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Abstract

Next-generation solar collectors, more specifically evacuated tube solar collector
(ETSC) system concepts. For instance, the drop in the heat energy during the
absence of solar intensity. One of the unique technologies is utilizing an adiabatic
section within the gravity assistance heat pipe (GAHP-ETSC) system, such as a
thermal breaker within the adiabatic section of the GAHP that is significantly

various from the traditional HP-ETSC system.

Four experimental GAHP-ETSC models are two GAHP-ETSC with and without
PCM and both with thermal breaker, and the other two with and without PCM
and both without thermal breaker have been manufactured, developed, and
operated to attain the desired benefits. The four various models were studied by
dividing into two cases based on the water load amount in the storage tank. The
first and second cases are studying the influence of applying 1 Liter/Hour load
and 2 Liter/Hour load of water on the daily efficiency and performance of the

four various experimental devices, respectively.

The empirical study was completed in Al-Najaf city of Irag at outdoor conditions
for the period from September 2020 to April 2021. Where, the tilt angle (45°),
filling ratio 70% with acetone as a working fluid, and 3.6 kg of paraffin wax as a
PCM for each device of the four-apparatus. The results show that the thermal
breaker enhances the daily efficiency by extending the total operating hours of the
solar collector around (3 Hours) during the night. Also, the system with both
thermal breaker and PCM has the highest daily efficiency compared to the other
apparatuses, where it increased from 31% to 41% at 1 L/H load, and 42% to 47 %
at 2 L/H load. Moreover, the water outlet temperature (The primary output of the
GAHP-ETSC) improvement percentage between the apparatus with both thermal
breaker and PCM and the apparatus without both is 55% and 55.5% at 1 L/H and
2 L/H load, respectively.



A mathematical model of GAHP has been analyzed by solving Partial
Differential Equation (PDE) in order to get the temperature distribution profiles

of the present system by using a numerical analysis (MATLAB Software) for
future works.

By identifying and understanding the principal challenges and possibilities
provided by the technology, this thesis further contributes to defining a roadmap

of the new technology ETSC system for future research.

Vi
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NOMENCLATURE

Symbol Definition Unite
A The area of solar collector m?2
CL Specific heat coefficient J/kg.K
CL Specific heat coefficient of Liquid J/kg.K
Cs Specific heat coefficient of Solid J/kg.K
H Enthalpy kJ/kg
P Pressure N/m?
q Conduction heat transfer rate W
t Time sec
Gr Global radiation W/ m?
h Coefficient of heat transfer W/ m2. K
g Acceleration m/sec’
Vv Volume m’
I Total solar irradiance W/ m2
k Constant of thermal conductivity W/ m. K
K, Constant of thermal conductivity for solid W/ m. K
K, Constant of thermal conductivity for liquid W/m. K
K. Constant of thermal conductivity for copper W/ m. K
Rexp The overall thermal resistance °C/IW
g Average heat flux W/m?
L Collector length m
1 Distance between plate and covers m
rh The flow rate of mass kg/sec
Nu Nusselt number Dimensionless
Q Thermal energy W
Qu Total useful thermal energy w
Hy Old value of (H) at grid point J -
T Temperature °C
TH Melting point temperature °C

XV




X,Y,Z Cartesian coordinate directions -
u,v,w | Velocity component in X, y and z direction -
respectively
ijk Vector in X, y, z direction respectively -
Greek Symbols
B Coefficient of expansion K*
é Dummy variable -
L Diffusion coefficient N.s/m’
M Efficiency Dimensionless
p Density kg/ms3
Y Kinematics viscosity of air m?/sec
T Kirchhoff temperature °C
M Source term -
o Thermal diffusivity m°/sec
o Incidence angle degree
T Dynamic viscosity kg/m.s
A Latent heat kJ/kg
At Time interval sec
AT Temperature difference K
Av Volume of element m’
A X x- Direction width of the control volume m
Ay y- Direction width of the control volume m
Az z- Direction width of the control volume m
d X x-direction distance between two adjacent m
grid points
oy y-direction distance between two adjacent m
grid points
oz z-direction distance between two adjacent m
grid points

XV




Abbreviations

Symbol Description
ETSC Evacuated tube solar collector
FPSC Flat plate solar collector
GAHP Gravity Assistance Heat Pipe
FR Filling Ratio
HP Heat pipe
PCM Phase change material
PDE Partial Differential Equation
FDM Finite Difference Method
BC Boundary Conditions
Subscripts
Symbol Description
amb Ambient
air Alir
B Bottom neighbor of grid P
b Control-volume face between P and B
Cc Copper
E East neighbor of grid P
e Control-volume face between P and E
[ Initial
in Water at inlet
I Liquid of PCM
m Mushy zone, Melting
N North neighbor of grid P
n Control-volume face between P and N
out Water at outlet
P Grid point
S South neighbor of grid P
s Control-volume face between P and S, solid of PCM,
start (initial)
solar Solar energy
T Top neighbor of grid P

