hybrid
nanofluid. The study explores how thermal and exponential space-based
heat sources influence heat transfer dynamics, emphasizing the
synergistic role of multiple nanoparticles in improving thermal efficiency

and flow characteristics.
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2.6 Research Gaps

= Inadequate analytical analysis considering 2-D heat conduction.

= Very few works have been demonstrated considering 2-D heat
conduction, with a constant or convected boundary condition. No
work has been found with variation of temperature at the plate-
tube junction.

= Non-Fourier analysis considering the relaxation time with loss
coefficient has not yet considered.

= No work is found for Thermodynamic analysis considering

ternary nanofluid .
2.7 Objective of the thesis

= Analytical model for the steady state energy transfer in absorber
plate to heat the collector fluid.

= 2D analysis with nonlinear variation of temperature at the plate
tube junction.

= Established 1-D analysis for 2-D heat conduction in absorber
plates.

= Fourier and non-Fourier heat conduction analysis in transient
states of flat-plate solar collector.

= A generalized analytical analysis of flat-plate solar collectors
based on a revised non-Fourier model.

= Energy and Exergy analysis for performance of solar collector

using ternary nanofluids.

This PhD research focuses on the 2D analysis of flat-plate

collectors, aiming to enhance their thermal performance through
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analytical and numerical modeling. The study explores heat transfer
dynamics, fluid flow behavior, working fluid properties, and
efficiency enhancements, focusing on their collective impact on
overall system performance. Furthermore, This also includes, a
comparison of Fourier and non-Fourier heat conduction models, and
an energy and exergy analysis utilizing various mono and hybrid
nanofluids to improve the thermal effectiveness of the absorber plate

in flat plate solar collectors.
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Chapter3

Simple Analytical Solution for Performance of an Absorber
Plate in Flat-Plate Solar Collectors for Two-Dimensional
Heat Flow

3.1 Introduction

Numerous researchers do thermal evaluation of an absorber plate
in flat-plate solar collectors, focussing on one-dimensional heat
conduction. Nonetheless, a two-dimensional temperature distribution
invariably occurs in the absorber plate owing to its characteristic form.
The absorber plate has a minimal thickness, and temperature change in
the thickness direction is negligible, allowing heat conduction within the
absorber to be approximated as two-dimensional. Due to typical shape of
the symmetric sector of the plate for the thermal analysis, exactly closed
form solution might not be possible however, it is believed that the two-
dimensional analysis will enable a more accurate evaluation to be made
of the collector. There is a continual requirement for the establishment of
an analytical framework for two-dimensional heat transfer in absorber

plates.

This chapter analyses the temperature profile in the absorber plate
of a flat-plate solar collector, using two-dimensional steady-state heat
transmission within the plate. In certain instances, determining the
temperature field for two-dimensional heat flow over a plate under certain
boundary conditions using a precise analytical technique may be
impractical. An approximate analytical model has been suggested in this

work to address this challenge. The precision of the current analytical
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approach has been evaluated against a numerical method. The current
work utilizes the finite difference method as a numerical tool. However,
the numerical calculations increase the computational cost. The results
exhibit a strong correlation, with the variation between them not above
5%. Consequently, the current approach may be crucial for analyzing the
performance of an absorber plate in a straightforward manner to ascertain

the two-dimensional temperature field.

3.2 Mathematical formulation

The flat-plate solar collector primarily comprises an absorber
plate and fluid-carrying tubes, as seen in Fig. 3.1. The solar energy is
collected by the plate and subsequently transferred by the collector fluid
running through the tubes, resulting in a rise in the fluid's internal energy
and temperature in the direction of flow. As the solar flux is collected in

the plate, both the plate and fluid temperatures are increased.

For the current study on the flat plate collector the subsequent

assumptions are considered.

= Heat transfer for the absorber plate is two-dimensional heat
conduction considering steady state.

= For simplicity, only flat plate collectors without transparent
covers are taken into consideration.

= The solar insolation reaching the absorber plate is uniformly
distributed over the plate and remains constant throughout.

= The thermal conductivity of the plate material remains constant.

= The surrounding temperature and the overall loss coefficient are
constant

= At the plate and tube junction, the heat conducted through the

plate is convected to the fluid flowing in the tube.
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Fig.3.1 Representation of a symmetric module of an absorber

plate

For the thermal analysis of absorber plate, a symmetric heat transfer
module of length W and width L repeats between two fluid carrying tubes
as depicted in Fig. 3.1. As the temperature of the plate is higher than the
ambient, there is heat loss occurred between the absorber plate and the
surrounding by convection and radiation. These heat losses are

incorporated with the calculation of overall heat loss coefficient.

The governing heat conduction equation under steady state and
two-dimensional heat flow, the energy equation for an absorber plate can

be written as

ﬁ(kﬁ}i(kﬁ}i_wﬂ (3.1)
ox\_ ox) oy\ oy t t

The temperature of the absorber plate in the flat-plate collector
must not be excessively elevated owing to direct solar energy absorption.

The minimal temperature fluctuation allows for the assumption that the
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thermo-physical parameters of an absorber plate remain constant.
Consequently, Equation (3.1) may be expressed in non-dimensional form

as follows:

2 2

892+52662)+N—M29:0 (3.2)
oX oY
where
g1 1o, x X y_¥Y.5_L.

T,-T, W W
2 2
VRV (3.2)
kt kt (T, —T..)

The closed form solution of Eqg. (3.2), two boundary constraints in
the x-direction and two boundary conditions in the y-direction are
necessary. Along the x-direction, there is no net heat transfer at the
midsection of the plate between two tubes due to line of symmetry and at
the plate-tube junction an energy balance can be made between
conduction through the plate and convecton into the fluid. In the y-
direction, negligible heat exchange at the edge of the plate can be
assumed. Mathematically, the boundary conditions taken in the present

study are expressed as follows:

at x=0(0<y<W), oT/ox=0 (3.4a)
oT -

at x=L(0<y<W), —kt&dy:mcpde (3.4b)

at y=0(0<x<L), oT/oy=0 (3.4c)
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at y=W (0<x<L), &T/ay=0 (3.4d)

In the non-dimensional form the boundary conditions can be written as

at X =0(0<Y <1), 06/0X =0 (3.5a)
nc L dT

at X =1(0<Y <1), 090X =———2— "t __a (3.5)
kt(Tln _Too) dy

at Y =0(0< X <1), 06/oY =0 (3.5¢)

at Y =1(0< X <1), 86/aY =0 (3.5d)

For the approximate closed form solution of Eq. (3.2), the following

variables are chosen:

O(X,Y )=y (X)+B(Y)+e™ el (36)

By integrating Equations (3.2) and (3.6), the subsequent conditions may

be derived:
dZV(X)_ 2 _
E M a(X)+N_O (3.7)
and
dZIB(Y)_ MZ B
de 52 ﬂ(Y)_O (3-8)
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Egs. (3.7) and (3.8) are solved separately along with the boundary
conditions expressed in Eq, (3.5) and the following unknown variables

are determined as

;/(X):Clcosh(MX)+Czsinh(l\/IX)+% (3.9)
and

B(Y)=C,cosh K%jY} +C,sinh K%jY} (3.10)
where

C,=C,=1 (3.11)

Combining Egs. (3.6), (3.9), (3.10), and (3.11) the final expression for the
non-dimensional temperature distribution of an absorber plate can be

expressed as

O(X.Y) {M [EMM_;;;?'EAN; ) A]cosh(ile)+s,inh(|v|><)

M M M
s _ hl — . M =1
+ I\/’TIZ + e MX . ¢ cos [ 5) COSh|:(M]Y:| +sinh |:(EJY:|+G (5]
. M )
smh(éj
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3.3 Results and Discussion

The primary concern of the current model is to check the accuracy
level of the proposed approximate analytical model. This can be done
with a numerical method. For obtaining the numerical data, the finite
difference techniques utilized to solve Eqg. (3.2) with the appropriate
boundary constraints written in Eq. (3.5). The difference equations are
formulated from the governing equations by discretized using Taylor
series central difference method with the second order of accurateness.
These difference equations are then solved by Gauss-Seidel iteration and
results are taken with satisfying necessary and sufficient criteria of
convergence [159].The grid independent test has also been made by
selecting number of nodal points to satisfy less than 0.1% error with
respect to results determined by taking higher lattice points [160].

0.42 T T T T 1.15 T T T T
1.10
0.40
1.05
(==
0.38 1.00
Approximate Analytical ™ \
0.36 ®  Numerical h 0.95
L L L Il 090 L L Il Il
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X X
(a) Temperature distribution (b) Percentage of deviation

Fig. 3.2 Comparison of temperature distribution in an absorber plate as a
function of X predicted by approximate analytical and numerical methods

for m=o05.
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For comparisons of outcomes between the current approximate
analytical and numerical values, Fig. 3.2 has been plotted. Fig. 3.2 depicts
the temperature profile in an absorber plate in the x-direction for a set of
design constant. Solar energy is absorbed by the absorber plate and
transferred to the fluid-carrying tubes. Therefore, the temperature at the
mid-section of the plate between two successive tubes is always a
maximum and the temperature of that section rises in the direction of
fluid flow in tubes as the absorbed energy is taken by the collector fluid.
In the plate, heat transfer takes place towards the collector fluid. The
temperature is plotted in Fig. 3.2(a) as function of x for a thermo-
geometrical parameter m =0.5, a constant solar incident rate of N =0.2, and
collector fluid temperature gradient, and aspect ratio both taken as 0.1.
There is an excellent agreement between the nature of curves for the
proposed approximate analytical outcomes and the numerical values,
which confirms the validity of the analytical method. Fig. 3.2(b) depicts
the trend of the percentage of deviation between the analytical and
numerical determinations as a function of X for the same design variables
taken in Fig. 3.2(a). The variation is contingent upon the geographical
coordinates. A peculiar variation of the deviation of temperature has been
found. There is a position where the deviation becomes a minimum.
Overall, the deviation of temperature predictions reaches a maximum at
the plate attached to the fluid carrying tube. However, the maximum
deviation value is around 1% which indicates a negligible variation from
the engineering accuracy point of view.

The same observation can be made by plotting Fig. 3.3 for m =04
to understand the accuracy level of the proposed approximate analytical
model depending upon the thermo-geometric parameter participated in

the design analysis. For this observation, it has been mentioned that the
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accuracy of the analytical model is also function of m. However, the
trend of deviation is obtained same as shown in Fig. 3.2. Moreover, a
little high difference is found in this figure and the maximum percentage
relative deviation is below 4.6%. Therefore, it can be concluded that the
accuracy level of proposed approximate model enhances with an increase
in M clearly obtained by comparing Figs. 3.2 and 3.3. On the other hand,
as the thermo-geometric parameter M increases the overall loss coefficient
increases, as a consequence, the plate temperature decreases due to more
heat loss from the plate to the surrounding. This effect can clearly be
understood from the plotted Figs.3.2 and 3.3
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(a) Temperature distribution (b) Percentage of deviation

Fig. 3.3 Comparison of temperature distribution in an absorber plate as a
function of X predicted by approximate analytical and numerical methods
for m =04

Next an effort has been devoted to obtain the temperature in the
absorber plate predicted by the present analytical and numerical methods
to show the effect of the solar flux and the collector fluid temperature

gradient by plotting Fig. 3.4. An increasing the parameter N causes to
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absorb solar flux more in the absorber plate and thus the plate
temperature enhances. This effect can be verified by comparing the
results shown in Figs. 3.2(a) and 3.4(a). The deviation of percentage of
temperature Er at n=03 as a function X has been displayed in Fig.
3.4(b). From this figure, it is clearly understood that the relative

difference in temperature prediction is an incremented function with N.
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(a) Temperature vs. X at N=0.3, (b) Deviation vs. X at N=0.3,
A=0.1 A=0.1

Fig. 3.4 Accuracy analysis for approximate analytical model for higher

value of solar incident N=0.3 at M =0.5

Fig. 3.5 shows the temperature profile in the absorber plate
determined at a collector fluid temperature gradient parameter A=0.15.
The influence of this gradient parameter on the absorber plate
temperature can be envisaged by comparing the temperature shown in
Figs. 3.4(a) and 3.5(a). A correct trend has been displayed as the

temperature diminishes with A due to more amount of energy carried out
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by the collector fluid. The deviation results have also been plotted in Fig.
3.5(b). By comparing the data from Figs. 3.4(b) and 3.5(b), it is obvious
that the relative deviation of temperature from approximate analytical and
numerical methods amplifies with an upsurge in temperature gradient of

collector fluid.
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(a) Temperature vs. X at N=0.3, (b) Deviation vs. X at N=0.3,
A=0.1 A=0.15

Fig. 3.5 Accuracy analysis for approximate analytical model depending

on collector fluid temperature gradient parameter.

