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Abstract

New Zealand primary schools often fail to meet the World Health Organization (WHO) and
American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE)
standards for winter ventilation and temperature. Poor indoor air quality affects health, well-
being, and learning, highlighting the need for better ventilation. Furthermore, strict energy caps
in schools make affordable heating and ventilation solutions essential. Since school hours
largely coincide with peak solar radiation, solar energy presents a cost-effective pathway to
address these challenges.

Solar air heaters (SAHs) have the potential to provide space heating and ventilation
simultaneously. However, their application is limited by low thermal efficiency, primarily due
to internal and external heat losses. The central research question of this study is: how can the
performance of SAHs be optimised to provide effective, low-cost heating and ventilation for
New Zealand classrooms?

To address this question, three optimisation strategies were explored at Massey University in
2023. The first examined operational adjustments to a finned-tube SAH with corrugated fins
(FT-SAH) under different fan speeds and seasons. The second experiment tested the finned tube
SAH with fin inserts (treatment) and without fin inserts (control) to investigate the effect of fin
inserts on its thermal performance. The third investigated material optimisation using
nanocoated absorber tubes. These approaches collectively aimed to identify pathways for
improving SAH performance for classroom heating and ventilation.

The first experiment tested a novel FT-SAH under New Zealand climatic conditions: Case
Study 1 at 100% fan speed in winter, and Case Study 2 at 50% fan speed in spring. Results
showed a trade-off between airflow, temperature gain, and thermal efficiency. At higher fan
speeds (Case Study 1), the system achieved higher mass flow rates, with daily averages ranging
from 0.054 to 0.059 kg/s (mean: 0.056 kg/s), and ventilation capacity ranging from 164.2 to
175.3 m*h (mean: 172.4 m*/h). However, this resulted in only moderate outlet temperatures
(17.3-49.3 °C, mean: 29.4 °C), lower temperature rise (AT) values (6.0-32.6 'C, mean: 15.9 °C),
and decreased thermal efficiency (38.6-83.8%, mean: 69.6%). In contrast, under lower fan
speeds (Case Study 2), the FT-SAH produced higher outlet temperatures (24.4-59.0 ‘C, mean:
39.9 °C) and greater AT values (10.2-41.3 °C, mean: 24.1 "C). However, this was accompanied
by reduced airflow (0.022—-0.025 kg/s, mean: 0.024 kg/s), lower ventilation (69.9—77.0 m*/h,
mean: 74.8 m?/h), and decreased thermal efficiency (23.8-34.7%, mean: 29.4%). These

findings highlight that high fan speeds favour ventilation, while low fan speeds enhance



heating. However, in both cases, the FT-SAH alone did not meet the minimum ventilation rates
recommended by the New Zealand Ministry of Education (MOE). Future work should focus
on optimising FT-SAH operation to balance ventilation and heating, particularly by increasing
the volume of warm air supplied while maintaining outlet air temperatures near 18.0 °C to
support classroom comfort.

In the second experiment, the FT-SAH was tested under two configurations: tubes with
corrugated fins (treatment) and tubes without fins (control). At high fan speed (rh = 0.07 kg/s),
the treatment achieved higher outlet temperatures of 25.4 “C compared to 22.3 °C for the control,
along with a larger temperature rise of 7.0 ‘C compared to 4.4 ‘C, and a greater efficiency of
72.6% compared to 44.5%. At a low fan speed (m = 0.04 kg/s), the treatment again
outperformed the control, reaching outlet temperatures of 29.4 ‘C, a temperature rise of 10.4
°C, and an efficiency of 57.0%, compared to 25.3 °C, 6.3 °C, and 33.4%, respectively. These
results demonstrate that the addition of corrugated fins substantially enhanced heat transfer and
overall thermal efficiency under both operating conditions, confirming the effectiveness of the
modified finned-tube design for classroom heating and ventilation applications.

The third experiment investigated nanocoated absorber tubes using aluminium oxide (Al2Os)
and copper oxide (CuO) in black paint. A 4% AlLOs/black paint coating with fin inserts
improved thermal efficiency by 37.5% compared to the control and increased outlet air
temperatures by up to 16.4 “C. Although these tubes were tested without a cover, insulation, or
frame, the results demonstrated the potential of nanocoating to improve performance further.
Tubes integrated into a box (SAH) must be investigated for thermal performance.

Overall, the study shows that while a single FT-SAH unit cannot independently achieve the
required classroom ventilation rates, performance optimization through fin design and
nanocoating can substantially improve thermal output. For practical classroom application,
multiple SAH units, integrated with insulation and proper casing, would be required to meet

both heating and ventilation demands.
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PCM Phase change material

PTC Parabolic trough collectors
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SARS-CoV Severe acute respiratory syndrome coronavirus
TES Thermal energy storage

TSAH Tube-type solar air heater
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NIWA National Institute of Water and Atmospheric Research
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Glossary

Fin

A fin is an extended surface attached to a heat exchanger to increase its

surface area and enhance heat transfer.

Heat Transfer

Heat transfer is the movement of thermal energy from one object or

substance to another.

A hybrid nanofluid contains two or more different types of nanoparticles

suspended in a base fluid, such as water, ethylene glycol, or oil. A hybrid

Hybrid Nanofluid
nanofluid aims to influence the unique properties of each nanoparticle to
achieve superior thermal performance and heat transfer capabilities.

Indoor Air Indoor air quality refers to the quality of the air inside buildings and

Environment structures, particularly concerning the health and comfort of occupants.
Nanofluid is a fluid containing metallic particles with an average particle
size of 10.0 nanometres (nanoparticles) uniformly and stably suspended

Nanofluid in a base fluid such as water, oil, or ethylene glycol. The primary goal
of adding nanoparticles to a fluid is to enhance its thermal properties,
particularly its heat transfer capabilities.

Overall Efficiency The ratio of useful energy output to the total energy input in a system

expressed as a percentage.

Solar Air Heaters

Solar air heaters use solar energy to heat air, typically for space heating

or drying.

Specific heat is the amount of heat energy required to raise the

Specific Heat temperature of a unit mass of a substance by one degree Celsius (or
Kelvin)
Temperature The difference in temperature between air entering and exiting a solar air
Difference heater
Ventilation is supplying fresh air to an indoor space and removing stale
Ventilation

air, typically to control temperature, humidity, and air quality.

Ventilation Rate

The ventilation rate is the air (measured in cubic meters per second or
cubic feet per minute) introduced into or removed from a space over a
certain period. Higher ventilation rates typically improve air quality but

may increase energy usage.
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1. Introduction

Around 90% of New Zealand classrooms are naturally ventilated through opening windows
(MclIntosh, 2011a). Studies showed that only 40.0% of teachers opened the windows during
teaching times (N. Z. Ministry of Education, 2014). Conventional mechanical ventilation
systems have a high capital cost and need maintenance (Cutler-Welsh, 2006a). Introducing
mechanical or mixed systems will add to the school's expenses (M. Ministry of Education,
2014). This means an alternative, affordable method is required to provide sufficient winter
ventilation in the classroom. The school hours (9 a.m. to 3 p.m.) closely align with the optimal
solar radiation. Therefore, schools are an ideal environment for harnessing solar energy.

In December 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spread
rapidly, raising global public health concerns. SARS-CoV-2 (Covid-19) spreads through close
contact, contaminated surfaces, respiratory droplets, and fomites (Azuma et al., 2020). Students
are in close contact with one another for prolonged periods in classrooms and other activities.
Therefore, educational facilities pose a significant risk of infection in various environments
(Azuma et al., 2020; Lorenc et al., 2021). The researchers found that SARS-CoV-2 transmission
can be reduced by masking, frequent hand sanitizing, social distancing, improving ventilation,
avoiding air recirculation, implementing air filters and purifiers with existing ventilation
systems in closed spaces, and exposure to sunlight (Lorenc et al., 2021; Morawska et al., 2020;
Prevention, 2022). Research indicates that improved ventilation is important for mitigating the
effects of COVID-19, as discussed in Section 1.1 (Background).

Primary schools in New Zealand fail to maintain temperatures or ventilation levels that comply
with WHO and ASHRAE recommendations during the winter (Cutler-Welsh, 2006b;
Mclntosh, 2011a). Studies show that the classroom environment is vital to student health and
academic learning (Kabirikopaei et al., 2021; Sunyer et al., 2015; Wargocki et al., 2020).
Therefore, it is essential to provide the students with a healthy environment.

This PhD study aims to investigate changes in the thermal performance of solar air heater
(SAH) when fins are inserted (as a design modification) and when a nanofluid coating is
applied. Practical applications of SAH in school environments are investigated.

1.1 Background

It is well established that children are more vulnerable than adults to environmental conditions
(Wargocki & Wyon, 2007b). Therefore, providing the students with a healthy classroom

environment is necessary, as they spend the second most time in school.



Children have an underdeveloped immune system. They breathe a higher volume of air per
body mass than adults (Miller et al., 2002). Indoor air pollutants often trigger respiratory
illnesses (WHO, 2010). Australian and New Zealand research has confirmed that an increase
in hospital admissions (pneumonia and acute bronchitis in children aged less than four years
old, respiratory disorders in children less than 14 years old, and asthma in children between 5
and 14 years old) was linked to an unhealthy indoor environment, such as cold, damp, mouldy,
crowded, and exposed to smoke (Kulkarni & Grigg, 2008; McNamara et al., 2020). Research
conducted in schools showed that children from highly polluted schools had less cognitive
performance growth than those from less polluted schools (Kabirikopaei et al., 2021; Sunyer et
al., 2015; Wargocki et al., 2020). Therefore, it is essential to investigate the impact of indoor
air quality (IAQ) in classrooms on children's well-being.

Indoor temperature, humidity, and ventilation are associated with IAQ and deteriorate work and
cognitive performance. These three parameters must be studied together as they are
interdependent (Wolkoff et al., 2021).

Inadequate ventilation in elementary schools reduces the comfort, performance, and attendance
of the pupils and increases the occurrence of negative health symptoms (Bako Biro et al., 2012;
Daisey et al., 2003; Gaihre et al., 2014; Shaughnessy et al., 2006; Wargocki et al., 2020;
Wargocki & Wyon, 2007b). For instance, raising ventilation rates from 1.70 to 6.61 L/s per
person improved short-term attention and logical thinking (Petersen et al., 2016), while
increasing ventilation from 5.0 to 10.0 L/s per person enhanced students’ cognitive performance
(Wargocki & Wyon, 2007a). Similarly, classrooms in California reported better learning
outcomes in English and Mathematics when ventilation rates were increased (Mendell et al.,
2016). These findings highlight that good IAQ, particularly through adequate ventilation, is
essential for student health and learning.

NZ classrooms are high-density, with over 25,000 teaching spaces (MOE, 2022). Many NZ
classrooms are naturally ventilated by opening doors and windows. A study conducted in forty-
nine NZ primary schools found that only 15.0% to 40.0% of teachers open windows during
winter (Branz, 2019; Gully, 2015; Liaw, 2015). It is challenging to provide an acceptable IAQ
due to a combination of the high density of occupants and reliance on natural ventilation
(Almeida et al., 2016; Duarte et al., 2017; Jurelionis & Seduikyte, 2008; Luca et al., 2019). In
naturally ventilated classrooms and other areas, people are typically not motivated to open
windows during the winter. The SARS-CoV-2 pandemic has highlighted the importance of

ventilation in reducing viral and other pathogen transmission.



Ventilation creates air movement that helps in the dilution and distribution of tiny particles
(Nembhard et al., 2020). However, there is a common concern that lower external temperatures
during winter may affect thermal comfort in naturally ventilated classrooms. Fully opening
doors and windows in winter may not be convenient. However, adequate ventilation can be
achieved by partially opening the windows. Preheating classrooms in the morning and partially
opening the windows help ensure sufficient ventilation. Taking refresher breaks at different
times of the day by exiting the space with doors and windows open may clear the air and
maintain indoor temperatures. Recirculating air is not preferred, as it may recirculate the
contaminants (Alexis Sutherland et al., 2022). It can be concluded that natural ventilation can
help mitigate the challenges of COVID-19 transmission.

The carbon dioxide (CO2) level in the classroom or room can be used to estimate the ventilation
rate. The NZ Building Code compliance document G4 and the cited NZS 4303 (Standards New
Zealand, 1990) recommend a ventilation rate of 8 litres per second and per child in a classroom
(with an assumed maximum occupant density of 0.5 users/m?) to maintain a CO; level below
1000 ppm (MBIE, 2017). However, there is insufficient justification for using CO> as an
indicator of indoor air quality. The American Society of Heating, Refrigerating, and Air-
Conditioning Engineers (ASHRAE 62.1) has not included the CO; concentration limitation in
its standards. Although new research is being done to investigate the direct effects of indoor
CO; concentrations on human health, comfort, and performance (Persily, 2020).

The optimal temperature levels should be maintained between 18 C and 25 C during the winter
(Branz). A study found that cognitive and work performance were best at the temperature
between 22.0 C and 24.0 C. Cognitive and work performance decrease at higher or lower
temperatures. However, temperature values may vary between hot and cold regions. The
humidity should be between 40.0% and 60.0% (Wolkoff et al., 2021). Several studies showed
that the infectivity of numerous influenza viruses is significantly decreased when the relative
humidity is greater than 40.0% (Dietz et al., 2020; Moriyama et al., 2020; Wolkoft, 2018)
Despite these standards, maintaining CO> levels below 1000.0 ppm remains challenging.
However, this could be achieved by installing a mechanical ventilation system in the classroom.
The Ministry of Education (MOE) reports indicate that schools operate under capped budgets,
and the introduction of mechanical ventilation systems would significantly increase heating and
ventilation costs (N. Z. Ministry of Education, 2014). Instead, the MOE recommends
maintaining thermal comfort by distributing temperature and fresh air evenly throughout
classroom spaces, with adequate air filtration, low noise levels, and systems that are economical

and easy to operate. Such systems must also provide sufficient airflow to meet mechanical
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ventilation requirements. Recent studies suggest that SAHs could offer an affordable alternative
for classrooms, aligning with these MOE guidelines (Matsunaga et al., 2023; N. Z. Ministry of
Education, 2014; Wang et al., 2016).

Following the Paris Climate Change Agreement 2015, New Zealand has launched the Building
for Climate Change Programme (Building for Climate Change, 2020), which places strong
emphasis on reducing carbon emissions from building operations such as heating, cooling,
lighting, and ventilation. In this context, SAHs offer a sustainable solution by utilising solar
energy for space heating and ventilation, thereby reducing reliance on fossil-fuel-based energy
systems.

SAHs capture incident solar radiation and convert it into useful thermal energy, which is then
transferred to the air and circulated indoors (Ravi & Saini, 2016b). SAH is more affordable,
easier to operate, requires less maintenance, and creates less noise (due to fewer mechanical
components) than a mechanical ventilation system. These attributes make SAHs a practical and
sustainable option for ventilating and warming classrooms in alignment with national carbon-
reduction goals.

SAH can be classified into two types: flat plate type (FSAH) and tube type (TSAH). The heat
transfer fluid will be air in SAH or water in solar liquid heaters (Ravi & Saini, 2016b). SAHs
are used for low and moderate-temperature applications such as space heating, preheating, crop
drying, and the food industry (Bezbaruah et al., 2020). Typical thermal efficiencies range from
38.0—45.0% (Ansari & Bazargan, 2018), but performance is limited by internal and external
energy losses (Lakshmi et al., 2017). TSAHs remain under-researched, with only ~40.0% of
studies addressing their performance, presenting an opportunity to further investigate their
ability to meet ventilation standards (8 litres/second/person).

The researchers have investigated different modified techniques, such as artificial roughness,
integrating thermal energy storage (TES), evacuated tubes, micro heat pipe array, reflectors,
nanofluid coatings, and conductive materials to improve the thermal efficiency of SAH
(Abdelkader et al., 2020; Abi Mathew & Thangavel, 2021; Abo-Elfadl et al., 2020; S Abo-
Elfadl et al., 2021; Kalaiarasi et al., 2016; Lakshmi et al., 2017; Madhulatha et al., 2021; Mandal
& Ghosh, 2020; Misra et al., 2020; Murali et al., 2020; Ravi & Saini, 2016a; Shamshirgaran et
al., 2017; Singh & Vardhan, 2021; Wadhawan et al., 2018; Zhu et al., 2015; Zhu et al., 2016).
These techniques are discussed in detail in Chapter 2, a review of the literature.

Building on this foundation, the present thesis aims to optimize the thermal and ventilation
performance of TSAHs under Wellington, New Zealand, weather conditions. Three sets of

experimental studies were conducted:



Chapter 3 — Experimental performance of a finned tube-type solar air heater with corrugated
fin inserts in New Zealand.

Chapter 4 — Effect of fin inserts on the thermal efficiency of the tube-type solar air heater.
Chapter 5 — Experimental investigation of the thermal performance of uncoated and nanocoated
tubes (sponsored by APL Window Solutions, tested under clear-sky days).

The results of these experiments, presented in Chapters 3—5, provide new insights into the
performance optimization of tube-type SAHs and their potential role as sustainable ventilation

solutions for New Zealand classrooms.

1.2 Research aims, questions, and objectives

1.2.1 Research aim
This thesis aims to investigate potential treatments (design and nanofluid coating) to optimize
the thermal and ventilation performance of tube-type SAHs.
1.2.2 Research questions
The fundamental question of this investigation was:
“How efficient is nanocoating the tubes, and which nanofluid type is best for coating? Did the
nanocoating of tubes impact the performance of SAH?”
The following sub-questions were framed:
1) How will FT-SAH with corrugated fin inserts perform under Wellington, NZ, conditions
in winter when operated under different mass flow rates?
2) How will the FT-SAH with fin (treatment) and without fin (control) perform under
Wellington, NZ, conditions in winter when operated under different mass flow rates
3) How will the nanocoated tubes with and without fin inserts perform under Wellington,
NZ, weather conditions in winter?
1.2.3 Research objectives
The research objectives are as follows:
Objective 1: To investigate the thermal and ventilation performance of FT-SAH under
Wellington, New Zealand, winter conditions at different mass flow rates, with a specific focus
on assessing the effect of corrugated fin inserts by comparing configurations with fins
(treatment) and without fins (control).
Objective 2: To investigate the thermal and ventilation performance of nanocoated tubes. It is
crucial to examine the performance of the optimized tubes in Wellington, NZ, under various

weather conditions, and advise on their potential use in schools.



1.2.4 Research philosophy

A pragmatic—constructivist informs the methodological choices in this thesis research
philosophy, which is well established in building performance and environmental engineering
research (Denscombe et al., 2014; Weyant, 2022). Constructivism recognises that system
performance is shaped by contextual and environmental factors, and that knowledge emerges
from the interaction between the researcher, the prototype, and real operating conditions (Guba
& Lincoln, 1994). This is relevant because the performance of a solar air heater depends on
variables such as solar irradiance, ambient temperature, and airflow. Pragmatism, on the other
hand, emphasises practical problem-solving and the use of methods that best address real-world
challenges (Morgan, 2014; Patton). This aligns with the thesis's intention to optimise a
functional FT-SAH system suitable for New Zealand classrooms.

This philosophical perspective supports the use of an experimental, quantitative, and case-based
research design. Experimental testing is necessary to measure key performance variables—
including outlet temperature, temperature difference, thermal efficiency, mass flow rate, and
ventilation supply rates—and to evaluate the influence of fin inserts, coatings, and operating
scenarios (John & Beckman, 2013). A case study structure (winter high-flow and spring
reduced-flow operation) is justified because solar air heater behaviour is context-dependent and
influenced by seasonal variations (Crawley et al., 2008). Quantitative analysis, including
statistical comparisons, ventilation calculations, and thermodynamic interpretation, provides
objective and decision-relevant evidence consistent with requirements from organisations such
as the Ministry of Education, WHO, and ASHRAE (ASHRAE, 2021; WHO, 2021).

Overall, the pragmatic—constructivist philosophy provides a coherent foundation for the
selected methods, enabling flexible, problem-focused inquiry and the generation of empirical,
context-specific insights. The methodological choices, therefore, align directly with the
research aim and offer a robust pathway to answer the thesis questions.

1.3 Scopes and limitations

Wellington is located at 41.2924 °S and 174.7787 'E and has a temperate maritime climate. It is
located between the Cook Strait and the Remutaka Range at the Southwestern tip of the North
Island. The winters are wet and cold, whereas the summers are comfortable. Strong winds
frequently occur in Wellington due to its proximity to the Cook Strait, and it is partly cloudy
year-round. The southwestern part of Wellington receives 2100 hours of bright sunshine. Cloud
cover increases as one approaches the Tararua and Rimutaka Ranges. The bright sunshine hours

are less than 1750 hours in the Tararua Ranges. Due to Wellington's complex topography, there



is significant variation in solar energy, wind, and cloud cover. Solar radiation is minimal in June
and maximum in December and January (Chappell, 2014). Figure 1-1 below shows the lowest,
highest, and mean recorded bright sunshine hours (monthly) for the different sites in the

Wellington region.
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Figure 1-1 Sunshine hours (monthly) for the different sites in the Wellington region
(Chappell, 2014)
Considering Wellington's climatic conditions and the significant deviation in solar, wind, and
cloud cover distribution, the SAH will not operate at its best compared to other NZ locations.
This study, therefore, focuses on experimental testing under real Wellington weather conditions.
The scope includes:
e Testing a finned-tube solar air heater (FT-SAH) with corrugated fin inserts to evaluate
its thermal and ventilation performance.
e Investigating the impact of fin inserts on FT-SAH performance under varying mass flow
rates.
e Proposing enhancement methods, including nanocoating tubes with aluminium oxide
and copper oxide dispersed in black paint.
1.3.1 The limitations of this research
The limitations of this research are listed below:
1) COVID-19 restrictions delayed fieldwork by more than a year due to lockdowns,
shipping delays, and the psychological impact of uncertainty.
2) Auckland was experiencing a continuous lockdown, so the components were shifted to

Massey, Wellington Campus. This took longer than anticipated.
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3) The variable fans were shipped from China and had to be tested for conformity in NZ,
ensuring each fan had been tested individually, met the relevant NZ standards, and was
safe to use. This was done at Victoria University in Wellington, which took more time.

4) The FT-SAH designed by SOJOL Pvt Ltd was very bulky (nearly 80kgs). Shifting the
assembled SAH from the laboratory to the experiment location was difficult. Efforts
should be made to reduce its weight.

5) In the first month of data collection (May 2023), the efficiency of SAH was calculated,
and the efficiency was above 100%. It was found that the anemometer was incorrectly
placed (close to the fan inlet) and that the duct was stuffed, which caused the air velocity
to vary and be high, resulting in continuous higher efficiency. The anemometer was then
placed at the duct outlet, away from the fan (as per the literature study). The duct was
extended and sealed with duct tape to prevent air leakage.

6) Condensation was observed inside the glass at low temperatures in winter. This could
be eliminated by running the fan throughout the day and night.

7) Frost was formed on the surface of the glass on wet days and when the temperature
dropped below 8.0 ‘C. Defrosting took 1.5 hours in bright sunlight and longer on cloudy
days.

8) The tube holder at each end of the collector was made of wood, and at higher flow rates,
the material that settled on the tube surfaces was chipped. This could shade the collector
surface, affecting its thermal efficiency. Air filters should be installed in such cases, as
the mixing of wood chips will pollute the air.

9) Supply of nanoparticles (Al>O3 and CuO) from the USA was delayed by one month due
to stock shortages.

10) The first batch of nanofluid was improperly prepared due to unmonitored sonication.
Subsequent preparation required restarting the process in 30-minute monitored
intervals.

11) The tubes were nanocoated manually using a brush, which was time-consuming. Spray
paint could be easy and less time-consuming.

1.3.2 The delimitations of this research
The delimitations of this research are listed below:
1) The experiment was conducted from 9 a.m. to 4 p.m., considering NZ school time and

solar timing. Therefore, the data was not collected 27/7.



2) Due to time constraints, hybrid nanofluid-coated tubes were not tested for thermal
performance.

3) The SAH was mounted on the aluminium metal frame at the Massey University car
park, making it easily accessible for inspection and cleaning of the SAH periodically.

4) The numerical study of the SAH was out of scope.

5) Due to the space and financial constraints, only one FT-SAH prototype was available.
Therefore, both phases (Case Studies 1 and 2) were conducted progressively using the

same setup to maintain consistency across test conditions.
1.4 Conceptual framework

Figure 1-2 shows the conceptual framework for this research. This conceptual framework
examines the performance of FT-SAH under various treatments, with a focus on design

modifications and nanofluid coatings.
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The input parameters include measured environmental factors, such as ambient temperature,
solar radiation, wind speed, and rainfall, as well as fixed values like collector area and specific
heat capacity.

There are three experiments outlined:

Experiment 1 (Objective 1): Evaluates the thermal and ventilation performance of finned tubes
with corrugated inserts (see Chapter 3).

Experiment 2 (Objective 1): Compares the performance of the treatment SAH (with fin
inserts) against a control SAH (without inserts), with results reported in Chapter 4.
Experiment 3 (Objective 2): Investigates the impact of surface treatments, including black
paint and nanoparticle coatings (Al-Os and CuO), applied to tubes with and without fin inserts
(see Chapter 5)

The outputs include the outlet temperature and the air velocity (measured values), along with
calculated parameters such as temperature difference, mass flow rate, ventilation rate, and
thermal efficiency.

The framework consists of two phases: Phase 2 and Phase 3 (discussed in detail in section 1.6),
which indicate the progression of the research work and experiments. The framework connects
input parameters to experiments and, finally, to output parameters, providing a structured

approach to optimizing the thermal and ventilation performance of the SAHs.
1.5 Thesis outline

This thesis comprises seven chapters, as shown in Figure 1-3. It aims to investigate potential
treatments (e.g., design modifications such as fin inserts and nanofluid coatings) to optimize
the thermal and ventilation performance of TSAHs.

This aim is achieved through the research presented in Chapters 3, 4, and 5, which involve
experimentation and analysis, leading to general discussions and conclusions in Chapters 6 and
7. The aim is supported by specific objectives, each corresponding to the investigation

conducted in a particular chapter.
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The objectives align directly with specific chapters that present the research experiments and

findings, which are explained as follows:

1

Chapter 1 (Introduction):
Introduces the problem and research scope, outlining the need for improved SAH
performance, thereby setting the aim and objectives of the research.

Chapter 2 (Literature Study):
Reviews existing research and technologies related to SAHs, fin inserts, and
nanocoating. This provides the foundation and justification for pursuing the objectives.

Chapters 3, 4, and 5:
These chapters report the results of the three experiments. Chapters 3 and 4 discuss the
experimental test results of FT-SAH with corrugated fin inserts, treatment FT-SAH, and
control FT-SAH operating under the Wellington, NZ weather conditions at different air
mass flow rates. These experiments aim to estimate the thermal and ventilation
performance of the studied SAH.
Chapter 5 demonstrates the test results of nanocoated tubes. The tubes were
experimentally tested under Wellington weather conditions. They were coated with
black paint and nano-coated with 1, 2, 3, and 4% CuO and Al,O3, integrated with and
without fins, and compared to control tubes. Four tests were performed during this
phase. Each chapter addresses an objective that collectively supports the optimization
of SAH performance.

Chapter 6 (General Discussion):
This chapter presents a discussion that synthesizes the findings from the experimental
chapters (3, 4, and 5), integrating how different treatments (fins, nano-coatings) affect
performance and how they contribute to achieving the overall aim.

Chapter 7 (Conclusion, Limitations, and Future Scope):
The research concludes by summarizing how the objectives and aims were achieved,
discussing the practical applications of the findings in schools, and suggesting areas for

future study or improvements.

1.6 Research phases

Figure 1-4 represents the sequence of the four research phases.

Phase 1 (documentation): The literature review will examine SAH performance and document

potential SAH optimization opportunities. This phase is included in Chapter 2 of the writing.

13



Phase 2 (experiment): Chapters 3 and 4 report phase 2 of this study. FT-SAH with corrugated
fin inserts, treatment FT-SAH, and control FT-SAH were to be experimentally tested under the
Wellington, NZ, weather conditions. These experiments aim to estimate the thermal and
ventilation performance of the studied SAH.

Phase 3 (experiment): Nanocoated tubes will be experimentally tested under Wellington
weather conditions (Chapter 5). The tubes were nanocoated with 1, 2, 3, and 4% CuO and

AL O3, integrated with and without a fin. Four tests were performed during this phase.

Phase 1 e Literature review (artificial roughness and nanocoating)
* [dentify research gaps, aims, and objectives

Literature Stl.ld\[ * Conceptual framework

(Chapter 2)

® Experimental testing of FT-SAH with corrugated fin inserts, data
collection and data analysis, documenting results and discussion,
and drawing the conclusion and gap analysis.

* Experimental testing of treatment and control FT-SAH, data

Phase 2

Experimental test

collection and data analysis, documenting results and discussion,
(Chapters 3 and 4) and drawing the conclusion and gap analysis.

Phase 3 * Experimental test of nanofluid-coated tubes;
Experimental test * Data collection of nanofluid-coated tubes;
* Data analysis of nanofluid-coated tubes;
(Chapter 5) * Result and discussion;
* Conclusion and gap analysis.

Figure 1-3 The sequence of the four research phases

The next chapter presents the literature reviews on the thermal efficiency modification of TSAH
and nanocoating. The study aims to provide up-to-date information on TSAHs to advance the
development and uptake of SAHs. The research demonstrated that thermal efficiency gains
could be achieved by modifying the design of the SAHs, including various artificial roughness
geometries within the tubes, integrating solar thermal energy systems, applying coatings or
reflectors inside the SAHs, or utilizing evacuated tubes and micro heat pipe array systems.
Chapter 2 primarily focused on design alterations and nanofluid technology used to enhance
the SAH thermal performance. A part of the literature study (focusing on design alteration) is
peer-reviewed and published in the Journal of “Renewable and Sustainable Energy Reviews.”

The paper is attached in the appendix
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2 Review of the thermal efficiency of a tube-type solar air

heater

There is an urgent need to prove that SAHs can be effective for heating and ventilating low-rise
buildings. SAHs can convert solar energy into thermal energy for moderate- and low-
temperature applications, such as space heating, preheating, crop drying, and food processing.
However, its efficiency is low due to the low heat transfer coefficient between the absorber and
the flowing air. Nonetheless, SAHs remain attractive because they are simple to construct and
operate and, unlike liquid-based collectors, pose minimal risk of leakage.

The two main types of SAHs are flat plate and tube-type. Flat plate SAHs have received the
most attention in the research literature, but evidence of the efficiency gains from TSAH is
growing. The chapter aims to provide up-to-date information on TSAHs to advance the
development and uptake of SAHs. The research demonstrated that thermal efficiency gains
could be achieved by modifying the design of the SAHs, including various artificial roughness
geometries within the tubes, integrating solar thermal energy systems, applying coatings or
reflectors inside the SAHs, or utilizing evacuated tubes and micro heat pipe array systems.
Among these, evacuated tubes and micro heat pipe array systems demonstrate higher thermal
efficiency than other techniques. The study revealed the potential of nanocoated SAHs to
enhance thermal performance significantly. However, more research is needed to address the
gaps in long-term stability, economic feasibility, and broader geographic testing. A new
roughness geometry was proposed following a detailed discussion of various techniques to
improve the thermal efficiency of SAHs.

Some parts of the research presented in this thesis (such as Sections 2.1-2.5) have already been
published in peer-reviewed journals, while other sections are currently under preparation for
submission. Despite the inclusion of published material, the thesis adheres to a traditional
format rather than a publication-based approach. The published work has been fully integrated
into the overall structure to provide a coherent narrative, ensuring that the thesis reads as a
single, unified study.

2.1 Introduction

In 2019, renewable energy sources supplied only 11.0% of global energy demand (Ritchie et
al., 2020). Around 80.0% of global energy demand for heat, electricity, and transportation is
still met by the combustion of fossil fuels, namely coal, oil, and gas. Burning fossil fuels
releases carbon dioxide and greenhouse gases, leading to global warming and climate change.

One hundred and ninety-three states and the European Union have committed to the 2015 Paris
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Agreement to reduce greenhouse gas emissions and adapt to the impacts of climate change.
Renewable, non-polluting heat sources are essential to meet this commitment (Nunez, 2019).
Therefore, there is a need to reduce greenhouse gas emissions (Jia et al., 2019) and find
alternate, renewable, and affordable energy solutions (Li, 2011).

The International Energy Agency reports that space heating in residential and commercial
buildings uses around 46.0% of global energy (International Energy Agency-Renewables.
2019, Paris.). A New Zealand study reports similar results that about 34.0% of New Zealand's
energy is used in households for space heating (Isaacs et al., 2006). The World Energy Outlook
2022 report shows that energy consumption for building space heating is eight times higher
than for space cooling, despite increased cooling demand (IEA, 2022). Indoor spaces that are
under-heated or under-ventilated can cause poor health outcomes for the occupants and be damp
and mouldy (Holden et al., 2023). With 10.0 % of the world living in energy poverty
(International Energy Agency, 2020). There is a dire need to identify heating solutions that are
both renewable and low-cost. The researchers will address the question: What is the most
affordable renewable energy source technology that could fulfil the heating demand for low-
rise buildings?

Heating with solar energy could reduce the dependence on fossil fuels (Choudhury & Baruah,
2017). The amount of solar energy that reaches the Earth in one hour is 4.3x10?° J, which is
slightly higher than the annual worldwide consumption of energy used for space heating of
4.1x10%° J (Energy, 2005). Therefore, harvesting even a fraction of available solar energy can
contribute to space heating and offset fossil fuel dependence. Solar energy utilization could
potentially reach an annual growth rate of about 34.0% within the next decade, meaning
immense energy can be harvested from the sun, contributing to the growing energy demand
(Calderone, 2020). A positive trend in the utilization of solar thermal technologies (10.0% -
40.0%) is seen across European countries for the decarbonization of heating and cooling (Sutu,
2023).

Solar energy can be converted to thermal energy using solar collectors (Ravi & Saini, 2016b).
Solar collectors are classified as concentrating types or non-concentrating types. Concentrating
collectors use direct (beam) radiation and a tiny portion of the available diffuse (scattered by
the atmosphere) radiation. Concentrating collectors must, therefore, track to follow the sun's
location across the sky. Non-concentrating collectors use direct solar radiation at different
angles and diffuse radiation. They can have a fixed orientation and do not need to track the sun's
position. Non-concentrating types are further classified as flat plate or tube-type collectors

(Eggers-Lura, 1979). Flat plate and tube-type collectors are used for low-temperature
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applications requiring air temperatures ranging from 45.0 C to 100.0 C, and the more complex
concentrating collectors are typically used for higher-temperature applications (Gupta et al.,
1997). The solar collectors contain a heat transfer medium: liquid (solar liquid heater, SLH) or
air (SAH). SLHs have higher efficiency than SAHs, but they require higher construction
standards to prevent liquid leakage (Ravi & Saini, 2016b). Heating air, rather than liquid, has
the advantage of being a low-technology system that does not use rare metals or moving
components. SLH uses a pump to circulate liquid, and SAH uses a fan to circulate air around
the system. The energy required to pump the heated liquid medium is greater than the energy
required by the fan to move the heated air. Furthermore, a secondary heat transfer system, such
as a radiator heater, is necessary to extract heat from the liquid medium and distribute it to the
space. With SAHs, there are no risks of liquid leaks from the pipework or freezing in winter.
SAHs avoid this risk, as leaked air is unlikely to cause consequential damage (John & Beckman,
2013). In addition to the advantages mentioned above, the heated air from the SAH can be used
directly for space ventilation (Boulic et al., 2016).

During the COVID-19 pandemic, in addition to sanitizing, masking, and social distancing,
opening classroom windows to increase ventilation was a key requirement for reopening
schools and maintaining a healthy environment. A Report by the Ministry of Education showed
that only a third of the teachers opened windows during teaching time (MOE, 2017). Achieving
an appropriate ventilation level should not depend on occupants' awareness of the need to open
windows. Mechanical ventilation systems are not affordable for most schools. Consequently,
an alternative and affordable method will be needed to increase the ventilation rate in under-
ventilated school buildings to decrease virus transmission (Morawska et al., 2020). A field
study conducted in twelve NZ classrooms showed that SAHs can be used effectively in
preheating and ventilating classrooms (Y. Wang et al., 2020). However, there is a need for
additional research and evidence on the effectiveness of using SAHs for heating and ventilating
buildings, and the technologies available to increase the efficiency of the SAH. It was found
that the SAHs have low thermal efficiency (from 38.0% to 45.0%) due to heat losses; hence,
SAHs are limited to space heating, preheating, and crop drying (Kumar & Layek, 2020).

