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ABSTRACT

An efficient solar collector design that effectively absorbs solar energy and converts it
into heat is required during intermittent solar radiation. Existing Flat Plate Collector
(FPC) and Heat-Pipe Evacuated Tube Collector (HP ETC) are designed for water
heating required storage tanks, while an additional heat exchanger is required for air
heating application which leads to extra spacing and cost. The installation also needs to
be tilted at the correct angle and positioned to south/north facing to optimize the system
performance. These could lead to design limitations. Therefore, this study aims to
design, develop and investigate the thermal performance of an Evacuated Glass-
Thermal Absorber Tube Collector (EGATC) for air heating applications. EGATC was
designed from a conventional HP ETC, and the performance was compared through
parameter and performance experimental setup. The three days performance
experiments showed EGATC performed better with daily outlet temperature increased
by 9.0%, 7.2%, and 4.9%, respectively, with an average of 7.0% compared with HP
ETC. EGATC also had greater efficiency compared to HP ETC, with the average
efficiency for EGATC being 51.3% compared with HP ETC's 41.8%. EGATC's inner
absorber was designed to create a double pass flow with the ventilated chamber. The
parameter experiment shows the design could increase the outlet temperature by a
difference of 6.3% (for stainless-steel inner absorber compared with insulation material
inner absorber). Regarding energy storage, the stainless-steel inner absorber also had an
advantage compared to the insulation material inner absorber, with a 1.3% difference.
On the effect of other parameters such as inner absorber surface area air contact
(perforated fin), outer absorber selective coating surface, outer absorber wall thickness,
double layer non-vacuum glass tube, single layer transparent outer glass tube, and
single-layer thin film inner glass tube was investigated by parameter experimental setup
on energy storage. It was proven that the outlet temperature, energy store, and energy
buffer could be enhanced with the combination of wind speed 0.9 m/s, zero (0)
perforated fin, non-coating outer absorber, and 1mm outer absorber wall thickness. It
was also reported that double-layer vacuum glass tubes promise better thermal
performance enhancement compared with double-layer non-vacuum glass tubes, single-
layer transparent outer glass tubes, and single-layer thin film inner glass tubes. The
mathematical equation of each EGATC component was formulated based on the first
law of thermodynamics. The total acceptable error of 5% shows that the model at each
node was valid. The performance curves for those O fins (equation), O fin
(experimental), and 3 fins (experimental) were obtained. The results showed that the
efficiency (collector + storage) was affected by the number of fins. The efficiency
(collector + storage) was 68.7%, 71.2%, and 71.0%, respectively. In conclusion, the
application of EGATC in air heating applications proved beneficial to the application
of solar drying processes, especially in equatorial climate countries such as Malaysia.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND OF THE STUDY

Generally, the application of solar technology, either water or air heating, is limited due
to weather conditions and system design. In Malaysia, the solar heating system is
widely used for water heating and other applications, such as air heating, which was
actively developed but is still in research. Solar heating system, either water or air
operations, is more efficient using a solar thermal collector compared to a photo-voltaic
(PV) system (Matuska & Sourek, 2017). Numerous types of solar thermal collectors,
namely flat plate collectors (FPC) and heat-pipe evacuated tube collectors (HP ETC),
have been developed in various countries and have become increasingly important for
integrated solar heating systems (Sabiha et al. 2015). However, conventional FPC had
low thermal efficiency, and its energy efficiency decreased during the off-sunshine
hours (Ahmad Fudholi & Sopian, 2019).

Several researchers (G. L. Morrison et al., 2004)(Zubriski & Dick, 2012) agreed
that ETC has much better efficiency than FPC. Solar thermal collector efficiencies were
found to be 46.1% and 60.7% for FPC and HP ETC, respectively whilst the system
efficiencies were found to be 37.9% and 50.3% (Ayompe et al., 2011). This experiment
between FPC and HP ETC was conducted simultaneously with similar environmental
conditions. Regarding performance, HP ETC had better performance in producing high
outlet temperatures than FPC, especially in cold climates (Mahdjuri, 1979). The
performance levels of solar thermal collectors have been enhanced through several
techniques, such as using extended surfaces i.e. fins, corrugated thermal absorbers,
packed bed materials, and artificial roughness (Abhishek Saxena et al., 2015). A large
range of temperatures had been obtained by different solar thermal collector

configurations; for example, 20°C - 80°C was the operating temperature of FPC (N.



Sharma & Diaz, 2011), and 50°C - 200°C was for HP ETC (Soteris A. Kalogirou, 2014)
(Tyagi, Kaushik, et al., 2012). Although FPC produced low and moderate hot air
temperatures, it was appropriate for drying agricultural products (Ahmad Fudholi &
Sopian, 2019). To be in line with technological advancements, the technical directions
in the development of solar-assisted drying systems for agricultural products should be
of compact collector design, having high efficiency, integrated storage, and long-life
drying system (A. Fudholi et al., 2010).

1.1.1 Climate Condition in Malaysia

The solar energy received by the earth differs for each location depending on climate
conditions and various other factors, which required the solar radiation studied for
different world regions (Chuah & Lee, 1981). The Peninsular of Malaysia is at the
equatorial climate located from a latitude 1°20'N to 6°40'N, and a longitude of 99°35'E
to 103°20'E. It was rare to have a cloudless clear sky even during severe drought
(Jabatan Meteorologi Malaysia, 2021). Generally, Malaysia had a constant temperature
throughout the year with a moderate temperature of 25.6°C to 27.8°C with high
humidity, heavy rainfall, and low wind speed (Othman & Sopian, 2002). It has mostly
two Monsoons, south-west and north-east, in which both phases bring heavy rain and
clouds to the west and east coast, respectively. During the sunny season, the weather is

hot and sunny, with scattered cloud formation and rainfall (Chuah & Lee, 1981).

Malaysia received an average global solar radiation per annum of 4.63 kWh/m?
(Tamer Khatib et al., 2012), with an average diffused solar radiation within 2.65
kWh/m2 to 2.977 kWh/m? in a year (Azhari et al., 2012). In contrast, direct solar
radiation was 1.98 kWh/m?, which was less dominant than diffused solar radiation.
Recently, according to International Energy Agency et al. (2021), Malaysia received
about 5.0 kWh/m?2 of average solar radiation throughout the year. Diffused solar
radiation condition was more frequent with cloudy skies than clear sky condition since

Malaysia was located in the equatorial region (Oliver, 2005).



1.2 STATEMENT OF THE PROBLEM

Nowadays, the solar thermal collector technology for drying applications has become
more significant. This is due to food preservation after considering unpredictable
weather changes as well as the increasing of the earth's temperature and greenhouse
gases in the world's atmosphere. The situation is worsening with the food demand of
the world population and the advancement of agricultural technology (Elferink &
Schierhorn, 2016). This study identified several problems related to a stationary solar
thermal collector drying systems that can serve as a guide for the development of an

appropriate system. There are:

1.2.1 Diffuse Solar Radiation

A flat plate collector (FPC) was used to convert solar radiation into heat during day
time, and the performance was decreased at night or in poor weather conditions such
as cloudy or rain (Z. Wang et al., 2018)(Abuska et al., 2020). For countries with four
seasons, the system efficiency using solar thermal collectors, namely FPC was limited
during winter and autumn. This demonstrated that FPC was very dependent on solar
radiation (Majid et al., 2009)(Rassamakin et al., 2013)(Motahayyer et al., 2019).
Although Malaysia was located close to the equatorial line, the duration of day and
night throughout the year was almost identical. However, the gained intensity was
inconsistent due to weather factors such as rainy and cloudy conditions (Oliver, 2005).
This has affected the low and outlet temperature’s instability due to heat storage and

heat conversion time issues.

1.2.2 Solar Thermal Collector Position

FPC requires a sun tracker to obtain maximum yearly solar energy collection. FPC
needs to be positioned either to South facing for Northern Hemisphere or North facing
for Southern Hemisphere (Shafieian et al., 2019). As in the Northern Hemisphere, the
sun's path during the daytime was crossed from East to West. A South facing position



could ensure that the solar thermal collector absorbs more solar radiation, especially in
the period when solar radiation reaches its maximum level (Mao et al., 2019). The use
of sun-tracking concentrating collectors has increased either in the preliminary setup or
maintenance cost for both residential users and solar plants (Ullah et al., 2019) and also
limited the structure design. Carballo et al. (2019) presented a new approach to the sun
tracking system, which could improve the control strategies of the system and,
therefore, the system performance. This system required large and higher altitude site
placement to maximize the power output, which leads to design limitations of a solar

thermal collector.

1.2.3 Limitation on Orientation

The tilted angle of the solar thermal collector robustly contributes to the amount of
solar radiation absorbed by the solar thermal collector (Hafez et al., 2017). Both FPC
(passive system) and HP ETC (as its working condition), which are inherently exposed
to continuously variable weather conditions, may produce significant capacitance
effects (Klein et al., 1974) and need to be tilted at the correct angle to maximize the
performance of the system (Shariah et al., 2002)(Karmakar et al., 2019)(Q. Li et al.,
2020). This orientation may limit the arrangement layout. For areas located in the
equatorial, the solar thermal collectors need to be flat to obtain maximum energy from
solar radiation throughout the year (Soteris Kalogirou, 2003)(Abdul Majid,
2011)(Arvind Kumar et al., 2020). The approach used in this investigation was similar
to other researchers on solar photovoltaic (PV). The maximum output of the PV cell
requires a perpendicular light on its surface where radiation can be captured (T. Khatib
etal., 2015)(Fazlizan et al., 2019).

1.2.4 Thermal Losses

In order to increase the heat transfer rate between hot air and the thermal absorber, the
surface contact area of the thermal absorber with the working liquid had to be higher

(Razak et al., 2019). However, certain energy absorbed by the flat plate collector (FPC)



was lost to the atmosphere due to the higher temperature of the plate (Sekhar et al.,
2009). The effects of thermal losses on FPC were similar to those of heat-pipe
evacuated tube collector (HP ETC). As an existing air dryer design, the hot air for
drying agricultural products can be forced to flow in the water to the air heat exchanger.
According to A. Fudholi et al. (2010), the small surface contact area between the heat
pipe and water via the thermosyphon effect and the usage of a hot water tank as heat
storage of the solar drying system leads to further thermal losses and efficiency.
Normally, FPC uses non-vacuum flat glass, and ETC uses double layer vacuum glass,
in which the vacuum provides better sun energy absorption and simultaneously reduces
the heat transfer mechanism lost by radiation.

1.2.5 Split Design of Thermal Energy Storage

The technical directions in developing solar-assisted drying systems for an agricultural
product were compact collector design, high efficiency, integrated storage, and long-
life drying system (A. Fudholi et al., 2010). For flat plate collector (FPC) and heat-pipe
evacuated tube collector (HP ETC), which integrates energy storage in its system, the
energy storage compartment was generally constructed separately from the solar
thermal collector unit (Luo et al., 2017). The main disadvantage of solar thermal
collectors that operated at low to medium temperatures was their lower thermal
performance due to imperfections in their structural design and manufacturing, as well
as the type of materials that were utilized in the construction of different parts,
including the thermal absorbers (Gorjian et al., 2020). This condition led to a bulky
solar thermal collector system. It also affects the performance in terms of energy losses

from convection.

1.2.6 Design Flexibility

The existing design of FPC and HP ETC solar drying or space heating, water heater,
and Solar Assisted Heat Pump (SAHP) available in the market required additional

space for a heat exchanger module and working liquid reservoir to be attached to the



system, which leads to the load increment. The working liquid acts as the medium of
heat storage, which requires large space, low heat storage per mass ratio, and needs a
special compartment to store the latent heat (Lane GA., 1983)(A. Sharma et al., 2009).
The effects of the research on space allocation were similar to the SAHP study by
Baradey et al. (2015). They discovered that the main differences between available
commercial heat pumps in the market nowadays were the type and size of the heat
source, heat storage system, and solar thermal collector type. Ahmad Fudholi et al.
(2015) developed a greenhouse solar drying system with a heat exchanger. This forced
convection design consists of the HP ETC, electric heater, blower, water pumps,
storage tank, and drying chamber, which required extra space on the design, resulting
in load increment. This design was inappropriate due to its location and placement on
the rooftop. Infact, Mohd Chachuli et al. (2021) also had discussed similar factors that

limit renewable energy research and development activities in Malaysia.

Based on the listed problems, it can be summarized that the problems related to
a stationary solar thermal collector drying systems were diffused solar radiation

conditions and the system's design.

1.3 RESEARCH OBJECTIVES

The main aim of this research is to fabricate the solar integrated evacuated glass-
thermal absorber tube collector (EGATC) that can be used in air heating applications
with better thermal collector performance during diffuse solar radiation conditions.

Meanwhile, the specific objectives of this research are as follows:

i. To design and develop the evacuated glass-thermal absorber tube collector
(EGATC) by improving performance and efficiency.



ii.  To improve the thermal absorber with double pass flow arrangement for
EGATC.

iii.  To systematically investigate the effect of parameters (such as inner absorber
surface area air contact (perforated fin), outer absorber selective coating
surface, outer absorber wall thickness, double layer non-vacuum glass tube,
single layer transparent outer glass tube and single layer thin film inner glass
tube) on the performance of the EGATC.

iv.  To formulate the mathematical equation for each EGATC’s main component

and validate with the experimental results with performance analysis.

1.4 SIGNIFICANCE OF THE STUDY

The research significantly influences the performance of evacuated glass-thermal
absorber tube collector (EGATC) in terms of heat storage capability by a heat transfer
mechanism (i.e., radiation, conduction, and convection), thermal absorber temperature
uniformity and thermal inertia/ thermal reliability, which are beneficial during diffuse
solar radiation conditions. This new technology applied direct heat induction to replace
conventional heat-pipe evacuated tube collector (HP ETC), which focused on a water

heating system.

EGATC was developed purposely for an air heating system that is assembled
together with the ventilated chamber. The thermal absorber collects the heat energy
from the sun and converts it into the air. The absorber wall thickness itself acted as heat
storage material. EGATC was designed to meet the requirement of Good
Manufacturing Practice (GMP) for food drying, whereby selective coating was coated
on the outer surface of the thermal absorber to avoid direct air contact with drying
material. The design also provided double pass flow arrangement to increase the heat
gained efficiency. The results obtained from this study will serve as fundamental
knowledge of the EGATC, which is utilized towards the commercialization of the Solar
Integrated EGATC Air Heater.



1.5 RESEARCH METHODOLOGY

The methodology starts with the process of studying the current design of solar thermal
collectors and dryers. The existing solar thermal collectors, specifically heat-pipe
evacuated tube collector (HP ETC), was studied, and the gap existing between them
was defined. Besides, the existing research on the HP ETC air dryers also was reviewed
and investigated due to several affected parameters in order to increase the
performance. The literature on the specific topic, methodology, and theoretical

approach is also discussed here in detail as well.

Then, it was followed by the design and development of a preliminary system.
At this stage, the experimental research setup and data collection procedure were stated
clearly. The preliminary experiments were directed to ensure the design was on the
right path by monitoring the theoretical statements that were similar to the experimental
results. It was conducted under real ambient conditions. If the result is aligned
theoretically, it will only then proceed to the next process. Otherwise, the earlier

process has to be restarted again.

Next, the Bills of Materials were prepared (BOM), and the items were
purchased. The BOM was prepared according to the technical drawing and components
needed. Then only the purchasing process was started. The detailed itemized cost and
specification also was stated here based on the recent market search and availability for

future reference.

After that, was the fabrication of the experimental test rig, determination, and
installation setup of Data Acquisition (DAQ) system for parameter experiment. Several
parameter experiments were conducted as indoor experiments under artificial solar
radiation to obtain the best design that was able to enhance the performance. The
parameter involved were inner absorber surface area air contact (perforated fin), outer
absorber selective coating surface, outer absorber wall thickness, inner absorber double

pass flow arrangement, double layer non-vacuum glass tube, single layer transparent



outer glass tube and single layer thin film inner glass tube. The fabrication work of the
experimental performance rig was started after the ideal design was defined.

Later, the testing and evaluation of the experimental performance rig were done.
The designed solar thermal collector was tested, and the reading was evaluated.
Consequently, data analysis was done based on the results to determine the solar
thermal collector performance and efficiency. The results also were analyzed on the
heat transfer process, and by developing a mathematical model that was used to

determine the heat gain that occurred in the system

Lastly, the results obtained from the experiment was compared with the results
obtained from the mathematical model. The mathematical model was the equation
derived from the heat transfer equation involved inside the solar thermal collector. If
the comparison results were satisfied, then only the process proceeded to the next step.
If not, the testing and evaluation of the test rig were conducted again. After that, the

documentation and report writing are started.

1.6 RESEARCH SCOPE

This research comprises of several main scopes as follows:

i. The Evacuated Glass-Thermal Absorber Tube Collector (EGATC)
prototype was fabricated with an overall size OD 38mm x L590mm inside
double layer evacuated glass tube with dimension OD 58mm x L500mm
ended with the ventilated chamber with dimensions 50.8mm x 50.8mm x
63.5mm.

ii.  EGATC inner absorber with dimension OD 12mm x L497mm x tlmm was
placed inside EGATC outer absorber with dimension OD 38mm x L467mm
x t1lmm to create a double pass flow design arrangement.

iii. EGATC experimental test rig was set up in an array arrangement with a
Heat Pipe Evacuated Tube Collector (HP ETC) by heat pipe dimension,

L400mm x header diameter 14mm x pipe diameter 8mm inside similar



dimension of double layer evacuated glass tube and drying chamber with
dimension OD 110mm x L300mm x tlmm. Each solar thermal collector
was assembled as a portable with an overall size L850mm x W450mm x
HI900mm.

iv.  The material used for EGATC was stainless steel pipe for both inner and
outer absorbers. While the material used for HP ETC was copper for the
heat pipe attached with an aluminium mounting per available in the market.
The drying chamber for each solar thermal collector was in the form of a
PVC (Polyvinyl Chloride) pipe.

v. The maximum temperature inside the drying chamber experienced a
temperature range of 50°C to 60°C to ensure the perfect drying.

vi.  The outdoor experiment was conducted during the non-raining condition
and was exposed to ambient conditions, i.e., dust, clouds, and wind.

vii. A mathematical model for each EGATC’s main components will be
developed, considering that the thermal system was in a steady-state
condition. The computation of the model will be developed using Microsoft

Excel.

1.7 REPORT STRUCTURE

As the introduction, Chapter 1 gave a clear background of what this research was all
about. The problem statements, research objectives, significance of the study, research
methodology, research scope, and report structure are explained clearly in this chapter.
Chapter 2, on the other hand, covers a wide range of literature reviews from past
research done by researchers in the field of solar thermal from all over the world.
Detailed literature was discussed in terms of global solar energy needs, food drying
needs, the definition of solar thermal, type of solar panels and collector, their
categories, technologies and applications, thermal absorber technology, double pass
flow design arrangement and the influence of mass flow rate in a solar collector. It also
discussed heat transfer analysis of evacuated glass-thermal absorber tube collector
(EGATC).

10



Chapter 3 talks about the research methodology used for this research. The path was
properly arranged through the design process's flow chart to ensure the research's
success. The methods were divided into three sections, preliminary experimental
design, experimental parameter design, and performance experimental design. In the
preliminary experimental design, the first step was done by studying the current design
of the solar thermal collector and solar air dryer. The preliminary design was built and
set up as a preliminary experiment. This pilot test was done to ensure that the results
obtained from the preliminary experiment were aligned theoretically. In the second
section, which was experimental rig design, it starts with list of bills of materials
(BOM) and fabrication of the portable test rig for parameter experiment and
performance experiment. The parameter experiment was done to investigate several
parameters that affect the performance, whereas the performance experiment was
conducted to obtain the EGATC performance. Both preliminary and performance
experiments were conducted as outdoor experiments by exposure to real solar radiation,
while parameter experiment was conducted as indoor experiments under artificial solar
radiation. Based on the collected data, the analysing was done to determine the
performance and efficiency of the EGATC. The theoretical analysis method consists of
a mathematical modelling role, thermodynamics energy balance, collector
performance, heat transfer analysis, and analytical solution for mathematical modelling

is also presented.

In chapter 4, the results and discussion are placed here. The results of the
preliminary and test rig experiment were determined. Regarding the preliminary
experiment, the data was recorded, followed by the plot of the graph Temperature, T
(°C) versus Time, t (s). For the parameter experiment, the parameters involved taken
into consideration were thermal absorber surface area air contact (perforated fin), outer
absorber selective coating surface, outer absorber wall thickness, inner absorber double
pass flow arrangement, double layer non-vacuum glass tube, single layer transparent
outer glass tube and single layer thin film inner glass tube. The data on the performance

experimental also was recorded. The graph Temperature, T (°C) versus Time, t (s) was
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plotted in order to evaluate the performance of the thermal absorber. In fact, the effect

of the heat transfer process and airflow are described here.

Finally, Chapter 5 concluded whether the research objectives were achieved or
not based on the experimental runs, testing, and evaluation performed in this research.
In addition, the recommendations for future work are stated here as well.

1.8 CHAPTER SUMMARY

This chapter has presented and discussed the background of the study. It explained why
solar thermal collectors which were FPC and HP ETC, are crucial in various countries,
the drawback of FPC, the advantages of HP ETC, and the climate condition in
Malaysia. Additionally, the problem statements were discussed, as this study is set to
enhance the existing HP ETC technology that is available in the market. These are
followed by research objectives, the significance of the study, and the research
methodology. This chapter also presented the research scopes and, finally, the research

structure.
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CHAPTER TWO

LITERATURE REVIEW

2.1 INTRODUCTION

Since the study aimed to develop a new design of thermal absorber, namely an
Evacuated Glass-Thermal Absorber Tube Collector (EGATC) in air heating
applications, it is important to explore the thermal absorbers technology and Evacuated
Tube Collectors (ETC). Furthermore, the literature review emphasized on the types of
solar thermal collectors, the influence of wind speed, mass flow rate, and insulation
material on the solar thermal collector. What should also be covered is the existing
technology of solar thermal dryers on HP ETC (Heat-Pipe Evacuated Tube Collector).
Ultimately, mathematical modelling and EGATC’s configuration in air heating

applications are discussed.

2.2 NATIONAL AGRICULTURAL POLICY

The demand for food and the advances in agricultural technology had challenged the
technologists to produce a more sophisticated drying system. This was seen through
the National Agriculture Policy, which tried to reduce the dependency on imported
food. To implement this policy, agricultural industry operators must introduce more

efficient ways of food processing, which also involves the existing drying technologies.

Some existing drying technologies needed to be enhanced to process food
more efficiently. Therefore, numerous studies have been carried out on the
development of advanced solar-assisted drying systems in Malaysia (Desa et al.,
2020)(Mat Desa et al., 2019)(Sopian et al., 2012)(A. Fudholi et al., 2010)(Othman et

al., 2006). Drying of agricultural products is carried out in a variety of ways, from
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directed exposure to solar radiation to a system that operates automatically. These
methods depended on how easy and efficient the sources of drying energy were to be

obtained.

2.3 DRYING IN THE AGRICULTURAL SECTOR

According to Baradey et al. (2018), in the next fifty years, the total global population
will reach about 9 billion people. Following that global trend, the Malaysian population
will continue to increase concurrently. Data from the Department of Statistics Malaysia
(2022) shows that the Malaysian population was at 32.4 million people in 2018
compared to 32.0 million in 2017, with an annual growth rate of 1.1 percent. Based on
the situation, Malaysia’s population increased to 32.7 million in 2019, and recently it
was at 32,920,286 in 2022.

Generally, Malaysia's population was projected to increase from 28.6 million
in 2010 to 41.5 million in 2040. Nevertheless, the population increased, with the annual
population growth forecast rate decreasing from 1.8 percent in 2010 to 0.8 percent in
2040. The average population growth rate decreases by 0.05 percent per year. This
growth significantly affected the amount of food consumption. Large-scale agricultural
products should be kept in stock to ensure the food supply is sufficient and persistent
in the long term. Therefore, the food should be preserved and stored for future use or
the market.

Drying has become one of the options for food preservation in the agricultural
industry. In maintaining the available stock, the agricultural products should be dried
so that the water content reaches the standard value. The value of the standard water
content is the amount of water contained in an appropriate agricultural product to keep
it within a long period of time before the product is processed into food or for other
uses. According to Tamrin et al. (2017), moisture content and relative humidity during
delayed rough rice drying affected the physical quality of milled rice. The study was

conducted in Indonesia and found that most of the rough rice was not dried immediately
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due to a lack of sunlight in the rainy season. The best delayed rough rice drying duration
in such conditions should not exceed 3 days.

2.4 DRYING PROCESS

Drying is one of the concise preservation methods, i.e., extracting the water content in
the substance to be dried. According to M.Y.H. et al. (2000), there are three processes
involved in the process of drying, namely the physical, chemical, and biological
processes. The physical process is extracting water from the substance, which depends
on the type of substance to be dried. Chemical processes affected changes in the dried
substance's flavour, colour, and structure. Meanwhile, Biological processes are like
yeast and fungal growth caused by microorganisms such as bacteria. The water content
of an agricultural product is not the only factor that should be considered in marketing.
The other factors include the content of foreign substances, such as the percentage of
broken seeds, dust, wood twigs, and dry pith. However, water content becomes one of
the most important factors because high water content causes the grain to fail to
withstand being stored for long periods because the seeds will be germinated or turn
into mold (El-Sebaii & Shalaby, 2012)(Inyang et al., 2018). The less water it consumes,

the longer the seeds can be stored.

