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CHAPTER 1

1. INTRODUCTION

1.1.  Overview of Energy Sources and Solar Technologies

Energy is infiltrating all areas that impact our daily lives. It originates from either traditional
sources such as coal, oil, and natural gas, collectively referred to as fossil fuels, or from alternative
sources like solar, wind, hydro, nuclear, and geothermal, known as renewable energy [1]. Traditional
energy resources raise numerous issues, including scarcity, volatile pricing, exhaustion, detrimental
environmental effects, and heightened air pollution along with greenhouse gas emissions [2]. These
pressing issues highlight the necessity for renewable energy sources to serve as viable alternatives to
conventional energy in a diverse range of applications. Among renewable energy sources, solar energy
is an eco-friendly, affordable, clean, and carbon-free option for energy [3]. Solar energy plays a crucial
role in reducing greenhouse gas emissions and combating climate change. It provides a sustainable
alternative to fossil fuels, enhancing global energy security and protecting the environment [4].
Various technologies and methods are utilized to capture, convert, and distribute solar energy for
diverse applications. Solar energy technologies are primarily categorized into two major
types: Photovoltaic (PV) systems and Solar Thermal (ST) systems. Both technologies harness solar
energy but convert it into different forms of usable energy [5]. PV systems convert the visible part of
sunlight directly into electricity using the photovoltaic effect [6]. PV systems consist mainly of panels
made up of photovoltaic cells, inverters to convert DC to AC power, and various mounting and
tracking systems to maximize solar exposure [7]. Unlike PV systems, ST systems consist of collectors
that transform radiant heat from the sun into thermal energy, which can be utilized for heating fluids
(both air and liquids), space heating, and even cooling through different technologies [8]. There are
various kinds of solar collectors, including Flat-Plate Solar Collectors (FPSCs), Evacuated Tube
Collectors (ETCs), and Parabolic Trough Collectors (PTCs). Each variety provides unique advantages
and is suited for particular uses and operating circumstances, with each designed for varying
temperature ranges and applications [9]. Among these kinds of collectors, FPSCs are widely used due
to their simple design, low maintenance costs, lack of a sun-tracking system, and effectiveness in
various climatic conditions [10]. FPSCs typically consist of a glass cover, an absorber plate (often
painted black), and insulation layers. They can be categorized based on the type of fluid they use for
heat transfer, primarily into Solar Air Collectors (SACs) and Solar Water Collectors (SWCs) [11].
FPSCs can be used for heating in both domestic and industrial sectors, act as solar cooling devices for
applications such as air conditioning and refrigeration and can also be integrated into building heating
systems to reduce reliance on fossil fuels [12].
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1.2.  Various Solar Systems: Challenges and Enhancements

As the PV systems convert the visible part of sunlight into electricity, the infrared portion is
converted into thermal energy, which significantly raise the temperature of the PV panels, resulting
in reduced power output and lifespan. Thus, it is crucial to explore effective cooling techniques for
PV panels [13]. This can be achieved by integrating PV system with ST system, resulting in a hybrid
technology known as a Photovoltaic-Thermal (PVT) system. This system converts solar radiation into
both electrical and thermal energy, making it particularly suitable for applications with limited space,
such as building-integrated systems, where separate collectors would be less efficient [14]. This
arrangement captures the heat generated by the PV module to produce thermal energy, while also
ensuring the high electrical efficiency of the PV module.

The main challenges associated with FPSCs include heat loss due to convective and radiative
processes, along with low heat transfer coefficient between the absorber plate and the circulating fluid.
These factors significantly reduce the thermal efficiency of FPSCs, constituting a major downside
[15]. Researchers have focused on improving this aspect for decades through various strategies like
employing various materials and designs for the absorber plate [16]. For instance, using reflectors
with trapezoidal or parabolic shapes can enhance sunlight concentration on the collector plate,
resulting in increased efficiency [17]. Additionally, incorporating nanofluids as heat transfer fluids
can greatly boost thermal performance [18]. Other methods to minimize heat losses include applying
selective coatings, using transparent insulation, and adjusting the collector's tilt. Furthermore,
incorporating polymeric materials for the absorber elements can reduce costs while enhancing
efficiency [19]. One of the most feasible solutions to overcome the drawbacks of FPSCs is by
combining of two ST technologies (i.e., air and liquid heaters) in a single facility, known as a Dual-
Purpose Solar Thermal Collector (DPSTC). This bi- fluid collector is mainly a FPSC with two
separated and sealed sections, one for air heating and the other for liquid heating.It is one of a novel
avenue that offers several benefits, including:

e Increased thermal performance and annual utilization of solar energy.

e Reduced installation area and overall costs.

e Achieving high temperatures with effective heat delivery from solar thermal systems.
e Generate hot air and hot liquid simultaneously or separately.

In general, the combination of two solar technologies in one device is an effective solution to
address the limitations of traditional solar systems. This dual-function approach can optimize the use
of available space by combining two functionalities into one unit, making it particularly useful in areas
with limited space for solar installations. Figure 1.1 illustrates the categorization of dual-function
collectors. The present study specifically focuses on DPSTC rather than PVT systems, and the
following subsections provide detailed discussions on the diverse types of DPSTC, as well as their
different designs and applications.
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Figure 1.1. Classification of dual-function solar energy systems based on collector type and integration
approach.

1.2.1. Freestanding DPSTCs

This category is fabricated, installed, and operated independently without being attached to
buildings or other structures. These collectors are versatile and can be utilized in various applications,
including residential, industrial, and agricultural settings. They can be installed in open spaces,
reducing the need for building-mounted systems and allowing for more flexible placement [20].
Freestanding collectors require significant space for installation, which can be a limitation in densely
populated areas. Additionally, tracking systems can be integrated with these types of collectors to
enhance their efficiency, as they are always oriented towards the sun. However, the cost-effectiveness
of these upgrades should be carefully assessed to balance performance and economic viability [21].

The initial research on the DPTSC was conducted by Assari et al. [22]. They constructed their
collector by integrating V-corrugated air channels to the bottom of an absorber plate, where water
pipes were positioned on top. Their investigations evaluated the collector in both single and dual
modes. They found that the dual mode operation of the collector outperformed single mode, increasing
outlet air temperature by 20% due to water circulation. In a related study, Assari et al. [23] conducted
both experimental and theoretical investigations on the same collector, examining three air channel
types: straight fin, triangular fin, and no fin. A variety of parameters were analyzed, including solar
radiation, inlet water temperature, and airflow rate. Their findings indicated that higher inlet water
temperatures decrease water heat gain but increase air heat gain, thus enhancing overall system
efficiency. A separate study conducted an energy and exergy analysis of this collector, varying water
inlet temperatures from 40°C to 90°C and air flow rates from 0.01 to 0.07 kg/s.m?. Results showed
that energy efficiency decreased with increasing water inlet temperatures, while exergy efficiency
increased up to 60°C before declining. Conversely, higher air flow rates improved both energy and
exergy efficiencies, especially in the triangle passage design [24, 25]. An L-shaped fin was developed
to improve heat transfer in the air section of a DPTSC. Experiments showed average water heating
efficiency of 50% and air heating efficiencies of 52% (daily mean) and 55% (instantaneous).
Theoretical analysis indicated that higher airflow rates boost the efficiency of the L-shaped air channel
but lower the outlet air temperature [26]. A DPTSC with a porous medium beneath the absorber plate

7
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marks a new approach. Numerical analysis using ANSY'S showed a temperature difference of 68 °C
in the lower channel with the porous media, compared to 24.7 °C in the upper channel without it. The
porous matrix improved the collector's thermal efficiency by enhancing heat transfer [27]. Integrating
a vertical water storage tank with DPSTC was proposed by Nematollahi et al. [28]. This vertical tank
reduces temperature stratification, leading to a more consistent fluid temperature and improved
thermal efficiency by minimizing heat loss. Results show the dual-purpose system's efficiency is 3%
to 5% higher than that of a single-purpose system. Recently, Kumar et al. [29] investigated a novel
DPSTC using a pressurized shot-blasting technique to enhance the inner surface of the air channel
and absorber plate for better thermal performance. They tested solar glycol with multi-walled carbon
nanotube (MWCNT)-based nanofluids at 0.1 vol% and 0.2 vol% to boost the convective heat transfer
coefficient. The air heater tests showed a maximum temperature difference of 25 °C, a heat transfer
rate of 452W, and thermal efficiency of 33.2%. For the water heater, the maximum temperature
difference was 18.32 °C, with a heat transfer rate of 680W and thermal efficiency of 51.03%. More
and Pote [30] proposed an improved design of the DPSTC, which features serpentine copper tubes
positioned above the absorber plate, along with a triangular air channel located beneath the absorber.
The highest recorded efficiencies for this design reached 72.4% in experimental tests and 68.81%
theoretically, with heat losses limited to only 20%. In contrast, conventional collectors typically
experience heat losses ranging from 33% to 50%. DPSTC acts as both a heat collector during the day
and a cold collector at night, as Miao et al. [31] demonstrated. Their design uses a double-pane
polycarbonate cover instead of a single-pane glass. In heat collection mode, liquid is heated while
flowing through copper tubes in the absorber plate. At night, it dissipates heat through radiation and
convection between the panes. Experimental results indicate that this design offers greater heating and
cooling capacities than uncovered collectors, leading to reduced energy consumption.

One application of DPTSC is its integration with drying systems for agricultural products. In this
combination, the hot air produced by the DPTSC is utilized in an indirect forced convection dryer,
while the hot water it generates can be used for domestic purposes or as a phase change material to
facilitate continued drying during the night [32]. Other application of DPSTC is by integrating with
humidification-dehumidification system to enhance the freshwater production. Rajaseenivasan and
Srithar [33] conducted an experimental study on humidification-dehumidification system, consisting
of a DPSTC, a humidifier, and a dehumidifier. The DPSTC supplies hot water and air to the
humidification chamber, where they mix efficiently. The humid air is then condensed in the
dehumidification chamber using cooling water. The study found that increasing the flow rates of air,
water, and cooling water improved freshwater productivity. Additionally, raising the outlet air
temperature with concave semi-circular turbulator in the DPSTC further enhanced productivity,
resulting in an overall efficiency of 68%. Using DPSTC, storage tank, and an auxiliary heater in the
automobile industry represent new trend. It can be used in some processes such as parts washing, paint
drying, and corrosion protection [34].

Ma et al. [35] examined the effects of design parameters like insulation thickness, air channel
height, and copper pipe diameter on DPSTC performance in both water and air heating modes. They

8
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found that back insulation should be at least 0.06 meters thick to minimize heat loss. The diameter
and number of copper tubes significantly impact water heating efficiency but have little effect on air
heating. Optimal depths for the two air channels were determined, with water heating mode achieving
over 55% daily efficiency and instantaneous air heating reaching up to 60%.

Zhang et al. [36] tested three operating modes of DPSTC including air heating, water heating, and
combined air-water heating modes. The experimental results indicated that mode A achieved an
average efficiency of 51.3%, mode B reached 51.4%, while mode C had the highest efficiency at
73.4%. They also found that the mass flow rate significantly affects efficiency, outlet temperature of
the fluid, and heat transfer effectiveness.

1.2.2. Building- Integrated DPSTCs

DPSTC can be integrated in the building sector since it reduces building energy consumption and
provides space heating in winter, water heating and lowers the cooling load in summer as well. Ji et
al. [37] introduced a building-integrated dual-function solar collector that operates using natural water
circulation. This new design was tested experimentally and numerically for water heating. The results
showed a 2% reduction in the cooling load of a test room equipped with the collector compared to one
without it. Furthermore, during winter, the average indoor temperature was 24.7 °C, while the ambient
temperature was only 4.8 °C. Moreover, the DPSTC can enhance the thermal environment of the
building and provide hot water in summer without overheating problems caused by other conventional
passive solar heating systems.

To improve the aesthetic appeal and reduce heat loss, Luo et al. [38] introduced an innovative tile-
shaped DPSTC that included an additional layer of Polymeric Methyl Methacrylate covering the glass.
The collector experimentally tested and compared with DPSTC without Polymeric Methyl
Methacrylate covers and one with semicircular covers. The daily thermal efficiency of the tile- shaped
collector when it was operated in water heating mode varied from 54% to 61.8%. In contrast, the
efficiencies for the DPSTC with semicircular covers and the DPSTC without Polymeric Methyl
Methacrylate covers varied from 44.7% to 59.2% and 35.5% to 67.4%, respectively. Further research
on the same collector in water heating mode was conducted by He et al. [39]. They investigated the
effects of factors such as inlet water temperature, water mass flow rate, solar radiation, and ambient
air temperature on thermal efficiency. The results indicated that a lower inlet water temperature, a
higher water flow rate, a higher ambient air temperature, and lower solar radiation all contributed to
improved thermal efficiency of the module. Additionally, a comparative study revealed that the tile-
shaped covered collector achieves higher efficiency than a flat-plate collector under higher
temperature operations. In a related study, Hu et al. [40] designed a novel roof type dual function solar
collector by using a wavelike cover. They developed a dynamic model using MATLAB software and
validated it experimentally. The model was adopted to predict the thermal efficiency and outlet water
temperature of this collector under the same operating conditions employed by He et al. [39]. The
simulated results indicated that the novel design achieved higher thermal efficiency and lower heat
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loss coefficient. Furthermore, the wavelike collector provided better consistency for traditional
Chinese buildings compared to other roof-integrated solar collectors.

Ma et al. [41] studied the thermal performance of a room with DPSTC compared to a reference
room without it, under both controlled and non-controlled conditions. In the non-controlled scenario,
the test room averaged 8.24 °C, while the reference room averaged 4.81 °C. Under controlled
conditions, the temperature was set at 18 °C, with power consumption of 4.322 kWh for the test room
and 7.796 kWh for the reference room. The study also found improved thermal efficiency with copper
water tubes in the DPSTC compared to traditional passive solar air heaters without these tubes.

1.3.  Enhancement of Solar Collector Applying Various Heat Transfer Fluids

The efficiency of solar heaters is highly dependent on the Heat Transfer Fluids (HTFs), which
captures solar energy while circulating through the collector’s tubes. HTF plays a vital role in multiple
applications, including the heating and cooling buildings, automobiles, and biomedicine [42]. The
enhancement of thermal performance in STs is a key research focus, particularly through the use of
advanced HTFs [43].

Water is the predominant HTF utilized in FPSCs, but it has limitations like inferior thermal
properties and challenges related to freezing and scale formation [44]. Moreover, blending Ethylene-
Glycol or Propylene Glycol with water can create a versatile HTF suitable for varying climates, as
glycol raises water's boiling point and lowers its freezing point. However, glycol-based liquids have
about a third of the thermal conductivity compared to water [45].

In addition to water and glycol mixtures, other fluids, including molten salt (Hitec), mineral oil,
Therminol, and Dowtherm oil, are utilized as HTFs in STs due to their beneficial thermo-physical
characteristics. In a study of FPSC for domestic heating, three HTFs (Dowtherm A, Molten salt, and
Therminol VP-1) have been tested [46]. Therminol VP-1 demonstrated superior performance due to
its thermo-physical properties, particularly with a trapezoidal groove profile, achieving high thermal
gain and efficiency. Another study using numerical simulations identified mineral oil and Dowtherm
as better HTFs than water for FPSCs due to their lower heat capacities, with mineral oil reaching the
highest exit temperature, making it suitable for industrial use [47].