Control-volume face between Pand T

XVI




W West neighbor of grid P
Y, Vapor
w Control-volume face between P and W, water
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Introduction



1. Introduction

1.1. Renewable Solar Energy

Recently, Renewable energy spreads and develops so fast around the world. Stable,
clean, and sustainable energy are considered the fundamentals of Renewable energy that
can be provided by this type. In recent times, the global depends on fossil fuel as the
main source to produce energy which represents a big concern and fears of depleting
these resources in the future especially with the tremendous need for energy due to the
population growth rate around the world [1]. Renewable energy has many different
source types such as solar energy, wind power, hydropower, geothermal energy, etc.
with very low pollution and emissions rate compared to the fossil fuels energy which is

one of the major factors of Global Warming (friendly to the environment) [2].

The solar energy is deemed the main type of renewable energy that is used widely to
provide heat energy and produce electrical power. The agency of the international
energy (IEA) states that renewable sources especially solar energy in 2050 will produce
less than 46% of the global energy demand (generate heat and supply clean electricity
power) [1]. Furthermore, Renewable energy power plants contributed to produce 28% (
Heat energy and electrical power) of the total power plants around the world, while the
remaining energy which is 72% produced by the other power plant stations that depend

on the fossil fuels [3].

Solar energy is utilized by photovoltaics (PV system), solar heating and cooling, solar
chemical fuel (sunlight artificial photosynthesis), solar thermal energy system, etc. The
solar photovoltaic PV system is supply energy to the world by almost around 401,000
MW at the end of 2017 [4]. In other words, this power capacity represented 2.1% of the
consumed energy (electrical power consumption) by the worldwide. In 2017, solar
energy was raised and developed faster in the continent of Asia especially China where
solar energy produced more around 51% of the total world solar energy production [4].
Also, at the end of 2016, in India, the production of solar energy is around 86300 MW
[5]. However, the European Union was contributed by 28%, the north and south of
America represented 19%, and the Middle East provided 2% of the total worldwide solar



energy production in 2017. In 2018, the continent of Asia produced solar energy which
is around 75% of the total worldwide production, and the remaining energy represented
by the rest of the world. Solar energy is continued to increase during the time to be

approximately 635 GW and 760 GW in 2019 and 2020 respectively as shown in Figure
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Figure (1-1): Global Renewable Solar Energy Growth [7]

1.2. Project Overview and Scope

One of the Renewable solar energy kinds is solar thermal energy (solar thermal energy
takes advantage of solar energy) that used to integrate latent heat energy storage. The
most common applications of solar thermal energy are thermal energy storage and solar
collector. The researchers are working hard to improve the performance of the solar
collector to absorbing heat as much as is achievable and to increase the density of the
thermal energy storage and the heat transfer rate with less expensive and smaller size

components. The researchers have achieved that target by using an evacuated tube and



phase change materials (PCM) which are integrated with the solar collector and thermal
storage components depending on the temperature [8].

1.2.1. Evacuated Tube Solar Collector

Solar thermal energy specifically (Domestic Solar Water Heating (DSWH)) is one of the
most common techniques of harvesting solar energy [9]. Thermal energy storage and
solar collector are the important components of Solar Water Heater. A solar collector
can be considered a heat exchanger which is used to convert sun energy (Solar
Radiation) into heat energy, and this heat energy stores in the thermal energy storage
components. There are two types of solar collectors: the Evacuated Tube Solar Collector
(ETSC) and Flat Plate Solar Collector (FPSC). The evacuated tube ETSC is supplying
the thermal solar energy tanks fluid with higher temperature and lower heat energy loss
compared to the flat plate (FPSC) due to the vacuum insulation between the glass tubes.
Also, the ETSC can be used in different weather conditions such as clear, cloudy, windy,
hot, and cold weather, it's working in weather with high, medium, and low temperature,
so it’s more efficient than the FPSC. In addition, the ETSC's shape helps to be less
sensitive to the sun angle and direction compared to FPSC, ETSC doesn’t need to solar
radiation tracker. However, ETSC is a little bit expensive, the design is more complex,
and the expectation of life cycle is shorter, and it has a normal performance around the
year compared to the flat plat (FPSC) [10].

Evacuated Tube Solar Collector (ETSC) has various evacuated tube construction
designs, the principal differences are the absorber's shapes and manufacturing materials
as shown in Figure (1-2). The two ETSC major types are cylindrical absorber shape and
tubes with an all-glass material, and an absorber with a copper material and fin shape,
and tubes with glass-metal materials as shown in Figure (1-2) a and b, respectively.
Different types of heat exchangers may be used in evacuated tubes. For instance,
evacuated tube heat pipes exchanger, evacuated tube double pipes heat exchanger
(evacuated tube direct flow heat exchanger), and evacuated tube U-tubes heat exchanger
as shown in Figure (1-2)c, d, and e, respectively. In Figure (1-2) a, the cylindrical

absorber evacuated tube has a selective coating surface such as (Al-N/Al or AIN/AIN-



reflection with vacuum insulation space around it [11]. The purpose of fabricating a

vacuum area around the absorber to reduce the convection and conduction heat transfer
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Figure (1-2): Evacuated Tubes Categorization [11]: (a) cylindrical absorber, (b)

copper fin absorber, (c) heat pipe exchanger, (d) direct flow heat exchanger, (e) u-tube
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There are many different types of Evacuated Tube solar collectors (ETSC) designs.