Nevertheless, the seeds may break or crush if the grain is dried up beyond its
dry limit. This would reduce the quality of agricultural products and simultaneously
reduce the income of the entrepreneurs as well. The effect of the quality is similar to
the other researchers' findings. According to Musembi et al. (2016), agricultural
products were dried to increase shelf-life, reduce packaging cost, increase shipping
capacity and enhance appearance while maintaining flavor and nutritional value.
Therefore, whether the drying process is realized or not, should be controlled. Factors
affecting drying in drying chambers were discussed by Abdul Majid (2011). Six
parameters were identified that affected drying, i.e., temperature, relative humidity,

pressure, air velocity, air circulation, and the surface area of the substance to be dried.
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These factors are very important to ensure the optimum quality of the product and

energy consumption.

2.4.1 Drying Kinetics

Drying Kinetics is represented as the drying rate against drying time. It indicates the
reduction of the moisture content from the material. Drying kinetics is important for
predicting drying time and conditions in the drying process. The understandings of
drying kinetics influence the drying method and controls the drying process (Maisnam
et al., 2016). The drying rate with controlled temperature affects the drying times. At
the constant air humidity, the increasing drying air temperature may enhance the drying

process.

There are several studies on drying kinetics for food products, such as the
drying Kinetics of apples (Bi et al., 2015), black carrots (Garba et al., 2015),
strawberries (Borquez et al., 2015), carrots (C. Xu et al., 2014), garlic (Calin-Sanchez
et al., 2014), guava (P. S. Kumar & Sagar, 2014), green beans (Tekin et al., 2017),
jackfruit (Alok Saxena et al., 2012), sweet potato (Doymaz, 2012), banana (Borges et
al., 2011) mushroom (Giri & Prasad, 2007), lemon slices(J. Wang et al., 2018) and

Mediterranean mussels (mytilus galloprovincilis) (Kouhila et al., 2020).

Experiments also had been carried out in Malaysia to study the effect of
drying air temperature and humidity on the drying characteristics of lemon grass by
Ibrahim et al. (2009). They found that the major element that affected the drying
Kinetics was the drying air temperature. Hence, a higher drying air temperature

influences a higher drying rate and decreases the moisture ratio.
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2.5 GLOBAL ENERGY CRISIS

The world is now facing an energy crisis (Global Energy Review 2020, 2020). The
energy crisis is a phenomenon where energy resources are constantly declining, and it
IS seen as an important factor in sustaining the world economy. It is often associated
with the main energy sources people have used at a certain place at a given time, for
example, countries that provide electricity grids or use them as fuel in vehicles.
According to Goswami (2015), the amount of fossil fuels will decline in the next 50
years due to fast-growing energy demand in the Asia Pacific, specifically in China and
India. This will create a world energy crisis as the energy demand exceeds the available

energy reserves.

Formerly, fossil fuels, especially diesel and kerosene were the drying system's
most commonly used energy sources. During this time, petroleum-based technology
was more advanced compared to other technologies. The price was lower and easy to
access, which became an important factor in why petroleum was widely used (M.Y.H.
et al., 2000). Since the world is facing an energy crisis, the need for an alternative
energy source, such as renewable energy, to replace the over-reliance energy
production from fossil fuels is crucial (Hordeski, 2020). It has become more important

as the cost of petroleum increases.

2.6 NATIONAL GREEN TECHNOLOGY POLICY

In Malaysia, the awareness of the petroleum energy crisis has increased, and the
government, through the Ministry of Energy, Science, Technology, Environment, and
Climate Change, has stated the strategies for not relying on existing energy resources
(Ohetal., 2010). Hence an initiative was carried out by reviewing the old policy of Net
Energy Metering (NEM). NEM adopted the practice where the energy produced from
the solar Photovoltaic (PV) system installed would be consumed first, and any excess

to be exported to the official distribution licensee, Tenaga Nasional Berhad (TNB).
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Effective 1 January 2019, the new mechanism of NEM allowed electricity
users who had installed solar panels at their homes or premises to reduce electricity
bills to create savings (Razali et al., 2019). This initiative was aligned with the National
Green Technology Policy (Ministry of Energy Green Technology and Water, 2017)
(Water, 2010), which emphasized the increase in the energy supply sector through
green technology applications in energy generation and supply management, including
co-generation in the industrial and commercial sectors. The existence of this policy in
the nation’s agenda saw the government's support and willingness to give a very high
commitment to ensure sustainable development and conserve the environment for
future generations and subsequently to become the catalyst for the development of solar

energy in Malaysia (Mustapa et al., 2010).

2.7 TYPES OF SOLAR PANELS AND COLLECTOR

The use of solar energy in human activity has reached unexpected usage. This is due to
the ongoing research conducted to find alternative sources to replace the usage of fossil
fuels. According to Mekhilef et al. (2011), solar energy conversion was widely used to
generate heat and produce electricity. A comparative study on world energy
consumption released by International Energy Agency (2015) shows that in 2050, low-
carbon energy technologies will be the world’s main supplier of energy demand.
Energy revolutions such as energy efficiency, carbon capture and storage, nuclear
power, new transport technologies, renewable energy, and solar energy must be

gradually imposed to reduce greenhouse gas (GHG) emissions.

Solar energy could be harvested from solar panels. There are four (4) types
of solar panels and collectors, namely Photovoltaic (PV) panels, solar thermal (ST)
collectors, Photovoltaic-Thermal (PV-T) panels, and Concentrating solar panels
(Ahmad et al., 2020). Mainly, PV panels are used to gain electricity from solar energy
directly, whereas ST collectors use solar energy to generate heat. The combination of
both PV and ST creates PV-T. The PV-T panels use solar energy to produce electricity

and heat (Ramos et al., 2017). On the other hand, solar panels use mirrors or lenses to
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focus on solar energy by reflecting solar irradiation to a receiver to generate heat (Hairat
& Ghosh, 2017).

2.8 SOLAR THERMAL COLLECTORS’ CATEGORIES

Solar thermal was the leading renewable energy in terms of cumulated installed heat
capacity for many years until 2016, when the wind energy system took the lead (Weiss
& Spork-Dir, 2018). Solar thermal collectors heat a working liquid such as water by
absorbing directed heat from the sun. The paybacks offered by the system comprised
of free supply of sustainable heat throughout the year, reduced carbon dioxide

emissions and lower energy bills (Energy Saving Trust, 2010).

The performance levels of solar thermal collectors could be enhanced through
several techniques, such as using extended surfaces i.e., fins, corrugated absorbers,
packed bed materials, and artificial roughness (Abhishek Saxena et al., 2015). Figure
2.1 shows the categories of solar thermal collectors adapted from Soteris A. Kalogirou
(2004) and Sarbu et al. (2017). As far as the stationary collectors are concerned, there
are mainly three (3) of them, namely flat plate collector (FPC), evacuated tube collector
(ETC), and compound parabolic collector (CPC).
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Figure 2.1: Types of existing solar thermal collectors (Soteris A. Kalogirou (2004)
and Sarbu et al. (2017))

Although solar thermal was predominated by small-scale individual systems for
residential water heating (Freeman et al., 2015), it has been expanding to large-scale
solar thermal plants connected to district heating networks or large buildings (Tian et
al., 2019). The interest in using solar thermal in industrial applications also grew as
well (L. Kumar et al., 2019). The most attractive solar thermal technology studied by
several researchers includes flat plate collector (FPC) (Drosou et al., 2014)(Sridharan
& Shenbagaraj, 2021), evacuated tube collector (ETC) (Freeman et al., 2015b)(I. Singh
& Vardhan, 2021), parabolic trough collector (PTC) (Calise, 2012)(Zaaoumi et al.,
2021), and compound parabolic collector (CPC) (Eicker et al., 2014)(Xia et al., 2021).

29 ETC TYPES AND TECHNOLOGY

Evacuated tube collector (ETC) comprised of a glass tube from which the air had been
evacuated. The evacuated glass tube contained a metallic absorber, at which the solar
radiation was absorbed and through which water is pumped (Sabiha et al., 2015) in the

study of ETC water heaters. The absorber tube is evacuated to minimize heat loss from
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the metallic absorber to the environment. According to Arvind Kumar et al. (2020), the
efficiency of ETC depends mainly on three factors, i.e., the collector's design, the
absorber tube's optical properties, and the working fluid inside the tube. By using

reflectors, the total solar input was increased.

The first evacuated tubular collector was built and tested by Speyer (1965).
Speyer constructed a U- tube joining the two conduits attached with a spiral spring
(conduits support) as a thermal absorber which was mounted inside the evacuated glass
tube. Teles et al. (2019) investigated the thermal performance of low-concentration
ETC and discovered that thermal efficiency could be achieved by more than 60% of
the system annually. Recently, there were various studies on the specific types of ETC,
namely Heat-Pipe Evacuated Tube Collector (HP ETC) (Huang et al., 2019)(Abo-
Elfadl et al., 2020), Direct-flow Evacuated Tube Collector (Direct-flow ETC) (X.
Zhang et al., 2014)(Abokersh et al., 2017)(Essa et al., 2021) and Evacuated Tube Solar
Cooker (ETSC) (Herez et al., 2018)(Hosseinzadeh et al., 2020).

In regards to installation guidelines, the evacuated tubes should be aligned in a
parallel arrangement. Sadeghi et al. (2020) demonstrated that the change in longitude
did not influence the amount of solar radiation, whereas the change of latitude could
affect such an amount. The regions with higher latitudes (northern orientation) should
receive more radiation during the daytime. Ina North South orientation, the tubes could
passively track heat from the sun all day. While in an East West orientation, they could
track the sun all year round. Alghoul et al. (2005) studied materials and heat transfer
properties of materials and the manufacturing challenges of a flat plate, evacuated
tubes, and heat pipe tube. On the other hand, I. Budihardjo & Morrison (2009)
mentioned that HP ETC was the most used collector among other evacuated collectors
in solar water heaters due to its simple construction and low manufacturing costs. Table
2.1 shows the characteristics of a typical ETC adapted from Soteris A. Kalogirou
(2004).
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Table 2.1: Characteristics of a typical ETC system

Parameter Value

Glass tube diameter 65mm

Glass thickness 1.6mm

Collector length 1965mm

Absorber plate Copper

Coating Selective

Collector slope angle Latitude +5° to 10°

Essentially, HP ETC consists of single- or double-layer glass tubes containing
a copper heat pipe and mounted with an aluminium bracket. Inside the copper heat pipe,
the working liquid (usually methanol or ethanol) experiences an evaporating-
condensing cycle as long as the sunlight heats the collector (Kocer, A. et al., 2015)(S.
A. Kalogirou, 2016). The high vacuum formed in the gap between double-layer tubes
in ETC eliminates convection heat loss and provides effective thermal insulation;
therefore, higher temperature levels occur compared to FPC (Papadimitratos et al.,
2016).

HP ETC used working liquid as a phase change material (PCM) to transfer heat
at high efficiency from the liquid to the vapour phase (Siva Kumar et al., 2017). This
type of solar thermal collector features a sealed copper heat pipe placed inside a
vacuum-sealed tube. The pipe is attached to an aluminium fin as a mounting. The heat
pipe was separated into two (2) sections, namely, header and pipe. The header was
placed on the top and attached to the sealed pipe. Inside the heatpipe, the pipe contained
a small amount of working liquid that undergoes an evaporating-condensing cycle. In
this cycle, heat gained from solar radiation evaporates the working liquid inside the
pipe, and the vapour travels to the header, where it condenses and releases its latent
heat. The condensed fluid returned to the pipe, and the process was repeated. Figure
2.2 shows the specification of the heat pipe available in the market manufactured by
MISOLIE TECHNOLOGY in China.
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Header (Heat pipe

condenser) Parameter Value
Material Copper
\\ Header diameter @14mm x 55mm
x length
Pipe diameter @8mm x 345mm
_ _ / x length
Pipe (Heat pipe Total length 400mm
evaporator) Fit for ETC 500mm
(b)
(a)

Figure 2.2: (a) HP ETC and (b) Specification of the heat pipe available in the

market

2.9.1 Glazing Materials

Glass has been widely used to cover solar collectors since it transmits as much of the
incoming shortwave solar radiation while none of the longwave radiation emitted
outward by the thermal absorber (Mandalaki & Tsoutsos, 2020). Glass with low iron
content has a relatively high transmittance for solar radiation (approximately 0.85-0.90
at normal incidence), but its transmittance was essentially zero for the longwave
thermal radiation (5.0-50 mm) emitted by sun-heated surfaces (Soteris A. Kalogirou,
2004).

For direct radiation, the transmittance varies considerably with the angle of
incidence (ASHRAE, 2019). Daily PV power losses and monthly efficiency reduction
occurs due to dust in some locations being more than 1% and 80%, respectively, which
was relatively high (Kazem et al., 2020). The glazing should admit as much solar
irradiation as possible and reduce the upward heat loss as much as possible. Radwan et
al. (2020) reported experimental and theoretical studies on various thermal and
electrical performances of glazing systems. The results showed that the semi-
transparent Photo-Voltaic with Vacuum Glass (VGPV) system achieved a lower

transient temperature variation of the inner and outer surfaces of the glazing systems.
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The effect of glazing also was studied by Messaouda, Hamdi, et al. (2020), Memon et
al. (2020), Raza et al. (2020), Memon & Eames (2020), and Dabra (2020). Although
glass was virtually opaque to the longwave radiation emitted by the thermal collector,
absorption of radiation caused a rise in the glass temperature and a loss of heat to the

surrounding atmosphere by radiation and convection.

ETC was manufactured from high borosilicate evacuated glass tubing as a
glazing material that provides a medium of heat transfer from solar radiation directly
or indirectly with minimum heat losses through radiation and convection (G. Saxena &
Gaur, 2018). It received over 90% of solar ultraviolet radiation, while another spectral
composition of solar radiation was completely blocked by the oxygen contained in the
upper layers of the atmosphere and by the ozone layer (Who, 2002)(Grandi & D’ovidio,
2020). The inner glass tube transmitted the short-wavelength solar radiation to the
thermal absorber inside but blocked the reflection of the longer-wavelength irradiation
to the vacuum pocket due to the opaque surface. Hence, it absorbs approximately all
the solar radiation in it. Figure 2.3 shows the evacuated tube collector (ETC) available
in the market manufactured by MISOLIE TECHNOLOGY.

Figure 2.3: Conventional evacuated tube collector (ETC) design
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2.9.2 Vacuum Tube

ETC basically consists of a heat pipe inside a vacuum-sealed tube. A large number of
solar thermal collector variations and shapes of ETC are available in the market (Arvind
Kumar et al., 2020). Another variation of this collector is called the Dewar tube. Two
(2) concentric glass tubes were used, and the space in between the tubes was evacuated
and known as a vacuum jacket. Due to turbulent conditions in the straight-through all-
glass tube, a higher heat transfer rate could be achieved than in a Dewar-tube ETC, by
increasing heat extraction and decreasing heat losses (Gong et al., 2020). The advantage
of this design is that it is made entirely of glass, and it is not required to infiltrate the
glass envelope to extract heat from the tube; thus, leakage losses do not exist, and it is
also less expensive than the single envelope system (Graham L. Morrison, 2013).
George et al. (2020), after approximately 40 years in storage condition, also verified
the vacuum's stability as the aged tube still functions to a high standard in terms of

maintaining a low emissivity and good vacuum level.

Table 2.2 shown the specification of the evacuated tube manufactured by
MISOLIE TECHNOLOGY. The tube was similar to the conventional Dewar flask and
consisted of two (2) borosilicate glass tubes with high chemical and thermal shock
resistance. The outer side of the inner glass was coated with a sputtered solar selective
surface (thin film). This coated inner glass was closed at one end and sealed at the other
end to the outer glass. The annular space between the outer glass and inner glass was
evacuated to avoid heat loss in conduction and convection (Arora et al., 2011). The
effect of vacuum on ETC was studied by Bamasag et al. (2019), Nokhosteen &
Sobhansarbandi (2020), Xia & Chen (2020), Yurddas (2020), and Messaouda, Hazami,
et al. (2020).

Table 2.2: The specification of conventional evacuated tube

Structure All-Glass Double-tube co-axial structure
Glass Material High borosilicate 3.3 glass

External pipe diameter and thickness 58mm, +/-0.6mm; T=1.6mm

Internal pipe diameter and thickness 48mm, +/-0.6mm; T=1.6mm
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Pipe Length 500mm

Absorptive coating Structure ALN - SS/Cu
property Sediment method 3 Target magnetron sputtering plating
Vacuum Tightness P<=5.0x102Pa

2.9.3 Inner Glass Tube Thin Film- Selective Surface Coating

ETC outer surface at the inner glass tube was coated with a secondary dielectric
material that reduced overall reflectivity with a considerably high absorptive ability
(Kumar Singh & Samsher, 2020). The thin film-selective surface-coated material was
able to absorb direct and diffuse radiations around the vacuum jacket of ETC and
drastically improve the overall performance (Chow et al., 1984). Figure 2.4 shows the
as-built ETC design with three tiers layer available in the market.

Anti-reflection layer

Absorptance layer

Infrared-reflection layer

Spring Holder

Figure 2.4: The as-built ETC design available in the market (Source:
https://www.hydrol.com.my/solarwave-solar-water-heater-2/)

In the photovoltaic (PV) study, some researchers called the selective surface
coating a thin film. Jarimi, Lv, et al. (2020) focused on a novel design of vacuum-
insulated semi-transparent thin-film for photovoltaic (PV) glazing, while Han et al.
(2019) discussed thermal regulation of PV facade integrated with thin-film solar cells
through a naturally ventilated open air channel. Other researchers who have studied on
thin film were Jarimi, Qu, et al. (2020), Tao & Zhang (2020), Park & Kim (2021),
Ramanujam et al. (2020), Dey (2020), and Sarkin et al. (2020). Regarding the term,
either a selective surface coating or a thin film was used, and the studies aimed to

improve the thermal performance of glazing material.
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The last tier at the thin film's end is called the infrared reflective layer. It blocks
the heat reflection from penetrating the vacuum pocket of ETC, simultaneously
accumulating the heat gained inside. Shanmugam et al. (2020) briefly reviewed
antireflective coating from a PV perspective, including its underlying principle theory.
Numerous types of research have been studied and developed in several classes of
antireflective coating materials such as Si-based; (Y. Xu et al., 2020) (Silicon), (Chi et
al., 2020) (Silica), (van de Loo et al. 2020) (SiNx), metal-based; (Y. Y. Zhang et al.,
2021) (Au), (Chen et al., 2020) (Ag), metal oxide; (Du et al., 2011) (Nauryzbekova et
al., 2021) (TiO), (Zhong et al., 2019) (ZnO,) (W. Yang et al., 2020) (ITO), metal
fluorides and sulphides; (Ning et al., 2020) (MgF2), (Jung et al., 2020) (ZnS), polymer-
based; (Balbay & Acikgoz, 2020) (Polystyrene), (PMMA), (Chaudhary et al., 2020)
(PET), (Gao et al., 2020) (PDMS), and advanced materials including carbon nanotubes
(Mitin et al., 2020) and graphite (Song et al., 2021). Antireflective coatings and surface
texture also improved the efficiency of a solar collector and the thermal performance

of solar heating systems (Furbo & Jivan Shah, 2003).

Generally, K. Xu et al. (2020) reviewed high-temperature selective absorbing
coatings for solar thermal applications. Specifically, in the ETC study, Ma et al. (2020)
studied the development of a novel CPC (compound parabolic collector) evacuated
tube solar collector using a medium-temperature selective coating. The medium-
temperature selective coating was obtained by co-sputtering titanium and aluminum
targets. The experimental rig was developed on the steam system application. The
results showed the novel CPC solar collector produced steam from water with
temperatures at about 108°C —145°C during sunny days. It was also shown that the
thermal performance of the solar collector did not degrade significantly. Other
researchers who studied on specifically ETC selective coating were Zhao et al. (2020),
Bello & Shanmugan (2020), Wannagosit et al. (2018), Sobhansarbandi et al. (2017),
Martinez et al. (2017) and Selvakumar & Barshilia (2012).

In conclusion, the thin film-selective surface coating was studied by those

researchers purposely to recognize the best coatings and textures that absorb direct and
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diffuse solar radiation in order to improve the performance and efficiency of the inner

glass vacuum tube.

2.10 FPC AND HP ETC

Solar water or air heating system operations were more efficient using solar thermal
collectors compared to photo-voltaic (PV) systems (Matuska & Sourek, 2017).
Numerous types of solar thermal collector, namely flat plate collector (FPC) and heat-
pipe evacuated tube collector (HP ETC), have been developed in various countries and
has become increasingly important for integrated solar heating system in the past years
(Sabiha et al. 2015). However, conventional FPC has low thermal efficiency, and its
exergy efficiency decreases during the off-sunshine hour (Ahmad Fudholi & Sopian,
2019). Several researchers (G. L. Morrison et al., 2004)(Zubriski & Dick, 2012) agreed
that ETC has much better efficiency than FPC. Solar thermal collector efficiencies were
found to be 46.1% and 60.7% for FPC and HP ETC, respectively whilst the system
efficiencies were found to be 37.9% and 50.3% (Ayompe et al., 2011). This experiment
between FPC and HP ETC was conducted simultaneously with similar environmental
conditions. Regarding performance, HP ETC has better performance in producing high
outlet temperatures than FPC, especially in cold climates (Mahdjuri, 1979).

A large range of temperatures can be obtained by different solar thermal
collector configurations; for example, 20°C - 80°C was the operating temperature of
FPC (N. Sharma & Diaz, 2011), and 50°C - 200°C was for HP ETC (Soteris A.
Kalogirou, 2014)(Tyagi, Kaushik, et al., 2012). However, FPC produces low and
moderate temperatures of hot air, and it was found to be appropriate for drying
agricultural products (Ahmad Fudholi & Sopian, 2019). To be in line with
technological advancements, the technical directions in the development of solar-
assisted drying systems for agricultural products should be of compact collector design,
high efficiency, integrated storage, and a long-life drying system (A. Fudholi et al.,
2010).
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Both FPC and HP ETC need to be positioned either south facing for Northern
Hemisphere or north facing for Southern Hemisphere (Shafieian et al., 2019). The use
of a sun tracker may increase the preliminary setup and maintenance costs for both
residential users and solar plants (Ullah et al., 2019). Furthermore, both need to be tilted
at the correct angle during installation to maximize the system's performance, which
can limit its orientation (Shariah et al., 2002)(Karmakar et al., 2019). For areas located
in the equatorial, the solar collector needs to be flat in order to obtain maximum energy
from solar radiation throughout the year (Abdul Majid, 2011).

Regarding the panel orientation, the maximum output of the solar PV cell also
requires a perpendicular light on its surface where radiation can be captured (Fazlizan
et al., 2019). Among the entire categories of stationary collectors, HP ETC was widely
used over FPC due to their better performance, especially in cold weather and on cloudy
days with regards to hot water generation (Perers, 1988)(Pluta, 2011)(Greco et al.,
2020). Arvind Kumar et al. (2020) investigated evacuated solar tube collectors with
heat pipes and direct flow in detail. They concluded that evacuated tube collectors
(ETC) perform better than flat plate collectors (FPC) under similar working conditions.
The performance of HP ETC was higher as compared to direct flow ETC (Chopra et
al., 2018).

2.11 HP ETC APPLICATION

Soteris A. Kalogirou (2004) was among the favorite researchers who studied the
efficiency of HP ETC for both the water heater and air heating, which use water as heat
storage material. Due to the commercial water heater application, these tubes were
mounted by directing the heat pipe header in an upward position into a heat exchanger
(manifold). The water flowed through the manifold and picked up the heat from the
tubes. The heated water circulated through another heat exchanger and gave off its heat
to the water that was stored in a solar storage tank. Since no evaporation or
condensation above the phase-change temperature occurred, the heat pipe offers

inherent protection from freezing and overheating. This self-limiting temperature

29



control was a unique feature of the HP ETC. Several researchers studied HP ETC,
specifically in water heating applications. They were Ghoneim et al. (2016), Chopra,
Tyagi, et al. (2020), and Olfian et al. (2020). The existing design of solar drying for
space or air heating systems utilized the working liquid as the medium of heat storage,
which requires a large space and needs a special compartment to store the latent heat
(Lane GA., 1983)(A. Sharma et al., 2009). This design led to additional space and load
increment (Furbo, 2015). Other researchers had studied HP ETC in air heating
applications were Venkatesan & Arjunan (2015), Amit Kumar & Yadav (2017), and
Malakar et al. (2021).

In Malaysia, Ahmad Fudholi et al. (2015) developed a greenhouse solar
drying system with a heat exchanger. This forced convection design consists of the HP
ETC, electric heater, blower, water pumps, storage tank, and drying chamber that
require extra space on the design, resulting in load increment. In fact, by focusing on
the topic, Abdulmalek et al. (2018) discussed the effect of HP ETC in solar drying
applications. As a country depends on plantation and agricultural sectors as one of the
sources of economic growth (Yusof & Kalirajan, 2020) and is located in the equatorial
climate (Kwong, 2020), the rate of sunlight acceptance clearly showed great potential
in raising the useful daylight levels in all day time hours (Bahdad et al., 2020); The
combination between these two factors were considered to be appropriate for Malaysia.
Therefore, the solar thermal air heater enhancements were timely to reduce the over-

reliance on petroleum sources.