Finally, the exact values of the dimensionless temperature at
various locations in the absorber plate for different values of solar
insolation and collector fluid temperature gradient are tabulated in Tables
3.1 and 3.2. The relative deviation of temperature of the approximate
analytical analysis from the numerical value does not exceed 5% in a
range of design input values taken in this study. Thus, from the results, it

can be emphasized that the proposed analytical model has been correctly
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established and has a high accuracy to predict temperature field of the
absorber plate in a wide range of design aspects using its simple

mathematical expressions.

Table 3.1 Absorber plate temperature determined by the present
approximate analytical and numerical methods for n=02, M =05, 5=01,

anda=o01.

Coordinat Temperat Temperature % of Er =

€es ure
(Ghumericat ) [9ana|ytica| ~ Gnumerical JX 100

XY (Ganatyticat Banalytical
0.0,0.0 0.41619 0.41218 0.96538
0.1,0.0 0.41571 0.41180 0.94072
0.2,0.0 0.41427 0.41044 0.92463
0.3,0.0 0.41187 0.40809 0.91679
0.4,0.0 0.40849 0.40474 0.91728
0.5,0.0 0.40414 0.40039 0.92632

0.6, 0.0 0.39879 0.39503 0.94426
0.7,0.0 0.39244 0.38863 0.97166
0.8,0.0 0.38508 0.38119 1.00927
0.9,0.0 0.37667 0.37269 1.05809
1.0,0.0 0.36721 0.3631 1.11943
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Table 3.2 Temperature determined by the present approximate analytical

and numerical methods for N=0.3, M =05, §=0.1, and A=0.15.

Coordinates Temperature Temperatur % of Er=

e
XY (eanalytical ) Hanalytical = Ohumerical <100
eanalytical

(Hnumerical )

0.0,0.0 0.62429 0.60168 3.62100

0.1,0.0 0.62357 0.60113 3.59826

0.2,0.0 0.62141 0.59910 3.59003

0.3,0.0 0.6178 0.59558 3.59654

0.4,0.0 0.61274 0.59057 3.61811

0.5,0.0 0.6062 0.58405 3.65534

0.6, 0.0 0.59819 0.5760 3.70911

0.7,0.0 0.58867 0.56641 3.78064

0.8,0.0 0.57761 0.55525 3.87157

0.9,0.0 0.56501 0.54250 3.98401

1.0,0.0 0.55081 0.52812 4.12068
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3.4 Summary

The primary aim of this study is to develop an analytical model
for the thermal characterization of an absorber plate in flat-plate solar
collectors, focusing on two-dimensional heat conduction within the plate.
Alternatively, an approximate analytical analysis is developed in the
present work to obtain the thermal design information easily. The
precision of this model has been compared with the results produced by a
numerical analysis grounded on the finite difference method. The
percentage of relative deviation of temperature is a function of spatial
coordinates as well as system design variables. From the results, it has
been established that the maximum temperature deviation is within 5%
and therefore, the model presented in this paper might be considered to
analyze absorber plate under two-dimensional and steady state energy
transfer since flat plate solar collector has many application in practical
fields like, the heating needs of the food, beverage, textiles, paper and
pulp industries. As the present analysis is very simple, no computational
step is required to design the plate. Thus the present analysis may help to

designers for determination of unknown thermal design information.
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Chapter 4

Two-Dimensional Analysis of Absorber Plates in Solar
Collectors with a Nonlinear Plate Temperature at the Tube

Section

4.1 Introduction

In the previous chapter an approximate analytical model has been
considered with convected boundary condition at the plate tube junction
and insulated condition along the fluid flow direction. As fluid flow takes
place in the tube, the temperature of fluid changes from inlet to outlet. In
this chapter, a close form solution for two-dimensional heat conduction
for absorber plate has analyzed by considering the change of temperature
at the plate—tube junction.The energy equation for two dimensional heat
conduction on absorber plate is solved with separation of variable
method. For validation purposes, the identical problem is also solved
numerically with the finite difference approach.The result obtained are
compared and can be emphasized that the analytical and numerical

outcomes are strongly consistent with one another.

Since the fluid temperature in the tube increases from inlet to
exist, therefore at plate tube junction a variable temperature condition can
be considered. Due to this variation the boundary condition for the energy

equation becomes non-linear in nature.
4.2 Mathematical analysis

For the current analysis on the flat plate collector the subsequent

assumptions are considered.
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Heat transfer for the absorber plate is two-dimensional heat
conduction considering steady state.

For simplicity, only flat plate collectors without transparent
covers are taken into consideration.

The solar insolation reaching the absorber plate is uniformly
spread over the plate and remains constant throughout.

The thermal conductivity of the plate material remains constant.
The surrounding temperature and the overall loss coefficient are
constant

Due to minimal temperature fluctuations, the thermo-physical
qualities may be regarded as constant, and the temporal variation
of absorbed solar radiation can be disregarded.

At the plate and tube junction the temperature transferred from the
plate to the fluid varies non-linearly and it can be assumed as

parabolic in nature.

A symmetric sector identified between two fluid carrying tubes

has been taken as depicted in Fig. 4.1, for the thermal analysis on the

plate in whichL ,W and t are the half centre distance, length of the fluid

carrying tube, and thickness of the plate respectively.

The rate of mass flow through a single tube ism. The solar

insolation S, falls on the plate and some losses takes place from the

upper side of the plate. As the collector plate is made up of thin material

and the ratio between the volume of the plate to area of the plate always

higher. Hence, neglecting the heat conduction in thickness direction, the

flat-plate collector can be considered as two-dimensional heat conduction

problem (in the x- direction along the plate width and in the y-direction

along the tube length).
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Fig. 4.1 Schematic view of the symmetric heat transfer module of flat

plate collector for thermal analysis.
4.2.1 Analytical methodology

The energy balance for a differential volume element in two-
dimensional heat conduction within the absorber plate, assuming constant

thermal conductivity, may be expressed as

T U (T-T
ZX—Z+(Z},—I+%——L(M a)=O (4.1)

The following dimension-less parameters are introduced

2
g1 T x=2y=2. s== ; m2 = IW ;
T T W L' w Kt
2
__SWT_ (42)
kt(T;, - T,)
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Consequently, Equation (4.1) may be expressed in a dimensionless

format as follows.

2 2

8‘92+528—‘2—M29+N=0 (4.3)
oX oY
As the plate temperature distribution is assumed to be two-

dimensional, the fluid is flowing in the tube in y -direction and the plate

width is in x-direction. Hence, the fluid in the tube is exposed to the
surrounding and a mixed conductive-convective boundary condition can

be considered at y=0 and y =W .The peak plate temperature is located at

the center of the absorber plate between the two tubes, as no net heat
conduction occurs over this portion due to symmetry. In actual situation
the plate temperature at the tube junction varies non-linearly. Hence the
temperature at these sections can be written as function of yand the
coefficients can be found by regression analysis .Thus, the boundary
conditions for the absorber plate in non-dimensional form can be written

mathematically as follows:

atx =0; %zo (4.4a)
oX

at X=1;0=A+BY+CY? (4.4b)
00 .

aty=0; —=Bi# 4.4c
~y Bk (4.4¢)

atv=1:2%_ gig (4.4d)
oY

where
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hw . hWw a-T bw cW?
B, =——; BI, = A= * B = C = 4.5
' k ’ k A& Tin _Too . Tln _Too ' Tin _Too ( )

Here A, B,,C, are arbitrary constant whose actual values can be found by

regression analysis.

Equation (4.3) may be resolved by the method of separation of variables
[158]. The subsequent variables were selected for the solution process.

O(X,Y)=¢(Y)+y(X,Y) (4.6)

Combining Egs. (4.3) and (4.6), the following conditions are obtained.

2
52%—M2¢+N:0 (4.7
And
2 2
Sx‘ﬂmz%—lvlzw:o (4.8)

The Egs. (4.7) can be solved with the modified boundary conditions
obtained from Eqs. (4.4a) - (4.4d)

and can be given as

$(Y)= Elcosh(%Y} Ezsinh(%Y}% (4.9)

where, the value of the constants are

—is NBi, cosh (M)+5M3|18|23inh (Mj-l- NBI,
M o M o

E=r——0 — (4.92)
i Bi 5(Bi,+B -
{M +57BLBI, Gy M (Bi, + |2)Cosh(|v|ﬂ

inh—+
o
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and
o .. N
E, :MBH{EH'W} (4.9b)

The variable ¥(X.Y) in Eqs. (4.8) is then separated by product rule in
the subsequent expression.

w(X,Y) =T(X)Q(Y) (4.10)

Combining Egs. (4.8) and Eqgs. (4.10) the subsequent conditions can be
found with an Eigen condition as

d’Q A2

a2 T (4.11)
and

dT ) )

dxz—(ﬂ, +M )F=O (4.12)

Solving Egs.(4.11) with the modified boundary conditions obtained from
(4.4c) and (4.4d) gives an Eigen condition as

tan(;tnj 5(Bi1+Bi2)/1n 123
= nN=123...........
o (ﬂnz—ézBilBiz)for (4.13)

The Egs. (4.13) is a transcendental equation which can be solved by

Newton-Rapson method to get the value of separation constant (ﬂ“n )

Egs. (4.12) is solved with the modified boundary conditions obtained
from (4.4a) and (4.4b) and by combining with Eqgs. (4.10) gives
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w(X,Y)= ch cosh(«mnz +M2X )[cos(%Y]Jr% Bilsin(%Yﬂ (4.14)
n=1 n

Where C. is a constant and its value can be determined by orthogonality

condition of Fourier series with the non homogeneous boundary

condition (4.4b) as

C_ 1 X

" cosh(«/)tnz+M2)

423 (a,~b, +d,) (4.15)
{2@ (42 +5°Bif )+ (A2 —6°Bif )sin 2(25”J+4/1n528i18in2 (”gﬂ

A+B+C—l2jﬁ
M2 )2

n

3
+(BBi1+2CBil—2C)(§J

(A
Where, & = D,6A% +82D,BiM cosh ( M j 5'”(3) (4.162)
Ao (A2 +M?) 5

_| D,84; +6°D,BiM sinh Mj
2 (A2 +M7) 5

2
(A+B+C—l2j8il+8—2c 9
M A,
6 4
_ZCBil[}t_J
b, = n
— 2 1
~ D25|\/I2 chzs Bi, cosh[Mj
A +M )
2 -
-| 2xoM = D,0"BL, sinh(Mj
A +M )
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2
{BJ{A—%)BQ}(%}
d, = \ o (4.16¢)
acei 3], DMI-o'BID,

P 2Z M

n

The final formula for the non-dimensional temperature distribution of the
absorber plate may be derived by combining Egs. (4.9), (4.9a), (4.9b),
(4.14), and (4.15).