The incorporation of ultrafine solid particles creates nanofluids, which enhance the efficiency of
STs. These fluids demonstrate improved thermophysical properties, including better thermal
conductivity and heat transfer capabilities, making them valuable for various industrial and
engineering applications [48]. Recent studies have investigated nanofluids - comprising solid metals,
metal oxides, and carbon nanostructures - as a promising alternative for enhancing the efficiency of
FPSCs and other thermal applications [49-51]. Nanofluids, as HTFs, significantly affect the
performance of FPSCs due to their high thermal conductivity, low density, and excellent optical
properties [52]. Despite numerous studies on nanofluids, none have definitively identified the best
nanofluid due to the varying design parameters, nanoparticle sizes, and conditions [53]. To identify

10



CHAPTER 1

the ideal nanofluid, a focus should be placed on experimental, numerical, and theoretical studies that
test multiple nanofluids under the same conditions. Numerous studies have assessed the impact of
various nanofluids on the thermal and exergy performance of FPSCs [54]. Among the tested fluids,
Multi-Walled Carbon Nanotube (MWCNT)/water and copper oxide (CuO)/water nanofluids
consistently showed superior performance, typically at concentrations of 0.005% to 2% [55]. Another
study investigated the effects of various nanofluids on the energy and exergy efficiencies of FPSC
also indicated that MWCNT/water nanofluid achieved the highest energy efficiency improvement of
23.47%, followed by graphene/water at 16.97% and CuO/water at 12.64% [56]. It was observed that
among all the investigated nanofluids, MWCNT-H,0 and CuO-H>O are the most commonly utilized
fluids in solar collectors. An investigation of a FPSC using CuO, Al,O3, and ZrO» nanofluids revealed
efficiencies of 55% for CuO, 51.3% for AlO3, 47% for ZrO,, and 38% for water [57]. A study
analyzed the effects of metal oxide nanofluids (CuO, Al>O3, Si02, TiO2) through numerical methods.
Results showed that CuO/water nanofluid was the most effective compared to other metal oxide
nanofluids (Al20O3, SiO2, and TiOz), showing an increase in exergy efficiency by 4.35% and the
convective heat transfer coefficient by 22% [58]. Experimental and numerical investigations
highlighted that nanofluids significantly enhance heat transfer and system efficiency, especially when
used with optimized geometries like fins or grooves. The inclusion of fins in absorbers further
increased the thermal performance. Additionally, the use of CuO/water nanofluid reduced operational
costs while maintaining high efficiency, and Al.Os/water offered advantages in maintenance and
weight. A study examined how different nanofluids (Al.O3, SiO, and CuO) affect the performance
of FPSC. It was found that CuO/water nanofluid offers superior thermal efficiency at lower volume
percentages and reduces annual costs by 27.88%. Additionally, AloOs/water nanofluid is preferred for
its lower maintenance needs and reduced weight [59]. An evaluation of absorber performance was
conducted using water, Al,Os/water , and CuO/water nanofluids. Results showed that Al,Os/water at
0.01% volume fraction achieved the highest efficiency of 77.5%, a 21.9% increase over pure water.
CuO/water reached a peak efficiency of 73.9%, representing a 16.2% improvement over water [60].
In a separate study, experiments were conducted using CuO/water and Al.Os/water nanofluids in two
different types of absorbers—finned and unfinned. The unfinned absorber's thermal efficiency
improved by 2.1% and 4.05% with 0.2 wt% and 0.4 wt% CuO nanoparticles, respectively. The finned
absorber saw enhancements of 3.02% and 5.5% with the same nanoparticle concentrations. For Al.Os
nanoparticles, the unfinned collector improved by 3.7% and 6.54%, and the finned tube by 4.8% and
7.8%. Overall, the finned absorber outperformed the unfinned one, especially with nanofluids [61].
Hawwash et al. [62] evaluated alumina oxide-water and copper oxide-water nanofluids in FPSC using
a validated Coputational Fluid Dynamics (CFD) model. They found that a nanoparticle volume
fraction of 0.5% for copper oxide nanoparticles achieved the highest thermal efficiency. Additionally,
CuO/water nanofluid outperformed Al.Os/water nanofluid under the same conditions. Bazdidi-
Tehrani et al. [63] numerically investigated TiO»/water and CuO/water nanofluids, finding that higher
nanoparticle concentrations moderately improved solar collector efficiency. CuO/water outperformed
TiO2/water , achieving a peak efficiency of §9%. Overall, nanofluids improve FPSC performance, but
the degree of improvement depends on nanoparticle type, concentration, flow rate, and collector
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design. However, in the context of the literature survey, it was observed that among all the investigated
nanofluids, MWCNT/water and CuO/water are the most commonly utilized fluids in solar collectors.
These nanofluids possess beneficial properties that can enhance the overall thermal performance of
solar systems.

Currently, Hybrid Nanofluids (HNFs), combining various types of nanoparticles in a base fluid,
have also shown promise in improving thermophysical, optical, rheological, and morphological
properties [64]. Numerous studies show that HNFs in FPSCs provide higher thermal efficiency
compared to mono nanofluids and conventional base fluids [65]. Carbon-based HNFs that combine
graphene or carbon nanotubes with metallic nanoparticles exhibit excellent thermal conductivity,
improved heat transfer, and increased stability, while reducing particle agglomeration and
sedimentation [66]. Combining carbon-based and metallic nanoparticles improved thermal
conductivity, heat transfer rates, and increased stability compared to single component nanofluids
[67]. The effects of HNFs created from a (50:50) mixture of MWCNTs and AL:Os in FPSC was
investigated. The study analyzed how solar radiation intensity, nanoparticle volume concentration,
and flow rate impact efficiency at various mass flow rates. Results indicated that the hybrid nanofluid
improved efficiency by 26%, 29%, and 18% at flow rates of 1.5 L/min, 2.5 L/min, and 3.3 L/min,
respectively [68]. Another research group investigated the effect of Cu-MWCNTs and Distilled Water
(DW) in FPSC [69]. They found that varying inclination angle, flow rate, and volume concentration
enhanced thermal efficiency by up to 26.28% compared to DW. The energy and exergy performance
of FPSC with CuO-MWCNT and MgO-MWCNT hybrid nanofluids were studied by Verma et al.
[70]. They found that MgO-MWCNT fluids had higher energy and exergy efficiencies (71.56% and
70.55%) compared to CuO-MWCNTs (70.63% and 69.11%).

Following the discovery of Single-Wall Carbon NanoTubes (SWCNT), researchers have
investigated their unique properties [71]. The heat transfer enhancement in FPSC using SWCNT-
CuO/water improved the heat transfer coefficient by 8% and boosted thermal efficiency by 5.16%
[72]. Esfe et al. [73] conducted an experimental study on the thermal conductivity of SWCNTs-MgO/
ethylene glycol hybrid nanofluids. They found that the HNF exhibited superior thermal conductivity
over single component nanofluids.

In a recent and innovative experimental investigation, ZrO>-SiC nanoparticles at 0.1%
concentration were tested in FPSC, highlighting a 31.64% increase in thermal efficiency and a 28.31%
boost in exergy efficiency [74]. The studied literature indicated that water remains the preferred base
fluid for HNFs in FPSCs compared to other types of base liquids [75].

When selecting nanoparticles for use in solar collectors, particularly focusing on size and
concentration, several key factors should be considered to optimize performance:

e Nanoparticle size and concentration : Smaller nanoparticles (5- 20 nm) are more effective in
enhancing the efficiency of solar collectors compared to larger sizes [76]. Lower
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concentrations have been shown to yield higher thermal conductivity due to their high surface
area-to-volume ratio [77]. Future studies should focus on optimizing these parameters to
balance enhanced thermal conductivity and manageable viscosity.

e Aggregation and Sedimentation: Nanoparticles tend to aggregate, reducing their optical
performance and stability. The use of additives or surfactants helps maintain uniform
dispersion, minimize aggregation, and enhance stability by preventing particle clumping [78].

e Hybrid Nanofluids: Combining different types of nanoparticles can enhance both thermal
conductivity and optical absorption properties [79].

e Production Cost and Environmental Impact: The production cost and environmental impact of
nanofluids need to be addressed. This includes evaluating the lifecycle environmental impact
and developing cost-effective production methods [80].

The future of nanoparticle additives in solar thermal collectors is promising, with numerous
opportunities for enhancing efficiency and performance. By focusing on optimizing nanoparticle
properties, ensuring stability, developing advanced formulations, and considering environmental and
economic impacts, researchers can pave the way for more efficient and sustainable solar thermal
technologies.

Thanks to the exceptional thermophysical characteristics of mono nanofluids and HNFs, more
compact solar thermal collectors can be created without losing performance. Smaller collectors use
less material, lower costs, and reduce manufacturing energy consumption. Numerous studies have
evaluated the economic and environmental influences of solar systems. Faizal et al. [81, 82] conducted
two separate studies on reducing the size of FPSC using MWCNT and Al>O3 nanofluids. They found
that MWCNT nanofluid could reduce the collector size by up to 37%, while AlbO3 achieved a 24%
reduction, lowering overall costs. Area reductions of 25.6% for Al>O3, 21.6% for Si0O,, 22.1% for
TiO,, and 21.5% for CuO lead to less weight, energy use, and production costs. Additionally,
nanofluids can reduce CO> emissions by about 170 kg compared to traditional collectors [83]. A
0.05% volume of cerium oxide-water nanofluid was found to produce lower emissions of sulphur
oxides, CO», and nitrogen oxides compared to plain water [84].

1.4. Various Analysis Models of DPSTC

Like other solar collector types, evaluating DPSTC is a crucial endeavour that aims to maximize
their efficacy and validate their practical applicability. Based on the literature survey, there are
numerous researchers have conducted different methods to analyse DPSTC.

Researchers have created models based on the principle of energy conservation for each collector
component, including the glass cover, absorber plate, air and water streams, and back plate. Each
component is described by its own energy balance equation that outlines how energy is transferred
and transformed within the system, incorporating concepts such as conductive and convective heat
transfer and longwave radiation exchange between the various components. A mathematical model
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was developed to simulate the collector's performance, considering various factors affecting heat
transfer and flow rates. The model assessed how changes in parameters like air flow rate and collector
configuration influenced thermal efficiency, achieving a relative deviation in efficiency of less than
4% when compared to experimental results [26]. Somwanshi and Sarkar [85] proposed a simple
mathematical model for a dual-purpose collector cum storage air-water heater. This model, derived
from the energy balance equation for each collector component, estimates the theoretical temperature
changes of both air and water based on parameters such as ambient temperature, solar radiation
intensity, and mass flow rates. The model was validated through experiments, where the exit air and
water temperatures were recorded and compared against theoretical predictions. Hu et al. [40]
developed a mathematical expression for a novel wavelike roof DPSTC using energy conservation
principles. Their dynamic model, built in MATLAB, accounted for conductive and convective heat
transfer, as well as longwave radiation exchange. The simulation results were consistent with
experimental data. Ma et al. [35] developed a mathematical model for both air and water heating
modes under a steady-state energy balance equation. Their numerical model emphasized the main
components of the collector: glass cover, backboard, and absorber plate. A finite difference method
was applied to discretize the energy equations over time and space. The numerical results were
compared against the experimental data to validate the model's accuracy, revealing good agreement.

Researchers worldwide widely employ the Effectiveness-Number of Transfer Unit (e-NTU)
method for conducting comprehensive performance assessments of the DPSTC. Researchers choose
this technique because of its simplicity and versatility, which allows it to reliably forecast collector
performance regardless of the system’s design. The effectiveness-NTU method is beneficial when
only the inlet temperatures of fluids are known, simplifying the analysis by eliminating the iterative
calculations required in methods like Log Mean Temperature Difference (LMTD) [86]. It's widely
used in heat exchanger design, allowing for the determination of heat transfer effectiveness in solar
collectors under varying conditions. The method's simplicity and reliability make it valuable for
assessing the thermal performance of different collector geometries, providing a time-saving approach
for researchers. Assari et al. [23] developed the mathematical model of the DPSTC based on the ¢-
NTU method. This model assumes mean temperatures for the absorber, water tubes, and air channels,
treating the flows as homogeneous. It omits considerations of conduction and radiation in the tubes
and channels, as well as convection and radiation losses from the back and sides. The model employs
input parameters like solar radiation, water inlet temperature, and airflow rate. The heat exchange
effectiveness was calculated, and the model was validated with experimental data. In a separate study,
Assari et al. [24] focused on assessing both energy and exergy efficiencies of the DPSTC using the ¢-
NTU model. They examined three different shapes of air passages-triangular, rectangular, and
commonly shaped channels-and discovered that the triangular passage displayed the highest exergy
and energy efficiency. In the same context, Jaffari et al. [25] investigated the energy and exergy
performance of DPSTC by employing the e-NTU approach, specifically examining triangular-shaped
air channels. Their study focused on air flow rate and water inlet temperature as key factors, with
results indicating that DPSTC exhibits higher energy and exergy efficiency compared to individual
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collectors. Zhang et al. [87] investigated the thermal performance of the DPSTC operating in three
modes: air heating, water heating, and air-water compound heating. The mathematical representation
of the DPSTC has been derived by applying the principles of the e-NTU method. The models were
validated with experimental data, demonstrating relative errors of less than 6%.

1.5. Research Objectives

The primary aim of this research is to conduct a comprehensive numerical investigation into the
thermal performance of DPSTC by applying novel mathematical models and a range of alternative
heat transfer fluids. To achieve this, the research was structured into two main phases:

1.5.1. MATLAB- Based Modeling:

The first phase focused on establishing a robust and novel theoretical framework for analyzing the
DPSTC. The objectives were:

e To model the DPSTC as a parallel-flow heat exchanger and develop a novel mathematical
framework based on the effectiveness-NTU (e-NTU) method, an approach not previously
applied for the analysis of this collector type.

e To develop and comparatively evaluate three different mathematical models for analyzing the
DPSTC, each implemented in a separate MATLAB code, to identify the most accurate and
robust methodology for predicting its performance.

1.5.2. CFD Analysis using ANSYS

The second phase involved applying the established models to evaluate the performance
enhancements achievable with various advanced heat transfer fluids through detailed CFD
simulations. The objectives were:

e To numerically investigate the influence of oil-based fluids (Therminol VP-1, Dowtherm A)
as an alternative to water in DPSTC.

e To evaluate the performance of the DPSTC when using mono-nanofluids (CuO-H2O,
MWCNT-H20).

e To assess the thermal performance of the DPSTC when using hybrid nanofluids (MWCNT-
CuO/H20, SWCNT-CuO/H20, ZrO-SiC/H;0).

e To conduct a comprehensive energy, economic, and ecological analysis of the DPSTC,
evaluating collector size reduction, CO> emissions, fossil fuel and electricity savings, pressure
drop, and pumping power.

This research presents a novel approach by modeling DPSTC as a parallel flow heat exchanger,
which has not been previously explored in the literature. It is also the first study to conduct CFD
simulations to investigate the performance of oil-based fluids, mono-nanofluids, and various hybrid
nanofluids in this specific type of solar collector. The work further contributes a unique environmental
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and economic assessment of using these advanced liquids in a DPSTC, addressing previously
unstudied aspects such as collector size reduction and pumping power requirements.