2.12 THERMAL ABSORBER TECHNOLOGY

There are several factors that must be taken into account when designing thermal
absorbers, especially on thermal performance, durability, cost, maintenance, and easy
installation as well as their lifetime (Tchinda, 2009). These were the factors that could
contribute to the decision-making process of whether the thermal absorber was

applicable for commercial application. The thermal absorber could be integrated with
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heat storage material to increase efficiency. Table 2.3 shows the mapping of various
types of thermal absorbers considering thermal performances design.

Table 2.3: Various types of thermal absorbers with consideration of thermal
performance in design

No. Type Characteristics

Temperature Sensible Energy
Heat Storage Storage

1 Thermal Absorber N
2 Sensible Heat Thermal Absorber N N
3 Thermal Absorber + Heat Storage Material \ \

(Integrated or non-integrated)

4  Sensible Heat Thermal Absorber + Heat Storage \ \ \
Material (Integrated or non-integrated)

In ETC application, the integrated design between the thermal absorber and
evacuated glass eliminates conduction and convection losses between the absorbing
surface and outside ambient temperature (Elsheniti et al., 2019). The thermal absorber’s
wall thickness and an extended surface using fins (Abhishek Saxena et al., 2015) acted

as thermal energy storage material during diffuse radiation conditions.

The thermal absorber surface area received solar energy by radiation, absorbed
the energy, and simultaneously increased the internal energy of the molecules. The
phenomena led to the excitation of the molecules, increasing the potential and kinetic
energy inside. Thus, the temperature of the thermal absorber was also increased. In
accordance with the First Law of Thermodynamics, elevated energy content inside the
thermal absorber, by means of conduction, convection, and radiation, was transferred
from the surrounding region to the lower temperature region without any energy being
destroyed along the process (Cengel & Boles, 2015). The thermal absorber was the
main component in determining the performance of the solar thermal collector since its

function is to convert the energy from solar radiation to thermal energy. The heat
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transfer fluid was used to extract the energy from the thermal absorber by natural or
forced convection to increase the fluid temperature level.

2.12.1 Extended Surface Area’s Air Contact (Perforated Fin)

The usage of fins as the extended surface has been an interesting topic by many
researchers as the fins have a significant effect on heat transfer enhancement (R. Kumar
& Chand, 2017)(Priyam & Chand, 2018)(Daliran & Ajabshirchi, 2018)(Kannan et al.,
2021). Optimizing the heat transfer rates increased efficiency and saved power supplied
in many manufacturing industries, such as computer chips and automobile engines. Due
to the demand for compact, lightweight, and economical fins, optimizing the fin size is
important. There are various types of fins, but commonly used is the rectangular plate

type due to easiness of manufacturing.

The performance levels of solar thermal collectors could be enhanced through
several techniques, such as the usage of extended surfaces, i.e., fins, corrugated
absorbers, packed bed materials, and artificial roughness (Abhishek Saxena et al.,
2015). Heat transfer via convection could be enhanced by using perforated fins instead
of the solid fin with the optimum angle of inclination. Several studies have been
conducted on shape modifications through the fin body, such as cavities, holes,

grooves, slots, or channels, to increase the heat transfer rate.

Bassam and Abu (Abu-Hijleh, 2003a)(Abu-Hijleh, 2003b) conducted the
numerical analysis and found that the heat transfer through permeable fins showed
significant results over solid fins. They stated that increasing the number of permeable
fins resulted in increasing the Nusselt number in solid fins. They used certain
assumptions that the fins were made up of highly conducting material to make the
analysis simple. However, they did not validate their results with experimental work.
Ahn et al. (2007), in their experimental work, compared the heat transfer rates with
rounded and elongated holes in the rectangular plate. They showed that elongated holes

enhance heat transfer rate more than rounded holes but at the cost of pressure drop.
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In another study, Ridouane & Campo (2008) in their research discussed the
enhancement in heat transfer using grooved channels. They found that the grooves
enhance the local heat transfer relative to flat passage. Mahdi et al. (2019) investigated
the simultaneous charging and discharging processes in a triplex-tube heat exchanger.
The comparison between the fin system and the one that contained nanoparticles
showed that inserting fins with the recommended structure was more promising for
attaining higher thermal performance. Several studies have already demonstrated that
the use of perforated fins could enhance the heat transfer coefficient (Abu-Hijleh,
2003b)(Suryawanshi & Sane, 2009)(AlEssa & Al-Widyan, 2008).

Ben-Nakhi et al. (2008) investigated the natural convection in an open cavity.
They found that the number of thin fins attached to the hot surface increases with the
heat transfer rate. Zhnegguo et al. (2004) used petal-shaped finned tubes to improve
heat transfer. Awasarmol et al. (Pise & Awasarmol, 2010) (Awasarmol & Pise, 2015)
studied the effect of permeability fins on natural and forced convection heat transfer.
Based on the temperature profile, they experimentally and numerically concluded that
the permeable fins perform better than the solid fins. Several researchers reported a
similar trend for perforated surfaces with circular perforations (Pise & Awasarmol,
2010)(Awasarmol & Pise, 2015)(Yakar & Karabacak, 2010).

Awasarmol & Pise (2015) experimentally studied the natural convection heat
transfer enhancement from perforated rectangular fin arrays using air. They concluded
that perforated fins could increase the heat transfer coefficient up to 32% while
decreasing the fin mass by 30%. Kundu et al. (2012) recommended implementing the
porous fin of any geometry as it transfers a high heat rate in comparison to the solid
fin. The problem of natural convection heat transfer from fin arrays has been studied

both experimentally and theoretically by several researchers.
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2.12.2 Thermal Absorber Selective Coating Surface

The thermal absorber was selectively coated to absorb solar radiation. Selective
coatings have the highest value of absorptivity (>0.95) and negligible emissivity (<0.1)
(Barriga et al., 2014). The thermal absorber plates absorbed the heat from solar
radiation as much as possible through the glazing and simultaneously transferred the
energy to the working liquid.

The absorptance of the absorber surface for shortwave solar radiation depended
on the incident angle as well as the nature and colour of the coating. Usually black in
colour were used (McDonald, 1980)(S. Kalogirou et al., 2005)(Khamlich et al.,
2012)(Babu et al., 2017)(Isac et al., 2018) (Fiuk & Dutkowski, 2019). However,
various colour coatings have been proposed mainly for aesthetic reasons
(Tripanagnostopoulos et al., 2000)(Wazwaz et al., 2002)(Orel et al., 2005)(C. Li et al.,
2020).

2.12.3 Material and Wall Thickness

Common materials used in thermal energy storage are copper, aluminium, and stainless
steel. Amongst these, cooper was better in rapid temperature increase due to high
conductivity (Rehman & Ali, 2020), but the price was quite expensive and limited due
to the material profile as well as being non-commercially used for the food industry in
Malaysia. Aluminium offers a low price but is lower in density (Mills, 2017) and is
thus limited due to commercial specifications and the fittings for design assembly.
Furthermore, low density (Mills, 2017) also affected low energy storage compared to
stainless steel. The Current Malaysia market price of Copper as of March 2021 for 4'x
8' metal sheets with 1 mm thickness was RM514.04 (Source: Pumpline (KL) Sdn.
Bhd.), Aluminium RM126.60 and Stainless-Steel RM360.00 (Source: Sam’s Metal
Trading (Kuantan) Sdn. Bhd.) based on the global reference non-ferrous metal (HKEX,
2021) and Stainless-steel (Outokumpu, 2021) at market price.
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Stainless steel represents a good possibility in solar energy applications
(Boydag, 1986). Stainless steel has better specific heat capacity (Mills, 2017) compared
to copper, which effected in high energy storage. This non-corrosive material was
suitable and widely used for usage in the food industry and established as food-grade
material. Even though stainless steel had low thermal conductivity (Mills, 2017)
compared with aluminium and copper, this factor is seen as irrelevant due to the closed
system and shortened design of EGATC. These selections of materials and wall
thickness indirectly affected the heat conductivity, increased density, and mass, thus
contributing to the enhancement of thermal energy storage (X. Yang et al., 2020).
Several researchers have studied on materials and wall thickness of thermal absorbers.
Andemeskel et al. (2017) studied the effects of an aluminum fin thickness coated with
solar paint on the thermal performance of ETC. Dutta & Kundu (2020) studied thermal
analysis of variable thickness absorber plate fin in flat-plate solar collectors using the
differential transform method.

Sakhaei & Valipour (2019) discussed the effect of design parameters such as
the thickness and coating of the glass cover, the thickness and material of the absorber
plate, the air gap between the absorber plate and the glass cover, and the distance
between risers and the insulation materials on the thermal performance of FPCs. Moss
et al. (2018) studied on design and fabrication of a hydroformed absorber for an
evacuated flat plate solar collector. They ran the heat exchangers experimentally and
proved they were highly effective absorbers forming 0.7 mm stainless steel sheets.
Abhishek Kumar & Shreeram Barkhane (2019) studied the selection of material for

improving the heat transfer rate for fins using CFD.

2.12.4 Thermal Energy Storage

The solar thermal collector performance is normally very sensitive to weather variation
because the variation will affect the solar radiation received by the solar thermal
collector (YYahya M. 2016). During cloudy weather, the performance of the existing

solar thermal dryer is decreased because of the insufficient heat flux received by the
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solar thermal collector. The solar radiation was sheltered by the cloud’s shadow
resulting in the low heat flux rate received by the solar thermal collector. This will

cause the minimum heat gain at the same time, reducing the system's efficiency.

According to Majid Z. A. (2011), energy storage was useful in maintaining a
constant heat supply to the drying chamber. The solar drying system, combined with
heat storage, impacts the stability of the air temperature in the drying chamber during
the absence of solar radiation. Several researches were conducted on energy storage to
overcome the problem. Latent heat storage systems have gained significant attention
from researchers and academicians due to their higher storage density and smaller
temperature difference between storing and releasing heat as compared to sensible

heat storage.

A. F. Sharol et al. (2019) discussed the performance of a cross-matrix thermal
absorber (CMA) utilizing paraffin as the thermal energy storage material. The
experiments were carried out by exposing the CMA to different artificial solar radiation
for 30 minutes, followed by 30 minutes of the discharging process. This technology
indicates that the heat can be stored during the charging or discharging process by
melting and freezing the thermal energy storage material for future use. Luisa F. Cabeza
et al. (2012), reviewed and discussed the main characteristics of sensible heat storage
solid and liquid material work by former researchers since 2010. He concluded that
PCM was the better alternative due to its higher energy density compared with other
solid and liquid sensible heat materials. Chopra, Pathak, et al. (2020) conducted an
experiment on the thermal performance of a phase change material (PCM) integrated
heat pipe evacuated tube collector (HP ETC) system and discovered that by utilizing a
phase change material integrated manifold with the collector, more than 70% thermal
efficiency value could be obtained. With regards to sensible heat thermal energy
storage (SHTES), the usage of fins as extended surfaces is seen as an interesting topic
by many researchers as the fins have a significant effect on heat transfer enhancement,

as per discussed in Para 2.12.1.
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2.13 DOUBLE PASS FLOW ARRANGEMENT

According to Chamoli et al. (2012), among the several ways to enhance the heat transfer
rate at the thermal absorber were by eliminating the interruption of the unchanged fluid
velocity, eliminating the existing laminar sub-layer at the turbulent boundary layer, and
implementing a secondary heat transfer surface. The concept of implementation of a
secondary heat transfer surface means doubling up the surface area contact (to
maximize heat extraction from the absorber) in a similar drying chamber (to minimize
heat losses), which creates double pass flow without an increase in the system cost
(Mohamad, 1997). This design arrangement results in higher thermal efficiency for
double-pass solar air heaters (Satyender Singh et al., 2019). Salih et al. (2019) agreed
double pass flow solar air heater (DPSAH) produced higher efficiency when the system

was operated under natural convection compared to the forced convection case.

There were various studies on double pass flow concerning solar air heaters by
Omojaro & Aldabbagh (2010), EI-Sebaii et al. (2011), Ho et al. (2012), Krishnananth
& Kalidasa Murugavel (2013), Nowzari et al. (2014), Nowzari et al. (2015), Satyender
Singh & Dhiman (2016), Alam & Kim (2017), Heydari & Mesgarpour (2018), Sajawal
et al. (2019), Satyender Singh (2020) and Sharol et al. (2020). These studies discussed
the same findings that double passes achieve better performance than single-pass solar
air heaters. This is due to a higher heat transfer coefficient by the increased surface area
contact between air and thermal absorber, which increases the heat transport from the
thermal absorber to heat transfer fluid and reduces the losses from the collector surface
as well (Satcunanathan & Deonarine, 1973). However, further enhancement can be
expanded by the flow redirection method, where air in-flow at the thermal absorber was

diversified through the diversion of the airflow path.
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2.14 MASS FLOW RATE OF WORKING LIQUID

In the system with natural circulation, the highest flow rates resulted in the direct flow
through the horizontal manifold without passing through the evacuated tubes.
Therefore, collectors having tubes of the shortest length and lesser flow rate provided
maximum average temperature and thus maximizing efficiency (Shah & Furbo, 2007).
Dabra & Yadav (2018) also found that increasing the air mass flow rate from 0.0053 to
0.0118 kg/s leads to a decrease in forced heat transfer coefficient and exit air

temperature.

2.15 MATHEMATICAL MODELING AND CONFIGURATION OF EGATC

The solar thermal collector used in this study is known as an Evacuated Glass—Thermal
Absorber Tube Collector (EGATC). The thermal absorber was separated into two (2),
particularly the inner absorber and outer absorber. The inner absorber comprises of
small diameter pipe attached with zero (0) perforated fins, while the outer absorber is
built from a slightly larger pipe diameter closed by one side end cap. Both absorbers
were unified together inside the evacuated glass. Although the parameter experiment
showed no significance on the number of fins towards the design of shortened
evacuated tube collector (ETC), for commercial purposes, the inner absorber was fitted
with several fin-like Polyvinyl Chloride (PVC) saddles to uphold the inner absorber to
its place. Instead, Razak et al. (2016) reported in their study that higher heat loss
occurred at the longitudinal fins attached to the upper and lower channels in the double-

pass solar air collector.

EGATC functions changed accordingly due to weather and environmental
changes. The concept of its development considers all the heat transfer mechanisms on
thermal absorbers, namely conduction, convection, and radiation. While its initial
design considers the surface area of the thermal absorber, the maximum nature of
radiation reflection and air convection is to obtain maximum efficiency. The

mathematical model was developed based on the energy conservation principle from
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the 1% Law of Thermodynamics for each EGATC main component, as shown in Figure
2.5. The set of equations was derived based on the energy balance principle conducted
by each of the main components of the EGATC. These main components are evacuated
glass, outer absorber, inner absorber, and working fluid. All of the main components

correspond to the nodes of the model.

PVC saddle
Material Polyvinyl Chloride (PVC) Inner absorber
Outside Diameter, OD  36.3mm Material Stainless Steel
Outer glass Inside Diameter, ID 12.9mm Outside Diameter, OD  12.7mm
Holes Diameter, Dn 6mm x 8 holes Inside Diameter, 1D 10.7mm
Outer absorber Thickness, t 1mm Length, L 615mm
end cap %\ Thickness, t 1mm
—P
Evacuated glass Inner glass + Thin film
Material High Borosilicate (Selective surface coating) Outer absorber
Outside Diameter, OD  58mm, t = 1.6mm Material Stainless Steel
Inside Diameter, ID 48mm, t = 1.6mm Outside Diameter, OD  38.5mm
Length, L 500mm Inside Diameter, ID 36.5mm
Thickness, t 5mm Length, L 550mm

Thickness, t Imm

Figure 2.5: The Evacuated Glass — Thermal Absorber Tube Collector (EGATC)
main components

2.15.1 EGATC in Air Heating Application

Generally, two common types of solar thermal collectors were applied in the low-
medium temperature heating range. They are the Flat plate collector (FPC) and the
Evacuated tube collector (ETC). The FPC was uncomplicated in manufacturing and
design, and its purchasing costs were lower. However, considering the delivery cost,
the FPC was more expensive due to the sizing of the packaging. For the operational
cost, ETC systems can attain a payback period of less than the FPC systems (Najera-
Trejo et al., 2016). ETC has lower thermal losses than the FPC. This refers to the
vacuum pocket between the outer and inner transparent glass tube with the thermal

absorber that reduces conduction and convection heat losses.

39



Energy from the sun to the earth is in the form of radiation. Nevertheless, not
all solar radiation reaches the earth's surface directly due to the mass of air in the
atmospheric layer. The outer layer of EGATC, i.e., evacuated glass, received solar
radiation and converted it into heat. The design of EGATC makes use of the greenhouse
effect concept. Figure 2.6 shows the schematic diagram of the airflow through
EGATC.

Selective Surface

Coating «—— Moving Air
[y <---- Heat
1
:__n_ """" Outer {¢------|  Evacuated Glass
. ! th
Pre-heating |
: PVC Saddle | Drver Chamber
g v b fg 4 d \ ’entilati?n Fan
e
Ta 4®—> Inner [—» Thermal | €, 4 » Heat Exchanger T
- Absorber
Axr ~ ! 4
Damper vi P
Heat Storage 1l j
Double Pass Flow Ay Eer
PV Panel

k

Figure 2.6: The schematic diagram of the airflow through EGATC

Solar radiation consists of long and short waves. EGATC consists of a thermal
absorber inside an evacuated tube. The long wavelengths of the solar radiation reflected
back to the environment, while the short wavelengths penetrated the evacuated glass
directly to the thermal absorber. It turns into a long wave and is trapped inside the
EGATC, raising the air temperature inside the respective solar thermal collector, which
will be used in the drying process. In order to facilitate the understanding and the
implementation of an air heater, Table 2.4 shows the details process of the airflow

inside EGATC in an air heating application.
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Table 2.4: The details process of the air flow inside EGATC in an air heating

application
Process Description
P 1. The PV panel absorbs the solar radiation (radiation)
The PV panel converts the solar radiation into electricity which is used
as a power source for the Ventilation Fan
Tin 1. Air damper opens
2. Air damper trapped in surrounding air into the inner absorber
a 1. Inner absorber receives air from the air damper
2. Inner absorber absorbs heat from the dryer chamber through the heat
exchanger (convection / conduction)
3. Inner absorber absorbs heat from the outer absorber (convection /
conduction)
B 1. Absorber (consists of the inner absorber, PVC fin/ saddle and outer
absorber arrangement) receives air from the inner absorber
2. Absorber collects heat then moves it to inner absorber through the
absorption of heat between outer absorber and inner absorber
(convection)
3. Absorber collects heat and stores it as heat storage (convection /
conduction)
C Dryer chamber receives air from the absorber
d Heat Exchanger transfers heat from hot air through dryer chamber
(convection / conduction)
E Ventilation fan extracts the air from the environment of T;, and then
discharges through Toyt
I Tout Tou discharge the hot air from the dryer chamber
G PVC saddle, which is located between the inner absorber and outer absorber
does not affect the amount of heat flux received by the inner absorber
H Outer absorber blocked transfer heat to PVC saddle (conduction)
| Heat storage absorbs heat from the absorber for repository (convection
/conduction)
J Auxiliary heater transfer heat to the dryer chamber (if necessary)
K Hot air from the dryer chamber transfer heat to the inner absorber through
Heat Exchanger (convection /conduction)
L 1. Thin Film assists in the absorption of shortwave solar radiation
2. Evacuated Tube transmit incoming shortwave solar radiation but
blocked the longwave radiation emitted outwards by the outer absorber
(radiation)
M Outer absorber collects heat from evacuated tube (convection / conduction)
N Inner absorber collects heat from the outer absorber (convection /

conduction)
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The novel thermal absorber EGATC’s design created double pass flow at the
inner absorber resulting in high cumulative temperature at the outlet temperature. The
evacuated glass outer glass tube was purposely design in transparent to directly transmit
solar radiation through the vacuum pocket to the inner glass tube. The inner glass tube
was coated by a one-sided refraction/reflection characteristic (thin film- selective
surface coating), which allowed the heat transfer via radiation and convection to the
gap between the inner glass tube and solar thermal absorber (Kumar Singh & Samsher,
2020). The inner glass tube transmitted the short-wavelength solar radiation but

blocked the reflection of the longer-wavelength irradiation to the vacuum pocket.

This greenhouse-affected phenomenon accumulates the heat energy inside the
gap and simultaneously increases the temperature at the outer absorber. Then the heat
is transferred through convection to the inner absorber. Indirectly, the wall thickness of
the thermal absorber acted as the heat storage material. This heat transfer process
developed the cumulative heat gain inside the solar thermal absorber design. Basically,
an Evacuated tube collector (ETC) demonstrated that the combination of a selective
surface coating and an effective convection suppressor resulted in better performance
at high temperatures (ASHRAE, 2011). Figure 2.7 shows the heat transfer that
occurred inside the EGATC.
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Outer Glass

Inner Glass +
Selective coating

Inner absorber

PVC saddle

Convedtion

Outer absorber

Figure 2.7: The heat transfer mechanism involved at the thermal absorber of
EGATC

2.16 CHAPTER SUMMMARY

Throughout this chapter, a specific overview has been presented and discussed in terms
of definition, importance, concept, and application in the solar field. There has also
been a review of the recent technologies of solar thermal collectors with a brief
description of their role, importance, and types. It also has covered the utilization of
technologies in Evacuated Tube Collector (ETC) and Solar Thermal Absorbers.
Finally, the parameters (i) Glazing materials, (ii) Vacuum, (iii) Glass tube selective
surface coating, (iv) Extended surface area contact (perforated fin), (v) Thermal
absorber selective coating surface, (vi) Material and wall thickness, (vii) Mass flow
rate of working liquid, (viii) Double pass flow influencing the performance and
efficiency and (ix) Mathematical modeling and configuration of EGATC in air heating
application has been discussed. Table 2.5 shows the comparison between FPC and HP
ETC for research gap identification.
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Table 2.5: Comparison between FPC and HP ETC

Parameter FPC HP ETC
1  Diffuse radiation condition FPC <HP ETC
2 Working temperature 30°C-80°C 50°C-200°C
(A.Fudholi & K.Sopian (2019))
3  Efficiency 0.79 (Water 0.82 (Water
(Soteris A. Kalogirou (2004)) heater) heater)
4 Application Water heater, ~ Water heater,
Air heater Air heater
5  Inner vacuum glazing Yes Yes
(thin film— selective surface coating)
6  Absorber extended surface area / Yes Yes
perforated fin
7 Absorber selective coating surface Yes Yes
8  Varies material selection Yes No
9  Varies absorber thickness / Length Yes Yes
10 Heat exchanger method Direct Usage of heat
(for air heater design) exchanger
11 Double pass flow arrangement Yes No
(for air heater design)
12 Design flexibility Fix design / Fix design /
required large  required large
space space
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CHAPTER THREE

RESEARCH METHODOLOGY

3.1 INTRODUCTION

This chapter explains each step taken in the design and evaluation, including
mathematical modeling, analytical, and validation analysis of the Evacuated Glass-
Thermal Absorber Tube Collector (EGATC). To facilitate the understanding and the
implementation, the research methodology in the form of a flow chart is shown in
Figure 3.1.

3.2STUDY OF THE CURRENT DESIGN OF SOLAR THERMAL
COLLECTORS AND DRYERS

Research in the existing solar thermal collectors, specifically heat-pipe evacuated tube
collectors (HP ETC), has studied and defined the gap existing between them. The gap
should be clear, and the expected solution by EGATC should be significant and strong
enough since several researchers had agreed that HP ETC was better than flat plate
collectors (FPC) in terms of performance and efficiency during diffused solar
conditions. Besides, the existing research on the HP ETC air dryers has been reviewed
and investigated with several design parameters that enhanced the performance. Figure
3.2 shows the design parameters that affected the thermal performance. The study also
involved the literature on the topic, methodology, design, and the theoretical and

numerical approach.
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3.3 DESIGN AND DEVELOPMENT OF PRELIMINARY SYSTEM

The Evacuated Glass-Thermal Absorber Tube Collector (EGATC) was designed in
small sizing and portable. It was developed with the special design of a thermal
absorber with a double glass evacuated tube collector (ETC). ETC was expected to be

the best heat absorption feature to convert solar radiation into heat.

Study the current design of
the solar thermal collectors
and dryers

!

Determination of DAQ Design and development of Preliminary
system [temperature, preliminary system T experimental rig
pyranometer, air speed) T —

Outdoor experiment
(Preliminary experimental rig)

Result satisfies
with existing
design?

No

Preparing BOM and
components purchasing

I

Fabrication of experimental
rig and development

l

Indoor experiment
(Parameter experimentalrig)

|

Outdoor experiment (Performance
experimental rigtesting and evaluation)

Determination of DAQ
L system (temperature,
pyranometer, air speed)

Mathematical modeling

Experimental and theoretical (Microsoft Excel)
data comparison

Result satisfies with
mathematical
No model?

Figure 3.1: The flowchart of the research methodology
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According to Soteris A. Kalogirou (2004), ETC works differently than the
other thermal collectors available in the market. ETC had demonstrated that the

combination of a selective surface and effective convection elimination would obtain a

good results and performance at high temperatures. The vacuum pocket of evacuated

glass eliminated the heat loss through convection and conduction between the thermal

absorber and ambient so that the collectors can operate at higher temperatures (Duffie

& Beckman, 2013).