E, cosh (MY]+ E, sinh(MYj+l2
o o M

+Y_C, cosh (1//15 +M?X ){cos(%Y}% Bilsi”(%Yﬂ

n=1 n

O(X,Y)=

(4.17)
4.2.2 Parameter definition

The following formulae determine the mass flow rate, usable
energy, fluid outlet temperature, heat removal factor, efficiency factor,

and efficiency for the flat plate solar collector [15, 16].

The mass flow rate for the collector can be calculated as

Y q
m=——7"— " (4.18)
Cp (Tfo _Tfi)
The useful energy gain by the the absorber plate is
0, = FrA [S -UL (Tfi -T, )J (4.19)

The heat removal factor can be given as
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c |
Fo= |1 exp{ LA [4.20]
UL mc
p
The
F'= L (4.21)

The fin efficiency

tanh[r%(L—do)lz}

- [m(L—do)/Z}

(4.22)

where

m=U_/kt (4.23)

The fluid outlet temperature can found

FeA[S-U (T -T,)]

T,=T, +—0 _T 4 (4.24)
mc, mc,

The efficiency of the collector

p=— (4.25)

(ar)l; A
4.2.3 Numerical methodology

Eq. (4.3) is solved numerically in consort with the boundary conditions
mentioned in Egs. (4.9a) — (4.9d) by the finite difference technique. The

differential equations are discretized with Taylor’s series central
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difference scheme of second order accuracy [160]. The algebraic
equations obtained from the governing equation and boundary conditions
are solved by Gauss-Seidel iteration method. The final findings are

achieved upon meeting the specified accuracy threshold of 107°.

4.3 Results and discussion

The primary goal of this work is to provide an analytical expression
for calculating thermal performance of an absorber plate for two-
dimensional temperature distribution and variation of temperature at the
plate tube junction. As an analytical tool, the Separation of variables
method is employed. A numerical technique utilising finite differences is
employed to ascertain the temperature, hence validating the current study.
The input data for the simulations based on which all of the results were
obtainedare tabulated in Table 4.1, and considering water as the
circulating fluid.The aforementioned two-dimensional study, together
with these geometric parameters and the physical behaviour of the flat

plate collector, results were acquired by FORTRAN programming.

Table 4.1Input data for the calculation

Para |W | L | A|Cs k Ulh [S [T |d |4 T,

meter

Value |2 |01 |1 417 3508 |20 |71 |35 (0.0 |0.01 |4

Figure 4.2 represents the variation of non-dimensional

temperature along the X-direction in an absorber plate according to
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analytical results and numerical results. In Figure (a) the middle point
surface (i.e. Y= 0.5) and in (b) unit step length surface (i.e. Y= 1) are
shown. It is perceived from the figures that the analytical and numerical
results are in good accordance, which validates the analytical methods of
the present paper.
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Fig. 4.2 Non-Dimensional temperature distribution on the absorber plate

along X —direction.

Figure 4.3 gives the non-dimensional temperature distribution along
the Y-direction in an absorber plate at (a) X= 0.5 and (b) X = 1 according
to analytical results and numerical results. It is perceived from the figures
that the analytical and numerical results are in good accordance, which

validates the analytical methods of the present paper.

The isotherms are the most effective approach to illustrate the
two-dimensional temperature distribution of the absorber plate. Fig. 4.4

depicts the isotherm patterns across the absorber plate. It's interesting to
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Fig. 4.3 Non-Dimensional temperature distribution on the absorber plate

along flow direction (Y).
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Fig. 4.4 Contour plot for temperature distribution over the absorber

plate.

83



note that as the isotherms eventually become normal to the tube, the heat

flow exhibits a discernible two-dimensional impact.
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Fig. 4.5 Impact of temperature variations in the fluid inlet on the fluid

output temperature.

The effect of varying the inlet fluid temperature on the absorbing
plate's outlet temperature is seen in Fig. 4.5 for various mass flow rates. It
is evident that a surge in mass flow rate results in a drop in output
temperature. Also, we can see, as temperature at the inlet increases, the
outlet temperature also rises. Raising the entrance temperature reduces
the rate at which heat is transmitted from the plate to the fluid, hence
increasing the plate's exit temperature. In other words, rising the fluid
inlet temperature reduces the fluid-absorbing plate temperature

differential, which raises the absorber plate's outlet temperature.
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Fig. 4.6 Effect of fluid outlet temperature on the spacing between fluid-
carrying tubes.

Figure 4.6 highlights the link between the exit temperature and the
distance between the tubes. It is addressed how the distance between the
pipes affects the temperature at the exit. It can be detected that as
distances rise, the fluid outlet temperature drops because of increase in
loss coefficient. Furthermore, the outlet temperature drops as the mass
flow rate rises because there is less heat transfer between the fluid inside
the tube and the absorbing plate. The temperature has lowered as the fluid

has insufficient time to transfer heat to the absorbent plate.

The effect of variations in the spacing between tubes that convey
fluid on the efficiency of solar collectors is explained in Figure 4.7.
Interestingly, efficiency falls off as the tube length grows. It is evident
that the efficiency declines in an inverse relationship with the tubes'

separation. The relationship between this and the Figure 4.6 output
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Fig. 4.7 Effect of the distance between tubes transporting fluid on

the collector efficiency.

temperature reduction is clear. The outlet temperature drops with
increasing tube distance, which lowers the fluid's rate of heat transfer. As

a result of decreased heat transfer, efficiency decreases.
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Fig. 4.8 Effect of mass flow rate on efficiency.
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Figure 4.8 depicts the variation of collector efficiency with fluid
inlet temperature for different mass flow rate. It shows that the efficiency
increases as mass flow rates increases, which could be explained by the
fact that by increasing mass flow rate, the fluid's convective heat transfer
coefficient rises, accelerating up the rate at which heat is transferred.
Moreover, a rise in mass flow rate will lower the mean temperature of the
plate and lessen heat loss to the environment. It also shows that as the
fluid inlet temperature rises, collector efficiency falls for every flow rate.
This decreasing trend holds true for all flow rates and suggests that the
system'’s capacity to transform absorbed energy into usable heat output is
diminished by higher input temperatures. This knowledge directs solar
collector system optimization, allowing engineers to maximize efficiency

and reduce energy loss.
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Fig. 4.9 Impact of absorbing plate conductivity variations on

collector efficiency
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The effect of the absorbing plate's thermal conductivity on
efficiency is investigated in Figure 4.9. According to the figure,
efficiency increases by 2% as heat conductivity increases. Nevertheless,
materials with lower thermal conductivity, such as aluminium rather than
copper, can be used without losing performance, as this gain in
conductivity does not significantly improve efficiency. There is a chance
to drastically cut the collector's production expenses with this
replacement. The linear nature of efficiency decline also suggests a
controllable effect on performance as inlet temperatures vary, supports

accurate modeling of system performance under various operating

situations.
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Fig. 4.10 Temperature Distribution of Axial Fluid in the Absorber Tube

The results for the axial fluid temperature fluctuation are typical
observations. Fig. 4.10 depicts fluid temperature distribution along the
tube length for different mass flow rate at a given inlet temperature. The
exit temperature rises with increasing tube length, indicating that the fluid
acquires more thermal energy as it moves farther inside the collection.

Lower mass flow rates result in “greater exit temperatures at any given
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tube length. There is a nonlinear increase in output temperature with
collecting tube length. This suggests that heat transfer efficiency may
change as the fluid progresses along the tube. A lower flow rate could be
better to optimize outlet temperature, particularly for applications that call
for higher fluid temperatures. The temperature increase's nonlinearity

indicates that it satisfies the problem's boundary condition.
4.4 Summary

In the present paper, the performance of two-dimensional liquid
flat plate collector with the variation of temperature at the plate tube
junction was investigated both analytically and numerically under steady
state condition. The results of analytical method are in good agreement
with numerical method. Predicted temperature distributions are in
agreement at Biot no. 9. The marginal variations of efficiency on
conductivity of the plate material suggests that collector plates could be
made of less expensive materials, such aluminum, rather than copper.
Even though the one-dimensional model performs well enough for
engineering design purposes a two-dimensional model that is being

described here is required for collector optimization research
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Chapter 5

Trapezoidal Approach to Establish One-dimensional
Analysis of an Absorber Plate for Two-dimensional
Heat Flow

5.1 Introduction

1-D heat conduction has been assumed numerously for
determining the thermal performance of an absorber plate. In case of 1-D
model, thermal resistance for heat flow is lesser and thereby yields higher
values of the performance parameters. As the absorber plate is made of a
highly conducting material and very small in thickness, it is fact that the
2-D heat conduction will predict better results over 1-D heat conduction
[43]. This chapter proposes a modified one-dimensional technique to
facilitate a two-dimensional analysis utilising the trapezoidal rule. The
results indicate that the improved 1-D model closely aligns with the 2-D
model. Therefore, the 1-D classical model is unsuitable to predict the
performance of an absorber plate. The modified 1-D model is
continuously better than the 1-D classical model. The investigation of the

proposed 1-D model is very simple for understanding and calculations.

5.2 Mathematical Formulation

For the thermal analysis the subsequent assumptions are made:
e Energy conduction in the absorber plate is two-dimensional and

steady state.
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e The solar insolation reaching the absorber plate is uniformly
distributed over the plate and remains constant throughout.

e The thermal conductivity of the plate material remains constant.

e The surrounding temperature and the overall loss coefficient are

constant

For the thermal analysis of absorber plate, the symmetric heat transfer
module considered is remaining same as that in previous chapter 3. The
governing energy equation and all the boundary conditions are remained
same as described in chapter 3 except the boundary at Y=1,which is
considered as convective one condition Instead of insulated. Therefore,
the governing equation along with the boundary conditions in non-

dimensional form can be expressed as

2 2
802+52602—M2¢9+N:0 (5.1)
X oY
at X =0(0<Y <1), 86/X =0 (5.2a)
nc,L dT
at X =1(0<Y <1), 000X =———2— "1 __A (5.2b)
kt(T,,—T,) dy
at Y =0(0< X <1), 30/6Y =0 (5.2¢)
at Y =1 (0< X <1), 99/6Y =-Bi (5.2d)

5.2.1 Numerical methodology

Eqg. (5.2) is solved numerically along with the boundary conditions
expressed in Eqgs. (5.5a) — (5.5d) by the finite difference technique. The

differential equations are discretized with Taylor’s series central
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difference method of second order precision as described in chapter 3.
The algebraic equations obtained from the governing relations and
boundary circumstances are resolved by Gauss-Seidel iteration method.
The final findings are achieved upon meeting the specified accuracy
threshold of 10°°.