A systematic literature review was conducted to understand the available thermal efficiency
improvement techniques of tube-type SAH for low- and medium-temperature space heating
applications and modify them further for efficiency improvement. Thermal efficiency equations
are also discussed to identify the modifiable factors affecting the SAH performance. One
finding was that few studies have been published on tube-type SAHs, but this is an emerging

and promising area of research. Compared with flat panel designs, tube-type solar panels have
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two theoretical advantages due to the tube's curvature: greater surface area and better orientation
to the sun’s path during the day. These advantages can be further enhanced to produce positive
effects on thermal efficiency. This review provides up-to-date information on design
innovations for tube-type SAHs, which will be helpful for engineers and researchers alike to
engineer improved SAHs. Based on the analysis of various techniques for improving the
thermal efficiency of SAH, a new roughness geometry is proposed to be investigated.

The research started by describing typical SAH components to allow comparison between

papers and the factors that impact the efficiency of the tubes.
2.2 Tube-type SAH components and airflow through SAH

A typical SAH comprises a transparent top plate, an absorber, an insulated frame, and a
backplate. Figure 2-1. shows the schematic diagram of SAH. The transparent top cover can be
made from either glass or a transparent polymer to absorb solar radiation. The solar energy is
then transferred to the absorber tubes. Substantial heat is lost through various SAH parts;
therefore, the insulating material is applied to the sides and the back plate to increase the thermal
resistance and reduce the heat losses. Different SAH systems have used various insulating
materials such as mineral wool, glass wool, natural fiber, or foam to reduce heat loss. Due to
the heat losses, most SAHs have low thermal efficiency (from 38.0% to 45.0%); hence, SAHs
are limited to space heating, preheating, and crop drying (Kumar & Layek, 2020).

Transparent
Absorber tubes Prlate/cowver

/\
/

FAPFPFIPPPP

Adarfloww
I -~ |

/ \

Backplate Insulation

Figure 2-1 Schematic diagram of tube-type SAH
As shown in Figure 2-1, the ambient air is typically admitted at the lower edge of the SAH and
flows through the absorber tube, using the natural buoyancy of the air as it is heated. The heat
from the absorber surfaces is transferred to the air circulating inside the SAH, which is then
supplied to an adjacent area for space heating and ventilation. The airflow through the SAH can
be either a single or double pass. In a single-pass flow, the air passes through the absorber only
once, and in a double-pass flow, the air passes twice through the absorber to increase the time

that the air is in contact with the absorber surfaces (Kabeel, Hamed, et al., 2017). A typical
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double-pass SAH is 10.0%-15.0% more efficient than a single-pass SAH due to the increased
heat transfer area (Alam & Kim, 2017).
2.3 Equation used to determine the thermal efficiency of SAHs

The thermal efficiency of SAH can be calculated using Equation 1 (John & Beckman, 2013).
__ mCp(To-Ti) _ pvAdCp(To—Ti)

I1Ac IAc 2l

For tube type SAH, the collector area is calculated from Equation 2 (Abu Hamed &
Alkharabsheh, 2020).
A= n/TDL Vi)
Where,

Ac SAHs effective area (m?)

Aq Outlet duct cross-section area (m?)

Cp Specific heat capacity of air [J/(kg*K)], constant =1007 J/kg*K

I Solar radiation on the tilted SAH surface (W/m?)

T; Inlet air temperature (K)

To Outlet air temperature (K)

m Air mass flow rate (kg/s)
n Efficiency (%)

p Density of air (kg/m?)

v Air velocity (m/s)

n Number of tubes

T Pie (constant) =3.14

D The outer diameter of the tube (m)

L Tube length (m)
Equation 1 shows that the thermal efficiency of SAH depends on the air mass flow rate, the
collector area, and the ratio of the temperature difference between the air at the outlet and the
inlet air (that is, the ambient temperature) to global solar radiation.

2.4 Review methodology

A systematic literature review was conducted by searching journal papers published in relevant
research areas through search engines (Google Scholar, Web of Science, Scopus, and Discover
— the Massey University library database) from 1 January 2010 to 31 July 2023. Figure 2-2
shows the process for conducting the review study. The research methodology involved a five-
step review process. The first step for the study was to identify the research area demanding 1)

explore cost-effective solutions for heating and ventilating low-rise buildings as more energy
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is used in space heating and cooling and 2) extensive research that will contribute to reducing
greenhouse emissions and help in combating energy poverty which is a significant concern
worldwide. Extensive research has found that SAHs could be a potential technology that could
be used for heating and ventilating buildings. In step 2, keywords were grouped in different
combinations to create a search string. The keywords were selected and grouped to appear at

least once in the title or the article. The chosen keywords were “SAH,” “TSAH,” “thermal

99 ¢¢ 99 ¢¢ 99 ¢¢ 29 ¢

efficiency,” “artificial roughness,” “coating,” “evacuated tubes,” “micro heat pipe array,” and
“reflectors. The keywords grouping was crucial. Using the keywords simultaneously gave no
results. The keywords were grouped randomly. The keywords in group 1 were “solar air

2 ¢

heater,” “tube type solar air heater,” and “thermal efficiency,” group 2 were “artificial

99 ¢

roughness,” “coating,” and “evacuated tubes,” and group 3 was “micro heat pipe array”
“reflectors.” A total of one hundred and fifty-three papers were identified. These papers were
filtered by year in the date range of 1 January 2010 -31 July 2023. Filters were applied to
exclude review articles and citations but include peer-reviewed articles (filter). When the filters
were applied, the number of papers identified was eighty-three. In step 3, the articles were
categorized into five categories based on the techniques used to increase thermal efficiency.

The papers were categorized as a) SAH with artificial roughness, b) SAH with thermal energy
storage, c¢) evacuated tubes SAH, d) Micro heat pipe arrays SAH, and ¢) application of coatings,
high thermal conductivity material, or reflectors. The papers focussing on the thermal efficiency
of tube-type SAH were selected (Step 4). Only thirty-seven papers focussed on the thermal
efficiency of tube-type SAH for space heating. The remaining papers focussed on agricultural

drying, hot water generation, and industrial applications and are excluded from this paper. Step

5 was the critical review and identification of conclusions from the thirty-seven papers.
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[ Step 1- Topic selection

{ Step 2- Selecting keywords, identifying and filtering the research paper
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Others (addition of
reflectors, high
thermal
conductivity
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SAH with thermal
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roughness

Research papers on
micro heat pipe
array SAH

Research papers on

evacuated SAH Step 3

Y
Step 4- Filter
papers focussing
on thermal

efficiency of
SAH

Step 5- Draw
conclusion

Figure 2-2 Five-step review process
In this review study, some SAHs combine two improvement techniques—for example, SAHs
with artificial roughness and thermal energy storage. If the significant thermal efficiency is
influenced by the application of artificial roughness and not the thermal storage, then it is

categorized under the artificial roughness sections and vice versa.
2.5 Results: Different techniques to improve the thermal efficiency of the
SAH

The literature review showed that 60% of research papers identified in step 1 investigated the
thermal performance of flat plate SAHs, and 40% focussed on tube type SAHs, but this is an
emerging and promising area of research. Compared with flat panel designs, tube-type solar
panels have two theoretical advantages due to the tube's curvature: greater surface area and
better orientation to the sun’s path during the day. These advantages can be further enhanced
to produce positive effects on thermal efficiency. Therefore, this review synthesizes the results
of experimental modifications to TSAHs and identifies further advantages that might be
delivered through innovative design additions. The literature review showed that the thermal
efficiency of SAH could be improved by the following:

1) providing some artificial roughness, which increased the absorber surface area and air

turbulence,

2) adding reflectors to focus the solar radiation on the absorber,
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3) integrating the SAH with thermal energy storage to make the heat available after sunset,

4) using evacuated tubes and multi-heat pipe arrays to improve heat absorption and

5) Using high thermal conductivity material or selective coatings to increase heat transfer
between the absorber and the airflow.

Figure 2-3. illustrate SAH's different thermal efficiency improvement techniques, detailed

in the sections below.

SAH Efficiency Improvement Techniques

Evacuated tubes
(Section 2.5.3)

Thermal energy
storage
(Section 2.5.2)

k.

Artificial roughness ' Multi heat pipe

(Section 2.5.1) . : ‘ array
Latent heat storage Sensible heat storage (Section 2.5.4)
Others (addition of
h reflectors, high thermal
. Corrugation e .
Fins Ribs Tapes || | Wire mesh conductiv ity material,
coating)
(Section 2.5.5)
Obstacles || Baffles | | Dimples | | Turbulators

Figure 2-3 SAH efficiency improvement techniques

2.5.1 Adding artificial roughness to a tube-type SAH

Providing artificial roughness on the absorber tube increased the surface area for transferring

heat from the absorber to the airflow. Increased surface area results in higher heat transfer and

converts the laminar sublayer to turbulent airflow, increasing the SAH thermal efficiency.

Artificial roughness could include fins (Foued Chabane, Noureddine Moummi, et al., 2014),
ribs (Ansari & Bazargan, 2018), baffles (Khanlari et al., 2022), obstacles (Akpinar & Kocyigit,

2010), dimples on the interior surface of tubes (Saini & Verma, 2008), tapes within the tubes

(Souayeh et al., 2021), corrugation (Bhattacharyya et al., 2020), wire mesh (Sozen et al., 2020),

and turbulators(Afshari et al., 2020). Each type of roughness is discussed in this section.

2.5.1.1 Application of fins

Figure 2-4a. show SAH without fins (SAH I) and Figure 2-4b. show the SAH with fins and heat
pipes (SAH II). The thermal efficiency of both the SAHs was evaluated, and it was found that

the thermal efficiency of SAH-II was increased by 7.5% compared to SAH-I. It was concluded
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that inserting the longitudinal fins increased the surface area, and the heat pipe transferred heat
to a longer distance. The heat pipe’s higher heat transfer efficiency increased the outlet air
temperature of the SAH II. The uniform temperature difference and more substantial cooling
effects of the photovoltaic panels were observed using heat pipes. However, integrating heat

pipes into SAH is not economical (Fan et al., 2019).

Figure 2-4 Schematic diagram (a) SAH-I, and (b) SAH-II (Fan et al., 2019)

2.5.1.2 Application of ribs

Another technique used to increase the thermal efficiency was rectangular rib roughness on the
black-coated absorber plate integrated with copper pipes. Figure 2-5 shows the SAH with ribs
roughness. The study proved that the attachment of ribs on a black-coated absorber plate
increased the surface area and provided uniform air mixing, thus increasing the collector
efficiency. The maximum thermal efficiency was 56.5%. The author did not explain why copper
pipes were selected except to pass air through the tubes. However, the copper pipes have a
thermal conductivity of 390.0 W/m-k and corrosion resistance; it is assumed these were the

preferred material characteristics (Komolafe et al., 2019).
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Ribs

Figure 2-5 SAH with increased roughness from ribs (Komolafe et al., 2019)

2.5.1.3 Application of turbulators

A comparative study of three types of SAH was conducted: 1) a smooth tubed SAH, 2) SAH
with a half-finned turbulator inside the tubes, and 3) SAH with a full-finned turbulator inside
the tubes. Figure 2-6 shows the geometry of (a) a half-finned turbulator and (b) a full-finned
turbulator. A turbulator consisting of fins is a device that changes a laminar airflow into a
turbulent flow. Applying a turbulator increased the thermal efficiency from 60.7% to 64.1%
with a half-finned turbulator and to a maximum of 72.4% with a full-finned turbulator. Using
elbow-shaped tubes decreased the occupied space compared to straight tubes, thus requiring
only forced convection for airflow. However, the effect of various placement angles of
turbulators on the thermal efficiency of TSAH requires further investigation. It can be
concluded that the SAH with a full finned turbulator had the maximum thermal efficiency
(72.4%) compared to other artificial geometries discussed in section 2.5.1 (Afshari et al., 2020).

Figure 2-6 Geometry of (a) half-finned turbulator and (b) full-finned turbulator
(Afshari et al., 2020)

2.5.1.4 Application of iron mesh

Figure 2-7(a) shows the experimental setup of SAH, and Figure 2-7(b). shows the iron mesh
inserts used in the modified SAH. The results showed that adding iron mesh increased the
thermal efficiency by 10.0% (from an average of 53.8% to 63.8%). However, the modified SAH

did not have a transparent cover, insulation, backplate, and frame, which reduced the
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fabrication cost for the experiment but increased the effect of wind chill and heat loss.
Therefore, it can be concluded that the effects of the techniques mentioned above are difficult
to compare to other SAHs with insulation and a transparent cover. A separate study to

investigate the effect of the orientation of the tubes is warranted (Sozen et al., 2020).

Figure 2-7 (a) SAH experimental setup, (b) modified- iron mesh (Sozen et al., 2020)
2.5.1.5 Using corrugated tubes
A SAH with a helically corrugated tube and a perforated circular disc insert was tested. The
study revealed that adding the perforated circular disc insert augmented heat transfer by 50.0%-
60.0%. The authors did not estimate the thermal efficiency of the developed SAH. However,
studies have indicated that augmented heat transfer results in higher thermal efficiency
(Bhattacharyya et al., 2020)
2.5.1.6 Application of twisted tape inserts in the tubes
An experimental investigation of an SAH with varied lengths of twisted tape inserts, angular
cuts, and plain triangular tubes was performed. Three geometrical configurations of twisted
tapes, full-length, short-length, and short-length middle, are shown in Figure 2-8. The results
showed that the heat transfer in the triangular tube was equipped with different configurations
of twisted tapes, and the angular cut had higher heat transfer than the plain triangular tube. The
three geometries have shown improvements in heat transmission. The flow field is disturbed by
tape inserts, leading to improved heat transfer. The tape inserts boost fluid mixing, which breaks
the thermal and hydrodynamic boundary layer and increases secondary flow. It was concluded
that the SAH with full-length twisted tapes performed better than the other twisted tape
geometries. The thermal efficiency values are not discussed in the article. However, the thermal
performance factor is estimated. The Thermal Performance Factor, which measures the

relationship between the relative impacts of change in heat transfer rate to change in friction
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factor, can be used to assess the effectiveness of a heat transfer enhancement technology

(Souayeh et al., 2021).

Figure 2-8 Angular twisted tape of varying length: a) Full-length, b) Short-length, c)
Short-length middle (Souayeh et al., 2021)
Table 2-1 summarizes the roughness geometries. The studies discussed in section 2.5.1
conclude that adding roughness to the absorber increases the surface area, thereby increasing

the heat transfer rate and the thermal efficiency of SAH.

Table 2-1 Summary of the review studies mentioned in Section 2.5.1

Sr Author Year | Research Modification Thermal efficiency
No Methodology type (%)
1. (Fan et al., 2019 | Analytical SAH without 60.2 - 61.7
2019) heat pipe and
fins
SAH with heat 67.2-69.2
pipe and fins
2. (Komolafe et al., | 2019 | Experimental SAH with 14.0 - 56.5
2019) and rectangular rib
Numerical roughness on
the black
coated absorber
plate integrated

with copper
chrome pipes

3. (Afshari et al., | 2020 | Experimental | nm(full finned) > nm(half finned)> nm(no
2020), and fin)

Numerical | SAH with 47.7 - 60.7, at
smooth tube 0.009kg/s - 0.015kg/s
type

SAH with half 53.0-64.1, at
finned 0.009kg/s - 0.015kg/s
turbulator
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SAH with full 67.6 - 72.4, at
finned 0.009kg/s - 0.015kg/s
turbulator
(Sozenetal.,, | 2020 | Experimental | SAH with iron 59.9-67.6
2020) and mesh
Numerical
SAH without 51.1-56.5
iron mesh
(Bhattacharyya | 2020 | Experimental | SAH with and SAH with helically
et al., 2020) without corrugated tubes with
helically perforated discs
corrugated augmented heat
tubes with transfer by 50.0-
perforated disc | 60.0% compared to
SAH without
corrugated and
perforated tubes.
(Souayeh et al., | 2021 | Experimental | A triangular Full-length angular-
2021) and SAH tube cut twisted tape
Numerical | fitted with performed better than
angular cut and | small-length twisted
varied length tape and small-
twisted tape length, and middle-
inserts length twisted tape.

2.5.2 Adding a thermal energy storage to increase thermal efficiency

The above studies have shown that SAHs can provide heating during the day, which makes
these technologies especially useful for schools and low-rise workplace buildings. SAH can
add warmth to a home during the day, but does not provide evening or nighttime heating unless
there is a means of thermal energy storage (TES). High-quality TES overcame a lower level of
solar energy harvesting (Tyagi et al., 2012). Different types of material could be used as TES
media. Paraffin wax, a latent heat storage phase change material (PCM), is used for TES
(Shalaby et al., 2014). Sand (Shalaby et al., 2014), gravel (Lakshmi et al., 2017), tin cans
(Murali et al., 2020), and synthetic fluids like therminol (Kalaiarasi et al., 2016) can be used

as sensible heat storage materials.

2.5.2.1 SAH with latent heat storage

SAH with a bed of small cylindrical hollow tubes (Type -I) and SAH with a bed of small
cylindrical tubes filled with PCM (Type -1I) are shown in Figure 2-9. The results showed that
the Type-1I SAH’s thermal efficiency was 12.0% higher than that of Type-1. The PCM stores
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the useful heat for longer but solidifies after sunset due to a higher mass flow rate. PCMs are
limited due to the super cooling effect, which is cooling a liquid or a gas below its freezing
point without becoming a solid. The study showed that integrating SAH with TES and a phase
change material effectively increased thermal efficiency during periods of lower solar radiation.
However, the authors have not addressed the effect of supercooling, and this may not give
more accurate results (Singh et al., 2021).

Toughened

glass
1 Cylin(lrlical tubes

<+— Wooden casing

Glass wool insulation

Black-painted GI
absorber plate

Rectangular box
filled with Paraffin
Wax

A

Figure 2-9 A sectional view of SAH with PCM-filled cylindrical tubes (Singh et al., 2021)

A SAH with copper tubes filled with Lauric acid (which has a melting temperature of 85 C) as
a PCM and a SAH without any PCM were investigated experimentally and numerically for the
output temperature rise. The results showed that the SAH with PCM performed better than the
SAH without PCM in terms of temperature level rise (average temperature rise of 86.5%). The
authors did not calculate the SAH efficiency. However, it can be concluded from Equation 1
that the SAH efficiency depends on the temperature difference (Wadhawan et al., 2018). TES
integrated into SAH with PCM-filled tubes was investigated. The tubes are arranged in an
inline, staggered, and circular pattern, as shown in Figure 2-10. The PCMs considered were
paraffin wax, n-octadecane, and calcium-chloride hexahydrate. Compared to paraffin wax and
n-octadecane, the calcium chloride hexahydrate showed better results when arranged in a
staggered pattern. The same study also showed that the tube arrangement impacted the heat
transfer with a circular pattern due to the uniform airflow. The tubes in a circular pattern
increased the heat absorption by 1.1%, 1.6%, and 9.2% using calcium chloride hexahydrate, n-
octadecane, and paraffin wax. It can be concluded that the higher heat absorption is due to its
high thermal conductivity and heat capacity per unit volume. It was noted that the air inlet
temperature significantly impacted the heat transfer rate between air and PCM compared to air
inlet velocity. However, the author did not calculate the thermal efficiency. The experimental

test results should validate the numerical results (Madhulatha et al., 2021).
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A B C
Figure 2-10 Tubes arrangement: A) Inline shape, B) Circular shape, and C) Staggered
shape (Madhulatha et al., 2021)
2.5.2.2 SAH with sensible heat storage

A porous medium, such as aluminum fibers, could also increase thermal efficiency. Thermal
efficiency increased from 60.0% to 90.0% when using a porous material. These were tested at
a mass flow rate of 0.075 kg/s (Saleh Abo-Elfadl et al., 2021). Another study used aluminium
strips and black pebble stones as TES. Aluminium strips had 6.8 % higher thermal efficiency
than black pebbles at a mass flow rate of 0.025 Kg/s. The same SAH without TES had a lower
thermal efficiency (60.0%). It can be concluded that the aluminium strips have higher thermal
conductivity, thereby increasing the SAH efficiency. TES with aluminium strips achieved the
highest thermal efficiency among the SAHs with phase change materials studied in this
research. However, the high air mass flow rate may slowly erode the aluminium strips, thereby
needing the airflow to be filtered before supplying the occupied space. While pebble stones are
a low-cost option compared to aluminium strips, the weight of the SAH will be increased
(Murali et al., 2020).

Three types of TES were investigated: graphite powder, brick powder, and desert sand. The
SAH with graphite powder as TES showed the highest thermal efficiency (37.6%) compared to
brick powder (35.0%) and desert sand (30.2%). Graphite's thermophysical properties are higher
than brick and sand, increasing its efficiency. The thermal and mechanical stability of the TES
materials should be studied.(Algarni et al., 2022).

The studies mentioned in section 5.2 show that integrating SAH with TES and PCM effectively
increased thermal efficiency during periods of lower solar radiation. Table 2-2 summarizes
section 2.5.2.

Table 2-2 Summary of the review studies is mentioned in section 2.5.2

Sr Author Year | Research Modification type Thermal efficiency
No Methodology (%)
1 (Singh etal., | 2021 | Experimental | SAH with a bed of small 533

2021) cylindrical hollow tubes
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SAH with a bed of small 59.0
cylindrical tubes filled with
PCM
(Wadhawan et | 2018 | Experimental | SAH with PCM SAH with PCM
al., 2018), and performed better
Numerical than SAH without
PCM
(Madhulatha et | 2021 | Numerical SAH with PCM-filled tubes CaCl2+6H20
al., 2021) absorbed higher heat
(48.03%) compared
to paraffin wax and
n-octadecane when
arranged in a
staggered pattern.
Higher heat
augmentation
increased the
thermal efficiency of
SAH with
CaCI2+6H20.
(S Abo-Elfadl | 2021 | Experimental | SAH without porous 60 .0
et al., 2021) medium
SAH with porous medium 90.0
(Murali et al., | 2020 | Experimental nth (with Aluminium)> nth (with pebbles)>
2020) nth(without strips)
SAH without strips 60.0, at 0.025 kg/s
SAH with pebbles 63.0, at 0.025 kg/s
SAH with aluminium 69.8, at 0.025 kg/s
(Algarni et al.,, | 2022 | Experimental | nth (graphite)> nth (brick powder)> nth(sand)> nth

2022)

(no TES)
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SAH with graphite powder 37.6

SAH with brick powder 35.0
SAH with sand 30.2
SAH without TES 23.1

2.5.3 Using an Evacuated tube to increase the thermal efficiency of the
SAH

Figure 2-11. show the evacuated tube collector with inserted tubes. Evacuated (vacuum) tubes
(ET) have low conduction and convection losses between the absorbing surface and the air and
can deliver high thermal efficiency compared to conventional SAHs (Abo-Elfadl et al., 2020).
The operating temperature range of evacuated tube collectors (ETCs) is between 50.0 C and
200.0C (Luo et al., 2022). It was estimated that the SAH average thermal efficiency was 50.0%
for heating purposes on sunny days (Li et al., 2012).
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Figure 2-11 ET collector with inserted tubes (Li et al., 2012)

Figure 2-12 shows three ET configurations : (a) control system, (b) tube coated with copper
coil, and (c¢) tube with aluminium fins. As discussed in Section 2.5.1, using fins increased the
heat transfer area. Abu Hamed and Alkharabsheh (2020) found that adding fins with ET
increased thermal efficiency from 24.0% to 37.0%. The maximum thermal efficiencies of the
plain ET, the ET with a copper coil, and the ET with aluminium fins outside the tube were
24.0%, 29.0%, and 37.0%, respectively, at a mass flow rate of 0.013 kg/s. However, the author
has not explained the effect of varying the tube material, fin size, and shape on the thermal

efficiency of the evacuated collector (Abu Hamed & Alkharabsheh, 2020).
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a b C
Figure 2-12 Cross section of ET; (a) control system, (b) system with copper coil, (c)

system with aluminium fins (Abu Hamed & Alkharabsheh, 2020)

SAHs with evacuated tubes, energy storage, and fins were tested experimentally. The thermal
storage efficiency of the modified ET SAHs during the experiment period ranged from 56.1%
to 67.5%. It was concluded that integrating fins to ET with TES improved the thermal efficiency
of the SAH. The study found that more SAHs are required to meet the heating demand, which
is not a cost-effective solution (Wang, Zeyu, et al., 2020). Figure 2-13 illustrates the
experimental investigation of the thermal storage ET heat pipe solar collector. The maximum
thermal efficiency for the system was 89.8%, at a mass flow rate of 0.3 kg/s. The results indicate
that the air mass flow rate has a significant impact on the collector's performance. The high
efficiency is due to the experiment conducted in Chennai in March, where the average ambient
air temperature ranges between 25.0 ‘C and 29.0 °C and has bright solar radiation. The cloud
cover, lower ambient temperatures, wind, and humidity will affect efficiency during the winter
and rainy seasons. The author has not considered the SAH efficiency under various weather

conditions (Abi Mathew & Thangavel, 2021).
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Figure 2-13 Schematic diagram of thermal storage ET heat pipe solar collector with
header section (Abi Mathew & Thangavel, 2021)
Figure 2-14. shows the geometry of ET with helical inserts. The performance of inserting
helically coiled components was investigated for SAH with evacuated tubes. The addition of
the helical coil inserts increased the maximum thermal efficiency by 6.1% (from 64.8% to

70.9%) at the mass flow rate of 0.015kg/s. The authors did not consider the efficiency between
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3:00 and 5:00 pm due to higher and unrealistic efficiency values at low solar radiation. It can
be concluded that the helical coils are made of aluminium wires, which store the heat for a more
extended period. Therefore, the thermal efficiency kept increasing even at low solar radiation,

giving an unrealistic efficiency value (Singh & Vardhan, 2021).

Helical coil insert

Figure 2-14 Evacuated Tube with helical tube inserts (Singh & Vardhan, 2021)

Absorber tube

|

Figure 2-15 illustrates an experiment on an SAH with ET with and without reflectors. A
reflector made of galvanized steel sheet coated with zinc was used to increase the collector's
thermal efficiency. Reflectors are used to concentrate more incident solar radiation onto the
tube. The tilt angle had a remarkable effect on the performance of ET-SAH. The maximum
efficiency of ET-SAH at 45 " with and without reflectors was 68.5% and 63.6%, respectively.
The maximum efficiency of ET-SAH mounted at 30 with and without reflectors was 79.6% and
65.0%, respectively. It can be concluded that adding the reflector increased the efficiency for
both selected tilt angles. Latitude plays a critical role in determinimuming the tilt angle of the
SAH. The experiment is conducted in Kurukshetra, India (29 58" North and 76 “ 53" East).
Therefore, the ideal tilt angle for ET-SAH is 30 " (Dabra et al., 2018).

Quglet ‘Outlet

-Absorber tubes Absorber ubes

Reflector

IIlet
Figure 2-15 ET SAH without reflectors and B) ET SAH with reflectors (Dabra et al.,

2018)
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Figure 2-16. shows an ET-SAH with a simplified (compound parabolic concentrator and a
concentric tube heat exchanger that was tested experimentally. The thermal efficiency at

80.0 C, 150.0 C and 200.0 C was 52.0%, 35.0%, and 21.0%, respectively, for air mass flow
rates ranging from 0.160 kg/s - 0.030 kg/s. The collector's efficiency drops to zero when the
temperature exceeds 220.0 °C due to the low airflow rate. A variable-speed fan can be
employed to adjust airflow velocity and to test airflow rates. The inner tube can be insulated to
reduce heat losses, and a solar tracking system can be employed to increase the efficiency

(Wang et al., 2015).
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Figure 2-16 . Schematic diagram of ET-SAH with CPC (Wang et al., 2015)

Figure 2-17 shows a parabolic trough SAH with an ET inserted with a U-shaped tube heat
exchanger and fitted with a reflector. Comparative performance was evaluated for aluminium
U-shaped and copper U-shaped heat exchangers with and without fins. Copper has higher
thermal conductivity. Thus, copper U-shaped heat exchangers perform better than aluminium
U-shaped heat exchangers. The maximum thermal efficiency for aluminium U-shaped heat
exchangers with and without fins was 14.4% and 10.7%, respectively, and for copper U-shaped
heat exchangers with and without fins was 14.7% and 11.6%, respectively, at an airflow rate of
0.001 kg/s. The results showed that materializing fins, reflectors, and high thermal conductivity
improved the collector's efficiency. However, the percentage of efficiency improved by

applying a reflector needs to be studied (Nain et al., 2021).

Parabolic
trough collector Absorber tube

Figure 2-17 Schematic view of parabolic trough SAH (Nain et al., 2021)
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A blower increased the air velocity in a U-shaped copper tube fitted into an ET. Figure 2-18
shows the schematic diagram of an ET with a U-shaped copper tube insert. The minimum
average thermal efficiency was 15.2 % at a mass flow rate of 0.006 kg/s, while the maximum
average thermal efficiency was 21.3 % at a mass flow rate of 0.008 kg/s. The maximum
temperature obtained was 151.0 C at a mass flow rate of 0.006 kg/s. It was concluded that the
air mass flow rate is an important parameter affecting the collector performance (Pandey et al.,

2021).

Aar outlet

Air Inlet U
Figure 2-18 Schematic diagram of ET with U-shaped Copper tube insert (Pandey et al.,
2021)

The studies show that integrating roughness geometries into ET SAHs and using high-thermal-
conductivity materials, reflectors, and TES materials improved their thermal efficiency. Air
mass flow rate, collector and tube tilt angle, outlet air temperature, and solar radiation affected
the performance of ET SAHs. Using a synthetic fluid (Therminol) yielded the highest thermal
efficiency (89.9%) among the studied ET-type SAHs. The summary of 2.5.3 is given in Table
2-3 below.
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Table 2-3 Summary of the review studies, is mentioned in section 2.5.3

Sr Author Year Research Modification type | Thermal efficiency (%)
No Methodology
1. (Lietal.,2012) | 2012 | Experimental | ET SAH 50.0
2. (Abu Hamed & | 2020 | Experimental | ET-SAH -control 24.0, at I= 1000.0 W/m?
Alkharabsheh,
2020) ET-SAH - with 29.0, at I= 1000.0 W/m?
copper coil
ET-SAH - 37.0, I= 1000.0 W/m?
aluminium fins
3. | (Wang, Zeyu, et | 2020 | Experimental | ET-SAH with TES 56.1 -67.5
al., 2020) and fins
4, (Abi Mathew & | 2021 | Experimental | Thermal storage 38.11, 77.0, 85.7, 89.9 at
Thangavel, ET heat pipe solar 0.030 kg/s, 0.10 kg/s,
2021) collector 0.20 kg/s, 0.30 kg/s
respectively
4. (Singh & 2021 | Experimental | ET collector with 70.9, at 0.015 kg/s
Vardhan, 2021) and helical coil insert
Numerical "gimple ETC 64.9, at 0.015 kg/s
6. (Dabraetal., | 2018 | Experimental | ET-SAH 68.5 (with reflector, at
2018) inclination angle (0)=45)

63.5 (without reflector, at
0=45)
79.6 (with reflector, at
6=30)
65.0 (without reflector, at
0=30)
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7. (Wang et al., | 2015 | Experimental | ET- SAH with 52.0, at T,=80.0 C
2015) simplified 35.0, at T,=150.0 C
compound 21.0, at To=200.0 C
parabolic collector
and concentric
tube heat

exchanger

8. (Nain et al., 2021 | Experimental | Aluminium U- 14.4
2021) shaped heat
exchangers with

fins

Aluminium U- 10.7
shaped heat
exchangers without

fins

Copper U-shaped 14.7
heat exchangers

with fins

Copper U-shaped 11.6
heat exchangers

without fins

9. (Pandey et al., | 2021 | Experimental | ET-SAH with 21.3 at 0.008 kg/s
2021) parabolic tough 15.2 at 0.006 kg/s
type collector

2.5.4 Micro heat pipe array type SAH

A micro heat pipe array (MHPA-SAH) can serve as a heat transfer element, transferring large
amounts of heat. Flat micro-heat pipe arrays SAH (FMPHA-SAH) had 73.0% and 56.0%
thermal efficiency rates in summer and winter, respectively. Efficiency is higher in summer due
to clear skies and strong solar radiation (Zhu et al., 2015). Zhu et al. (2016) tested a flat, micro
heat pipe array compound parabolic collector SAH. The flat micro-heat-pipe array served as a
heat-transfer element, and the compound parabolic collector reflected solar radiation into the

tubes. The average thermal efficiency of the collector was approximately 52.0% during the test
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period. It can be concluded that combining a flat micro-heat-pipe array with a compound
parabolic collector increased the heater's thermal efficiency.

An MHPA integrated with thermal energy storage was tested for its thermal efficiency. Lauric
acid was used as a latent heat storage material. The daily mean thermal efficiency increased
from 59.8% to 72.4% for airflow rates between 0.022 and -0.050 kg/s in SAH integrated with
thermal storage. The result showed that the mass flow rate considerably influences the
collector's thermal efficiency. However, the SAH should be tested for different ambient air
temperatures (Z. Wang et al., 2019). A SAH with a vacuum glass tube, MHPA, fins, and
selective absorption film is shown in Figure 2-19. The SAH was investigated experimentally
and numerically. The MPHA SAH's maximum efficiency was 85.2 %, at 0.044 Kg/s, and the
average efficiency was 82.7%. The results inferred that the mass flow rate affected the collector

efficiency (T.-y. Wang et al., 2019).

Aluminum MHPA C

fins Transparent-
vacuum

- glass tube

2 unit Heat insulation

air duct

]

(]

llectin;

{
Absorption
film - i

Transparent-vacuum glass ~&
tube solar air collector

Figure 2-19 Schematic diagram of the SAH with MHPA transparent-vacuum glass tube
(T.-y. Wang et al., 2019)

Figure 2-20 shows the schematic diagram of two types of flat micro-heat pipe arrays:
transparent-tube collector and conventional tube collector. FMHPA was coated at various
locations to increase solar energy absorption in both SAHs. Compared to T-TC, C-TC had a
greater absorption coating, which improved its capacity to absorb solar energy. The maximum
average thermal efficiency of C-TC and T-TC was 77.6% and 85.0%. It can be concluded that
the thermal efficiency of T-TC is higher due to low thermal resistance from the absorption
coating to the FMHPA evaporation portion and negligible heat transfer. Integrating coating
with MHPA improved the thermal efficiency of SAH (T. Wang et al., 2020)
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Figure 2-20 Schematic diagram of the conventional tube collector and transparent tube
collector (Wang, D. Tengyue, Yanhua, et al., 2020)

A numerical model of MHPA- SAH with fins attached was studied. The thermal efficiency of
the MHPA-based SAH increased with increasing ambient temperature and decreasing wind
speed. Maximum thermal efficiency was 66.5%, at an air velocity of 3.3 m/s and air layer
thickness value of 25.0mm. The air thickness value above or below 25.0 mm reduced the SAH
efficiency, as higher heat loss was observed between the air and the glass cover. The optimal
fin height, spacing, and aspect ratio values were achieved at 12.0 mm, 6.0 mm, and 0.25 mm.
It can be concluded that appropriate fin spacing allows for a trade-off between heat transfer area
and air flow dispersion (Zhu & Zhang, 2021). Wang et al. (2021) found that integrating FMHPA
and TES into SAH improved the collector’s thermal efficiency. The thermal performance of a
solar air collection-storage system with PCM based on FMHPA was investigated for its
performance. The solar air collection-storage system had a latent thermal storage device with
Lauric acid (PCM). SAH outlet temperature ranged from 67.8 C to 88.2 'C, and the thermal
efficiency of the collector was 34.5%, 38.6%, and 50.7% for airflow rates of 0.021, 0.042, and
0.084 kg/s. It can be concluded that a high airflow rate influences the SAH’s thermal efficiency.
Due to the low mean temperature of the SAH, an increased air flow rate with significant air
disturbance improved the heat transfer effect and reduced heat loss (Wang et al., 2017). A
thermal storage SAH was proposed by Norouzi et al. (2020), as shown in Figure 2-21. The
system consisted of a vacuum tube (which acts as thermal insulation), flat, micro heat pipe
arrays (FMHPA- acts as heat transfer element), and paraffin (PCM), which was filled inside the
vacuum tube to make it compact. The PCM has a low heat transfer coefficient, limiting the heat
transfer rate; therefore, louver aluminium fins were used to improve the heat transfer rate. It
was observed that the thermal collection efficiency of TSSAH was 80.5%. It can be concluded
that the flat MPHA integrated with thermal storage improved the SAH efficiency.
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Figure 2-21 Schematic diagram of the MPHA (Norouzi et al., 2020)

Section 2.5.4 showed that the thermal efficiency for SAH integrated with MHPA improved

from 35.0% to 85.0%. Applying transparent tubes, MHPA, coating, and TES further improved

the SAH efficiency. The airflow rate and the ambient temperature dominated the MHPA-SAH

performance. Different design configurations should be investigated, such as integrating

MHPA, coating, and TES or vacuum tube, MHPA, and TES. A study on high thermal

conductivity material to design MHPA for improving efficiency should be investigated. The

summary of section 2.5.4 is given in Table 2-4.