Inner absorber pre-
heating double pass
flow arrangement

Inner absorber surface
area air contact

(perforated fins)

\

inner glass tube

Parameter

Design

Quter absorber selective
coating surface

Quter absorber wall
thickness

Single layer
transparent outer

Double layer non vacuum

glass tube

glass tube

Figure 3.2: The design parameter that affected the thermal performance
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From Figure 3.3, the outer glass received solar radiation and transferred the
heat via radiation through the vacuum to the inner glass. The thin film-selective surface
coating attached to the inner glass tube allowed heat transfer via convection to the
stainless-steel outer absorber. Simultaneously, the thin film blocked the heat from
reflection. Then the heat is transferred via convection to the stainless-steel inner
absorber. These heat transfer processes developed cumulative heat gain inside the
absorber design. In addition, the pre-heating air flow from the inlet ducting through the
dryer chamber also contributed to the increase in the temperature inside the absorber.
The ventilation fan channeled the cumulative high-temperature heat gain to the drying

chamber.

Ventilation Fan
/ A A A ;
1 ! I

Josde=g e V d
" k- <Ql>
D e pVQ
¥ fe e Double Tube Vacuum
B \ Evacuated Glass i
<3 B B Outer Glass
I‘,.i"“‘—:—— : Radiation \ P
:\l ‘~r-“"" (i T Radiation ."/] Inner Glass
% ] < : ad
' : F v Conduction \‘ convection //
Tout i i T < - - - - Conduction _ \ Convection < '/" - %0 Air gap
it < \
e — e |
t|— = : i e S e =
Tin i / P
s 1 P— T b -
T L \ a— = Thin Film
L 1 4

A
Stainless steel Stainless steel
inner absorber outer absorber

Figure 3.3: EGATC Air Heater preliminary system arrangement

The preliminary system combined the design and fabrication of a preliminary
experimental rig with the development of DAQ (Data Acquisition) system installation
and setup (see Figure 3.4). This design used the same design specification as the
experimental performance rig except for fewer DAQ sensor points and a much bigger

drying chamber.
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Fan Speed
Controller

A
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Drying Cham‘ner Ventilation Fan
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x J ——
Evacuated Tube + Tint film
Outer absorber + Flat Black Inner absorber
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Label Description Label Description

CH1  Absorber temperature 1 CH5 Absorber temperature 5

CH2  Absorber temperature 2 CHG6 Air inlet temperature

CH3  Absorber temperature 3 CH7 Air outlet temperature
CH4  Absorber temperature 4 CH8 Solar radiation

Figure 3.4: The design and fabrication of the preliminary experimental rig
combined with the development of DAQ (data Acquisition) system installation and
setup

3.4 PRELIMINARY EXPERIMENTAL RIG (OUTDOOR)

The preliminary experiments were conducted to ensure the design was on the right path
by monitoring the theoretical statements that were similar to the experimental results.
The experiments were conducted under real ambient conditions. According to Q. Li et
al. (2020), a typical HP ETC system requires a slope angle during installation for the
heat pipe to operate efficiently. Consequently, the preliminary experiment was done at
an 8° slope angle. The first preliminary experiment was conducted to verify that the
outlet temperature gained from EGATC is capable of drying the agricultural product.
The experiment was held on May 2019 from 8.30 am until 5.00 pm (refer to Figure
3.5).
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Figure 3.5: Preliminary experimental rig on EGATC

Another preliminary experiment was conducted in July 2019 from 8.45 am until
5.30 pm (refer to Figure 3.6). The experiment was conducted to monitor the outlet
temperature between the Evacuated Glass-Thermal Absorber Tube Collector (EGATC)
and Heat Pipe Evacuated Tube Collector (HP ETC).

Heat pipe

Heat exchanger plate

(a) LA N N (b)
Figure 3.6: (a) Preliminary experimental rig between EGATC and
heat pipe ETC (b) Heat exchanger plate attached to the header of heat

pipe
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3.5 PREPARING BILLS OF MATERIAL AND COMPONENTS PURCHASING

After the positive results obtained from the preliminary experiments, the detailed bills
of materials (BOM) were prepared according to the technical drawing and components
specifications needed, as stated in Table 3.1. Then only, the purchasing process will be

started. The materials selection involved in this project also were recorded in detail.

3.6 FABRICATION OF EXPERIMENTAL RIG AND DEVELOPMENT

Fabrication work is started only if the results obtained from the preliminary experiment
are satisfied theoretically and after the completion of item purchasing. The fabrication
process is divided into two, i.e., indoor for the experimental parameter rig and outdoor

for the experimental performance rig.

3.7 PARAMETER EXPERIMENTAL RIG (INDOOR)

Determination of the design parameters effect, i.e., inner absorber surface area air
contact (perforated fins), outer absorber selective coating surface, outer absorber wall
thickness, double layer non-vacuum glass tube, single layer transparent outer glass tube
and single layer thin film inner glass tube on thermal performance enhancement was
conducted, and the parameter experiment was setup including sensor location as shown
in Figure 3.7. Two (2) units of data Logger, an 8-Channel Temperature Meter, Data
Logger A, and Data Logger B were used to record the data during the experiment. Out
of 16 channels, 6 channels were unused, and ten (10) channels were allocated for

temperature data.
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Ten (10) units of K-type thermocouple were used to record the temperature
data, namely, T1A until T8A were used for Data Logger A while T1B and T2B were
used for Data Logger B. T1A and T2A were allocated to sense the air inlet and outlet
temperature respectively while T3A, T1B, T4A, T2B, and T5A were allocated to sense
the outer absorber temperature at five (5) different locations. T6A and T7A were used
to sense an evacuated tube's outer glass surface temperature. Meanwhile, T8A was used
to record the ambient temperature. The experiment was run as an indoor experiment
under artificial solar radiation for charging and discharging. The data logger recorded

the temperature data every one (1) minute.

As the test rig calibration setup, the artificial solar radiation was calibrated
before each experiment was run. The artificial solar radiation was designed to consist
of nine (9) halogen lamps (150W, 220-240V, 50/60Hz) in series-parallel connection
with a matrix 3x3 arrangement. The current reading measured by UNI-T Mini Clamp
Meter (UT210E) was set up to 7.57Amp to produce the value of solar radiation 700
w/mz, The readings were monitored every five (5) minutes at three (3) different points
until the end of the experiment, and the data was recorded manually. For the first
experimental setup, EGATC was inserted with zero (0) perforated fin at the inner
absorber. For each zero (0) perforated fin, the experiment was carried out with air
velocities 0.0 m/s, 0.7 m/s, 0.9 m/s, 1.1 m/s, 1.3 m/s, 1.5 m/s, and 1.7 m/s. Before
running each experiment, the initial temperature had to be controlled to 28°C. The
controlled parameters involved are listed in Table 3.2.

Table 3.2: The controlled parameters involved in each experimental parameter

setup
Nos. Parameters Value
1 Acrtificial solar radiation, Sgr 700 w/m?
2 Initial temperature, Ti 28°C
3 Air velocity, V 0.0 m/s, 0.7 m/s, 0.9 m/s, 1.1 m/s, 1.3 m/s,

1.5m/sand 1.7 m/s
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A similar working procedure was followed for the other parameter experiments
with the seven (7) perforated fins. The data of each wind speed experiment on zero (0)
and seven (7) perforated fins were compared to determine the ideal design of the
perforated fin and appropriate wind speed. The selected design was then set up for the
next parameter experiments, namely outer absorber selective coating and outer
absorber wall thickness. Other parameter experiments also were reported on evacuated
tubes, i.e., double-layer non-vacuum glass tubes, single-layer transparent outer glass
tubes, and single-layer thin film inner glass tubes. All the recorded data were analyzed,

and the graph was plotted after the experiment was conducted.

JION. 70N 70
Halogen Lamp x 9 units
] Label Description
Yetitontn TIA  Ideal EGATC inlet temperature
o]
/ﬁ \ T2A  Ideal EGATC outlet temperature
[l il <5 T3A Ideal EGATC front thermal absorber temperature
T4A Ideal EGATC middle thermal absorber temperature
k= T5A Ideal EGATC rear thermal absorber temperature
TsA — D T6A Ideal EGATC middle outer glass surface temperature
T7A Ideal EGATC rear outer glass surface temperature
E:,:,f,:: I:] D TSA Ambient temperature
oS é@, TIB Ideal EGATC front-middle thermal absorber temperature
i T2B Ideal EGATC middle-rear thermal absorber temperature
L;’: 2 \ A Area of inlet duct, (m?) (Area of inlet duct, A =547 x 10 m?)
Lo[g);:' B
(a)
T8A
[ 1 e .
TIA A
o s |
] | -
Halogen Lamp T7A T6A Ventilation Fan T2A
(b)

Figure 3.7: Experimental setup for determining the effect of design parameters
on thermal performance enhancement. (a) Side view and (b) Top view of the test

rig
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3.7.1 Device and Apparatus

The parameter experiment investigated the effects of perforated fins, coated outer
absorber, 2mm outer absorber wall thickness, insulation material inner absorber, double
layer non-vacuum glass tube, single layer transparent glass tube, and single layer thin
film glass tube on thermal performance enhancement of EGATC. The apparatus was
exposed to artificial solar radiation with 700 W/m? for 30 minutes on charging and the
other 30 minutes on discharging. The artificial solar radiation flux was measured using
TES ELECTRICAL ELECTRONIC CORPORATION, Datalogging Solar Power
Meter (TES-1333R). The readings were recorded every five (5) minutes at three (3)
different locations along the experiment to monitor the consistency of flux produced
by the simulator. The APPLENT TECHNOLOGIES, Multi-Channel Temperature
Meter (8-CH) (AT4208) was utilized to measure the temperature. The wind speed was
measured by UNI-T Mini Digital Anemometer (UT363).

The thermal absorber acted as heat storage material comprising of the inner
absorber and outer absorber. For the experimental parameter setup, the inner absorber
was made up of stainless steel pipe (with dimensions of 15mm outside diameter x
1.0mm thickness x 600mm length) attached with stainless steel perforated fins, i.e. (0)
zero and seven (7) perforated fins (with dimensions of each fin 36.3mm outside
diameter x 12.9mm inside diameter x 1.0mm thickness, 6mm diameter x 8 holes), while
outer absorber was made up by stainless steel pipe (with dimensions of 38mm outside
diameter x 1.0mm thickness x 550mm length). These thermal absorbers were
assembled inside MISOLIE TECHNOLOGY, with high borosilicate glass evacuated
tube (with dimensions of 58mm outside diameter x 48mm inside diameter x 500mm
length) by one-sided refraction/reflection characteristic coating to eliminate heat loss

through convection and radiation between the solar thermal absorber and ambient.
The indoor experiment was conducted for 12 days from November 2020 to

December 2020 (refer to Figure 3.8). The experiment was done to monitor the outlet

temperature of the EGATC air heater.
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@) (b)

Figure 3.8: The setup of indoor experiment under the artificial solar
radiation during (a) Charging (b) Discharging

3.7.2 Parameter Experimental Setup on Energy Storage

For the first parameter experiment setup on inner absorber surface area air contact
(perforated fins), the inner absorber was made up of stainless-steel pipe attached with
stainless steel perforated fins, i.e. (0) zero and seven (7) perforated fins. The fin array
under consideration was made of seven (7) stainless steel fins with Imm thickness.
Figure 3.9(a) shows the schematic of the fin showing its perforations configuration
with dimensions (in mm). Drilling for eight (8) arrays holes of 6mm diameters in the
solid rounded fins was done to form the perforated fins. These configurations were
attached to the inner absorber, as shown in Figure 3.9(b). It also compares the inner

absorber without a perforated fin experimental setup.
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Dia. 6 mm
x 8 holes

OD12.7mm x tlmm

(a) (b)

Stainless Steel Plate thickness 1 mm

Figure 3.9: The perforated fins used in the parameter experimental setup. ()
Schematic diagram of the perforated fin (b) Two types of perforated fins
experimental setup i.e., inner absorber without perforated fin and inner absorber
with 7 perforated fins

For the second parameter experimental setup on the outer absorber selective
coating surface, the outer absorber was made up of stainless-steel pipe coated with a
selective coating surface (flat black colour). This outer absorber was compared with
the same configuration of the outer absorber without a selective coating surface
(standard stainless-steel finishes). Figure 3.10 shows the coated outer absorber and

non-coated outer absorber.

Figure 3.10: Non-coated and coated outer absorber used for the parameter
experimental setup
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The parameters and properties involved in the respective experiment are given
in Table 3.3.

Table 3.3: Hollow pipe physical properties (Cengel, Yunus A. , Ghajar, 2016)

Parameters Length, Absorptivity, Emissitivity,  Reflectivity, = Transmitivity,

L o € p T
Non-coated 550 mm 0.41 0.05 0.59 -
Stainless
steel
Coated 550 mm 0.98 0.98 0.02 -
Stainless
steel

While for the third parameter experimental setup on outer absorber wall
thickness, the outer absorber was made up of 1 mm wall-thickness stainless-steel pipe
and was compared with a 2 mm wall-thickness stainless-steel pipe. The outer absorber
used in the experiment is shown in Figure 3.11.

ﬂ\—‘ --- ' -

0.D40.5mm x L350mm
1

OD38.5mm x L550mm
*x tlmm

Figure 3.11: Outer absorber wall thickness 1mm and 2mm used for the parameter
experimental setup
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A typical double glass evacuated tube design consists of an inner and outer glass
tube. The double glass evacuated tube used in other experimental setups was
manufactured by MISOLIE TECHNOLOGY and made from high borosilicate 3.3 glass
with thermal conductivity of 1.2 Wm™?K™, specific heat capacity 0.83 kJkgK™,
coefficient of thermal expansion 3.3 x 10 ® K™t and vacuum tightness 5.0x10°Pa. Both
the outer and inner tubes were transparent tempered glass with a thickness of 1.6mm,
and the outer surface of the inner tube was coated with a thin film-selective surface
coating (anti-reflection- absorptance layer / infrared-reflection layer) property i.e.
Aluminium nitride - Stainless steel/ Cuprum (Al N- SS/ Cu). For experimental
parameter setup, this standard configuration of the evacuated tube was compared with
another three (3) design parameters, i.e., double layer non-vacuum glass tube, single
layer transparent outer glass tube, and single layer thin film inner glass tube as shown

in Figure 3.12.

OD38mm x I D48mm

(@) (b)

(c) (d)

Figure 3.12: The parameters involved in the experimental setup (a) Standard
configuration of evacuated tube available in the market (b) Double layer non
vacuum glass tube (c) Single layer transparent outer glass tube (d) Single layer thin
film inner glass

59



The parameters and properties involved in the respective experiment are given
in Table 3.4.

Table 3.4: Evacuated glass physical properties (Arvind Kumar et al., 2020)

Parameters Length, Absorptivity, Emissivity,¢  Reflectivity, Transmittivity,

L a p T
High 500 mm 0.05 0.02 0.03 0.92
Borosilicate
Glass
Thin film- 500 mm 0.67 0.05 0.03 0.3
Selective

Surface Coating

The thermal absorber acts as heat storage material comprising the inner
absorber and outer absorber. These thermal absorbers were assembled inside the
evacuated tube, as shown in Figure 3.13.

(a) (b)

Figure 3.13: (a) Design arrangement of EGATC (b) EGATC assembled
components

3.7.3 Parameter Experimental Setup on Double Pass Flow

Polyvinyl Chloride, also referred to as PVC, is a thermoplastic material. PVC is very
versatile and a widely known and used compound. PVC has a good combination of
characteristics, as the reason why it is so commonly used for wire insulation and cable
jacketing. PVC is flexible, durable, UV resistant, and highly resistant to chemicals,

60



water, and fire within its nominal temperature ratings between -20°C to 105°C. This
Industrial Grade PVC type of material was used to replace the stainless-steel inner
absorber to prove whether a double pass flow arrangement occurred inside the inner

absorber and was able to enhance the thermal performance.

The double pass flow experiment was conducted as an indoor experiment (refer
to Figure 3.14) by monitoring the outlet temperature between zero (0) perforated fin
EGATC (with a specification of zero (0) perforated fin, non-coating stainless-steel
inner absorber, non-coating outer absorber with 1mm wall thickness) and zero (0) fin
(insulation material inner absorber) EGATC (with a specification of zero (0) perforated
fin, insulation material inner absorber, non-coating outer absorber with 1mm wall

thickness).

Figure 3.14: The double pass flow experiment of zero (0) fin (insulation material
inner absorber) EGATC during charging and discharging

Meanwhile, Figure 3.15 shows the insulation material and stainless-steel inner
absorber without a perforated fin. The double pass flow experiment was conducted with

a similar arrangement, device, and apparatus of other parameter experimental setups.
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Stainless
steel
inner
absorber

Insulation
material
inner
absorber

Figure 3.15: The insulation material and stainless-steel inner absorber without
perforated fin

3.8 PERFORMANCE OF EXPERIMENTAL RIG (OUTDOOR)

The determination of EGATC performance and efficiency was conducted, and the
experiment was set up, including sensor location, as shown in Figure 3.16. Two (2)
units of data Logger, 8-Channel Temperature Meter were used to record the data during
the experiment. Out of 16-channels, five (5) channels were unused; one (1) channel
was allocated for global solar radiation, G, and other ten (10) channels were allocated
for temperature data. Ten (10) units of K-type thermocouple were used to record the
temperature data, namely, T1 until T10. T1, T2, T3, and T4 were used to sense the air
inlet temperature and air outlet temperature (inside the dryer chamber) for both HP
ETC and EGATC, while T5 until T9 was used to sense the temperature of the thermal
absorber and heat pipe at five (5) different locations respectively. Meanwhile, T10 was

used to record the ambient temperature.
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Label Description Label Description
T1 HPETC inlet temp T8 Center thermal absorber temperature
T2 EGATC inlet temperature T9 Bottom thermal absorber temperature
T3 HP ETC outlet temperature T10 Ambient temperature
T4 EGATC outlet temperature Gy Global Solar radiation (Pyranometer)
TS  Heat pipe condenser temperature PV Panel Photo Woltaic Panel
T6  Heat pipe evaporator temperature EGATC  Evacuated Glass-Thermal Absorber Tube Collector
1 T7  Top thermal absorber temperature HPETC  Heat Pipe Evacuated Tube Collector
| A Area of inlet duct, (m”) (A =547 x 10+ m*)

(@)

G To TS T7 EGATC oA
\@. \ \ \. 4./ = }
. B = PV
T10 / Panel

[ |

T6 T5 HPETC Tl A

(b)

Figure 3.16: Experimental setup for determining EGATC performance and
efficiency. (a) Side view and (b) Top view of the test rig

The experiment was run under real solar radiation conditions. The temperature
and solar radiation data were recorded by data logger every one (1) minute interval. On
Day 1, during the initial setup, the fan speed controller was adjusted to 5.0V with the
air velocity data of 0.74 m/s. As the data constantly changed during the experiment, the
air velocity data were recorded every four (4) hours intervals to find its average value
of 0.67 m/s. The same procedure was followed for the next 2 days, where the voltage
of the fan speed controller and average air velocity value remained for both day 2 and
day 3. All the recorded data were analyzed, and the graph was plotted after the

experiment was done.
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3.8.1 Device and Apparatus

The performance experiment was conducted to compare the thermal efficiency and
performance between EGATC and HP ETC as a control reference. The apparatus was
exposed to real solar radiation within the range of 0.1 W/m2 to 969.3 W/m2 for three
(3) days. In order to measure the temperature at the thermal absorber wall and the solar
radiation flux, APPLENT TECHNOLOGIES, Multi-Channel Temperature Meter (8-
CH) (AT4208) and APOGEE INSTRUMENTS, Silicon-Cell: Self Powered
Pyranometer (SP-110-SS) were utilized. While for calibration purposes, the real-time
solar radiation flux was measured using TES ELECTRICAL ELECTRONIC
CORPORATION, Datalogging Solar Power Meter (TES-1333R). The readings taken
by both Pyranometer and datalogger were calibrated for their validity and reliability
before conducting the experiment. The air velocity was measured by TESTO, Digital
Display Hot-Wire Anemometer (405-V1).

Since the parameter experiment showed no significance on the number of fins
towards the design of shortened evacuated tube collector (ETC), for commercial
purposes, the inner absorber was attached with several PVC fins as the saddle. The
inner absorber was made up of stainless steel pipe (with dimensions of 15mm outside
diameter x 1.0mm thickness x 600mm length) attached with three (3) Polyvinyl
Chloride (PVC) fins as the saddle (with dimensions of 36.3mm outside diameter X
12.9mm inside diameter x 1.0mm thickness, 6mm diameter x 8 holes), while outer
absorber was made up by stainless steel pipe (with dimensions of 38mm outside
diameter x 1.0mm thickness x 550mm length). Both inner and outer absorbers were
assembled inside MISOLIE TECHNOLOGY, high borosilicate glass evacuated tube
(with dimensions of 58mm outside diameter x 48mm inside diameter x 500mm length)
by one-sided refraction/reflection characteristic coating to eliminate heat loss through

convection and radiation between the solar thermal absorber and ambiance.

As per HP ETC, the MISOLIE TECHNOLOGY heat pipe (with a dimension of

400mm length (including header) x 14mm header diameter x 8mm pipe diameter)
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attached with an aluminium fin was assembled together inside the same specification
of an evacuated tube with EGATC arrangement. The heat pipe header was attached to
the stainless-steel plate (with dimensions of 60mm length x 40mm width) to extend the
surface area contact with air. The energy collected by both solar thermal collectors was
stored inside the separated ventilated drying chamber (with dimensions of 110mm
outside diameter x 320mm length). In order to avoid heat losses through the bottom
and sides of the chamber, the insulation layer with a thickness of 4 mm was applied.
Experimental work was conducted as an outdoor experiment for three (3) days and was
exposed to ambient conditions, i.e., clouds and rain. The details of the experiment
conducted will be explained in the following sub-sections.

The outdoor experiment was conducted for 3 days from 12" to 14" November,
from 9.30 am until 5.30 pm (refer to Figure 3.17). The experiment was run at
International Islamic University (ITUM), Kuantan Campus (GPS Coordinate: N
3°50'42.47", E 103°18'11.76") to monitor the outlet temperature between EGATC and
HP ETC. (Shailendra Singh et al., 2021) had mentioned it was essential as the tilted
angle at latitude orientation would be transferring the maximum amount of solar
radiation to the water with regards to ETC solar water heater system. Previously, the
preliminary experiment was done at 8° slope angle. Since the result shows a non-
significant effect due to the slope of the outlet temperature, the slope angle was
considered insignificant in this study. The installation angle depended on the latitude
of the site location and was found to be too small at Latitude: 3°50'42.47"N during the

experiment.
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Figure 3.17: The outdoor experiment between EGATC air heater and HP
ETC air heater

3.9 ANALYTICAL MATHEMATICAL MODELING ASSUMPTIONS

The physical component models of the collector are described by equations (3.6) to
(3.13). Four (4) nodes model for each main collector component level were selected,
starting with evacuated glass, outer absorber, inner absorber, and working fluid inside
the absorber. For each node, equations related to the respective components were
developed based on the first law of thermodynamics, which describes the energy
conservation equations. Combining the developed equation forms a solar thermal

collector model for the system.

The proposed model is considered as the distributed parameters of the thermal
collector. The method was based on solving the energy conservation equation for the
evacuated glass and both the outer and inner absorber and working fluid. Listed below

are the assumptions for modelling purposes:
i.  The airflow from the inlet to the outlet was in a steady state condition.

ii.  The convective heat transfer coefficient and thermal conductivity of the thermal

absorber were constant along the path of the working fluid.
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iii.  The thermal losses via convection around the evacuated glass tube were
eliminated and can be neglected.

iv.  The wall thickness of the evacuated glass tube (T=1.6mm) was small and can
be neglected.

v.  The thermal collector was assumed as a short collector (< 1 meter). (Ong, 1995)

vi.  The temperature gradients in the direction of flow can be neglected.

vii.  Lumped-type analysis was used for the evacuated tube.