5.2.2 Proposed modified 1-D model

Let a function F(X,Y) be defined as F(X,Y)=06(X,Y)/oY (5.3)

This function can be integrated in the fluid flow direction as

jF(x,Y)d j H(X 90Xy — o(x,1)-6(X,0) (5.4)

0

From the trapezoidal rule, the integral form of 9(X,Y)in Eq. (5.4) yields

O ey

F(X,Y)dYD%[F(X,l)+F(X,O):| (5.5)

Combining Egs. (5.4), (5.5) with (5.2¢) and (5.2d)

H(X,l)—e(x,o):%F@é\){(’l)ﬁ@g,o)}

2+ Bi

:H(X,O)z(

The average temperature in the flow direction

ja(x,l) (5.6)

0(X)=[6(X,Y )y (5.7)

O ey

Using the trapezoidal rule Eq. (5.7) can be expressed as
g’(X)z%[@(X,l)—kH(X,O):l (5.8)

Combining Egs. (5.7) and (5.8) with (5.6) we have
40(X)

O )=

(5.9)
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The 2-D energy Eq. (5.1) can be recast in integral form as

1 1 2 21 1
Ii(%de L [Ty + Mgy -2 v (5.10)
Jav oy i T 52

Integrating and rearranging we have

2 1 21
(aej _(aej __ 120 jede—jedY—N (5.11)
Y=1 Y=0 0 0

oY Y 5% X2 5° 52

Combining Egs. (5.7), (5.10) and (5.11) gives

’0(X) =
e -9%°0(X)+N=0 (5.12)
2 -
where g? =(M 24 40 B'j (5.12a)
4+ Bl

It is noteworthy that Eq. (5.12) serves as the differential equation that
governs for the modified one-dimensional model and is of an identical
kind to that of the classical one-dimensional model [52], with the

exception of the value of g .Equation (5.12) is solved with the boundary

condition obtained from Egs.(5.2a) and (5.2b) as

¢§(X):(:1cosh(gX)+C2 sinh(gX)+gﬁ2 (5.13)

atX =0, %:o = [, sinh(gX) +C, cosh(gX)]g =0 = C, =0 (5.14)

v -A
20(X : _
at x :1,%: —A = C,sinh(mm=-A = [C; = m (5.14b)
Hence the modified temperature distribution can be given as
- N A
O(X)=—————cosh(gX 5.15
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5.2.3 Classical 1-D model

Neglecting the temperature gradient in the transverse direction(Y ), the

differential equation obtained from the energy balance for the absorber
plate becomes

d’e
dx?
Equation (5.16) along with the boundary conditions from Egs. (5.2a) and

~M20+N =0 (5.16)

(5.2b) can be solved analytically as

N  Acosh(MX)

O =7 "MsinhM (6.17)

5.3 Results and Discussion

For the validation purpose, there are insufficient results available
in the literature. Therefore, the temperature distribution over the absorber
plate for various design parameters were obtained for the proposed
modified 1-D model and the classical 1-D model analytically, and they
have been compared with the 2-D heat transfer model numerically. Fig.
5.2 depicts the temperature distribution predicted by three different
models for a set of design parameters and different biot number. It is
observed that there is an excellent match between the 2-D numerical and

1-D modified models.
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Fig. 5.2 Effects of Bi on temperature distribution in an absorber plate
predicted by different methodsat N=0.3, M =0.5, §=1.0,and A=0.15

The temperature variation for 1-D classical model over predicts
with respect to the values obtained from the other two models. In Fig.
5.2a temperature distribution is drawn for Bi =0.1and Fig. 5.2b is plotted
for Bi=1.0.As Biot number increases the conductive resistance
increases and a result, it decreases the heat transfer rate. This effect can
be visualized graphically from these two figures. In both the cases, the
temperature range for 2-D model and 1-D modified model matches

closely.

Fig. 5.3 depicts the temperature distribution determined by three
different methods with the variation of solar flux. For each case, there is a
good agreement between 2-D and 1-D modified model. For the lower
value of solar insolation, the absorber plate temperature is low. As the
insolation increases the temperature of the absorber plate increases. This
situation can be clearly justified from Figs. 5.3a and 5.3b. In both the

cases the result of 2-D and modified 1-D models matches closely
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Fig. 5.3 Influences of design variable N on temperature distribution in

absorber plates for Bi=1.0, M =0.5, §=1.0,and A=0.15
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Fig. 5.4 Temperature distribution in absorber plates in x-direction for

Bi=0.1, N=0.3, §=1.0,and A=0.1
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Figs. 5.4a and 5.4b predict the temperature distribution for
different values of thermo-geometric parameter M.Since the thermo-
geometric factor is directly related to the overall heat loss, an increasing
M means there is an upsurge in overall heat loss coefficient and hence
temperature field decreases due to more heat transfer rate among the
absorber plate and surrounding. This effect can be verified from these
two figures. It can also be observed that there is a good arrangement
between the results of 2-D and 1-D modified model and they are very
closer to each other

09 L] L] L] L] 065 L] L] L] L]
RN L L . 0.60F 4
0.7 | - = = ' 1-D analysis -
— = 2-D Numerical, Y=0 0.55 -+ 1-D analytical 7
o 06} Present modified 1-D] | — —2-D Numerical, Y=0
0.50 | — Present modified 1-D| -
05 -
0.45F b
04 -
o3f . ———- _ _ 040} .
02 L L L L 035 L L L L
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X X
(@) =10 (b) §=2.0

Fig. 5.5 Different methods used to determine temperature distribution
in absorber plates in x-direction for Bi=0.1, N=0.3, M =0.5, §=20,

and A=0.15

The impact of ¢, i.e. width to length ratio, on the distribution of
temperature is also predicted and it can be done by comparing Figs. 5.5(a)
and 5.5(b). An upsurge in 6 diminishes the absorber plate temperature

owing to an surge in thermal resistance for the heat flow
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5.4 Summary

In the present study, an investigation is done by developed 2-D
and modified 1-D models to predict the temperature profile in an absorber
plate for a flat-plate solar collector. The determination of the performance
of absorber plates based on 1-D heat conduction may not be an correct
methodology in any design context [13-15]. Therefore, 2-D models can
be used for the thermal investigation of an absorber plate accurately. But
in many situations the 2-D analysis has increased the complexity to
establish an analytical solution. From the result and discussion section, it
was noted that the results show a high degree of consistency of 2-D
model determined by the finite difference method and the modified 1-D
model. In every case study, The construction of the current study (2-D
and modified 1-D models) has been executed meticulously to facilitate
comprehension of the offered results. Alternatively, the proposed
modified 1-D model is continuously superior to the classical 1-D model

for the analysis of an absorber plate in flat plate solar collector.
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Chapter 6

Heat transfer dynamics in absorber plates of a flat-plate

solar collector: Fourier and revised non-Fourier analyses

6.1 Introduction

There has been a rising attention in employing non-Fourier heat
conduction model to simulate microscale and ultrafast transient non-
equilibrium responses in heat and mass transfer, characterized by non-
classical phenomena and thermal delays. This chapter analytically
inspects the impact of FHC and NFHC in the absorber plate of a FPSC.
Literature studies indicate that only a limited number of research have
examined using Fourier and non-Fourier in the absorber plate of a FPSC,
wherein a simplified version of the governing differential relations for the
absorber plate has been considered by neglecting the time relaxation term
related to the loss coefficient. This study used the S-P-L model, which
includes a temporal relaxation term with the loss coefficient, in the
energy equation to investigate the NFHC behaviour. A repetitive
symmetrical heat transfer module of the collector plate is analysed, and
the relevant parabolic and hyperbolic heat conduction equations are
derived utilizing the separation of variables technique. The analytical
conclusions are validated by numerical simulations using the finite
difference approach. The impact of critical factors, such as the Vernotte
number, dimensionless time, and thermo-geometric parameter, on the
temperature response of the absorber plate is examined. The proposed
model is further authenticated by comparison with the published results

of Kundu and Lee, which did not account for the phase lag associated
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with the loss coefficient. A significant difference in temperature
distribution is observed, highlighting the importance of phase lag effects
in accurately predicting the transient thermal response of the absorber
plate.

6.2 Mathematical formulation

Figure 6.1 illustrates a schematic representation of the absorber plate
of a flat-plate collector with uniform thickness. For thermal analysis a
symmetrical area situated among the two fluid-carrying tubes is
considered. The following assumptions were considered for the heat

transfer analysis on the absorber plate of the flat-plate solar collector:

« The plate's internal heat conduction is one-dimensional.

« Throughout the whole plate surface, the total loss coefficient
remains constant.

» The temperature of the surrounding is constant.

« The plate material's thermal characteristics remain unchanged.

* The absorber plate’s width is fixed and regarded as unity.

Un(T-T.) 5
i
0 | l I Bloer = I{F:Gnstm?t }
=0 Temperature
ozl,_, —)-| I"aa
(Symmetric) : L T & B =-Bi(#-1)

=1
—— ( Convective Condition)

Absotber Flat-Plate

“‘-ﬂ. Fluid Carrying Tube
Fig. 6.1Schematic of the Heat Transfer Model for an Absorber Plate
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Generally, in transient heat conduction considering the FHC
model, the heat propagation takes place with an infinite rate which might
not at all times be satisfied as shown by Peshkov [75] by his experimental
method. Rather than the infinite speed of heat propagation, he suggested a
finite one which is extensively reported as a NFHC phenomenon. The
model incorporates the effect of finite wave speed via the relaxation time
(7)), which signifies the time delay or accumulation period before heat
movement commences following the establishment of a temperature
differential in the medium. This signifies that heat transfer does not
begin instantly but evolves gradually throughout the relaxation period
subsequent to the imposition of a temperature gradient. Similarly, when
the temperature gradient is eliminated, heat transfer does not stop
instantaneously but rather decreases progressively over time. When the
relaxation time 7 — 0, heat diffusion occurs instantaneously with an
infinite propagation velocity, aligning with the classical Fourier heat
conduction concept. However, for relatively large values of z, thermal
disturbances propagate as waves at finite speeds, deviating from the
conventional diffusion model.

Thus, in the S-P-L model [84], the heat flux vector q and the

temperature T at time ¢ and spatial location x are described by Eq. (6.1)
as follows:

oq(x,1)

o1

q(X,z)+z' =—kVT (6.1)

The energy equation for an absorber plate in a flat-plate collector, taking
into account one-dimensional heat conduction, may be expressed as

follows using Eq. (6.2):
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S U (T-T,) oT
i B Y A 6.2
t t P Ot (62)

Combining equations (6.1) & (6.2) the mathematical model of the
absorber plate governed by NFHC can be expressed in Eq. (6.3) as

follows:
2 (T =T - ’

(ST, (T-T.) s _ua@ Tw):pcp LU (6.3)
ax t o1 t t o1 1ol

The corresponding dimensionless variables are introduced to formulate

the non-dimensional equations.

o=T"T XX Fo=® oo K
T,-T, L L pC,

T.K
c2=% v :J“—Zor:£ (6.4)
T L L

By utilizing dimensionless parameters the Eq. (6.3) can be inscribed in

non-dimensional form as follows

2 2
892—M26?+N:P %, ve? 892 (6.5)
X oFo oFo
Where

2 2
el oSt P=(1+Ve’'M?) (6.6)
kt kt(T,, - T.)

in Eq. (6.4) the thermal wave speed or the propagation speed C is defined
based onz . The distinction between FHC and NFHC models depends on

the magnitude of the dimensionless Vernotte number(Ve) . When Ve =0,

the propagation speed approaches infinity, corresponding to the

instantaneous heat transfer anticipated by the FHC model. However, for
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every nonzero value of Ve, the propagation speed remains limited, so
validating the NFHC model. The subsequent beginning and boundary
conditions in non-dimensional form are employed for NFHC to

investigate the thermal wave characteristics of the absorber plate.

atFo=0,60(X,0)=0 (6.7)
06(X,0
on (6.8)
oFo
at Fo>0, X =0, 2% _0 (6.9)
X
X =1, (1, Fo)=1 (6.10a)

The boundary condition in Eq. (6.10a) is applied to maintain a particular
plate temperature at the plate-tube junction(X =1) that facilitates fluid

flow for energy extraction. However, ensuring a constant plate
temperature at the plate-tube junction may not be practical, especially
during the initial phase of unsteady conditions. In reality, the solar energy
absorbed by the plate is transported to the fluid flowing, converting it into
useful energy [16]. Taking this into account, a convected boundary

condition at X =1in non-dimensional form can be directly expressed as

06(1,Fo)

o ="Bi(6-1) (6.10b)

The temperature discrepancy in the plate can be calculated analytically
using all these initial and boundary conditions Eq. (6.7)—(6.10). For both

FHC and NFHC analysis, two set of conditions; constant temperature
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condition with Eq. (6.10a) and convected heat transfer condition with Eq.
(10b), has been considered.