1.6.  Outline of the thesis

The Introduction of this thesis underscores the significance of renewable energy, particularly solar
energy. It reviews relevant literature that outlines the background, objectives, and structure of various
solar systems, with a specific focus on DPSTC. Additionally, it discusses the different models adopted
by researchers for analyzing DPSTCs. The introduction also discusses the diverse types of hear
transfer fluids employed in ST systems. Chapter 2 discusses the methodology employed in the analysis
of the collector, including the geometry used, the mathematical approaches, numerical methods
applied, and the appropriate numerical software utilized, and the parameters employed. In Chapter 3,
a novel mathematical approach using the e-NTU method is applied to analyze the DPSTC, treating it
as a parallel flow heat exchanger—an area not previously explored in the literature. In Chapter 4, I
developed three mathematical approaches centered on formulating the heat removal factor equation,
which is essential for calculating the effective heat gain of solar collectors. Each model was
implemented through a dedicated MATLAB code, and the most accurate and efficient version was
selected. In Chapter 5, I investigated the impact of oil-based heat transfer fluids (Therminol VP-1 and
Dowtherm A), alongside water, on the performance of the DPSTC using ANSYS Fluent. The analysis
enabled the identification of the fluid that most effectively enhances the overall thermal performance
of the system. In Chapter 6, I investigated the impact of mono-nanofluids—specifically multi-walled
carbon nanotube (MWCNT)-water and copper oxide (CuO)-water, at 0.5% volume concentration
using ANSYS Fluent. We conducted two simulation phases, each employing different operating
parameters. We identified the optimal operating conditions and the superior nanofluid, highlighting
the clear advantages of using nanofluids to enhance the thermal performance of the system. In Chapter
7, 1 conducted two simulation phases. The first evaluated the impact of three hybrid nanofluids—1%
vol MWCNT-CuO/H20, 1% vol SWCNT-CuO/water, and 0.1% vol ZrO-SiC/water, on DPSTC
performance under various operating conditions. The second phase involved an environmental
assessment of all numerical results from the current and previous chapters, focusing on fuel and
electricity savings, CO: emission reductions, and the influence of different fluids on size reduction,
pressure drop, and pumping power in the DPSTC.
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2. METHODOLOGY

In this chapter, I provide and explore the diverse mathematical methodologies that have been
applied to analyze DPSTC. These methods are diverse, encompassing both novel mathematical
models and numerical simulations. The proposed mathematical models are developed and solved
using MATLAB software, while computational fluid dynamics (CFD) are employed for numerical
analysis. The following subsections will discuss each approach adopted throughout our study.

2.1.  Mathematical Approaches
Mathematical models of DPSTC face challenges such as fluid interaction, heat loss, and the
complexities of air ducts. These issues make it challenging to analyze the system under variable

incident energy and multiple influencing parameters. Nevertheless, several mathematical models have
been developed to analyze and optimize the performance of DPSTC.

For modeling the DPSTC, the most crucial output parameter is the useful heat gain of the collector
(Quppsc) which includes both water and air sections, and it is computed using the following equation
[23]:

Quopsc = Qu, water T Qu, air - (2.1)

The useful heat gain (Q,, ) for any solar thermal collector is determined by the variance between

the solar energy absorbed (Q 4psorpeq) Which depicts the transformation of incident solar irradiance
into useful heat gain and the total heat losses (Q,s¢), Which comprise both thermal and optical losses

(U.) [88]:

Qu,f = Qabsorvea — QLost - (2.2)

These quantities can be computed using the standard formulations provided by Duffie and
Beckman [88]:

Qabsorvea = (T Ac (2.3)

Qrost = Uy Ac(Tplate - Ta) ) (2.4)

where ta is transmittance- absorptance product, and I; portrays the incident irradiance on a slanted
surface, A, stands to the collector area, Tpiq¢e represents the absorber plate temperature, and T,
corresponds to the ambient temperature.

Thus, combining these terms as shown by Duffie and Beckman [88], Equation (2.2) becomes:
Qu,f = AC[(Ta)It - UL(Tplate - Ta)] 5 (2.5)
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where the overall heat loss coefficient of the collector (U;) stands for heat losses from the top (Uy),
back (Up), and sides (Uy) surfaces of the solar collector [88]:

U,=U,+ U, +Us. (2.6)

The useful heat gain can be expressed in terms of the inlet fluid temperature (T ;,,) and a parameter

called the collector heat removal factor (Fg). This widely used expression is formulated in Duffie and
Beckman [88] as:

Qus = Ac Fp|a)l, — U (Trin — To)]- (2.7)

The heat removing factor of a collector (Fy) establishes a connection between the real increase in
useful energy and the potential yield if the entire collector surface reaches the operating fluid
temperature at the inlet [23]:

F, = Miyr Cp 5 (Trouc=Tf,in)
R — _ L P
Al e=UL(Tf,in~Ta)]

(2.8)

here the subscript (f) stands for fluid, which is water or air, m; represents the flow rate of water or

air, and Cp, ¢ is the fluid's specific heat.

The previously outlined mathematical equations are implemented for a single-purpose solar
collector or when the DPSTC is operated in a single mode (i.e., air or water mode). Researchers
adopting a segmented approach to DPSTC analysis, dividing it into distinct air and water sections,
often utilize the equations outlined above.

In contrast, the DPSTC can be treated as a unified entity implementing the Effectiveness- NTU
method into the analytical framework. The useful heat gain in this approach is given as [23]:

Qu,f =¢&r mf Cp,f (Tplate - Tf,in), (2.9)
rearranging this equation:
Qu,f =¢&r mf Cp,f (Tplate - Tf,in =Ty + Tp). (2.10)
Thus;
Quf = & My Cpr (Tplate - a) + & My Cpr (Ta — Tfin)s (2.11)

but, (Tplate - Ta) can be suistituted by using equation (5), the useful heat gain is obtained as:

— : Ac(ta)le—Qy r .
Quys = & My Cpp (—AC v ) + & my Cpp (Ta = Trin). (2.12)
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Rearranging equation (2.12), gives:

Qus = (LCM) A G, = U (Tp i — T, 2.13)

UL Actepmip Cp r

by comparing Equations (2.7) and (2.13), it can be noticed that term (Fg) in the effectiveness- NTU
approach is:

F,o— _ ™ oy
R UL Actep miy Cp‘f'

(2.14)

The concept of effectiveness parameter is defined as the ratio of the actual heat delivery to the
maximum heat delivery that can be transferred to fluids, and it is given as [23]:

b A ] 2.15)

g=1—ex [— -
! p My Cp,r

here, & measures the heat exchange effectiveness, Ay is the fluid's heat exchange surface area, and hy

is the heat transfer coefficient of the fluid.

From Eq. (2.15), NTU defines as:

hf Ac

NTU = — .
myg Cp f

(2.16)

A new term, the heat removal coefficient for the second fluid (Uy), is incorporated into Equation
(2.6) [23]:

— g Mg Cp r (Tplate=Tf,in)

Uf Af (Tplate_Ta) (217)
Thus, Equation (2.6) will be reformulated as:
U, =U:+Up+Us +Us. (2.18)

In the present study, we treat the DPSTC as a parallel flow heat exchanger and utilize the
effectiveness equation for such exchangers, as referenced in standard heat transfer handbooks, in our
mathematical analysis and it can be calculated as [89]:

_ 1—exp[(—hf Af/Cmin)(1+Cmin./Cmax.)]
Ef =
(1+Cmin./cmax.)

: (2.19)

here (C = miy C, 5) is defined as the capacity rate, which relies on the mass-flow rates and specific

heats of the fluid. The minimum and/or maximum capacity rate may pertain to either the air or water.

The heat transfer coefficient of the fluid, (hf) can be computed based on the Nusselt number
relation in the following manner [90]:
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0.0668(D—h)Re Pr

Nu = 3.66 + L 573 » (2.20)

1+0.04[(D—L’1 Re Pr]

in which the notations D, and L represent the diameter and the length of water risers, respectively. Re
and Pr represent the Reynolds and Prandtl numbers, respectively. These dimensionless numbers are
calculated by Duffie and Beckman [88] as:

VD

Re =21, 2.21)
u

pr=2Lt (2.22)

where p is the fluid density, V is the mean fluid velocity, u is the dynamic viscosity, and k is the
thermal conductivity.

The thermal efficiency (77) of any solar thermal device is a crucial measure of its performance. It
is stated to be the proportion of beneficial thermal yield to the entire amount of incident irradiation.
Therefore, the energy efficiency of the DPSTC is calculated as:

__ Quppsc

n== (2.23)

2.2. MATLAB Simulation

In the current study, a comprehensive MATLAB code has been meticulously developed to simulate
the DPSTC based on the proposed mathematical model detailed in subsection 2.1. The code
incorporates an extensive array of specifications and design parameters, covering both the physical
and thermal properties pertinent to the water and air sections that constitute the DPSTC.

During the simulation process, a set of meteorological data, which includes external temperature,
wind speed, and incident solar irradiation, was employed. These data points, along with the operating
parameters-specifically the mass flow rates for the inlet air and water, as well as their respective inlet
temperatures-mirror those used by [28].

2.3.  ANSYS Modelling and Validation

ANSYS software package is a powerful computational fluid dynamic (CFD) widely used for
simulating fluid flow, heat transfer, and other related phenomena. The modeled DPSTC consists of a
single glass cover, an absorbent plate, seven lower-bonded parallel liquid tubes attached to the
absorber plate, seven upper-bonded V-corrugated air channels attached to the top of the absorber and
connected to the back insulation from the bottom (see Figure 2.1).
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Figure 2.1. Schematics of the DPSTC system studied.

This design is consistent with that proposed by Assari et al [23] and the specific dimensions and
characteristics of the collector, as modelled in ANSYS, are thoroughly outlined in Table 2.1.

Table 2.1. Detailed specifications of the DPSTC [23].

Absorber material Aluminum sheet, 1.0 mm thickness Absorber length 1.94 m
Air duct material Galvanized steel, 0.5 mm thickness Absorber width 0.95 cm
Cover material Glazing, 6.0 mm thickness No. of glazing 1.00
Pipe material Zinc, 1.0 mm thickness Pipe diameter 7.00 mm
Air duct shape Triangle with a 60° angle Air channel height 6.00 cm

The three-dimensional geometry of the collector was built using the ANSY'S Design Modeler. Half
of a single air duct and water tube is modeled to optimize the approach. By incorporating symmetrical
planes into the design, calculations could be simplified. This technique included building a semi-
circular construction with a symmetric wall, substantially minimizing the required mesh elements.
Consequently, this ensures improved mesh quality and simultaneously reduces the analysis processing
time. The developed 3D geometry of DPSTC is shown in Figure 2.2. The model contains a half-liquid
tube and a half-air channel.
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Figure 2.2. The cross-sectional view of the DPSTC (right) and its corresponding simplified ANSYS model
(left).

The conformal mesh is generated, as shown in Figure 2.3. The mesh is developed, consisting of
tetrahedron elements with a structured mesh (prism layers) and a growth rate of 1.01. The boundary
conditions of the studied model are defined by creating named selections in the Fluent meshing.
Among these named boundaries, symmetry boundaries are helpful for minimizing the size of the
computational domain. They are used when the physical geometry and the anticipated flow or thermal
pattern show mirror symmetry.

Figure 2.3 Geometry and the mesh configuration for the studied DPSTC.

The mesh quality is rigorously tested using the conventional grid-independence test method. This
test is a critical stage in CFD as it ensures that results depend on the physical model, not the mesh
size. The number of mesh elements increased from 595,182 to 1,334,844, and there was no
considerable change in temperature after the increment of the number of elements after 1,308,692
(Figure 2.4). The average mesh quality, skewness, and orthogonal quality are 0.78983, 0.12956, and
0.87791, respectively, which are considered suitable for computations, ensuring the reliability of our
results.
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Figure 2.4. Mesh independence test.

The following assumptions are considered in the current investigation for the solution setup in
ANSYS Fluent:

The fluid flow is laminar, as the Reynolds number falling within the laminar regime.

The fluid flow is steady, meaning its properties do not change with time.

The properties of materials remain invariant with temperature changes.

The fluids are assumed incompressible, meaning their density remains constant throughout the
flow.

e Heat losses via the borders are discarded.
e No-slip conditions are imposed on the system.

The energy equation is implemented with the laminar flow model, assuming a constant heat flux
on the absorbent plate and a steady inlet fluid temperature. For numerical analysis, the pressure,
momentum, and energy equations are discretized using a second-order upwind method. Gradient
calculations are performed using the Green-Gauss node-based approach. Pressure-velocity coupling
is achieved through a coupled scheme, while the remaining simulation settings are maintained at their
default values. The residual criteria for the simulation are established with continuity and momentum
set at 107, and energy at 10,

The current CFD model simplifies nanofluids by treating them as a single-phase, homogeneous
fluid with enhanced thermophysical properties, which is computationally efficient but overlooks the
complex multi-phase nature of these fluids. To capture physical realism over time, effects like
Brownian motion, sedimentation, and aggregation need to be considered in the future work. Brownian
motion describes the erratic movement of nanoparticles due to collisions with fluid molecules, crucial
for enhancing thermal conductivity. Although the single-phase model implicitly accounts for this by
using an effective thermal conductivity, a more detailed two-phase model, like an Eulerian-
Lagrangian or Discrete Phase Model, could better simulate particle motions and heat transfer [91].
Sedimentation occurs when denser nanoparticles settle out of suspension, due to their higher density
compared to the base fluid. This occurs at low flow rates or during stagnant conditions, leading to an
uneven distribution of nanoparticles, establishing a concentration gradient within the fluid. Over time,
this can lead to fouling on the surfaces of collectors, obstruct the narrow flow channels, and impair

23



CHAPTER 2

the overall thermal efficiency of the system. The current steady-state model does not account for this
time-dependent decline in performance [92]. Aggregation involves nanoparticles clustering together
to create larger aggregates due to inter-particle forces. This phenomenon is harmful because it lowers
the effective surface area of the nanoparticles available for heat transfer, can alter the thermophysical
characteristics of the fluid—particularly by raising viscosity, which increases the pumping power
needed—and accelerates sedimentation, as larger clusters settle more rapidly [93]. To address these
effects, transitioning to a more complex multi-phase simulation, such as ANSYS Fluent’s Mixture or
Eulerian models, is essential. This would allow tracking of nanoparticle concentration and incorporate
changes in fluid properties, providing valuable insights into the long-term stability and reliability of
the solar collector that the current single-phase model does not adequately address.

To rigorously assess the current model and establish its precision and dependability in forecasting
outcomes, a thorough validation process has been conducted. Comprehensive data on solar insolation,
as well as air and inlet temperatures, have been meticulously gathered from the experiments conducted
by Assari et al. [23]. Following this, simulations were executed under equivalent conditions to those
of the original experiments. The results from the simulations strikingly align with the experimental
data, as illustrated in Figure 2.5. The relative error is computed to demonstrate the convergence
between simulated and experimental findings. The highest value of this error is 1.044%, while the
minimum value is 0.085%.This striking concordance confirms that the current CFD model of the solar
collector has been validated successfully.