ETSC can be classified into two main types (Evacuated Tube solar collectors with Heat

Pipes and without Heat Pipes). Also, these two main types may further classify into

various types as illustrated in Chart (1-1) [11].
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Chart (1-1): ETSC Classification [12]

1.2.2. Heat Pipe Evacuated Tube Solar Collector

The Heat pipe evacuated tube solar collector type means there is a hollow heat pipe
made from a highly conductive metallic material and at its one end there is a
recognizable bulb which is considered the condenser of the heat pipe. This heat pipe
located inside the glass or metal-glass tube surrounded by a selective coating surface
which absorbs highly solar radiation with less solar radiation reflection; between the
selective coating surface and the glass or metal-glass tube, there is a vacuum insulation
area which is created to reduce the convection and conduction heat transfer energy
losses and helping the evacuated tube to operate at various temperature. Also, the heat
pipes condensers are located inside the heat exchanger (Manifold) that contains fluid
(water) flow. Moreover, there two types of heat pipe are Evacuated Heat Pipe which is
filled with a slight amount of liquid (water) and heated to release all air from it [13]. The
second type is Heat Pipe that is filled with phase change materials (PCM) [14]. Heat
Pipes are designed to transfer the heat energy from the absorber to the tank (in one
direction only). Specifically, it designs to transfer heat energy between the cold liquid in
the storage tank (water) and the heat pipe condenser which contains vapor because of the
absorbing solar radiation that changes the liquid (phase change material (PCM)) into
vapor. Then, the vapor around the heat pipe condenser change back to a warm liquid,
and it comes back to the pipe’s bottom because the density of the cold liquid (water) is
bigger than hot water, and the cycle repeats over and over until dark comes. However,
the cold liquid in the storage tank (water) turns into a hot liquid. In some cases, fins and
phase change materials (PCM) are adding to the heat pipe evacuated tube to increase

efficiency [12].

1.2.2. Thermosyphon Evacuate Tube Solar Collector
Thermosyphon evacuated tube solar collector can be divided into two main types which
are with heat pipe (without a wick) and without heat pipe. The wickless heat pipe
Thermosyphon (gravity-assisted heat pipe) is utilized in this research. Thermosyphon is
consist of two all-glass or glass-metal tubes sealed together at their one of the end side,
5



between the two glass tubes a vacuum insulation space which is created to reduce the
convection and conduction heat transfer energy losses and making the evacuated tube to
operate at different weather conditions. The outer surface of the inner glass tube is
coated by a high absorbing selective coating material surface which absorbs highly solar
radiation with less emissivity. In contrast to the heat pipe type, the sealed end side of the

tubes connects directly to a horizontal thermal storage tank [15].

The Thermosyphon mechanism is the thermal energy transfer from the absorber to the
cold liquid (water) inside the inner glass tube to be a hot liquid (water). Then, the hot
water rises to the storage tank, where there is cold water inside it, and it turns part of the
storage cold water into hot water because of the natural convection heat transfer. Then, it
displaces the remaining cold water of the storage tank to the bottom of the glass tube
because of the gravity force. Thus, the lack of water is substituted by cold water and the
cycle repeats over and over as long as solar radiation exists [16]. Figure (1-3) represents

the Thermosyphon and heat pipe evacuated tube solar collector.
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Figure (1-3): (A)Thermosyphon (Wickless Heat Pipe). (B) Heat Pipe (Wick) [17]

1.2.4. Phase Change Material (PCM)

A phase change material (PCM) is a substance characterized by having a high melting
point temperature (heat of fusion); in contrast to the traditional sensible storage
materials, PCM is capable of absorbing and emitting high heat energy at an almost
steady temperature. Also, the phase change or state change material phenomenon is
considered one of the PCM benefits. In other words, when PCM materials change from
one phase to another phase (liquid to solid and vice versa), a transfer of heat energy
occurs; for this reason, PCM is also known as latent heat storage. Moreover, PCM has
been deemed highly efficient materials since the heat of fusion for various types of
phase change materials are available at any temperature range (from -5 to 190 C°).

Originally, in solid to liquid phase change when the PCM material absorbs heat, the

temperature of increases similar to traditional B Age materials.
However, the t (A) y that stores in the PCM mater ( )

at storage) is

much higher than the traditional (sensible) heat storage material. For instance, latent heat
stored in PCM materials around (5-14) times more heat per volume unit than the
traditional storage materials [18]. Examples of sensible storage materials are solid and
fluid storage materials such as oil and water, metal and rock, respectively. Furthermore,
the cost-effectiveness of a PCM, and the availability of a particular PCM (Abundant).
These two factors are important, and the selection of phase change materials is
depending on these two factors also. The properties that affect the selection of the PCM
for the desired heat storage system are thermal, kinetic, physical, and chemical

properties factors [19].