6.2.1 Analysis for non-Fourier model

The separation of variables technique can be utilized to solve Eq.
(6.5) [158]. The following variables were chosen for the approach of the

solution:

0(X,Fo)=y(X)+¢(X, Fo) (6.11)

By applying Eqg. (6.11) in Eg. (6.5), the following expression are
obtained:
d*y 2

-M7y+N=0 6.12
Ve % (6.12)

and

2 2
a—¢2—|v|2¢= p ¢ +Ve? 0 ¢2 (6.13)
oX oFo oFo

The boundary conditions derived from Egs. (6.7)—(6.10) for Eq. (6.12)

areas follows

atxzo,z—)'/(’zo (6.14)
X=1,y(LFK)=1 (6.15a)
&d'g—)gl)+ Biy (1) = Bi (6.15b)

The boundary conditions for Eq. (6.13) are derived from Eqgs. (6.7)—
(6.10) as follows.

at Fo=0, ¢(X,0)=-y(X) (6.16)
%9(X,0) =0 (6.17)
dFo
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84(0, Fo)

Fo>0. X =0, =0 (6.18)
oX

X =1, ¢(1,Fo)=0 (6.19a)

and %+ Big(1, Fo)=0 (6.19b)

The solution of Eq. (6.12) along with the boundary conditions (6.14),
(6.15a) and (6.15b) yields

~ N (, N cosh(MX)
W(X)—M2+(l sz oo (M) (6.20a)

and

N Bi(1-N/M?)cosh(MX)
M2 M sinh(M )+ Bicosh(M)

w(X)= (6.20b)

For the solution of Eq. (6.13) the variable ¢(X, Fo) is separated by using
the product rule as follows
¢(X,Fo)=U(X)V (Fo) (6.21)

Combining Egs. (6.13) and (6.21), the obtained expressions with an Eigen

constant are as follows

dU )
+4A°U =0 6.22
dx2 ( )
and
Ve? szZ+Pd—V+(M2+/12)V:O (6.23)
dFo dFo

The modified boundary conditions are obtained by imposing Eq.(6.21)
into Egs. (6.16) — (6.19) and can be written as

U(X)V(0)=-w(X) (6.24)
av(0) _
d—FO_o (6.25)
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du (0)
dX
By applying the boundary conditions in Egs. (6.19a) and (6.19b), the

~0 (6.26)

following condition is obtained

u@=0 (6.27a)
du@ .. 3
and X +BiU() =0 (6.27b)

The following equations can be obtained by rewriting Eq. (6.22) using
Eq. (6.26) and (6.27a) as well as Eq. (6.26) and (6.27b) respectively.

An=(2m-1)7/2, m=123......... (6.28a)
U(X)=3C, cos(4,X) (6.28b)
and N

A, —tan™(Bi/4,)=(n-1)7, n=1,2,3.cccc....... (6.29)
U(X)=3C, cos(4,X) (6.29b)

n=1
In Egs. (6.28b) and (6.29b) C_and C, are constants and their value can

be found by orthogonality condition.

Using differential operator, D, Eq.(6.23) can be expressed as follows,

[VeZD2 +PD+(M? +A,§)]v =0 (6.30a)

[VeZD2 +PD+(M? mnz)]v =0 (6.30D)

Where D can be determined from
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~P+ [P?-avel (42 +M?)
2ve?

~P+ [P?-ave? (47 +M?)
2ve?

D=(D,.D,)=

(6.31)

According to Equation (6.31), the D value have both real& distinct, or a

complex conjugate pair, or be zero. Therefore, the solution must take into

account the three distinct circumstances must be taken into account. Egs.
(6.20a), (6.24), (6.25), (6.27a), (6.28), and (6.31) are used to get the

temperature distribution that follows.

| N__(, N cosh(MX) >
0(X,FO)-[M2+[1 sz cosh (M) }rZECOS(ﬂmX)

_ N (1-N/M?)Z, ]
A
xsin( m)[Mzﬂer (,1§+M2)
(Do0(DR0) DR oy P
D,-D, " 4Vve’

| o ot

M? ) cosh(M)

- PFo —PFo
-2 1+ ex cos(A X
Z( 2Ve2] p( 2Ve? j (4, X)

m=1

N (I-N/M?)4, p?
M%m+( (zni+|v|z)) ]for(ﬂrﬁ“\"z)

4Ve?
9<X,Fo>=[%+(1— v Ji’é’i‘h((“&xﬂ

xSin(ﬂ,m)[

_Zicos(;th)sin(lm)exp[PFOJX[ N (1-N/M?)4,

m=1 DO 2V€2 M 2&
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P2
4v?

e

P .
><[DO cos(DoFo)+Tezsm(DoFo)}for(/lrﬁ+|v|2)> (6.34)

where

Javer (22 +Mm?)-p?
- 2Ve?
Egs. (6.32)—(6.34),were derived by ensuring that constant temperature is

(6.35)

maintained at plate — tube junction(X =1). For a convective boundary

condition at (X =1) the temperature in the plate can be determined using

Egs. (6.20b), (6.24), (6.25), (6.27b), (6.29), and (6.31) as follows,

o(x.Fo)=| Bi(1- N/Mz)cosh(MX)]

M ? " M sinh(M )+ Bicosh(M)

=, A, c0s(4,X)[ D,exp(D,Fo)- D, exp(D,Fo)| [ Nsin(4,)
2~ [24, +sin2(2,)](D, - D,) { M2/,

+

Bi(1-N/M?)[ 4, cosh(M)sin(4,) + M sinh(M)cos(4,) ]
[ M sinh(M)+Bicosh(M) (42 +M?)

2

(22 +M?)< N (6.36)

N Bi(lN/Mz)cosh(MX)]

H(X’FO)_[MZ M sinh(M )+ Bicosh(M )

2, c08(4, X)[ 14 PO |gyp( ~PFO
2Ve? 2Ve

_4;:; [24, +sin2(4,)]
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Nsin(4) Bi(1-N/M?)[ 4, cosh(M)sin(4,)+M sinh(M)cos(4,) |
* M2, ’ [ Msinh(M )+ Bicosh(M)](4;+M?)

P 2
4Ve?

for(42 +M?)= (6.37)

N Bi(1-N/M?)cosh(MX)
H(X’FO)_[MZ ™ sinh(M)+Bicosh(M)]

. exp(_Ponj[Do cos(DOFo)+|325in(D0Fo)}
"y 2Ve 2Ve
= D, [24, +sin2(4,)][ 4, cos(2,X)] "

Nsin(4) Bi(1-N/M?)[ 4, cosh(M)sin(4,)+M sinh(M)cos(4,) |
* M2, " [ Msinh(M )+ Bicosh(M)](4;+M?)

2

for(42+M?)> P

6.38
4\Ve (6.38)

2

6.2.2 Analysis for Fourier model
Based on Fourier’s law of heat conduction, the governing

differential equation for the absorber plate temperature is expressed as

follows,
2

a‘92—|\/|2¢9+N=ﬁ (6.39)

oX oFo

For the solution of Eq. (6.39) the initial and boundary conditions are as

follows

6(X,0)=0, 0<X <1 (6.40)

06(0,Fo

L L) B (6.41)
oX

The boundary conditions at X =1 are as follows
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0(LFo)=1, Fo>0

80(1, Fo)

=-Bi(#-1), Fo>0
oX

(6.42a)

(6.42D)

Following the procedures defined in the preceding section, Eq. (6.39) is

solved using the separation of variables method, together with the initial
and boundary conditions Egs. (6.40), (6.41) and (6.42a). Thus, the
temperature distribution for isothermal condition at X =1can be listed as

N

0(,Fo) =z +[1-

N )cosh(MX)
M? ) cosh(M)

—Zicos(/lmX)sin(/Im)exp(—(M 2+ 22) Fo)

N (lN/MZ)ﬂm}

M, (2w

and for convective boundary condition at X =1 is as

| N Bi(1-N/M?)cosh(MX)
H(X’FO)_[MZ+Msinh(M)+Bicosh(M)
= A cos(/lnX)exp[—(/ln2 +M?) Fo]
_4n:1 [24, +sin2(4,)]

(6.43)

{ Nsin(,)  Bi(1-N/M 2){/% cosh (M )sin(4,) + M sinh(M)cos(/ln)H

M24, (22 +M?)
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6.3 Results and discussion

Based on the Cattaneo-Vernotte equation, the current study
investigates analytically the thermal behaviour of the absorber plate in a
flat plate solar collector while accounting for the time relaxation of the
loss coefficient. The results are generated using computer programming
utilizing FORTRAN and the variables separation method. The outcomes
of both FHC and NFHC models are compared with Kundu and Lee's
findings [84] to confirm existing algorithm. By contrasting it with a
numerical method, the FHC analysis analytical methodology described
above may be verified. Accordingly, Eq. (6.5) is resolved numerically by
setting Ve =0and employing the finite difference method. The difference
equation is formulated by discretizing the governing equation using
Taylor’s theorem. To diminish discretization errors, a forward difference
scheme is applied for the time derivative, while a second-order central
difference is utilized for the spatial derivative. An explicit method is
adopted to resolve these equations. The final solution is obtained by
resolving the tri-diagonal matrix system (TDMA) using the Thomas

algorithm, ensuring the required accuracy. In this study, a higher-order

accuracy of 0(10’6) has been considered to further reduce discretization

errors [159].

Figure 6.2 illustrates the temperature variation in the absorber
plate for various Fourier numbers, taking into account both FHC and
NFHC models with isothermal boundary settings at the plate-tube
junction. The analysis was conducted using parametersM =0.5, N =1
Ve=0.2and Fo 0.01 to 5. Fig.6.2(a). illustrates the temperature field
distribution based on FHC model where the analytical results show good
agreement with numerical findings. Fig.6.2(b) presents the corresponding
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Fig.6.2 Comparison of temperature distribution over absorber plate
obtained in the present work with that of the Kundu and Lee [84] for a
constant temperature boundary condition at X =1 for a different Fourier
number FoandM =0.5,N =1 (a) FHC, (b) NFHC, (c) NFHC for
F0=0.5&0.6 and (d) FHC & NFHC for Fo=0.5&0.6.
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distribution under the NFHC assumption, demonstrating consistency with
previously published work [84] for lower Fo values. However, at higher
value like Fo=0.5and 0.6 a significant deviation is detected between the
two models, as shown in Fig. 6.2(c).This suggests that at higher FHC
numbers, the temperature distribution decreases when considering the
loss relaxation term compared to when it is neglected. For an increased
Fourier number, the temperature variation exhibits an opposite trend.
Additionally, the NFHC model has a higher temperature distribution than
the FHC model, but the overall trend is the same as shown in Fig. 6.2(d).