—— S —e— E

50
o
<48
2
= —— —
= ® :'; =
£ 46 ?
%]
[=H
g
Sl
£ a4
<
= 42
=
S

40

0.02 0.04 0.06 0.08 0.10

Air mass flow rate (kg/s)

Figure 2.5. Validation of the present simulation results (S) against the experimental data (E) reported by
Assari et al. [23].

2.4.  Friction Factor, Pumping Power, and Collector Area Size-Reduction

The friction factor (f) for all the examined liquids in the simulation is determined by the following
equation [94]:

f= Oy (2.24)
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here L, D, p, and v denote the pipe length, pipe diameter, liquid density, and liquid flow velocity,
respectively. The values of total pressure drop (AP) across the collector are obtained directly from the
simulation results.
The velocity of the liquid v, is given by:

vV=—F- (2.25)

A key parameter in solar collectors is the pumping power (Wp) which is required to derive the
fluid through the collector’s pipes or ducts. It is crucial in evaluating system efficiency as it is
significant in maintaining a constant flow in the system. Factors affecting pumping power include
the mass flow rate, pipe roughness, fittings, bends, valves, and other obstructions. It is defined as
[95]:

Wy = 4P (2). (2.26)

This study aims to evaluate whether using different HTFs instead of water in DPSTC can reduce
collector size, leading to cost savings and more efficient use of installation space. The reduction in
the collector area (A4,.4) 1s given as [96]:

1ty Cp r (Tout,f=Tin,f)
N1 (Ta) )

Areq = (2.27)

2.5. Energy Savings, CO; Emissions-Reduction and Annual Cost Savings

Heating water for residential and industrial consumes electric or fossil fuel-burning heaters,
particularly in cold season. However, due to rising carbon emissions, there is a shift towards renewable
energy sources. Employing DPSTC, a form of FPSC, can reduce greenhouse gas emissions and
reliance on fossil fuels [97].

This study calculates the amount of coal (M,,q;), natural gas (V4), and electricity (Pgec) tht can
be saved by using DPSTC instead of using conventional coal- fired, gas- fired, and electric boilers to
produce the same heat gain. The corresponding CO2 (M, ) emissions associated with these savings
are also calculated. The calculations assume that the DPSTC operates for one hour daily at noon, using
a single solar radiation value during the simulation.

If a coal-burning boiler is used for heating purposes, the coal mass and CO; emissions are
determined as follows [98]:

Qppsc
Mepqy = —225C_
coal dcoat Scoal’ (228)
3.67FQ
M1C02 = —DPSC, (2.29)

dcoal Scoal

where, q.,q; 18 the coal calorific value, (MJ/Kg), (.4 1s the coal thermal conversion rate, 65%, and
F is carbon emission factor, 0.73 [98].
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If a natural gas boiler is used, the gas volume which can be consumed, and its related CO» emissions
is determined as [98]:

Qppsc
905 = as Cgas’ (2.30)
_ 3.67F Qppsc
MZCOZ N dcoal Sgas ’ (231)

here, qgas 1s the natural gas calorific value, (MJ/Kg), {445 1s the conversion rate of the natural gas
98%, and F 1is the carbon emission factor, 0.40 [98].

Finally, if an electric boiler is used, its energy saving and CO» emissions are as follows [98]:

_ Qppsc

Pelec - (2-32)

b
celec

3.67 F Qppsc

b
dcoal Selec

M3C02 = (233)

here ;.. represents the conversion rate of electro thermal value 80%, and F is the carbon emission
factor, 0.87 [98].

Environmental evaluation requires the calculation of annual CO» emissions and related costs [99].
To accomplish this, it was assumed that the DPSTC operates for 6 hours a day, and for 300 days a
year, taking the average price of 14.5 $ for CO»/ton [100].
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3. A DUAL-PURPOSE SOLAR COLLECTOR AS A PARALLEL FLOW HEAT EXCHANGER:
A NOVEL MATHEMATICAL FRAMEWORK

This chapter introduces a specialized mathematical framework to analyze the unique thermal
behavior of the DPSTC. The approach is conceptually grounded in modeling the collector as a parallel
flow heat exchanger, a strategy justified by its dual-fluid channel structure. The analysis is built upon
two well-established, foundational methodologies: the fundamental solar thermal equations as
formulated by Duffie and Beckman [88] and the e-NTU method. The primary novelty of this work
lies in a specific and consequential modification within the e-NTU framework. While previous
analyses of the DPSTC have often employed a generalized expression for collector effectiveness (Eq.
2.15), this study makes a crucial distinction. By treating the DPSTC rigorously as a parallel flow heat
exchanger, the effectiveness (&f) is calculated using the specific equation for that configuration (Eq.
2.19). This value is then used to determine the heat removal factor (Fy) via Eq. 2.14. This targeted
application of the parallel flow effectiveness equation represents the core analytical contribution of
this chapter. To the author's best knowledge, this specific analytical path has not been previously
applied to the DPSTC, offering a more theoretically consistent model for this unique collector type.
To implement and validate this framework, a comprehensive MATLAB code was developed. The
model was simulated using a set of meteorological data, including external temperature, wind speed,
and incident solar irradiation. To ensure the reliability and robustness of the suggested model, the
simulation results were compared against experimental data from existing studies, focusing on two
key metrics: relative percentage error (RPE) and average relative percentage error (ARPE) [101].

3.1. Modeling the DPSTC

The collector modeled in the current simulation study is identical to that designed by Assari et al.
[23]. It consists of seven identical circular tubes and seven triangular air ducts; all units are assumed
to perform identically; the schematic of the collector is depicted in Figure 3.1.

Absorber Plate

Glass
Water Tubes /
z N O ’

')

[
Back " /
Air Ducts - Collector Frame —

Insulation

Figure 3.1. Schematic of the DPSTC used in the current study.
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The design parameters of the modelled collector are presented in Table 3.1. These parameters
align closely with those utilized by Assari et al. [23], ensuring accuracy and consistency in the

simulation.

Table 3.1. Physical and optical constants adopted from Assari et al. [23] and used in the MATLAB

simulation.

Category | Parameter/ Setting Symbol/ Value Parameter/ Setting | Symbol/ Value
. Flout glass, 6 mm . Triangle (60°), 6

Glazing thickness Air duct Geometry T

Black-painted
Absorber Plate aluminum, 1 mm Collector dimensions | 0.94m x 1.94m
thickness
Pipe material Zinc Number of water pipes 7
Physic?l and Pipe diameter 7 mm Number of air ducts 7
Optical
Properties | o jjector thickness 14 cm Preservative case Galvanized steel
Insulation material Glass wool Insulation t.h§rma1 0.039 W/(m.K)
conductivity
Bottom insulation .
thickness 5 cm Absorptivity 0.93
Absorber thgrmal 237 W/(m.K) Side insulation thickness 2 cm
conductivity
Ambient Temperature 45 °C Wind Speed 1.5 m/s
Boundary &
Operating Solar radiation 900 W/m? Water Inlet Temperature 40- 90 °C
Conditions
Air Mass Flow Rate | 0.01-0.07 kg/(s. m?) | Water Mass Flow Rate 0.02 kg/s

The procedural steps followed in the MATLAB simulations are visually represented in the flow

chart illustrated

in Figure 3.2.
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Figure 3.2. MATLAB simulation flow diagram.
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At the outset of the simulation, an initial estimation of the plate temperature is required. This
estimation is crucial for calculating the top heat loss coefficient (U;). Following this, the heat loss
coefficients from the back (U, ) and side (U;) surfaces have been computed after inputting all essential
parameters. The next phase involves computing the Reynolds number ( Re ) and the Prandtl number
( Pr ), which are pivotal in obtaining the Nusselt number ( Nu ). The Nusselt number serves as a
critical factor in determining the convection heat transfer coefficient ( h ). Subsequently, the heat
capacity rate (C) is calculated, facilitating the determination of the number of transfer units ( NTU ).
This, in turn, allows us to assess the heat effectiveness (¢), which plays a significant role in calculating
the heat removal coefficient for the second fluid (Uf). With this information, the total heat loss
coefficient (U;) can be computed, which enables us to derive the useful heat gain from both the water
and air sections. Consequently, the outlet temperatures for both fluids can be accurately predicted. The
simulation progresses by recalculating a new value of the mean plate temperature, which is then
compared against the initial estimation. If the difference between these two temperature values falls
below the threshold of (107), convergence is deemed to have been achieved, and the simulation
concludes. Conversely, if the difference exceeds this criterion, the newly calculated mean plate
temperature is substituted as the new estimate, initiating a fresh iteration of the process. Once the
simulation is complete, the next step involves printing the heat gains and outlet temperatures.
Additionally, both the Relative Percentage Error (RPE) and the Absolute Relative Percentage Error
(ARPE) were calculated. These are standard statistical tools for evaluating model performance in
forecasting and regression, as described in foundational texts on applied statistics, such as
Montgomery and Runger [102]. It is noteworthy that the experimental data acquired from Nematollahi
et al. [28] have been incorporated within the MATLAB code to facilitate a robust comparison between
the estimated and actual values, enabling the generation of the required graphical representations.

3.2.  The Accuracy of Predictions

To quantify the precision of MATLAB prediction, both RPE and ARPE have been calculated. RPE
is presented as a percentage and conveys the difference between observed and projected values. On
the other hand, ARPE provides a summary statistic that represents the average RPE across multiple
forecasts. It serves as a single value that encapsulates a model's whole accuracy. ARPE refers to the
percentage difference between the observed and the predicted values. A lower ARPE corresponds to
greater accuracy or precision, whereas a higher ARPE indicates larger errors. The calculated error
values have been analyzed and are presented in Table 3.2.

Table 3.2. Comparison of Experimental Data [28] and Predicted Data (This Work) for Absorber Temperature,
Water Outlet Temperature, and Useful Heat Gain with Corresponding RPE and ARPE.

Absorber Temperature, (°C) Water outlet Temperature, (°C) Useful heat absorbed, (W)

Experimental Predicted |Relative Error Experimental Predicted |Relative Error Experimental Predicted |Relative Error

Data (%) Data (%) Data (%)
Data 28] | rhis Work) Data28] | his Worlk) Data (28] | ryis Work)
50.97 60.49 2.94 46.97 52.82 12.46 125390 | 1382.44 10.25
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57.35 63.44 1.84 53.94 55.52 2.93 1615.60 1588.79 1.66
62.94 67.74 1.43 60.04 57.79 3.74 1730.50 1676.27 3.13
66.50 69.17 0.79 64.03 59.17 7.58 1632.62 1659.67 1.66
68.53 70.05 0.44 67.01 65.09 2.86 1441.13 1579.07 9.57
70.78 71.96 0.34 70.05 70.32 0.38 1113.48 1352.95 21.51
71.94 77.55 1.63 71.94 70.52 1.97 791.49 895.06 13.09
ARPE 13 4.5 8.6

The discrepancies observed in the error percentages can largely be attributed to the methodology
of employing averaged data collected over a six-day observation period. Since the input parameters
utilized in the MATLAB simulation were derived from the mean values of measurements taken across
these days, they may not precisely represent the actual input received by the system. This averaging
process introduces a notable discrepancy between the simulated and actual system performance.
Additionally, certain parameters that were incorporated into the simulation-such as the thermal
conductivity of the insulation materials, the thickness of the insulation, the thermal conductivity of
the glass cover, as well as the absorptance and thermal conductivity characteristics of the absorber-
were estimated due to their absence in the experimental study. These estimates can significantly
influence the actual heat losses from the system. Consequently, this can result in variations between
the predicted heat dissipation rates and the real-world heat loss experienced by the system, leading to
a divergence between theoretical predictions and actual performance outcomes.

3.3.  The Predicted Plate and Water Temperatures

The change in temperatures of the absorber plate and the water outlet over time is illustrated in
Figure 3.3. The data presented in the figure convincingly shows that the temperatures of the absorber
plate increase steadily over time as solar intensity rises. This increase in intensity not only elevates
the temperature of the absorber plate but also significantly impacts the water outlet temperatures.
Notably, our simulations indicate that the absorber temperature is consistently higher than what was
observed experimentally. This discrepancy can be attributed to several key factors. First, the
calculations for heat losses from the collector may not fully account for real-world conditions.
Additionally, the gap between calculated and actual heat flow highlights essential insights, as the
design and shape of the absorber plate play a vital role in influencing temperature variations.
Furthermore, the interactions of heat flow between the water and air sections further illustrate the
complexities involved in predicting fluid and absorber temperatures.
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Figure 3.3. Variation of outlet water temperature (7,) and absorber plate temperature (7p) over time:
Simulation (This work) vs. Experimental data [28].

The maximum value of (RPE) for the absorbing plate and the outlet temperature of water were
determined to be 2.94% and 12.46%, respectively. Meanwhile, the (ARPE) for the absorber plate and
water outlet temperature was 1.3% and 4.5%, respectively. This implies that, on average, the predicted
outlet water temperatures have a slightly higher average deviation compared to the absorber plate
temperatures. Considering the graph's visual representation, it is evident that the temperature of the
absorber plate and the water outlets exhibit similar trends and fluctuate within a similar range.

3.4. The Predicted Heat Gain

The comparison between the predicted useful energy and the experimental results is depicted in
Figure 3.4. It provides valuable insights into the accuracy and precision of the energy predictions. The

analysis revealed that for the useful energy, the maximum value of (RPE) is 21.51% and the value of
(ARPE) is 8.6%.
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Figure 3.4. Variation of useful heat gain over time: comparison of Simulation (This work) and Experimental
data [28].

The deviation between the forecasted and actual values of useful heat gain can be ascribed to the
predicted effectiveness values. These values are crucial for calculating the heat removal factor and
play a key role in determining heat gain. Furthermore, the actual absorber solar irradiance may differ
from the calculated values in the current simulation, partly due to the estimated optical properties of
the glass cover, which can influence the heat gain values. Additionally, the assessment of heat losses
may not fully represent actual conditions, which could further contribute to this deviation.
Accumulated errors in estimating effectiveness, absorbed solar energy, and heat losses contribute to
the observed deviations. Despite these factors, there is generally a good level of convergence with
experimental results.

As a summary, The DPSTC was treated as a parallel flow heat exchanger, using a formulation for
effectiveness that is similar to those for other heat exchangers, differing from earlier research methods.
The e- NTU method was used to analyze the system, with RPE and ARPE metrics verifying the
simulation results. The predicted outcomes closely match the experimental findings, underscoring the
reliability and stability of this proposed model for predicting collector performance.

In the next chapter we developed three mathematical approaches with three MATLAB codes to
further analyze the DPSTC.
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4. THE OPTIMAL APPROACH OF VARIOUS ANALYSIS METHODOLOGIES OF A DUAL-
PURPOSE SOLAR COLLECTOR

In this chapter, I utilized multiple analytical approaches to analyze DPSTC. Specifically, I
developed the heat removal factor equation, which is crucial for calculating the effective heat gain of
solar collectors. I developed three distinct MATLAB codes (C1, C2, and C3), each implementing a
different mathematical model. In the first method, I derived the heat removal factor based on
effectiveness values found in the existing literature. In the second method, I applied the heat removal
factor specifically for the DPSTC when it operates as a single-purpose collector. In my third and novel
approach, I treated the DPSTC as a parallel flow heat exchanger, using the effectiveness equation
instead of the heat removal factor. To the best of my knowledge, no previous research has conducted
these three distinct analyses of the DPSTC simultaneously. The simulation results demonstrated good
consistency with experimental data. To assess the discrepancies between the simulated and actual
results, I calculated two important metrics: the Root Mean Square Error (RMSE) and the Mean
Absolute Error (MAE). It was found that C3 outperformed the other models based on the computed
errors, as it exhibited the lowest error values. Consequently, code C3 can accurately predict both the
water and air outlet temperatures, as well as the thermal performance of the DPSTC. This research
can make a significant contribution by assisting future researchers in their studies of the DPSTC [97].