3.10 ENERGY BALANCE OF EGATC

In a steady state system with a single inlet and outlet entrance, the flowing in mass flow

rate was identical to flowing out of the control volume where.
Min = Mout (3'1)

With changes of kinetic and potential energy introduced into or out of the
control volume is considered as negligible, the energy balance of the system was
described by the changes in the fluid temperature as defined in equation (3.2)

Ein - Eout = —dEsyStem (3'2)
dt

The amount of energy entered into the control volume was equal to the energy

leaving the control volume. Hence, the difference in energy entering and leaving the

control volume will equal the total energy change within the control volume, as

illustrated in Figure 3.18.
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Figure 3.18: Energy balance in a control volume

It was assumed that the constant heat transfer occurred between the thermal
absorber and the fluid along the length of the heater. This assumption suggests the fluid
temperature varies linearly along the short collectors (less than 10 m), as proposed by
(Ahmad Fudholi et al., 2013). Thus, the mean temperature can be obtained based on

the following:

Tri+ Tro (33)

Te = Tei o =
f £1,0 >

Hence, the defined boundary condition for the fluid temperature is given as follows:

L Tri + Tr1p 3.4
L Teio+ T,
Tt, (E<x <L) = y (3.5)

Figure 3.19 illustrates the schematics diagram of heat transfer in EGATC
system, where the energy balance equation was derived. Each evacuated glass element
was lumped into one node because of the temperature measurement difficulties at the
vacuum pocket. (Njomo & Daguenet, 2006) also had neglected the heat exchange

between the two covers in their mathematical model study.
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The energy balance is divided into four collector components: evacuated glass,
outer absorber, inner absorber, and airflow. The model’s boundary conditions assumed
that steady air flow was taking place along the solar thermal collector, with convection
and radiation heat transfer as well as the thermal conductivity of the thermal absorber
being constant along the solar thermal collector length. Based on the assumption, the
energy analysis based on the 1% law of thermodynamics is presented as follows:

Sn
Ta
I Qrud.izEﬁAtTdi - Tq'..\:l Tl
Outer glass Ti0
Mode 1: Evacuated Glass SalTao) i|>‘ufa|:uurn
w
Inner glass liF]
Selective
Cludz=zoh[Th—T4) | Seltal(ta) - % Qoo 1=hA(T2—Ta) | coating
v 5
. T. . <
QﬂldJ:Eﬁ'ﬁ'l:TdB_Tdd-] / ‘ i Q.curw..?zh-ﬁ-l:-r]—-rd};r
L4
Oleend, 1=k A Ta-Te) /L l Mode 2: Quter absorber
- j]
Qrag a=e0A( TS — T%) \ r 3
Outlet [ 1, Ts 7 Qeom,3=hA(Ts—Ta)
flow Qaue=rnCp{T12—Tu1) Ts 1
- T.'-' - = —T4} =
lu;udj:Eﬁ.N:TdG— Tq‘?] / Qeeava=ha&(Ts—T7) ..i
Olecns 2=k B[ T7-Ta)/L l MNode 3: Inner absorber Tt
T
Qg 6=20A( T — Tha) l \ Ta f Oceens=h(Ta— Ta)
Inlet | T, To Mode 4:
flow Qln=rColT11— Ta) Working fluid

Inner absorber Cy{Center Ling)

Figure 3.19: Schematics diagram of heat transfer coefficient
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For evacuated glass,
Energy in to the outer glass = Energy out of the inner glass (Watt)

Sg + Sk (Ta) = Qrad,l + Qrad,z + Qconv,l (3-6)
GA; + G A (ta) = e0A (T — T, + e0A (T4 — T3Y + hA(T, — T3) (3.7)

For the outer absorber,

Energy in to the outer absorber = Energy out of the outer absorber

SR (Ta) (Ta) + Qcond,l + Qrad,3 + Qconv,z = QradA + Qconv,3 (3-8)

kA(T,—Ts)

—+ e0Ay(T3* — T,Y + hA(T; — T,) = e0As(Ts* — Teh)

G A (ta)(ta) +
+ hA(Ts — Ty) (3.9)

For the inner absorber,

Energy in to the inner absorber = Energy out of the inner absorber

Qcond,z + Qrad,s + Qconv,4- = Qrad,6 + Qconv,s (3-10)
MM 4 eg AT —To") + hAy(Ty —T,) = Ay (Ts" — To®) + hA,(Ts — To)
(3.11)

For working fluid,

Energy in to air = Energy out of air

(3.12)
(3.13)

Qin = Qout
me (T11 — Tho) = me(TIZ —Ti1)

Where,
Sr = Solar energy (W)
Gt = Solar radiation (W/m?)
Ac = Surface area of collector (m?)
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T =  Surface transmittivity

a =  Surface absorptivity

e =  Surface emissivity

o =  Stefan-Boltzmann constant (5.67 x 10 W/m? K %)
= Convective heat transfer coefficient (W/m? K)

As = Surface area (m?)

Ta =  Ambient temperature (K)

K =  Thermal conductivity (W/m.K)

A =  Cross-sectional area (m?)

L =  Length (m)

m =  Mass flow rate (kg/s)

Cp =  Specific heat capacity for air (KJ/ Kg.K)

Ty, T2, T, Ts, T7, Tg =  Surface temperature (K)

T3, Te, To, T1o, Tag, T12 Convection air temperature (K)

3.11 REYNOLD NUMBER AND NUSSELT NUMBER DETERMINATION

The value of Reynold's number was beneficial in classifying the type of fluid flow
inside the pipeline. By using the Reynolds number, the degree of flow behavior can be
determined. The basic equation of Reynolds number is given by equation (3.14) using
fluid velocity and kinematic viscosity:

DV (3.14)

Vair

Re =

Derivation of Reynold number incorporating mass flow rate and dynamic viscosity of

the fluid in an open channel conduit is presented in Equation (3.15).

(3.15)

71



The fluid flow characteristics can be categorized into three parts, namely
laminar, transition, and turbulent. For the enclosed tube, the range of Reynolds number

value for each category was defined in Table 3.5 (Shankar Subramanian, 2006).

Table 3.5: Reynold number range for various flow types

Flow category Re number range

Laminar Re < 2300
Transition 2300 < Re <4000
Turbulence Re > 4000

To adapt the equation with EGATC at ideal design parameters (air velocity at 0.9 m/s

with zero (0) fin resulting in outlet temperature 47.7°C), the Re was determined as

follows:
4
Re = Y (3.16)
nDh.uair

Where,

my = Mass flow rate (kg/s)

D, = Inner Diameter of the outer absorber, 0.0365m x 3 = 0.1095m

Ugir = Dynamic viscosity of the fluid at 40°C = 1.87x 1075 kg. s/m?

From Equation 3.16,

B 4(5.474 x 107%)
~ (3.142)(0.1095)(1.87x 10-5)

_ 2.1896x 1073
"~ 6.4337x 1076
Re = 340.33

Re

Re

Thus, the type of flow inside the EGATC system was laminar.
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On the other hand, the Nusselt number (Nu) is the ratio
of convective to conductive heat transfer in a fluid. Nusselt number was used to
determine the dominant heat transfer that occurs at a boundary in a fluid, whether
conduction or convection. It can be represented by the dimensionless coefficient of the
Nusselt number (Nu) (Duffie et al., 1985).

_ { convection (3.17)
¢ conduction

h AT
kT

Ny — f;_L (3.19)

Where,
h = Convective heat transfer coefficient (W/m? K)
= Length (m)
k = Thermal conductivity (W/m. K)

From Equation 3.19, the Nusselt number inside the thermal absorber is determined as

follows:

_ (720)(0.5)
- (5
Nu = 24

The Nusselt number (Nu) calculation shows the value is small, which means there was
high conductive heat transfer energy. This is due to the effect of conduction versus the

heat transfer, which resulted in the convection inside the thermal absorber.
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3.12 EGATC VALIDATION ANALYSIS

In this subchapter, the performance analysis was done based on the obtained data from
two different EGATC experiments. The temperature value which meets the process
criteria were used to compute the thermal performance of the solar thermal collector
for the validation process. The theoretical thermal performance was validated with
another actual experiment with a similar arrangement. The efficiency, n of the collector
was determined as follows (Ahmad Fudholi et al., 2015):

Q
Ncottector = TZC x 100% (3.20)

where G, was solar radiation in W/m? and A, was surface area of the solar thermal
collector in m?. The useful energy gain, Q, was determined based on the following
expression (Duffie & Beckman, 2013):

Qu = MmCy(T, — T)) (3.21)

with T,, — T; was temperature difference between the inlet and outlet, Cpwas air specific
heat capacity in kJ/ kg.K and mass flow rate, 1 was calculated in kg/s using the

following:

= pAV (3.22)

where p, A, and V were the air density (kg/m?), the cross-sectional area of the inlet duct

(m?), and the average air velocity (m/s), respectively.

3.13 THEORETICAL SOLUTION METHOD

Numerous researchers have studied solar collector modeling, which includes detailed
numerical models, such as Tchinda (2009), Parker et al. (1982), and Hollands &
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Shewen (1981). Almost similar to the research, a numerical model has been developed
by Kotian, Methekar, et al. (2022) to analyze the performance of the double pipe
galvanized iron heat exchanger. A numerical solution for the collector that assumes an
adequately short collector under steady-state (Choudhury et al., 1995) was sufficient in
solving the theoretical model for Evacuated Glass-Thermal Absorber Tube Collector
(EGATC).

During the initial stage, all the required constants and parameters need to be
determined. These include surrounding conditions such as solar radiation, ambient
temperature, physical properties of the evacuated glass, both outer and inner thermal
absorber, thermophysical of the working fluid, and the dimension of the solar thermal

collector. The design parameters were:

At the evacuated

glass,
1=0.92 | As = 0.0455m?
a = 0.05 (High borosilicate glass) | € =0.05
e1=0.02 | h = 250 W/m?2.K
6=5.67x10% W/m?2.K* |
At outer absorber,
1=0.3 | €=0.05
a = 0.67 (Selective surface coating) | As=0.0308m?
k=15W/m.K | h = 250 W/m2.K
A=0.0615m? | As=0.0333m?
L =0.5m | h =720 W/m2.K
At inner absorber,
k=15W/m.K | €=10.05
A=0.0199m? | As=0.0122m?
L =0.5m | h =720 W/m2.K
At working fluid,
Cp =1.005 kJ/kg.K | m = 0.0005 kg/s

The energy conservation equations were developed for each node, i.e.,
evacuated glass, outer absorber, inner absorber, and working fluid, based on the first

law of thermodynamics. The value obtained from the respective experiment was stated
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while computing the energy conservation equations (3.6-3.13). Microsoft Excel®
software was used for solving the equation. The solution needs to ensure the amount of
energy entered each node should equal the energy leaving the node during charging.
The temperature value which meets the process criteria will then be used to compute
the thermal performance of the solar thermal collector. The theoretical thermal
performance was validated with another actual experimental value with a similar
arrangement. The algorithm flowchart for the theoretical solution process is outlined in
Figure 3.20.

\ 4
@ Calculate
Qin = Qout
v For each
node
Initialize
constant, v
parameter, l l l
variables A
Evacuated Outer Inner Working
glass absorber absorber fluid
Develop l l l i
energy <
conservation A4
equations Identified
temperature
\ valiie
State the v
value for Validate
energy. thermal
conservation
) performance
equation
A
Result satisfies
between

theoretical and
experiment?

Figure 3.20: Flow chart for theoretical solution process

76



3.14 CHAPTER SUMMARY

The research method starts with studying the current design of solar thermal collectors
and dryers, namely, heat-pipe evacuated tube collectors (HP ETC), and the gaps
existing between them were defined. There were three (3) experiments involved in the
research, i.e., preliminary experiment, parameter experiment, and performance
experiment. Each experiment involved design, development, and investigation process
and was reliable to each other. Purchasing components proceeded only after the
preliminary experiment showed significant results. Several parameters were
investigated on their thermal enhancement performance to determine the ideal design.
After all, the performance experiment apparatus was assembled based on the identified
design to evaluate the performance and efficiency. Lastly, the results from the
experiment were compared with mathematical modeling. If the results are satisfied,

then only the process is continued to the end.

The end of this chapter also discussed in detail the mathematical modeling of
EGATC, their configuration, application, and also an analytical model assumption. The
energy balance of EGATC was developed, and the temperature value was identified.
The thermal performance was validated and compared between theoretical and

experimental values.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 INTRODUCTION

This results and findings of the study are presented in the preceding chapter in light of
prior research. The findings discussion is guided by the three (3) major experiments
posed in the study, i.e., preliminary experiment, parameter experiment, and
performance experiment. However, the focus of the discussion was effectively geared
toward significant findings and their theoretical, methodological, and practical
contributions to the standing body of knowledge on solar thermal technology,

especially within Evacuated Glass-Thermal Absorber Tube Collectors (EGATC).

4.2 PRELIMINARY EXPERIMENTAL RESULTS OF EGATC AND HP ETC:
TEMPERATURE AND ENERGY BUFFER

The preliminary experiment on an Evacuated Glass-Thermal Absorber Tube Collector
(EGATC) was conducted to prove that EGATC could increase the outlet temperature
by converting solar radiation into heat. The findings of the one (1) day experimental
results observed that the outlet temperature gained had increased and could dry
agricultural products (refer to Figure 4.1). Before entering the drying chamber, the air
outlet temperature was recorded between 30.6°C to 64.3°C within the range of solar
radiation at 91.2 W/m? to 338.9 W/m2. According to M. Kumar et al. (2016), in solar
drying agricultural products, the moisture was removed by solar air heating with a
temperature range of 50 to 60°C. To ensure perfect drying and desirable product
quality, the solar drying temperature and moisture removing rate should be under
controlled conditions. The percentage of moisture content for different agricultural
products was different and varied between products.
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Figure 4.1: Air inlet and outlet temperature differences of EGATC

A preliminary experiment was also conducted to certify the outlet temperature
between the Evacuated Glass-Thermal Absorber Tube Collector (EGATC) and Heat
Pipe Evacuated Tube Collector (HP ETC). From Figure 4.2, the results show the outlet
and ambient temperature profile for both EGATC and HP ETC during the whole
duration of the experiment. It can be seen that the solar radiation profile during the one
(1) day of experimental work was cloudy, with the radiation value fluctuating for the
selection of solar radiation between 109 — 309 W/m?. The experiment was conducted
for both collectors, starting at an outlet temperature of 30°C and an ambient temperature
of 28°C. As the experiment continued, the solar radiation's heavy fluctuation affected
the performance of both collectors. At 11:15 am, when solar radiation was at 312.1
W/m?, the outlet temperature for EGATC and HP ETC was 43.0°C and 40.7°C,

respectively, with a difference of 5.3%.
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Figure 4.2: Outlet temperature difference between EGATC Air Dryer and HP ETC

The outlet temperature of the EGATC profile was more consistent compared to
the one with HP ETC, which contributed to the thermal buffer effect. This can be seen
by the discharge rate of each air dryer's outlet temperature profile as labeled by
selection Areas A and B. As per Area A, the discharge rate of EGATC and HP ETC
were -0.00283 °C/s and -0.00333 °C/s, respectively, with solar radiation dropping from
309.3 W/m? to 83.8 W/m?; meanwhile, for Area B, 151.6 W/m? radiation drop produced
heat discharge rate of -0.01026 °C/s and -0.01329 °C/s for EGATC and HP ETC,

respectively.

Table 4.1 summarizes the solar radiation range and discharge rate obtained
from the experimental runs. Based on these results and observations, it was concluded
that EGATC obtained greater heat storage capability as compared to HP ETC. It was
observed that the thermal buffer effect was very useful for drying applications in

conditions with intermittent solar radiation and during the unavailability of solar

80



radiation. As for EGATC, the temperature difference between outlet and ambiance after

04.00 p.m. was 2 °C for about 19 minutes during solar radiation of 52.2 W/m?,

Table 4.1: Summary of the calculated values of solar radiation range and discharge

rate obtained from the preliminary experimental runs

Box Parameters EGATC HP ETC
A Solar Radiation range, W/m? (+0.02) 309.3-83.8
Discharge rate, °C/s (x0.000002) -0.00283 -0.00333
B Solar Radiation range, W/m? (+0.02) 201.3-49.7
Discharge rate, °C/s (+0.000002) -0.01026 -0.01329

4.3 PARAMETER EXPERIMENTAL RESULTS

The experimental results, as well as the observations, indicate that changing in the

outlet temperature of the fluid occurred, and the results of fins, fan speed, and fan power

obtained from indoor experiments are shown in Table 4.2,

Table 4.2: The relationship between fins, fan speed, and fan power obtained from

experiments

Fan speed, V (m/s)

Fin 0.00 0.70 0.90 1.10 1.30 1.50 1.70
Fan power (watt)

0 0.00 2.38 2.61 3.06 3.63 4.59 5.67

1 0.00 2.44 2.67 3.13 3.72 4.70 5.81

3 0.00 2.54 2.78 3.27 3.87 4.90 6.05

5 0.00 2.62 2.87 3.37 3.99 5.06 6.24

7 0.00 2.69 2.95 3.46 4.10 5.19 6.41

It was observed that as the temperature difference between the inlet and outlet

increased, the heat transfer rate also increased. By increasing the fan speed, increasing

the power of the fan, increasing the number of fins, and increasing the backflow

simultaneously lowers the outlet temperature. The results were similar to Kotian, Jain,

et al. (2022). They found that as the fluid flow rate increased at the inlet for a fixed
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outlet flow rate, the temperature of the fluid at the outlet decreased. At a certain
saturation value, the outlet temperature no longer decreases, even when the fluid flow

rate at the inlet is increased.

Hence further temperature decreases were not possible. With a higher initial
temperature difference, the heat transfer rate was higher but decreased and became
almost constant as the flow rate increased. Thus, the hot fluid may cool only up to a
certain temperature within specified limits. Figure 5.3(a) and Figure 5.3(b) show the
results for the first experimental setup to determine the ideal design of the perforated
fin and appropriate air velocity at solar radiation (simulator) 700 watt/m? between zero
(0) perforated fin and seven (7) perforated fins with air velocity of 0.0 m/s, 0.7 m/s, 0.9
m/s, 1.1 m/s, 1.3 m/s, 1.5 m/s, and 1.7 m/s. Considering the maximum outlet
temperature at minute 30, air velocity at 0.9 m/s was chosen with outlet temperature
47.7 °C for zero (0) perforated fins and 48.0 °C for seven (7) perforated fins.
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Figure 4.3: Results of outlet temperature records to determine the ideal design of
fin and appropriate air velocity (a) Experiment of zero (0) perforated fin EGATC
(b) Experiment of seven (7) perforated fin EGATC

A lower mass flow rate results in a higher air outlet temperature. This is
because, at a lower mass flow rate, the higher the residential time of the flowing air
around the surface of the thermal absorber increases the heat transfer amount between
them. Since zero (0) perforated fin showed the highest daily energy store,
Qs:ore(Daily), it was chosen as the ideal design with 4.46 kJ compared with seven (7)
perforated fins at 3.42 kJ. Zero (0) perforated fin may produce laminar air flow
resulting in lower outlet temperature at minute 30 but gain better energy store, Q store
value. On the other side, seven (7) perforated fins with turbulence air flow built up the

outlet temperature at minute 30 but lowered the energy store, Q store Value.

From the analysis, Table 4.3 shows the parameter experimental results between
zero (0) perforated fin and seven (7) perforated fins with varied air velocity but similar
global solar radiation, Gt hour per day and total daily collected energy from global solar

radiation, E(GtAc), which were 0.71 hours and 73.79 kJ respectively.
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Table 4.3: The results for parameter experimental between zero (0) perforated fin
and seven (7) perforated fins with varied air velocity involved in the study

Gt hour Vair E(GtAc) E (¢ Efficiency Qstore Efficiency
No.  Optimization Parameters per day (avg) (kJ) Collector)  (collector) (Daily) (collector
(hour) (m/s) (+0.002) (kJ) (%) (kJ) + storage)
(+0.002) (+0.02) (+0.002) (+0.02) (£0.002) (%)
(+0.02)
0 Perforated Fin EGATC 0.71 0.0 73.79 0.00 0.0 15.01 20.3
(V=0.0 m/s)
0 Perforated Fin EGATC 0.71 0.7 73.79 17.83 24.2 4.81 30.7
1 (V=0.7 m/s)
(@ 0 Perforated Fin EGATC 0.71 0.9 73.79 23.23 315 4.46 375
(V=0.9 m/s)
0 Perforated Fin EGATC 0.71 1.1 73.79 27.55 37.3 3.59 42.2
(V=1.1 m/s)
0 Perforated Fin EGATC 0.71 1.3 73.79 29.50 40.0 2.59 43.5
(V=1.3 m/s)
0 Perforated Fin EGATC 0.71 1.5 73.79 31.28 42.4 1.87 44.9
(V=1.5 m/s)
0 Perforated Fin EGATC 0.71 1.7 73.79 34.97 47.4 1.72 49.7
(V=1.7 m/s)
7 Perforated Fins EGATC 0.71 0.0 73.79 0.00 0.0 16.19 219
(V=0.0 m/s)
7 Perforated Fins EGATC 0.71 0.7 73.79 19.58 26.5 4.27 32.3
1 (V=0.7 m/s)
(b) 7 Perforated Fins EGATC 0.71 0.9 73.79 23.87 32.4 3.42 37.0
(V=0.9 m/s)
7 Perforated Fins EGATC 0.71 11 73.79 29.23 39.6 2.40 42.9
(V=1.1 m/s)
7 Perforated Fins EGATC 0.71 1.3 73.79 31.44 42.6 1.62 44.8
(V=1.3 m/s)
7 Perforated Fins EGATC 0.71 1.5 73.79 34.34 46.5 1.39 48.4
(V=1.5 m/s)
7 Perforated Fins EGATC 0.71 1.7 73.79 37.44 50.7 0.92 52.0
(V=1.7 m/s)

As the parameters (air velocity at 0.9 m/s and zero (0) perforated fin) were
chosen as the ideal design, it was setup for the next parameter experiment. The next
experiment was conducted with air velocity at 0.9 m/s and zero (0) perforated fin with
outer absorber selective coating surface, outer absorber with 2mm wall thickness,
double layer non-vacuum glass tube, single layer transparent outer glass tube and single
layer thin film inner glass tube. These experiments were compared to a similar
arrangement of zero (0) perforated fin, non-coating outer absorber with 1mm wall
thickness, also known as zero (0) perforated fin EGATC at wind speed 0.9 m/s. Figure
4.4 shows the outlet temperature histories for each parameter experiment at solar
radiation (simulator) 700 watt/m2. The maximum outlet temperature at minute 30
shows zero (0) perforated fin EGATC with 47.7 °C, zero (0) perforated fin with outer

absorber selective coating surface 48.4 °C, zero (0) perforated fin with 2mm Outer
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absorber wall thickness 46.0 °C, zero (0) perforated fin with Double layer nonvacuum

glass tube 43.8 °C, zero (0) perforated fin with Single layer transparent outer glass tube

44.1°C and zero (0) perforated fin with single layer thin film inner glass tube 43.6 °C.
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50

< »'€
-
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v

Air velocity at 0.9 m/s Solar radiation (simulation) at 700 watt/m?2
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Time, t (Minutes)
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0 fin with Single Layer Transparent Outer Glass Tube

= ( fin with Single Layer Thin Film Inner Glass Tube

0 perforated fin EGATC

Ambient Temp. (DegC)

Figure 4.4: Results of the outlet temperature histories for each parameter
experiments

The analysis in Table 4.4 shows the parameter experimental results between zero (0)

perforated fin EGATC and zero (0) perforated fin with various parameters. The

experiments were conducted with the same solar radiation (simulator) at 700 w/mz2 and

area of collector, 0.0288 m? resulting in a similar value of global solar radiation, Gt

hour per day and total daily collected energy from global solar radiation, E(GtAc),

which were 0.71 hours and 73.79 kJ respectively.
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Table 4.4: The results between zero (0) perforated fin EGATC and zero (0)
perforated fin with varied parameters involved in the experiment

Gt hour Vair E(GtAc) E (¢ Efficiency Qstore Efficiency
per day (avg) (kJ) Collector) (collector) (Daily) (collector
No.  Optimization Parameters (hour) (m/s) (+0.002) (kJ) (%) (kJ) + storage)
(+0.002) (+0.02) (x0.002) (+0.02) (+0.002) (%)
(+0.02)
1 0 Perforated Fin EGATC 0.71 0.9 73.79 23.23 315 4.46 375
(V=0.9 m/s)
2 0 FIN (Outer absorber 0.71 0.9 73.79 24.17 32.8 4.17 38.4

selective coating surface)
EGATC (V=0.9 m/s)

3 0 FIN (2mm outer 0.71 0.9 73.79 22.07 29.9 8.54 415
absorber wall thickness)
EGATC (V=0.9 m/s)

4 0 FIN (Double layer Non- 0.71 0.9 73.79 18.54 25.1 1.39 27.0
Vacuum glass tube)
EGATC (V=0.9 m/s)

5 0 FIN (Single layer 0.71 0.9 73.79 17.07 23.1 0.44 23.7
transparent outer glass
tube) EGATC (V=0.9 m/s)

6 0 FIN (Single layer thin 0.71 0.9 73.79 17.24 234 0.74 24.4
film inner glass tube)
EGATC (V=0.9 m/s)

4.3.1 Thermal Energy Storage and Performance

In thermal energy storage (TES), extended surfaces were one of the most favorable
methods due to their important application in many fields, including electrical
conductors, computer chips, automobile engines, heaters, refrigerators, hot water and
steam pipes, heat exchanger, etc. The extended surface, also known as fins, was
commonly used to enhance the heat transfer rate in many industries. Optimizing the
heat transfer rates results in saving power supplied and increased efficiency. TES
ability may also be enhanced by increasing the mass of high-heat capacity material.

For assumption, the system in this study was considered a closed system and
did not involve any velocity and elevation change. Hence, the heat transfer rate of the
collector was expressed by Ahmad Fudholi et al. (2015) and Duffie & Beckman (2013).
Equation 4.1 was used to convert energy from solar radiation into heat to increase the

collector's outlet temperature by referring to the inlet temperature.:

QCollector = pAUCp(air) (To —Ty) (4.1)
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While Equation 4.2 was used to calculate energy from solar radiation that was
converted into thermal energy storage (TES) at the thermal absorber by referring to
instantaneous energy accumulation for each second. The heat transfer rate of the
thermal absorber storage was expressed by Ahmad Fudholi et al. (2015) and Duffie &
Beckman (2013):

Oseore = Mgp Cz;:(ab_) (th —-Ty) (4.2)
2 1
Where

p = Density of air (kg/m?)
A = Area of inlet duct (m?)
v = Velocity of air at inlet duct (m/s)

Cp(air) = Specific heat of air (kJ/kgK)
T, = Air outlet temperature (K)
T; = Air inlet temperature (K)

Map = mass of thermal absorber (kg)

Cp(ap) = Specific heat of thermal absorber (kJ/kgK)
T, = Temperature of thermal absorber after heat gain (K)
Ty = Temperature of thermal absorber before heat gain (K)
ty = Time after heat gain (s)
t1 = Time before heat gain (S)

Table 4.5 summarizes the results for all parameter experiments involved in the
study. Based on the outlet temperature (47.7°C) at minute 30, the increasing of fin
number (7 fins) increases the pressure drop between the inlet and outlet, simultaneously
decreasing the wind speed (0.7m/s) by comparing with O fins at wind speed 0.9 m/s.
The findings were similar to those of (Pavan Kumar et al., 2021) and (Yan et al., 2022).
The analysis of energy buffer between zero (0) perforated fin EGATC and zero (0) fin
with QOuter absorber selective coating demonstrated that zero (0) perforated fin EGATC

had better energy buffer, -0.00778 °C/s compared to zero (0) perforated fin with Outer
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absorber selective coating, -0.00783 °C/s. From Equation 4.2, in terms of energy store,
Qstore, 2ero (0) perforated fin EGATC also had an advantage with 4.46kJ compared to

zero (0) perforated fin with Outer absorber selective coating surface with 4.12kJ.