Solar energy is typically captured by the absorber plate and
conducted in the plate to the fluid-carrying tubes. The fluid in the tube
absorbs the transferred heat energy thus; useable energy is produced at
the outlet of the absorber. As a result, the aforementioned condition can
satisfy the convective boundary constraint for the study. The temperature
distributions under the convective boundary condition for both FHC and
NFHC models for Bi = 0.5 are shown in Fig. (6.3). AsFo increases from
zero, the plate temperature rises erratically, initially attaining a high value
and then gradually decreasing. With a constant Fo the heat conduction
for convective boundary condition results in a smaller temperature
change within the plate than the isothermal condition Both the FHC and
NFHC considerations are suitably matched between the current and
published results [84] with the parameters set at the specified values.
However, Figure 6.3(c) shows a substantial difference that observed with

a higher value of Fo=0.6and 1.

Figure 6.4 displays the temperature distribution at a specific site
for different Vernotte and Fourier numbers under the two boundary

conditions used in this investigation. Figure 6.4 (a) illustrates a
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comparison of the temperature solutions foreseen by the FHC and NFHC
models for the constant temperature boundary condition, while Figure
6.4(b) shows the same for the convective boundary constraint. As the

3.0
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Fig.6.3.The non-dimensional temperature field produced in this study to
the results reported by Kundu and Lee for a different Fo and M =0.5,
Bi=0.5, and Ve=0.2;(a)FHC, (b)NFHC, (c)NFHC at Fo=0.6, and
Fo=1,and (d) FHC & NFHC for higher value of Fo=0.6, and Fo=1.
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Fig. 6.4 Temperature comparison along the symmetry line of absorber
plates, evaluated using FHC and NFHC models for M =0.5, and
Bi=0.5
FHC analysis is independent of Ve, the temperature remains unchanged
across different Ve values, as indicated by the horizontal dashed lines.
Nevertheless, it fluctuates with the Fourier number until attaining a
steady temperature. However, in the NFHC model, the extent of the
temperature differential is contingent upon both Ve and Fo .As both the
Ve and Fo increase, the temperature difference also increases, leading to
the formation of a temperature shock in NFHC to keep a constant
temperature at the boundary. When the loss relaxation term is considered,
the thermal shock is reduced compared to when it is not included. For
higher Fo, such as Fo=1 and 2, the difference between the two cases is
more pronounced. However, this difference decreases and eventually
diminishes as Ve decreases. A comparable pattern is noted for the

convected boundary condition, as shown in Fig. 6.4(b). Nonetheless, the
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range of Ve is somewhat greater for the convected boundary condition to

guarantee FHC model without considerable inaccuracy.
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Fig. 6.5 Influence of Fo on the temperature distribution at the midpoint of
the absorber plate between two tubes, considering M = 0.5and a constant
plate temperature at the heat transfer boundary.

Fig.6.5 presents the temperature variation at a specific point as a
function of Fo under a fixed temperature boundary constraints. This
study examines the influence of the Vernotte number on the time-
temperature history of the plate between the line of symmetry and the
fluid-carrying tube. The analysis was conducted using two Vernotte
number values, Ve=0.5 and 2.5. Figure 6.5(a) depicts the temperature
response for Ve=0.50ver diverse Fo values for distinct constant N
values. In FHC assumptions, the temperature for a certain N grows
gradually with Fo and ultimately attains a steady state however, in the
NFHC assumptions, the temperature first increases in a fluctuating
manner with Fo, attains a maximum, then declines abruptly, and then
gradually decreases to a stable value, consistent with the FHC model. The

NFHC results display a distinct hump in each curve, leading to a notable
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deviation from the FHC model. Furthermore, as N increases, the
discrepancy between the two models slightly grows. A similar trend is
observed when incorporating the phase lag term with the loss coefficient.
However, in this case, the temperature rise up to the peak value is lower
than when the phase lag term with the loss coefficient is not considered.
Fig. 6.5(b) illustrates the evolution of temperature over time as a function
of the Fo at a higher Vernotte number. At lower Fo values, temperature
oscillations are predominant; however, as Fo increases, these oscillations
gradually diminish and converge with the FHC model. Higher Ve values
lead to a more pronounced deviation from FHC conduction, indicating
that relaxation effects become more significant at elevatedVe. This
suggests that the temperature response in both FHC and NFHC models
may exhibit fluctuations, particularly at lower Foand higher Ve values.
It is observed that incorporating the phase lag term along with the loss
coefficient reduces the thermal shock effect. The temperature peak is
lower compared to cases where these terms are not considered, indicating
that phase lag plays a crucial role in influencing energy dissipation over
time.

Fig. 6.6 illustrates the temperature variation at a point as a
function of Fo for the convected boundary condition, considering
Ve=0.5and 2.5. For Ve=0.5, no significant difference is observed
between the FHC and NFHC models which are depicted in Fig.6.6 (a).
However, for Ve=2.5, a substantial deviation occurs, which strongly
depends on the dimensionless time, Fo as can be observed in Fig. 6.6(b).
The NFHC model exhibits a smooth waviness in temperature change as a
function of Fo. This fluctuation can be eliminated by using a higher Fo
value, causing the results to align with the FHC model. Additionally, the

temperature peak is significantly reduced when the phase lag term with
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Fig. 6.6 Impact of Fo on the temperature response at the midpoint of the
absorber plate between two tubes, considering M =0.5, Bi=0.5and a
convective heat transfer boundary
the loss coefficient is included compared to cases where it is not
considered. Furthermore, when the phase lag term with the loss

coefficient is included, the system reaches a steady state more rapidly.
Fig. 6.7 presents the temperature pattern across the plate for both
FHC and NFHC conditions after absorbing solar flux, considering a large
FHC number Fo=5 and a small Vernotte number Ve =2.5. The results
are also compared with published data. Fig. 6.7(a) corresponds to an
isothermal temperature condition at the plate-tube junction. In the FHC
model, the dimensionless temperature @, exhibits a smooth, gradually
decreasing, and monotonic trend as a function of X . In contrast, the
NFHC model predicts higher temperatures than the FHC model while
following a similar trend, albeit with a wave-like pattern. A significant
deviation is observed near the isothermal boundary, where a temperature

surge or thermal shock occurs. This jump represents a
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Fig. 6.7 Comparison of temperature profiles for FHC and NFHC models
underM =0.5,Fo=5, and Ve=2.5

point of instantaneous temperature change, appearing adjacent to the
thermal boundary. Fig. 6.7(b) depictsthe temperature distribution under
the convective boundary condition, considering different convective
effects with Biot numbers Bi=0.1and Bi=0.5. As the convective
resistance increases, the plate temperature rises in the FHC heat
conduction model, which is an expected trend. Conversely, in the NFHC
model, the temperature decreases as convective resistance increases at the
boundary. In general, the thermal shock effect in NFHC becomes more
pronounced at higher Bi, particularly when coupled with a large Vernotte
numberVe. This phenomenon is likely due to the periodic temperature

variations influenced by the Fourier number Fo .

The thermo-geometric parameter M significantly affects the
thermal behaviour of the absorber plate in FPSC. The impact of M on
temperature distribution for NFHC is analyzed under both constant

temperature and convective boundary conditions at the plate-tube
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Fig.6.8 Non-dimensional temperature distribution for various thermo-
geometric parameters M under given conditions Fo=5, N =1, Bi=0.5,
and Ve =2.5: (a) Isothermal boundary condition and (b) Convective

boundary condition.

junction in Fig. 6.8(a) and (b) respectively. Results indicate that as M

increases, the temperature field decreases due to its direct dependence on
the overall heat loss coefficientU . This highlights the critical role of M

in accurately predicting and optimizing heat transfer performance in solar
collectors. Further it can be seen that the NFHC effect is reduced when
the phase lag is considered alongside the loss coefficient compared to the

case where it is not accounted for.

6.4 Summary

This study analytically examines FHC and NFHC in the absorber
plate of flat-plate solar collectors, incorporating time relaxation for the

loss coefficient under two different boundary conditions at the plate-tube
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junction. Using the separation of variables method, the results are
compared with those of Kundu and Lee, showing good agreement for
lower values of the Foand Ve, though significant deviations arise at
higher values. Considering phase lag with the loss coefficient reduces the
temperature distribution compared to cases where it is neglected. An in-
depth investigation underscores the impact of thermo-geometric factors
and boundary conditions. Unlike the FHC model, the NFHC model
exhibits a wave-like temperature pattern, demonstrating the finite speed
of heat propagation. Finally, it can be demonstrated that
e The FHC model provides a simplified approach but does not
capture transient effects like thermal shocks.
e The NFHC model better represents wave-like heat transfer
behavior, especially for materials with high relaxation times.
e Higher Ve values and phase lag effects significantly impact heat

propagation, leading to deviations from classical FHC model.
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Chapter 7

Energy and Exergy Assessment of a Flat-Plate Solar

Collector Using Single and HybridNanofluid

7.1 Introduction

The simultaneous application of the first and second laws of
thermodynamics is required for the performance evaluation of any
thermal system. The first law determines energy efficiency, while the
second law assesses exergy efficiency. According to the first law, energy
is conserved in quantity wise, whereas the second law states that energy
degrades quality wise with each transfer. Nanofluids are fluids that
contains particles less than 100 nm in size and are utilized to improve the
rate of heat transfer than conventional fluid. In this chapter, the
thermodynamic performance of a flat plate solar collector (FPSC) is
analyzed with nanofluid as the working fluid. The impact of different
collector fluids—mono, hybrid, and ternary nanofluids (THNF)—on
FPSC efficiency is examined based on energy and exergy considerations.
The nanofluids used include mono and hybrid combinations of CuO,
MgO, and TiO2 with water at volume contentvarying from 0.1% to 0.5%.
The study investigates how these nanofluids influence energy and exergy
efficiency under varying mass flow rates, volume concentrations, and

operating temperatures.

7.2 Mathematical Formulation
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7.2.1. Preparation and characterization of nanofluids:

Nanofluids are specialized fluids that contain nanoparticles,
typically in the nanometer range. For optimal performance, these fluids
must be free from agglomeration and exhibit long-term stability without
sedimentation, making the preparation process crucial. Traditional basic
fluids, like water, ethylene glycol, and oil are commonly used, with

dispersed nanoscale metal particles to form nanofluids.