1.2.5. Thermosyphon Adiabatic Section

There were many techniques and experiments have been utilized to increase the thermal
efficiency of the Thermosyphon solar collector systems. Some of the scientists are

manipulating the important parameters and factors that are directly affecting the overall

7



heat transfer coefficient, thermal efficiency, evaporation, and condensation heat transfer
coefficient, and heat flux, etc. Other scientists are working on changing the design and
manufacturing of the Thermosyphon solar collector. Recently, some researchers have
been working on the principal design of wickless heat pipe Thermosyphon [20]. Where
these researchers adding a new section (adiabatic section) to the two conventional
sections (evaporator and condenser sections) in some solar cooling and heating
applications. Thus, a full real case study experimentally and mathematically analysis for
this potential technique (adding an adiabatic section with thermal break for the other two
sections) is a significant opportunity to enhance the Thermosyphon solar collector

performance.

1.3 Aim of the Study

The primary aim of this research is to increase the daily thermal efficiency of the
gravity-assisted heat pipe evacuated tube solar collector system experimentally and
numerically by adding an adiabatic section (a specific thermal break part within the
GAHP-ETSC system). In other words, create an appropriate solar collector model with a

high daily thermal efficiency especially throughout the sunset period.
The tasks of this research are:

1. Develop a methodology to analyze the gravity-assisted heat pipe evacuated tube
solar collector (GAHP-ETSC) and studying the challenges that face this tube of
the solar collector.

2. Reviewing the significance conditions for the characteristics of the wax
(paraffin)

3. Manufacture four gravity-assisted heat pipe evacuated tube solar collector
systems at the most favorable tilt angle and filling ratio based on a previous
experimental study with similar outdoor weather conditions in order to
investigate the influence of using a PCM on the thermal performance of the solar

collector system specifically the GAHP-ETSC.



Manufacture an appropriate adiabatic section thermal break material within the
GAHP-ETSC to enhance the thermal performance of the solar collector system.

Build a mathematical model by using MATLAB software to analysis the

temperature distribution profiles of the present system.
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2. Literature Review

2.1. Introduction

Newly, the global is in a fierce rivalry to discover and develop renewable energy
resources to be an alternative to traditional resources of energy that depend on fossil fuel
due to the sustained depletion of the fossil fuel especially the huge growth rate of the
population globally. Solar energy is the most promising renewable energy source that
can be utilized in numerous various approaches such as electricity, heating, cooling, etc.
Also, solar thermal collectors are utilizing solar radiation to provide thermal energy for

particular purposes.

This chapter of the research is discussed the researchers attempted to develop the
performance and efficiency of the evacuated tube solar collector types especially
gravity-assisted heat pipe (GAHP-ETSC) throughout the last years. Also, they explained
the effects of adding an adiabatic section with thermal break on the performance of a

gravity-assisted heat pipe.

2.2. Gravity-Assisted Heat Pipe (GAHP-ETSC)

The researchers Daghigh and Shafieian [21] analyzed the evacuated tube solar collector
heat pipe energy and exergy for water heating applications. They used different types of
the working fluid are ethanol, petroleum ether, chloroform, acetone, methanol, and
hexane, and three wind velocities start from (2-4) m/s. It showed that the maximum
energy and exergy efficiency occurs when the working fluid is chloroform with 4 m/s
wind velocity and acetone with 2 and 3 m/s wind velocity. The circumstances that the
investigators used to get these results are the number of the collector pipes is 15 (which
is considered the perfect number for the collector pipes as they suggest). In the morning,
the outlet initial temperature is around 29.5 °C, and it continues to increase reaching 52
°C approximately at 1:00 p.m. the maximum temperature reaches 56.3 °C between 3:00
and 4:00 p.m.



The investigators Behnam and Shafii [22] studied and analyzed experimentally the
methods that could help increase the daily efficiency and the freshwater production of a
new solar desalination system by adding a heat pipe evacuated tube solar collector and
an air bubble humidifier. The researchers did some modifications to the heat pipe ETSC
such as filling the evacuated tube with oil (the heat pipe surrounded by oil). The results
of this study are the daily efficiency, and freshwater production is dramatically increased
to be 65% and 6.275 kg/ day-m2, respectively.

Zhu et al. [23] added micro heat pipe arrays to the evacuated tube and manipulated the
kinetic properties of the evacuated tube solar collector's working fluid to develop the
performance and efficiency of ETSC. The investigators discovered that the efficiency of
the system increased when fluid inlet velocity decreased to a certain limit because of
heat energy loss reduction (heat emissivity). The results of this study showed that
thermal efficiency increased to (50-70) % daily. Eventually, the ETSC system saves
around (0.77 kg of coal) of burning fuel daily, and this saving value reduces the CO;
emissions by (2.13 Kg daily) to the environment. The researchers suggested that if one-
third of the northern cities of China (coldest cities in China) replace their conventional
heat systems with evacuated tube solar collector systems. As result, 4.27 million tons of
coal equivalent (Burned Fuel) will be saved each year. Then, a large percentage of the

emission gases will be reduced.