Table 4.5: Summary of the result for all parameter experiments involved in the
study. Red dotted line indicates the comparison experiment

QCollettar Qstore Tout @ Tout @ Temp. Energy
No. Optimization Parameters (KJ) (Daily) mins 30 mins different buffer
(+0.002) (kJ) (°C) 60 (°C) (°C) (°C/Sec)
(+0.002) (£0.02) (+0.02) (+0.02) (+0.000002)
0 Perforated Fin EGATC (V=0.0 m/s) 0.00 15.01 42.6 314 11.2 -0.00622
0 Perforated Fin EGATC (V=0.7 m/s 17.83 4.81 47.0 34.4 12.6 -0.00700
v_0 Perforated Fin EGATC (V=0.9 m/s) 23.23 4.46 47.7 33.7 14.0 -0.00778 1
1 0 Perforated Fin EGATC (V=1.1 m/s) 27.55 3.59 46.4 32.8 13.6 -0.00756
(&) 0 Perforated Fin EGATC (V=1.3 m/s) 29.50 2.59 455 32.0 13.5 -0.00750
0 Perforated Fin EGATC (V=1.5 m/s) 31.28 1.87 44.4 31.2 13.2 -0.00733
0 Perforated Fin EGATC (V=1.7 m/s) 34.97 1.72 43.4 29.8 13.6 -0.00756
7 Perforated Fins EGATC (V=0.0 m/s) 0.00 16.19 42.4 30.9 11.5 -0.00639
7 Perforated Fins EGATC (V=0.7 m/s) 19.58 4.27 47.7 34.5 13.2 -0.00733
7 Perforated Fins EGATC (V=0.9 m/s) 23.87 3.42 48.0 34.2 13.8 -0.00767
1 7 Perforated Fins EGATC (V=1.1 m/s) 29.23 2.40 47.1 32.1 15.0 -0.00833
(b) "7 Perforated Fins EGATC (V=1.3 m/s) 31.44 1.62 45.7 30.7 15.0 -0.00833
7 Perforated Fins EGATC (V=1.5 m/s) 34.34 1.39 45.3 30.4 14.9 -0.00828
7 Perforated Fins EGATC (V=1.7 m/s) 37.44 0.92 44.3 29.2 15.1 -0.00839
2 0 FIN (Outer absorber selective 24.17 4.12 48.4 34.3 14.1 -0.00783
coating surface) EGATC (V=0.9 m/s)
3 0 FIN (2mm outer absorber wall 22.07 8.54 46.0 35.1 10.9 -0.00606
thickness)
EGATC (V=0.9 m/s)
4 0 FIN (Double layer Non-Vacuum 18.54 1.39 43.8 30.6 13.2 -0.00733
glass tube)
EGATC (V=0.9 m/s)
5 0 FIN (Single layer transparent outer 17.07 0.44 44.1 30.0 14.1 -0.00783
glass tube) EGATC (V=0.9 m/s)
6 0 FIN (Single layer thin film inner 17.24 0.74 43.6 30.2 13.4 -0.00744
glass tube)

EGATC (V=0.9 m/s)

While on outlet temperature, Tout, zero (0) fin with Outer absorber selective
coating attained 48.4°C compared with zero (0) perforated fin EGATC with 47.7°C.
The value was not similar to the outdoor experiment (para 5.6) which non-coated
EGATC showed better thermal efficiency in terms of high temperature gained,
followed by coated EGATC and HP ETC. Solar radiation by direct sunlight has a
different light spectrum, providing a larger frequency range and giving as much
incoming shortwave solar radiation as possible compared with artificial solar radiation
by a halogen lamp. According to Planck’s Law, the energy of a photon is inversely

proportional to the wavelength of light. This shortwave radiation contained more
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energy than the photon, thus raising the solar intensity (Kaiser et al., 2019)(Seidlitz et
al., 2001). The solar intensity also increased with a small surface area of EGATC since

Inverse Square Law states the intensity was inversely proportional to the surface area.

Furthermore, in this research, the selection of the efficiency and performance
should focus either on high outlet temperature or heat storage capacity. If focusing on
the high outlet temperature, the energy storage could be low, while efficiency will be
good due to the lower fan speed. While if focusing on the largest heat storage capacity,
the outlet temperature could be low with a higher fan speed. This indicates the system

has a good performance.

On zero (0) perforated fin with 2mm Quter absorber wall thickness experiment,
the comparison on energy store, Qs Show zero (0) perforated fin EGATC attained
4.46kJ, and zero (0) perforated fin with 2mm Outer absorber wall thickness attained
8.54kJ while on energy buffer, both attained -0.00778 °C/s and -0.00606 °C/s
respectively. In other experiments, the energy store, Q.. for zero (0) perforated fin
with Double layer non-vacuum glass tube attained 1.39kJ, zero (0) perforated fin with
Single layer transparent outer glass tube 0.44kJ, and zero (0) perforated fin with Single
layer thin film inner glass tube 0.74kJ compared to zero (0) perforated fin EGATC
4.46kJ. Meanwhile, on the energy buffer, there were -0.00733 °C/s, -0.00783 °C/s, and
-0.00744 °C/s compared to -0.00778 °C/s, respectively.

4.4 DOUBLE PASS FLOW EXPERIMENT RESULTS

The double pass flow experiment was conducted to determine whether the double pass
flow arrangement that occurred inside the inner absorber was able to enhance the
thermal performance. From the results, zero (0) perforated fin with stainless-steel inner
absorber EGATC showed better results (refer to Figure 4.5) in terms of outlet

temperature.
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Figure 4.5: Outlet temperature records between stainless steel inner absorber and
insulation material inner absorber for double pass flow experiment

After 30 minutes of charging, the outlet temperature of zero (0) perforated fin
with stainless-steel inner absorber EGATC was 47.7°C compared with zero (0) fin with
insulation material inner absorber 44.7°C with differences of 3°C. In terms of energy
store, Qgiore, Stainless-steel inner absorber also had an advantage with 4.46kJ
compared to insulation material inner absorber 4.40kJ. At the end of discharging period
at 60 minutes, the outlet temperature of both inner absorbers was 33.7°C and 33.5°C,
respectively. With differences in outlet temperature between minute 30 and minute 60
for the stainless-steel inner absorber of 14.0°C and insulation material inner absorber
of 11.2°C affected the energy buffer for both inner absorbers, -0.00778°C/s and -
0.00622°C/s respectively. Table 4.6 shows the calculated values obtained from the

experiment.
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Table 4.6: The calculated values obtained from the double pass flow
experimentantal runs

Qcottector ~ @store Tout@ Tout@ Temp. Energy buffer
No. Optimization Parameters (KJ) (Daily) mins mins different (°Cl/sec)
(+0.002) (kJ) 30 (°C) 60 (°C) (°C) (+0.000002)
(£0.002)  (x0.02) (0.02) (+0.002)
1 0 Perforated Fin EGATC (V=0.9 m/s) 23.23 4.46 47.7 33.7 14.0 -0.00778
(Stainless steel Inner Absorber)
2 0 FIN (Insulation Material Inner 18.53 4.40 44.7 335 11.2 -0.00622

Absorber) EGATC (V=0.9 m/s)

The analysis in Table 4.7 shows the results between zero (0) perforated fin EGATC
with stainless steel inner absorber and zero (0) perforated fin with insulation material
of the inner absorber involved in the parameter experiment. This experiment also was

conducted with a similar arrangement to previous parameters experiments.

Table 4.7: The parameter experimental result between zero (0) perforated fin
EGATC with stainless steel inner absorber and zero (0) perforated fin with
insulation material inner absorber

Gt hour Vair E(GtAc) E (¢ Efficiency Qstore Efficiency
No. Optimization per day (avg) (kJ) Collector)  (collector) (Daily) (collector +
Parameters (hour) (m/s) (£0.002) (kJ) (%) (kJ) storage)
(£0.002) (+0.02) (+0.002) (+0.02) (+0.002) (%)
(£0.02)
1 0 Perforated Fin 0.71 0.9 73.79 23.23 31.5 4.46 37.5
EGATC (V=0.9 m/s)
(Stainless steel Inner
Absorber)
2 0 FIN (Insulation 0.71 0.9 73.79 18.53 251 4.40 311

Material Inner
Absorber) EGATC
(V=0.9 m/s)

The stainless-steel inner absorber EGATC consists of conductive inner absorber
material, which affected the mass of the total absorber and was set as a double pass
arrangement. These were the main factors that initiated the initial heat convection
inside the inner absorber before the airflow moved towards the outer absorber. It also
acts as heat storage material as it stores maximum heat from the thermal absorber, and
it can be efficiently transferred to the air due to the increased contact area between air
and thermal absorber. The airflow that moved towards the outer absorber produced the
cumulative heat gained inside the outer absorber, thus doubling up the temperature at
the outlet. The types, mass, and arrangement of the conductive inner absorber material

show that the double pass arrangement inside EGATC was significant.
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45 EFFECT OF TILTED ANGLE AND SOLAR THERMAL ABSORBER
PROPERTIES: 1 MM WALL THICKNESS AND 2 MM WALL THICKNESS

According to Shailendra Singh et al. (2021), the tilted angle at latitude orientation
would transfer the maximum amount of solar radiation to the water with regards to ETC
solar water heater system. The slope angle installation depended on the site location's
latitude and during the experiment it was found to be too small at Latitude:
3°50'42.47"N (KUANTAN, Pahang). For fixed installation, the solar thermal collector
should receive solar radiation throughout the year for maximum performance. For that

purpose, a 2-axis manual sun tracker may be used for the equinox situation.

Thus, the experiment was conducted at 8° slope angle to ensure the slanting
angle occurred at the perfect evaporation. Figure 4.6 shows the outlet temperature
differences at 8° slope angle between HP ETC, 3 fins (Lmm absorber wall thickness)
EGATC, and 3 fins (2mm absorber wall thickness) EGATC.

At 11:12 am, where the solar radiation was 265.4 W/m?, the outlet temperature
differences for HP ETC, 3 fins (Imm absorber wall thickness) EGATC and 3 fins (2mm
absorber wall thickness) EGATC were recorded at 43.3°C, 44.3°C and 53.4°C
respectively. During maximum solar radiation, 1082.1 W/m? at 11:47 am, the outlet
temperature differences for HP ETC were recorded at 40.7°C, 3 fins (Imm absorber
wall thickness) EGATC was recorded at 40.9°C and 3 fins (2mm absorber wall
thickness) EGATC was recorded at 46.6°C. Lastly, at 16:51 pm, during the diffused
solar radiation condition, 50.9 W/m? the reading of outlet temperature differences for
HP ETC, 3 fins (Imm absorber wall thickness) EGATC, and 3 fins (2mm absorber wall
thickness) EGATC were recorded at 32.9°C, 34.5°C and 36.2°C respectively.
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Figure 4.6: The outlet temperature differences at 8° slope angle between HP ETC, 3
Fins (Lmm absorber wall thickness) EGATC and 3 Fins (2mm absorber wall
thickness) EGATC

From the analysis, the global solar radiation, Gt hour per day, was 2.59 hours,
and air velocity, V, was 0.8 m/s. For HP ETC, 3 fins (Imm absorber wall thickness)
EGATC and 3 fins (2mm absorber wall thickness) EGATC, the total daily collected
energy from global solar radiation, E(GtAc) was 268.18 kJ. Total daily energy gain
produced by solar thermal collector E (Q Collector) for HP ETC were 130.29 kJ,
153.14 kJ for 3 fins (Imm absorber wall thickness) and 170.10 kJ for 3 fins (2mm
absorber wall thickness). The efficiency of the collector obtained for HP ETC, 3 fins
(Imm absorber wall thickness) and 3 fins (2mm absorber wall thickness) were 48.6%,
57.1%, and 63.4%, respectively. The daily stored energy by the thermal absorber,
QStore by HP ETC was 4.66 kJ, 3 fins (1mm absorber wall thickness) was 6.62 kJ and
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on the other hand, for 3 fins (2mm absorber wall thickness) was 7.18 kJ. For HP ETC,
3 fins (Imm absorber wall thickness) and 3 fins (2mm absorber wall thickness), the
collector's efficiency with storage ability obtained was 50.3%, 59.6%, and 66.1%,

respectively.

The results showed there was a non-significant effect due to the slope with
regard to outlet temperature at the respective Latitude: 3°50°42.47"N and the slope
angle was considered insignificant in this study. The results also proved that 3 fins
(2mm absorber wall thickness) EGATC was better than 3 fins (Imm absorber wall
thickness) in terms of outlet temperature differences, but both wall thicknesses were
better than HP ETC. and EGATC. This experiment was conducted as an outdoor

experiment under real solar radiation (see Figure 4.7).

Figure 4.7: The outdoor experiment conducted to determine the effect of the slope
angle
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4.6 EFFECT OF SOLAR THERMAL ABSORBER PROPERTIES: COATED
AND NON-COATED

A hollow metal tube in the form of a pipe was the main material used for the Evacuated
Glass Thermal- Absorber Tube Collector (EGATC). The thermal behaviour of the pipe
for solar thermal absorber application was identified in order to understand thermal
interaction under various temperature phases and enhancement to the material. The
radiative characteristics of the material used in the experiment were listed in hollow
pipe with physical properties (see Table 3.3). While, Figure 4.8 shows the outlet
temperature differences between HP ETC, non-coated EGATC, and coated EGATC.
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Figure 4.8: The outlet temperature differences between HP ETC, non-coated
EGATC, and coated EGATC
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At 10:02 am, where the solar radiation was 264.7 W/m?, the outlet temperature
differences for HP ETC, non-coated EGATC, and coated EGATC were recorded at
30.5°C, 31.8°C and 33.6°C respectively. During maximum solar radiation, 1050.7
W/m? at 12:50 am, the outlet temperature differences for HP ETC were recorded at
41.2°C, non-coated EGATC was recorded at 43.5°C and coated EGATC was recorded
at 46.1°C. Lastly, at 16:55 pm, during the diffused solar radiation condition, 50.9
W/m?- the reading of outlet temperature differences for HP ETC, non-coated EGATC,
and coated EGATC were recorded at 34.5°C, 35.9°C and 36.9°C respectively.

From the analysis, the global solar radiation, Gt hour per day, was 3.40 hours,
and air velocity, V, was 0.8 m/s. For HP ETC, non-coated EGATC, and coated
EGATC, the total daily collected energy from global solar radiation, E(GtAc), was
352.63 kJ. Total daily energy gain produced by solar thermal collector E (Q Collector)
for HP ETC were 142.34 kJ, 197.03 kJ for non-coated EGATC and 172.56 kJ for coated
EGATC. The efficiency of the collector obtained for HP ETC, non-coated EGATC,
and coated EGATC were 40.4%, 55.9%, and 48.9%, respectively. The daily stored
energy by the thermal absorber, QStore by HP ETC, was 2.18 kJ, non-coated EGATC
was 3.17 kJ, and on the other hand, for coated EGATC was 1.11 kJ. For HP ETC, non-
coated EGATC, and coated EGATC, the collector's efficiency with storage ability
obtained was 41.0%, 56.8%, and 49.2%, respectively.

The results showed that both EGATC coated and non-coated were better than
HP ETC due to higher outlet temperature. While in comparison between non-coated
EGATC and coated EGATC, Non-coated EGATC showed better thermal efficiency in
terms of high temperature gained. Since the radiative characteristics of thin film
selective surface coating in evacuated glass physical properties (see Table 3.4) allowed
higher absorbance and negligible emittance (outer surface of the inner glass tube), the
reflection of thermal radiation was reduced (Soteris A. Kalogirou, 2014). The thermal
radiation penetrated the thin film selective surface coating and was reflected by the
standard stainless-steel finishes of the non-coated absorber. Then, the thermal radiation

was reflected again by the mirror reflectance at the selective surface absorbance (inner
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surface of the inner glass tube) (Chow et al., 1984) and again to the non-coated
absorber.

The characteristic was similar to the conventional ETC design available in the
market that uses non-coated Aluminum as the thermal absorber. It could increase the
kinetic energy of air molecules, which increases the temperature. These phenomena
accumulates the energy at the gap between the evacuated tube inner glass tube and outer
stainless-steel absorber, simultaneously increasing the thermal energy storage. Thus,

the results showed non-coated thermal absorber was significant.

4.7 EFFECT OF EVACUATED TUBE COLLECTOR PROPERTIES: DOUBLE
LAYER NON-VACUUM EGATC AND DOUBLE LAYER VACUUM EGATC

The outlet temperature differences between HP ETC, double-layer non-vacuum
EGATC, and double-layer vacuum EGATC are shown in Figure 4.9. At 9:40 am,
where the solar radiation was 252.9 W/m?, the outlet temperature differences for HP
ETC, double-layer non-vacuum EGATC, and double-layer vacuum EGATC were
recorded at 30.7°C, 28.9°C and 31.1°C respectively. During maximum solar radiation,
1047.9 W/m? at 12:50 am, the outlet temperature differences for HP ETC were
recorded at 50.1°C, double layer non-vacuum EGATC was recorded at 45.4°C and
double layer vacuum EGATC was recorded at 55.1°C. Lastly, at 17:23 pm, during the
diffused solar radiation condition, 68.1 W/m?' the reading of outlet temperature
differences for HP ETC, double-layer non-vacuum EGATC, and double-layer vacuum
EGATC were recorded at 37.5°C, 33.8°C and 40.4°C respectively.

From the analysis, the global solar radiation, Gt hour per day, was 4.91 hours,
and air velocity, V, was 0.8 m/s. For HP ETC, double-layer non-vacuum EGATC, and
double-layer vacuum EGATC, the total daily collected energy from global solar
radiation, E(GtAc), was 509.21 kJ. Total daily energy gain produced by solar thermal
collector E (Q Collector) for HP ETC were 186.41 kJ, 133.91kJ for double layer non-
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vacuum EGATC and 188.82 kJ for double layer vacuum EGATC. The efficiency of
the collector obtained for HP ETC, double-layer non-vacuum EGATC, and double-
layer vacuum EGATC were 36.6%, 26.3%, and 37.1%, respectively. The daily stored
energy by the thermal absorber, QStore by HP ETC was 5.30 kJ, double layer non-
vacuum EGATC was 1.63 kJ, and on the other hand, for double layer vacuum EGATC
was 7.85 kJ. For HP ETC, double-layer non-vacuum EGATC, and double-layer
vacuum EGATC, the collector's efficiency with storage ability obtained was 37.6%,
26.6%, and 38.6 %, respectively.
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Figure 4.9: The outlet temperature differences between HP ETC, double-layer non-
vacuum EGATC, and double-layer vacuum EGATC

The results proved that double-layer vacuum EGATC was better than HP ETC

in terms of outlet temperature differences. Meanwhile, double-layer non-vacuum
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EGATC was the worst among those three. The existence of a vacuum pocket in
between of outer glass tube and the inner glass tube with thin film selective surface
coating serves as an insulation layer for efficient heat loss prevention. The sunlight
penetrates through the transparent outer glass tube and is absorbed by the inner glass
tube with thin film selective surface coating. The heat energy harnessed from the
sunlight was trapped within the collector and subsequently transmitted to the thermal

absorber at an optimum level.

4.8 EFFECT OF EVACUATED TUBE COLLECTOR PROPERTIES: DOUBLE
LAYER VACUUM EGATC, SINGLE LAYER TRANSPARENT OUTER
GLASS TUBE EGATC AND SINGLE LAYER THIN FILM SELECTIVE
SURFACE COATING INNER GLASS TUBE EGATC

The outlet temperature differences between HP ETC, double-layer vacuum EGATC,
and single layer transparent outer glass tube EGATC are shown in Figure 4.10. At 9:41
am, the solar radiation was 133.7 W/m?, and the outlet temperature differences for HP
ETC, double layer vacuum EGATC and single layer transparent outer glass tube
EGATC were recorded at 29.6°C, 29.7°C, and 28.4°C respectively. During maximum
solar radiation, 1074.9 W/m? at 12:05 am, the outlet temperature differences for HP
ETC were recorded at 40.5°C, double layer vacuum EGATC was recorded at 42.2°C,
and single layer transparent outer glass tube EGATC was recorded at 36.1°C. Lastly,
at 3:50 pm, during the diffused solar radiation condition, 259.4 W/m? the reading of
outlet temperature differences for HP ETC, double layer vacuum EGATC and single
layer transparent outer glass tube EGATC were recorded at 45.3°C, 49.0°C and 41.2°C

respectively.

From the analysis, the global solar radiation, Gt hour per day, was 4.90 hours,
and air velocity, V, was 0.8 m/s. For HP ETC, double-layer vacuum EGATC and
single-layer transparent outer glass tube EGATC, the total daily collected energy from
global solar radiation, E(GtAc), was 508.18 kJ. Total daily energy gain produced by
solar thermal collector E (Q Collector) for HP ETC were 172.57 kJ, 206.37 kJ for
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double layer vacuum EGATC and 148.37 kJ for single layer transparent outer glass
tube EGATC. The efficiency of the collector obtained for HP ETC, double layer
vacuum EGATC, and single layer transparent outer glass tube EGATC was 34.0%,
40.6%, and 29.2%, respectively. The daily stored energy by the thermal absorber,
QStore by HP ETC was 7.49 kJ, double layer vacuum EGATC was 10.90 kJ, and on
the other hand, for single layer transparent outer glass tube EGATC was 3.73 kJ. For
HP ETC, double-layer vacuum EGATC and single layer transparent outer glass tube
EGATC, the collector's efficiency with storage ability obtained was 35.4%, 42.8%, and
29.9 %, respectively.
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Figure 4.10: The outlet temperature differences between HP ETC, double-layer
vacuum EGATC and single layer transparent outer glass tube EGATC
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The results showed that double-layer vacuum EGATC was better than HP ETC
in terms of outlet temperature differences. In the meantime, single-layer transparent
outer glass tube EGATC was the worst among those three. The presence of a double
layer between the outer glass tube and the inner glass tube minimizes thermal losses by

conduction and convection.

Figure 4.11 shows the outlet temperature differences between HP ETC, double-
layer vacuum EGATC, and single layer thin film selective surface coating inner glass
tube EGATC. At 9:46 am, where the solar radiation was 265.6 W/m?, the outlet
temperature differences for HP ETC, double layer vacuum EGATC and single layer
thin film selective surface coating inner glass tube EGATC were recorded at 33.1°C,
34.7°C, and 31.2°C respectively.
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Figure 4.11: The outlet temperature differences between HP ETC, double-layer
vacuum EGATC and single layer thin film selective surface coating inner glass
tube EGATC
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During high solar radiation, 1028.7 W/m? at 12:35 am, the outlet temperature
differences for HP ETC were recorded at 43.7°C, double layer vacuum EGATC was
recorded at 46.3°C and single layer thin film selective surface coating inner glass tube
EGATC was recorded at 38.8°C. Lastly, at 16:59 pm, during the diffused solar
radiation condition, 65.8 W/m? the reading of outlet temperature differences for HP
ETC, double layer vacuum EGATC and single layer thin film selective surface coating
inner glass tube EGATC were recorded at 31.8°C, 34.5°C and 29.1°C respectively.

From the analysis, the global solar radiation, Gt hour per day, was 2.25 hours,
and air velocity, V, was 0.8 m/s. For HP ETC, double-layer vacuum EGATC and
single-layer thin film selective surface coating inner glass tube EGATC, the total daily
collected energy from global solar radiation, E(GtAc), was 232.86 kJ. The total daily
energy gain produced by solar thermal collector E (Q Collector) for HP ETC was 72.82
kJ, 90.57 kJ for double layer vacuum EGATC and 65.02 kJ for single layer thin film
selective surface coating inner glass tube EGATC. The efficiency of the collector
obtained for HP ETC, double layer vacuum EGATC and single layer thin film selective
surface coating inner glass tube EGATC was 31.3%, 38.9%, and 27.9%, respectively.
The daily stored energy by the thermal absorber, QStore by HP ETC was 3.67 kJ,
double layer vacuum EGATC was 4.46 kJ, and on the other hand, for single layer thin
film selective surface coating inner glass tube EGATC was 2.39 kJ. For HP ETC,
double-layer vacuum EGATC and single layer thin film selective surface coating inner
glass tube EGATC, the efficiency of the collector with storage ability obtained were
32.9%, 40.8%, and 29.0 %, respectively.