There are two primary techniques used for nanofluid synthesis:
the single-step and two-step methods. The two-step approach involves
producing nanoparticles over various fabrication techniques before
dispersing them into the base fluid. In this work, the two-step method was
employed for nanofluid preparation. The stability of nanofluids is a
crucial factor affecting their thermal performance and practical
applications. Maintaining long-term stability requires preventing
nanoparticle agglomeration and sedimentation, which can degrade heat
transfer efficiency. One key parameter for assessing nanofluid stability is
zeta potential, which indicates the electrostatic repulsion between
particles in suspension. A higher zeta potential (typically above £30 mV)
ensures better dispersion and prevents coagulation. Various stabilization
techniques, including surfactant addition, pH adjustment, and ultrasonic
agitation, are employed to enhance stability. Additionally, optimizing
nanoparticle concentration and selecting suitable base fluids further
contribute to maintaining uniform dispersion. To determine the particle
size, material identification, and particle morphology, the scanning

microscope (SEM) and energy dispersive X-ray (EDX) were conducted.
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This study explores the use of mono, hybrid, and ternary
nanofluids as working fluids. Their preparation, along with the evaluation
of rheological and thermos-physical properties, has been reviewed based
on existing literature and tabulated in Table 7.1 however; the thermo-
physical characteristics of nanoparticle and base fluid for study are
tabulated in Table 7.2.To the writers' utmost knowledge, CuO-MgO-
TiO> is the most reliable synthesis and analysis of DHNFs and THNFs

found in the literature, which is why it was chosen for this investigation

For the calculation of specific heat, thermal conductivity

following relations are used [107,131,]

For mano nanofluids

_9(pC, ), +(1-9)(0C,),

Coi =
Pt ¢pnp +(1_¢)pbf

(7.1)

Ky _ Koy +(SH =1)kyy —p(SH -1)(kyy —k,,) 7.2)
Ky, Koo +(SH =1) Ky — (K —Ky)

where SH is the shape factor for and its value for spherical shape

nanoparticle is 3.

For binary hybrid nanofluids [131]

C,  =4.2049836 +(-0.0015513333xT)
+(2.1030303x10°° xT?) —(8.62x ¢) (7.3)

ky =0.51116372+(0.020783986xT"°)
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+(163070.33x ¢*° ) + (~1688369.9x ¢° ) (7.4)

For ternary hybrid nanofluids [132]

C, . =4.2028064 + (—0.0015020303xT )

+(2.0272727x10° xT?) - (17.03x ¢) (7.5)
K, 20_72768391+(—9.681685% )+(283.6920%2)+(4718.871%3)

+(—175433-6828% 5)+(274.276><¢)+(—159781.42><¢2)

+(41691000x ¢° ) - (3.6405833x10° x 4* ) (7.6)

Table 7.1 Existing literature for preparation of mano, binary and ternary

nanofluids.

Sl Nanofluid Shape Category Literature

no

1 CuO Spherical Mano 122, 145

2 MgO Spherical | nanofluids | 154

3 TiO2 Spherical 146

4 MgO- Spherical Binary 131
TiO2(80wWt%MgO-— hybrid
20Wt%TiO2) nanofluid

5 CuO-MgO-TiO2 (60 | Spherical Ternary | 132
mass % CuO / 30 hybrid
mass % MgO / 10 nanofluid
mass % TiOy)
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Fig.7.1 Diagrammatic representation of a sheet& tube FPSC’s symmetric

module.

Table7.2 Thermo-physical properties of nanoparticle and base fluid for

study [107,143]

Nanoparticles Specificheat Density Thermal
capacity (kg/m? conductivity
(JIKg.K) (W/m.K)

Copperoxide(CuO) 551 6000 33

Magnesiumoxide(MgQO) | 955 3560 45

Titaniumoxide(TiO2) 692 4230 8.4

Water(H»0),basefluid 4182 997 0.6

Binary (MgO-TiO,)

Ternary (CuO-MgO-

TiOy)
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7.2.2 Thermodynamic analysis

Here are the mathematical formulas that were utilized to model the flat
plate collector. The process is supposed to operate in steady-state
circumstances with a uniform heat flow. The pressure drop within the
collector's tube is presumed to be insignificant.

7.2.2.1 Energy Analysis:

In a stable state, according to the energy balance, the useful energy output
of a collector can be given as [15]

éuseful =A [S -U, (Tpm —Ta )} (7.7)

It is important to note that Eq. (7.7) does not consider the impacts of
optical efficiency and the heat transfer coefficient on system
performance. Therefore, the following equations are introduced to

incorporate these parameters.

Qus = AFs [lT (a¢)-U, (T, - T, )] (7.8)
where
S=(af)l; (7.9)
The coefficient of heat removal, denoted by F,, may be computed as
follows [15]

0
FoC 1 exp| “UFA (7.10)

U, mC,

and

The collector efficiency factor is denoted by F* and can be computed in
this way [16]
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1

Fr= Y, (7.11)
L 1 N 1
U [(L-d,)F+d,] zdh,
Where, F is the standard fin efficiency and can be calculated as
tanh (m(LZ_dO)j
F = 7.12
m(L—d,) (7.12)
2
m=U, /kt (7.13)

The collector flow factor is the ratio of F,toF', hence can be written as
[15]

F'=F,/F' (7.14)
Therefore, the collector heat removal factor can also be given in another
way as

F,=F'F" (7.15)
For this study F' =0.841is considered [15]

The mean plate temperature for the plate

C
Tpm _ Tf N + Quseful /A\: (1_ FR) (716)
FRUL

The useful heat gain rate by the fluid from the absorber plate is

determined as

Quseful =m Cp (Tf out _Tf ,in) (717)
The collector's thermal efficiency is specified as
Quse u T| _To
Men === = F (Oté/)—ULu (7.18)
AE IT IT
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For the present analysis the normal incidence condition was considered

thereforeU , F; F;(a¢’) can assumed to be constant.

7.2.2.2 Exergy Analysis:

To accurately assess the system's thermal performance and work
potential it is crucial to do an energy analysis using the second law of
thermodynamics. The correlations required for the exergy analysis of flat
plate solar collectors are shown in this section. Treating the system as a

control volume,

The exergy balance calculation is articulated as follows [92, 97-99]

ZEX,in—ZEX,out =ZEX,dest (719)

As can be seen, the collector's exergy input is made up of the

exergy of the inlet fluid (Ex,in,fj and the exergy of the radiation that the
0
sun absorbs(Ex,sunj. The collector's exergy output is equal to the exergy

of the outlet ﬂUid(EX,out,fj. The distinction between these two

components indicates the amount of energy lost in the collector.

Assuming the sun to be infinite source, T, =5778K , the solar

sun

exergy can be determined as

Esun = (0{{) A\:IT [1—_:-0 j (720)

The exergy rate of the working fluid in is calculated using the

following equations:
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) : T
Ex.in.f =mc{T”n—TO—TOIn[ fT H (7.21)

By summation of Egs. (7.20) and (7.21) the inlet exergy rate can be

obtained as follows

0 a
EX,in =Ean+ EX,in,f

=(ag)Al; (1—TT° ]+ mc, {Tm -T,-T, |n£T;‘“ H (7.22)

sun

The outlet exergy is the exergy rate of the working fluid out and can be

calculated as follows
_ . Tf out
Exout ==—mc,| T, —T,—T,In ? (7.23)

The heat transfer mechanism from the sun to the collector's working fluid
has two primary stages: the absorption of solar radiation by the absorber
plate and following conduction of the energy from the absorber plate to
the working fluid. Consequently, both processes—including the flowing
components—involve the loss of energy [97].

The Exergy destruction in the first stage can be evaluated by

TO TO
Ex,dest,s—p = A:IT [1_770 +770ﬁ_f} (724)
The Exergy destruction in the second stage can be evaluated by
0 T
Ex,dest,p—f =m Cp (Tf out _Tf,in )[1_1-_0} (725)
p

The another part of the Exergy destruction is due to collectors heat loss to

the surrounding called as Exergy destruction due to leakage is given as

Ex destteaiage =U A, (T, =T, )(1—1—0] (7.26)

p
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[
The exergy destroyed Ex.st in the collector as a consequence of
irreversibilities inside the system is expressed as
E x dest = Ex dest,s—p+ E x dest,p—f + E x dest leakage (727)
The Exergy destruction due to irreversibility can also be found from the

[
following equation Ex,dest =T, S gen (7.28)

According to Bejan [92], in a non-isothermal solar flat plate collector, the

total rate of entropy creation may be expressed as

‘ Tou qun Qoss

Sgen =me|n{Tntj—ﬂ+_ll_—o (729)
0 0 0

Qloss = qun —m CpTo (Tout _Tin ) (730)

Exergy efficiency indicates the greatest usable work that may be gained
from a system. It is computed as follows.

E

nExergy = E_u (7 . 31)

sun

where E, and E_,, are the exergy outputs of the collector and the sun,

respectively. The exergy efficiency in term of inlet fluid temperature can
be written as [99]

1
Tf in _To _Uij Exp _ULHA‘:F -1]-
0 )
mc, : mc,
77Exergy = . B
T
1- o :
|: Tsun:|qun TO exp _UL{i -1 [Tf,in _To _i]—l—To
f,in me L

(7.32)
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Table 7.3: Environmental and analysis conditions for the FPSC

[107,143].

Paramet L t d0 di | T | T, k h, 7, U,

ers

Values 00(000|{001|00|75(30 1|29 |38 |25 1|0. |5
1 5 5 1 7 0 8 5 0 8

7.3 Results and discussion

This section evaluates the efficiency of both mono and hybrid

nanofluids. This assessment is conducted based on the characteristics of

fluid input temperature, mass flow rate inside the collector, and

nanoparticle volumetric percent. The working fluid is CuO, MgO and

TiO2 with water mano nanofluid, and MgO -TiO,with water for binary
hybrid nano fluid and CuO-MgO-TiO2 with water for ternary hybdrid

nanofluid. The input data are tabulated in Table 3 based on the previous

literatures. A computer code is developed using FORTRAN language and

the code is validated with the existing results of the literature [99, 143].

The volume concentration for the study is varied between 0.1% to 0.5%.

and all
$=0.1%
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Fig.7.2 (a) variation of Sp.heat with concentration, (b) variation of

thermal conductivity with concentration

Figure 7.2 illustrates the specific heat and thermal conductivity of
nanofluids as a proportion of volume fraction. As depicted in Fig. 7.2(a)
the specific heat reduces as the volume concentration increases. The
binary hybrid nanofluid (MgO-TiO2) has a higher specific heat for a
given volume concentration however, the CuO nanofluid has the lower
value. The ternary hybrid nanofluid (CuO-MgO-TiO2) has nearly same as
that of CuO at lower concentration and as it increases it is just above the
CuO mano nanofluid. These results align with those of Mostafizur et al.
[122,143]. In Fig.(b), the thermal conductivity upsurges as the volumetric
percentage increases. MgO/ water mano nanofluid has a higher value
where as MgO-TiO; binary nanofluid has the lower one for the chosen

concentration.
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Figure 7.3 depicts the variation of absorber plate temperature with
inlet mass flow rate. It can be seen from Fig 7.3(a) that with increase in
flow rate about 0.01 Kkg/s tends to a considerable decrease in plate
temperature. Fig 7.3(b) is the magnified portion that shows ternary
nanofluid has the highest temperature rise and binary has the lower one
with the chosen volume concentration. The mano nanofluids have the
value lies between the binary and ternary nanofluid. The decreased
temperature gradient between plate and environment tends to decline the
overall loss coefficient and therefore upsurge in efficiency of the absorber

plate as can be seen from Fig.7.5.