Table 2-4 Summary of the review studies is mentioned in section 2.5.4

Sr Author Year | Research Modification Thermal efficiency
No methodology type (%)
1. | (Zhuetal., 2015) | 2015 | Experimental Flat MPHA- 73.0 and 56.0
SAH for summers
and winters,
respectively.
2. | (Zhuetal., 2016) | 2016 | Experimental | Flat MHP array 53.0
compound
parabolic
collector SAH
3. (Z. Wang et al., | 2019 | Experimental | SAH integrated 59.8-72.4
2019) with storage
4. (T.-y. Wang et | 2019 | Numerical MPHA based 85.2
al., 2019) SAH
5. (Wang, D. 2020 | Experimental | Conventional 77.6
Tengyue, tube collector
Yanhua, et al., Transparent 85.0
2020) tube collector
6. (Zhu & Zhang, | 2021 | Experimental | MPHA based 66.5, at
2021) and SAH velocity
numerical =3.3m/s
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7. (Wang et al., 2017 | Experimental | Latent thermal 34.5-50.7

2017) storage device -
Flat MHPA
8. (Wang et al., 2021 | Experimental | Thermal storage | 80.6, at Ta=30.3C
2021) SAH based on | and I= 810.0 W/m?

Flat MHPA 70.2 - 77.3, at Ta=
20.8 23.3Cand I=
675.0 — 835.0 W/m?

2.5.5 Other techniques include applying reflectors, coating, and using high
thermal conductivity materials.

2.5.5.1 Coating with paints (black paint, matte paint) and nanofluids

Nanomaterials, such as nanofluids, nanocomposites, and nanofluid PCMs, can improve heat
transfer phenomena by changing heat transfer fluids' thermal and optical characteristics. SAH
can be coated with paints (black paint, matte paint) and nanofluids to increase its efficiency.
The theoretical and experimental studies show that combining nanoparticles with base fluids
may significantly increase the performance and efficiency of solar heaters (Shamshirgaran et
al., 2017). Two SAHs were experimentally tested in Wuhan (China). Aluminium plates were
used as absorbers: one set was painted with black paint, and the other was painted with a
nanofluid, a mixture of black paint and nanoparticles. Nanoparticles, cupric oxide (CuO), and
carbon nanotubes (CNTs) powder or CNTs with a mass ratio of 1:1 was mixed. Then, other
mass percentages ranging from 0% to 5% of CNT powder or the composite were distributed in
black paint. The study revealed that adding CuO or CNTs is a cheap and easy way to improve
the efficiency of SAH (Abdelkader et al., 2020). A triangular SAH was experimentally tested
for its thermal efficiency. One side had a glass cover, whereas the other had two aluminium
plates (absorber plates) that collect solar energy from the sun. One set of aluminium plates was
sprayed with black paint, while the second set was sprayed with 1% graphene nanomaterial
embedded in black paint. Investigation revealed that for a 1% graphene nanoparticle black paint
coating, the maximum efficiency was 48.2% at 12 hours at an air speed of 1 m/s, and for the
black paint coating, it was 43.2%. Applying a graphene nanomaterial coating to the absorber
plate increased the average thermal efficiency by 4.9 %. The authors have conducted an
experiment using 1% graphene mixed in black paint. Testing the SAH with different
concentrations of graphene coating is recommended, as the nanoparticle concentration affects

the SAH performance (Kumar et al., 2020).
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The studies in section 2.5.5 show that SAH with the nanofluid coating could be more efficient
than SAH with a black paint coating. This is because the nanofluid coating increases the heat
transfer area and has higher thermal conductivity. A study on SAH with a nanofluid coating
needs more attention. The effect of varying nanofluid volume concentration, nanoparticle size,
and stability should be further investigated. Studies have shown that one of the most promising
technologies for improving SAH performance is the application of nanofluids to absorber tubes.
This technique is discussed in detail in section 2.6.

2.5.5.2 Utilizing high thermal conductivity material

Using high thermal conductivity material (metals) to design the absorber (tubes/plate) improved
the thermal efficiency of the collector (Nain et al., 2021). Two SAHs were designed and
fabricated from plastic and metal materials. The experimental results showed that the plastic
and metal SAHs had maximum average thermal efficiencies of 47.7% and 60.0%, respectively,
at a mass flow rate of 0.012 kg/s and a tilt angle of 32 " off the horizontal. The airflow rate, tilt
angle, and solar radiation affect the SAH's thermal efficiency. The thermal conductivity of
metal is higher compared to plastic, thereby increasing the thermal efficiency of the heater
(Khanlari et al., 2021). The effect of tube material on the thermal efficiency of parabolic trough
collectors (PTC) was investigated. Six different materials, including aluminium, brass, copper,
steel, and nickel, were used for the tube, and their effects on the results were studied. It was
found that the aluminium tube had a higher thermal efficiency (15.0% higher) and was lighter
than other tubes. Steel had the lowest thermal efficiency compared to other tubes. Copper has
higher thermal conductivity compared to aluminium. However, it loses heat, so its efficiency is
lower than aluminium. An extensive study for selecting material to design TSAH that is low-
cost, light, and highly efficient is required (Norouzi et al., 2020).

2.5.5.3 Application of reflectors

The heat input to SAH can be improved by using reflectors, thereby increasing SAH efficiency
(Abdullah, Amro, et al., 2020). A study found that adding reflectors to double-pass solar water
heaters improved their efficiency by 9.0-15.0% compared to single-pass water heaters (Mandal
& Ghosh, 2020). A solar collector was fabricated, integrating flat-plate reflectors made of
aluminium, oriented at the bottom, top, left, and right. The objective was to find the optimal tilt
angle for the solar collector and the optimal inclination angle for the reflectors to achieve
maximum solar concentration. The results showed that the bottom reflector had a greater effect
(double) than the top reflector, and both increased solar intensity by about 50.0%. The solar

radiation intensity on the solar collector increased to about 80.0% when the reflector was placed
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at the top, bottom, left, and right (in summer), thereby improving the collector efficiency. It can
be concluded that solar tracking could further boost the thermal efficiency of the SAH with
reflectors. (Pavlovic & Kostic, 2015). ET solar collector heat pipes integrated with and without
reflectors for water heating were experimentally tested. Reflectors were attached to the
collector's upper and lower sides, as shown in Figure 2.22. The daily average thermal efficiency
of ET solar collector heat pipes with and without reflectors was 76.3% and 60.6%, respectively.
In summer, the lower reflectors had a more significant effect on the performance of the ET solar
collector heat pipes than the upper reflectors, due to the greater beam width on the lower
reflectors. The opposite happens in winter. Therefore, two reflectors (upper and lower) are
integrated into the ET solar collector heat pipes. It was found that combining reflectors with
SAH improved its thermal efficiency and reduced the convective losses from the collector
tubes. However, the effects of integrating reflectors on the left or right side and of different

reflector materials should be investigated (Abo-Elfadl et al., 2020).

Upper
reflector

Absorber
tubes

reflector

Figure 2-22 An experimental set of ETSC-HP (Abo-Elfadl et al., 2020)

The studies in section 2.5.8 showed that integrating reflectors into the solar collector improved
efficiency. A solar collector with reflectors at the bottom performs better than one with
reflectors at the top. Incorporating reflectors on top, bottom, left, and right further increases its
thermal efficiency, but at the expense of cost and weight. More investigation is required to
design and implement SAH's tracked reflectors with reduced cost, weight, design, material, and

efficiency.
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The literature study identified that nanocoating the absorber surface could improve the SAH's
thermal efficiency. However, the literature shows limited research on SAHs with nanofluid
coatings, warranting further investigation. This motivated me to examine the potential of
nanofluids in solar thermal applications; therefore, section 2.6 further reviews nanocoated solar
collectors.

2.6 Literature review on nanofluids for solar thermal engineering systems
Nanofluids have transformed solar thermal engineering by improving the thermal performance
of solar collectors, SAHs, solar stills, and solar dryers. This review presents the existing
research on the application of nanofluids, focusing on their use in improving the thermal
performance of solar thermal systems. Kim et al. (2017) reported performance improvements
ranging from 6.8% to 62.0%, depending on the type and concentration of nanoparticles used.
Standard nanoparticles, including copper oxide (CuO), aluminium oxide (Al20s), and titanium
dioxide (TiO2), enhance heat transfer and increase solar radiation absorption. This review of
nanofluids also explores the emerging role of hybrid nanofluids, which combine multiple
nanoparticles to improve efficiency. However, stability, environmental impact, and long-term
feasibility remain unsolved. This chapter presents recommendations for future research to
optimize the use of nanofluids in solar thermal applications, focusing on long-term testing, cost
analysis, and environmental assessments.

2.7 Introduction

The continuous search for efficient and sustainable energy solutions has increased the
development of advanced technologies in solar thermal engineering (Kabeel, Hamed, et al.,
2017). Solar thermal systems, including SAHs, solar stills, and solar dryers, are crucial for
harnessing solar energy for applications such as water heating, drying, and desalination.
However, one of these system’s main challenges is the relatively low thermal efficiency due to
heat loss and low energy absorption (Kumar & Layek, 2020). Pardeshi et al. (2024) reported
that applying nanofluid coatings on absorber tubes could significantly improve thermal
performance.

The term "nanofluid" refers to a fluid containing metallic particles with an average particle size
of 10.0 nanometres (known as nanoparticles) uniformly and stably suspended in a base fluid
(Choi & Eastman, 1995). Their study found that adding nanoparticles, such as copper oxide
(CuO), aluminium oxide (Al20s), and titanium dioxide (Ti0O2), and carbon-based materials, such
as graphene and carbon nanotubes (CNTs), improved the efficiency of solar collectors by

enhancing heat transfer.
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Kim et al. (2017) observed that nanofluids could enhance the thermal efficiency of solar
collectors by 6.8% to 62.0%, depending on the type and concentration of nanoparticles used.
These findings suggest that nanofluids are effective at improving energy absorption and
optimizing heat retention in solar collectors, thereby improving performance.

This review aims to comprehensively analyse the literature on nanofluids, with a particular
focus on their application in solar thermal systems. The discussion will cover the classification
of nanofluids based on the types of nanoparticles used, their application methods, performance
improvements, and the challenges faced using these fluids. Additionally, the review will explore
the growing field of hybrid nanofluids, which combine multiple types of nanoparticles to
achieve even greater efficiency gains. Finally, recommendations for future research and long-
term testing will be provided.

2.8 Applications and performance of nanofluids in solar thermal systems
In recent years, nanofluids have gained massive attention for their potential to improve the
performance of solar thermal systems. SAHs, solar distillation systems, and solar dryers are
among the most common applications where nanofluids have proven significant performance
improvements (Kabeel, Hamed, et al., 2017). There are two ways to use nanofluids. One method
is to apply a nanofluid coating to the absorber tube, and the other is to use nanofluid as a

working fluid for heat absorption in solar collectors. These two methods are discussed in
Sections 2.11 and 2.12.

2.9 Nanocoating of absorber tubes

One of the most promising applications of nanofluids is the nanocoating of absorber tubes in
solar thermal collectors. For example, (Khanlari et al., 2022) reported that SAHs coated with
2% CuO in black paint improved thermal efficiency by 4.0% compared to uncoated systems.
Additionally, (Sivakumar et al., 2020) found that nanocoating improved the solar dryer’s
efficiency by 7.3%, with CuO coatings absorbing 6.3% more solar energy than conventional
black paint. Studies by (Khanlari et al., 2022) and (Sivakumar et al., 2020) show that applying
CuO or AlbOs/nanoparticles to absorber tubes can significantly increase the efficiency of SAHs
and dryers.

Other studies have focused on the benefits of using different nanoparticle materials for absorber
coatings. For instance, the use of TiO, nanoparticles has been shown to improve light
absorption and increase freshwater production in solar stills by 6.3% (Kabeel et al., 2019).
Similarly, Ozturk and Ciftci (2023) reported that combining graphene and black paint improves
the thermal efficiency of SAHs by 11.6%.
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2.10 Nanofluids as working fluids

Another application of nanofluids is their use as working fluids in solar collectors. Due to the

high surface area of the nanoparticles, nanofluids have superior heat transfer properties

compared to traditional working fluids like water or oil, which allows for better heat exchange.

Sethi et al. (2023), reported that using nanofluids like CuO, TiO2, and Al>Os in solar thermal

systems can enhance heat transfer efficiency by increasing the working fluid's thermal

conductivity and optical absorption.

Elbrashy et al. (2023) conducted an experimental study on the performance of SAHs using

nanofluids as working fluids. Their findings revealed that nanofluids significantly improved the

thermal performance of evacuated tube solar collectors by increasing heat storage in the system,

thereby enabling more efficient heat transfer to the absorber. In some cases, nanofluids

improved heat transfer efficiency by up to 45%, particularly when high-conductivity

nanoparticles such as Ag or Cu were used.

In summary, using nanofluids in solar thermal systems has demonstrated significant potential

for improving heat transfer and energy absorption. The following section examines the

classification of nanofluids by nanoparticle type and their respective applications in solar

thermal systems.

Excluded areas of research and limitations

1. Literature studies indicate that much of the research has focused on solar distillation, solar
stills, solar water heating, and solar dryers, where nanofluids are primarily used as working
fluids. However, there is limited research on SAHs that utilize nanofluid coatings.
Therefore, this chapter aims to investigate the thermal efficiency of solar thermal systems
when improved with nanocoating.

2. Nanoparticles in carbide form (e.g., silicon carbide) are not explored as they have not yet
been tested or reported in the literature on solar thermal systems.

Types of nanofluids based on nanoparticles

Nanofluids are classified based on the types of nanoparticles used, which are selected for their

unique thermal properties and ability to improve base fluids' heat transfer capabilities. The

primary categories of nanoparticles used in solar thermal systems include metal oxides, high

thermal conductivity metals, and carbon-based materials (Modi et al., 2023). Each type offers

distinct advantages in thermal conductivity, stability, and overall performance. The following

sections present the research on the nanofluid classification.
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2.10.1 Metal oxide nanoparticles

Metal oxides are commonly preferred in the formulation of nanofluids due to their chemical
stability, which can be attributed to their resistance to oxidation. Additionally, some metal
oxides exhibit fewer particle-settling issues because their densities are lower than those of the
corresponding metals (Sundar et al., 2013). Although metal oxides generally have lower
thermal conductivity than metals, their chemical stability makes them the favoured
nanomaterials for forming nanofluids. The following section outlines various studies that show
the application of metal oxide nanofluids in solar collectors.

A study by Khanlari et al. (2022) investigated a SAH coated with 2% CuO/black paint and
reported a 4.0% improvement in thermal efficiency compared to uncoated SAHs. The same
study also found that nano-embedded absorber material and air mass flow rate significantly
influenced SAH thermal performance. However, the study did not explore the effects of
different nanofluid concentrations.

Sivakumar et al. (2020) examined solar dryers and found that using a 0.04% CuO/black paint
coating improved thermal efficiency by 7.3% compared to a 0.02% CuO/black paint coating
and 4% conventional black paint. The CuO-coated collector absorbed 6.3% more solar energy
than a black paint-coated collector. Increasing the CuO concentration further enhanced the solar
dryer's efficiency. Studying the long-term stability and economic feasibility of nanofluids in
future research is recommended.

Selimefendigil et al. (2022) tested the thermal efficiency of solar dryers with nanocoated and
uncoated absorbers. The thermal efficiency of the nanocoated dryer was 75.1%, compared to
70.4% for the uncoated dryer. Nanocoating also reduced drying time from 220 minutes to 180
minutes, indicating that nanocoating improves heat transfer and drying temperature, thereby
reducing drying time.

In addition to solar drying systems, CuO nanofluids have proven effective in solar distillation.
Research by Abdullah, Essa, et al. (2020) demonstrated that coating a solar distiller with
CuO/black paint increased the overall freshwater yield by 14.0%, boosting the usefulness of
nanofluids in solar applications. Meanwhile, (Kabeel, Omara, et al., 2017) reported that using
CuO nanofluids in conventional basin solar stills increased water productivity by 16.0% to
24.0%, depending on the nanofluid concentration (ranging from 10% to 40%).

While CuO nanofluids have dominated much of the research, other metal oxides, such as
aluminium oxide (Al:Os), have also shown notable potential in solar thermal systems.

Al:Os/black paint coatings, for instance, increased water productivity in solar stills by 38.1%
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and boosted thermal efficiency by 12.2% (Manoj Kumar Sain & Kumawat, 2015). Moreover,
when used in higher concentrations (10%, 15%, and 20%), Al:Os enhanced solar still
productivity by 134.9% (Caturwat et al., 2023). These findings highlight Al>Os's ability to
maximize heat absorption and retention, making it an ideal nanoparticle for improving solar
distillation systems. However, little information is available on Al,Os3-coated SAHs, while
many studies focus on using AlOs as a working fluid to improve performance in SAH
applications.

Ti0: has emerged as another promising metal oxide for solar collectors. The effectiveness of
TiO2/black paint coatings in improving light absorption was demonstrated by (Pfeffer et al.,
2016) and (Samneang et al., 2021). Kabeel et al. (2019) showed that daily freshwater production
increased by 6.3% when TiOx/black paint was used in a solar still and found the method
economically viable and feasible.

Si0:2 nanofluids have also gained attention due to their stability. (Sathyamurthy et al., 2020)
explored using SiO2/black paint in solar stills and found improvements of 27.2% and 34.3% for
10% and 20% SiO: concentrations, respectively. Their research showed that moderate
concentrations of Si02 optimized thermal efficiency, whereas higher concentrations of SiO-
reduced thermal conductivity. (Arani et al., 2021) examined tubular solar stills coated with SiO-
at varying concentrations. Their results showed that a 20% SiO: coating achieved the highest
thermal efficiency (52.5%), while higher concentrations led to diminished performance. These
findings suggest that while SiO: nanofluids have great potential, further research is needed to
optimize their applications fully.

In addition to SiOs, ceria (CeO2) has also been explored for its potential to enhance solar thermal
systems. (Khanlari et al., 2023) found that CeO2/black paint coatings improved the thermal
efficiency of SAHs by 7.8% at low airflow rates and by 6.7% at high airflow rates, further
demonstrating the potential of nanofluids to boost system performance under varying
conditions.

Tuncer et al. (2023) explored the thermal efficiency of an infrared-assisted solar drying system
that used a vertical SAH with perforated baffles and ZnO nano-enhanced black paint coatings.
The thermal efficiency ranged from 53.5% to 65.1%, and drying time was reduced by 43.8%.
The authors emphasized the need for further study on long-term stability, cost-effectiveness,
and performance testing under different climatic conditions

Finally, Gurbuz et al. (2023) examined SAHs with meshed tubes coated with Fe.Os/black paint.
Their study showed that the thermal efficiency was 40.5% higher than that of uncoated SAHs
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without meshed tubes. The increased thermal efficiency was attributed to the meshed tubes'
extended surface area and the nanomaterials' thermal conductivity.

Tables 2-5 summarize the literature studies. They note that CuO/black paint is the best coating
and provides higher thermal efficiency.

Table 2-5 Summary of the literature studies discussed in Section 2.12.1

Sr No Author and year Coating type SAH performance
(%)
1. | Khanlari et al. (2022) Black paint 72.1
CuO /black paint 76.2
2. | Sivakumar et al. (2020) 0.04% Black paint 55.0
0.02 % CuO/black paint 62.3
3. | Selimefendigil et al. CuO/black paint 70.4 -75.1
(2022)
4. | Abdullah, Essa, et al. CuO/black 51.5
(2020) paint+reflectors+paraffin
wax
5. | Kabeel, Omara, et al. (CuO/black paint Productivity rise
(2017) from 16.0%-24.0%.
6. | Manoj Kumar Sain and Al>,0s/black paint 38.7
Kumawat (2015)
7. | Caturwat et al. (2023) AL O3s/black paint The distillate
productivity
increases for 20%
ADOs/black paint
by 134.9%.
8. | Kabeel et al. (2019) TiOz/black paint Daily freshwater
production was
improved by 6.3%
9. | Sathyamurthy et al. (2020) | SiO2/black paint Productivity
increased by 34.3%
10.| Arani et al. (2021) 10% SiOa/black paint 38.5
20% Si0O2/black paint 52.5
30% SiO2/black paint 40.8
40% Si10a/black paint 28.7
11. | Khanlari et al. (2023) Uncoated 46.2
CeQ; /black paint coating 67.4
12. | Tuncer et al. (2023) Vertical SAH with 53.5-65.1
perforated baffles and a
ZnO/black paint coating
13. | Gurbuz et al. (2023) uncoated 31.1-53.5
Fe;0s/black paint 37.9-733

Section 2.12.1 Summary: The reviewed literature demonstrates that metal oxide nanofluids,
particularly CuO, Al:Os, Ti0Oz, Si02, CeO2, ZnO, and Fe:0s3, significantly enhance the thermal

performance of solar thermal systems, including SAHs, solar dryers, and solar stills. These
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nanofluids improve thermal efficiency, solar energy absorption, and water productivity, with
CuO and ALOs showing promising results. CuO is particularly effective at enhancing solar
energy absorption and heat transfer, while Al>Os is known for its strong heat retention and solar
radiation absorption. The mentioned improvements can make solar thermal systems more
efficient and sustainable, reducing the time and energy required for drying and water distillation
processes. However, further research is needed to investigate the long-term stability, optimal
nanoparticle concentrations, and cost-effectiveness of these nanofluids.

2.10.2 High thermal conductivity metals

Nanoparticles made from high thermal conductivity metals, such as silver (Ag), copper (Cu),
and gold (Au), offer superior heat transfer capabilities compared to metal oxides. These metals
have higher thermal conductivities, which allow them to transfer heat more efficiently
(Abdullah et al., 2022; Parsa et al.,, 2021). However, their higher cost often limits their
widespread use.

Silver nanoparticles are among the most effective for improving heat absorption due to their
high thermal conductivity. Research by Abdullah et al. (2022) showed that using Ag
nanoparticles in solar stills increased daily average distillation by 34.0%, compared to 30.0%
for Au and 28.5% for TiO2. Similarly, Parsa et al. (2021) found that Ag/black paint coatings
achieved the highest instantaneous thermal efficiency, outperforming other metallic
nanoparticles, such as Au and TiO:, by up to 10.9% in solar stills. Despite these promising
results, the high cost of silver nanoparticles limits their use in practical applications. Future
research may explore ways to reduce costs or use less silver in hybrid nanofluids to maintain
performance while improving cost-effectiveness.

Copper nanoparticles also offer high thermal conductivity and are more affordable than silver.
They have been combined with other materials to improve the thermal performance of solar
thermal systems. Abdullah, Essa, et al. (2020) and Elbrashy et al. (2022) demonstrated that Cu
nanoparticles enhanced the heat absorption and transfer efficiency in SAHs and stills.
Combining Cu nanoparticles with other nanomaterials, such as graphene or carbon nanotubes,
can further improve performance, as discussed later in the section on hybrid nanofluids.
Literature on nanocoating with high-thermal-conductivity materials is limited, but much
research is available on utilizing nanofluids of high-thermal-conductivity metals as working
fluids.

Section 2.12.2 Summary: The reviewed literature highlights the significant potential of high

thermal conductivity metal nanoparticles (Ag, Cu, Au) and carbon-based nanoparticles
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(graphene, CNTs) in enhancing the thermal efficiency of solar thermal systems. Silver
nanoparticles, while costly, offer superior heat transfer, boosting solar still efficiency by up to
34.0%. Copper nanoparticles provide a more affordable alternative with promising performance
in SAHs and stills.

2.10.3 Carbon based nanoparticles

Carbon based nanoparticles, including graphene, carbon nanotubes (CNTs), and fullerenes,
have attracted attention for their exceptional thermal conductivity and high surface area. These
nanoparticles significantly improve the efficiency of solar thermal systems by enhancing heat
absorption and retention. The following section discusses research on carbon-based
nanoparticles, and the summary of this section is presented in Table 2-6.

Graphene has emerged as one of the most promising materials for improving solar thermal
efficiency. Its high thermal conductivity, specific heat capacity, and optical absorption
properties make it an ideal candidate for solar collectors. Studies showed that applying graphene
and its derivatives increased the collector's thermal conductivity by 17.0% and 40.0%,
respectively. Utilizing graphene nanoparticles increases viscosity by almost 50.0% and is
stable. Therefore, they are used in solar collectors for efficiency improvement (Mahamude et
al., 2021). Research by Alami and Aokal (2018) showed that graphene-coated solar absorbers
were 29.9% more efficient than those coated with conventional black paint. SAH coated with
1% graphene/black paint showed an average increment in thermal efficiency of 4.9%. The
increase in efficiency is due to the nanofluid's heat-storage capability. However, the authors
have not mentioned the SAH thermal efficiency with different nanofluid concentrations (Kumar
etal., 2020). The thermal efficiency of SAH coated with graphene/black paint was 6.25% higher
compared to black paint-coated SAH. Thermal efficiency depends on the thermal conductivity
and the optical properties of the absorber material and coating (Senthil et al., 2020).

Kumar et al. (2021) reported that the optimal graphene concentration for maximum thermal
efficiency (73.3%) was 0.2%, as higher concentrations led to a significant pressure drop,
reducing overall efficiency. This indicates that while graphene is highly effective at improving
heat transfer, carefully considering its concentration is crucial to avoid diminishing returns.
compared two types of SAHs, one coated with black paint and the other with graphene/black
paint. The SAH with graphene/black paint achieved an 11.6% improvement in thermal
efficiency compared to the black-paint-coated system. The sustainability index of the graphene-
enhanced system was higher, indicating better long-term performance and reduced

environmental impact. However, the study highlighted the need for testing in varied geographic
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regions and long-term assessments to understand the durability of nanoparticle coatings over
time. SAH with inclined and winglet baffles with different coatings was investigated for thermal
efficiency. The average thermal efficiency of SAH with graphene-based nanopaint (72.5%) was
9.6% higher than that of black-painted SAH (62.9%). However, the authors conducted the
experiment in April in India, which has hot weather. The winter result needs to be estimated
(Dharmaraj et al., 2023).

Single-wall and multi-wall carbon nanotubes were studied for their potential to improve the
efficiency of solar thermal systems. (Madhu et al., 2020) reported that CN'T/black paint coatings
on SAHs with staggered fin arrangements improved thermal efficiency by 6.6% compared to
conventional black paint coatings. CNT's high surface area and thermal conductivity make them
highly effective at enhancing heat transfer, particularly when combined with advanced absorber
designs like staggered fins.

Due to their unique properties, carbon-based materials such as graphene and CNTs hold
exceptional promise for improving solar thermal efficiency. However, their optimal
concentrations must be carefully managed to prevent adverse side effects, such as pressure
drops.

A study conducted by GaneshKumar et al. (2024) compared the thermal efficiency of the
conventional SAH with activated carbon/black paint-coated SAH integrated with V corrugation
and black pebble stones (modified SAH). The thermal efficiencies of conventional and
modified SAH ranged from 10.5% to 31.5% and 12.6% to 42.4%, respectively, at mass flow
rates between 0.01 kg/s and 0.02 kg/s. The activated carbon/black paint-coated V corrugated
and shot-blasted absorber improved heat transfer, and the black pebble stone stored heat
effectively. This modification maintained the temperature distribution and improved the
thermal efficiency of the SAH. However, the study primarily focuses on mass flow rate and
solar radiation, with limited discussion of other factors such as humidity, wind speed, and
seasonal variations, which could be explored more thoroughly for their impact on thermal
efficiency. The stability of nanomaterials needs to be explored.

Carbon-based nanoparticles, including graphene, CNTs, and fullerene, have demonstrated
significant potential to enhance the thermal efficiency of SAHs. Graphene, in particular, stands
out for its exceptional thermal conductivity, specific heat capacity, and optical absorption,
leading to notable improvements in solar energy absorption and heat retention. Various studies
have shown that graphene-coated absorbers can outperform conventional black paint coatings
by a substantial margin, with thermal efficiency improvements ranging from 4.9% to 11.6%,

depending on the design and concentration used. However, the optimal concentration of
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graphene must be carefully considered, as excessively high concentrations can lead to

undesirable effects, such as pressure drops, which can diminish overall efficiency.

Table 2-6 Summary of literature studies discussed in sections 2.12.2 and 2.12.3

Sr Author and Year Nanofluid Coating type SAH performance
No (%)
14. | Abdullah et al. (2022) TiO2/black paint Daily average
distillate= 28.5%
Au/black paint Daily average
distillate= 30.0%
Ag/black paint Daily average
distillate= 34.0%
15. | Parsa et al. (2021) TiO2/black paint 27.9
Au/black paint 31.3
Ag/black paint 33.7
16. | Alami and Aokal Black paint 39.5
(2018) Graphene/black paint 69.4
17. | Kumar et al. (2020) Black paint 43.2
Graphene/black paint 48.2
18. | Senthil et al. (2020) Black paint 36.4
Graphene/black paint 42.7
19. | Kumar et al. (2021) Graphene/black paint 68.3
Graphene/black paint 73.3
Graphene/black paint 72.16
20. | Ozturk and Ciftci Black paint-coated SAH 62.3
(2023) Graphene/black paint-coated 73.9
SAH
21. | Dharmaraj et al. (2023) | Black paint 62.9
Graphene/black paint 72.5
22. | Madhu et al. (2020) Black paint-coated SAH with 64.9
staggered fin inserts
23. | GaneshKumar et al. Conventional SAH 10.5-31.5
2024 SAH integrated with V 12.6 -42.4
corrugation and black pebble
stone

Section 2.12.3 Summary: Carbon-based nanoparticles, particularly graphene and carbon
nanotubes (CNTs), exhibit exceptional potential for improving the thermal efficiency of solar
thermal systems due to their high thermal conductivity, surface area, and heat retention
capabilities. Studies consistently show that graphene coatings significantly outperform
conventional black paint, with efficiency improvements ranging from 4.9% to 11.6%,
depending on the design and nanoparticle concentration. CNTs enhance performance,

particularly when paired with advanced designs like staggered fins. However, optimal
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nanoparticle concentrations must be carefully managed to avoid adverse effects such as pressure
drops, and further research is needed to explore long-term stability and the impact of
environmental factors on performance.

Despite these advancements, several areas still require further investigation. Key factors such
as humidity, wind speed, seasonal variations, and the long-term stability of nanomaterials have
not been thoroughly explored. Additionally, future studies should focus on the durability and
performance of these coatings across different geographic regions and environmental
conditions to fully understand their long-term viability and impact. Careful management of
nanomaterial concentration, design optimization, and holistic evaluation of environmental
factors will be essential for realizing the full potential of carbon-based nanoparticles in solar
thermal systems.

2.11 Hybrid nanofluids in solar thermal applications

Hybrid nanofluids are a recent innovation in solar thermal engineering that combines two or
more types of nanoparticles into a base fluid. Their primary advantage is their superior
thermophysical properties compared to nanofluids containing only one nanoparticle type. Che
Sidik et al. (2017) found that hybrid nanofluids exhibit higher heat transfer performance and
better stability than single-nanoparticle fluids. For example, combining carbon nanotubes
(CNTs) and copper oxide (CuO) nanoparticles in a base fluid has enhanced heat absorption and
thermal conductivity. The improved performance of hybrid nanofluids is primarily due to the
increased surface area and synergistic effects of the mixed nanoparticles, which enable more
efficient heat transfer between the fluid and the absorber surface. This section reviews critical
studies on the application of hybrid nanofluids in SAHs, solar stills, and other solar thermal
systems, focusing on the performance benefits and challenges of these materials.

Several studies have demonstrated the effectiveness of hybrid nanofluids in improving SAH’s
performance. Abdelkader et al. (2020) studied a flat-plate SAH coated with a hybrid nanofluid
containing carbon nanotubes (CNTs) and CuO nanoparticles embedded in black paint. Their
results showed a 10.0% improvement in thermal efficiency compared to SAHs coated with
conventional black paint. Combining CNTs and CuO enhanced the absorber surface's thermal
conductivity and optical absorption, thereby improving heat retention and system performance.
In another study, Rahul Kumar and Verma (2021) investigated the performance of a tube-type
SAH coated with varying concentrations of a hybrid graphene/CuO nanofluid. Their findings
revealed that the thermal efficiency of the SAH increased by 4.9% when 0.3% graphene/CuO

was used, compared to lower concentrations. The researchers attributed the improved
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performance to the large surface area of the graphene and the high thermal conductivity of CuO,
which enhanced the system’s ability to absorb and retain heat.

Hybrid nanofluids have also been applied in solar stills, where they have been shown to improve
water productivity and thermal efficiency significantly. Alami and Aokal (2018) found that
using a CuO/graphene hybrid nanofluid in solar stills improved thermal efficiency by 15.6%
compared to systems coated with CuO alone. This improvement was due to the synergy
between graphene’s large surface area and CuQO’s excellent heat conductivity, which enhanced
the system's overall heat absorption and retention.

The thermal efficiency of SAH coated with graphene/CuQO/absorptive solution ranged from
57.0% to 68.0%. The increase in thermal performance could be attributed to the thermal
properties of the absorber material, the nanocoating material, and its optical properties
(Vasantha Malliga & Jeba Rajasekhar, 2017).

SAHs with 1% graphene/black paint and 1% graphene/cerium/black paint were experimentally
investigated for thermal efficiency. The thermal efficiency of graphene/cerium/black paint-
coated SAH was 3.4% higher than that of SAH with 1% graphene in black paint for solar
radiation varying from 700.0-1250.0 W/m?. The addition of nanofluid increased the heat
absorption capacity of the absorber, which improved the solar heater’s efficiency (Kumar et al.,
2022).

Research by Al-Kayiem et al. (2021) further, their study demonstrated the effectiveness of
hybrid nanofluids in improving the thermal efficiency of solar collectors. They compared the
performance of solar collectors coated with Al.Os/black paint, CuO/black paint, and a hybrid
Al:Os/CuO/black paint nanofluid. The results revealed that while Al:Os/black paint alone
increased thermal efficiency by 51.0%, the hybrid Al.Os/CuO/black paint nanofluid reduced
thermal conductivity slightly but improved overall performance. The study concluded that the
optimal combination of nanoparticles in hybrid nanofluids can significantly enhance the
performance of solar collectors. However, further research is needed to fine-tune the
nanoparticle ratio for maximum efficiency. The summary of the literature studies discussed
above is presented in Table 2-7.

Table 2-7 A summary of the literature studies is discussed in section 2.13

Sr No Author and Year Nanofluid Coating type SAH performance
(%)
24. Abdelkader et al; 2020 Black paint 49.7
CNT/CuO/black paint 59.8
25. Rahul Kumar and Verma 0.1% CuO/graphene/black 69.4
(2021) paint
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0.2% CuO/graphene/black 70.9
paint
0.3% CuO/graphene/black 73.2
paint
0.4% CuO/graphene/black 72.4
paint
26. Alami and Aokal (2018) CuO-+graphene/black paint 53.8
Graphene/black paint 69.4
27. Vasantha Malliga and Jeba Graphene/CuQ/absorptive 57.0-68.0
Rajasekhar (2017) solution
28. Kumar et al. (2022) Graphene/black paint 35.5-48.4
Graphene/CeQOz/black paint 37.5-52.3
29. Al-Kayiem et al. (2021) Black paint 44.9
CuO/black paint 42.2
ALOs/black paint 51.0
ALQs/CuQ/black paint 39.8

Section 2.13 Summary: Hybrid nanofluids, which combine multiple nanoparticles such as
CNTs, CuO, and graphene, offer significant improvements in the thermal performance of solar
thermal systems compared to single-component nanofluids. Studies have consistently shown
that hybrid nanofluids enhance thermal conductivity, heat absorption, and retention, leading to
notable efficiency gains in SAHs and solar stills. For example, combining CNTs and CuO or
graphene and CuO has improved thermal efficiency by 10.0%-15.6%. However, determining
the optimal nanoparticle ratio in hybrid nanofluids requires further research to maximize their
potential without compromising stability and cost.