4.1. Structure of The Investigated DPSTC

The collector used in the simulation is the same as the one utilized by Saleh and Jasim [103]. The
system is comprised of two distinct sections: water and air section. The air portion is a rectangular
duct without fins, whereas the water section consists of risers and two primary headers (see Figure
4.1).

Glass
Water Tube Absorber Plate j /

Air Duct \

N En ——
77/ 7/

Collector Frame

Back Insulation

Figure 4.1. Schematic layout of the investigated DPSTC.
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4.2.

The Developed Numerical Simulation and Error Metrics

The novelty of the current study lies in developing the effectiveness-NTU method, a widely
employed approach found in existing literature and research papers. I developed three analysis
methodologies with three MATLAB codes to numerically investigate each of the identified analysis
methodologies. For each code, I conducted mathematical modeling, simulations, and experimental

validation. To ensure consistency and comparability, the present simulation adopted the same input

parameters, both climatic and operational, as those utilized in the experimental study. The validation
procedure was conducted against experimental data given in [104].

The analytical approaches chosen for each code differ from one another. The three analytical
methodologies are defined as follows:

Methodology 1: This approach corresponds to the conventional e-NTU method, which is
widely adopted by researchers in the analysis of DPSTC. In this method, the effectiveness
equation provided earlier in Eq. (2.15) is substituted into Eq. (2.14) to calculate the heat
removal factor Fg. The resulting Fi value is then utilized to evaluate the useful heat gain, as
expressed in Eq. (2.7). This method's computational implementation is referred to as code C1.
Methodology 2 : This method is commonly applied to the DPSTC when it is operated as a
single-purpose collector (either air or water heating). In this case, the heat removal factor Fy
is directly calculated using Eq. (2.8), and it is subsequently used in Eq. (2.7) to determine the
useful heat gain. The computational model based on this approach is designated as code C2.
Methodology 3: This novel methodology eliminates the traditional step of calculating the heat
removal factor. Instead, it models DPSTC as a parallel-flow heat exchanger and directly
applies the specific effectiveness relation for this configuration, as provided in Eq. (2.19), to
determine the useful heat gain given by Eq. (2.7). This methodology represents the core
innovation of the present study, and its computational implementation is referred to as code
C3.

The simulation software is utilized to forecast the properties of a system, including the temperature

of hot water and air, and the amount of usable energy absorbed by the fluid. The computational

algorithm is illustrated in the flow chart displayed in Figure 4.2.
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Figure 4.2. Simulation flow chart.
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Two indicators have been employed Among the many tools that have been used to analyze the
DPSTC performance prediction accuracy. The first is the MAE, which captures the average absolute
deviation between two datasets. It is expressed mathematically as [105]:

1
MAE = — %721 |(Tout,s) = Tout,@)|- 4.1)

The second criterion is the RMSE, a defined measure that combines the spread of individual errors.
The largest values strongly dominate it due to the squaring operation. Especially in cases where
prominent outliers occur, the usefulness of RMSE is questionable, and the interpretation becomes
more complex [106]:

1
RMSE = \/;Z?=1(Tout,(5) - Tout,(E))2~ 4.2)

In this context, n, Ty, sy, and Toye, () are the total number of values that have been analyzed, the

outlet fluid (water and air) temperature received from the simulation, and the temperature obtained
from experiments.

4.3.  The Performance of DPSTC

The air outlet temperature obtained from the three MATLAB codes C1, C2, and C3 along with the
experimental results is illustrated in Figure 4.3. The predicted results and experimental data coincide
extremely well during the first three hours. The variations begin around eleven o’clock and persist
until five o’clock in the afternoon.
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Figure 4.3. The variation of air outlet temperature with time for the three codes.

37



CHAPTER 4

It is worth mentioning that the gap between our ingenious code C3 and experimental findings is
only one and a half to three degrees Celsius, while it exceeds five degrees Celsius for both C1 and C2.
However, the error values between the output numerical results and the measured data are then
calculated. The RMSE values for C1, C2, and C3 are 3.4%, 3.8%, and 1.8%, respectively. The MAE
values for C1, C2, and C3 were 3%, 3.3%, and 1.5%, respectively. It is crucial to emphasize that the
RMSE and MAE values of our mathematical model C3 reveal superior temperature prediction
competencies compared to mathematical models C1 and C2. Figure 4.4 plainly shows the tremendous
capability of our innovative and proposed mathematical model C3 for forecasting the water outlet
temperature.
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Figure 4.4. The variation of water outlet temperature with time for the three codes.

It is obvious that the predicted values of the outlet water temperature obtained from the simulation
codes highly reflect the experimental results. While the predicted temperatures are relatively
consistent with the actual temperature, the temperature yielded from code C3 remains superior due to
the relatively lower error values compared to the remaining codes C1 and C2. Nevertheless, the RMSE
values for C1, C2, and C3 are 0.8%, 1.7%, and 0.3%, respectively. The MAE values for C1, C2, and
C3 were 0.7%, 1.4%, and 0.3%, respectively.

As a summary, the mathematical equation of the heat removal factor Fp was improved in this
chapter. Three mathematical codes, C1, C2, and C3, each with its theoretical technique, were
numerically tested using the MATLAB simulation tool. Among the tested codes, code C3, which
comprises a novel mathematical technique, can precisely predict the water and air outlet temperature
and the thermal performance of the DPSTC as well. Code C3 outperformed the other models based
on the computed erroneous because it has the lowest error values compared to the other models. This
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can be a significant contribution that can assist future researchers in their studies for DPSTC. This
study contributes to the ongoing discourse on solar collector analysis by offering insights into the

benefits and limitations of employing multiple methods in performance evaluation. The key

characteristics, limitations, and performance outcomes of the three analytical methodologies
investigated in this study are summarized in Table 4.1.

Table 4.1. Summary and Comparison of the Three Analytical Methodologies.

Comparison
Criteria

Description

Core
Principle

Key
Equations
Used

Advantages

Limitations

Predictive
Accuracy

Air Outlet
Temp. Errors

Water Outlet
Temp. Errors

Overall
Assessment

Methodology 1
(Conventional e-NTU)

A widely used approach
based e-NTU method.

Calculates the heat
removal factor Fy as a
function of the collector’s
general effectiveness (¢).

& (Eq. 2.15) — Fg (Eq.
2.14) — Qy 5 (Eq. 2.7)

Established and familiar
method.

The general effectiveness
equation may not
perfectly capture the
specific physics of a
DPSTC.

RMSE: 3.4%
MAE: 3.0%

RMSE: 0.8%
MAE: 0.7%

Moderate predictive
accuracy.

Methodology 2
(Single-Purpose)

A simplified approach that
treats DPSTC as if it were
operating in a single mode.

Calculates Fp using the
direct formula for a single-
purpose collector.

Fg (Eq. 2.8) = Qy s (Eq.
2.7)

Mathematically simple for
single-mode analysis.

Inaccurate for a dual-
purpose system with
simultaneous air and water
heating.

RMSE: 3.8%
MAE: 3.3%

RMSE: 1.7%
MAE: 1.4%

Lowest predictive accuracy.

Methodology 3
(Novel approach)

A novel approach that
models the DPSTC
specifically as a parallel
flow heat exchanger.

Bypasses Fy and directly
uses the effectiveness
equation to find useful

heat gain.

& (Bq. 2.19) — Qy f
(replaces Fp term in Eq.
2.7)

Theoretically more
accurate for DPSTC’s
dual-channel, parallel

flow geometry.

As a novel approach, it
requires rigorous
validation, as performed
in this study.

RMSE: 1.8%
MAE: 1.5%

RMSE: 0.3%
MAE: 0.3%

Highest predictive
accuracy (Optimal)

In the next chapter, we utilized ANSYS Fluent software to model DPSTC, investigating various
liquids as alternatives to water under different operating conditions.
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S. NUMERICAL INVESTIGATION OF A DUAL- PURPOSE SOLAR COLLECTOR USING
DIFFERENT LIQUIDS

In this chapter, I investigated the influence of various heat transfer fluids on the thermal behavior
of DPSTC using ANSYS Fluent. I observed a significant lack of Computational Fluid Dynamics
(CFD) studies focused on this kind of collector, which makes this aspect a key innovation in my work.
I utilized three different working fluids: water, Therminol VP-1, and Dowtherm A. My examination
of oil-based liquids, in addition to conventional water, is particularly relevant given that water is
rendered ineffective in extreme hot and cold climate conditions — freezing at 0 °C and boiling at 100
°C under atmospheric pressure. Furthermore, the lack of research exploring the use of these alternative
fluids in DPSTC adds another layer of innovation to my study [107].

5.1.  The Number of Investigated Cases

Throughout the simulation, I analyzed how various airflow rates impacted exit temperatures, heat
gains, and the thermal efficiency of the DPSTC. The input boundary conditions employed in the
simulation are detailed in Table 5.1. The liquid domain maintains fixed inlet conditions of 40 °C with
a flow rate of 0.02 kg/s. In the air domain, the inlet temperature is set to 45 °C, with variable mass
flow rates.

Table 5.1. Input parameters and their corresponding values used in the numerical simulation, as
reported in Ref. [23].

Input parameter Range

Solar irradiance 900 W/m?
Inlet air temperature 45 °C

Inlet liquid temperature | 40 °C

Air flow rate 0.02-0.1 kg/s
Liquid flow rate 0.02 kg/s

I treated each liquid as a unique case, conducting five simulations at varying air flow rates ranging
from 0.02 to 0.1 kg/s, increasing in increments of 0.02. As a result, a total of 15 simulations were
conducted throughout this study.

5.2, Thermophysical Properties of Working Fluids

The present study considers Therminol VP-1 and Dowtherm A working fluids. Therminol VP-1 is
an artificial heat transfer liquid characterized by its extraordinary thermal stability and low viscosity
to guarantee effective, trustworthy, and regular performance across an optimum operational
temperature range from 12 °C to 400 °C. It offers excellent thermal stability among natural HTFs
[108]. The thermal features of these HTFs vary depending on the temperature. The thermo-physical
features of Therminol VP-1 can be obtained from the following correlations [109], which is
specifically designed for the range of (285.15 K < T < 698.15 K):
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. {2.125 . 103 — 11.017T + 0.049862T2 S1)
P =1 27.7663 - 10-5T3 + 4.394 - 10~°T+ G-
_ { 1.4386- 103 — 1.8711T 52)
P =142.737-1073T2 — 2.3793 - 1075T3, :
" { 0.14644 + 2.0353 - 10~5T 53)
—1.9367-10""T2 + 1.0614 - 10~11T3, :
_ { 3.661-102 — 3.0154T 54)
M =1+483409-1073T2 — 7.723 - 1075T3, :

where, Cp, p, k, and u referred to the specific heat (J/kg'K), density (kg/m3), thermal conductivity
(W/m-K), and density (mPa-s), respectively.

The correlations used to calculate the thermo-physical properties of Dowtherm A in the range of
temperatures (288.15 K<T<678.15 K) are given as follows [109]:

Cp = 911.4 + 2.011T + 9.368 - 107*T2, (5.5)
p = 1190 — 0.2243T — 7.866 - 107*T?, (5.6)
k =0.1856 — 1.6 - 107*T, (5.7)

U= 105.274T—3.247 + 1027'75T_12'3, (58)

In this study, a meticulously developed MATLAB code is employed to compute the thermo-
physical characteristics related to Therminol VP-1 and Dowtherm A liquids based on the above
correlations in the range of temperatures 20-65°C. The average value for each property is then
imported into ANSY'S Fluent software. The properties of all the materials (solids and fluids) utilized
in the simulation are given in Table 5.2.

Table 5.2. Thermophysical properties of the material and working fluids are utilized in the simulation.

Material C,, J/kgK)  p, (kg/m®) k (W/mK), u, (Pass)
Therminol VP-1 1609.73 1046.000 0.1339 0.0027
Dowtherm A 1698.53 1024.200 0.1315 0.0016
Aluminum 871.00 2719.000 202.4000 -
Zinc 389.00 7140.000 116.0000 -
Water 4182.00 998.200 0.6000 1.0030-10-3
Galvanized Steel 470.00 7850.000 52.0000 -
Air 1006.43 1.2250 0.0242 1.7894-10-5
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5.3.  The Effect of Airflow on The Exit Temperature of DPSTC

An analysis of how airflow rate affects the exit temperature of each examining liquid is shown in
Figure 5.1. The average temperature at the outlet is 45.32 °C when the inflow water temperature is 40
°C. In contrast, when utilizing Therminol VP-1 at the same inlet temperature, the average exit

temperature increases to 51.82 °C. Similarly, Dowtherm's average outlet temperature is slightly lower
at 51.53 °C.
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Figure 5.1. The variation of exit liquid temperature with air flow rates.

It is observed that increasing the air flow rates has minimal effect on the exit temperatures of the
studied liquids since the input air temperature is significantly greater than the liquid temperature,
thereby, increasing airflow may not a substantial impact on reducing the exit liquid temperature.
However, there is still a notable increase of 17.5%, 29.55%, and 28.83% in the outlet temperatures of
the water, Therminol VP-1, and Dowtherm A, respectively, compared to the inlet liquid temperature
of 40 °C. Notably, Therminol and Dowtherm demonstrate higher exit temperatures than water, with
an average enhancement of 14.33% and 13.7%, respectively. The maximum outlet liquid temperature
occurs at an airflow rate of 0.02 kg/s, while the inlet liquid temperature is 40 °C. These temperatures
are 52.5 °C, 52 °C, and 45.6 °C for Therminol VP-1, Dowtherm A, and water, respectively.

The variation in airflow rate slightly impacts the outlet air temperature when the three liquids are
utilized, as shown in Figure 5.2. Increasing airflow decreases the residence time of the air in contact
with the duct surface, thereby reducing the duration available for thermal exchange processes. This
expedited airflow results in a lower outlet air temperature. The outlet air temperature when using
Therminol is greater than that of water and Dowtherm. The average increase in exit air temperature is
6.67% for Therminol and 6% for Dowtherm relative to the case using water.
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Figure 5.2. The variance of exit air temperature with air flow rate

The maximum outlet air temperatures recorded are 51.4 °C, 51 °C, and 47.4 °C when using
Therminol VP-1, Dowtherm A, and water, respectively. These temperatures occur at an airflow of 0.02
kg/s, with inlet air and liquid temperatures set at 45 °C and 40 °C, respectively. The high incident heat
flux with the large surface area of the air duct and the low airflow allow the air temperature to rise
significantly. The temperature contours for all domains (liquid tube, air duct, and absorber plate) of
the DPSTC are illustrated in Figure 5.3 based on an air and water flow rate of 0.02 kg/s.