The Fig. 7.4(a) represents the energy efficiency as the function of
reduced temperature parameter. As the inlet temperature surges the
absorber plate temperature upsurges consequently the temperature
gradient and also the overall loss coefficient between plate and the
environment leds to increase thereby reduction in efficiency. The similar

trend is observed from literature [99,128,136]. From it’s magnified
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Fig.7.4(b) the binary nanofluid has the maximum value for this

concentration.
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The change of absorber plate efficiency with mass flow rate for
¢ =0.1% is depicted in Fig. 7.5. Fig (a) shows that for each nanofluid, as
inlet mass flow rate increases the efficiency rises. For this flow rate, the
binary nanofluid has the maximum rise and CuO mano nanofluid has the

lower one.
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The exergeti ccharacteristics of the absorber plate as factor of
reduced temperature parameter is shown in Fig. 7.6. From Fig (a), it is
observed that as temperature at the inlet rises the exergy efficiency of the
absorber plate rises. This increase shows the ability of additional heat to
be transformed into useable energy by the system. All the working fluid
considered for this study shows the similar variation for the considered

volume fraction.

The change of exergy efficiency with inlet mass is illustrated in
Fig. 7.7. It can be detected in Fig.(a) that an upsurge in mass flow rate

exergy efficiency increases and from magnified portion Fig.(b) binary has
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the higher value. All the variation may depends on flow property of

nanofluid inside the tube.
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Figure 7.8 illustrates the fluctuation of energy and exergy

efficiency in relation to nanoparticle concentrations in volumes with a

[
fixed mass flow rate of m=0.03kg /s. From both the Fig.(a) and (b)it is
observed that as nanoparticle volume concentration rises the thermal
performance of the collector declines. The reason behind this behaviour

may be the effect of viscosity of the different nanoparticles.
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Varying the effect of dead state temperature onthe exergy
efficiency is depicted in Fig.7.9. From Fig.(a) it can be predicted that as
the temperature of dead state increased from 2°C to 27°C for a fixed mass
flow rate and volumetric percentage, the second law efficiency decreased.
This trend also verified by [115] and this decreased trend signifies that
the environment plays important role for evaluating the exergetic

efficiency. As we lower the dead state more will be the exergy value.
7.4 Summary

An analytical parametric study was conducted to assess the

thermal performance of a flat plate solar collector employing mono and
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hybrid nanofluids composed of CuO, MgO, and TiO> nanoparticles. The
investigation considered various operating conditions, including changes
in inlet temperature, mass flow rate, and nanoparticle volume
concentration, with water serving as the base fluid. The formulation
methods and stability characteristics of the selected nanofluids were
referenced from established literature sources, as summarized in Table 1.
The nanoparticle volume concentrations analyzed in this work range from
0.1% to 0.5%, based on the availability of experimental data from
previous studies. At a lower concentration of 0.1% and at a temperature
of 300K, although the thermal enhancement is very minimal, the binary
mixture of MgO-TiO, demonstrates superior performance in terms of
both energy and exergy efficiencies. In contrast, the ternary nanofluid
configuration did not exhibit significant improvements compared to the
mono and binary combinations. Additionally, increasing the mass flow
rate led to a consistent rise in both energy and exergy efficiencies across
all nanofluid formulations considered. The findings suggest that, given
the relatively low operating temperature range of flat plate collectors, the
application of ternary nanofluids may not be a cost-effective solution for

enhancing their performance.
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Chapter 8

Conclusion

This study presents a comprehensive analytical investigation into
the thermal performance of absorber plates in flat-plate solar collectors,
focusing on two-dimensional heat conduction, material efficiency, and
Fourier and non-Fourier heat transfer models. The proposed analytical
models, validated through numerical simulations, demonstrate strong
agreement with finite difference method results, with a maximum
temperature deviation within 5%, confirming their reliability for steady-

state thermal analysis.

Key findings suggest that two-dimensional models offer a more
precise representation of heat conduction compared to traditional one-
dimensional approaches, despite their increased complexity. Additionally,
the study highlights that plate material conductivity has minimal impact
on efficiency, supporting the feasibility of using cost-effective
alternatives such as aluminum instead of copper. The modified one-
dimensional model is shown to be a superior alternative to the classical 1-

D approach, balancing computational simplicity and accuracy.

Furthermore, the investigation into Fourier and non-Fourier heat
conduction reveals that while the Fourier model provides a simplified
approach, it does not account for transient thermal effects. In contrast, the
non-Fourier model captures wave-like heat transfer behavior, making it

more suitable for materials with high relaxation times. The influence of
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phase lag and higher Vernotte numbers (Ve) plays a crucial role in heat
propagation, impacting overall thermal performance.

The findings show that, under some circumstances, nanofluids can
improve the collector's thermal performance; vyet, their actual
implementation should take the cost-benefit ratio into account, balancing
the performance improvements against the related costs.

Overall, this research provides valuable insights into advanced
thermal modeling strategies for absorber plates in flat-plate solar
collectors. The proposed methodologies enable accurate, efficient, and
cost-effective design optimizations, contributing to the enhancement of

solar thermal system performance.

Future Works

Building upon the findings of this study, several avenues for future
research can be explored to further enhance the thermal performance and

design optimization of flat-plate solar collectors:

1. Transient Heat Transfer Analysis — The current study focuses
on steady-state conditions; however, future work should
investigate  transient  thermal behavior under varying
environmental and operational conditions. This will provide a
more comprehensive understanding of the dynamic performance
of absorber plates.

2. Experimental Validation — While the proposed analytical
models have been validated using numerical simulations,
conducting experimental studies would further verify their

accuracy and applicability in real-world conditions. Comparative
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studies between experimental and analytical results can refine the
models for better precision.

Optimization of Geometric Configurations — Investigating
various plate geometries, tube arrangements, and absorber plate
thickness variations could lead to design improvements that
enhance heat transfer efficiency while minimizing material costs.
Impact of Climate Variability — Future research could assess the
impact of different climatic conditions (e.g., solar radiation levels,
ambient temperature variations) on the thermal performance of
absorber plates to develop region-specific optimization strategies.
By addressing these areas, future research can contribute to the
continued development of high-performance, cost-effective, and
sustainable flat-plate solar collector systems for renewable energy

applications.
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Abstract: Many investigators have investigated flat-plate solar collector absorber plates based
on one-dimensional heat flows. However, the shape of the absorber plate may always create a
two-dimensional temperature distribution if it has a thin thickness. Hence, an analysis of the
two-dimensional heat flow in absorber plates is always required. The current paper determines
a closed-form solution for the energy equation to establish a two-dimensional energy flow for an
absorber plate by considering a nonlinear temperature variation at the plate-tube section. The sepa-
ration of the established variable method solves the energy equation. The same energy equation was
also solved numerically using the finite difference method for validation purposes. It emphasizes
demonstrating that the analytical and numerical results match closely with each other. Finally, this
work concludes by developing an analytical model for the practicable thermal analysis of absorber
plates in solar collectors, providing error-free implementation results.

Keywords: absorber plate; analytical; solar collector; thermal analysis; 2D heat conduction

1. Introduction

Environmental concerns have limited the use of fossil fuel reserves, and the increases
in energy demand and rising costs of conventional energy generation have become major
issues in our current climate. To help overcome these problematic aspects, renewable
energy has experienced rapid growth in recent years, stepping up to address the looming
energy crisis. One such renewable energy source is solar energy, which offers significant
advantages due to its eco-friendliness and virtually infinite supply [1]. Solar collectors
can obtain thermal energy from solar radiation. Solar flat-plate collectors (SFPCs) convert
solar radiation to usable energy through various converting devices. This heating device
is more effective than other solar collectors due to its simple structure and low running
costs [2,3]. SFPCs are primarily employed in low- and medium-temperature systems,
from household hot water and space heating to industrial drying, preheating and other
engineering applications. They reduce carbon footprints, promote energy independence
and mitigate the environmental impacts of conventional energy sources. Low convective
heat transfer and thermal efficiency are the major problems with FSPCs [4]. Among
their components, the absorber plate plays a pivotal role by absorbing solar energy and
transferring it to the fluid in the tubes. This plate can be welded to or integrated with the
fluid-carrying tubes, facilitating efficient heat transfer. As a result, the overall performance
depends principally on the absorber plate’s effectiveness in capturing and transferring
solar energy [5]. Hence, researchers focus on improving the collector efficiency. For this, an
investigation of two leading research directions, namely heat transfer and optimization of
the structure, is required.

In recent years, research has been conducted to analyze FPSCs in order to increase their
efficiency and performance. The published work includes several theoretical, analytical,
numerical and experimental analyses on finding innovative solutions for collector heat
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Simple Analytical Method M)

Check for

for Performance of an Absorber
Plate in Flat-Plate Solar Collectors
for Two-Dimensional Heat Flow

Jayanarayan Mahakud and Balaram Kundu

Abstract In this paper, two-dimensional temperature distributions in the absorber
plate of a flat-plate solar collector have been determined by an approximate ana-
Iytical technique. In case of two-dimensional heat flow in the absorber plate under
actual boundary conditions, the determination of temperature field using an exact
analytical method might not be possible. Alternatively, this temperature field can be
evaluated using numerical methods. In the present study, finite difference method
has been employed as a numerical tool. However, it is well known that the
numerical calculations increase the computational cost. For the ease of calculations,
an approximate analytical model has been proposed in the present study and the
accuracy of the present analytical method has been checked with the comparison of
results obtained between the present analytical and numerical techniques. It can be
demonstrated that there is an excellent agreement between two results and the
deviation between these two have never exceeded by 5%. Therefore, the present
analytical method might have a significant importance for analyzing the perfor-
mance of an absorber plate in order to avoid difficulties of the numerical solution.

Keywords Solar collector - Approximate analytical solution - 2-D heat transfer -
Absorber plate

Nomenclature

A Dimensionless variable defined in Eq. (5b)

D Deviation of tempefature, (eanalytical - Hnumerical)/ eanalytical

k  Thermal conductivity of an absorber plate material (W m~ ' K™")

L Half-pitch distance between flow tubes as shown in Fig. 1 (m)

M  Dimensionless thermogeometric parameter of absorber plate, see Eq. (3)
N  Dimensionless absorbed solar flux, see Eq. (3)

S Absorbed solar flux (W m?)

t Thickness of the absorber plate (m)
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Trapezoidal Approach to Establish )
One-Dimensional Analysis L
of an Absorber Plate

for Two-Dimensional Heat Flow

Jayanarayan Mahakud @ and Balaram Kundu

Abstract The thermal analysis of an absorber plate for flat-plate solar collectors is
done by many investigators considering one-dimensional heat conduction. However
there always exists a two-dimensional temperature distribution in the absorber plate
due to its typical shape. The absorber plate is made of thin thickness and the temper-
ature variation in the thickness direction may not occur. There is always a demand
to establish an analytical analysis for two-dimensional heat flow in absorber plates.
In this paper, a modified one-dimensional method is proposed to determine a 2-D
analysis based on the trapezoidal rule. From the results, it can be emphasized that
the modified 1-D model matches closely with the 2-D model. Therefore, the 1-D
classical model is unsuitable to predict the performance of an absorber plate. The
modified 1-D model is always better than the 1-D classical model. The analysis of
the proposed 1-D model is very simple for understanding and calculations.

Keywords Absorber plate - 2-D heat conduction model + Modified 1-D model -
Trapezoidal approach

Nomenclature

Dimensionless constant, see Eq. (5e)

Biot number, defined in Eq. (5e)

Thermal conductivity (W m~' K=1)

Half-pitch distance between flow tubes (m)

Dimensionless thermo-geometric parameter of the absorber plate, see Eq. (3)
Modified dimensionless thermo-geometric parameter, defined in Eq. (14)
Dimensionless absorbed solar flux, see Eq. (3)

Absorbed solar flux (W m~2)

Local absorber plate temperature (°C)

Ambient temperature (°C)
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