2.12 Conclusion

From the review of the above papers, it can be concluded that:

1) Under-ventilated and under-heated indoor spaces can cause health issues to occupants
and be damp and moldy. With 10.0% of the world's population living in energy poverty,
and studies reporting that most energy is used for heating buildings, there is a dire need
to identify heating solutions that are both renewable and low-cost. Tube-type SAHs
could be the potential technology for heating and ventilating low-rise buildings.

2) The air mass flow rate, temperature difference, solar radiation, and air layer thickness
affected the thermal efficiency of SAH. However, the airflow rate dominated the
thermal efficiency of SAH. The slower the air moved through the SAH, the more heat
it could absorb. The optimum mass flow rate must be investigated in relation to the

climatic conditions and thermal efficiency techniques used.
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3)

4)

5)

6)

7)

8)

9)

The study showed that latitude plays a vital role in determining the SAH tilt angle. The
ideal tilt angle for the SAH is equal to or close to the latitude of the experimental setup
location. Tilt angle plays a significant role in evaluating the SAH's thermal efficiency.
Artificial roughness (fins, ribs, turbulators, corrugations) increased the surface area,
resulting in an improved heat transfer rate and, thus, improving the collector's thermal
efficiency. However, a limitation of tube-type SAH is a significant pressure drop, which
needs to be investigated.

Integrating thermal energy storage (TES) into SAH improved its thermal efficiency. The
literature found that SAH with aluminium fibers (a porous material) has a higher thermal
efficiency (90.8%) than SAH with other TES materials discussed in this study. Using
materials that store energy for more extended periods improves the thermal efficiency
of SAH.

The supercooling effect is a major issue when using SAHs with phase change materials.
Supercooling is the process of cooling a liquid or gas below its freezing point without
it becoming solid. The supercooling effect may not give more accurate results due to
changes in the thermophysical properties of PCM,

The literature study revealed that SAHs with evacuated tubes integrated with heat pipes
and thermal energy storage have a higher efficiency of 89.8 % compared to other
evacuated tube SAHs studied in this review.

A transparent tube flat micro heat pipe array (FMHPA) collector achieved a maximum
efficiency of 85.0%. The literature study revealed that SAH integrated with FMHPA
had a lower pressure loss than other SAHs.

Attaching reflectors to SAHs improved their efficiency. However, this will impact the
aesthetics and space required for the SAH. The weight and cost of SAH increase when

reflectors are used. However, it increases solar radiation absorption by 80.0%.

10) Applying black paint and nanofluid (nanoparticles dispersed in black paint) coating

improved the collector's efficiency. Highly thermal-conductive materials improved
SAH efficiency. Copper has higher thermal conductivity than aluminium, but copper is

expensive. Therefore, low-cost materials are needed.

11) Applying a nanofluid coating to the tubes increases the thermal efficiency of the

collectors. Nanofluid is categorized into three main categories, namely, 1) metal oxide

nanofluids, 2) carbon-based nanofluids, and 3) high thermal conductivity based.

12) Metal oxide nanofluids: These include nanoparticles like copper oxide (CuO),

aluminium oxide (Al20s), and titanium dioxide (TiO2). CuO and Al>Os nanofluids have

57



demonstrated significant increases in thermal efficiency, especially when used as
coatings on absorber tubes or as working fluids. TiO2-based coatings have also proven
effective, particularly in solar still applications.

13) Carbon based nanofluids: Graphene and carbon nanotubes (CNTs) stand out due to
their excellent thermal conductivity and large surface area, which enhance heat
absorption and retention. Studies show that graphene coatings can improve efficiency
by up to 11.6%, and CNTs are effective when integrated into advanced designs such as
staggered fins.

14) Hybrid nanofluids: These combine multiple nanoparticles, such as CuO, with
graphene or CNTs, offering synergistic effects that enhance thermal conductivity and
optical absorption. Hybrid nanofluids have shown the potential to improve efficiency
by up to 15.6%. Using graphene/CuO composites significantly improved the thermal
efficiency of SAH, increasing it by 4.9% compared to graphene/black paint coatings.
This improvement can be attributed to the superior optical absorption of CuO and to
graphene's large surface area and thermal properties, with thermal efficiency reaching
68.0% under optimal conditions. This suggests that hybrid nanofluids, such as
graphene/CuQ, are highly effective at enhancing heat transfer and should be further
explored for practical applications.

15) Nanofluids application: has emerged as a promising solution for enhancing the thermal
performance of SAHs and other solar thermal systems. The unique thermal properties
of nanoparticles, particularly their ability to increase heat transfer and solar radiation
absorption, make them valuable for improving the efficiency of these systems. Analysis
of various nanofluids shows that metal oxide-, carbon-, and hybrid-based nanofluids
offer significant improvements.

16) Silver (Ag) nanoparticles exhibit the highest thermal efficiency among the nanofluids
reviewed due to their superior thermal conductivity. However, their high cost limits
their practical applications. Graphene-based nanofluids also perform exceptionally well,
with efficiency improvements ranging from 9.6% to 11.6%, making them a strong
candidate for future solar thermal applications. Copper oxide (CuO) nanofluids, while
slightly less efficient than silver and graphene, provide an excellent balance of
performance and cost-effectiveness, making them widely used in practical applications.

However, despite the promising results, artificial roughness and nanofluids have some
limitations. The development of more stable formulations, coupled with rigorous environmental

and economic assessments, is necessary for the widespread adoption of these technologies.
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Further real-world testing is essential to confirm the long-term performance and durability of

nanofluid-based solar thermal systems.

2.13 Limitations and future scope

1y

2)

3)

4)

S)

6)

7)
8)

9)

Extensive research is required to optimize the different artificial roughness geometries
for tube type SAH, roughness material, and orientation to improve thermal efficiency
and reduce pressure drop.

There is scope to explore low-cost, lightweight thermal energy storage materials that
are eco-friendly and will boost the thermal efficiency of SAH.

The supercooling effect on the thermal efficiency of SAH must be investigated when
using phase change materials.

Applying black paint and a nanofluid (nanoparticles dispersed in black paint) coating
improved the collector's efficiency. However, the literature shows limited research on
SAHs with nanofluid coatings, warranting further investigation. Different
concentrations of nanoparticles mixed into black paint, along with hybrid nanofluid
technology, should be investigated.

All the techniques used to improve the thermal efficiency of SAH require extended
research under a range of ambient conditions.

Evaluating the thermo-economic benefits and the life cycle analysis of SAHs is
important.

The thermal efficiency of the proposed SAH needs to be investigated.

One of the primary limitations of nanofluids is their stability over time. Nanoparticles
tend to agglomerate or settle in the base fluid, reducing heat transfer efficiency.
Although surfactants have been used to enhance nanoparticle dispersion, they can alter
nanofluid properties and may not provide a long-term solution. Stability remains a
concern, particularly for applications that require extended operation periods, such as
SAHs.

The high cost of nanoparticles, especially those made from precious metals such as
silver (Ag) and gold (Au), limits the economic feasibility of nanofluid-based solar
thermal systems. These costs hinder scalability for widespread use in regions with
stringent budget constraints. At the same time, hybrid nanofluids offer better
performance but often involve multiple expensive materials, increasing costs. Future
research should aim to lower the production costs of nanofluids, especially by

identifying cheaper but effective nanoparticles. Developing hybrid nanofluids with
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optimized nanoparticle ratios could also provide cost-effective solutions without
compromising performance. Moreover, exploring more affordable materials, such as
copper (Cu) and carbon-based nanoparticles, could reduce costs while maintaining
efficiency.

10) The potential environmental and health impacts of nanofluids, particularly metallic
nanoparticles, have not been thoroughly explored. Nanoparticles can pose significant
risks to ecosystems and human health if not properly managed, especially when released
into the environment through spills or improper disposal. Addressing these concerns
will require further research into eco-friendly, biodegradable alternatives.

11) Standardized theoretical models are lacking to predict the behaviour of nanofluids in
varying operating conditions. The current models do not fully capture the effects of
particle size, concentration, and temperature variations, limiting the ability to optimize
system designs effectively. It will be essential to develop standardized, accurate
theoretical models that predict nanofluid behaviour under various operating conditions.
Such models would enable more precise optimization of solar thermal systems, ensuring
that nanofluids can be effectively utilized across diverse environmental settings.

12) The long-term durability of nanofluid coatings has not been extensively studied. UV
exposure, temperature fluctuations, and weather conditions can degrade the coatings
over time, reducing their effectiveness. Most studies have been conducted under
controlled laboratory conditions, and real-world testing is needed to evaluate their
practical durability.

13) Extensive long-term testing of nanofluids and nano-coatings under real-world
conditions is needed. Such testing would provide insights into the long-term stability
and performance of nanofluid-based solar thermal systems across different climatic
regions. Additionally, studies should focus on the effects of environmental variables,
such as humidity, wind speed, and seasonal changes, on system performance.

14) Hybrid nanofluids have shown great promise in enhancing the efficiency of solar
thermal systems. Future studies should explore optimal combinations of nanoparticles
to achieve the best balance between performance, cost, and stability. By optimizing
nanoparticle ratios, hybrid nanofluids can achieve higher performance with reduced

material costs and improved system stability.
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2.14 Proposed design: nanocoated corrugated tubes with finned inserts
Building on these advancements, this chapter introduces a new tube-type SAH design that
integrates multiple efficiency-enhancing technologies. The proposed design consists of
corrugated absorber tubes combined with corrugated fin inserts coated with nanofluids. The
tubes are coated with varying concentrations of copper oxide and aluminium oxide
nanoparticles mixed into black paint to maximize solar absorption and heat transfer.

The design, depicted in Figure 2.23, represents a novel approach to improving SAH efficiency.
The tube’s corrugated structure and fin inserts are expected to enhance heat transfer by
increasing surface area and inducing turbulence within the airflow. This innovative geometry

and material combination will be studied and experimentally tested in future research.

Corrugated
fins

Nanocoated
Corrugated
tubes

Figure 2-23 Picture of proposed SAH
The proposed tube design, as discussed in Section 2.16, was integrated into SAH and tested at

the Massey University, Wellington campus carpark. However, the finned tubes were not
nanocoated due to SOJOL Pvt Ltd.'s availability of only one SAH. Therefore, the effect of
adding fins and without fins on the thermal performance of SAH is discussed in

Chapters 3 and 4.

Chapter 3 presents the experimental test setup, results, and key findings of the finned tube SAH

integrated with corrugated fin inserts.
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3 Experimental performance of a tube-type solar air heater

with corrugated fin inserts in New Zealand

This study evaluates the thermal efficiency of a commercially designed finned tube-type solar
air heater (FT-SAH). This FT-SAH comprises a glass cover, finned tubes with corrugated fin
inserts (absorber), insulation, a back plate, and an aluminium frame. The incoming air, known
as inlet air, undergoes heating while traversing the finned tubes fitted with corrugated fin inserts.
These fins augment the surface area, enhancing heat transfer efficiency. Subsequently, the
heated air is extracted through the exit using a variable-speed fan. Throughout the experiment,
the fan speed regulator was set to 100% (Case Study 1, corresponding to 0.051-0.062 kg/s) and
50% (Case Study 2, corresponding to 0.022—-0.024 kg/s) of the ventilator's maximum speed.
The test was conducted at Massey University's Wellington campus from June 2023 to
November 2023 under various weather conditions and at different fan speeds. The study
determined that the FT-type SAH exhibited a range of thermal efficiencies, namely 31.6 +
13.8% - 83.3 £ 3.4% and 30.8 + 6.7% - 34.6 + 3.6%, at mass flow rates of 0.051 - 0.062 kg/s
and 0.022 - 0.025 kg/s, respectively. The research revealed that the thermal efficiency of FT-
SAH was primarily determined by the ratio of the temperature differential (between the outlet
and inlet air temperatures) to the solar radiation received on a tilted surface. The maximum
hourly average ventilation rate was 176.1 m?/h at an air mass flow rate of 0.056 kg/s, while the
minimum rate was 69.0 m?/h at an air mass flow rate of 0.020 kg/s. Across the test period, the
outlet air temperature exceeded 18.0 ‘C for 95.8% of the time, indicating that the system
consistently maintained the minimum thermal comfort threshold recommended for classrooms.
Introduction

Solar energy can be converted to thermal energy using SAHs. Nonetheless, significant heat loss
occurs through various components of SAHs, resulting in low average thermal efficiency
(ranging from 38% to 45%), and they are limited to low-temperature applications like space
heating, preheating, and crop drying (Ansari & Bazargan, 2018; Bezbaruah et al., 2020). The
application of artificial roughness (Saxena et al., 2023), integrating solar thermal energy
systems (Tyagi et al., 2012), application of nanofluid coatings (Kumar et al., 2020), reflectors
(Abdullah, Amro, et al., 2020) inside the SAHs, using evacuated tubes (Abi Mathew &
Thangavel, 2021), and micro heat pipe array systems (Zhu & Zhang, 2021) are techniques
investigated to improve the thermal efficiency of SAHs. For example, it was found that applying
artificial roughness increased the surface area available for heat transfer from the absorber to

the airflow. Increased surface area results in higher heat transfer and converts the laminar
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sublayer to turbulent airflow, thereby increasing the SAH thermal efficiency (Pardeshi et al.,
2024).

The artificial roughness geometries consist of fins (Foued Chabane, Noureddine Moummi, et
al., 2014), ribs (Ansari & Bazargan, 2018), baffles (Khanlari et al., 2022), obstacles (Akpinar
& Kocyigit, 2010), dimples on the interior surface of tubes (Saini & Verma, 2008), tapes within
the tubes (Souayeh et al., 2021), corrugation (Bhattacharyya et al., 2020), wire mesh (Sozen et
al., 2020), and turbulators (Afshari et al., 2020). Figure 3.1 shows the thermal efficiency of

different SAHs incorporating artificial roughness.

An shows the change in efficiency between different modified SAH's
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Figure 3-1 A study conducted by various researchers on the thermal efficiency of SAHs
(Figure 3-1, Study 1), shows that SAH equipped with fins demonstrated a 7.5% increase in
efficiency compared to SAH without fins (Fan et al., 2019). (Figure 3-1, Study 2) reveals that
incorporating wavy fins into the triangular duct increased the efficiency to 85.0% (CJ Thomas
Renald et al., 2022). (Figure 3-1, Study 3) showed that the thermal efficiency of rectangular
SAH with a wavy fin was 76.4% (Priyam & Chand, 2016). Studies 2 and 3 noted that the
thermal efficiency of the triangular duct SAH incorporated with wavy fins was 8.5% higher
than that of the rectangular duct SAH incorporated with wavy fins. Thus, studies 2 and 3
concluded that the SAH duct shape and application of fins affected the thermal efficiency of
SAH.
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Furthermore, Figure 3-1 (Study 4) suggests that using herringbone corrugated fins at the bottom
of the absorber plate resulted in a 13.4% increase in efficiency compared to SAH without fins
(Kumar & Chand, 2017). (Figure 3-1, Study 5) demonstrates that employing a corrugated plate
in double-pass SAH improved the thermal efficiency of SAH by 9.0% - 11.9% compared to
double-pass SAH with a finned plate (El-Sebaii et al., 2011a). Another design feature that
increased the thermal efficiency was the rectangular rib roughness on the black-coated absorber
plate, integrated with copper-chrome pipes (Figure 3-1, Study 6). The maximum thermal
efficiency was found to be 56.5% (Komolafe et al., 2019). (Figure 3-1, Study 7) demonstrated
that the S-shaped ribbed SAH exhibited a higher efficiency, ranging from 13.0% to 48.0% when
compared to the flat plate SAH across various conditions (Wang, 2020).

(Figure 3-1, Study 8) revealed that the baffled duct SAH achieved a thermal efficiency of
approximately 84%. This was 22.0%—33.0% greater than the smooth duct SAH (Maheshwari
et al., 2012). Figure 3-1, Study 9, shows that the thermal efficiency of the multi-geometry
baffled SAH increased by 13.5% compared to the flat SAH, as the air mass flow rate
progressively increased from 0.04 to 0.07 kg/s (Rajendran et al., 2022).

(Figure 3-1, Study 10) observed that the highest recorded thermal efficiency of arc-shaped wire
roughened SAH amounted to 79.8% (Sahu & Prasad, 2017). Additionally, (Figure 3-1, Study
11) demonstrated that incorporating an iron mesh into a hollow tube augmented the thermal
efficiency of the collector by 11.2% (Sozen et al., 2020). Furthermore, (Figure 3.1, Study 12)
revealed that the inclusion of a turbulator, a mechanism that alters a smooth flow into a turbulent
one, amplified the thermal efficiency from 60.7% (without a turbulator) to 64.1% (with a half-
finned turbulator), ultimately reaching a maximum of 72.4% with a full-finned turbulator
(Afshari et al., 2020)

Studies 1-12 demonstrate that incorporating artificial roughness into SAHs improves thermal
efficiency. Figure 3.1 shows that incorporating wavy fins into the collector had a higher
efficiency than other roughness, followed by baffled duct collectors. It was also found that
adding fins to the collector increased the thermal mass (Mostafavi, 2022). Thermal mass is the
ability of a material to absorb, store, and release heat (Reardon et al., 2020). Studies have shown
that fins or corrugated surfaces increase the heat transfer surface area and turbulence within the
channel. It is one of the most effective ways to enhance convective heat transfer (Goldstein &
Sparrow, 1977; Goldstein & Sparrow, 1976; Ho et al., 2021).

Previous studies have demonstrated that introducing artificial roughness into SAHs is an
effective technique for enhancing thermal efficiency. However, to date, no research has

evaluated an SAH design that combines finned tube absorbers with inserted corrugated fins. To
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address this gap, the present study investigates the thermal efficiency and ventilation
performance of a commercially developed finned-tube solar air heater (FT-SAH) incorporating
corrugated fin elements. In addition to assessing current performance, this paper identifies
opportunities for future research to further optimize tube-type SAH systems. The findings
indicate that FT-SAHs have strong potential for space heating applications, with classroom
integration a promising area for future exploration. The following section presents results from
the experimental testing of the FT-SAH conducted at Massey University, Wellington, New
Zealand

3.1 Materials and Methods
3.1.1 Structure of the tested finned tube-type solar air heater (FT-SAH)

Sojol Pvt Ltd (NZ) developed the FT-SAH prototype. The studied FT-SAHs have lengths and
widths of 2103.0 mm and 985.8 mm, respectively. The collector height at the lower end was

211.6 mm, and the upper end was 333.8 mm, as shown in Figure 3-2.

Lower-end Carbon Y

. arbon e" =
height = 211.6 ; S
mm

h0 mm

Figure 3-2 . An experimental set of FT-SAH
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Figure 3-3 Schematic diagram of FT-SAH (A. transversal section) and air circulation
through the absorber tube (B. longitudinal section)

The slope was provided for optimizing the angle for solar exposure. To reduce heat losses
through the collector frame, the sides and bottom part were insulated with 50.0 mm thick glass
wool (thermal conductivity = 0.0343 W/mK, R-value = 1.46 m*K/W). The FT-SAH frame was
made of carbon fiber and aluminium. The FT-SAH top side is covered with a transparent 4.0
mm-thick cover (tempered glass). The height between the underside of the glass and the top of
the finned tubes (absorber) was 24.7 mm. FT-SAH consisted of thirteen finned tubes with inner
and outer diameters of 71.1 mm and 73.5 mm, respectively, and a length of 1700.0 mm (Figure
3-3). There were thirty fins along the tube's inner periphery; each fin was 2.5 mm high. Figure
3-2 shows that corrugated aluminium ribbons (1700.0 mm x 56.0 mm) were inserted into the
finned tubes to increase the heat transfer surface area further. There is a rubber thermal break
between the tubes and the frame. A black rubber seal around the aluminium frame is provided
to increase the airtightness of the collector.

The solar radiations fall on the collector cover and is then transferred to the interior of the tube
by convection/conduction. The energy is transferred to the air flowing through the pipe by
forced convection. The air at the outlet was drawn using a 250W variable-speed fan (AM 250,
Brespalin, China). The fan can be set at 100% and 50% maximum speed, corresponding to a
mass flow rate of 0.056 = 0.002 kg/s and 0.024 + 0.001 kg/s, respectively. The schematic
diagram of the FT-SAH (transversal section) and the air circulation through the absorber tubes

(longitudinal section) are shown in Figure 3.
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3.1.2 Experimental setup and test procedure

The FT-SAH thermal efficiency was tested at Massey University's Wellington campus, New
Zealand (41.3016° S, 174.7761° E), at 50% and 100% of the ventilator's maximum speed. The
FT-SAH was mounted on a custom-made metal frame at a 20 tilt angle. The panel faced true
north (at an azimuth angle of 0 *). K-type thermocouples were placed at the inlet and outlet of
the alternate tube (6 tubes) to measure the temperature change between the outlet and inlet air
temperatures. Figure 3.2 shows the location of the six tubes where the 12 K-type thermocouples
were installed. Two data-loggers (TCO08, USB, Pico Technology, UK) with eight channels each
(16 channels total) were connected to a laptop to process the temperature data. A weather station
(WS3085, Wi-Fi weather station, Aercus Instruments, UK) was mounted on the frame to
monitor solar irradiance (W/m?2), ambient air temperature ('C), and wind speed (m/s). The
velocity (m/s) and the temperature of the outlet air ( C) were measured by a hot wire
anemometer (AM4214SD, Lutron Electronic Enterprise Co. Ltd., Taipei City, Taiwan). The
anemometer was located at the exit of the duct. All the equipment was factory-calibrated and
tested both before and after the experiment (as part of the pre- and post-fieldwork colocation
process for quality assurance). The characteristics of the equipment used for the experiment are
given in Table 3-1.

Table 3-1 The characteristics of the monitoring equipment

Equipment Monitoring Range Accuracy Precision  of
Parameters measurements
Weather station | Ambient air | -40.0C-60.0C +1.0C 0.1C
temperature  (°
C)
Solar radiation | 0-3000.0 W/m? +15.0% 1.0 W/m?
(W/m?)
Wind speed | 0 —50.0 m/s + 1.0 m/s|0.01 m/s
(m/s) (speed < 5.0
m/s)
+ 10.0%
(speed > 5.0
m/s)
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K type Inlet and Outlet | -40.0 C+1100.0 'C | +1.5C 0.1C
thermocouple air temperature
“O)
Hot wire Outlet air | 0.2-25.0 m/s +5.0% of | 0.01 m/s
anemometer velocity (m/s) reading
Minimum  air | 0-50.0 C +0.8C 0.17C
temperature
from the duct (°
C)

Experimental data were collected from 9:00 a.m. to 4:00 p.m. NZDT, aligning with New
Zealand school timings (9:00 a.m. to 3:00 p.m.), thereby ensuring the testing period was
relevant for potential classroom ventilation and heating applications.

Two operational cases were defined for evaluation:

. Case Study 1: Days 1-12 with the fan set at 100% speed during the winter season

. Case Study 2: Days 13—24 with the fan set at 50% speed during the spring season
Winter and Spring seasons were selected due to the practical need for heating and ventilation
in buildings during the colder months. Early summer was excluded due to reduced heating
demand, and late autumn was avoided due to its transitional, unpredictable weather. A total of
12 test days were selected for each season (winter and spring) to provide realistic weather
conditions that reflect the diverse environmental conditions common to each season. The test
days included both clear and overcast days, rather than being randomly selected. This method
enabled a controlled evaluation of FT-SAH performance across two seasonal climates, with fan
speed fixed at 100% (Case Study 1) and 50% (Case Study 2), effectively isolating the influence
of fan speed. While the simultaneous variation of seasonal conditions and fan speed limits the
ability to isolate the exact effect of airflow rate, the chosen design prioritizes assessing FT-SAH
performance under practical, variable environmental conditions.

Environmental conditions (solar irradiance, wind speed, rainfall, and cloud cover), along with
ambient and outlet air temperatures and air velocity, were monitored at one-minute intervals
using calibrated sensors positioned around the FT-SAH prototype. This sampling frequency is
consistent with standard practice in SAH research. It satisfies the Shannon—Nyquist criterion,

as variations in solar irradiance, temperature, and airflow occur at much slower timescales than
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one minute. To reduce the influence of transient fluctuations caused by sudden changes in cloud
cover, wind gusts, or sensor variability, the one-minute data were averaged over one-hour
intervals. This approach aligns with standard procedures in solar thermal analysis, ensuring that
the results reflect stable, representative performance values rather than short-term fluctuations.
Acknowledging that nature is inherently noisy, this study does not assume perfectly smooth
behaviour in the system. Instead, the averaging process was applied to highlight overall
performance trends across daily and seasonal conditions. To ensure that data variability was
still captured, standard deviation analysis was conducted, and results are reported alongside
mean values where appropriate. This combination of one-minute sampling, hourly averaging,
and statistical evaluation provided both sufficient resolutions to capture system behaviour and
comparability with other studies in the field. Due to the space and financial constraints, only
one FT-SAH prototype was available. Therefore, both phases were performed progressively
with the same setup to maintain consistency across test conditions. A high fan speed was used
in winter to enhance airflow under colder conditions. In contrast, a low fan speed was employed
in spring to simulate moderate ventilation needs, addressing seasonal ventilation demands. This
approach enabled assessment of both environmental and operational influences on FT-SAH
performance.

3.1.3 Methodological justification and research philosophy

The methods selected in this study were directly aligned with the thesis objectives of evaluating
the thermal efficiency and ventilation capacity of the FT-SAH under classroom-relevant
conditions. Data collection was conducted during school hours to ensure that results could be
meaningfully applied to New Zealand classrooms. Seasonal selection (winter and spring)
reflected periods of practical heating and ventilation demand, and the use of fixed fan speeds in
each case study provided a structured way to evaluate the influence of airflow. While this design
did not fully isolate seasonal and operational effects, it allowed the system to be assessed under
realistic, variable environmental conditions—consistent with the applied nature of the research.
The philosophical foundation of this research is pragmatic, emphasizing problem-driven
inquiry and real-world applicability. Rather than relying solely on computational fluid
dynamics (CFD) or theoretical modelling, an experimental approach was chosen to generate
empirical evidence of FT-SAH performance in actual weather conditions. This pragmatic
orientation ensured that the findings would be not only scientifically valid but also directly
relevant to the practical aim of improving thermal comfort and ventilation in New Zealand

classrooms.
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3.1.4 Thermal efficiency calculation
The thermal efficiency (1) of the FT-SAH was calculated using Equation 3.1 (John & Beckman,

2013).

_ mCp(To—T;)
= —a (3.1)

With:
m= pvAg
A=nm. D.L
Ta=Ti
Where,
Ac SAH effective area, (m?)
Ad Outlet duct cross-section area, (m?)

Cr Specific heat capacity of air, [J/(kg. K)]

It Solar radiation on the tilted SAH surface (W/m?)
AT Difference between outlet and air temperatures, (K)
Ta Ambient temperature, (K)

T; Inlet air temperature, (K)

To Outlet air temperature, (K)

m Air mass flow rate, (kg/s)

n Efficiency, (%)

p Density of air, (kg/m?)

\% Air velocity, (m/s)

T Pi=3.14

n Number of tubes

D Outer tube diameter, (m)

L Length of the tube, (m)

The inlet temperature (Ti) was assumed to be equal to the ambient air temperature (Ta). The
monitored air velocity (v) was assumed to be the mean air velocity across the tube section (D).
The specific heat capacity (C,) was equal to 1007 J/kg. K in the studied temperature range
(283.15 K to 343.15K). The effective collector area (A.) was constant, equalling 4.938 m>.

Equation 1 demonstrates that the thermal efficiency (n) of the FT-SAH is a function of the air
mass flow rate (m), the temperature difference between outlet and inlet air (To-T;), and the
incident solar irradiance on the FT-SAH tilted surface (Ir), which can be written as follows :

N = f(m, AT, Ir).
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The air density (p) and dynamic viscosity of air (x) vary with temperature, and their values at
various temperature ranges are given in Table 3-2.

Table 3-2 Air density at different air temperatures (Cengel, 2011)

Air temperature | Air density Air dynamic
(K) (kg/m?) viscosity
x10° (kg/m*s)

[283.15,293.15] | 1.225 1.797
[293.15,303.15] | 1.184 1.844
[303.15,313.15] | 1.145 1.892
[313.15,323.15] | 1.109 1.938
[323.15,333.15] | 1.076 1.984
[333.15,343.15] | 1.044 2.029

3.1.5 Effective efficiency calculation

Equation 3.2 is used to calculate the effective efficiency of the SAH . (Cortes & Piacentini,
1990; Mittal & Varshney, 2006).

0t
Moess = ~rie (3-2)
Where,

Mpeff Effective efficiency of the SAH (%)

Qu Useful thermal energy gained by SAH (W)

Pm Mechanical power is required to force the air through the SAH

C The conversion factor = 0.18

It Solar radiation on the tilted SAH surface (W/m?)

Ac SAH effective area = 4.938 m?
Required mechanical power (Pm) can be calculated from Equation 3.3 (Hussien & Farhan,
2019).
P, = mTAP (3.3)
Where,

AP Pressure drops across the SAH, Pa

m The mass flow rate of air, kg/s

p Density, kg/m?

Bernoulli’s principle is applied to estimate the pressure drop across the SAH (Dubey, 2014).
Assuming a uniform flow and negligible losses, the pressure drop (AP) across the SAH can be

calculated using Equation 3.4.
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4P = pg(hy — hy) (3.4)

Where,

h; - Height of SAH (at lower end side) from the base of the metal frame, h; = Om (Figure 2)
h, - Height of SAH (at upper-end side) from the base of the metal frame, ho = 1.5m (Figure 2)

g - Acceleration due to gravity, 9.81 m/s?

3.1.6 Uncertainty analysis

In this study, the fractional uncertainty of SAH’s thermal efficiency is estimated using equation
3.5 (Abdelkader et al., 2020). The errors in the measurements and the monitoring devices have
been analyzed. The inlet and outlet air temperatures, solar radiation, and air velocity are
independent measurements. The specific heat of air and air density are considered constants.

The equipment used, and its accuracy, are given in Table 3.1.

i R o e e

Results show the mean values for Ir, t, AT, To, Ti, and n to be 340.9 W/m2, 0.04 kg/s, 21.4 °C,
36.0 'C, 14.6 "C, and 51.1%, respectively. The fractional uncertainty in the efficiency is 7.8%.

This study focuses on experimental test results, and all analyses were conducted using

OriginPro software.
3.2 Results and discussion

3.2.1 Wellington weather conditions

Wellington has a temperate maritime climate. Strong winds (31.0 km/h) frequently occur in
Wellington due to its proximity to the Cook Strait and its partly cloudy year-round weather.
Wellington has 110 wet Days. The southwestern part of Wellington receives 2100 hours of
bright sunshine. Cloud cover increases as one approaches the Tararua and Rimutaka Ranges.
The bright sunshine hours are less than 1750 hours in the Tararua Ranges. The complex
geography of Wellington leads to notable fluctuations in the allocation of solar radiation,
airflow characteristics, and cloud coverage (Chappell, 2014). Therefore, it is essential to
investigate the thermal performance of the designed FT-SAH under various weather conditions
in Wellington, as these conditions are highly variable. The test was conducted from June 2023
to November 2023, during the winter and spring seasons in New Zealand.

The two key parameters that affect the thermal efficiency of FT-SAH and the outlet air
temperature are solar radiation and ambient temperature. A study conducted on glazed
(transparent glass cover) and unglazed (plastic cover) solar collectors showed that wind speed

did not affect the performance of the glazed collector (Burch & Casey, 2009). A similar study
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by (Paya-Marin et al., 2015) showed wind speed in the range of 0.3 m/s to 4.0 m/s did not affect
the temperature difference between the outlet and inlet air temperature. In this study, the effect
of wind and rain on the FT-SAH’s temperature difference between the outlet and inlet air
temperatures was insignificant. It was therefore not included in the detailed analysis. It would
be interesting to expose the FT-SAH to extreme weather conditions and to estimate its thermal
performance and temperature differences in future experimental studies.

3.2.2 Ambient temperature, solar radiation, wind speed, and rainfall

The weather data, outlet air temperature, and air velocity were recorded at 1-minute intervals.
Case Study 1 was conducted from June 2023 to August 2023 (winter season). Case Study 2 was
conducted from September 2023 to November 2023 (spring season). It was noted that the
ambient temperature and solar radiation were 1.5 ‘C to 2.5 °C and 75.4 W/m? to 204.6 W/m?,
respectively, lower in winter than in spring. To represent variability in system performance,
minimum and maximum values are reported alongside averages. Full distribution plots are not
presented because the short-term data contain significant noise from rapid fluctuations in
weather conditions (cloud cover, wind, rainfall). Including minimum-maximum values
provides a concise yet representative indication of performance variation without obscuring the
overall trends.

Case study 1: Fan set at 100% maximum speed of the ventilator

FT-SAH was operated at 100% maximum fan speed over 12 days. The daily average ambient
temperature ranged from 9.9 “C (minimum) to 16.7 °C (maximum), with a mean + SD of 13.5
+ 2.3 “C. The daily average solar radiation on the tilted SAH surface ranged from 142.9 W/m?
(minimum) to 476.2 W/m? (maximum) with a mean + SD of 255 + 120.2 W/m?. The daily
average wind speed ranged from 0.1 m/s (minimum) to 3.2 m/s (maximum) with a mean + SD
of 1.5+ 1.0 m/s.

The hourly ambient temperature ranged from 6.1°C (minimum, Day 6) to 18.6 ‘C (maximum,
Day 12). The hourly solar radiation on the tilted SAH surface ranged from 73.5 W/m?
(minimum, Day 6)to 567.2 W/m? (maximum, Day 12). The hourly wind speed ranged from 0.1
m/s (minimum, Days 3 and 4) to 3.6 m/s (maximum, Day 10). Rainfall was observed on Days
4,5,6,10,and 11.

Case study 2: Fan set at 50% maximum speed of the ventilator

FT-SAH was operated at 50% of the maximum ventilator speed for 12 days. The daily average
ambient temperature ranged from 12.5 'C (minimum) to 18.8 ‘C (maximum) with a mean + SD

of 15.8 +£ 2.2 "C. The daily average solar radiation on the tilted SAH surface ranged from 204.5
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W/m? (minimum) to 648.4 W/m? (maximum) with a mean = SD of 388.4 + 148.9 W/m?. The
daily average wind speed ranged from 0.4 m/s (minimum) to 4.8 m/s (maximum) with a mean
+SD of 2.3+ 1.2 m/s.

The hourly ambient temperature ranged from 8.6 ‘C (minimum, Day 1) to 20.1 °C (maximum,
Day 4). The hourly solar radiation on the tilted SAH surface ranged from 147.9 W/m?
(minimum, Day 1) to 771.8 W/m? (maximum, Day 4). The hourly wind speed ranged from 0.5
m/s (minimum, Day 24) to 5.7 m/s (maximum, Day 17). Rainfall was observed on Days 14, 15,
18, 19, 22, and 23. The mean £+ SD values of ambient temperature, wind speed, and rainfall on

each test day are given in Table 3-3.
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Table 3-3 The daily average + SD values of ambient temperature (Ta), wind speed, and rainfall on each test day

Maximum | Test Day | Ambient Minimum Maximum Wind Minimum | Maximum | Rainfall | Minimum | Maximu
speed of temperature | ambient ambient speed Wind Wind (mm) rainfall m rainfall
the temperature | temperature | (m/s) speed speed (m/s) (mm) (mm)
ventilator (°C) (°C) (°C) (m/s)

Day 1 12.8+ 0.9 11.3 13.9 1.2+04 0.5 1.6 0.0+00 |0 0

Day 2 11.4+£23 8.0 13.8 1.2+04 0.5 1.6 0.0+00 |0 0

Day 3 142+2.0 11.3 17.0 0.2+0.1 0.1 0.3 0.0+0.0 |0 0
Case study | Day 4 15.0+3.0 10.5 18.2 04+0.2 0.1 0.7 0.5+0.1 |0.09 0.19
1 Day 5 126+ 1.1 11.0 14.1 1.3+£0.3 0.8 1.7 03+05 |04 1.4

Day 6 99+1.9 6.1 11.1 1.8+04 1.2 2.5 0.5+0.6 |0.04 1.4

Day 7 123+ 0.8 10.8 13.1 1.8+0.3 1.2 1.9 0.0+0.0 |0 0

Day 8 12.6 £0.4 11.9 13.0 23+04 1.5 2.7 0.0+0.0 |0 0

Day 9 11.8+0.3 11.5 12.3 29+04 2.0 3.2 0.0+0.0 |0 0

Day 10 15.7+£1.2 13.9 17.4 30+04 2.6 3.6 0.1+0.2 |0.06 0.46

Day 11 16.7+1.2 15.0 18.1 2.0+£0.5 1.3 2.5 0.1+0.2 |0.06 0.46

Day 12 16.7+2.2 12.6 18.6 0.7+0.1 0.6 0.9 0.0+00 |0 0

Day 13 125+24 8.2 15.2 0.6+04 0.1 1.3 0.0+0.0 |0 0

Day 14 127+1.3 10.5 13.9 3.1+0.3 2.7 3.5 0.1+03 |0 0.7

Day 15 15.0+0.4 14.2 15.4 28+04 2.2 3.2 0.1+0.1 |0 0.4

Day 16 17.8 1.6 15.1 20.1 2.3+0.1 2.1 24 0.0+0.0 |0 0
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Case study
)

Day 17 16.7+0.8 15.6 17.5 49+0.6 |4.1 5.7 0.0+00 |0 0
Day 18 13.6+2.7 8.4 15.5 1.7£02 | 1.4 2.2 02+04 |0 1.2
Day 19 16.3+1.0 14.2 17.1 3.6+02 |32 3.8 0.1+£03 |0 0.9
Day 20 187+ 1.0 17.0 19.8 21+0.6 |1.0 2.6 0.0+00 |0 0
Day 21 179+ 0.5 16.9 18.5 26+04 |21 3.0 0.0+00 |0 0
Day 22 15.8+1.3 14.2 17.6 29+£05 |21 3.6 0.8+06 |0 1.6
Day 23 142+0.3 13.6 14.5 1.3£02 | 1.1 1.7 02+02 |0 0.6
Day 24 178+ 1.1 15.8 18.9 0.5+0.2 |0.1 0.6 0.0+00 |0 0
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The ambient air temperature, wind speed, solar air temperature, rainfall, air mass flow rate, and
FT-SAH operating time all affected the outlet air temperature. However, during the
experimental test, the impact of ambient air temperature and solar radiation was dominant.
3.2.3 Temperature difference between outlet and inlet air temperature
Figure 3-4 shows the daily average (£SD) temperature difference values between the outlet and
inlet (To-Ti) for Case Study 1 and Case Study 2 on each test day. Table 3-4 presents the daily
average and standard deviation (+SD) of air mass flow rate, the temperature difference between
the outlet and inlet air, and solar radiation for each test day when FT-SAH is operated at
different fan speeds.