¢)

Figure 5.3. Temperature contour of all domains of the DPSTC when using three liquids: a) Dowtherm A, b)
Therminol VP-1, and c) Water.
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Therminol and Dowtherm exhibit similar temperature contours, as shown in Figures 5.3 a and b,
ranging between 40 °C and 82 °C. Both liquids have nearly identical thermal conductivity and heat
capacity, making distinguishing between their temperature contours difficult. The absorber plate
reaches higher temperatures with Therminol and Dowtherm compared to water, and it continues to
exhibit the highest temperature values for both the exit liquid and air. Conversely, the temperature
contour of water varies between 40 °C and 62 °C. Additionally, water demonstrates more
homogeneous behavior than Therminol and Dowtherm, likely attributed to its higher thermal
conductivity and heat capacity, as depicted in Figure 5.3 c.

5.4.  The Effect of Airflow on The Heat Gain of DPSTC

As expected, the liquid heat gain remains relatively constant because the heat flux is constant,
which means the heat transfer rate is stable. This stability arises from the consistent heat transfer
coefficient and driving temperature difference. Moreover, the constant flow rate of the liquid ensures
a uniform flow and, thereby, a stable convective heat transfer, which helps maintain a constant heat
gain. Keeping the inlet liquid temperature constant ensures the heated pipe surface, which remains
steady. In contrast, variations in airflow disrupt this stability, thereby increasing air heat gain with
airflow rate. This can enhance the convection heat exchange between the air and the duct, as it is
demonstrated in Figure 5.4.
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Figure 5.4. The variance of useful air heat gain with air flow rates.

As it is depicted in Figure 5.4, Therminol VP-1 and Dowtherm provide advantages over water in
terms of air heat delivery, as they exhibit lower heat capacities than water.

This characteristic allows water to absorb the incident heat on the absorber more rapidly than the
other two liquids, leaving less time for the air to heat up when using water. This difference is evident
when comparing liquid heat delivery, illustrated in Figure 5.5, where water shows the highest heat
delivery values compared to Therminol and Dowtherm. Although water outperforms Therminol and
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Dowtherm A in heat gain from the liquid side of the DPSTC, the total heat gain, representing the
combined air and liquid heat gains for Therminol and Dowtherm, exceeds that of water.
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Figure 5.5. The variance of liquid useful heat gain with air flow rates

5.5.  The Effect of Airflow on The Efficiency of DPSTC

The efficiencies of the liquid side, air side, and combined collector are presented in Figures 5.6-
5.8, respectively. Efficiency is the proportion of beneficial heat obtained to the entire amount of
irradiance hitting the absorber. It is evident from Figures 5.6 and 5.7 that the efficiencies of the air and
liquid sides of the DPSTC mirror the trends observed in useful gain since the incident radiation
remains constant. For all values of the air flow rate, the liquid side efficacy when using water is greater
than that of the other liquids.
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Figure 5.6 The efficiency of the liquid side of the DPSTC with an air flow rate
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Figure 5.7. The efficiency of the air side of the DPSTC with an air flow rate.

The maximum air efficiency of Therminol VP-1, Dowtherm A, and water is 27.4%, 25.6%, and
10.9%, respectively, which corresponds to the highest air flow of 0.1 kg/s. These maximum air
efficiency values are of significant importance as they directly impact the total thermal efficiency of
the DPSTC (see Figure 5.8), which stands for the sum of the air and liquid sides' efficiencies.
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Figure 5.8. Total efficiency of the DPSTC with an air flow rate.

The rise in air efficacy results from the higher air flow rate, which drops the temperature difference
between the absorbent surface and the air. That minimizes the heat losses and maximizes the heat
absorbed by the air.

The total efficiency of the DPSTC is directly influenced by the increased airflow rate, particularly
for both Therminol and Dowtherm liquids. Both liquids show a consistent increase in efficiency as
the airflow rate rises, with the maximum efficiency recorded at 0.1 kg/s. This highlights the significant
role of the airflow rate in the system’s performance, as it influences the efficiency of both liquids.
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As a summary, and based on the aforementioned findings, using Therminol and Dowtherm as HTF
instead of water can efficiently ameliorate the gross thermal effectiveness of the DPSTC.

It is crucial to emphasize that although water offers the best temperature distribution, Therminol
and Dowtherm have higher temperature values of the absorber plate, outlet air, and liquid. More
investigations can be carried out by varying the other operating parameters, and their results can be
discussed to confirm the robustness of these kinds of alternative liquids for use in solar thermal
systems. Future recommended work includes conducting CFD simulations with varying liquid flow
rates and a range of inlet fluid temperatures.

In the next chapter, we investigated the use of nanofluids as alternatives to oil-based liquids to
evaluate the performance of the DPSTC using the same model outlined previously. We also tested the
collector under different liquid flow rates along with varying air flow rates.
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6. EVALUATION OF A DUAL-PURPOSE SOLAR COLLECTOR USING MONO-
NANOFLUIDS: A CFD SIMULATION

In this chapter, I analyzed the performance of DPSTC using computational fluid dynamics
simulations in ANSY'S Fluent. For this purpose, I employing nano fluids, specifically CuO-H>O and
MWCNT-H2O, at a volume concentration of 0.5%. I selected these nanofluids based on an extensive
literature review, which showed that these two nanofluids are among the most frequently used in solar
collectors due to their favorable properties that can significantly enhance the overall thermal
performance of solar systems. Consequently, I examined both nanofluids alongside water and
compared their thermal performance to that of water. To the best of my knowledge, no prior research
specifically investigating the use of these nanofluids in DPSTCs, which highlights the novelty of my
work. In this numerical investigation, I modeled the same system fabricated by Assari et al. [23]. The
input boundary conditions employed in the simulation are consistent with those outlined in Table 5.1.
To validate the CFD simulation results, I compared them with experimental data presented in Chapter
2. Furthermore, my investigation consisted of two distinct phases of simulation. In the first phase, I
focused on varying air flow rates while maintaining all other parameters constant. In the second phase,
I systematically varied the liquid flow rate whereas the other parameters were held constant. In both
phases, I evaluated the effects of the two nanofluids on the outlet temperatures of the air and liquid
streams from the DPSTC. Additionally, I assessed how varying flow rates influenced the heat gains
and overall thermal efficiency [54].

6.1. Thermophysical Properties of Nanofluids

Various researchers [62] have proposed methods for calculating the thermophysical properties of
nanofluids. These properties depend on the thermophysical characteristics of the base fluid, the
nanoparticles, and their concentration. The equations below present the most widely used correlations
for density, specific heat, viscosity, and thermal conductivity of nanofluid:

Py = (L= @)pps + @pnp » (6.1)
(6),, = 62
pns = (1+2.50 + 6.5)uf, (6.3)
for = [t o (64

where p, C,, i, and k represent the density, specific heat capacity, dynamic viscosity, and thermal
conductivity, respectively. The subscripts nf, bf, and p denote the nanofluid, base fluid, nanoparticle,
respectively. The particle volume fraction refers to by ¢.
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In the present study, two different types of nanoparticles, CuO and MWCNT, were used to create
two distinct nanofluids with water as the base fluid. The volume concentrations of these nanoparticles
were set at 0.5%. For this numerical analysis, specific nanoparticle dimensions, such as diameter in
nanometers, were not included as input parameters. Instead, the physical model utilizes the bulk
thermophysical characteristics of the nanoparticle materials, which serve as input for well-established
empirical correlations. The main objective of this research is to assess the overall thermal performance
trends of the resulting nanofluids rather than delving into particle-scale phenomena. Since this is a
theoretical and numerical study, we assume the nanofluid's stability. The correlations used to
determine the properties of the nanofluid are predicated on the assumption of an ideal, stable, and
homogeneous suspension, in which the nanoparticles are evenly distributed without any clustering or
settling.

To determine the thermophysical properties of the nanofluids, I developed a MATLAB program
that enables the user to input a range of parameters, including all the properties outlined in Table 6.1,
and the volume concentration of the selected nanoparticles. These inputs are then seamlessly
substituted into the appropriate equations to compute the properties of the nanofluid. The calculated
properties are carefully stored in a dedicated MATLAB workspace, ensuring they are readily available
to serve as inputs for the ANSYS simulation during the definition of materials in the cell zone
conditions [54].

Table 6.1. The thermo-physical properties of the base fluid and nanoparticles.

Physical properties Water [72] MWCNT [68] CuO [62]
p (kg/m?) 998.2 2100 6000
k (W/(m. K)) 0.613 3000 33
C, (J/(kg. K)) 4182 519 551
u (mPa-s) 0.001 - -

6.2. The Impact of Airflow on The Exit Temperatures of DPSTC

The effect of increasing airflow on the outlet air temperature when using different liquids is
illustrated in Figure 6.1. For all cases, the outlet air temperature exceeds the inlet air temperature.
Increasing the air flow rate has a minimal effect on the outlet air temperature when utilizing 0.5%
CuO-H20 and 0.5% MWCNT-H2O. In contracts, with water, increasing the airflow rate lowers the
outlet air temperature from 47.4 °C to 46.6 °C. For both nanofluids, the increase in outlet air
temperature is about 1 °C. However, when using water, the temperature increase is approximately 2.5
°C at an airflow rate of 0.02 kg/s and 1.6 °C at an airflow rate of 0.1 kg/s. This difference can be
attributed to water's higher specific heat capacity than the tested nanofluids.
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Figure 6.1. The effect of airflow rate on the exit air temperature for various HTLs.

In the liquid section of the DPSTC, Figure 6.2 illustrates the relationship between the outlet liquid
temperature and the increasing airflow rate. With an inlet liquid temperature of 40 °C, a significant
rise in outlet liquid temperature is observed across all cases. The 0.5% CuO-H>0 and 0.5% MWCNT-
H>0O nanofluids achieve the highest outlet temperature, approximately 10 °C higher than the inlet
temperature, representing a 25% enhancement. In contrast, water shows only a 13% increase in outlet
liquid temperature. This difference may be attributed to the enhanced thermal conductivity of the
nanofluids, along with the laminar flow, which increases the time available for the liquids to be heated.
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Figure 6.2. The effect of airflow rate on the exit liquid temperature for various HTLs.

The increase in air mass flow rate results in a temperature drop of approximately 0.5°C at the liquid
outlet when water is used. Furthermore, it is essential to highlight that CuO nanoparticles exhibit
superior performance compared to MWCNT in terms of outlet air and liquid temperatures, owing to
their greater heat capacity.
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The temperature contours across all domains - liquid tube, air duct, and absorber plate - of the
DPSTC are presented in Figure 6.3 corresponding to an air flow rate of 0.06 kg/s. It shows the
temperature contour at a plane located at the DPSTC's exit. While the temperature distributions in the
liquid sections of both cases presented in Figures 6a and 6b are similar, the CuO-H>O nanofluid
demonstrates superior performance on average compared to the MWCNT-H20. The lower flow rate,
which results in laminar flow, leads to less mixing and weaker heat diffusion throughout the liquid
pipe, particularly when using water. In the air section, as depicted in Figure 6.3c , the air inside the
duct exhibits a uniform temperature distribution compared to Figures 6.3a and 6.3b, indicating better
heat penetration.

¢)
Figure 6.3. Temperature contour of the DPSTC under steady-state conditions using different working fluids,
a) CuO-H,0, b) MWCNT-H>O, and c) Water.

6.3. The Impact of Airflow on The Performance of DPSTC

The overall performance of DPSTC can be assessed by calculating the total heat gain from the
collector's air and liquid components. The total useful heat gain consistently rises for all tested fluids
as a higher air flow rate enhances the convective heat transfer, leading to more effective heat
absorption. Using CuO at a 0.5% concentration, followed by MWCNT at the same concentration,
provides advantages over other liquids circulating in the collector, particularly in terms of total heat
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gain, as illustrated in Figure 6.4. An increase in airflow is correlated with an increase in the total heat
gain of the DPSTC. The maximum recorded values of heat gain rate are 965.939 W for 0.5% vol
MWCNT and 970.168 W for 0.5% vol CuO. In contrast, the minimum recorded values are 801.994
W and 843.816 W for the same nanofluids. Both 0.5% vol MWCNT and 0.5% vol CuO showed a
maximum enhancement percentage of 58.18% and 58.87%, respectively, compared to using water,
which resulted in a lower heat gain.
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Figure 6.4. Variation of useful heat gain with airflow rate for various HTLs.

The overall efficiency of the DPSTC is significantly affected by the increase in air flow rate,
especially when using 0.5% CuO and 0.5% MWCNT nanofluids (see Figure 6.5). The average
efficiency enhancement is 62.77% for the 0.5% CuO nanofluid and 56.56% for the 0.5% MWCNT
nanofluid, compared to water.
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Figure 6.5. Variation of energy efficiency with airflow rate for various HTLs.
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To provide a quantitative summary of the findings from sections 6.2 and 6.3 of this investigation,
Table 6.2 consolidates key performance metrics. These metrics include outlet temperatures, total
useful heat gain, and overall efficiency for the base fluid and both nanofluids. The comparison was
conducted while maintaining a constant liquid flow rate of 0.02 kg/s and varying the air flow rate.
Results for both the lowest and highest air flow rates are presented to illustrate the impact of this
variation. This table facilitates a direct comparison of the performance of the fluids under identical
operating conditions.

Table 6.2. Key performance metrics for base fluid and nanofluids at constant liquid flow rate (0.02 kg/s) and
varying air flow rates.

Air Flow Fluid Exit Liquid | ExitAir Temp.  Total Heat | ﬁTlglt:I'lc
Rate Temp. (°C) O Gain (W) (%) y
(]
Water 45.64 47.43 525 32
0.02 kg/s o
(lowest 0.5% g\gCNT- 49.29 46.12 802 48.8
airflow) :
0.5% CuO-H-=0 49.78 46.18 843.81 51.4
Water 45.15 46.63 610.65 37.2
0.1 kg/s o
(highest LR XV(;’CNT- 50.32 45.93 966 58.8
airflow) :
0.5% CuO-H-0 50.32 45.97 970 59.1

As demonstrated quantitatively in Table 6.2, the CuO-Hz0 nanofluid consistently achieved the
highest total heat gain and overall efficiency across all airflow rates, reaching a peak of 970 W and
59.1% efficiency at 0.1 kg/s, highlighting its enhanced heat transfer capability.

6.4. The Impact of Liquid flow on The Exit Temperatures of DPSTC

After completing the fifteen intricate simulation processes, which focused on varying air flow rates,
it became clear that optimal performance was observed at the highest flow rate utilized in the study,
specifically 0.1 kg/s. As vividly depicted in the earlier figures, this optimal flow rate not only fostered
maximum efficiency but also elevated the outlet liquid temperature to its peak and harnessed the
greatest useful energy. This elevated performance uniquely distinguished it from all other tested rates.
Building upon these exciting findings, a series of an additional fifteen simulations explored the
fascinating dynamics of the same liquids: water, CuO-H,0O, and MWCNT-H2O. The liquid flow rate
varied systematically from 0.02 kg/s to 0.1 kg/s while keeping other parameters constant and
maintaining the air flow rate at a constant 0.1 kg/s. Throughout this phase, a thorough analysis was
conducted on the effects on both the outlet air and liquid temperatures, the useful heat gain, and overall
efficiency.
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Figure 6.6 illustrates the relationship between outlet air temperature and various liquid flow rates.
As the liquid flow rate increases, the outlet air temperature decreases. Specifically, the temperature
reduction is approximately 0.5 °C when water is used, whereas it reaches around 1.5 °C with
nanofluids. This reduction can be attributed to the fact that higher flow rate values lead to a shorter
heating duration for the liquid as it traverses through the risers. Consequently, this negatively impacts
the outlet air temperature, particularly given the already high airflow. This prevents adequate heating
of the air due to the high fluid velocity.
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Figure 6.6. Variation of exit air temperature with liquid flow rate for various HTLs.