Essa and Mustafa [24] prophesied the temperature distribution and flow profile of the
Thermosyphon evacuated tube solar collector including the boundary conditions of solar
radiation by using empirical and theoretical methods. The theoretical results were
compatible with the empirical results where the relative percentage error reduced to be
(4.2-7.8) % throughout the tube. Also, Sobhansarbandi et al. [25] explained the benefits
of adding multi-practical absorber sheets to the evacuated tube solar collector. The
researchers noticed that the ETSC absorbed around 98% of the incident solar radiation
(spectral absorption) on the evacuated tubes between 600 and 1100 nm. Moreover, the
extra amount of solar radiation enhanced the performance of the solar heater. Also, these

results prove that a special type of multi-practical absorber sheets (carbon nanotube)

10



would increase the solar radiation significantly and improve the performance of the
system subsequently.

Kong et al. [26] expected and analyzed the thermal effectiveness for one type of the
evacuated tube solar collector which is the Thermosyphon Solar Heating Water system.
Their mathematical model was based on integrated energy conversation equations of the
fluid and solid parts (two-node graph theory). Also, they evaluated a comparison
between the thermal storage tanking working fluid temperature (measured) and the
theoretical fluid temperature (expected). The results of this study showed that the
measured fluid temperature varies from the expected fluid temperature by 1.4 C°

maximum for a one-day test and the energy relative error is within 5%.

Eidan et al. [27] provide a research on the heat pipe evacuated tube solar collector
performance by using Aluminum and Copper Oxide nanofluids (Al,O3 and CuO) and
acetone as the working fluid and getting advantage of the gravity-assisted heat pipe
(GAHP). The researchers divided their work into more than two parts. The first task was
to design a system with the maximum performance and efficiencies by changing the
slope angles of the collector and the filling ratio of the working fluid which is acetone of
course without any nanoparticles additive. The slope angles start (30°-60°), while the
filling ratio starts from (40-80) %. The second task was allocated to enhance the thermal
performance of the heat pipe ETSC by adding the Aluminum and Copper Oxide
nanoparticles (Al,O; and CuO) to the working fluid (acetone) experimentally. The
results showed the optimum performance and efficiencies can be achieved when the
slope angle equal to 45 and the filling ratio around 70%. Also, The system efficiency
with 0.5% volumetric concentration was higher compared to 0.25% volumetric
concentration for both (Al,O; and CuO) nanofluid. Moreover, the enhancement of the
evaporation heat transfer coefficient (EHTC) could be reached from (34 -73) %

maximum for both nanofluids volumetric concentration values 0.025 % and 0.05%.

2.3. PCM Embed Within Gravity-Assisted Heat Pipe (GAP-ETSC)

Chopra et al. [8] investigated experimentally two water heater models examined at the

same weather conditions. The first model is a heat pipe evacuated tube solar collector
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with SA-67 phase change material PCM. The second model is a heat pipe evacuated
tube solar collector without PCM. The experimental results showed that the first system
throughout 1500 thermal cycle treatment has a better thermal and chemical stability at
each cycle than the second system. Also, the researchers used 5 various water flow rates
(8-24) liter/hour to predict the thermal performance of the two systems. The experiment
results showed that the daily thermal efficiency range in between (79-87) % for the first
model, while (42-55) % for the second model. Additionally, the daily energy efficiency

of the first system is higher than the second system.

AL-HARIS [17] investigated numerically and experimentally adding a paraffin wax
(PCM) to improve the performance of a thermosyphon evacuated tube solar collector by
storing the latent heat temperature to raise the water temperature of the ETSC storage
tank, specifically when the solar radiation intensity is insufficient (during the cloudy
weather and night). The experiment has been analyzed with and without PCM and load,
and the water flow rate (load) ranging from (0.15-0.866) liter/hour. The properties of the
paraffin wax that are used in his work are the melting temperature is 38-43 °C, the
charge period is 9 hours, the mass is 3.6 kg, and the filling ratio of the working fluid is
50%. The numerical and experimental results presented that the heat flux increased by
33.3%, the storage tank water average temperature raised by 23.37%, and the PCM
melting temperature-time speed decreased by 25%. Also, the maximum performance of
the system is achieved at 0.36 L/h with 750 W/m? heat flux with load and PCM.