Case study 1: Fan set at 100% maximum velocity

The daily average temperature difference ranged from 6.0 °C (minimum) to 32.6 'C (maximum)
with a mean (£SD) of 18.6 + 8.7 °C. The hourly temperature difference ranged from 2.0 °C
(minimum, Day 2) to 39.5°C (maximum, Day 12). The hourly air mass flow rate ranged from
0.056 kg/s to 0.059 kg/s, with a mean (+ SD) of 0.056 + 0.0016 kg/s.

Case study 2: Fan set at 50% maximum velocity

The daily average temperature difference ranged from 10.2 °C (minimum) to 41.3 'C (maximum)
with a mean (£SD) of 24.1 = 10.3 °C. The hourly temperature difference ranged from 6.1 °C
(minimum, Day 22) to 50.4 "C (maximum, Day 16). The hourly air mass flow ranged from
0.022 kg/s to 0.025 kg/s with a mean (= SD) of 0.024 £ 0.001 kg/s.

Table 3-4 The daily average (+ SD) of air mass flow rate (mh), solar radiation incident on the
FT-SAH surface (I1), and temperature difference between the outlet and inlet air (AT = T,-Ti)
for Case Study 1 and Case Study 2
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Table 3-4 The daily average (£ SD) of air mass flow rate (1), solar radiation incident on the FT-SAH surface (It), and temperature

difference between the outlet and inlet air (AT = To-Ti) for Case Study 1 and Case Study 2

Maximum | Test Day | Daily Average | Minimum | Maximum | Daily Minimum | Maximum | Daily Minimum Maximum

speed of Air Mass Daily Daily Average Daily Daily average Daily average | Daily

the Flow Rate Average Average Solar Average Average temperature | temperature average

ventilator (kg/s) Air Mass | Air Mass Radiation Solar Solar difference difference temperature

Flow Rate | Flow Rate | Incidents On | Radiation | Radiation | (AT) (AT) difference
(kg/s) (kg/s) FT-SAH Incidents | Incidents () (o) (AT)
Surface On FT- On FT- ‘O
(W/m?) SAH SAH
Surface Surface
(W/m?) (W/m?)

Day 1 0.055 + 0.001 0.053 0.057 248.9 £ 78.4 162.6 367.3 18.6 £ 8.1 10.7 29.6
Day 2 0.059 + 0.002 0.057 0.062 142.9 £59.9 75.0 237.1 6.0£3.2 2.0 10.2
Day 3 0.055 + 0.001 0.054 0.057 290.0 + 86.4 167.1 396.6 21.4+8.3 10.2 29.8
Day 4 0.057 £0.001 0.056 0.059 198.0 + 88.9 76.0 336.4 10.8 £6.0 2.7 18.8
Day 5 0.055 + 0.002 0.052 0.059 188.4 + 86.2 64.8 283.0 129+ 7.7 3.1 22.5
Day 6 0.058 £ 0.001 0.056 0.059 201.8 £ 80.6 73.5 276.2 123+5.8 3.1 19.9

Case study 1 Day 7 0.053 + 0.002 0.051 0.056 395.0 £80.2 277.9 479.4 273+£7.2 15.9 34.1
Day 8 0.055 + 0.001 0.054 0.057 336.8+103.4 158.1 420.7 25.1+7.9 11.2 31.5
Day 9 0.056 £ 0.001 0.054 0.057 3720+ 115.0 214.9 514.6 23.6£7.7 14.3 33.0
Day 10 0.055 £ 0.002 0.052 0.057 199.8+65.2 94.8 267.5 6.3+44 1.3 14.0
Day 11 0.054 + 0.002 0.052 0.056 468.1 £97.8 295.9 559.7 28.3+£6.2 18.6 35.0
Day 12 0.053 +£0.002 0.052 0.056 476.4 £ 84.7 344.1 567.2 326+7.0 22.3 39.5
Day 13 0.024 £ 0.001 0.023 0.026 249.4 £81.1 147.9 224.2 17.7+£7.3 9.0 27.7
Day 14 0.024 + 0.002 0.022 0.026 378.0+110.7 204.6 379.6 244 +10.8 9.8 38.5
Day 15 0.025 + 0.000 0.024 0.025 239.4+£36.9 180.6 247.0 1.7+ 1.9 9.4 15.2
Day 16 0.022 + 0.002 0.02 0.024 648.4+118.6 435.7 689.3 412+9.2 25.1 504
Day 17 0.024 £ 0.001 0.023 0.025 3179+ 74.6 230.0 319.1 21.0+6.0 13.3 28.2
Day 18 0.023 +£0.001 0.022 0.025 470.5 +107.7 310.5 524.5 314+11.5 16.8 42.8

Case study 2 Day 19 0.023 +£0.001 0.023 0.025 395.1 £68.0 302.9 393.7 24.8+4.4 15.4 29.1
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Day 20

0.023 +£0.001

0.022

0.024 469.2 +£127.0 279.1 481.0 31.5+11.3 14.1 44.8
Day 21 0.023 £0.001 0.022 0.024 572.0£79.2 478.3 616.2 38.5+£9.7 19.7 49.9
Day 22 0.025 £ 0.000 0.024 0.025 204.5 £28.9 163.8 223.0 11.8+5.1 6.1 19.0
Day 23 0.025 £ 0.000 0.025 0.025 204.8 +£44.0 130.6 201.7 10.2+1.9 7.1 12.6
Day 24 0.023 £ 0.001 0.022 0.025 511.0+225.0 148.9 514.8 24.8+10.9 6.6 36.5
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Table 3-4 shows the daily average temperature difference (AT) values ranging from 6.0 + 3.2
Ct041.2+9.2 C. A significant inconsistency in the temperature difference was noted on days
1,3,5,7,11,12,13, 14, 16, 18, 20, and 24 compared to days 2, 4, 6, 10, 19, 21, and 22. External
factors, such as rain, cloud cover, solar radiation, and ambient temperature, could influence this.
During the test, the hourly average temperature difference was above 18 “C for 51.2 % of the
time (Case Study 1) and 58.3% of the time (Case Study 2). Figure 3-4 shows the daily average
(£SD) temperature differences between the outlet and inlet air on each test day for Case Study
1 and Case Study 2. Results from Figure 3-5 show that the daily average temperature difference
throughout the experiment test (Case Study 1 and Case Study 2) ranged from 18.6 "C to 24.8 'C
for 21.9% of the time and above 25.0 "C (indicated by red circles) for 33.3% of the time,
indicating optimal conditions for FT-SAH performance. The daily average temperature
difference was below 18.0 "C (indicated by blue circles in Figure 3-5) for 37.5% of the time.
However, the system becomes less effective for space heating when the mean temperature
difference for SAH drops below 18.0 “C, and an external heating system would be required to
supplement the indoor air temperature. The study found that a minimum temperature rise of 9.0
'C is needed on days when the mean ambient temperature ranges between 9.0 °C and 10.0 C to
maintain an outlet air temperature of 18.0 'C (recommended by the WHO as the minimum
indoor comfort standard). Wang et al. (2023) In a two-year NZ classroom study, the researchers
found that a minimum 6.0 ‘C temperature rise is needed when the ambient temperature ranges

from 12.0 C to 13.0 C for maintaining a temperature of 18.0 C.
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Figure 3-4 shows that It > 400.0 W/m? is required for Case Study 2 to achieve AT >25.0 °C.
Case study 2 yielded a better AT result at a lower mass flow rate. This result is expected because
the air spends more time in the system at a lower mass flow rate, allowing it to absorb more
heat from the system.

Figure 3-4 shows a higher temperature difference when the fan is set at a lower mass flow rate
(50% set point). A negative relationship was observed between air mass flow rate and
temperature difference. These findings are supported by (Jasim Mahmood, 2020). Jasim found
that the average temperature difference between the outlet and the ambient air was 38.6 °C, 36.5
°’C, 33.2°C, 26.0 °C, and 20.3 °C at air mass flow rates of 0.003, 0.005, 0.013, 0.016, and 0.018
Kg/s, respectively. The temperature difference obtained for SAH with a net of tubes fitted to an
absorber plate was 42.3 °C, 21.1 °C, and 17.4 °C at 0.019, 0.028, and 0.075 kg/s, respectively
(Yassien et al., 2020).

3.2.4 Outlet air temperature and ventilation rate

Figure 3-5 shows the daily average (+SD) outlet air temperatures for each test day in Cases 1
and 2. For Case Study 1, the daily average outlet air temperature ranged from 17.3 'C (minimum)
to 49.3 C (maximum) with a mean (=SD) 0f 32.1 + 9.7 C. The hourly outlet temperature ranged
from 9.3 C (minimum, Day 6, 9:00 a.m.) to 57.6 C (maximum, Day 12, 1:30 p.m.), and the air
mass flow rate ranged from 0.051 kg/s (minimum) to 0.062 kg/s (maximum).

For Case Study 2, the daily average outlet air temperature ranged from 24.4 °C (minimum) to
59.0 "C (maximum) with a mean (+SD) 0f 39.9 + 11.5 "C. The hourly outlet temperature ranged
from 17.2°C (minimum, Day 13, 9:00 a.m.) to 68.9 'C (maximum, Day 16, 1:30 p.m.), and the

air mass flow of 0.020 kg/s (minimum) to 0.026 (maximum) kg/s.
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Figure 3-5 Mean (£SD) outlet air temperature and solar radiation for FT-SAH under Case Study 1 (left, winter, 100% fan speed) and Case
Study 2 (right, spring, 50% fan speed). Data points are hourly averages; straight-line connections only (no polynomial smoothing). Comfort

thresholds (18.0-25.0 °C) are shown according to ASHRAE and MOE guidelines
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A positive relationship was found between the outlet air temperature and the solar radiation,
whereas a negative relationship was found between the outlet air temperature and the air mass
flow rate. The daily average outlet temperature was highest on Day 16 (59.0 = 10.5 °C at 0.022
+ 0.002 kg/s) compared to the other days due to the higher mean solar radiation (648.4 = 118.6
W/m?) on that day. The daily average solar radiation value was lowest on Day 2 (142.9 + 59.9
W/m?), and hence, the outlet temperature was lowest on Day 2 (17.3 = 5.2 °C at 0.059 + 0.002
kg/s). Studies conducted by (Hassan et al., 2020; Singh & Vardhan, 2021). They found similar
results, where the outlet air temperature increases with increasing solar radiation and decreases
with increasing air mass flow rate. Research conducted by (Hassan et al., 2020) found that the
outlet air temperature of TSAH and FSAH were 56.1 'C, 47.2°'C,44.1 'C, and 42.1 °C, 41.1 'C,
40.9 'C at air mass flow rates of 0.025 kg/s, 0.050 kg/s, and 0.075 kg/s, respectively. The study
revealed that the outlet air temperature of TSAH was higher than that of FSAH, attributed to
the larger contact area of TSAH. The contact area of TSAH was 3.141 times that of flat plate
SAH due to the peripheral region of all tubes. Moreover, internal reflections between the
absorber surfaces reduced the amount of reflected solar radiation reaching the atmosphere.
Thus, reducing the top heat loss indicates higher heat transfer in TSAH (Hassan et al., 2020).
A study conducted by (Wang et al., 2023) found the mean outlet air temperature to be 28.9 +
10.6 °C across the two-year study, and it was affected by ambient temperature, solar radiation,
wind speed, rainfall, and operation time.

During the test, it was found that solar radiation rises until 12:30 pm and then decreases over
time. It was found that the outlet air temperature exhibits a similar pattern to solar radiation,
increasing until 1:30 pm and subsequently decreasing over time for all test days, except for
Days 5, 6, 15, and 22. It could be due to the cooling effect of wind and rain because the wind
and rain were measured at 1-minute intervals. The time lag between the optimum temperature
and the optimum solar radiation could be due to the time required to heat the air and the FT-
SAH. The time lag is shown in Figure 3-6, considering the day with the highest efficiency (Day
3 and Day 13) for Case Studies 1 and 2.
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The hourly outlet air temperature was above 18.0 °C for 86.9% and 98.8% of the time for Case
Studies 1 and 2, respectively. As per MOE guidelines, the recommended temperature levels in
NZ classrooms are to be maintained between 18.0 ‘C and 25.0 "C (N. Z. Ministry of Education,
2014).

At higher temperatures, it is essential to ventilate to maintain a healthy and comfortable indoor
environment. Ventilation is the movement or circulation of air to remove pollutants, odours,
moisture, and excess heat, and to maintain CO; levels. In this study, the ventilation rate of outlet
air was calculated by dividing the air mass flow rate by air density. One input parameter for
calculating the air mass flow rate is air velocity, which is linked to the fan speed regulator
setting. The daily average = SD values of ventilation correspond to the outlet air temperature
for Case Studies 1 and 2 in Table 3-5. For Case Study 1, the calculated daily average ventilation
rate ranged from 164.2 m*/h (minimum) to 176.1 m*/h (maximum) with a mean + SD of 173.1
+ 3.5 m*/h. The hourly ventilation rate ranged from 163.5 m*h (minimum, Days 5 and 10) to
176.1 m*/h (maximum, Days 3, 4, 6, 8,9, 11, and 12).

The daily average ventilation rate for Case Study 2 ranged from 69.9 m*/h to 77.0 m*/h, with a
mean + SD of 74.8 + 1.9 m*h. The hourly ventilation rate ranged from 71.4 m*/h (minimum,
Day 12) to 77.9 m*/h (maximum, Day 4).
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Table 3-5 The daily average £ SD values of ventilation correspond to the outlet air temperature values when FT-SAH operates at 100%

and 50% maximum ventilator speed in good weather conditions

Case Test Daily average Daily Minimum daily | Maximum daily Daily Minimum | Maximum
Study Day air mass flow average average outlet average outlet average daily daily
rate outlet temperature temperature ventilation | average average
(kg/s) temperature (°O) (°C) rate ventilation | ventilation
(°C) (m3/h) rate rate
(m3/h) (m3h)
Day 1l | 0.055%+ 0.001 31.5+9.0 22.1 43.2 170.7 £3.0 167.2 175.3
Day 2 0.059 + 0.002 17.3+£5.2 10.0 233 173.7+ 1.0 173.3 175.9
Day 3 0.055 +0.001 35.6+£9.3 223 454 1750+ 1.2 173.3 176.1
Day 4 0.057 +0.001 25.8 £8.4 13.2 36.6 174.1 £ 1.3 173.3 176.1
Case Day 5 0.055 + 0.002 25.6 £8.7 15.0 36.5 165.84+3.6 163.5 173.4
Study 1 Day 6 | 0.058+0.001 222473 9.3 30.8 173.7£1.0 | 1733 176.1
Day 7 | 0.053 + 0.002 39.6+7.5 28.7 46.6 168.9+3.2 165.6 172.9
Day 8 0.055 £0.001 37.2+79 23.6 44.4 17524+ 0.9 173.3 176.1
Day 9 0.056 + 0.001 354+£7.7 25.8 44.7 175.1+£1.3 173.3 176.1
Day 10 | 0.055 +0.002 22.0+£5.6 15.2 31.5 165.1+£1.6 163.5 167.5
Day 11 | 0.054 +0.002 45.0+6.2 36.6 51.6 175.0+ 1.0 174.0 176.1
Day 12 | 0.053 +£0.002 493 £8.5 34.9 57.6 174.7+£0.9 174.0 176.1
Day 13 | 0.024 £+ 0.001 30.2+9.5 17.2 42.9 75.6 £0.7 74.7 76.4
Day 14 | 0.024 +0.002 37.1£11.9 20.3 52.2 74.7+1.3 73.0 76.4
Day 15 | 0.025 +0.000 26.7+£2.0 24.8 30.4 759+0.2 75.5 76.0
Case Day 16 | 0.022 +0.002 59.0 +10.5 40.2 68.9 72.7+£4.0 69.0 77.9
Study 2 Day 17 | 0.024 +0.001 37.7+£6.0 30.3 443 752+£0.5 74.7 76.0
Day 18 | 0.023 +0.001 449 +13.5 25.8 58.2 742 +1.3 72.3 76.0
Day 19 | 0.023 +£0.001 412+54 29.6 45.8 74.9 £ 0.5 74.7 76.0
Day 20 | 0.023 +0.001 50.3+12.3 31.1 64.5 75.9+0.8 74.7 77.0
Day 21 | 0.023 +£0.001 56.4+10.2 36.6 68.4 76.3+0.7 75.5 77.0
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Day 22 | 0.025 £+ 0.000 27.6+6.4 20.3 36.0 75.9+£0.2 75.5 76.0
Day 23 | 0.025 +0.000 244 +2.1 20.7 27.1 76.0+0.0 76.0 76.0
Day 24 | 0.023 +£0.001 42.6 +12.0 22.4 55.2 743+ 1.6 71.4 76.0
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The maximum hourly ventilation rates for FT-SAH in Case Studies 1 and 2 were 176.1 m*h
(at 0.056 kg/s) and 77.9 m3/h (0.024 kg/s), respectively. This indicates that operating FT-SAH
under Case Study 1 is recommended. However, the obtained ventilation rate was five times
lower than the recommended ventilation rate as per the compliance document G4 (NZ Building
Code compliance document for ventilation) and the cited New Zealand Standard (NZS)
4303:1990, which recommends a flow rate of 8 liters per second, per child to maintain a CO>
level below 1000 ppm. This recommended flow rate is equivalent to 864 m? /h for an average
classroom of 30 children (MBIE, 2017). For Case Study 1, the time required for a complete air
change in a classroom of 220.0 m? will be 1.2 hours if the SAH is the only means of ventilation.
Little research is available on estimating ventilation rates in SAHs. However, a study conducted
by (Wang et al., 2023) In NZ classrooms, it was found that the ventilation rate for the flat plate
SAH with a perforated back plate was twenty five times lower than the compliance document
G4 and cited NZ standards (NZS) 4303:1990, and that the time taken for one complete air
change was 6.5 hours.

Therefore, FT-SAH can be used as a supplemental solution to increase ventilation rates, as it

cannot provide adequate ventilation on its own.
3.2.5 Application of FT-SAH

Thermal comfort and ventilation could impact indoor environmental quality and affect
cognitive performance (Ahmed et al., 2022; Fang et al., 2004). A study conducted in the
building found that the optimal temperature range for cognitive performance was 22.0 C —24.0
'C. The Same study showed that elevated (above 26.0 C) and low (below 18.0 C) temperatures
can cause respiratory and cardiovascular diseases, whereas low humidity (below 40.0%) can
cause dry eyes (Wolkoff et al., 2021). There are several studies indicating that poor classroom
ventilation affects student’s learning, health, and school attendance (Ferreira & Cardoso, 2014;
Forns et al., 2016) . Children are more vulnerable to contaminants than adults, as they have
larger lungs and breathe faster. Therefore, contaminants get concentrated in their bodies.
(Bennett et al.,, 2019). Henceforth, it is imperative to provide students with a healthy
environment in the classroom, for it is in this space that students acquire knowledge and spend
most of their time (M. Ministry of Education, 2014).

A practical application of FT-SAH could be in the school environment, as school hours are well-
aligned with optimal solar radiation (9:00 am to 3:00 pm). The school environment is high-
density, and a high ventilation rate is needed to remove potential pollutants (Sadrizadeh et al.,

2022). Table 3-6 shows the hourly average percentage of time when the outlet air temperature
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was above 18.0 C. Between 11:00 a.m. and 4:00 p.m., the outlet air temperature exceeded 18.0
°C for 97.3% and 100.0% of the time in Case studies 1 and 2, respectively.
Table 3-6 Percentage of the time when the hourly average outlet temperature is above 18.0

'C for Case Studies 1 and 2

Case Parameter 9:30 10:30 11:30 12:30 1:30 2:30 3:30
Study am am am pm pm pm pm
Case To>18.0C 58.3% 75.0% 91.7% | 100.0% | 100.0% | 100.0% | 83.3%
study 1 T>18.0C 25.0% 50.0% 66.7% 83.3% 75% 66.7% 33.3%
assuming 30%
heat loss
Case To>18.0C 91.6% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0%
study 2 To>18.0C 50.0% 75.0% 83.3% 91.7% | 100.0% | 100.0% | 100.0%
assuming
30% heat loss

Heinrich (2007) reported that increasing duct length from 0.5 m to 2.2 m reduced both
efficiency and outlet temperature by 39%. Similarly, Wang et al. (2023) observed a 30.0% drop
in efficiency when the duct length increased from 0.5 m to 5.0 m, with sensors placed 5 m
downstream of the SAH. Based on these findings, this study assumed a 30.0% heat loss when
the duct length was increased from 1.0 m to 2.5 m, even with insulation. Under these conditions,
the hourly average outlet air temperature exceeded 18.0 C for 57.1% of the time in Case Study
1 and 85.7% of the time in Case Study 2. However, outlet air temperatures above 25.0 "C would
require cooling before being supplied indoors, as the recommended classroom range is 18.0—
25.0 °C. A plenum (fluid mixing box) could be used to blend outlet and ambient air, achieving
both the target temperature and the required airflow rate.

Table 3-7 presents the hourly average airflow rates at a reference temperature of 20.0 °C. At
32.2 °C, the hourly average volumetric flow rate was 172.1 m3/kg, while the required average
volumetric flow rate at 20.0 °C to meet the target 864.0 m*h was 668.4 m*h and 589.0 m*h in
Case Studies 1 and 2, respectively.

Table 3-7 Hourly average airflow rates at 20 °C and percentage of time when volume

flow rate > 864 m3/h

Case Parameter 9:30 10:30 11:30 12:30 1:30 2:30 3:30
Study am am am pm pm pm pm
Case Volume flow 255.5 421.8 649.3 955.2 1018.7 870.1 508.2
study 1 | rateat20C
(m3/h)
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Case Volume flow 208.2 402.9 597.9 992.4 980.0 733.0 208.0

study 2 | rateat20C
(m’/h)

When accounting for a 30.0% energy loss, 1234.3 m*/h of supply air is required to achieve the
target 864.0 m3/h at 20.0 °C. This indicates that at least two collectors are necessary to maintain
the recommended classroom ventilation rate.

A further operational recommendation is to regulate fan speed: operate at 50% when the outlet
temperature is below 18.0 ‘C, and increase to 100% when the outlet temperature exceeds 25.0
C.

3.2.6 Thermal efficiency of FI-SAH

The thermal efficiency of the FT-SAH was evaluated using Equation 3.1 and was tested in two
case studies. In Case Study 1, the thermal efficiency ranged from 38.6% to 83.8%, with an
average of 69.5 + 13.4%. The ratio of the temperature difference to solar radiation (AT/IT) for
this case study ranged from 0.035 Km?»W to 0.075 Km?*W, with a mean of 0.061 £+ 0.012
Km?/W. Hourly efficiency ranged from 15.9% (on Day 10) to a peak of 95.7% (on Day 1),
corresponding to AT/It values of 0.014 Km*W (minimum) to 0.089 Km*W (maximum).

For Case Study 2, thermal efficiency showed a narrower range, from 23.8% to 34.7%, with a
mean of 29.4 + 3.5%. In this case, the AT/Ir values ranged between 0.049 Km?*W and 0.071
Km?/W, with a mean of 0.062 + 0.008 Km*W. Hourly efficiency was observed between 17.9%
(Day 18) and 43.6% (Day 17), while AT/It values ranged from 0.037 Km?»W to 0.085 Km?*/'W.
The overall efficiency of the FT-SAH, including the mechanical power consumed by the fan,
was analysed. The mean effective efficiency increased by only 2.8% as the air mass flow rate
increased from 0.024 kg/s to 0.056 kg/s. The mean effective efficiency ranged from 65.0 +
14.6% at higher airflow rates (0.054-0.059 kg/s) to 28.0 &+ 3.6% at lower airflow rates (0.022—
0.025 kg/s).

Figure 3-7, which illustrates daily thermal efficiency as a function of the temperature difference
ratio to solar radiation (AT/IT), shows a linear relationship between thermal efficiency and
AT/Ir. At a AT/It of 0.05 Km?/W, the thermal efficiency was 25.5% at an air mass flow rate of
0.025 kg/s and 56.5% at a flow rate of 0.056 kg/s. Additionally, the study found that the
maximum hourly efficiency reached 95.7% at an air mass flow rate of 0.053 kg/s, with a daily

average efficiency of 83.9% at full fan speed.
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Themal efficiency [n:f}vsthe ratio between the temperature difference and solar radiation (AT/I;)
a0 for FT-SAH: Case Study 1 (black plain squares) and Case Study 2 (red plain circles).
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Figure 3-7 Relationship between thermal efficiency and the temperature difference ratio
(AT/It) for FT-SAH at two mass flow rate ranges: 0.051-0.062 kg/s (Case Study 1, black
plain squares) and 0.020-0.026 kg/s (Case Study 2, red plain circles). Data points
represent hourly averages calculated from one-minute sampling intervals.

The results from both case studies indicate a clear relationship between thermal efficiency and
the AT/It. Case Study 1 consistently outperformed Case Study 2, which can be attributed to the
higher mass flow rates in the former. This outcome aligns with the expected performance of
SAHs: increased airflow enhances heat transfer, reducing temperature losses and boosting
overall system efficiency. The strong positive correlation between AT/It and thermal efficiency
(R?=0.99 for higher mass flow rates) further supports this observation.

In contrast, the lower mass flow rates in Case Study 2 resulted in less efficient heat transfer, as
evidenced by the shallower slope (403.1) and weaker correlation (R? = 0.83). This suggests that
lower airflow is more sensitive to environmental conditions, such as rain, wind, and cloud
cover, thereby introducing variability in system performance.

From the experiment's results, it can be concluded that the thermal efficiency of the FT-SAH is
directly proportional to the temperature difference between the outlet and inlet air (AT) and
inversely proportional to the solar radiation level (It). In Case Study 1, with the system

operating at full fan speed, the maximum hourly thermal efficiency reached 95.7% at an air

92



mass flow rate of 0.053 kg/s, and the daily average efficiency was 83.9%. At a lower mass flow
rate of 0.024 kg/s, the maximum hourly efficiency decreased to 43.6%, indicating the impact
of airflow on system performance. These high-efficiency levels are attributed to the finned tube
design and corrugated fins, which enhance heat transfer.

Weather conditions strongly influenced performance variability. Overall, the results confirm
that both operational settings (mass flow rate) and environmental factors play critical roles in
determining the thermal performance of the FT-SAH, with higher mass flow rates providing
more reliable and efficient operation.

Comparisons with other studies highlighted the FT-SAH's superior performance, as shown in
Table 3-8. Its maximum thermal efficiency was 95.7%, which surpassed that of other SAHs.
Singh and Vardhan (2021) found that an evacuated tube SAH with helical fin inserts achieved
a maximum thermal efficiency of 70.9% at a mass flow rate of 0.015 kg/s, while (Yassien et
al., 2020) reported a peak efficiency of 80.2% for a triple-pass SAH with a net of tubes at a
mass flow rate of 0.028 kg/s. In another study, Elbrashy et al. (2023) recorded a maximum
thermal efficiency of 64.2% for an evacuated tube SAH with thermal storage at a mass flow
rate of 0.05 kg/s. Additionally, SAHs with V corrugated absorbers reached a maximum thermal
efficiency of 57.0% at a mass flow rate of 0.02 kg/s, and double-pass SAHs with V corrugated
plates had an average thermal efficiency of 65.3% at a flow rate of 0.04 kg/s (El-Sebaii et al.,
2011a). These comparisons indicate that the FT-SAH used in the present study achieved higher
thermal efficiency than the systems in these other studies.

Table 3-8 Thermal efficiency comparison of the present work with work conducted by

other researchers

SAH design Air mass | Peak Daily
flow rate | thermal | average
(kg/s) efficiency | thermal
(%) efficiency
FT-SAH (present work) 0.053 95.7 83.9
0.024 43.6 323
Evacuated tube with helical inserts (Singh & | 0.015 70.9 58.1
Vardhan, 2021)
Triple pass SAH with double glass and net of tubes | 0.0075 54.4 -
(Yassien et al., 2020) 0.0188 64.9 -
0.0282 80.2 -
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Evacuated tube SAH with thermal storage (Elbrashy | 0.05 64.2 57.0
et al., 2022)

SAH with corrugated plates (Poongavanam et al., | 0.015 36.0 34.2
2018) 0.02 57.0 56.0
Double pass SAH with v corrugated plate (El-Sebaii | 0.02 - 57.4
etal., 2011a) 0.04 - 65.3

Figure 3-8 illustrates the overall (effective) efficiency of the FT-SAH for two case studies,
considering the mechanical power consumed by the fan. In Case Study 1, where the system
operated at full ventilator speed, both thermal and effective efficiencies were strongly correlated
with the ratio of the temperature difference to incident solar radiation (AT/IT), with an R? of
0.99. The thermal efficiency had a slope of 1101.2, indicating a predictable increase in
efficiency with increasing temperature difference. With a slightly lower slope, the effective

efficiency still followed a similar trend.
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Figure 3-8 The overall efficiency of FT-SAH for Case Studies 1 and 2

In contrast, Case Study 2, which ran at 50% ventilator speed, showed a weaker correlation
between thermal efficiency and AT/IT, with an R? of 0.83. The effective efficiency, although
slightly stronger (R* = 0.88), also exhibited more variability in performance. The system in
Case Study 1 consistently achieved higher thermal and effective efficiencies due to enhanced

heat transfer enabled by the higher airflow.
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The comparison between the two case studies highlights the impact of ventilator speed on
performance. Higher airflow yields more efficient heat transfer and improved predictability in
the relationship between AT/Ir and efficiency, as observed in Case Study 1. The difference
between thermal and effective efficiency in both studies reflects the gap between theoretical
heat transfer and actual energy utilization under practical conditions. Overall, the study
emphasizes the importance of adequate airflow in maximizing system efficiency.

3.3 Conclusion

The thermal efficiency of SAHs is relatively low, limiting their use to low-temperature
applications such as space heating, drying, and ventilation. Researchers have found that
applying artificial roughness to the collector's surface can significantly enhance heat transfer,
improving thermal efficiency and making SAHs more viable for these specific applications. In
this study, SAH was experimented with using finned tubes (absorbers). Corrugated fins were
inserted into the tubes to increase the surface area and heat transfer. Data collected from June
2023 to November 2023 have been presented, including SAH outlet air temperature and air
volumetric flow rate. The temperature difference between the outlet and inlet air, as well as the
thermal efficiency, was calculated. The following conclusions are drawn from the study:

1) The ratio of the temperature difference between the outlet and inlet air temperature to
the solar radiation incident on the tilted surface of the FT-SAH and the air mass flow
rate positively impacted the thermal efficiency of FT-SAH. The FT-SAH achieved its
highest thermal efficiency in Case Study 1, with a mean efficiency of 69.6 + 13.4% at a
AT/It of 0.069 £+ 0.004 Km?*W. In comparison, Case Study 2 recorded a lower mean
efficiency of 29.4 + 3.5% at a AT/IT of 0.062 + 0.008 Km?*/'W.

2) Solar radiation and air mass flow rate dominated the outlet air temperature. The
maximum outlet air temperature was 68.9 ‘C when the solar radiation was 771.8 W/m?,
and the air mass flow rate was 0.020 kg/s. The minimum outlet air temperature was
9.3 °C when the solar radiation was 73.5 W/m?, and the air mass flow rate was 0.059
kg/s. Based on the results of this study, it can be concluded that weather conditions had
some impact on the performance of FT-SAH. However, the overall effect was not
significant enough to drastically reduce its efficiency.

3) The outlet air temperature (mean) was above 18.0 “C for at least 95.8% of the test time.
The ability to consistently provide outlet air temperatures above 18.0 °C more than 95%
of the time highlights its value in improving thermal comfort in low-energy settings,

particularly in temperate climates such as New Zealand.
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4) The outlet air temperature follows the same trend as solar radiation. It increases from
9 a.m. to 1:30 p.m. and then decrease later in the afternoon. The time lag between peak
solar radiation and peak outlet air temperature may be due to the time taken to heat the
SAH and the air.

5) To enhance space heating efficiency, it is crucial to reduce the elevated outlet air
temperatures (exceeding 25.0 C) before distributing them into the living space.
Therefore, it is recommended to incorporate a plenum box with the SAH. The plenum
box functions as a compartment where incoming air is mixed with warm air to lower its
temperature.

6) The mean volumetric flow rate of FT-SAH operating under Case Study 1 was 172 £ 3.0
m3/h, at a mean outlet air temperature of 29.4+ 9.9 °C. The mean volumetric flow rate
of FT-SAH operating under Case Study 2 was 74.8 + 1.9 m’/h, at a mean outlet air
temperature of 39.9 + 11.5 C m/s. The time required for a complete air change was 1.2
hours and 2.8 hours at mass flow rates of 0.056 kg/s and 0.024 kg/s, respectively, for a
classroom of 220.0 m?, if operating the FT-SAH is the only means of ventilating the
classroom. However, it was not sufficient to provide adequate ventilation on its own.

3.4 Limitations and Future Scope

The experiment conducted in Massey University's car park presents several limitations that
should be addressed in future studies. First, the testing environment does not replicate the
operating conditions of SAH installed on a rooftop, as would be the case in a real-world
application, such as on top of a classroom. This research did not consider factors such as duct
length, which can significantly affect both thermal efficiency and outlet air temperature. These
variables could lead to different performance outcomes in practice.

Additionally, to meet the ventilation requirements specified by the Ministry of Education
(MOE) and the American Society of Heating, Refrigerating, and Air-Conditioning Engineers
(ASHRAE), multiple SAHs would be required. This increases the roof space needed and adds
to the overall installation cost. Although the FT-SAH demonstrates potential as a supplementary
heating and ventilation source, the scalability and economic feasibility of installing multiple
units remain challenges.

Moreover, this study did not compare the FT-SAH’s performance with and without fins, which
is essential for optimising design and cost. Although the FT-SAH showed promising thermal
performance at higher mass flow rates, further investigation is needed to determine whether fin

structures provide sufficient benefits to justify their additional cost and complexity.
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To address this gap, the next chapter will present a comparative analysis of finned and unfinned
designs, providing deeper insights into the influence of fins on heat transfer performance and

practical viability.
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4 Effect of fin inserts on the thermal efficiency of the tube-type

solar air heater

Chapter 3 discussed the thermal performance of FT-SAH with corrugated fin inserts. The study
found that the mass flow rate and the temperature difference (AT/It) ratio between the outlet
and inlet air significantly influenced the thermal efficiency of the FT-SAH. The results
indicated that while FT-SAH could serve as a supplemental solution to increase ventilation
rates, it could not provide adequate ventilation independently. The FT-SAH study achieved an
efficiency of 83.9% at a mass flow rate of 0.056 kg/s, which surpasses the maximum efficiency
reported for triple-pass SAHs (80.2%) in (Yassien et al., 2020) and evacuated tube SAHs
(70.9%) in (Singh & Vardhan, 2021).This suggests that incorporating corrugated fins
effectively enhances the surface area for heat transfer, improving system efficiency. Given these
findings, it is crucial to investigate further the effect of fin inserts on FT-SAH's thermal
performance.