The relationship between outlet liquid temperature and liquid mass flow is shown in Figure 6.7. As
anticipated, the outlet liquid temperature decreases as the liquid mass flow increases. Specifically,
when the liquid mass flow rate increases from 0.02 kg/s to 0.1 kg/s, the outlet water temperature
decreases by approximately 2.5°C. In comparison, the temperature drop for nanofluids over the same
flow range is around 6 °C. The increased flow rate shortens the duration of heat exchange between
the fluids, resulting in reduced heat transfer and, consequently, a lower outlet temperature. Overall,
for all tested liquids, the outlet liquid temperature remains higher than the inlet temperature. For both
CuO-H>0 and MWCNT-H>0 nanofluids at a flow rate of 0.02 kg/s, the outlet temperature increases
by about 10 °C, representing a 25% rise over the inlet temperature. In comparison, the temperature
increase for water is only 5 °C, corresponding to a 12.5% increase at the same flow rate.
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Figure 6.7. The effect of liquid flow rate on the exit liquid temperature for various HTLs.

6.5. The Impact of Liquid flow on The Performance of DPSTC

Displaying the temperature contour of the two nanofluids may not provide meaningful insights, as
their temperature distributions are identical. Consequently, readers would be unable to differentiate
between the contours of the two liquids. Instead, it would be more advantageous to illustrate the useful
heat collected from both the air and liquid components of the collector, as well as the associated
thermal efficiency. These aspects are depicted in Figures 6.8 and 6.9, respectively.
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Figure 6.8. Impact of liquid flow rate on total useful heat gain for various HTLs.

At elevated mass flow rates, the fluid exhibits an increased velocity, resulting in a reduced dwell
time within the collector. Consequently, the increment in temperature is minimized. Nevertheless, the
increased mass being heated per unit of time leads to an increase in the total energy transferred.
Furthermore, this condition also mitigates thermal losses attributable to a lower average fluid
temperature, thereby enhancing the efficiency of the collector system.

55



CHAPTER 6

—3— Water

CuO (0.5%) - & - MWCNT (0.5%)

N

[y

o
oo

Energy efficiency
<) o
B (=]

o
[N

o

0.02 0.04 0.06 0.08 0.1
Liquid mass flow rate (kg/s)

Figure 6.9. Impact of liquid flow rate on total energy efficiency for various HTLs.

In Figure 6.9 the efficiency of the DPSTC is improved when using certain liquids and increasing
the liquid flow rates. Notably, when water is used as the circulating liquid, the efficiency increases
from 37% to 70% as the flow rate rises from 0.02 kg/s to 0.1 kg/s. Additionally, the use of both
nanofluids boosts the overall efficiency of the DPSTC. At a flow rate of 0.02 kg/s, both nanofluids
demonstrate an enhancement of approximately 59%. At a flow rate of 0.1 kg/s, the CuO-H>O
nanofluid achieves an efficiency of 97%, while the MWCNT-H20 nanofluid reaches an efficiency of
95%. This indicates the superiority of CuO over MWCNT.

Table 6.3 presents a detailed quantitative analysis of the outcomes from the second phase of
simulations. It contrasts the performance of water, MWCNT-H:0, and CuO-H-O at a steady airflow
rate of 0.1 kg/s, while the liquid flow rate was gradually raised from 0.02 kg/s to 0.1 kg/s.

Table 6.3. Key performance metrics for base fluid and nanofluids at constant air flow rate (0.1 kg/s) and
varying liquid flow rates.

- s oA Total
Liquid . Exit Liquid Exit Air Total Heat .
Flow Rate Fluid Temp. (°C) Temp. (°C) Gain (W) Effzg;oe)ncy
0.02 kg/s Water 45.15 46.63 610.65 37.2
(lowest 0.5% MWCNT-
liquid LO 50.32 45.93 966 58.8
flow) 0.5% CuO-H:20 50.32 45.97 970.16 59.11
0.1 ke/s Water 42.9 45.97 1152 70.2
. o )
(highest ~0.5% MWCNT 43.87 445 1563.2 95.2
liquid H-0
flow) 0.5% CuO-H:0 43.93 44.5 1592 97
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The data presented in Table 6.3 clearly demonstrate that increasing the liquid flow rate is essential
for maximizing system efficiency. The advantages of the CuO-H2O nanofluid become particularly
evident at the highest flow rate of 0.1 kg/s, where it achieves an overall efficiency of 97% and a total
heat gain of 1592 W. This marks a significant improvement compared to water, which reaches a
maximum efficiency of 70.2% and a heat gain of 1152 W under the same conditions.

As a summary, | highlighted the significant benefits of employing nanofluids, specifically CuO-
H>O at a concentration of 0.5%, in enhancing the thermal performance, heat gain, and overall system
efficiency of DPSTC, thereby suggesting a significant advancement over traditional water-based
systems. The superior thermal conductivity and heat capacity of CuO nanofluid were pivotal in
achieving these improvements. It was conclusively shown that the DPSTC, operating under conditions
of an air flow rate of 0.1 kg/s and a liquid flow rate of 0.1 kg/s, achieved optimal performance,
especially with the application of nanofluids.

In the next chapter, we further analyzed the same DPSTC presented in Chapter 5 using different
hybrid nanofluids. Additionally, the previous simulations were repeated and combined with new
results to support an environmental assessment.
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7. ENERGY, ECONOMIC, AND ECOLOGICAL ASPECTS OF A DUAL-PURPOSE SOLAR
COLLECTOR USING VARIOUS LIQUIDS

In this chapter, I divided the study into two parts. In the first part, I investigated the performance
of DPSTC numerically using three different kinds of hybrid nanofluids: 1%vol MWCNT-CuO/H;0,
1%vol SWCNT-CuO/H>0, and 0.1%vol ZrO-SiC/H>O. This investigation builds upon previous
numerical studies reported in [107] and [54], in which I examined various working fluids, including
water, Therminol, Dowtherm, and mono nanofluids, specifically 0.5%vol CuO-H>O and 0.5%vol
MWCNT-H20 within the DPSTC. The novelty of the present work lies in the application of HNFs,
particularly the ZrO-SiC/H>O nanofluid in DPSTC, a topic that, to the best of my knowledge, has not
been explored before. No prior studies have investigated the use of HNFs in DPSTC, making the
application of ZrO-SiC/H20O uniquely significant. Only one publication has addressed this liquid
concerning its impact on solar water collector performance, which motivates me to further explore its
potential. In the second part of this chapter, I evaluated all the numerical results obtained in the first
part related to the HNFs, in conjunction with previous simulations presented in Chapters 5 and 6,
through an environmental assessment. I analyzed the savings in coal, gas, and electricity, along with
their corresponding carbon dioxide emissions. Furthermore, I explored the size reduction, pressure
drop, and pumping power of the DPSTC while applying various liquids. These aspects have not
previously received attention in the field of DPSTC [110].

7.1.  Thermophysical Properties of HNFs

The calculation of the thermophysical properties of the hybrid nanofluid needs to predetermine the
total volume fraction (@) which is determined as [111]:

thf = (anl + Q)npz , (7.1)

The following theoretical equations are employed to evaluate the density (ppns), specific heat
Cp, nnr), thermal conductivity (ky,, r), and dynamic viscosity (py, ) of the HNF [74]:
p.hnf f f

Phny = Q)nplpnpl + (Z)npzpnpz +(1- Q))pbf ) (7.2)
_ Pnp1Pnp1Cpnp1+Pnp20np2Cpnp2+(1-07)pprCpps
Cp,hnf - Phnf y (7.3)
= tor (75 04
.uhnf .ubf (1_(2)%.5) » . )
[0 k +0 k
k _ npi Tlpl(DT np2inp2 + Zkbf+2((anlknp1+¢np2knp2)_2¢kaf (7 5)
hnf — ¢ k +0 k s .
np1 np1®T np2knpz | Zkbf—z(Qnmknp1+¢np2knp2)+2¢kaf
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here, the subscripts 1 and 2 indicate nanoparticle types; superscripts hnf, np and bf indicate hybrid
nanofluid, nanoparticle and base fluid.

In line with the methodology outlined in Chapter 6 for mono-nanofluids, the specific particle sizes
and stability characteristics of the hybrid nanoparticles were not defined as direct inputs for the model.
The numerical model relies on effective bulk thermophysical properties, which are derived from
established correlations. This approach assumes a uniform and stable dispersion of nanoparticles
within the base fluid. Table 7.1 presents the properties of the HNFs used in the current simulation,
which serve as inputs for the ANSYS setup.

Table 7.1. Thermophysical properties of the various HNFs used in the simulation.

Physical properties = ZrO2- SiC [74]  MWCNT- CuO [72] SWCNT- CuO [72]

p (kg/m®) 1002.554 1003.132 1013.129
k (W/(m. K)) 0.785 0.6164 0.6164
C, (J/(kg. K)) 4163.2 4127.99 4085.58

i (mPa-s) 0.00165 0.00105 0.00105

7.2.  Numerical Investigation Using HNFs

In this section of the study, ANSYS Fluent simulation has been utilized to analyze the DPSTC. A
comprehensive description of this collector, including geometry modeling, meshing, setup processes,
and validation has been presented in detail Chapter 2. During the simulation, the fluid flow regime is
assumed to be laminar. The solar radiation kept at 900 W/m?, with constant inlet temperatures for both
air and liquid at 45°C and 40°C, respectively. Previous investigation concluded that the collector's
performance metrics improve significantly at a high air flow rate of 0.1 kg/s. In light of this finding
and to avoid prolonging the simulation duration, the current simulation is conducted at a fixed air flow
rate of 0.1 kg/s, while varying the liquid flow rates from 0.02 to 0.1 kg/s.

The variation of the exit liquid temperatures and total heat gain of the DPSTC with the liquid mass
flow for various tested liquids is shown in Figures 7.1 and 7.2. It is logical that increasing the mass
flow rate lowers the outlet temperature due to reduced time for heat transfer. Interestingly, the highest
outlet temperature occurs at a flow rate of 0.02 kg/s, while the lowest occurs at 0.1 kg/s. When using
SWCNT-CuO/H20, the exit temperature reaches a maximum of 50.38 °C, compared to approximately
45 °C for other liquids, including water (see Figure 7.1). The temperature drop observed with
SWCNT-CuO/H20 is 6.5°C, whereas for other liquids, it is only 2.8°C.
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Figure 7.1. The variation of the exit liquid temperature of DPSTC with liquid flow rate.

The total heat gain of the DPSTC, as a function of liquid mass flow rate, is illustrated in Figure
7.2. It is evident that higher liquid flow rates result in higher heat gain, as the increased liquid velocity
improves convective heat transfer and overall heat exchange process. The SWCNT-CuO/H>O
exhibited the highest heat gain values of 1587.9 W followed by ZrO-SiC/H»0 at 1182 W, MWCNT-
CuO/H20 at 1166.3 W, and finally by water at 1152 W. Notably, SWCNT-CuO/H20 showed a 37.8%
improvement in heat gain compared to water.
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Figure 7.2. The variation of total heat gain of the DPSTC with liquid flow rate.

According to the prior numerical studies [54] and [107], it has been determined that the utilization
of Therminol, Dowtherm, and CuO-H>O liquids can significantly improve the overall performance of
the DPSTC. Consequently, these HTFs are currently undergoing further examination at varying liquid
flow rates to optimize their performance. The outcomes of this test are depicted in Figure 7.3, which
illustrates the total heat gain.
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Figure 7.3. Variation of heat gain of DPSTC with various working liquids at different liquid flow rates.

The highest heat gain of the DPSTC is achieved when utilizing both Therminol and Dowtherm.
The maximum recorded values are 2962.2 W for Therminol and 2812.1 W for Dowtherm, representing
remarkable improvements of 157% and 144%, respectively, compared to using water. Additionally,
when compared to CuO-H>O and SWCNT-CuO/H20O, which produce nearly identical results, the
enhancements reflect increases of 86.5% for Therminol and 77% for Dowtherm. This superiority is

attributed to the advantageous thermal properties of oil-based liquids in contrast to nanofluids and
hybrid nanofluids.

7.3.  DPSTC Size Reduction
The percentage reduction in the DPSTC area for various working liquids is illustrated in Figure
7.4, focusing on the best-performing types: Therminol, Dowtherm, CuO-H,O, and SWCNT-

CuO/H20. These liquids demonstrate improved thermal performance, necessitating less area to
achieve the same thermal output.
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Figure 7.4. Reduction in DPSTC area for various working liquids under varying flow rates.
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The decrease in the collector area signifies improved thermal performance, as a more effective heat
transfer medium requires less space for equivalent thermal results. Therminol shows the greatest
reduction in the DPSTC area, increasing from about 57% at 0.02 kg/s to over 60% at 0.1 kg/s, with
Dowtherm closely trailing behind. These findings underscore the strong performance of synthetic oils
at elevated mass flow rates.

In contrast, nanofluids present less favorable reductions, specifically, SWCNT-CuO experiences
the smallest reduction in DPSTC area, around 27% at 0.1 kg/s, while CuO achieves modest
improvements (35% to 40%) beyond a flow rate of 0.06 kg/s. Notably, SWCNT-CuO exhibits a
decrease in area reduction with increasing flow rates, likely due to viscosity or nanoparticle dispersion
issues that offset thermal conductivity benefits.

7.4.  Fossil Fuel and Electricity Consumption with Associated CO: Emissions

If a coal- fired boiler is assumed to be used to produce an equivalent useful heat gain as achieved
applying Therminol, Dowtherm, CuO-H>O, and SWCNT-CuO/H>O liquids in the DPSTC, the
potential savings in coal mass, the corresponding reduction in CO; emissions, and yearly CO> cost
savings are shown in Figures 7.5.
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Figure 7.5. (a) Saved coal, (b) CO: emissions, and (c) annual CO:2 cost savings when using DPSTC with
different liquids instead of a coal- fired boiler at various liquid flow rates.
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The data presented in Figure 7.5a indicates that the coal savings increase with higher flow rates
due to enhanced heat transfer. Applying nanofluids and oils significantly reduces coal consumption
compared to other liquids. At a flow rate of 0.1 kg/s, Therminol achieves the highest coal savings,
totaling 0.67 kg, closely followed by Dowtherm, which saves over 0.62 kg. In contrast, CuO/H-O and
SWCNT-CuO/H:0 can save around 0.36 kg. Water, on the other hand, shows the lowest coal savings,
highlighting its inferior efficiency relative to other liquids.