Ali [28] investigated experimentally the effect of PCM on the (GAHP-ETSC) also, but
the researcher had integrated a vibration motor into the (GAHP-ETSC) model. Where
this idea is considered a new technique to improve the thermal performance and the
efficiency of the gravity-assisted heat pipe evacuated tube solar collector. The researcher
has been utilized four identical apparatus with and without vibration and PCM. The
properties of the paraffin wax that are used in his work are the melting temperature is
38-43 °C, the charge period is 9 hours, the mass is 7.2 kg, and the filling ratio is 70% of
the working fluid which is acetone. Also, five different vibration frequencies (21.1-50)
Hz have been applied. As result, the efficiency of the system is increased by 78% when
vibration and PCM are involved within the system.
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Felinski and Sekret [11] analyzed practically the effect of using paraffin wax as a PCM
on a domestic hot water heater system performance (heat pipe evacuated tube solar
collector). The paraffin wax stores the extra-solar thermal energy during the sunshine to
increase the temperature of the hot water in the storage tank, especially throughout the
sunset period. The results showed that the evacuated tube solar collector charging
efficiency is increased from 33% to 66% based on the intensity of solar radiation. Also,

the solar fraction of the domestic water heater system is raised by 20.5% annually [29].

2.4. Heat Pipe Adiabatic Section with Thermal Break

Guo and Nutter [30] analyzed practically the axial conduction influence through the pipe
wall on the thermosyphon performance. The researchers used two identical
thermosyphons (both of them have the same design, structure, and both filled by R134a
partly) except one of them has a polycarbonate thermal break (insulation) within the
adiabatic section located between the evaporator and condenser sections in order to
prevent the axial conduction heat transfer. The investigators have utilized a constant hot
water temperature as a heat energy source, and cooled water by using a heat exchanger.
The results of the experiment showed that the overall, evaporation, and condensation
heat transfer coefficients increased because of the effect of axial conduction heat transfer
in the thermosyphon without thermal break. While, when the heat flux decreased, the
fraction of heat transfer increased. For instance, when the temperature is high (60 C) the
evaporation and condensation heat transfer coefficients are negligible. Whilst, when the
heat flux is low (30 C) the condensation and evaporation heat transfer coefficients are
25% and 100%, respectively. The authors have recommended this research to apply in

the cooling of turbine blades, deicing of roads, and other heat exchangers applications.
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2.5. Summary

According to the described researches, the researchers have two essential approaches
(principles) to enhance the performance of the evacuated tube solar collector system. In
the first approach, the investigators try to manipulate the design of the apparatus (such as
material, dimensions, incidence angle, and reflector.... etc.) and the working fluid type
and filling ratio. In the second approach, the researchers try to add new techniques to the
traditional ETSC system such as adding phase change materials, working fluid additive

(nanoparticles and nanofluids) [31], and vibration.

In this experimental research, four apparatus of gravity-assisted heat pipe evacuated
tube solar collectors (GAHP-ETSC) have been utilized, the design of these apparatus,
selecting the working fluid type and filling ratio, and choosing the phase change material
(PCM) based on a previous experimental study that belongs to (Eidan et al. [27] 2018
which is described in the background). The new technique involves a thermal break
(insulation) within the adiabatic section located between the evaporator and condenser
sections of the GAHP, and this is considered a promising technique in the ETSC system.
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Data Reduction



3. Data Reduction

This chapter represents the mathematical analysis for the whole system of the Gravity
Assistance Heat Pipe evacuated tube solar collector (GAHP-ETSC). This mathematical
model is used to solving partial differential equations to obtain the temperature
distribution profiles of the present system by utilizing a numerical analysis (MATLAB

Software) for recommended future work.

3.1. Gravity Assistance Heat Pipe (GAHP)

The heat pipe is a hollow pipe made from a copper material mostly sealed from one end,
and there is a bulb (or valve) at the other end to charge and vacuum the liquid inside the
tube (working fluid such as an acetone). The pipe is splitting into three sections which
are the evaporator, adiabatic, and condenser section. The heat pipe is designed to
transfer the thermal energy between the cold liquid section (evaporator) and the
condenser section. Normally, the solar radiation (external source) provides the thermal
energy to the evaporator part throughout the wall of the heat pipe then to the working
fluid inside the GAHP [32]. Later, the working fluid (acetone) starts to obtain the heat
energy, then the liquid phase status of the acetone begins to convert into a vapor phase
gradually. Thus, the acetone’s vapor phase transfers to the condenser section where the
condensation process in the condenser section (transferring the thermal energy to the
cold water of the storage tank) begins especially when the low-temperature water of the
storage tank wraps around the condenser part. Thereafter, the GAHP working fluid
(acetone) move down to the evaporator section because of the density and gravity.

The governing equations that were used to analysis the GAHP were performed for a
cylindrical shape, transient state, and three-dimension cylindrical coordinates (r, @, z) of

a selected small element with six faces [33].