The literature review indicated that various enhancement techniques could potentially be
integrated into the SAH design (Foued Chabane, Nesrine Hatraf, et al., 2014; El-Sebaii et al.,
2011a; Saxena et al., 2015) ; however, this aspect was not tested in the experiment. The solar
air heater used in this study was a prototype developed by Sojol Pvt. Ltd., which limited our
ability to modify its design. Consequently, the research was constrained by these design
limitations. Additionally, time constraints prevented us from developing a complete system for
the PhD project. The PhD focused primarily on prototype environmental testing rather than
product design.

Chapter 4 investigates the thermal performance of a TSAH equipped with fin inserts (treatment
SAH) and compares it to a control system without fin inserts. The results indicate that the
treatment SAH significantly improves thermal efficiency, particularly at higher mass flow rates.
At a mass flow rate of 0.07 kg/s, the treatment SAH achieved a peak thermal efficiency of
75.3%, outperforming the control SAH's 46.4%. At a lower mass flow rate of 0.04 kg/s, the
treatment system maintained an efficiency of 62.3%, compared to 32.9% for the control.
Additionally, the temperature difference between the inlet and outlet air was consistently higher
in the treatment SAH due to enhanced heat transfer provided by the fin inserts. At high-speed
operation, the temperature difference in the treatment SAH reached 7.0 °C, compared to 4.4 “C
in the control SAH, with the difference increasing to 10.4 °C and 6.3 °C, respectively, at lower
speeds. The study also demonstrates that fin inserts increase the system's thermal mass, enabling

better heat retention and capture. Despite these improvements, the system could not meet
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standalone ventilation requirements based on the Ministry of Education (MOE) guidelines,
suggesting that multiple SAH units would be necessary for adequate ventilation, which could
increase installation costs and required roof space.

The chapter is divided into four sections, as outlined in Figure 4.1. It begins with an introduction
(Section 4.1) and proceeds to the materials and methods section (Section 4.2), which details the
experimental setup for the control and treatment SAH. Data collection, including ambient
temperature, solar radiation, outlet temperature, ventilation rate, and thermal efficiency,
follows. The results and discussion section (Section 4.3) compares the parameters influencing
the system’s performance. Finally, the chapter concludes with a summary of the findings and

suggestions for future research and improvements (Section 4.4).

Chapter 4
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Figure 4-1 Sections discussed in the chapter
4.1 Introduction

As discussed in Chapter 2, the application of artificial roughness (Saxena et al., 2023),
integrating solar thermal energy systems (Tyagi et al., 2012), application of nanofluid coatings
(Kumar et al., 2020), reflectors (Abdullah, Amro, et al., 2020) inside the SAHs, using evacuated
tubes (Abi Mathew & Thangavel, 2021) and micro heat pipe array systems (Zhu & Zhang,
2021) are techniques investigated to improve the thermal efficiency of SAHs. These techniques
are discussed in detail in the literature review of Chapter 2. Therefore, only relevant literature
studies on SAHs with and without artificial roughness are briefly discussed in this chapter to

show the effect on efficiency when fins are added. The following section briefly discusses the
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improvements achieved in SAH applications utilizing fin inserts, and Table 4-1 summarizes the

relevant literature studies.

Table 4-1 Literature studies on improving the thermal efficiency of SAHs integrated

with artificial roughness

longitudinal fin
inserts

Study Author name and | Solar air heater | Mass | Efficiency Change in
year type flow (%) efficiency
rate (%)
(kg/s)
1. Kumar and Rosen | SAH with fins 0.060 |55.0 10.0
(2011)
SAH without fins 45.0
2. Sivakumar et al. Pin finned SAH | - 13.0t0 38.0 | 3.0-12.0
(2019) Flat plate SAH - 10.0 to 26.0
3. F. Chabane et al. SAH with 0.012 |51.5 7.6 and 5.1
(2014) longitudinal fin 0.016 |40.0 at 0.012 kg/s
and 0.016
SAH without 0.012 | 439 kg/s
longitudinal fin 0.016 | 349 respectively
4. Fan et al. (2019) SAH with 0.021 | 69.2 7.5
longitudinal fins
SAH without 61.7
longitudinal fins
5. Sivarathinamoorthy | Double pass 54.0 8.0
and Sureshkannan | SAH with
(2021) longitudinal fin
inserts and heat 0.016
storage
Double pass 46.0
SAH without
longitudinal fin
inserts and heat
storage
6. Kumar and Chand | SAH with 0.026 | 56.6 20.4
(2017) herringbone
corrugated fin
SAH without 0.026 | 36.2
herringbone
corrugated fin
7. Hussien and Farhan | SAH with 86.0 33.0
(2019) corrugated fin 0.050
inserts
SAH with 53.0
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El-Sebaii et al.
(2011b)

Double pass V
corrugated plate
SAH

Double pass
finned plate SAH

0.023

67.9

56.0

11.9

Daliran and
Ajabshirchi (2018)

SAH with
rectangular fin
inserts

SAH with
rectangular fin
inserts

0.033

55.0

33.0

22.0

10.

Abu Hamed and
Alkharabsheh
(2020)

SAH with
aluminium fins

0.013

37.0

SAH with copper
coils

0.013

29.0

13.0 and 5.0
higher
compared to
SAH with
copper coils
and smooth
plate

Smooth plate
SAH

0.013

24.0

11.

Singh and Vardhan
(2021)

SAH with helical
coil inserts

SAH without
helical coil
inserts

0.015

70.9

64.8

6.1

12.

Afshari et al.
(2020)

SAH with full
finned turbulator

SAH with
smooth tube

0.015

72.0

60.7

11.3

13.

Karim and
Hawlader (2006)

SAH with v
grooved fins

Flat plate SAH

0.056

82.0

77.0

5.0

Table 4-1, Study 1, estimates the thermal and electrical efficiencies of photovoltaic thermal
SAHs (PV/T SAH) with and without fins. It was found that the thermal and electrical efficiency
of PV/T SAH was increased to 15.5% and 10.5%, respectively (Kumar & Rosen, 2011). Table
4-1, Study 2, found that the efficiency of SAH using a pin fin absorber was 3.0-12.0% higher
compared to the flat plate SAH (Sivakumar et al., 2019). Table 4-1, Study 3, found that the
addition of longitudinal fins increased the thermal efficiency of the SAH by 10.5% and 9.0%
compared to the SAH without fins at a mass flow rate of 0.012 kg/s and 0.016 kg/s, respectively
(F. Chabane et al., 2014). Table 4.1, Study 4, SAH fitted with a longitudinal fin had 7.5% higher
thermal efficiency compared to SAH without fins (Fan et al., 2019).

Table 4-1, Study 5, evaluated the thermal efficiency of a double-pass SAH with longitudinal

fins and heat storage compared to a double-pass SAH without fins and heat storage. The results
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showed that the thermal efficiency of SAH with a longitudinal fin and heat storage was 8.0%
higher compared to SAH without a fin and heat storage (Sivarathinamoorthy & Sureshkannan,
2021). Table 4-1, Study 6, evaluated the thermal efficiency of an SAH with herringbone
corrugated fins. Results showed that the thermal efficiency increased by 20.4% when the
herringbone corrugated fins were attached to the SAH absorber surface (Kumar & Chand,
2017). Table 4-1, Study 7, found that the maximum thermal efficiency of SAH with corrugated
fin inserts was 33.0% higher than that of SAH with solid longitudinal fin inserts at a mass flow
rate of 0.05 kg/s (Hussien & Farhan, 2019). Table 4-1, Study 8, found that the thermal efficiency
of double-pass V corrugated plate SAH was 9.0 -11.9% higher than double-pass finned plate
SAH for air mass flow rate ranging from 0.013-0.023 kg/s (El-Sebaii et al., 2011b).

Table 4-1, Study 9, found that the thermal efficiency of SAH with rectangular fin inserts was
18.0% higher compared to SAH without fins (Daliran & Ajabshirchi, 2018). Table 4-1, Study
10, tested a SAH with copper coil and aluminium fins. The thermal efficiency of SAH with
copper coil and aluminium fins was 5.0% and 13.0% higher compared to smooth plate SAH
(Abu Hamed & Alkharabsheh, 2020). Table 4-1, Study 11, showed that the addition of helical
coil inserts to the evacuated tube increased its efficiency by 6.1% (Singh & Vardhan, 2021).
Table 4-1, Study 12, found that the thermal efficiency of SAH with a full-finned turbulator (like
fins) was 11.7% higher compared to smooth SAH (Afshari et al., 2020). Table 4-1, Study 13,
found that double-pass SAH with V-grooved fins performed 5.0% better than the flat plate
SAH (Karim & Hawlader, 2006).

From studies 1-13, it can be concluded that the application of fins improved the thermal
efficiency of SAHs. A study by (Hussien & Farhan, 2019). SAH with corrugated fin inserts had
higher thermal efficiency (86.0%) than the other studied SAH. SAH with corrugated fin inserts
performed better compared to v-groove fins. SAH with aluminium fins performed better than
copper coils. It can be concluded that the fin design and material affected the thermal efficiency
of SAH. Literature studies show that no study on SAHs having finned tubes integrated with
corrugated fin inserts is available. Therefore, an attempt is made to estimate the thermal
efficiency of SAHs with finned tubes and integrated fin inserts (treatment SAH) and compare
their thermal performance with that of SAHs without fin inserts (control SAH).
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4.2 Materials and methods

4.2.1 Structure of the tested FT-SAH with and without fin inserts
Sojol Pvt Ltd (NZ) developed the prototype of FT-SAH. The studied FT-SAH’s length and
width are 2103.0 mm and 985.8 mm, respectively. The collector height at the lower end was

211.6 mm, and the upper end was 333.8 mm, as shown in Figure 4-2.

Carbon fibre

Lower-end o o
height = 211.6 At
mm [T

Figure 4-2 The experimental set of FT-SAH

In phase I (refer to Chapter 3), the corrugated fins were inserted in the thirteen tubes.

In Phase II (present study), three tubes are finned tubes with corrugated fin inserts (treatment SAH), three tubes
are finned tubes without corrugated fin inserts (control SAH), and the remaining seven tubes are filled with
cardboard to avoid heat flow (isolated tubes)

Internal finned tube (cross-section)

Thermocouples

Corrugated fin Finned
inserts tubes

Corrugated fin

Finned tubes inserts
(Treatment) Finned tubes without

Iso‘l"a.:;d tu:ebs ﬁl;ed corrugated fin inserts
' L eAIThna (Control tubes)
| y

Phase |

Figure 4-3 Tube setting for treatment and control SAH
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Figure 4-4 Schematic diagram of the FT-SAH
The slope was provided for optimizing the angle for solar exposure. The sides and bottom part
were insulated with 50.0 mm thick glass wool (thermal conductivity = 0.0343 W/mK, R-value
=1.46 m?>K/W). The insulation is provided to reduce the heat losses through the collector frame.
The FT-SAH frame was made of carbon fiber and aluminium. The FT-SAH top side is covered
with a 4.0 mm-thick transparent cover (tempered glass). The height between the underside of
the glass and the top of the finned tubes (absorber) was 24.7 mm. The FT-SAH consisted of
thirteen finned tubes with inner and outer diameters of 71.1 mm and 73.5 mm, respectively, and
a length of 1700.0 mm (Figures 4-2 and 4-3). There were thirty fins along the inner periphery
of the tube, and each fin's height was 2.5 mm.
The solar radiations fall on the collector cover and is then transferred to the interior of the tube
by convection/conduction. The energy is transferred to the air flowing through the pipe by
forced convection. The air at the outlet was drawn using a 250W variable-speed fan (AM 250,
Brespalin, China). The fan can be set at 100% (high speed) and 50% maximum speed (low
speed), which corresponds to a mass flow rate of 0.07 kg/s (at 100% maximum speed) and
0.019 £+ 0.000 kg/s (at 50% maximum speed). The schematic diagram of the FT-SAH is shown
in Figure 4-4.
4.2.2 Tube setting
This experiment aims to investigate the change in temperature increase (outlet vs. inlet) and
SAH efficiency when the inserts were added to the airflow path. Due to constraints, including
having only one SAH and needing to perform tests under identical outdoor conditions, the
system was split into two parts: one section with fins (treatment) and another without fins

(control). An insulated zone separated these two sections to reduce thermal transmittance
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between them. Three of thirteen tubes were equipped with fins (treatment), three tubes had no
fins (control), and the remaining seven were isolated using cardboard to avoid heat flow. Figure
4-3 shows the tube arrangement for treating and controlling SAH. There is a rubber thermal
break between the tubes and the frame. A black rubber seal around the aluminium frame is
provided to increase the collector's airtightness.

4.2.3 Experimental setup and test procedure

The FT-SAH thermal efficiency was tested at Massey University's Wellington campus, New
Zealand (41.3016° S, 174.7761° E), from 21 December 2023 to 24 December 2023 at 50% and
100% maximum ventilator speed. The FT-SAH was mounted on a custom-made metal frame
at a 20'tilt angle. The panel faced true north (at an azimuth angle of 0°). K-type thermocouples
were placed at the inlet and outlet of tubes with and without fins (six tubes) to measure the
change in temperature between the outlet and inlet air temperatures. Figure 4-4 shows the
location of the six tubes where the 12 K-type thermocouples were installed. Two data-loggers
(TCO08, USB, Pico Technology, UK) with eight channels each (a total of 16 channels) were
connected to a laptop to process the temperature data. A weather station (WS3085, Wi-Fi
weather station, Aercus Instruments, UK) was mounted on the frame to monitor the solar
irradiance (W/m?), ambient air temperature ('C), and wind speed (m/s). The velocity (m/s) and
temperature of the outlet air ('C) were measured using a hot wire anemometer (AM4214SD,
Lutron Electronic Enterprise Co., Ltd., Taipei City, Taiwan). The anemometer was located at
the exit of the duct. All the equipment was factory-calibrated and tested both before and after
the experiment (as part of the pre- and post-fieldwork colocation process for quality assurance).
The characteristics of the equipment used for the experiment are given in Table 4-2.

Table 4-2 The characteristics of the monitoring equipment

Equipment Monitoring Range Accuracy
Parameters
Weather station Ambient air -40.0C - 60.0C +1.0C
(WS3085) temperature ('C)
Solar radiation (W/m?) | 0-3000.0 W/m? +15.0%
Wind speed (m/s) 0-50.0 m/s + 1.0 m/s (speed < 5.0 m/s)
+ 10.0% (speed > 5.0 m/s)
K type Inlet and Outlet air | -40.0C+1100.0C +1.0C
thermocouple temperature ('C)
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hot wire Outlet air velocity 0.2-25.0 m/s +5.0% of reading
anemometer (m/s)
AM4214SD Incoming air
temperature from the

duct ('C)

The experiment began at 9:00 a.m. and concluded at 4:00 p.m. (New Zealand Daylight Time)
each day. The rationale for selecting this time is that the solar collector could complement the
ventilation in New Zealand schools (operating between 9:00 a.m. and 3:00 p.m.).

The fan was set to 100% (high speed) on 21/12/2023 and 22/12/2023, and to 50% (low speed)
on 23/12/2023 and 24/12/2023. The parameters affecting the FT-SAH performance, namely
solar radiation, ambient temperature, outlet temperature, and air velocity, were monitored at
one-minute intervals. The average values of the monitored parameters for every 60-minute
interval were calculated and used to estimate the thermal efficiency of the FT-SAH operating
under high and low fan speeds.

4.2.4 Thermal efficiency calculation

The FT-SAH's thermal efficiency (1) was calculated using Equation 3.1. The effective collector
area (A.) was constant and equal to 1.18 m? Equation 3.1 demonstrates that the thermal
efficiency () of the FT-SAH 1is a function of the air mass flow rate (m), the temperature
difference between outlet and inlet air (To-T;), and the incident solar irradiance on the FT-SAH
tilted surface (It), which can be written as follows as nm = f(rh, AT, Ir).

The air density (p) and dynamic viscosity of air (x) vary with temperature, and their values at
various temperature ranges are given in Table 4-3.

Table 4-3 Air density at different air temperatures (Cengel, 2011)

Air temperature Air density Air dynamic
(K) (kg/m?) viscosity
x10- (kg/m*s)
[283.15, 293.15] 1.225 1.797
[293.15, 303.15] 1.184 1.844
[303.15,313.15] 1.145 1.892
[313.15,323.15] 1.109 1.938
[323.15, 333.15] 1.076 1.984
[333.15, 343.15] 1.044 2.029
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4.3 Results and discussion

FT-SAH was tested in the Massey University, Wellington campus car park. The test was
conducted on clear-sky days from December 21, 2023, to December 24, 2023. Due to time
constraints, equipment availability, and the single-prototype design, it was not possible to repeat
the experiments with individual airflow measurements during the study period. The
experimental schedule was already compressed, as two sequential sets of tests (with and without
fins) were conducted over a limited timeframe during which stable weather conditions were
required. Additionally, only one calibrated hot-wire anemometer was available, which was used
to measure the combined outlet velocity. To mitigate this limitation, airflow was carefully
regulated by maintaining a constant fan setting throughout all tubes, and comparisons were
made between treatment and control tubes tested under the same environmental and operational
conditions. While this approach ensured consistent operating conditions, future studies should
include repeated measurements of individual airflows to enhance the reliability and
repeatability of efficiency calculations.

4.3.1 Ambient temperature, solar radiation, wind speed

The mean + standard deviation (SD) values of ambient temperature and windspeed on each
test day for high and low fan speed are given in Table 4-4.

At high fan speed, the daily average ambient temperature ranged from 18.0 “C to 18.9 'C, with
amean + SD of 18.5 + 0.6 °C. The daily average solar radiation on the tilted SAH surface
ranged from 505.5 W/m? (minimum) to 624.7 W/m? (maximum) with a mean = SD of 565.1 +
84.3 W/m”.

At low fan speed, the daily average ambient temperature ranged from 18.3 °C (minimum) to
19.7 °C (maximum), with a mean = SD of 19.0 + 1.0 "C. The daily average solar radiation on
the tilted FT-SAH surface ranged from 540.6 W/m? (minimum) to 733.9 W/m? (maximum),
with a mean + SD of 637.3 + 136.7 W/m?.

Table 4-4: The daily average + SD values of ambient temperature and solar radiation on

each test day
Maximum Test Day Ambient Solar radiation on
speed of the temperature the tilted surface
ventilator (‘C) (W/m?)
21/12 to 18.5+0.6'C 565.1 +£84.3
High speed 22/12/2023
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Low speed 23/12 to 19.0£1.0C 637.3 £136.7
24/12/2023

4.3.2 Investigating the change in Temperature difference (outlet
temperature minimum inlet temperature) between the control case (no

insert) and the treatment case (insert)

Figure 4-5 shows the daily average temperature rise in control and treatment SAH at different
times. Table 4.5 presents the daily average values of outlet temperature, temperature difference,
and change in temperature difference between control and treatment (AT}).

Figure 4-5 compares the performance of control and treatment SAH and the notable time lag in
temperature response. In the case of the treatment SAH, the outlet temperature continued to
increase slightly after peak solar radiation before gradually declining. This apparent delay is
likely influenced by the one-hour averaging interval, which can smooth out short-term
variations and shift the temperature peak relative to solar input. Nevertheless, the trend suggests
that the treatment SAH retains heat for longer than the control, consistent with the enhanced
heat-transfer area and greater thermal mass provided by the fin inserts. By contrast, the control
SAH showed a more direct relationship between outlet temperature and solar radiation,
suggesting a lower heat retention capacity. The fin inserts increase the system's thermal mass
and heat retention, causing a lag between solar radiation and temperature peaks, ultimately
resulting in better overall heat capture and transfer. These results strongly agree with the results

of (Reardon et al., 2020) and (Mostafavi, 2022).
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Comparison of outlet temperature for control and treatment SAH with solar radiation (21/12/2023) Comparison of outlet temperature for control and treatment SAH with solar radiation (22/12/2023)
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Figure 4-5 Comparison of outlet temperature for control and treatment SAH with solar radiation operating at high fan speed (21/12/2023
and 22/12/2023)
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Figure 4-6 Comparison of outlet temperature for control and treatment SAH with solar radiation operating at low fan speed (23/12/2023

and 24/12/2023)
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Tables 4-5 and 4-6 compare the thermal performance of control and treatment SAH under high

and low fan speeds. The treatment SAH performs better in both cases, with higher outlet

temperatures (T,) and more significant temperature differences (AT) than the control system.

Table 4-5 The daily average values of To, Ta, AT, and AT1 for control SAH operating at

high speed
Fan speed SAH type To Ta=Ti AT=To-Ta AT1=
(O (O (0O AT treatment-
AT control
(O

High speed | Control 22.3 18.5 4.4 NA

(m = 0.07 | Treatment 2.6

kg/s) 25.4 18.5 7.0

Under high-speed operation, the control SAH has an outlet air temperature of 22.3°C and a

temperature difference of 4.4°C between the inlet and outlet air. In contrast, the treatment

SAH shows a higher outlet temperature of 25.4°C and a temperature difference of 7.0°C. The

improvement due to the treatment is reflected in the value of AT, which indicates a 2.6 'C

increase in temperature compared to the control system.

Table 4-6 The daily average values of To, Ta, AT, and AT1 for control SAH operating at

low speed
Fan speed SAH type To Ta=Ti AT=To-Ta AT1=
( C) ( C) ( C) AT treatment-
ATcontrol
(C)

Low Control 25.3 19.0 6.3 NA
(m=0.04 Treatment 4.1

kg/s) 294 19.0 10.4

At low fan speeds, the differences are even more pronounced. The control SAH exhibits a daily
average outlet temperature of 25.3°C and a daily average temperature difference of 6.3°C.
However, the treatment SAH achieves a higher daily average outlet temperature of 29.4°C,
resulting in a significant daily average temperature difference of 10.4°C. The AT for low-speed
operation is 4.1°C, indicating a greater performance improvement than for high-speed

operation.
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The observed improvement in the treatment SAH's performance was likely due to enhanced
heat transfer mechanisms, possibly due to modifications or artificial roughness applied to the
system. These modifications could increase turbulence in the airflow, improving the heat
exchange between the air and the heated surfaces of the SAH. The effect is more pronounced
at lower fan speeds, where slower air movement allows for more efficient heat absorption,
leading to a more significant temperature increase. At higher fan speeds, while the system still
performs better than the control, the reduced residence time of air in the system may limit the

extent of heat transfer, resulting in a marginal relative improvement.
4.3.3 Ventilation rate

The air velocity through the ducts was measured as a combined value rather than separately for
control and treatment SAH. This limits the ability to fully understand how the control and
treatment systems differ in thermal performance, making it challenging to attribute the observed
ventilation rates (211.7 m*/h for control and 123.5 m*/h for treatment) directly to the structural
differences between the SAHs. The daily average ventilation rates for control and treatment
SAH operating at high fan speed were 211.7 m*/h and 123.5 m?/h, respectively. The restricted
airflow (in seven tubes) generated turbulence. This turbulence can create vibrations and
acoustic disturbances, leading to a noisy fan. However, the results show that the SAH alone is
insufficient to ventilate the classroom; therefore, multiple SAHs would be needed.

4.3.4 Thermal efficiency of FT-SAH

The thermal efficiency of the SAH is calculated using Equation 3.1 (Section 3). The average
mean (+ SD) values of thermal efficiency for the control and treatment SAH were 44.5 +2.8%
and 72.6 £ 3.9%, respectively. The average mean (+ SD) values of thermal efficiency for the
control and treatment SAH were 33.4 = 0.6% and 57.0 £+ 7.6%, respectively.
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Thermal efficiency comparison for treatment and control SAH at high (0.07 kg/s) and low (0.04 kg/s) mass flow rates
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Figure 4-7 Thermal efficiency comparison for treatment and control SAH at high (0.07
kg/s) and low (0.04 kg/s) mass flow rates

Figure 4-7 compares the thermal efficiency of the treatment and control SAHs at two
representative mass flow rates (0.07 kg/s and 0.04 kg/s), plotted against the ratio of temperature
difference to solar radiation on the collector surface (AT/It). The results demonstrate that
thermal efficiency increases with the AT/It ratio, and that the treatment SAH consistently
outperformed the control at both tested flow rates. At the higher mass flow rate of 0.07 kg/s,
the treatment SAH achieved a maximum thermal efficiency of 75.3% (22 December 2023),
compared to 46.4% for the control on the same day. This substantial difference highlights the
positive effect of fins and surface modifications, which improve the effective heat transfer area.
Increased airflow at higher flow rates also enhances the convective heat transfer coefficient,
enabling more effective heat exchange. This observation aligns with previous studies by Karwa
(2023) and Ghritlahre et al. (2020).

At the lower mass flow rate of 0.04 kg/s, both systems showed reduced efficiency. On 24
December 2023, the treatment SAH reached 62.3%, while the control peaked at 32.9%. The

lower efficiencies reflect reduced convective heat transfer at slower air velocities, consistent
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with observations by Saleh Abo-Elfadl et al. (2021), who noted that lower flow rates increase
residence time but reduce the rate of heat removal, allowing losses to dominate. Figure 4-7
shows thermal efficiency increases with the AT/It ratio, regardless of flow rate. This
relationship occurs because, as the AT/It ratio increases, the system can harness more of the
available thermal energy. Systems that maximize this ratio show greater efficiency in converting
solar energy into proper heat. The treatment SAH's superior performance at both flow rates can
be attributed to design modifications, possibly involving surface roughness or fin
enhancements, which increase the effective surface area for heat exchange. Studies such as
those by Singh et al. (2022) and Rajendran et al. (2022) have demonstrated that incorporating
artificial roughness into SAHs can significantly enhance heat transfer by disrupting the
boundary layer and promoting turbulence, thereby improving convective heat transfer. The
maximum thermal efficiency of evacuated tube SAH with helical fin inserts was 70.9% at a
mass flow rate of 0.015 kg/s (Singh & Vardhan, 2021). The maximum thermal efficiency of
rectangular duct SAH integrated with a wavy fin was 85.0% (CJ Thomas Renald et al., 2022).
The SAH with V corrugated absorber had a maximum thermal efficiency of 57% at a mass flow
rate of 0.02 kg/s (El-Sebaii et al., 2011a). The highest thermal efficiency of SAH with
corrugated metal foam fins was 86.0% (Hussien & Farhan, 2019). The studies show that the
thermal efficiency of SAHs with fin inserts is higher than that of SAHs without them. The
present study’s thermal efficiency was higher than that of other researchers.

In summary, Figure 4-7 shows that both airflow rate and system modifications significantly
affect thermal efficiency. Higher flow rates improved efficiency in both systems, but the
treatment SAH consistently achieved higher values due to its enhanced heat transfer area and
thermal mass. The findings are consistent with prior literature on fin-enhanced SAHs,
confirming the effectiveness of the treatment design in improving thermal performance.

4.4 Conclusion and future scope

The FT-SAH underwent testing at the Massey University, Wellington Campus car park, from
December 21, 2023, to December 24, 2023, under clear-sky conditions. Through
experimentation, researchers observed that integrating artificial roughness can enhance the
collector's thermal performance. The study involved the use of a finned tube (FT-SAH)
equipped with corrugated fins, comprising thirteen such tubes. Among these, three tubes were
outfitted with corrugated fin inserts (treatment SAH), while another three lacked fin inserts
(control). The rest were segregated by cardboard filling. The incorporation of fin inserts

increased surface area and facilitated heat transfer. Subsequent calculations involved
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determining the temperature differential between the outlet and inlet air and assessing thermal

efficiency. The primary objective of the research was to investigate the impact of fin addition

on the thermal performance of the mentioned SAHs. The findings from the study are as follows:

1) The treatment SAH with fin inserts significantly improved thermal efficiency compared to
the control system. At high mass flow rates (0.07 kg/s), the treatment SAH achieved a peak
thermal efficiency of 75.3%, compared to the control SAH's maximum of 46.4%. At low
mass flow rates (0.04 kg/s), the treatment SAH outperformed the control with 62.3%
efficiency, compared to 32.9% for the control system. These results show that efficiency
increases positively with increasing mass flow rate.

2) The temperature difference between the inlet and outlet air was consistently lower for the
control SAH, which did not have fin inserts. It showed a temperature difference of 4.4 °C
during high-speed operation, and at lower speeds, this difference increased slightly to 6.3
C. The treatment SAH, equipped with fin inserts, exhibited a much higher temperature
difference due to improved heat transfer. The treatment SAH achieved a temperature
difference of 7.0°C at high-speed operation, which increased significantly to 10.4°C during
low-speed operation. These results demonstrate the effectiveness of fin inserts in enhancing
heat transfer and improving system performance.

3) The fin inserts increase the system's thermal mass and heat retention capacity, causing a lag
between solar radiation and temperature peaks, ultimately resulting in better heat capture
and transfer.

4) While both control and treatment SAH demonstrated improved thermal performance, it was
insufficient for standalone ventilation based on the Ministry of Education (MOE)
guidelines. To meet adequate ventilation standards, multiple SAH units would be required,
increasing the cost and the roof space needed for installation.

4.5 Limitation

The experiment took place on Massey University's campus car park. It is necessary to perform

on-site testing of the FT-SAH installed on the rooftop of a building. The length of the duct

adversely affects the thermal efficiency and the temperature of the air expelled from the SAH.

However, these factors have not been considered in the scope of this research. A study by

(Wang, 2020) reported a 30.0% drop in the efficiency of SAH when the duct length was

increased from 0.5 m to 5.0 m, and sensors were placed 5.0 m away from the SAH.
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The isolated tubes were filled with cardboard to avoid heat transfer between them. Monitoring
the temperature of the isolated tubes to ensure no heat transfer is occurring is essential, but this
study has not considered it.

While experimenting, the air velocity through the ducts was measured as a single value,
meaning airflow in the finned and non-finned sections was combined rather than assessed
separately for each zone. This presents a limitation, as it is challenging to determine the exact
airflow behaviour and its direct influence on thermal performance within the finned and non-
finned sections.

In conclusion, the treatment SAH with fin inserts significantly outperformed the control SAH
(without fins), demonstrating enhanced thermal efficiency and improved heat transfer.
However, to meet the Ministry of Education's ventilation standards, multiple SAH units would
need to be installed, increasing roof space requirements and overall costs. Despite this, the
studied SAH can serve as a valuable supplementary source of heating and ventilation for
classrooms.

The next chapter will focus on the thermal performance of nanocoated tubes, a technique with
great potential to improve SAH performance. Nanocoating can enhance the system's heat

absorption and transfer, making it an important area for future improvements.
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5 Experimental investigation of the thermal performance of
uncoated and nanocoated tubes

Preamble:

Chapter 4 demonstrated that SAH performance is highly sensitive to weather variability,
particularly solar irradiance, ambient air temperature, and their interactions with the air mass
flow rate supplied to the tubes. The analysis revealed that outlet temperature and AT fluctuated
substantially even within a single day, with strong dependence on passing clouds, irradiance
peaks, and diurnal temperature changes. These findings make it clear that outdoor SAH
performance cannot be fully controlled and will always reflect short-term atmospheric
variability.
These observations directly inform the interpretation of the experimental results presented in
Chapter 5. Because the prototype was tested under real outdoor conditions, variations in solar
irradiance and ambient temperature inevitably influenced the observed thermal response.
Consequently, differences between experimental runs may partly reflect environmental
fluctuations rather than coating or fin effects alone. While Chapter 5 focuses on isolating
coating and fin influences through a simplified experimental rig, these experiments still inherit
the natural variability highlighted in Chapter 4.
The implications are two-fold:
1. Limitations in Repeatability:
The experiments cannot be repeated under identical atmospheric conditions, meaning
absolute values (e.g., outlet temperature in "C) are subject to weather-driven
variability. Measurement uncertainties combined with irradiance variability add
further complexity.
2. Confidence in Trends Rather Than Exact Values:
Although the experiment cannot provide laboratory-grade repeatability, it can provide
reliable comparative trends. Consistent directional patterns (coated vs. uncoated,
finned vs. unfinned) across multiple days support the validity of performance
differences despite environmental variability.
By acknowledging these limitations upfront, Chapter 5 positions its findings appropriately: as
trend-based comparative insights into how nanofluid coatings and fin inserts influence tube-
level thermal behaviour, rather than as exact reproducible results expected from controlled

indoor laboratory conditions.
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Recent advancements in nanotechnology have opened up new possibilities for enhancing the
efficiency of SAHs. Nanofluids—suspensions of nanoparticles in base fluids have shown great
promise in improving the thermal performance of SAHs due to their superior thermophysical
properties (Said et al., 2015). One approach that has gained attention is the application of
nanocoatings on the absorber surfaces of SAHs, which can significantly improve thermal
conductivity and heat transfer rates. In particular, aluminium oxide (Al2O3) and copper oxide
(CuO) have emerged as effective nanomaterials for this purpose due to their favourable thermal
and mechanical properties (Mazzei & Rodrigues, 2000; Zhang et al., 2014).

Chapter 2 explored the potential applications of Al>O3 and CuO in solar thermal systems,
highlighting their widespread availability, cost-effectiveness, and properties that enhance
efficiency. AlbOs offers high thermal stability and resistance to oxidation, while CuO’s high
absorption coefficient makes it ideal for solar energy conversion. Recent studies have shown
that nanocoating solar absorbers with these materials can significantly improve their
performance (Khanlari et al., 2022; Robert et al., 2018).

This chapter expands on this concept by incorporating fin inserts into nanocoated aluminium
tubes. As highlighted by Al-Kayiem et al. (2021), fin inserts increase the heat transfer area, and
when combined with nanocoatings, they are expected to provide synergistic improvements in
thermal efficiency. Compared to control and black paint-coated tubes, the study presents
experimental results that quantify the thermal efficiency and outlet temperature of tubes coated
with Al,O3 and CuO nanoparticles. The added effect of fin inserts is also examined to assess
their impact on overall thermal performance.

The experimental results of this chapter revealed that tubes coated with 4% Al>,Os/black paint
achieved the highest thermal efficiency and outlet air temperature. The daily average thermal
efficiency of Al,Os3-coated tubes ranged from 35.2% to 79.1%, outperforming the CuO-coated
tubes, which ranged from 25.2% to 63.2%. Furthermore, the outlet temperature of the 4%
Al,Os3-coated tubes reached 65.0 ‘C, significantly higher than that of the other configurations.
However, the ventilation rate in this study remained lower than the recommended standards,
highlighting the need for further optimization.

This chapter is organized into five sections. Section 5.1 provides an overview of the chapter's
objectives, while Section 5.2 outlines the experimental methods. Section 5.3 discusses the
materials and procedures used in the study. In Section 5.4, the results are analyzed, and the
thermal performance of the different tube configurations is compared. Finally, Section 5.5
concludes the chapter, summarizing the key findings and proposing directions for future

research. The results of this study will contribute to the broader field of solar thermal

118



technology, offering valuable insights into the practical applications of nanocoatings and fin

inserts in enhancing SAH efficiency.

Chapter 5

y

5.1 5.2 Research 5.3 Materials and 5.4 Result and 5.5 Conclusion and
Introduction methodology Method Discussion Future Scope
5.3.1Tube || 5.3.2 experiment || 5.3.3 Nanofluid || 5.3.4 Data
sefting setup preparation collection
Y
5.4.1 Ambient temperature 5.4.2 Outlet 5.4.3 Thermal

and solar radiation

temperature efficiency

Figure 5-1 chapter 4 framework
5.1 Introduction
Nanocoating the absorber surface is one of the most effective methods for enhancing the

thermal efficiency of SAHs (Kabeel, Omara, et al., 2017). Studies discussed in Chapter 2 have
demonstrated that Al,O3 and CuO can effectively coat the absorber surfaces of SAHs, thereby
enhancing their thermal performance. This section provides a brief overview of research

conducted on nanocoated SAHs.
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Figure 5-2 Studies on nanofluid-coated solar collectors

A vertical SAH, both with and without a nanocoated absorber surface, was tested to evaluate
its thermal efficiency (Figure 5-2, Study 1). The results demonstrated that the thermal efficiency
of an SAH with CuO/black paint coating was 3.1% to 4.1% higher than that of an uncoated
SAH, with a mass flow rate varying between 0.012 kg/s and 0.020 kg/s (Khanlari et al., 2022).
In a separate study (Figure 5-2, Study 2), an SAH coated with a mixture of 4% carbon nanotubes
and copper oxide (CuO) dispersed in black paint showed a 10.1% improvement in thermal
efficiency compared to an SAH coated only with black paint (Abdelkader et al., 2020).
Additionally, a triple-flow solar air collector with a CuO/black paint coating (Figure 5-2, Study
3) exhibited 4.7% greater thermal efficiency than a collector coated only with black paint
(Selimefendigil et al., 2022).