Figure 7.5b depicts the CO: emissions savings achieved by various working fluids as the liquid
flow rate varies. Therminol and Dowtherm achieve the highest savings, about 1.8 kg and 1.7 kg at a
flow rate of 0.1 kg/s, significantly surpassing nanofluids, which save 0.91 kg, and water at 0.68 kg.
Notably, water exhibits the lowest CO: savings, a result of its limited thermal capacity and lower heat
transfer efficiency.

Figure 7.5¢ shows the annual CO: cost savings from coal consumption. At a liquid flow rate of 0.1
kg/s, Therminol and Dowtherm provide the highest annual savings, reaching 45.9$ and 43.58,
respectively. In comparison, both SWCNT-CuO/H20 and CuO/H:20 achieve maximum savings of
24.6%. On the other hand, water has the lowest annual CO- cost savings of 17.8§.

The gas savings and CO> emissions resulting from various liquids utilized in DPSTC, when
compared to gas-fired boilers are shown in Figures 7.6a and b. All liquids demonstrated increased gas
savings at higher flow rates, which subsequently led to greater reductions in CO; emissions, as these
emissions are directly related to fossil fuel consumption.
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Figures. 7.6. (a) Saved gas, (b) CO2 emissions, and (c¢) annual CO:2 cost savings when using DPSTC with
different liquids instead of a gas- fired boiler at various liquid flow rates.
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In Figure 7.6a, Therminol and Dowtherm achieved the highest gas savings of about 0.20 m? at 0.1
kg/s. SWCNT-CuO and CuO nanofluids performed moderately, outperforming water but still falling
short of the performance of thermal oils. Water exhibited the lowest gas savings due to its reduced
heat transfer efficiency. A similar trend can be observed in Figure 7.6b,where Therminol and
Dowtherm attained the greatest CO» reductions, arround 0.29 kg at a flow rate of 0.1 kg/s, whereas
water consistently showed the least emissions reduction. The maximum annual savings of CO:
emissions recorded at 7.5$ for Therminol, 7$ for Dowtherm, 4$ for both SWCNT-CuO and CuO
nanofluids, and 3$ for water (see Figure 7.6¢). It is attributed to the fact that burning gas has the lowest
environmental impact, as it produces fewer CO, emissions.

The energy savings achieved by using various liquids in DPSTC, as compared to electric boilers,
along with their associated CO; emissions, are shown in Figure 7.7a and b. Higher liquid flow results
in increased energy savings and reduced CO> emissions. Figure 7.7a shows that Therminol and
Dowtherm provide the greatest energy savings, up to 3.65 kWh and 3.5 kWh respectively, which
correlates to CO: reductions of nearly 1.7 kg at a flow rate of 0.1 kg/s (see Figure 7.7b). SWCNT-
CuO and CuO nanofluids show moderate savings, surpassing water but lagging behind thermal oils.
Water yields the lowest savings, not exceeding 1.5 kWh even at maximum flow rates. Accordingly,
the maximum annual savings of CO; emissions were 44.5$ for Therminol, 42.2§ for Dowtherm, 23.8$%
for both SWCNT-CuO and CuO nanofluids, and 17.3$ for water (see Figure 7.7¢).
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Figure 7.7. (a) Saved power, (b) CO: emissions, and (c¢) annual CO2 cost savings when using DPSTC with
different liquids instead of electric boiler at various liquid flow rates.
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7.5. Pressure Drop and Pumping Power

The relationship between pressure drop and pumping power as functions of increasing mass flow
rate is depicted in Figure 7.8. Pumping power is directly proportional to the mass flow rate. As
anticipated, the pressure drop consistently rises with the mass flow rate for all liquids, primarily due
to the increased flow velocity, which heightens the frictional resistance within the flow channel.
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Figure 7.8. The variation of pressure drop (solid line) and pumping power (dotted line) with liquid flow rate.

Notably, CuO nanofluid exhibits lower pumping power and pressure drop than other liquids due to
its relatively lower viscosity. In contrast, Therminol demonstrates the highest pressure drop and
pumping power, followed by Dowtherm, owing to its greater viscosity and density. This results in
increased friction, which may lead to higher operational costs due to the elevated pressure drop and
pumping power, which are critical considerations in system design. CuO, Dowtherm, and SWCNT-
CuO strike a balance with moderate pressure drops and pumping power, potentially enhancing thermal
performance.

As a summary, I concluded that SWCNT-CuO/H2O liquid significantly improves the overall
thermal performance of the DPSTC when compared to MWCNT-CuO/H>0 and ZrO-SiC/H>0O liquids.
The improvement in exit liquid temperature and total heat gain are recorded at 11.5% and 38%,
respectively. This indicates that this particular HNF can be effectively applied in DPSTC applications.

I revealed that both Therminol and Dowtherm significantly outperformed CuO/H>0, SWCNT-
CuO/H20, and water. Additionally, a considerable reduction in DPSTC area was observed: up to 61%
for Therminol, 59% for Dowtherm, 41.7% for CuO/H-0, and 37% for SWCNT-CuO/H-0, all relative
to water.

The maximum potential savings in coal, gas, and electricity from the use of coal-fired, gas, and
electric boilers are as follows: Therminol achieves savings of 0.67 kg, 0.20 m?, and 3.7 kWh,
Dowtherm offers 0.62 kg, 0.18m?, and 3.5 kWh, both CuO/H,0 and SWCNT-CuO/H>0 yield 0.36
kg, 0.1m? and 1.98 kWh, and water results in 0.25 kg, 0.07m?, and 1.4 kWh. Additionally, the
associated CO; emissions (in kg) linked to these savings have also been computed. I concluded that
DPSTC has a lower environmental impact compared to other STs. However, pumping power is a
critical operating factor that can adversely influence performance. The findings indicate that
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Therminol requires the highest pumping power at 0.3 W, while both Dowtherm and SWCNT-
CuO/H;O0 require approximately 0.2 W, with CuO requiring the least power at 0.03 W. To minimize
hydraulic losses while still obtaining potential thermal benefits, it is advisable to maintain a low liquid
flow rate for all liquid types.

After conducting a thorough analysis of the thermal performance (Section 7.2), the implications of
system design (Sections 7.3 and 7.5), and the associated environmental and economic advantages
(Section 7.4) of various advanced heat transfer fluids, it is now important to integrate these insights
into a single, cohesive framework.

Table 7.2 provides a definitive comparison of all leading fluids, water, thermal oils, mono-
nanofluids, and hybrid nanofluids. It compares their performance metrics at two critical operational
conditions: a low liquid flow rate (0.02 kg/s) and a high liquid flow rate (0.1 kg/s), both at a constant
high air flow rate of 0.1 kg/s. This detailed summary facilitates a direct evaluation of the important
trade-offs between optimizing thermal efficiency, reducing system size and pumping power, and
achieving significant environmental and economic benefits. It acts as the final synthesis of this study,
offering the essential information needed to identify the most suitable fluid for specific application
objectives.

Table 7.2. Comprehensive comparison of thermal performance, system design, and environmental impact for
all tested fluids at low (0.02 kg/s ) and high (0.1 kg/s ) liquid flow rates.

Performance Metric Working Fluid (Type) at low liquid flow at high liquid flow

rate (0.02 kg/s ) rate (0.1 kg/s )
THERMAL
PERFORMANCE
Water (Base Fluid) 45.15 42.5
Therminol 51.54 46.33
Exit Liquid Temp. (°C) Dowtherm 51.17 46
0.5% CuO-H20 50.32 43.93
1% SWCNT-CuO/H20 50.38 43.92
Water (Base Fluid) 610.65 1152
Therminol 1415.3 2962.2
Total US"?{,‘V)Heat Gain Dowtherm 1355.2 2812.1
0.5% CuO-H20 970.1 1592
1% SWCNT-CuO/H20 975 1587.9
SYSTEM DESIGN and
HYDRAULICS
Water (Base Fluid) Baseline Baseline
gggﬁﬁ:i’(}rﬂ“(ﬁz Therminol 56.8 61.1
Dowtherm 55 59
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0.5% CuO-H=0
1% SWCNT-CuO/H:0
Water (Base Fluid)
Therminol
Pressure Drop (Pa) Dowtherm
0.5% CuO-H=0
1% SWCNT-CuO/H:0
Water (Base Fluid)
Therminol
Pumping Power (W) Dowtherm
0.5% CuO-H=0
1% SWCNT-CuO/H:0

ENVIRONMENTAL
and ECONOMIC
IMPACT
Water (Base Fluid)
Therminol
Saved
Coal Dowtherm
k
(kg) 0.5% CuO-H0
o 1% SWCNT-CuO/H20
D
g Water (Base Fluid)
g CO» Therminol
e Emissions Dowtherm
= Reduced
= (kg) 0.5% CuO-H:0
2,
E 1% SWCNT-CuO/H20
© Water (Base Fluid)
Annual Therminol
C(.)St Dowtherm
Savings
(%) 0.5% CuO-H20

1% SWCNT-CuO/H20

RN Water (Base Fluid)
g S o s 3 GSaved3
o= g Gas (m?) Therminol

37.7
37.3
Baseline
601.7
462.75
414
423.5
Baseline
0.0115
0.01
0.0013
0.008

0.135
0.313
0.3
0.215
0.216
0.362
0.84
0.804
0.576
0.579
9.46
22
21
15
15.11
0.04
0.094

37
27.4
Baseline
3019.1
2175.3
1944.6
2019.2
Baseline
0.288
0.212
0.032
0.1993

0.255
0.656
0.623
0.352
0.352
0.684
1.76
1.67
0.945
0.943
17.85
46
43.5
24.67
24.61
0.076
0.19
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Dowtherm 0.09 0.187
0.5% CuO-H:0 0.064 0.106
1% SWCNT-CuO/H20 0.065 0.106
Water (Base Fluid) 0.06 0.113
CO: Therminol 0.138 0.29
Emissions
Reduced Dowtherm 0.132 0.275
k
(ke) 0.5% CuO-H:0 0.095 0.156
1% SWCNT-CuO/H0 0.0955 0.155
Water (Base Fluid) 1.56 2.95
annual Therminol 3.62 7.58
Cost Dowtherm 3.46 72
Savings
(%) 0.5% CuO-H20 2.48 4.07
1% SWCNT-CuO/H-O 2.49 4.06
Water (Base Fluid) 0.76 1.44
Saved Therminol 1.77 3.7
Power Dowtherm 1.7 3.51
kWh
( ) 0.5% CuO-H0 1.21 2
E.a 1% SWCNT-CuO/H-0 1.22 2
r=§ Water (Base Fluid) 0.351 0.66
£ CO» Therminol 0.813 1.7
[P} . .
= Emissions
=
> Reduced Dowtherm 0.78 1.61
g5 (kg) 0.5% CuO-H0 0.557 0.915
St
é- 1% SWCNT-CuO/H-O 0.56 0.913
S Water (Base Fluid) 9.16 17.3
Annual Therminol 21.2 44.46
Cost
. Dowtherm 20.34 42.2
Savings
3 0.5% CuO-H:20 14.56 23.9
1% SWCNT-CuO/H20 14.63 238
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8. THESES — NEW SCIENTIFIC RESULTS

T1.1 modeled the DPSTC as a parallel flow heat exchanger and developed a mathematical
framework based on the e-NTU method, applying the effectiveness equation specific to such
exchangers. This novel approach, not previously used for DPSTCs, is justified by the
collector’s dual-channel structure. A MATLAB simulation was developed using
meteorological data, and results were validated against experimental studies using RPE and
ARPE metrics, confirming the model’s accuracy and reduced computational complexity [P1].

T2.1 developed three mathematical approaches to analyze the DPSTC. To implement these
approaches, I created three MATLAB codes: C1, C2, and C3. Code C1 uses the (e- NTU)
method, C2 employs the heat removal term, and C3 uses the effectiveness term for a parallel
flow heat exchanger. Each code underwent mathematical modeling, simulations, and
experimental validation, showing good alignment with experimental data. I calculated the Root
Mean Square Error (RMSE) and Mean Absolute Error (MAE) for each code, and found that
C3 outperformed the other models with the lowest error values. As a result, C3 accurately
predicts water and air outlet temperatures and the thermal performance of the DPSTC,
significantly contributing to future research in this field [P2].

T3.1 investigated the influence of various heat transfer fluids on the thermal behavior of DPSTC
using ANSYS Fluent. I noted a considerable gap in the existing literature regarding
Computational Fluid Dynamics (CFD) studies related to this type of collector, which I
identified as a noteworthy innovation in my work. I evaluated three distinct working fluids:
water, Therminol VP-1, and Dowtherm A. The examination of oil-based fluids, alongside
conventional water, is particularly pertinent as water becomes ineffective in extreme
temperatures. Additionally, the lack of research investigating these alternative fluids in DPSTC
systems further underscores the originality of my study. My findings indicate that using
Therminol and Dowtherm can considerably improve the overall thermal performance of the
DPSTC. Therminol and Dowtherm achieve higher temperatures for the absorber plate, outlet
air, and liquid [P3].

T4.1 analyzed the performance of DPSTC using CFD simulations in ANSYS Fluent, employing
nanofluids CuO-H>O and MWCNT-H;O at a 0.5% volume concentration. These nanofluids
were selected based on a literature review highlighting their enhanced thermal performance in
solar collectors. I compared their effectiveness to that of water, marking the novelty of this
research as no prior studies have focused on these nanofluids in DPSTCs. The investigation
included two phases: the first varied air flow rates while keeping other parameters constant,
and the second varied liquid flow rates. I evaluated the impact of nanofluids on outlet
temperatures, heat gains, and overall thermal efficiency. Additionally, I developed a MATLAB
program to calculate the thermophysical properties of the nanofluids, allowing for seamless
integration into the ANSY'S simulation [P4].

T5.1 investigated the performance of the DPSTC numerically using ANSYS Fluent, employing
three different types of hybrid nanofluids: 1% vol MWCNT-CuO/H20, 1% vol SWCNT-
CuO/H>0, and 0.1% vol ZrO-SiC/H>O. To date, there have been no previous studies
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examining the use of hybrid nanofluids (HNFs) in DPSTC, making this application a novel
contribution to the field. My findings indicate that the SWCNT-CuO/H>O fluid significantly
enhances the overall thermal performance of the DPSTC in comparison to MWCNT-CuO/H,O
and ZrO-SiC/H20. This suggests that the SWCNT-CuO/H20 nanofluid can be effectively
utilized in DPSTC applications [P5].

T6.1 evaluated the numerical results obtained in TS5 which are related to the HNFs, alongside
previous simulation results presented in T4 and T3, through an environmental assessment. My
analysis focused on the savings in coal, gas, and electricity, as well as the corresponding carbon
dioxide emissions. Additionally, I investigated the size reduction, pressure drop, and pumping
power of the DPSTC while using various liquids. These factors have not been previously
addressed in the field of DPSTC, making this analysis a novel contribution to this field. I found
that both Therminol and Dowtherm significantly outperform other liquids, leading to a
considerable reduction in the DPSTC area. Moreover, these two fluids provide the maximum
potential savings in coal, gas, and electricity compared to other liquids. However, the findings
also indicate that Therminol requires the highest pumping power, followed by Dowtherm and
SWCNT-CuO/H:0, while CuO requires the least power. To minimize hydraulic losses while
still achieving potential thermal benefits, it is advisable to maintain a low liquid flow rate for
all liquid types [P5].
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