The results proved that double-layer vacuum EGATC was better than HP ETC
in terms of outlet temperature differences. Meanwhile, the single-layer thin film
selective surface coating inner glass tube EGATC was the worst among those three.
Although the thin film selective surface coating features 3 tiers of coating material
(ALN-SS/Cu) with low emission and high absorption properties, it does not work well
without the vacuum pocket's existence. It cannot minimize thermal losses by

conduction and convection.
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4.9 PERFORMANCE EXPERIMENTAL RESULT

The results showed the inlet and outlet temperature profile for both HP ETC and
EGATC air heaters during the whole duration of the experiment on Day 1 (Tuesday,
November 2019). From Figure 4.12, the inconsistent solar radiation profile during the
day of experimental work was cloudy, with the radiation value fluctuating between 35.6
— 798.9 W/m?. However, the performance was quite notable, where the difference
between the outlet temperature for both collectors and ambiance during the initial stage
of an experiment was 8.2 °C and 10.7 °C for HP ETC and EGATC, respectively.
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Figure 4.12: Outlet temperature differences between HP ETC air heater and EGATC
air heater on Day 1

As the experiment continues, the solar radiation's heavy fluctuation affects the
performance of both collectors. The maximum outlet temperature of the day was

attained at 10.22 a.m. with solar radiation of 673.2 W/m2. The outlet temperature rises
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to 46.7 °C for HP ETC and 50.9 °C for EGATC. However, due to the thermal buffer
effect, direct heat conversion characteristics via EGATC influences the outlet
temperature profile to be more consistent compared to the one with HP ETC. This can
be seen by the discharge rate of each air heater outlet temperature profile as labeled by
Area A and Area B. As per Area A, the temperature discharge rate of HP ETC and
EGATC were -0.0012 °C/s and -0.0011 °C/s, respectively, with solar radiation dropping
from 798.9 W/m? to 393.2 W/m?. Meanwhile, as for Area B, at 227.7 W/m? radiation
drop produced a temperature discharge rate of -0.0005 °C/s and -0.0003 °C/s for HP
ETC and EGATC, respectively.

The results of the inlet and outlet temperature profile for both HP ETC and
EGATC on Day 2 (Wednesday, November 2019) are shown in Figure 4.13. The
inconsistent solar radiation profile during the day of experimental work was rainy and
cloudy, with the radiation value fluctuating between 74.4 — 824.9 W/m?,
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Figure 4.13: Outlet temperature differences between HP ETC air heater and
EGATC air heater on Day 2
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However, the performance of both collectors was quite notable, where the
difference between the outlet temperature and ambiance during the initial stage of an
experiment were -1.1 °C and -0.8 °C for HP ETC and EGATC, respectively. The
maximum outlet temperature of the day was attained at 13.28 p.m. with solar radiation
of 469.3 W/m?2. The outlet temperatures were maximum at 50.3 °C for HP ETC and
53.8°C for EGATC.

As the experiment continues, the solar radiation's heavy fluctuation affects the
performance of both collectors. However, direct heat conversion characteristics via
EGATC influence the outlet temperature profile to be more consistent as compared to
the one with HP ETC due to the thermal buffer effect. This can be seen by the
temperature discharge rate of each air dryer’s outlet temperature profile as labeled by
Area C and Area D. As per Area C, the discharge rate of HP ETC and EGATC were -
0.0037 °C/s and -0.0010 °C/s, respectively with solar radiation drop 505.8 W/m?, from
825.0 W/m? to 319.2 W/m?. Meanwhile, as for Area D, at 78.5 W/m? radiation drop
with solar radiation from 293.0 W/m? to 214.5 W/m? producing temperature discharge
rate of -0.0002 °C/s and -0.0001 °C/s for HP ETC and EGATC, respectively.

Based on Figure 4.14, the results show the inlet and outlet temperature profile
for both HP ETC and EGATC on Day 3 (Thursday, November 2019). The radiation
value was inconsistent and fluctuated between 0 — 969.3 W/m? due to rainy day. The
difference between the outlet temperature for both collectors and ambiance during the
initial stage of an experiment was 3.2 °C and 3.9 °C for HP ETC and EGATC,
respectively. The maximum outlet temperature for the day was attained at 11.29 a.m.
with solar radiation 420.6 W/m?. The maximum outlet temperatures were 46.9 °C for
HP ETC and 49.2 °C for EGATC. After a while, the diffusing solar radiation for a long
duration affects both collectors' performance.

However, EGATC influenced the outlet temperature profile more consistently

through its direct heat conversion characteristic compared with HP ETC. The thermal

buffer effect can be seen by the discharge rate of each air dryer's outlet temperature
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profile as labeled by Area E and Area F. As per Area E, the temperature discharge rates
of HP ETC and EGATC were -0.0146 °C/s and -0.0084 °C/s, respectively, with a solar
radiation drop of 561.9 W/m?. Meanwhile, for Area F, solar radiation dropped from
147.1 W/m? to 14.9 W/m? producing temperature discharge rates of -0.0006 °C/s and -
0.0005 °C/s for HP ETC and EGATC, respectively.

Therefore, EGATC provided a better energy buffer by increasing the thermal absorber
wall thickness.
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Figure 4.14: Outlet temperature differences between HP ETC air heater and EGATC
air heater on Day 3

Based on the outlet temperature differences between the HP ETC air heater and
the EGATC air heater each day, EGATC performance was better at the initial outlet
temperature with a slightly higher temperature than the HP ETC. The initial outlet
temperature was recorded early morning when the ambient humidity was high at low
solar radiation. The low cumulative heat gains inside the evacuated glass were able to
increase the temperature of the EGATC thermal absorber but failed to do the same for

HP ETC. As HP ETC working principle, the working liquid inside the heat pipe must
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be heated to a boiling temperature to allow it to function properly. The outlet
temperature differences between the HP ETC air heater and EGATC air heater on each

day are shown in Table 4.8.

Table 4.8: The outlet temperature differences between HP ETC air heater and
EGATC air heater on each day

Day Parameter HP ETC EGATC

1 Initial outlet temperature, °C (x0.02) 37.6 40.1
Outlet temperature different, °C (to 8.2 10.7
attain towards T,= 29.4°C) (£0.02)
Solar radiation, W/m? (£0.02) 416.9

2 Initial outlet temperature, °C (£0.02) 29.4 29.7
Outlet temperature different, °C (to
attain towards T,= 30.5°C) (£0.02) -1.1 -0.8
Solar radiation, W/m? (£0.02) 171.3

3 Initial outlet temperature, °C (£0.02) 30.0 30.7
Outlet temperature different, °C (to 3.2 3.9
attain towards T.= 26.8°C) (x0.02)
Solar radiation, W/m?(+0.02) 138.6

While, for the maximum outlet temperature differences between the HP ETC
air heater and EGATC air heater on each day, EGATC attained a slightly higher
temperature compared to HP ETC at the medium range of solar radiation. The
maximum outlet temperature produced by EGATC is also good enough to ensure the
perfect drying of agricultural products. Table 4.9 shows the maximum outlet
temperature differences between the HP ETC air heater and the EGATC air heater on

each experiment day.

Table 4.9: The maximum outlet temperature differences between HP ETC air
heater and EGATC air heater on each day

Day Parameter HP ETC EGATC
1 Maximum outlet temperature, °C (£0.02) 46.7 50.9
Outlet temperature different, °C (+0.02) 4.2
Solar radiation, W/m? (£0.02) 673.2
Time 10.22 a.m.
2 Maximum outlet temperature, °C (£0.02) 50.3 53.8
Outlet temperature different, °C (+0.02) 35
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Solar radiation, W/m? (£0.02) 469.3
Time 13.28 p.m.

3 Maximum outlet temperature, °C (x0.02) 46.9 49.2
Outlet temperature different, °C (x0.02) 2.3
Solar radiation, W/m? (£0.02) 420.6
Time 11.29 a.m.

Table 4.10 shows the calculated values of the solar radiation range and
temperature discharge rate obtained from the experimental run. Based on the results
and observation, EGATC produces a small value of temperature discharge rate
compared with HP ETC when the solar radiation drops. In other words, EGATC has
been releasing a small amount of temperature in a second. The ‘-’ve sign of the

temperature discharge rate represents the direction of the graph gradient.

Table 4.10: The calculated values of solar radiation range and temperature
discharge rate obtained from the experimental runs

Area Parameters HP ETC EGATC
A Solar radiation range, W/m? (+0.02) 798.9 — 393.2
Solar radiation drops, W/m?(+0.02) 405.7
Temperature discharge rate, °C/s -0.0012 -0.0011
(£0.00002)
B Solar radiation range, W/m? (+0.02) 358.4 - 130.7
Solar radiation drops, W/m? (+0.02) 227.7
Temperature discharge rate, °C/s -0.0005 -0.0003
(x0.00002)
C Solar radiation range, W/m? (+0.02) 825.0 -319.2
Solar radiation drops, W/m? (+0.02) 505.8
Temperature discharge rate, °C/s -0.0037 -0.0010
(£0.00002)
D Solar radiation range, W/m? (+0.02) 293.0 - 2145
Solar radiation drops, W/m? (£0.02) 78.5
Temperature discharge rate, °C/s -0.0002 -0.0001
(x0.00002)
E Solar radiation range, W/m? (+0.02) 677.9-116.0
Solar radiation drops, W/m? (+0.02) 561.9
Temperature discharge rate, °C/s -0.0146 -0.0084
(x0.00002)
F Solar radiation range, W/m? (£0.02) 147.1-14.9
Solar radiation drops, W/m? (£0.02) 132.2
Temperature discharge rate, °C/s -0.0006 -0.0005

(+0.00002)
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The thermal buffer effect is very useful for air heating applications in conditions
with intermittent solar radiation and during the unavailability of solar radiation. Figure
4.15 shows the daily performance between the HP ETC air heater and EGATC air
heater. This outdoor experiment was conducted from 9.30 a.m. to 4.30 p.m. with an
average wind speed of 0.28 m/s. In the beginning, the outlet temperature for both the
HP ETC air heater and EGATC air heater was 33.6°C and 34.6°C, respectively, with
solar radiation of 431.0 W/m2. Then, the solar radiation fluctuated between 99.9 W/m2
to 838.9 W/m2 until 11.00 am before it continued decreasing until the afternoon. At

1.11 pm, those collectors were covered-up to create diffuse solar radiation conditions.
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Figure 4.15: Daily performance with total energy storage between HP ETC air
heater and EGATC air heater

During that time, the outlet temperature for both HP ETC and EGATC were
32.8°C and 34.2°C, respectively. After 30 minutes, the outlet temperature for both
collectors decreased to 32.5°C for HP ETC and 33.8°C for EGATC. In order to attain
ambient temperature, Ta=27.9°C, HP ETC outlet temperature needs 126 minutes while

EGATC outlet temperature needs 129 minutes.

109



The thermal absorption response time between the HP ETC air heater and
EGATC is shown in Figure 4.16. This outdoor experiment was done for a duration of
30 minutes. The first 15 minutes was the charging period with an average solar
radiation of 570.9 W/m? and for another 15 minutes, the solar radiation was removed

to the null value to create the discharging period.
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Figure 4.16: Thermal absorption response time for 15 minutes between HP ETC air
heater and EGATC air heater while charging and discharging period

Since the initial outlet temperature was recorded in the evening, the ambient
humidity was low, with an intermediate solar radiation range. The intermediate solar
radiation created cumulative heat gain inside the evacuated glass and heated the
working liquid inside the heat pipe. The working liquid experienced the phase change
from liquid to superheated vapor, thus condensing to the heat pipe condenser located
on the top of the heat pipe. The heat pipe condenser produced the high temperature
(superheated temperature) and was attached to the plate as a heat transfer medium to

the outlet air.
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Therefore, HP ETC's initial outlet temperature (32.2°C) was slightly higher than
EGATC (31.4°C) in the evening. As the experiment continued, after 8 minutes, the
EGATC outlet temperature increased to 36.9 °C compared to the HP ETC, 36.7°C. At
minute 16, the discharging condition was created by covering up both solar thermal
collectors. EGATC outlet temperature remained slightly higher than HP ETC, which
were 42.3°C and 39.9°C, respectively. The polar continued until the end of the
experiment at minute 30. The outlet temperatures for both EGATC and HP ETC were
41.1°C and 37.2°C, respectively.

4.9.1 Performance and Efficiency

For assumption, the system in this study was considered a closed system and did not
involve any velocity and elevation change. Hence, the heat transfer rate of the collector
was expressed by Ahmad Fudholi et al. (2015) and Duffie & Beckman (2013):

QCollector = pAVCp(air) (To —Ty) (4.3)

Equation 4.3 was used to convert energy from solar radiation into heat to
increase the collector's outlet temperature by referring to the inlet temperature. While
Equation 4.4 was used to calculate energy from solar radiation that was converted into
energy storage in the thermal absorber by referring to instantaneous energy
accumulation for each second. The heat transfer rate of the thermal absorber storage
was expressed by Ahmad Fudholi et al. (2015) and Duffie & Beckman (2013):

Map Cp(ab) (TZ - Tl) (4 4)
b —t

Qstore =

Hence, the efficiency of the collector and storage was expressed as:
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QCollector + QStore

Ncollector+Storage = X 100% (4.5)
GeAc

By resolving Equation 4.3 and Equation 4.1 into Equation 4.5, the efficiency

of the collector and storage was expressed as:

Map Cpapy (T2 — T1)
pAvCp(air) (To - Ti) + ( < péz i t12 : )

Ncollector+Storage = X 100%
GeAc

(4.6)

Where
p = Density of air (kg/m3)
A = Area of inlet duct (m?)
v = Velocity of air at inlet duct (m/s)
Cp(air) = Specific heat of air (kJ/kgK)
T, = Air outlet temperature (K)
T; = Air inlet temperature (K)
G, = Global solar radiation (Watt/m?)
A, = area of collector (m?)
Myp = mass of thermal absorber (kg)
Cp(ab) = Specific heat of thermal absorber (kJ/kgK)
T, = Temperature of thermal absorber after heat gain (K)
T, = Temperature of thermal absorber before heat gain (K)
ty = Time after heat gain (s)
ty = Time before heat gain (s)

As for reference, the total maximum heat storage capability obtained from
Equation 4.4 for EGATC was 38.22 kJ at solar radiation 1025.9 W/m?. This outdoor

experiment was done under real exposure to solar radiation with constant airflow from
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09.30 a.m. to 5.30 p.m. Based on the efficiency evaluation analysis, EGATC is capable
of storing larger heat compared to HP ETC, as shown in Table 4.11. The data for the
analysis was obtained from the outdoor experiment on outlet temperature differences
between the HP ETC air heater and the EGATC air heater. The total daily collected
energy from global solar radiation (G;) by the solar thermal collector, partially was
converted into heat, which increases the outlet temperature, and at the same time, it was

used as heat storage by the thermal absorber.

Table 4.11: The efficiency analysis obtained from the outdoor experiment

DAY 1 DAY 2 DAY3
G, hour/day G, hour/day G, hour/day
=2.39 hour =2.98 hour =1.39 hour
(+0.002) (x0.002) (x0.002)
Avarage Airflow, Avarage Airflow, Avarage Airflow,
V =0.67 m/s V =0.67 m/s V =0.67 m/s
(+0.002) (x0.002) (x0.002)
EGATC HPETC EGATC HPETC EGATC HPETC
E (G,A,.) (kJ) (+0.002) 247.59 247.59 308.81 308.81 143.86 143.86
E (Qcottector) (KJ) (+0.002) 130.76 104.52 148.84 124.06 70.03 57.93
Efficiency (Collector) (%)(+0.02) 52.8 42.2 48.2 40.2 48.7 40.3
Qstore (Daily) (kJ) (£0.002) 2.06 1.29 7.35 4.39 1.60 1.13
Efficiency (Collector + Storage) (%)(+0.02) 53.6 42.7 50.6 41.6 49.8 41.1

As Day 1 with global solar radiation, G; hour per day was 2.39 hours with
average airflow, V was 0.67 m/s, and total daily collected energy from global solar
radiation (G,) for an area of the collector (4.) = 0.0288m?, E(G.A,) were 247.59 k] for
both EGATC and HP ETC collectors. Total daily energy gain produced by solar
thermal collector E (Qcorector) for EGATC were 130.76 kJ and 104.52 kJ for HP ETC.
By implementing Equation 4.5, the collector efficiency was 52.8% and 42.2% for
EGATC and HP ETC, respectively. In addition, daily energy stored by the thermal
absorber, Qgtpe by EGATC was 2.06 kJ whilst by HP ETC was 1.29 kJ. From
Equation 4.6, the collector's efficiency with storage ability was 53.6% and 42.7% for
both EGATC and HP ETC, respectively.
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On Day 2, the global solar radiation, G, hour per day was 2.98 hours, and the
average air flow, V, was 0.67 m/s. For both EGATC and HP ETC, total daily collected
energy from global solar radiation, E(G;A.) was 308.81 kJ. Total daily energy gain
produced by solar thermal collector E (Qcoector) for EGATC were 148.84 kJ and
124.06 kJ for HP ETC. The collector's efficiency obtained for EGATC, and HP ETC
was 48.2% and 40.2%, respectively. The daily stored energy by the thermal absorber,
Qstore Dy EGATC was 7.35 kJ; on the other hand, by HP ETC was 4.39 kJ. For both
EGATC and HP ETC, the efficiency of the collector with storage ability obtained was
50.6% and 41.6%, respectively.

As of Day 3, the total daily collected energy from global solar radiation,
E(G:A.) was 143.86 kJ for both EGATC and HP ETC collectors with global solar
radiation, G; hour per day was 1.39 hours, and the average airflow, V was 0.67 m/s.
Total daily energy gain produced by solar thermal collector E (Qcouector) fOr EGATC
were 70.03 kJ and 57.93 kJ for HP ETC. The obtained efficiency of the solar collector
was 48.7% for EGATC and 40.3% for HP ETC. The daily stored energy by the thermal
absorber, Q¢:ore by EGATC and HP ETC were 1.60 kJ and 1.123 kJ, respectively. The
collector's efficiency with storage ability for both EGATC and HP ETC were 49.8%
and 41.1%, respectively.

410 MATHEMATICAL MODEL VALIDATION WITH EXPERIMENTAL
VALUE

The results of the energy conservation equation (3.6-3.13) obtained from Microsoft
Excel® software are stated in Table 4.12. The total difference in the percentage of

4.7% shows the model at each node was valid.
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Table 4.12: The results of energy conservation equation

Node Sum of energy (Watt) Different  Percentage
In Out (Watt) (%)
Evacuated glass 590.69 564.23 26.46 4.5
Outer absorber 7009.19 7482.92 473.73 6.3
Inner absorber 2043.80 2073.98 30.18 1.5
Working fluid 0.0775 0.0799 0.0024 3.0
Total 9641.75 10121.20 479.45 4.7

From Figure 4.17, it can be visibly seen that the efficiency of the collector
increases with temperature differences (Tou-Tin) along the experiment for those
mathematical modeling and experimental model. The efficiencies of all types increased
during the charging period with the same experimental arrangement, i.e., 1mm
thickness of non-coated absorber, solar radiation = 700 W/m?, wind speed = 0.9 m/s @
4.6v for both 0 Fin EGATC and 3 Fins EGATC. The results obtained show that the
collector and storage efficiency for 0 Fin EGATC and 3 Fins EGATC was 71.2% and
71.0%, respectively.

It can be clearly seen that the efficiency was dependent on the number of fins.
The more fins affect the lower the collector and storage efficiency. The findings were
similar to Razak et al. (2016). They proposed that longitudinal fins attached inside the
respective double pass solar air collector design as the performance lowering factor, as

higher heat loss has occurred at the fins.
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Efficiency vs Tout-Tin obtained from Mathematical
Modeling and Experimental Model
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Figure 4.17: Efficiency vs Tout-Tin graph obtained from Mathematical Modeling and
Experimental Model

On the other hand, Table 4.13 shows the results obtained to validate the
mathematical modeling with the experimental model. The collector efficiency for both
mathematical modeling and experimental model were 30.5% and 33.1%, respectively.
However, the collector with storage efficiency was 68.7% and 71.2% for those
mathematical modeling and experimental model. Despite the fact that the error of
collector efficiency and collector with storage efficiency between those mathematical
modeling and EGATC experimental model were 7.9% and 3.5%, respectively. It was

found that both theoretical and experimental results were in good agreement.

116



Table 4.13: The results obtained from algorithm through Microsoft Excel®

software
Description EGATC EGATC EGATCWITH 3
(MATHEMATICAL (EXPERIMENTAL) FINS
MODELING) (EXPERIMENTAL)
Experiment Heat Transfer Experiment No. 11 at  Experiment No. 15 at
details Experiment at 12/11/2020; 13:55 16/11/2020 (Imm NC

01/04/2020; 10:12 (Imm NC absorber, 0 absorber, 3 Fin
(Imm NC absorber, 0  Fin EGATC, Sg =700 EGATC, SR =700
Fin EGATC, Sk =700 W/m? Wind Speed =  W/m?, Wind Speed =
W/m?, Wind Speed = 0.9 m/s @ 4.6v) 0.9 m/s @ 4.6v)

0.9 m/s @ 4.6v)

Gt hour/day 0.33 0.32 0.33
E(GA:) (kJ) 33882.62 33262.27 34536.96
E (Qcollector) 10337.88 11006.94 11416.19
(kJ)

Efficiency 30.5 33.1 331
(Collector)

(%)

Q store 12942.97 12671.36 13099.66
(Daily) (kJ)

Efficiency 68.7 71.2 71.0
(Collector +

storage) (%)

4.11 TECHNOECONOMICS EVALUATION OF EVACUATED GLASS-
THERMAL ABSORBER TUBE COLLECTOR (EGATC)

In economics evaluation, the design itself was the main factor affecting the cost. This
is because introducing new inventions was difficult in this area of study due to the cost
constraint among the particular part. Introducing new technology in solar thermal
collectors needs to deal with economic evaluations as it presents advantages. In
addition, the economic feasibility will determine whether the product will be successful

in the marketplace.

However, it is worth considering that what the market considers economically

unprofitable today may improve after a few years. These considerations form the basis
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of research work in the past decade, which could have a positive impact on the
development of flat thermal collectors and could become sophisticated in the coming
years (Colangelo et al., 2016). Thermal collectors usually indicate more than half of
the total cost in solar thermal application systems (A. Fudholi et al., 2011). Therefore,
it is important to have collectors with good efficiency as well as cost-effective for long
-term application. The economic evaluation for this work focused on the solar
collectors and thermal absorbers only, as the other components used in the experiments

were for experimental purposes.

4.11.1 EGATC Cost Projection

The cost of thermal absorber material for one set of EGATC was RM 57.50, and if the
evacuated glass was included, the total cost would amount to RM 110.95. The labour
cost varies depending on the complexity of the thermal absorber design and the types
of materials used. Klein et al. (1976) introduced the concept of solar savings. The
difference between the conventional system and solar system utilized cost can be

summarized as:

Solar savings = costs of conventional energy — costs of solar energy

4.7)

In terms of cost comparison between HP ETC and EGATC for air heating
applications, estimated savings that can be realized from using the solar thermal
collector starting from the first-year operation was estimated at RM 0.51. That was
equivalent to approximately 99.97 % savings than the cost of using HP ETC, which
was significant in long term operation. The cost was calculated with the assumption
that the cost for a total of 8 hours of effective operation every day was calculated with
the low voltage industrial electrical tariff at RM0.38/kWh (TNB, 2020). Low energy

saving obtained from the solar system was contributed by the low electrical
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consumption, low maintenance cost, and minimal initial cost, which can be seen from

the projected cost in Table 4.14.

Table 4.14: Cost projection of HP ETC and EGATC for air heating application at
the first year of installation and cost-saving by solar energy

Description HP ETC EGATC
Power consumption, W 9.57 9.57
Operating hours, h 8 8
Hourly power consumption, KWh 76.56 76.56
Electricity price, RM/kWh 0.38 0.38
Cost for 1 day, RM 0.029 0.029
Cost for 1 year, RM 10.62 10.62
Maintenance cost per year, 50 50
RM/year

Initial cost, RM 121.46 120.95
Total cost (first-year), RM 182.08 181.57
Cost savings, RM 0.51

Saving rate, % 99.71

The initial investment for a solar-operated system that an evacuated glass was
needed for procuring the collector was estimated at approximately RM53.45 for 0.5m
x 0.058m collector top surface area. This includes the collector’s fabrication work,
delivery cost, and workmanship. The HP ETC produces dry air solely using an
aluminium plate as a heat exchanger system; thus, this contributes to the high cost of
total operating cost. Using heat exchanger systems also leads to higher maintenance
costs, as each model has their specially designed system. The maintenance of the
EGATC is minimal, where the maintenance works involved were cleaning the collector
cover from dust and foreign particles and direct current fan replacements. A cost
comparison in terms of thermal absorber cost was made between different types of
thermal absorbers, namely EGATC and HP ETC. The price fractions for each thermal
absorber are outlined in Table 4.15, where the cost estimated was from material
procurement and fabrication cost. The cheapest thermal absorber cost was EGATC,
which cost RM 120.95, while HP ETC was RM 121.46. The price difference was

prominent depending on the amount of material used for the thermal absorber and
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difficulties in the fabrication process which explains why HP ETC was more costly
than EGATC.