The effect of increasing the CuO concentration on the efficiency of a solar dryer has also been
explored. Sivakumar et al. (2020) found that the solar dryer's efficiency improved by 7.3%
when using a 0.04% CuO/black paint nanocoating compared to a 0.02% CuO/black paint
coating and by 4.1% compared to conventional black paint (Figure 5-2, Study 4). The CuO
nanocoated collector absorbed 5.3% more solar energy than a black paint-coated collector.
Studies have also explored the use of AloO3; nanofluid in enhancing the thermal conductivity
and heat transfer properties of base fluids (Robert et al., 2018; Tyagi et al., 2012). In one
experiment (Figure 5-2, Study 5), applying a 0.02% Al>O3 nanofluid coating on a solar collector
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increased its efficiency by 3.6% compared to an uncoated collector (Gupta et al., 2021). Another
study (Figure 5-2, Study 6) demonstrated that coating the bottom part of a solar still with Al,O3
in black paint increased its thermal efficiency by 38.7% (Manoj Kumar Sain & Kumawat,
2015).

(Figure 5.2, Study 7) showed that adding Al>Os to water as a base fluid in a solar water heater
increased the collector's efficiency from 49.0% to 56.0%, a result attributed to the improved
heat transfer properties of the nanofluid (EI-Said et al., 2016). Another experiment (Figure 5.2,
Study 8) demonstrated that using Al,Os/acetone as the working fluid boosted the solar
collector's thermal efficiency by 11.1% (Eidan et al., 2023).

In addition to these individual nanoparticle applications, hybrid nanofluids, mixtures of two or
more nanoparticles, have also been studied for their potential to enhance the thermal properties
of the base fluid. However, a study by (Al-Kayiem et al., 2021) found that the resulting thermal
conductivity decreased when CuO and Al,O3; were combined in black paint. This study tested
five different absorbing tubes: one uncoated and four coated with black paint, CuO/black paint,
AL Os/black paint, and a mixture of CuO and AlbO3 in black paint. The results (Figure 5.2,
Study 9) showed an average efficiency improvement of 44.9% for black paint, 51.0% for Al2Os-
black paint, 42.2% for CuO-black paint, and 39.8% for the CuO/Al,Os/black paint hybrid.
The literature consistently reports that Al.Os-based nanofluid coatings exhibit higher thermal
conductivity than CuO when combined with plain black paint, thereby enhancing the thermal
performance of solar collectors. Building on these insights, Chapters 2 and 3 demonstrated that
the addition of fins to absorber tubes further enhances the thermal efficiency of SAHs by
increasing the heat transfer surface area. In this chapter, the combined effect of Al.Os nanofluid
coatings and corrugated fin inserts is evaluated for aluminium tubes used in SAHs. This
assessment aims to determine whether the integration of nanofluid-based coatings with finned-
tube configurations can deliver synergistic improvements in thermal efficiency and overall

system performance.
5.2 Research Methodology

The first step was a literature study identifying the nanocoating material and the nanofluid
preparation process. The second step was preparing and applying the nanofluid coating to the
tube surface. The third step was experimental setup and data collection. The last step was data
interpretation, estimating the thermal efficiency, and recommending the best suitable

nanocoating material for designing SAHs. The research process is illustrated in Figure 5-3.
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Figure 5-3 Research process for experimental test results of nanocoated tube

In step 3 (experimental setup), four experimental tests were conducted, and the overview of the
experimental tests is presented in Table 5-1.
e Test 1: experimental test on control (uncoated) tubes, black paint-coated tubes, and
tubes coated with 1%, 2%, 3%, and 4% Al>Os in plain black paint.
e Test 2: experimental test on control tubes, black paint-coated tubes, and tubes coated
with 1%, 2%, 3%, and 4% CuO/ black paint.
e Test 3: Experiment test on control tube with fin, black paint-coated tube with fin, 1%,
2%, 3%, and 4% Al>Ozs/black paint-coated tube with fin.
e Test 4: Experiment test on control tube with fin, black paint-coated tube with fin, 1%,
2%, 3%, and 4% CuO/black paint-coated tube with fin.
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Table 5-1 Overview of experimental tests for control, black paint coating, and nanocoated tubes with and without fins

Test Control | Black Paint | 1% AI203 | 2% AI1203 | 3% AlI203 | 4% AI1203 | 1% CuO | 2% CuO | 3% CuO | 4% CuO
Tube Coated in Black in Black in Black in Black in Black in Black in Black in Black
Tube Paint Paint Paint Paint Paint Paint Paint Paint
Test 1 Y Y Y Y Y Y - - - -
(14/11/2023
to
21/11/2023)
Test 2 Y Y - - - - Y Y Y Y
(22/11/2023
to
(24/11/2023)
Test 3 Y Y Y Y Y Y - - - -
(with fin) | (with fin) (with fin) (with fin) (with fin) (with fin)
(27/11/2023)
Test 4 Y Y - - - - Y Y Y Y
(with fin) | (with fin) (with fin) | (with fin)) | (with fin)) | (with fin)
(29/11/2023)
Note:

e (-) indicates that the tube was not tested in this configuratio
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Y indicates that the tube was tested in the given configuration (e.g., control tube, black paint, or specific nano coating).




5.3 Materials and Methods

The experimental setup in Chapter 5 was designed as a practical, low-cost platform to investigate the
effect of Al-Os and CuO nanofluid coatings on the thermal performance of aluminium tubes, both with

and without fin inserts.
5.3.1 Tubes setting

We used ten aluminium tubes of length 1700 mm with an inner diameter and outer diameter of
72 mm and 75 mm, respectively. One tube was an uncoated smooth tube (control tube), and the
other nine aluminium tubes were coated with lumbersider matt black paint (Resene paints,
NZ)), 1%, 2%, 3%, and 4% Al,Os/black paint, 1%, 2%, 3%, and 4% CuO/black paint. The
experiment was conducted in four sets, as shown in Table 5-1 The details of the paint and
nanoparticles are presented in Table 5-2.

5.3.2 Experimental setup

The tubes were mounted on a custom-made galvanized metal frame at an angle of 20" as shown
in Figure 5-4. The spacing of 500 mm between tubes was chosen to avoid cross-contamination
of thermal fields, allowing each tube to be studied as an independent unit. The collector frame
was deliberately designed without glazing, insulation, or ducting to isolate the effect of surface
coatings on heat absorption and transfer. While this configuration allowed direct evaluation of
the influence of nanocoatings on thermal performance, the absence of glazing and insulation
means the results represent an idealized tube-level response rather than the behavior of a

complete, commercially viable SAH.

Set 1 Set 2

uples at inlet 2% CuO/black paint 4% CuO/black

Black paint 2% ALOs/ Thermnce Black paint int
paint

coated black paint

3%Ah0y 49, ALOy
black paint  pjack paint

Control tube 1% ALOs/
black paint

1% CuO/black 39 CuO/black Thermocouples at

Control tube

Figure 5-4 Experimental set of control and modified tubes
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Thermocouples at outlet

Fan Data acquisition box

Figure 5-5 Experimental setup of data acquisition and outlet system

The experiment was conducted at the car park of Massey University's Wellington campus, New
Zealand (41.3016° S, 174.7761° E), from 9:00 am to 4:00 pm (New Zealand Daylight Time)
over six days. The tube's surface absorbs solar energy, which is then transferred to the interior
of the tube by conduction. The energy is transferred to the air flowing through the pipe by forced
convection. A minimum USB cable connected a table fan (100 mm diameter) with a rated power
of 2W (Living & Co, China) to pull air out from the tube exit. The airflow rate throughout the
experiment was maintained at 0.003 kg/s to ensure that all tubes were tested under identical
flow conditions, allowing for relative comparisons. The fan setting and data acquisition box are
shown in Figure 5-5.

5.3.3 Nanofluid preparation

Figure 5-6 and Table 5-2 shows the materials and equipment used to prepare Al>Os/black paint
and CuO/black paint.
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Figure 5-6 The materials used and setup of the test tube and sonicator bath

AlO3 and CuO nanoparticles (SkySpring Nanomaterials, Inc, USA) cannot be dispersed
directly into the paint as they form lumps. Therefore, the nanoparticles were first dispersed in
isopropyl alcohol (IPA) and mixed in black paint. The nanofluid preparation process is given
in Figure 5-8. In this experiment, the nanofluid was prepared in two batches (i.e., in the first
batch, Al2Os/black paint, and in the second batch, CuO/black paint was prepared). This
nanofluid was then coated on the tubes to perform Tests 1 through 4.

Table 5-2 shows the properties of Al203, CuO nanoparticles, and Lumberside matt black

paint
Property ALOs3 CuO Lumbersider matt
nanoparticle Nanoparticle black paint
Material provider (SkySpring (SkySpring (Sponsored by
Nanomaterials, | Nanomaterials, Inc, | Resene Paints, NZ)
Inc, USA) USA)
Purity (%) 99.0% 99.0+% Not available
Particle size (Nm) 40.0 <100.0 Not available
Colour White Metallic brown Matt black
Thermal conductivity 30.0 13.0 Not available
(W/m.K)
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Viscosity Not available Not available 1000.0-2000.0

Centistokes

Relative density Not available Not available 1.2-1.4

5.3.4 Nanofluid preparation process

In the first step, the nanoparticles (Al>O3 and CuO) were weighed (g) and added to isopropyl
alcohol (IPA, ml) in a test tube. Following equation 5.1, the weight % (wt %) was calculated
for 1%, 2%, 3%, and 4% nanofluid concentration. A magnetic stirrer was used to mix the
nanoparticle and IPA for 30 minutes. This mixture was sonicated for 2 hours using a water bath
sonicator to disperse the nanoparticles uniformly. In step two, the uniformly dispersed
nanoparticles were added to 60 ml of lumbersider matt black paint (Resene Paints, New
Zealand) and stirred manually. In step three, the aluminium tubes were coated manually with a

brush and left to dry overnight in the laboratory. The nanofluid process is demonstrated in

Figure 5-7.
Process of nanofluid preparation
I == Sepl ’
Magnetic stirrer Sonicator

Weighing scale

Nanofluid !

Nanocoated tubes Nanofluid+black paint

Step 3

Figure 5-7 The nanofluid preparation process

The equation used to calculate the nanofluid concentration, as presented in Che Sidik et al.

(2017), 1s given as:

weight of nanoparticles )
weight of IPA+weight of black paint

concentration (wt%) = ( 100 (5.1)

where,
Weight of Paint=Relative Density of PaintxVolume of Paint
Weight of IPA=Relative Density of [PAxVolume of IPA
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5.4 Data collection

K-type thermocouples measured the inlet and outlet air temperatures of each tube. The
thermocouples were connected to the datalogger (TCO8, USB, Pico Technology, UK). The data
loggers were connected to the laptop to monitor the temperature. The solar radiation, wind
speed, and ambient temperature were recorded by an on-site weather station (WS3085, Wi-Fi
weather station, Aercus Instruments, UK) mounted on the frame. A hot wire anemometer
(AM4214SD, Lutron Electronic Enterprise Co. Ltd., Taipei City, Taiwan) measured the air
velocity and the outlet air temperature. All the equipment was factory-calibrated. The
characteristics of the equipment used for the experiment are given in Table 5-3.

Table 5-3 The characteristics of the monitoring equipment used for the experiment

Equipment Monitoring Range Accuracy
Parameters
Weather station Ambient air -40.0C - 60.0 °'C +1.0C
(WS308) temperature (° C)
Solar radiation (W/m?) | 0-3000.0 W/m? +15.0%
Wind speed (m/s) 0—50.0 m/s + 1.0 m/s (speed < 5.0 m/s)
+ 10.0% (speed > 5.0 m/s)
K type Inlet and Outlet air -40.0C+1100.0 'C +1.0C
thermcouple temperature ('C)

Hot wire Outlet air velocity 0.2-25.0 m/s +5.0% of reading
anemometer (m/s) 0-50.0 °'C +0.8°C
AMA4214SD Incoming air

temperature from the
duct ('C)

The experimental setup in Chapter 5 was deliberately simplified to isolate the influence of
nanofluid coatings and fin inserts on aluminium tubes. The absence of glazing, insulation, or
ducting ensured that observed differences were attributable to coating and geometry effects
rather than secondary system components. Critical parameters identified in earlier chapters—
solar irradiance, air mass flow rate, and ambient air temperature—were monitored using
calibrated instruments. However, the setup had inherent limitations: it relied on a single
prototype, natural weather variability, and instruments with finite accuracy (£1.0°C for

thermocouples, +£15.0% for solar irradiance, +5.0% for airflow velocity). While these
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constraints limited strict repeatability, this was addressed by recording data at one-minute
intervals,

averaging over hourly periods, and reporting mean + SD values to capture variability.

The setup, therefore, provided comparative insights into coating and fin performance

under realistic outdoor conditions, though it cannot replace a laboratory-grade research rig
designed for full repeatability.

5.4.1 Thermal efficiency calculation

The thermal efficiency () of the tubes was calculated using Equation 3.1. The SAHs effective
area (m?), was calculated to be 0.389 m?

The ambient air temperature was considered the inlet temperature (Ta=Ti) The monitored air
velocity was assumed to be the mean air velocity. The heat of the air (C;) and effective collector
area (A.) were constant. Equation 3.1 demonstrates that the thermal efficiency of SAH relies
on factors such as the air mass flow rate (m), the temperature difference between outlet and
inlet air (To-T;), and the incident solar radiation on the SAH surface (It), which can be written
as following as nwm = f(m°, AT, Ir). The air-specific capacity and density at different air
temperatures are given in Table 5-4.

Table 5-4 Air-specific capacity and air density at different air temperatures (Cengel,

2011)

Air Air-specific heat Air density
temperature capacity (J/(kg*K) (kg/m?)

(K)
[283.15, 293.15] 1007 1.225
[293.15, 303.15] 1007 1.184
[303.15,313.15] 1007 1.145
[313.15, 323.15] 1007 1.109
[323.15, 333.15] 1007 1.076
[333.15, 343.15] 1007 1.044

5.5 Results

5.5.1 Ambient temperature and solar radiation

The weather data (ambient temperature and solar radiation), outlet air temperature, and air
velocity were recorded at 1-minute intervals for eight days in November 2023 (November 14,

16, 21, 22, 23, 24, 27, and 29). The daily average ambient temperature and solar radiation on
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the tilted surface are given in Table 5-5. During the test, the average daily ambient temperature
(Ta) ranged from 15.8 'C (minimum) to 21.6 'C (maximum) with a mean + SD of 17.8 = 1.8 "C.
The average daily solar radiation (It) on the absorber (tube) surface ranged from 411.2 W/m?
(minimum) to 796.9 W/m? (maximum) with a mean + SD of 569.8 + 128.2 W/m?.

The hourly average ambient temperature ranged from 14.8 °C (minimum) to 22.8 'C
(maximum). The hourly solar radiation on the absorber surface ranged from 275.1 W/m?
(minimum) to 892.2 W/m? (maximum).

Figures 5-8 to 5-11 show that solar radiation increased from 9:00 to 12:30 p.m. and then
decreased later in the afternoon.

Table 5-5 The daily average ambient temperature (Ta) and solar radiation on the tilted

surface (It)

Phase Test Day | Ambient temperature | Daily mean solar
(O radiation on the tilted
surface (W/m?)
Test 1 14/11/2023 16.7+ 0.4 437.7+ 86.4
16/11/2023 18.1£0.3 666.7 £ 57.5
21/11/2023 21.6+£1.6 796.9 £ 79.1
Test 2 22/11/2023 15.8+0.6 411.2+£99.2
23/11/2023 16.3+0.5 525.5+75.0
24/11/2023 177+ 1.4 648.4 + 118.6
Test 3 27/11/2023 18.0+0.5 559.4+72.9
Test 4 29/11/2023 17.8+ 0.6 512.2+70.0

5.5.2 Outlet air temperature and temperature difference (T,-Ti)

During the test, the temperature difference and the outlet temperature followed a similar trend
to solar radiation. The air temperature increased from 9:00 am to 1:30 pm and decreased later
in the afternoon. Figures 5-8, 5-9, 5-10, and 5-11 show the variation in mean outlet temperature
and solar radiation with time for different absorber tubes from 14/11/2023 to 29/11/2023. The
time lag between the peak solar radiation and peak outlet temperature was observed on each
test day, as shown in Figures 5-8 to 5-11. This could be due to the time it takes to heat the

absorber and the air.
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Figure 5-8 Mean outlet temperature vs Solar radiation plot on a tilted surface for Test 1

(14/11/2023, 16/11/2023 and 21/11/2023)
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Figure 5-9 Mean outlet temperature vs Solar radiation plot on a tilted surface for Test 2
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Figure 5-10 Mean outlet temperature vs Solar radiation plot on a tilted surface for
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Test 1 was conducted on 14/11/2023, 16/11/2023 and 21/11/2023. During Test 1, the mean +
SD values of ambient temperature was18.8 = 0.8 C and for solar radiation was 637.8 + 74.3
W/m?. During test 1, the temperature difference (AT) between the outlet and inlet air ranged
from 32.8 C to 46.8 C, and the outlet temperature ranged from 51.5 C— 65.4 C. Table 5.6 shows
the effect of adding varying concentrations of Al:Os nanoparticles to black paint on heat
absorption on the outlet air temperature (T,), ambient temperature (Ta), and AT values measured
during Test 1.

Table 5-6 The daily average outlet temperature (To), ambient temperature (Ta), and
temperature difference (AT) and change in temp difference between treatment and

control tubes (AT1) values for Test 1

Treatment | Tube type To Ta=Ti AT=T,- AT1 = ATreatment-
( C) ( C) Ta AT control
€9 (9)
Without Control tube 51.5 18.8 32.8 NA
treatment
With Black paint 55.0 18.8 36.3 3.5
treatment 1% Al>Os/black 59.9 18.8 41.4 8.6
paint
2% AlxOs/black 62.5 18.8 43.7 10.9
paint
3% AlOs/black 64.9 18.8 45.7 12.9
paint
4 Al,Os/black 65.4 18.8 46.8 14.0
paint

In the first set of tests, tubes coated with black paint and Al.Os nanoparticles showed greater
heat absorption at higher nanoparticle concentrations. Table 5-6 shows the control tube
exhibited a AT of 32.8 C. When black paint was applied, the AT increased by 3.5 C, indicating
enhanced heat absorption due to the paint's properties. Adding 1% Al.Os to black paint
increased the temperature difference (AT1) by 8.6 C compared to the control, showing that
nanoparticles enhance heat absorption. As the concentration of AlzOs increased to 2%, 3%, and
4%, the AT continued to rise, reaching a maximum of 46.8 C with 4% Al.Os, which was 14.0
C higher than the control. Similarly, the second set of CuO nanoparticle tests followed the same
trend.

Test 2 was conducted on 22/11/2023,23/11/2023 and 24/11/2023. Table 5-7 presents the values
of To, Ta, AT, and AT;. The experiment investigates the effect of adding CuO nanoparticles at
different concentrations to black paint on heat absorption. During Test 2, the mean + SD values
of ambient temperature was16.6 + 0.8 C and for solar radiation was 528.4 + 97.6 W/m?. During
Test 2, AT ranged from 20.2 C to 35.4 C. Table 5.5 presents the values of To, Ta, AT, and AT.
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Table 5-7 The daily average outlet temperature (To), ambient temperature (Ta), and
temperature difference (AT) and change in temp difference between treatment and

control tubes (AT1) values for Test 2

Treatment | Tube type To Ta=Ti AT=T,- AT1 = ATtreatment-
( C) ( C) Ta AT control
(9) (9)
Without Control tube 36.8 16.6 20.2 NA
treatment
With Black paint 39.7 16.6 23.1 2.9
treatment 1% CuO/black 45.9 16.6 29.3 9.1
paint
2% CuO /black 49.2 16.6 32.7 12.4
paint
3% CuO /black 51.7 16.6 35.1 14.9
paint
4 CuO /black 52.0 16.6 354 15.2
paint

Table 5-7 shows a temperature difference (AT) of 20.2 C for the control tube. When black paint
was applied, the AT increased by 2.9 C, indicating an improvement in heat absorption due to
the paint’s properties. Adding 1% CuO to the black paint increased the AT by 9.1°C compared
to the control, demonstrating a significant enhancement in heat absorption. As the concentration
of CuO increased to 2%, 3%, and 4%, the AT continued to rise, reaching a maximum of 52.0 C
with 4% CuO, which was 15.2 C higher than the control. However, the increase in AT between
3% and 4% CuO is minimal (only 0.3 C), suggesting diminishing returns in heat absorption
beyond 3%. This indicates that the optimal concentration for maximizing heat absorption with
minimal additional material is around 3% CuO in black paint, like the trend observed with
Al0O:s.

Based on the results of Test 1 and Test 2, further modifications were made to the tube. The
tubes were integrated with the fin inserts and tested for the outlet temperature and thermal
efficiency during Tests 3 and 4.

Test 3 was conducted on 27/11/2023. The experiment investigates the effect of coating the
tubes with AlbOs/black paint at varying concentrations and integrating the tubes with fin
inserts. Table 5-8 presents the values of T,, Ta, and AT. During Test 3, the mean + SD values
of ambient temperature were 18.0 + 0.5 C, and for solar radiation were 559.4 + 72.9 W/m?,

During Test 3, AT ranged from 39.5 C to 54.1 C.
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Table 5-8 The daily average outlet temperature (To), ambient temperature (Ta), and

temperature difference (AT) and change in temp difference between treatment and

control tubes (AT1) values for Test 3

Treatment | Tube type To Ta=Ti AT=T,- AT1 = ATtreatment-
( C) ( C) Ta AT control
(9) (O
Without Control tube + 57.5 18.0 39.5 NA
treatment fin
With Black paint + 59.8 18.0 41.8 2.3
treatment fin
1% Al>Os/black 65.2 18.0 48.2 8.7
paint + fin
2% Al,Os/black 69.1 18.0 51.1 11.6
paint + fin
3% Al,Os/black 71.3 18.0 53.3 13.8
paint + fin
4 Al,Os/black 72.2 18.0 54.1 14.6
paint + fin

In the case of Al-Os with fins, the control tube had a AT of 39.5°C. With black paint and fins,
AT improved to 41.8 C, showing a 2.3 C increase. The introduction of 1% Al:Os raised AT to
48.2C, and as concentrations increased to 3% and 4%, AT reached 54.1 C, with the highest
improvement of 14.6 C at 4% concentration.

Test 4 was conducted on 29/11/2023. The experiment investigates the effect of coating the tubes
with Al2Os/black paint at varying concentrations and integrating the tubes with fin inserts. Table
5-9 presents the values of To, Ta, and AT. During Test 3, the mean = SD values of ambient

temperature were 17.8 + 0.6 °C, and for solar radiation, 512.2 = 70.0 W/m?. During Test 3, AT

ranged from 36.0 C to 49.1 C.

Table 5-9 The daily average outlet temperature (To), ambient temperature (Ta), and

temperature difference (AT), and change in temp difference between treatment and

control tubes (AT1) values for Test 4

Treatment | Tube type To Ta=Ti AT="T,- AT1 = ATreatment-
( C) ( C) Ta AT control

(O (O
Without Control tube + 53.8 17.8 36.0 NA
treatment fins
With Black paint 55.9 17.8 38.1 2.1
treatment 1% CuO/black 59.6 17.8 41.8 5.8

paint + fins
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2% CuO /black 65.6 17.8 46.8 10.8
paint + fins

3% CuO /black 65.2 17.8 48.4 12.4
paint+ fins
4% CuO /black 67.0 17.8 49.1 13.1

paint+ fins

In the Test 4, the control tube with fins had a T, of 53.8 C and a AT of 36.0 C. Coating the tube
with black paint and fins increased the T, to 55.9 C (AT = 38.1 C), showing a small 2.1°C
improvement. When 1% CuO was added to the black paint, the T, increased to 59.6 C (AT =
41.8C), an improvement of 5.8 C. With 2% CuO, the T, rose to 65.6 C (AT = 46.8 C), a notable
increase of 10.8 C over the control. At 3% CuO, the T, reached 65.2 °C (AT = 48.4 C), with a
12.4 C increase, and at 4% CuO, the T, was 67.0 C (AT =49.1 C), with only a marginal 13.1 C
improvement over the control. Like Al.Os, CuO-enhanced tubes reached optimal performance
at 3% concentration, with diminishing returns at higher levels.

Comparing the thermal performance of tubes coated with Al.Os and CuO nanoparticles shows
that both materials significantly enhance heat absorption, particularly when combined with fins.
However, tubes coated with Al-Os appear to achieve slightly higher AT values than those with
CuO, especially at higher nanoparticle concentrations. For example, at 3% concentration, tubes
with ALOs and fins reached a AT of 53.3 C, whereas tubes with CuO and fins reached 48.4C.
This suggests that Al.Os may offer a marginally better thermal performance improvement than
CuO in this setup. Table 5.9 compares the outlet temperature from the present study with that

reported by various researchers.

5.5.3 Ventilation rate of tubes

The average ventilation rate through each tube ranged between 9.0 m*/h (minimum) — 10.5 m*/h
(maximum). However, the obtained ventilation rate was eighty times lower than the
recommended ventilation rate as per the compliance document G4 (NZ Building Code
compliance document for ventilation) and the New Zealand Standard (NZS) 4303:1990, which
recommends a flow rate of 8.0 litres per second, and per child (28.8 m*/h/child) to maintain a
COz level below 1000.0 ppm. This recommended flow rate is equivalent to 864.0 m? /h for an
average classroom of 30 children (MBIE, 2017). A similar study was conducted by (Wang et
al., 2023) in NZ classrooms. They found that the ventilation rate for the flat plate SAH with a
perforated back plate was twenty-five times lower compared to the compliance document G4
and NZ standards (NZS) 4303:1990. The ventilation rate could be increased by installing

multiple tubes in a well-insulated box and increasing the fan capacity.
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5.5.4 Comparison of thermal efficiency of control vs treatment tubes
5.5.4.1 Thermal efficiency trend

Figures 5-12 to 5-14 show plots of thermal efficiency versus the ratio of the temperature
difference between the outlet and inlet temperatures to the solar radiation on a tilted surface
(AT/It). It was noted that the thermal efficiency of tubes was directly proportional to the AT/It
values. Figures 5-12 to 5-14 show the daily average efficiency of nanocoated tubes. There was

no significant difference in thermal efficiency between the 4% and 3% nanocoated tubes.
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Thermal efficiency (n,) vs ratio of temerature difference and solar radiation (AT/I;) on 16/11/2023
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Thermal efficiency (ny,) vs ratio of temerature difference and solar radiation (AT/l;) on 21/11/2023
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Figure 5-12 Test 1 nth vs. AT/IT plot over three days (14/11, 16/11, and 21/11/2023)
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Thermal efficiency (n,,) vs ratio of temerature difference and solar radiation (AT/l) on 22/11/2023
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Thermal efficiency (n) vs ratio of temerature difference and solar radiation (ATA;) on 24/11/2023
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Figure 5-13 Test 2 nth vs. AT/IT plot over three days (22/11, 23/11 and 24/11/2023)
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85
Il Confrol tube with fin @ GBlack paint coating with fin A 1% Al Oyblack paint with fin
W 2% A0 /black paint with fin 3% ALO./black paint with fin 4% Al O /black paint with fin
20.8
80 S
wrie

==
= 75
=
(=]
c AF3
Lik]
o
=
@
_— 70
m
E
P
L1k}
—
|_

65

P54
60 - msos
T T T T T T T T T
0.075 0.080 0.085 0.090 0.095

Ratio of temperature difference and solar radiation (AT/l;)

140




Mean thermal efficiency () vs ratio of temperature difference and solar radiation (AT/l1) on 29/11/2023
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Figure 5-14 Test 3 and Test 4 nth vs. AT/IT plot (27/11 and 29/11/2023)

In each of the graphs, the general trend of thermal efficiency increases with the rise in the ratio

of AT/IT. Across different dates, the data points represented by black, red, and other colors

follow

1.

a similar pattern of behaviour:

Initial Increase in Efficiency: At the beginning of each test day, as the AT/IT ratio
increases (indicating a higher temperature difference between the inlet and outlet than
solar radiation), the thermal efficiency for all datasets represented by black and red
markers rises. This shows that as the system absorbs more heat, the overall efficiency
improves predictably.

Plateau in Efficiency: After a certain point, the graphs show a visible plateau in thermal
efficiency, where the increase in AT/IT results in smaller incremental gains in efficiency.
The black and red markers exhibit this pattern, indicating that once the system reaches
a certain temperature difference relative to the solar radiation, further increases in AT/IT
yield diminishing returns in terms of efficiency. This suggests a saturation point where

the system's thermal absorption capability is maximized.

141




3. Consistency Across Multiple Test Days: Despite slight variations in the absolute
values of efficiency on different test days (Figure 5-12 and Figure 5-14), the overall
trend remains consistent across the black and red markers. This consistency supports
the notion that the system's thermal behaviour is robust and follows a predictable trend,
regardless of the specific day-to-day environmental factors.

4. Minimum Deviations: While the overall trend is similar, slight deviations between
black and red markers can be observed in the form of small differences in absolute
efficiency values. These deviations are likely due to the differences in coating materials
or nanoparticle concentrations. However, the overall pattern of increasing efficiency
with rising AT/It, followed by a plateau, is consistently observed across both marker

sets.

5.5.4.2 Impact of adding fins to the tubes

The impact of adding fins to uncoated and nanocoated tubes on thermal efficiency was
studied. Table 5-10 summarizes the results of Test 1, which demonstrates the thermal
efficiency performance of various tubes with and without fins. The data clearly show that
the Al2Os/black paint-coated tubes with fins outperformed the other tubes in terms of
thermal efficiency.

Table 5-10: Thermal efficiency of tubes with and without fins when coated with black

paint and ALO3
Tube tested Thermal Thermal The thermal
efficiency efficiency efficiency difference
without fins (%) with fins (%) between with fins

and without fins (%)
Control 39.7 59.8 20.1
Black paint 44.7 63.4 18.7
1% AlOs/black paint 52.8 73.1 20.3
2% Al>Os/black paint 54.6 77.6 23.0
3% AlOs/black paint 60.2 80.8 20.6
4% Al Os/black paint 61.0 82.0 21.0

For the control tube, the thermal efficiency without fins was 39.7%, increasing to 59.8% with
fins, yielding an improvement of 20.1%. Introducing 1% Al203 into the black paint significantly

increased efficiency, achieving 52.8% without fins and 73.1% with fins, resulting in a 20.3%
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improvement. As the concentration of Al2O3; nanoparticles increased, the thermal efficiency
followed a similar upward trend, reaching 61.0% without fins and 82.0% with fins at a 4%
AlOs concentration, representing a 21.0% improvement with fins. This substantial increase in
efficiency with Al,O3 coatings can be attributed to nanoparticles’ ability to increase surface area
and improve heat transfer rates, thereby enhancing energy absorption and conversion efficiency.
The data reveal that fins consistently enhance thermal performance across all concentrations,
further improving heat dissipation by increasing the surface area.

A similar pattern was observed for CuO nanofluid coatings. The results, summarized in Table
5-11, show that CuO coatings also improved the thermal efficiency of the tubes, though to a
slightly lesser extent than Al>Os.

Table 5-11 Thermal efficiency of tubes with and without fins when coated with black

paint and CuO
Tube tested Thermal Thermal The thermal
efficiency efficiency efficiency
without fins (%) with fins (%) difference between
with fins and
without fins (%)

Control 30.1 534 233
Black paint 33.5 56.4 22.9
1% CuO/black paint 42.1 61.0 18.9
2% CuO/black paint 46.9 69.5 22.6
3% CuO/black paint 50.7 72.8 221
4% CuO/black paint 51.0 73.7 22.7

For the control tube, the thermal efficiency without fins was 30.1%, increasing to 53.4% with
fins, representing a 23.3% improvement. When 1% CuO was added to black paint, the
efficiency increased to 42.1% without fins and 61.0% with fins, representing an 18.9%
improvement. As the CuO concentration increased, the thermal efficiency continued to
improve, with the tube coated with 4% CuO/black paint achieving 51.0% without fins and
73.7% with fins, resulting in a 22.7% improvement. This improvement can be attributed to the
enhanced thermal conductivity and heat-absorption properties of CuO nanoparticles, thereby

improving the coating's heat transfer efficiency.
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When comparing the performance of AI203 and CuO nanoparticle coatings, both significantly
improve the thermal efficiency of the tubes. However, the Al,Os-coated tubes consistently
demonstrate slightly higher thermal efficiency, especially at higher nanoparticle concentrations.
For example, the 4% Al;Os/black paint-coated tube reached a thermal efficiency of 61.0%
without fins and 82.0% with fins, whereas the 4% CuO/black paint-coated tube achieved 51.0%
without fins and 73.7% with fins. This performance difference could be attributed to the
inherent thermal properties of Al,O3 and CuO. AlbO3, while a better insulator, still enhances
heat transfer when incorporated into nanocoatings, whereas CuO primarily improves the
coating's thermal conductivity. Despite this, both nanoparticle coatings provide substantial
improvements over the control and black paint-coated tubes.

The fins in both tests consistently improved thermal efficiency across all coating types, as they
significantly increased the surface area available for heat exchange, leading to more efficient
heat dissipation. This effect is especially notable in tubes coated with higher concentrations of
nanoparticles, where the synergy between increased surface area and improved thermal
conductivity yields the greatest efficiency gains.

In conclusion, the results from both tests demonstrate that adding nanoparticles to black paint
coatings significantly enhances thermal efficiency, particularly when coupled with fin inserts.
These results are illustrated in Figure 5-15. Al,Os/black paint coatings offer slightly better
efficiency improvements than CuO/black paint coatings, particularly at higher concentrations.
This improvement in thermal performance can be attributed to better heat absorption, improved

thermal conductivity, and increased surface area for heat transfer, all of which are enhanced by
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Figure 5-15 Comparison of thermal efficiency of tubes with 4% nanofluid coating
(present study)

5.5.5 Discussion
The finding showed that tubes coated with 4% AlxOs/black paint yielded an outlet air

temperature 21.3 C higher than the control and 18.0 C higher than tubes coated with black paint,
consistent with studies highlighting Al,Os's high thermal conductivity. Caturwat et al. (2023)
also reported an increase of 4.6 C when Al,O3/black paint was used in solar collectors compared
to uncoated ones, affirming the superior heat absorption capacity of AloO3 over black paint.
Furthermore, Al-Kayiem et al. (2021) found that Al;Os/black paint increased outlet
temperatures by 2.0 C, 1.6 C, and 2.8 C compared to black paint, CuO/black paint, and a mixture
of CuO/Al2O3, respectively. This corresponds with our findings that tubes coated with 4%
Al>Os/black paint exhibit better thermal performance than those coated with 4% CuO/black
paint by a margin of 13.4 C. This difference is also in line with Abdelkader et al. (2020), who
noted that a combination of carbon nanotubes and CuO dispersed in black paint only resulted
in a 3.6 C increase in outlet temperature compared to a black paint-coated collector,

emphasizing the effectiveness of Al,O3; over CuO-based coatings.
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The addition of fin inserts to tubes coated with 4% AlOs/black paint resulted in outlet
temperatures 16.4 °C higher than the control and 5.1°C higher than those of 4% CuO/black
paint-coated tubes with fin inserts, further supporting the enhanced thermal conductivity of
ADOs. The effect of fin inserts combined with nanoparticle coatings amplifies heat transfer,
which is supported by the findings of Al-Kayiem et al. (2021) and Caturwat et al. (2023). Both
emphasized the importance of nanoparticle integration in improving thermal performance.

The recommendation to use 3% nanoparticle concentrations for optimal thermal performance
aligns with literature findings. Increasing the nanoparticle concentration from 1% to 3%
resulted in notable improvements in both outlet temperature and efficiency; however, further
increasing it to 4% offered diminishing returns. This result is consistent with the findings of
Kim et al. (2017), who reported that higher concentrations of nanoparticles can lead to
agglomeration, reducing nanofluid stability and impairing thermal efficiency due to poor heat
transfer between nanoparticles. The study by Khanlari et al. (2022) Additionally, this supports
the observation that increasing the concentration of CuO/black paint coatings provided only
marginal gains, with outlet temperatures rising by only 1.7 °C to 1.3 “C at different mass flow
rates compared to uncoated solar collectors.