3.1.1. Thermal Equilibrium
Energy balance or equilibrium is an important equation to analyze the heat energy in the

GAHP. Equilibrium of heat energy means the sum of all the heat energy input and
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output must equal zero. The heat equilibrium equation applies for the six faces of the
small element. The energy balance governing equations are shown [17, 34, 35]:

Xin aut faces — Qstorage = 0 . (3.1)
OR
dar daT
(KA glinau face= [PVC ] =0 ..@2)

Qin il face = Gr + 4o + 4z + dsotar - (3.3)
Ir = Qn-r + qs—r e (34)
G = KA, 5 +KAS ... (35)
qr = %[An(Ti,j,kn —Tivrji ) + As(Tij = Ticr k™) | --(3.6)

K
9r =~ [ AnTivaji”" — (An + A5) Tiji" + As Ti—l'f'kn]“" (3.7)

do = Ge-¢ + Quw-¢ .- (3.8)

qo = riIZQ) [ Ae(Tyjuc”™ = Tijers™ ) + Aw(Tijpc™ = Tojors™ ) | (3.9)

A, =A, =4 .. (3.10)

KA
Qe = _riT?) [ Tijnn” — 25" + Ty jorie”] - (3:11)
4z = qt—z + dp-z --- (312)

q; = é[At(Ti,j,kn —Tijpern’ ) + Ap(Tiju” = Tiji—1") |- 3.13)
A =4, = 4, ... 3.14)

KAy
9z =~ 7, [ Tijres™ = 2T jic" + Tyjje—r"] .- (3.15)

n+1 n
Tijk —Tijk

Astorge = P CpV[T] .... (3.16)
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Where: the sub letters s, n, e, w, t, and b represent south, north, east, west, top, and
bottom, respectively [36].

Now, substituting Eq. (3.7,11,15,16) in Eq. (3.1) yield to be:

Ti’j’kn'i‘l _ Ti,j,kn K
pC,V = ——[AnTir1jp" — (An + A Ty s + Ag Tim1 i
At Ar
KA KA,
B rng [ Tijonse”™ = 2T0 0" + Tojonge™] = 2 Tojiesn™ = 2Ti " + Tijr-a"] + dsotar
. (3.17)

Now, equation (3.17) is multiplying by ( At /p C,V) and simplified to obtained:

n+1 _ n alt n n n
Tije =Tije = 54 [AnTivrjn" — (An + A) T + As Timy "] —
altAg n n n] _ altA, n n n
— [ Tojern™ = 2Tk + Tijori"] = 52 [ Tijers™ = 2T0 " + Tijea™] +

At
Fcp solar - (318)

K
Where: = —
(a=-0)

3.1.2. Evaporator Section

The Evaporator of the GAHP that is containing the working fluid is divided into two
regions liquid and vapor [37].

The evaporator liquid section of GAHP can be analyzed by divided the pipe into various
nodes in three-dimension cylindrical coordinates (r, @, z) as shown in Figure (3-1).
Where 9 nodes in @ direction, 7 nodes in r direction, and 49 nodes in the z direction.

The nodes in the r direction will be analyzed as follow:

- Node number 1 in the center of GAHP are [38]:
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w Ar

A, =0
Ay = TAPAz ... (3.20)

A, = A, =TArdz=4, ... (3.21)
Ar
Ar=Ap = TArAD = 4, ... (3.22)
K = KL
_ alt Ay _ ahAt _alt As _aAtAg __altA, At
[a= VAr b= VAr(An+AS)’ €= var ' T vriAe ' T vAz f _VpCp] sub
in eq (3.18) become

n+1 n n n n n n
Tt =T — aTizsjr = b Tijs™ + cTicy ) — A Tijrre” — 2Ti i +

Tijoii| — €| Tijrsr™ — 2Tiji" + Tijrer"] + f Gsotar - (3:23)

It may be obtained the temperature distribution by deriving nodes number 2&3 as

node number 1 above for the working fluid portion (Acetone), as shown in Figure (3-
2) below:

V =nrAr AQ Az .... (3.24)
Ay = (r; + DAPAZ ... (3.25)

As = (r; — DAGAz .... (3.26)

A, = A, = ArAz=Ay .... (3.27)
Ay = Ay =1 AQAT = A, ... (3.28)

KzKL

n+1 n n n n n n
Tk =T = [T i = b Tojp™ + cTima i) — A Ty junn”™ — 2T i +

Tijeai| =€l Tojrer”™ — 2Tij" + Tijk-1"] + f Gsotar ---- (3:29)
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alAt Ap alAt alAt Ag alAtAgp alAtA,
where: [a = b=—(A,+A c= d= =
[ var ' VAr (4r s) var ' VriAg vz '
f==-]
VpCp

- The interface nodes which are 4 for the acetone and 5 for the GAHP solid pipe part
are estimated by:

V= rﬁ‘z—r A® Az ... (3.30)

Ay = (r;+ DABA ... 3.31)

As = 1,AQA7 ... (3.32)

A, = A, = ArAz=Ay ... (3.33)
Ay = Ay =1 AQATr = A, ... (3.34)
K =K,
qr = K A, + hacetoneASAT ... (3.35)

ar = KCAn [ (Tu k' = Tivrji” ) 1+ hacetoneAS(Ti.j.kn ~Ticvjk" ) ] - (3.36)