Table 4.15: Cost comparison for both thermal absorber, EGATC and HP ETC

Thermal absorber

Components EGATC HP ETC
1 Raw material Evacuated Evacuated
glass, SS glass,
pipe, PVC  Copper heat
saddle pipe,
Aluminium
sheet
2 Evacuated glass top surface area 0.5m x 0.058m
dimension
3 Surface area (m?) 0.029m?
4 Power produce by evacuated glass 9.57 watt
5 Evacuated glass, @ =58mm, RM 53.45
L=500mm
6 Outer absorber (SS 304), @ =38.5mm, RM 20.00 NA
t=1.0mm, L=550mm
7 Inner absorber (SS 304), @ =12.7mm, RM 10.00 NA
t=1.0mm, L=615mm
8 PVC Saddle RM 1.50 NA
9 D.C Ventilation Fan RM3.00 NA
10 Insulation RM1.00 NA
11 SS 304 Square Hollow, L = 50.8mm, RM12.00 NA
W =50.8mm, H = 63.5mm, t = 1mm
12 SS 304 Plate, L = 60mm, W = 60mm, RM6.00 NA
t=1mm
13 Monocrystalline Solar Panel, 10 watts, RM4.00 NA
12-volt
14  Copper heat pipe NA RM 12.63
15 Cap to fix heat pipe NA RM 1.82
16 Aluminium sheet absorber NA RM 7.17
17 Plastic tube holder NA RM 3.39
18 Aluminium Plate, NA RM13.00
19 Workmanship RM 10.00 RM 30.00
Total RM120.95 RM 121.46
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In terms of workmanship cost, EGATC was the cheapest due to its simple
design that requires less material. Both EGATC and HP ETC indicate the same

collector surface area (evacuated glass). The value is determined as follows:

The standard measurement for solar panel performance and efficiency refers to 1000

watt/m? solar radiation.
1m?2 = 1000W

The evacuated glass top surface area (flat perpendicular to solar radiation) was

determined in Figure 5.18.

st mmI )

500 mm
Figure 4.18: Evacuated glass measurement

A=PXL (4.8)
= 0.5m x 0.058m
= 0.029 m?

Therefore, the power produced by the evacuated glass,

1000w

0.029m? = Tz x 0.029m?

= 20W
The efficiency of EGATC was 51%, thus the power produced by the evacuated glass.

= 29W X 51%
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= 14.79W
Hourly power consumption of 8 hours a day for a year,

= 14.79W X 8 hours

Wh
= 118.32—
day

kWh
=0.11832 ——
day

kWh
= 0.11832—— x 365 day
day

=43.19 kWh

Multiply by the electrical tariff for low voltage industrial by Tenaga Nasional Berhad
(TNB), cost for 1 day;

kWh
= 0.11832—— X RM0.38 kWh
day

= RM0.045/ day

Cost for 1 year;
= 43.19 kWh x RM0.38 kWh
= RM16.41/ year

4.11.2 EGATC Cost Effectiveness

The costs involved in the fabrication of the EGATC are based on the cost of the thermal
absorber materials and workmanship. Table 4.15 shows the thermal absorber costs for
both EGATC and HP ETC. The cost of EGATC is less cheap as it does not involve any

complicated design like a heat exchanger plate. Meanwhile, the total materials cost
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incurred without workmanship for the fabrication of the EGATC prototype is listed in
Appendix I11: Table A3-3.

The numerical cost-effectiveness calculations were implemented with the value
for global solar radiation of 700 W/m? and average ambient temperature at 28 °C. The
solar thermal collector's effective operational time for a year was estimated at 300 days
and 8 hours per day. The EGATC cost includes the cost of evacuated glass (RM53.45),
the cost of thermal absorber materials (RM49.50), the cost of the ventilated chamber
(RM15.00), the cost of insulation material (RM1.00), the cost of the solar panel
(RM4.00), cost of electricity (RM 0.38 / kwWh), cost of fabrication (RM10.00) and cost
of maintenance was assumed at 40% of the initial cost. The interest rate was assumed
at 10 % per year, and the collector’s life duration was estimated at up to 10 years. Table

4.16 show the details of the cost-effectiveness parameters.

Table 4.16: Cost-effectiveness parameters for EGATC

Parameters Value
1 Annual average radiation intensity 700 W/m?
2 Operational time Top = 300 days/ year, 8
hours/ day
3 Cost of evacuated glass RM 53.45
4 Cost of thermal absorber materials RM 49.50
5 Cost of ventilated chamber RM15.00
6 Cost of insulation materials RM1.00
7 Cost of solar Panel RM4.00
8 Cost of electricity RMO0.38/ kWh
9 Cost of workmanship RM10.00
10 Cost of maintenance 40% ClI
11 Interest rate (i) 10%
12 Collector life time (n) 10 years
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4.12 DISCUSSION

The investigation on thermal energy storage proved better thermal performance

enhancement of EGATC for solar air heating applications by integrating several

parameters. The analysis was carried out through an indoor experiment under artificial

solar radiation. Based on the parameter experiment results and analysis, several

discussions are presented, as follows:

Air velocity 0.9 m/s was identified as the ideal parameter since the wind
speed was inversely proportional with the energy store, Q store, in the
meantime, it gained the highest outlet temperature at minutes 30. Solar
intensity, the temperature of the working fluid, collector inclination, and
tube aspect ratio affects the working fluid's natural circulation rate (Indra
Budihardjo et al., 2007). A lower mass flow rate results in a high outlet
temperature of the air (Vengadesan & Senthil, 2020). This is due to the
lower mass flow rate, with the higher residential time of the flowing air
around the surface of the thermal absorber increasing the heat transfer
amount between them (Tyagi, Pandey, et al., 2012). On the other hand, at a
higher mass flow rate, due to shorter residential time, a small amount of heat
transfer between the flowing air and the thermal absorber led to a prolonged
cooling time of the absorber, simultaneously increasing the thermal inertia
of the thermal absorber.

Zero (0) perforated fin was determined as the ideal parameter based on the
better energy store, Q store Value compared with seven (7) perforated fins.
Seven (7) perforated fins produced turbulence air flow building up the outlet
temperature (Raam Dheep & Sreekumar, 2020) at minute 30 but lowering
the energy store, Q store Value. Razak et al. (2016) proposed that longitudinal
fins attached inside the respective double pass solar air collector design as
the performance lowering factor, as higher heat loss has occurred at the fins.
On the other side, zero (0) perforated fin with laminar air flow produced a

slightly lower outlet temperature at minute 30 but gained a better energy
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ii)

store, Q stwre Value. The less differences in outlet temperature (0.3°C)
showed no significant difference in the number of fins toward the shortened
evacuated tube collector (ETC) design and in cases where the fins were
placed inside an enclosed chamber with airflow.

Non-coating outer absorber was recognized as the ideal parameter due to
the better energy store, Q store Value, and energy buffer compared with the
Outer absorber's selective coating surface. The evacuated tube inner glass
was coated by a one-sided refraction/reflection characteristic coating (thin
film- selective surface coated material), allowing heat transfer via radiation
and convection to the gap between the inner glass tube and the non-coating
outer absorber. The reflection of the surface by a material of non-coating
outer absorber itself, i.e., standard stainless steel finish, increases the
reflection rate toward the inner glass of the evacuated tube hence increasing
the energy store, Q store Value, and energy buffer value (Arvind Kumar et al.,
2020).

1mm outer absorber wall thickness was acknowledged as the ideal
parameter on a high-temperature outlet compared to a 2mm outer absorber
with a high energy store, Q stre, and energy buffer obtained. A thicker
thermal absorber increases the mass, thus gaining high heat energy storage
and energy buffer applications (X. Yang et al., 2020) but lowering the outlet

temperature.

As per reporting of the evacuated tube parameter, it was discussed:

i)

Double layer vacuum glass tube was promising as the best parameter
compared with Double layer non-vacuum glass tube, Single layer
transparent glass tube, and Single layer tin film glass tube showed better
outlet temperature at minutes 30 and energy store, Q store. It Was aligned
with the theory that the vacuum pocket of evacuated glass eliminated the
heat loss through convection and conduction between the absorber and
ambiance; therefore, the collectors can operate at higher temperatures
(Duffie & Beckman, 2013).
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The evacuated tube reacted much slower than the flat plate collector due to
changes in intermittent solar radiation (Arvind Kumar et al., 2020). When
the solar radiation value changed, the difference in response time was much

smaller, affecting the thermal buffer and the outlet temperature.

The double pass flow experiment was conducted similarly with parameter

experiment arrangement, device, and apparatus setup. Based on the experiment results,

below are the discussions presented:

i)

Zero (0) perforated fin with stainless-steel inner absorber EGATC showed
better outlet temperature results than zero (0) fin with insulation material
inner absorber. This stainless-steel inner absorber EGATC consists of
conductive inner absorber material, which affected the mass of the total
absorber and was set as a double pass arrangement. These were the main
factors that initiated the initial heat convection inside the inner absorber
before the airflow moved towards the outer absorber. According to
Vengadesan & Senthil (2020), the metal matrix and packed bed porous
thermal absorbers were recognized as an effective way to increase the air
temperature distribution. It also acts as heat storage material as it stores
maximum heat from the thermal absorber, and it can be efficiently
transferred to the air due to the increased contact area between air and
thermal absorber.

The double pass airflow moved toward the outer absorber producing
cumulative heat gained inside the outer absorber, thus doubling up the
temperature at the outlet. At higher temperatures, the mass flow rate will be
higher due to the higher density gradient (Ling et al., 2015). The types,
mass, and arrangement of the conductive inner absorber material show that
the double pass arrangement inside EGATC was significant. Vengadesan &
Senthil (2020) concluded that implementing obstacles on the thermal
absorber was the main factor in evolving the airflow path to increase the

heat transfer area and time. An obstruction such as a perforated fin was
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preferred over the plain as the airflow velocity increased over the holes.
Hence, the secondary flow moved towards the main flow for complete fluid

mixing.

Based on preliminary and performance experiments, the design proved to have

better results compared to HP ETC on the outlet temperature and energy buffer storage.

Both experiments were conducted as outdoor experiments by recording solar charging

and discharging heat rates between EGATC and HP ETC as well as responding to

weather changes such as diffused solar radiation during cloudy conditions. Based on

both experimental works, the discussions are presented as follows:

i)

EGATC had better performance in terms of air inlet and outlet temperature
differences with high outlet temperature compared to HP ETC. The three
(3) days of outdoor experimental results showed EGATC (Day 1: 50.9 °C,
Day 2: 53.9 °C, Day 3: 49.2 °C) performed better with slightly higher
temperatures at outlet temperature compared with HP ETC (Day 1: 46.7 °C,
Day 2: 50.3°C, Day 3: 46.9 °C). The outlet temperature results differed for
each day between EGATC, and HP ETC was 4.2 °C, 3.6 °C, and 2.3 °C,
respectively, with an average of 3.4 °C.

EGATC had greater efficiency with better solar heat absorption to energy
conversion response time and better thermal absorber heat storage,
providing a consistent heat discharge rate compared to HP ETC. Based on
the obtained results, EGATC (Day 1: 53.6%, Day 2: 50.6%, Day 3: 49.8%)
had greater efficiency as compared to HP ETC (Day 1: 42.7%, Day 2:
41.6%, Day 3: 41.1%). The results of the efficiency difference for each day
between EGATC and HP ETC were 10.9%, 9.0%, and 8.7%, respectively,
with an average of 9.5%. Regarding energy buffer storage, EGATC had
better energy storage compared to HP ETC at sudden weather changes such
as cloudy. The outlet temperature of EGATC (42.3 °C) remained slightly
higher compared to HP ETC (39.9 °C) at the beginning. The outlet
temperature gradually dropped slower during discharging period until the

end of the experiment afterl5 minutes, the outlet temperature was 41.1°C

127



and 37.2°C for both EGATC and HP ETC with temperature differences of
1.2°C and 2.7°C, respectively. EGATC demonstrated more design
flexibility in terms of thickness and selected material of the thermal
absorber. A thicker thermal absorber with high heat capacity material can
be selected for higher heat energy storage applications.

1)) EGATC was designed to meet the requirement of Good Manufacturing
Practice (GMP) for drying food, whereby a selective surface could be
coated outside on a thermal absorber to avoid direct contact with drying
material.

1v) The experiment was set up as a solar thermal collector in a flat orientation.
The installation of EGATC does not require tilt angle and positioning of the
northern and southern hemispheres compared to conventional HP ETC.

V) For air heating applications, EGATC provided directed heat conversion
compared to HP ETC, which was the system that needed working liquid to
be assembled with a water tank as an energy storage medium integrated with
a heat exchanger to operate.

vi) EGATC had a broad surface area contact between the thermal absorber and
air, which was the entire thermal absorber that could convert the heat
directly, as compared to HP ETC, which relied on a heat pipe condenser
with a small surface area. Heat transfer contact area and time duration were
the significant factors in developing a higher temperature difference
between the inlet and outlet (Vengadesan & Senthil, 2020).

4.13 CHAPTER SUMMARY

With the theoretical, experimental result and analysis support, it can be summarized
that EGATC had greater efficiency in terms of heat storage capability, discharge rate,
and thermal absorption response time as compared to HP ETC. Both HP ETC and
EGATC use evacuated glass comprising outer glass and inner glass tubes. The outer
glass tube (anti-reflection layer) with a vacuum pocket created the greenhouse effect,

while the inner glass tube acted as a heat absorption material. The outer layer of the
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inner glass tube (absorptance layer) was coated by the thin film-selective surface
coating in order to absorb the heat from the vacuum pocket to the thermal absorber
inside. The heat at the thermal absorber was then reflected by the inner layer of the
inner glass tube (infrared-reflection layer), trapping and accumulating the heat inside.
The heat is then transferred to the heat storage material, either aluminum fin for HP
ETC or a thermal absorber for EGATC. The thermal absorber of EGATC also may act

as a heat exchanger to transfer heat through convection towards the air.

EGATC can be introduced as the new design of solar thermal collectors to
strengthen the conventional HP ETC. EGATC was positioned under the ETC section,
which is in the same group as HP ETC, Direct-Flow ETC, and ETSC. EGATC was
designed purposely for air heating applications while others, especially Direct-Flow
ETC, were focusing on water heating, and HP ETC was targeting both water heating
and air heating with the use of a heat exchanger. Figure 4.19 shows the types of ETC

and the location where EGATC is categorized.

Evacuated Tube Collector (ETC)

N B o i

Heat Pipe Evacuated Direct-flow Evacuated | | Evacuated Glass Evacuated Tube
Tube Collector Tube Collector Thermal Absorber Tube | Solar Cooker
(HP ETC) (Direct-flow ETC) i Collector (EGATC) (ETSC)
(Water Heating) (Air Heating)
¥ Y
Water Heating Air Heating
(Storage Tank) (Heat Exchanger)

Figure 4.19: Types of Evacuated Tube Collector (ETC). Blue dotted box shows
where EGATC was put in place
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSION

The existing design of the Heat-Pipe Evacuated Tube Collector (HP ETC) for water
heating requires a storage tank, while an additional heat exchanger is required for air
heating application which leads to extra spacing and cost. HP ETC also needs to be a
tilt at the correct angle to optimize the system performance. Furthermore, the
installation also needs to be positioned facing either south or north to ensure maximum
energy absorption. These could lead to design limitations. The aim of this research was
to design, develop and investigate the thermal performance of an Evacuated Glass-
Thermal Absorber Tube Collector (EGATC) for air heating applications to overcome
diffused radiation conditions. From this research, the following conclusions can be

made:

I. The evacuated glass-thermal absorber tube collector (EGATC) was
successfully designed and developed based on the processes involved, starting
from the preliminary experiment, parameter experiment, and performance
experiment. EGATC was developed from a conventional Evacuated Tube
Collector (ETC), and the comparative results between HP ETC performance
were evaluated. The three days of outdoor experiment results showed daily
outlet temperature increased by 9.0%, 7.2%, and 4.9%, respectively, with an
average of 7.0%. It was proven that EGATC had better performance in terms
of the temperature difference and outlet temperature as compared to HP ETC.
Meanwhile, the average efficiency for EGATC was 51.3% compared with HP
ETC at 41.8%. In addition, the proper design of the EGATC inner absorber

through the dryer chamber created a ventilated double pass flow, resulting in a
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high cumulative outlet temperature. In order to minimize the thermal losses by
convection and conduction, all the components involved were designed as a

built-in system.

The thermal absorber with double pass flow arrangement for EGATC was
effectively improved based on the data obtained from the double pass flow
experiment. The results show the outlet temperature of zero (0) perforated fin
with stainless-steel inner absorber EGATC was 47.7°C compared with zero (0)
fin with insulation material inner absorber 44.7°C after 30 minutes of charging
with a difference of 6.3%. Regarding energy store, Qs:ore , the stainless-steel
inner absorber also had an advantage with 4.46kJ compared to the insulation

material inner absorber of 4.40kJ with a 1.3% difference.

The effect of parameters such as inner absorber surface area air contact
(perforated fin), outer absorber selective coating surface, outer absorber wall
thickness, double layer non-vacuum glass tube, single layer transparent outer
glass tube, and single layer thin film inner glass tube on the performance of the
EGATC was systematically investigated by parameter experiment. It has been
conducted as per indoor setup under artificial solar radiation to measure the
outlet temperature and energy storage rates. It was proven that the temperature
outlet, energy store, and energy buffer could be enhanced with the combination
of wind speed 0.9 m/s, zero (0) perforated fin, non-coating outer absorber, and
Imm outer absorber wall thickness. It was also reported that double-layer
vacuum glass tubes promise better thermal performance enhancement
compared with double-layer non vacuum glass tubes, single-layer transparent

outer glass tubes, and single-layer thin film inner glass tubes.

The mathematical equation related to each component of EGATC was
analytically formulated based on the first law of thermodynamics. The
combination of the developed equation forms a solar thermal collector model

for the system. The total difference in the percentage of 4.7% shows the model
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at each node was valid. The performance curves of the Evacuated Glass-
Thermal Absorber Tube Collector (EGATC) for those 0 fins (mathematical
modeling), 0 fin (experimental), and 3 fins (experimental) were obtained. The
results show that the efficiency (collector + storage) is affected by the number
of fins. The efficiency (collector + storage) was 68.7%, 71.2%, and 71.0%,

respectively.

Hence, EGATC was designed purposely for air-heating applications used for drying
in the food industry, while HP ETC was designed for more effective water-heating

applications.

5.2 RECOMMENDATIONS

There are several more ideas that can be incorporated into this research and can be
used in future work. The following are the future recommendations for this project:

1. The EGATC could be studied on the series and parallel design arrangement.
The outer absorber could be designed in parallel, while the inner absorber could be

designed in a series arrangement, resulting in series-parallel air flow.

2. The design of the EGATC system could be considered without a ventilation fan.
The orientation must be in a slanting position to create natural convection. Thus, the

performance could lead to an increase in thermal energy storage.

3. The thermal absorber, i.e., outer absorber and inner absorber, could be replaced
with other related materials such as aluminium, copper, glass, or any combination of
those materials such as aluminium and stainless-steel. Besides increasing performance

and efficiency, indirectly will improve on its weight.
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4. The outer absorber wall thickness design could be attached with fins to enhance
the area of heat absorption.

5. The inner surface of the inner glass tube could be coated with selective surface
coating. The coating may increase the performance of the absorption characteristic at
the inner glass tube and simultaneously increase the internal thermal absorption of the

thermal absorber.

6. Heat losses due to the dryer chamber top, bottom, and sidewall should be the
main consideration while fabricating EGATC. The insulation should be properly

designed with several layers to minimize heat losses.

7. The results obtained from the analysis also can be further verified by using
statistical tools to help verify the data. Statistical analysis such as variance-one way
(ANOVA) can be conducted to confirm that the data obtained was stable and the

differences were not significant as far as the statistical method is concerned.

8. Although EGATC was designed purposely for air heating applications, the

design also can be considered for solar cooker applications.
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{Nor Hashila binti Mohamad Hassim)
for Registrar of Patents
- hashila@@myipo. gov.avy
= 032290 8210
To - ZAFRI AZRAN ABDUL MAJID
REDTEC ENTERPRISE, PERAMU BARU, LOT 352
26060 KUANTAN PAHMNG
MALAYSIA

{Agerai di bawah Kementeran Perdagangan Dalam Negen Dan Hal Ehwal Pengguna)

$77 30

AR R Y A

Figure A2-3: Official letter of Preliminary Examination-Clear Formalities Report
for MylIPO Industrial Design Certification
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INVOIS CUKAI DIPERMUDAHKAN
PERBADANAN HARTA INTELEK MALAYSIA

Unit 1-7 Aras Bawah Tower 8

Menara UOA Bangss
No 5 Jalan Bangsar Utama 1,
59000, Kuala Lumpur, Malaysia.
Tei: 603.2299 8400 Faks: 603.2289 8383
GST NO: 000263019648 RESIT RASMI
Ditarima Daripaca | Busiran Resit Razmi N
ZAFRI AZRAN BIN ABDUL MAJID Nombor Resit RST/PHG-C01283-2020
RADTEC ENTERPRISE, PERAMU BARU LOT 352, 26060 KUANTAN, 1501 -a8:A7
PA R, Tarikh S/12/2020 08:48:
Jumiah 4,100.00
[MM [Buﬂun Bayaran J
Pusal Bayaran © PAHANG- Cara Bayaran No Doc Tarikh Doc Amsun (RM)
No. invois : - KAD DEBIT 001081000706 15122020 1,100.00
Catatan
Kelerangsn No perdsfaan Kuantiti Kos Per Unk GsT Jumiah
BNE Pl 2019004063 100 1.100.00 0.00 1,100.00
Cetakan Barkomputer Titak Pertu Tondatangan NUR SAIDATUN SHEIA BINTI TALIS
"Resit ini akan batal seki Cok Sclat dapat . SALINAN PELANGGAN

Peleposan & buwas Sexsyen 56(3)(b) Akta Cekai Barangan don Perhidmatan 2014

Figure A2-4: Official receipt of PM5 Form for MyIPO Industrial Design
Certification
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PERBADANAN HARTA INTELEK MALAYSIA

INTELLECTUAL PROPERTY CORPORATION OF MALAYSIA

e R )
Unit 1-7 & Mezzanine, Aras 12-19

Tower B, Menara UOA Bargssar

Ne. 5, Jalan Bangse Ulams 1 Yel . 833 - 729 BALO
59000 XKUALA LUMPUR Fabx (P T 01 - 2290 WAk
MALAYSIA Laman Web (Wel) | waw repps gov iy
APPLICATION NO = PI2019004063
APPLICANT : 1) ZAFRI AZRAN ABDUL MAJIO
2) ZAIRUL AZRUL BIN ZAKARIA
3} MUHAMMAD AMIN BIN HARUN

4) AHMAD FARIS ISMAIL
5) SANY IZAN IHSAN
6| KAMARUZZAMAN SOPLAN

APPLICANT'S/AGENT'S REF.
DATE OF MAILING P16 AULY 2020

PRELIMINARY EXAMINATION - ADVERSE FORMALITIES REPORT
Please find attached a copy of the Preliinary examination repert under Section 28 of the Paterts
Acl, relatng %o the fallowing deliciencies ;

O ANNEX A: Deficiencies s lo Regudation & to 11,50 and 51
@ ANNEX D Delicencies as to Regulation 18

You are invited 1o correct the deficiences, Carmections should be received at the abave Office or
Branch Officas in Sabah or Sarswak within 3 manths of the above date of maiing, otherwise the

applicaton may be refused
Date ¢ 18 JuLy 2020 (NOORHISHAM BIN OTHMAN)
for Registrar of Patents
0 noorhisham@myipo.gov.my
2 03.22998812
To ;. ZAFRIAZRAN ABDUL MAND
REOTEC ENTERPRISE, PERAMU BARU, LOT 352
26050 KUANTAN
PAMANG DARIA MAKMUR
MALAYSIA

(Agans di bawah Kamaentetian Perdagangan Dalam Negeri don Hal Ehwal Pengguna)

s 4L

e e

Figure A2-5: Official letter of Preliminary Examination-Adverse Formalities
Report for MyIPO Industrial Design Certification
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APPENDIX I

ADDITIONAL DATA

Table A3-1: Mass of each thermal absorber components

involved in parameter experimental

Type Mass (kg)
Heat pipe 0.053
Heat pipe with aluminium fin 0.111
Outer absorber (Imm wall thickness) 0.490
Outer absorber (2mm wall thickness) 0.932
Inner absorber (0 fin) 0.167
Inner absorber (1 fin) 0.171
Inner absorber (3 fin) 0.182
Inner absorber (5 fin) 0.191
Inner absorber (7 fin) 0.203

Table A3-2: Total Mass of EGATC and HP ETC prototype

EGATC HP ETC
Components Mass (Kg) Mass (Kg)
Evacuated glass 0.551 0.551
Outer absorber (Stainless steel) 0.490 NA
Inner absorber (Stainless steel) 0.167 NA
Ventilated chamber 0.328 NA
PVC saddle 0.005 NA
Insulation 0.004 NA
Heat pipe (Copper) NA 0.053
Absorber (Aluminium) NA 0.058
Cap to fix heat pipe NA 0.028
Plastic tube holder NA 0.043
Plate (Aluminium) NA 0.71
TOTAL 1.545 1.443
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APPENDIX IV

TYPES OF SOLAR THERMAL COLLECTOR INVOLVED IN THE STUDY

)

Figure A4-1: Top view of Evacuated Glass- Thermal Absorber Tube Collector
(EGATC) prototype

Figure A4-2: Side view of Evacuated Glass- Thermal Absorber Tube Collector
(EGATC) prototype
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Figure A4-3: Evacuated Glass- Thermal Absorber Tube Collector (EGATC)
prototype used for air heating application

Figure A4-4: Heat Pipe Evacuated Tube Collector (HP ETC) prototype used for air
heating application
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