Overall, the results strongly align with existing literature, demonstrating that coatings
containing AlOs/black paint significantly improve outlet temperature compared to those
containing CuO/black paint, and that increasing nanoparticle concentration beyond 3% is not

advantageous due to agglomeration effects.

5.6 Limitations of the experimental setup

The setup's limitations must also be acknowledged. The use of a single prototype system and
short test durations (due to time constraints) meant that repeatability under identical conditions
was not possible. Instead, each tube was tested once under naturally varying environmental
conditions. This limits the ability to control for weather fluctuations fully, even though the data
were averaged and compared across multiple days. Furthermore, the accuracy and precision of
the instruments introduce additional uncertainty: +1 °C for thermocouples, £15% for solar
radiation from the weather station, and £5% for airflow velocity from the anemometer. While
these are within acceptable limits for field experiments, they contribute to data scatter and
reduce the precision of calculated efficiency values, especially at low AT.

Although the setup did not achieve laboratory-grade repeatability, it was adequate for

identifying relative trends among coatings, concentrations, and fin configurations. The insights
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gained, therefore, represent comparative performance outcomes under realistic outdoor
conditions rather than absolute values that can be generalised.

It should be noted that the control tubes tested on different days showed varying performance.
This reflects the influence of changing environmental conditions rather than inconsistencies in
the experimental method. While relative comparisons within each test set (control vs. coated
tubes) remain valid, absolute control values across different days cannot be treated as identical
benchmarks. This limitation highlights the importance of simultaneous control testing under

identical conditions, which should be considered in future studies to strengthen repeatability.

5.7 Conclusion and future scope
The test was conducted at Massey University's Wellington Campus from June 14, 2023, to

November 29, 2023. The following conclusions are drawn from the experimental study:

1) The thermal efficiency of tubes was directly proportional to the temperature difference and
inversely proportional to the solar radiation level. A nanoparticle-embedded black paint tube
with fins enhanced thermal efficiency and reduced outlet air temperature.

2) During Test 1 (14/11/2023 —21/11/2023), the daily average thermal efficiency ranged from
35.2% - 41.6%, 38.7% - 51.5%, 40.4% - 64.1%, 42.2% — 69.8%, 43.1% - 78.1%, and 43.7%
- 79.1% for control tube, black paint coated, 1% Al>Os/black pain, 2% Al>Os/black paint, 3%
Al Os/black paint and 4% Al>,Os3 / black paint respectively.

3) During Test 2 (22/11/2023 — 24/11/2023), the daily average thermal efficiency ranged from
25.2.0%-35.8%, 28.0% -41.1%, 35.5% - 51.0%, 37.4% - 58.5%, 42.5% - 61.2%, and 41.1%
- 63.2% for control tube, black paint coated, 1% CuO/ black paint, 2% CuO/ black paint, 3%
CuO/ black paint and 4% CuO/ black paint respectively.

4) During Test 3, the daily average thermal efficiency was 59.8%, 63.4%, 73.1%, 77.6%,
80.8%, and 82% for control tube with fin, black paint with fin, 1% AlOs/black paint with
fin, 2% Al>Os/black paint with fin, 3% Al>Os/black paint with fin and 4% Al>O3/ black paint
with fin respectively.

5) During Test 4 (29/11/2023), the daily average thermal efficiency was 53.4%, 56.4%, 61.0%,
69.5%, 72.8%, and 73.7% for control tube with fin, black paint coated with fin, 1%
CuO/black paint with fin, 2% CuO/black paint with fin, 3% CuO/black paint with fin and 4%
CuO/ black paint with fin respectively.

6) The average outlet temperature for the control tube, black paint coating, 1% Al>Os/black
paint and 2% AlxOs/black paint, 3% AlxOs/black paint and 4% AlOs/black paint was 51.1
C,54.6C,59.4C,62C, 64.3C, and 65.0 C, respectively.
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7) The average outlet temperature for the control tube, black paint coating, 1% CuO/black paint
and 2% CuO /black paint, 3% CuO/black paint, and 4% CuO/black paint was 36.8 C, 39.0
C,45.3'C,49.0C, 53.7C, and 54.1 C respectively.

8) The outlet air temperature of tubes coated with 4% Al>Os/black paint was 21.3'C,18.0 C, and
13.4 C higher than that of control, black paint, and 4% CuO/black paint-coated tubes,
respectively.

9) Tubes coated with 4% A1203/ black paint with fin inserts were 16.4 C, 14.2 C, and 5.1 C
higher than control and black paint, 4% CuO/black paint coated tubes with fin inserts,
respectively.

10) The obtained ventilation rate was eighty times lower than the recommended rate as per the
compliance document G4 (NZ Building Code compliance document for ventilation) and the
New Zealand Standard (NZS) 4303:1990, which recommends a flow rate of 8§ litres per
second and per child (28.8 m>/h/child) to maintain a CO; level below 1000 ppm.

The present study concludes that applying Al,Os/black paint to the absorber surface improved

the thermal efficiency and outlet air temperature of the tube. However, in the present study, the

tubes are exposed to ambient conditions as they are not enclosed in an insulated box. This leads
to significant heat loss. Future work would involve inserting the nanocoated tubes into an
insulated box and monitoring changes in temperature difference (outlet—inlet) and thermal
efficiency. It would be interesting to coat the absorber tubes with different nanoparticles
embedded in black paint at varying concentrations and test their efficiency. The ventilation rate
is to be investigated for a well-insulated tube-type collector. The effect of wind was neglected
in this study. In future work, a more rigorous approach would involve simultaneous parallel
testing of multiple controls under identical conditions or implementing a laboratory-grade setup

with artificial solar simulation to eliminate environmental fluctuations.
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6 General Discussion
Research from Australia and New Zealand has shown that poor indoor environments, such as
cold, damp, mouldy, crowded, or smoke-exposed environments, are linked to increased hospital
admissions for children and older adults (Ingham et al., 2019). Children's immune system is not
yet mature (Simon et al., 2015). This lack of maturity makes children more susceptible to
unhealthy conditions (airborne contaminants, lack of thermal comfort). Specifically, conditions
like pneumonia (Musolino et al., 2020), acute bronchitis in children under four (Bai et al.,
2018), respiratory issues in children under fourteen, and asthma in children aged five to fourteen
have been connected to these unhealthy conditions (Kulkarni & Grigg, 2008; McNamara et al.,
2020)). Poor indoor air quality further impacts the cognitive performance and absenteeism in
classrooms (Calderon-Garciduenas et al., 2016; Doe, 2023; Kabirikopaei et al., 2021; Sunyer
et al., 2015; Wargocki et al., 2020).
Classrooms are densely occupied spaces; ventilation is critical to improving and maintaining a
healthy indoor environment (Sadrizadeh et al., 2022). Suitable airflow is challenging, especially
when relying on natural ventilation (Hama et al., 2023). Studies show that many New Zealand
schools fail to meet the required ventilation standards during winter, as set by the MOE and
ASHRAE standards (Bassett & Gibson, 1999; Cutler-Welsh, 2006b; McIntosh, 2011b). As
cited in NS 4303. The New Zealand Standard 4303, “Ventilation for Acceptable Indoor Air
Quality,” recommends a ventilation rate of 8.0 liters of fresh air per second per person
(NZS4303, 1990). Implementing mechanical ventilation systems frequently incurs prohibitive
costs, particularly in light of the financial constraints educational institutions face. Furthermore,
the academic schedule coincides with the periods of maximum solar irradiance, thereby
positioning solar energy as a viable option for heating and ventilation of classroom settings.
A study in New Zealand found that SAH (insulated boxes placed on classroom roofs) can help
improve ventilation rates (N. Z. Ministry of Education, 2014; Y. Wang et al., 2019; Wang et
al., 2023). SAHs are an ideal solution because the school day aligns well with the availability
of sunlight, allowing solar energy to heat and circulate air in classrooms (Ravi & Saini, 2016b).
Nevertheless, owing to inherent thermal losses, SAHs typically exhibit suboptimal thermal
efficiency, ranging from 38.0% to 45.0%. Furthermore, there is a paucity of scholarly research
on the efficacy of SAHs in facilitating adequate ventilation, underscoring the need to enhance
both their thermal and ventilation performance.
To enhance the thermal conductivity and ventilation efficiency of TSAHs, a series of
experimental analyses was conducted to compare different enhancement strategies, including
design modifications and nanofluid coatings, against baseline control configurations. This
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discussion chapter critically compares the outcomes of the present experiments with findings
reported by other researchers in the field, highlighting similarities, differences, and the relative

performance of the proposed enhancements.

6.1 Finned tube solar air heater with corrugated fin inserts

The thermal performance of FT-SAH integrated with corrugated fin inserts was tested under

New Zealand conditions. The study's results showed a wide range of thermal efficiencies,

influenced primarily by the mass flow rate and the ratio of the temperature difference between

the inlet and outlet air (AT) to the solar radiation (It) incident on the system. The maximum

daily average thermal efficiencies achieved were 83.9% and 43.6% at mass flow rates of 0.053

kg/s and 0.024 kg/s, respectively. The results obtained from the FT-SAH strongly agree with

those of other researchers, and they are as follows:

1) Thermal Efficiency: The FT-SAH in this study achieved an efficiency of 83.9% at a mass
flow rate of 0.056 kg/s, which surpasses the maximum efficiency reported for triple-pass
SAHs (80.2%) in (Yassien et al., 2020) and evacuated tube SAHs (70.9%) in (Singh &
Vardhan, 2021). This indicates that the FT-SAH's design, incorporating corrugated fins,
effectively increases the surface area for heat transfer, which boosts the system's efficiency.
The maximum thermal efficiency of the evacuated tube SAH with thermal storage was
64.2% at a mass flow rate of 0.05 kg/s (Elbrashy et al., 2023). The SAHs with V corrugated
absorber had a maximum thermal efficiency of 57.0% at a mass flow rate of 0.02 kg/s, and
the average thermal efficiency of double pass SAH with V corrugated plates was 65.3% at
a mass flow rate of 0.04 kg/s (El-Sebaii et al., 2011a). The studies show that FT-SAH's
thermal efficiency is the highest compared to the other types of SAHs.

2) Temperature Difference (AT): A key finding was that the FT-SAH produced a higher
temperature difference when the air moved more slowly through the system. The average
temperature difference at average mass flow rates of 0.055 kg/s and 0.024 kg/s was 18.8 °C
and 24.1 "C. These findings are supported by (Jasim Mahmood, 2020), who found that the
average temperature difference between the outlet and the ambient air was 38.6°C, 36.5 °C,
33.2°C, 26.0 °C, 20.3 °C at an air mass flow rate of 0.003, 0.005, 0.013, 0.016, and 0.018
Kg/s , respectively. The temperature difference obtained for SAH with a net of tubes fitted
to an absorber plate was 42.3 °C, 21.1 °C, and 17.4 °C at 0.019, 0.028 and 0.075 kg/s
respectively (Yassien et al., 2020). The FT-SAH's ability to raise the temperature more at

lower airflow rates makes it well-suited for heating spaces where low or moderate heating
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3)

4)

is required. FT-SAH is less effective when higher temperatures are needed for applications
like industrial heating or drying processes.

Ventilation Rate: The ventilation performance did not meet the recommended rates for
classroom environments in New Zealand. The maximum ventilation rate achieved by the
FT-SAH was 176.1 m3*/h at 100% fan speed, but this was five times lower than the
recommended rate of 864 m?/h for a typical classroom. At 100% maximum ventilator speed,
the time taken for one complete air change will be 1.2 h for a classroom of 220 m?® if
operating the SAH is the only means of ventilating the classroom. Not many studies are
available on estimating the ventilation rate of SAHs. This suggests that while the FT-SAH
can significantly enhance ventilation, it should be seen as a supplementary system rather
than a primary ventilation solution. Similar issues were noted in other studies, such as the
research conducted by Wang et al. (2023) on classroom ventilation highlighted the
limitations of SAHs in achieving the required ventilation rates. Visagavel and Srinivasan
(2010) found a similar result, with an air change per hour (ACH) ranging from 1.5 to 3.9,
depending on the solar radiation intensity and airflow rate.

Effect of Weather Conditions: Solar radiation and ambient temperature were key factors
influencing the performance of the FT-SAH. The results revealed a time delay between the
peak solar radiation and the highest outlet air temperature, typically around 1:30 p.m. This
delay is likely due to the time required for the air inside the system to absorb and retain
heat. Similar results were reported by (Rajendran et al., 2022) and (Hassan et al., 2020).
Additionally, the study found that wind and rain had little to no significant impact on the
system's efficiency. These findings align with the results of (Paya-Marin et al., 2015), who
conducted a large-scale test on a novel back-pass non-perforated unglazed solar air
collector. Their study also showed that wind speed, ranging from 0.3 to 4 m/s, did not
notably affect the performance of their solar air heater, particularly in terms of the
temperature difference between the inlet and outlet air. This supports the conclusion that
wind, and rain have a minimal effect on glazed solar air heaters like the FT-SAH. However,
these results do not agree with the study conducted by (Wang et al., 2023). Their study
shows that for every 10.0 km/h increase in wind speed, the outlet temperature drops by
about 2.0 C, and for every 100.0 W/m? increase in solar radiation, the temperature rises by
roughly 5.0 C. The disagreement between the results could be due to different designs,
weather conditions, or testing equipment. Compared to other SAH designs, the FT-SAH
system exhibits high thermal efficiency with its corrugated fin design. However, its

application in classroom settings as a sole ventilation system is limited due to the ventilation
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rates achieved. Future studies should focus on optimizing the system for specific use cases,
such as classrooms, or exploring its potential as part of a hybrid system or increasing the
area of the collector (the tested collector was 4.9 m?). The ability to consistently provide
outlet air temperatures above 18.0 ‘C more than 95.0% of the time highlights its value in
improving thermal comfort in low-energy settings, particularly in temperate climates such
as New Zealand. However, its ventilation rate (176.1 m3/h) is lower than recommended,

indicating it works best as a supplementary system.

6.2 Finned tube SAH with and without fin inserts

An experimental study was conducted to evaluate the thermal performance of a finned-tube
solar air heater (FT-SAH) with fin inserts (treatment) and without (control). The test was
conducted on the same FT-SAH, as discussed in Chapter 3. Initially, the experiment was not
designed to compare these two setups. However, after analysing the test results of the FT-SAH
with fin inserts, it became essential to examine the system without fins to clarify the fins' impact
on thermal performance. Due to constraints, including having only one SAH and the need to
perform tests under identical outdoor conditions, the system was divided into two parts: one
section with fins (treatment) and another without fins (control). An insulated zone separated
these two sections to reduce thermal transmittance between them. Three of the thirteen tubes
were equipped with fins (treatment), three had no fins (control), and the remaining seven were
isolated with cardboard to prevent heat transfer.

While experimenting, the air velocity through the ducts was measured as a single value,
meaning the airflow in both the treatment and control sections was combined rather than
assessed separately for each zone. This presents a limitation, as it is challenging to find the
exact airflow pattern and its direct influence on thermal performance within the treatment and
control sections individually. The experimental test results are as follows:

The test results demonstrate that using treatment and control significantly enhances thermal
efficiency. The average thermal efficiency of the treatment SAH was 72.6%, while for the
control it was 44.5%. The outlet air temperature for the treatment SAH averaged 25.4 C
compared to 22.8 C for the control SAH. The temperature difference between the treatment
SAH and ambient air (AT:) averaged 7.0 C, whereas for controlled SAH, the average difference
(AT:) was 4.4 C. This data confirms that the finned SAH exhibits improved heat transfer
performance due to its increased surface area and enhanced turbulence, resulting in higher outlet

temperatures and higher thermal efficiency.
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These findings are consistent with previous studies, which have shown that finned systems
outperform non-finned configurations. For example, studies by (Singh & Vardhan, 2021) and
(Rajendran et al., 2022) reported efficiency improvements ranging from 7.5% to 20.4% when
fins were used, further validating the test results observed in this analysis. The maximum
thermal efficiency of the evacuated tube SAH with helical fin inserts was 70.9% at a mass flow
rate of 0.015 kg/s (Singh & Vardhan, 2021). The maximum thermal efficiency of the rectangular
duct SAH integrated with a wavy fin was 85% (CJ Thomas Renald et al., 2022). The SAH with
V corrugated absorber had a maximum thermal efficiency of 57% at a mass flow rate of 0.02
kg/s (El-Sebaii et al., 2011a). The highest thermal efficiency of SAH with corrugated metal
foam fins was 86% (Hussien & Farhan, 2019). The studies show that the thermal efficiency of
SAHs with fin inserts is higher than that of SAHs without them. The present study's thermal
efficiency was higher than that reported by the other researcher.

6.3 Nanocoated tubes.

The research consisted of four sets of tests to assess the thermal efficiency of nanocoated
aluminium tubes. Test 1 evaluated uncoated (control) tubes, black-painted tubes, and Al,O3-
black-painted tubes (1% to 4%) without fins. Test 2 examined control tubes, black paint-coated,
and CuO/black paint-coated tubes (1% to 4%) without fins. In Test 3, control tubes, black paint
coating tubes, and tubes with Al,Os/black paint (1% to 4%) were tested with fins, while Test 4
tested control tubes, black paint coating, and CuO/black paint-coated tubes (1% to 4%) with
fins. These tests measured outlet temperature and thermal efficiency to determine the
effectiveness of nanocoating and fins in enhancing heat transfer. The results obtained from the
FT-SAH strongly agree with those of other researchers, and they are as follows:
1. Temperature difference (AT): The temperature difference (AT) data from the nanocoated
tubes show a clear improvement in heat absorption as nanoparticle concentration increases.
In Test 1 (Al.Os/black paint), the AT increased from 32.8 C for the control to 46.8 C for the
4% Al>Os coating, reflecting a 14.0 C increase. Similarly, in Test 2 (CuO/black paint), AT
increased from 20.2 C to 35.4 C. These results align with the findings of (Caturwat et al.,
2023), who reported enhanced heat absorption with Al2Os coatings due to improved thermal
conductivity and surface properties. With the addition of fins, the temperature difference
(AT) increased further in both Al:Os; and CuO-coated tubes. For the 4% Al:Os-coated tube,
AT increased to 54.1 C with fins, an improvement of 14.6 C, over the control tubes with
fins. Similarly, for the 4% CuO-coated tube, AT increased to 49.1 'C with fins, showing an

improvement of 13.1 C. These results align with (Al-Kayiem et al., 2021), who found that
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fins significantly boost thermal efficiency by enhancing surface area and heat transfer. The
impact is slightly higher for Al:Os-coated tubes.

Thermal efficiency: The combination of fins improved the thermal performance of tubes.
The thermal efficiency of the tube coated with 4% Al.Os/black paint increased from 61.0%
(without fins) to 82.0% with fins, as supported by studies such as those by Kabeel, Omara,
et al. (2017), which highlighted the role of fins in enhancing surface area for heat transfer.
Additionally, (Al-Kayiem et al., 2021) observed that Al.Os coatings provided a thermal
efficiency increase of 51.0%, comparable to the 61.0% thermal efficiency observed in the
present study for 4% AlOs without fins. In comparison, tubes coated with CuO showed a
smaller but notable improvement in thermal performance. This is consistent with findings
by (Khanlari et al., 2020), who noted a similar performance gap between CuO and Al.O;
coatings. The CuO coating achieved a thermal efficiency of 51.0% without fins, rising to
73.7% with fins, further demonstrating the positive impact of fin integration. However, it is
also important to note the diminishing returns seen with increased nanoparticle
concentrations beyond 3%, as supported by (Kim et al., 2017). The present study found
marginal gains between 3% and 4% concentrations, with a temperature increase of only 1.2
C without fins and 1.4 'C with fins. This suggests that nanoparticle agglomeration limits the
efficiency of nanocoating at higher concentrations, a conclusion also drawn in previous
studies by (Kim et al., 2017) and (Mohammed et al., 2023).

. Ventilation rate: The ventilation rate achieved in the study was significantly lower than
the recommended levels. The observed ventilation rate was approximately eighty times
lower than the standard recommended by the New Zealand Building Code, which specifies
a flow rate of 8 liters per second per person for indoor air quality. This disparity could be
attributed to the experimental setup, which lacked insulation and used a low-capacity fan.
Improving the ventilation rate would require increasing fan capacity and enclosing the tubes
in an insulated structure, as suggested by (Wang et al., 2023). It is difficult to comment on
the ventilation rate of nanocoated tubes due to limited research.

. Effect of Weather Conditions: Weather conditions, particularly solar radiation and
ambient temperature, significantly influenced the performance of the nanocoated tubes.
Higher solar radiation improved thermal efficiency by increasing heat absorption, while
cooler ambient temperatures increased the temperature difference (AT) between the inlet
and outlet. Consistent solar radiation ensured stable performance across test days, which
aligns with findings from (Al-Kayiem et al., 2021) that solar thermal systems are sensitive

to weather variations. These factors are crucial in optimizing the real-world performance of
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solar air heaters. Studies by Janjai and Tung (2005), and (Saxena et al., 2015), strongly
support the results of the present study.
The research demonstrated that nanocoating aluminium tubes with Al.Os and CuO significantly
improved heat absorption and thermal efficiency, especially with fins. The temperature
difference (AT) increased by 14.6 C for 4% Al.Os with fins, and thermal efficiency rose to
82.0%. CuO-coated tubes showed similar trends but with lower gains. Ventilation rates were
notably lower than recommended, resulting in inadequate air circulation. Weather conditions,
particularly solar radiation, played a crucial role, with consistent radiation ensuring stable
performance. In conclusion, the study’s results strongly support the effectiveness of
nanocoating, particularly Al.Os, in improving the thermal performance of SAHs.
Summary
In conclusion, the FT-SAH and nanocoated tubes offer a compelling option for enhancing
thermal efficiency in solar air heaters, particularly when used in conjunction with fin inserts
and nanocoatings. However, the study also underscores the need for further research to enhance
the system’s ventilation capabilities. The results suggest that while these technologies can
significantly improve thermal performance, they should be integrated into a broader, hybrid

system to meet heating and ventilation needs in educational and other densely occupied spaces.
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7 Conclusion and Recommendation

An TAQ is important for students' health and classroom performance, as students spend the
second-longest time in school. Sufficient ventilation could improve the IAQ. As per the
compliance document G4 (NZ Building Code compliance document for ventilation) and the
New Zealand Standard (NZS) 4303:1990, the recommended flow rate is 8.0 liters per second
and per child (28.8 m3/h/child) to maintain a CO> level below 1000.0 ppm. The studies found
that the comfortable classroom temperature should be between 18.0 'C and 25.0 C. Several
studies show that NZ schools fail to meet the recommended ventilation rate. Studies suggest
that SAH could be an alternative and affordable method to ventilate classrooms.

Chapters 3, 4, and 6 report the experimental test results of the SAH's thermal performance and
ventilation rate. The results showed positive changes in these parameters from the designed

SAH.

7.1 Original contribution

The studies showed that the thermal performance of solar air heaters is low due to internal heat
losses. This study found that 60% of research focused on flat-plate SAHs, while 40% focused
on tube-type SAHs. These results demonstrated the potential for investigating the performance
of tube-type SAHs. Compared with flat panel designs, tube-type solar panels have two
theoretical advantages due to the tube's curvature: greater surface area and better orientation to
the sun's path during the day. These advantages can be further improved to produce positive
effects on thermal efficiency. This background study published a literature review paper (see
appendix) titled: “Review of the Thermal Efficiency of a Tube-type Solar Air Heaters.”

The review paper discussed various methods to improve the thermal efficiency of SAHs. One
technique suggested was to nanocoat the tubes. Several studies indicate that research on
nanocoating tubes for SAH applications was limited. Therefore, an experimental study was
conducted to study the effect of nanocoating the tubes on their thermal and ventilation
performance.

SOJOL Pvt Ltd provided a finned tube type SAH (FT-SAH) with corrugated fin inserts to test
for its thermal performance and ventilation. During the test, it was identified that the designed
SAH experiences many heat losses, and an insufficient ventilation rate was achieved from the
FT-SAH. A few modifications were suggested to the company, including improved sealing
around the aluminum frame and glass, increasing insulation thickness, and increasing fan
capacity. Condensation inside the SAH was observed on very cold days. Therefore, it was

suggested that the exhaust fan be kept running constantly.
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7.2 Conclusions drawn from the research objectives

Objective 1: The overall objective was to investigate the thermal and ventilation performance
of the finned-tube solar air heater (FT-SAH) under Wellington, New Zealand, weather
conditions at different mass flow rates, and to evaluate the effect of corrugated fin inserts on
system performance. The experimental programme consisted of two parts: (i) a 24-day test
(June—November 2023) where the FT-SAH with corrugated fins was operated at both high
(100%) and low (50%) fan speeds, and (i1) a six-day comparative test in which three tubes were
equipped with fin inserts (treatment SAH) and three tubes were left without fins (control SAH),
with tubes isolated to prevent cross-flow.

Findings: The FT-SAH demonstrated superior thermal efficiency and outlet temperatures
compared with solar air heaters (SAHs) reported in the literature. Thermal efficiency and
ventilation performance improved with increasing mass flow rate, reaching a maximum of
95.7% at 0.053 kg/s and 43.6% at 0.024 kg/s. The ventilation performance was nearly five times
higher than that reported by Wang et al. (2023). However, as a single unit, the designed FT-
SAH could not meet the required classroom ventilation rate, indicating that multiple SAHs or
higher fan capacity would be necessary. The comparative test confirmed that fin inserts
significantly enhanced thermal performance: the finned SAH achieved an average efficiency of
72.6% (treatment) compared to 44.5% for the unfinned (control), with higher outlet air
temperatures (25.4 ‘C vs. 22.8 “C) and greater temperature rise above ambient (7.0 'C vs. 4.4
°C). These results clearly demonstrate the positive role of fin inserts and highlight the FT-SAH’s
potential for improving classroom heating and ventilation.

Objective 2: The second objective was to investigate the nanocoated tube’s thermal and
ventilation performance under Wellington, NZ, weather conditions at different mass flow rates.
For this experiment, one tube was uncoated, one was black paint-coated, four were coated with
Al>Os/black paint (1%, 2%, 3%, and 4% concentration), and four were coated with CuO/black
paint (1%, 2%, 3%, and 4% concentration).

Findings: The tests were conducted in December 2023 (summer). These test results were
compared with those of FT-SAH with corrugated fin inserts, and it was found that under the
same weather conditions, the thermal performance of the nanocoated tubes was higher than that
of FT-SAH with corrugated fin inserts. However, the ventilation rate from nanocoated tubes
was nearly 22 times lower than that from FT-SAH. This may be due to the lower fan capacity
in nanocoated tubes. For the nanocoated tube study, the tubes were exposed directly to ambient

conditions, as they had no casing, cover, or insulation, resulting in high energy losses.

157



7.3 Limitations of the Study

1y

2)

3)

4)

5)

6)

7)

8)

9)

The experimental study was delayed by one and a half years due to technical issues,
continuous lockdown during COVID-19, and delays in the shipment of SAH parts. The
shipment of nanoparticles was delayed due to a stock shortage at the company. Therefore,
assembling and installing the SAH took longer than anticipated.

The FT-SAH was heavy and had sharp edges, making installation at the test location
difficult. Rubber pads guarded its sharp edges. Since it was mounted on a metal frame in
the Massey University, Wellington Campus car park, it was essential to provide safety to
the people moving around the SAH location. Therefore, the site had to be isolated using a
fence and cones.

In the first month of experimental testing, the anemometer was located close to the fan,
impacting the test results. Unrealistic values of thermal efficiency were calculated. Later,
it was discovered that the anemometer should be placed at least 0.5 to 1 m away from the
fan.

In the morning, condensation between the glass and tube surface of SAH was observed on
cold and rainy days. Frost was formed on the surface of the glass on wet days, and when
the temperature dropped below 8" C. Defrosting took one and a half hours when there was
bright solar radiation and longer on cloudy days. It would have been interesting to note if
this 1ssue existed when the fan was in operation at day and night.

The tube holder at each end of the collector was made of wood, and at higher flow rates,
the material that settled on the surface of the tubes was chipped. This could shade the
collector surface, affecting its thermal efficiency. Air filters should be installed in such
cases, as the air will be polluted due to the mixing of the wood chips.

The nanocoated tubes were smoother than FT-SAH and exposed to ambient conditions.
Unlike FT-SAH, they were not enclosed in an insulated box with a glass cover. Therefore,
In this study, aluminium oxide and copper oxide are used in the nanofluid preparation due
to their easy availability and low cost. However, other nanoparticles should also be
included.

Due to time constraints, this research did not study the practical implications of SAH in the
classroom. The fieldwork would have proved the usefulness of the designed collector when
in operation.

This study did not cover the life cycle assessment of the studied SAHs. A life cycle
assessment evaluates the environmental impacts of the SAH components over the long

term.
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10) Using SAH reduces conventional energy consumption, reducing greenhouse gas emissions.

This could help achieve the government's announced net zero carbon emissions. However,

this report did not cover the decrease in greenhouse gas emissions from operating SAH.

11) The cost-benefit analysis was not studied because the SAH was installed in the carpark

rather than the entire campus. Therefore, calculating the benefit of operating SAH from the

energy bill was difficult.

12)It is acknowledged that presenting results in terms of energy-based or normalised

performance metrics (e.g., AT per meter of tube, energy gain per unit mass flow) would
improve generalizability and enable broader cross-study comparisons. However, the scope
of this study was limited to evaluating practical heating and ventilation performance for
classroom applications, and results were therefore expressed in terms of outlet air
temperature, AT, mass flow rate, and solar radiation. These parameters are directly relevant
to the thermal comfort and ventilation objectives that motivated the research. Future studies
may extend this work by incorporating generalised energy metrics for benchmarking against

a wider range of solar air heater designs.

7.4 Future scope of research

1)

2)

3)

4)

S)

The results show that the studied SAHs showed positive results for temperature. However,
it does not meet the ventilation rate as per the MOE and ASHRAE standards. Therefore,
more research is needed to improve the ventilation performance of the SAH.

The FT-SAH's thermal efficiency was higher than the other SAHs studied in the literature.
However, further improvement in its efficiency is possible. This can be achieved by sealing
the gaps (airtight) to reduce heat loss through the duct, frame, and glass cover. Different
shapes, designs, and materials of fin inserts are to be investigated.

Combining FT-SAH and nanocoating technology would improve the SAH's thermal
efficiency. This technique could be explored. The impact of rain and wind on the SAH's
performance needs attention.

The FT-SAH was difficult to lift as it was heavy (approximately 80 kg), and its tubes were
also difficult to dismantle. There is scope to explore low-cost, lightweight thermal energy
storage materials that are eco-friendly and will boost the thermal efficiency of SAH.
Various other nanoparticles could be studied for their thermal properties and utilized to
improve SAH performance. The effect of hybrid nanofluid (mixing two or more

nanoparticles) coating on SAH thermal efficiency could also be studied.
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6)

7)

8)

It would be interesting to calculate and evaluate a life cycle assessment and greenhouse gas
emissions and conduct a cost-benefit analysis.

A machine learning model could be developed to predict the thermal and ventilation
performance of the studied SAH. This model can be useful in making real-time predictions
about solar heater usage.

The studied SAHs were tested under NZ weather conditions. Therefore, SAH testing across
NZ (cross-usage) must be conducted to check its response under varying weather

conditions.

7.5 Significance of the findings

1

2)

3)

The test results showed that the outlet temperature from the FT-SAH was above 18 C for
97.3% and 100 % of the time when SAH is operated under high and low fan speed,
respectively. The International Energy Agency reports that space heating in residential and
commercial buildings uses around 46% of global energy (International Energy agency-
Cooling, 2021; International Energy Agency-Renewables. 2019, Paris.). A New Zealand
study reports that a typical New Zealand uses about one-third of its energy for space heating
(BRANZ, 2023). The application of SAH could reduce the dependency on fossil fuels and
reduce the purchased energy consumption. SAHs should be encouraged in schools as the
government policies provide a 50% subsidy.

The SAH can be an alternate solution to supplement building ventilation. As discussed in
this thesis, IAQ plays a vital role in students' health and cognitive performance. The SAH
can be used in classrooms, offices, hospitals, restaurants, and homes. These are high-density
spaces that need sufficient ventilation.

The experimental results show that the finned tube type SAH could improve the ventilation
rate. The hourly average air volume flow rate was calculated to be 172.1 m*/kg at an hourly
average temperature of 32.2 C. However, the average volume flow rate of air required at 20
°C to meet the target airflow rate of 864.0 m3/h was estimated to be 668.4 m*h and 589.0
m?/h at high and low fan speeds, respectively. Assuming a 30.0% energy loss, 1234.3 m*/h
of air must be supplied to meet the 864.0 m>/h target at 20.0 C. At least two collectors must

supply air at 20.0 “C to maintain a ventilation rate of 864.0 m*/h.
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Appendices

Appendix A: Solar air heater experimental performance
Appendix : Al for effective efficiency calculations
The effective efficiency of the solar air heater was calculated by the equation given by Cortes

and Piacentini (1990) and Mittal and Varshney (2006).

o2
Myerr = CIrAc
Where,
Mpefr Effective efficiency of the SAH (%)
Qu Useful thermal energy gained by SAH (W)
Pm Mechanical power is required to force the air through the SAH
C The conversion factor = 0.18
It Solar radiation on the tilted SAH surface (W/m?)
Ac SAH effective area

Useful thermal energy gain (Qu) was calculated using equation 3.1 given by (John &
Beckman, 2013).

Qu=mCp(To-Ti) 3.1
Required mechanical power (Pm) can be calculated from the Equation 3.3 given by Hussien
and Farhan (2019).
P, = ’"T‘”’ (3.3)
Where,
AP Pressure drops across the SAH, Pa
m The mass flow rate of air, kg/s
p Density, kg/m*

Bernoulli’s principle is applied to estimate the pressure drop across the SAH (Dubey, 2014).
Assuminimumg that the flow is uniform and there are no significant losses, the pressure drop
(AP) across the solar air heater can be calculated from Equation 3.4.

AP = pg(hy — hy)

Where,

hy Height of SAH (at lower end side) from the base of the metal frame, h; = Om
ho Height of SAH (at upper-end side) from the base of the metal frame, ho = 1.5m
g Acceleration due to gravity, 9.81 m/s?
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Appendix A2: Finned tube type SAH setup, issues and recommendations
1) Anemometer reading

Figure 9-1 displays the annemoter reading. Placing the anemometer close to the fan gives a very
high velocity (e.g. 7.7, Fig 9-1) resulting in unrealistic efficiency values (i.e. above 100%).
Therefore, it was recommended to place the sensor at least 0.5 m away from the fan (as

recommended by Airlab, NZ).

pe—

Figure 9-1 Anemometer reading
2) Duct mounting; A. initial position, and B altered position
Figure 9-2: A and B show the duct positioning. Initially, the duct was positioned vertically with
a slight inclination at the center, supported on a table, which led to material buildup and caused
airflow blockages, resulting in inaccurate data. To resolve this, the duct was later aligned
horizontally, with a slight inclination at the solar air heater (SAH) exit, ensuring more consistent

airflow and improving the accuracy of the experiment.
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Annenometer

Figure 9-2 Duct mounting; A. initial position, and B altered position

3) Condensation on the solar air heater surface

Figure 9-3 shows the condensation forminimumg on the surface of the solar air heater panel
cold days. This condensation was likely results from moisture trapped inside the panel.
Therefore, the fan was operated at 8:15 am to mitigate condensation. Running the fan will
circulate air inside the solar air heater, preventing moisture from settling on surfaces and
allowing any existing condensation to evaporate. This issue could be addressed by improving
the sealing of the panel frame, adding a ventilation system, or implementing an anti-

condensation layer.
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Condensation on
solar air heater surface
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Figure 9-3 Condensation on the solar air heater surface
4) Air drying of nanocoated tubes
After the application of the nanoparticle coating, the tubes underwent a drying process to
ensure uniform adhesion of the coating. The drying phase was critical to remove any residual
solvents and to stabilize the nanoparticle layer. The tubes were air-dried under controlled
conditions to prevent any irregularities or defects in the coating. This step is essential to

enhance the durability and performance of the nanocoated tubes.

Figure 9-4 Air drying of nanocoated tubes

5) Coating removal and degradation of Tubes
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Tubes experienced coating removal or degradation due to wear, likely from environmental

exposure or operational stress. Therefore, stability test is recommended.

Figure 9-5 Coating removal and degradation of Tubes
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