K:A K:A
qr = [ Zrn Tl+1] kn - ( Z =+ hacetoneA )Ti,j,kn + hacetoneAsTi—l,j,kn ] (3-37)

Sub eq (3.37) in eq (3.3) yield

n+1 __ n n n
Tt =T — [aTizrjn” = b Tijs™ + cTicy ) — A Tijrre” — 2Ti i +

Tijoai] — e[ Tijrsr” = 2Tijn" + Tijk-1"] + f Gsotar ---- (3.38)

alAt A aAt A h alAth A alAtA
n 1 _ ( n+ acetone As) c = acetone 41s _ (]

where: [a = =
[ VAr K¢ ' VriAp '

__alAtA, At
T vaz f_VpCp]
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- the temperature distribution of node number 6 can derive like nodes number 2&3
which is considered a pure conduction. Also, the GAHP material (copper) properties

are considered too as shown:
V =rAr AQ Az .... (3.39)
Ar
A, = + 7)A(2)Az .... (3.40)

As = (1; — APAZ ... (3.41)

A, = A, = ArAz=Ay .... (3.42)
A=A, =1 AQAr = A, .... (3.43)
K=K,

n+1 __ n n n n n n
Tk =T = [aTierj = b Tyji™ + cTiy i) — [ Ty juni”™ = 2T i +

Tijoai| — €[ Tijrsr” = 2Tijn" + Tijk—1"] + f Gsotar - (3.44)

alAt Ap alAt alAt Ag alAtAgp alAtA,
where: [a = b=—(A,+A c=——,d= =
[ vAar VAr (4n +45) VAr VriAg vaz '
=]
- VpCp

- The convection temperature distribution of node 7 which represents copper metal is
calculated by using the equations:

dT
Gr = hairAnbT + KA S ... (3.45)
V=17 AP Az ... (3.46)
A, =1 AQAz .... (3.47)
Ar
A; = (r; — DAGAz .... (3.48)

A, = A, = ArAz=A, .... (3.49)

A = A, =1 AQAr = A, .... (3.50)
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Sub eq (3.45) in eq (3.3) yield

n+1 __ n n n n n n
Tk =T = [aTierje = b Tyji" + cTiy i) = [ Ty jun i — 2T i +

Tijcik) — e[ Tijrsr” — 2Tk + Tijk-1"] + f Gsotar ---- (3.51)

alt hy; alAt Aphgy; A alt A alAtA alAtA
where: [a= air ,b= (natr_l__S), — s’ — 0’ — z’
VK, 1% K¢ Ar VAr VriA® VAz
f=5]
VpCp

- The evaporator vapor section of GAHP can be analyzed similar to the liquid section

by using vapor properties only.

3.1.3. Condenser Section

The condenser section has the same procedure as the evaporator section except for node
number 7 a convection heat transfer that happens between the water of the storage tank
and the pipe walls in the condenser. As results, the temperature distribution is estimated

as below:

dar
Gr = hwAnAT + KA T ... (352)
V=r"7 AP Az ... (353)
A, = 1,AQA7 ... (3.54)
Ar

As = (1, = )APAz .... (3.55)

A, = A, = ArAz=Ay .... (3.56)
A, = Ay =1 AQAr = A, ... (3.57)

K=K,
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Sub eq (3.52) in eq (3.3) yield

n+1l __ n n n n n n
Tt =T — aTiprjn” = b Tijs™ + cTicy ] — A Tijern™ — 2T i +

Tijoik ) — e[ Tijrsr” — 2Tk + Tijk—1"] + f Gsotar ---- (3.58)
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Figure (3-1): Distribution of Nodes in Gravity Assistance Heat Pipe (GAHP)
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Experimental Work



4. Experimental Work
4.1. Introduction

The experimental study was utilized to determine the thermal parameter values that
influence the solar collector performance in equilibrium state conditions. In addition,
making a comparison between the experimental results of different cases and parameters
that have been tested. These criteria are solar radiation flux, GAHP thermal energy
performance with phase change materials (PCM), and without as well, all the tested
cases with the load. The empirical study was completed in Al-Najaf city of Iraq for the
period from September 2020 to April 2021. During that time, the experimental devices
(rig) are remanufactured, manufacturing the adiabatic section thermal break of the

GAHP, and the empirical measurements for the different cases.

4.2. Experimental Rigs

Four identical rigs that are utilized in this empirical study showing in Figure (4-1A&B).
This part of the research study illustrates the experimental procedure and verifies the
formerly described work of each part experimentally by investigating various factors
that affect the thermal performance of the experimental devices such as the adiabatic
section and solar intensity. The four-system apparatus are composed of a water storage
tank, phase change material (PCM) container, gravity-assisted heat pipe evacuated tube
solar collector (GAHP-ETSC), curved (part of an ellipse) reflector, working fluid
(Acetone) inside the (GAHP), iron stand structure, and other equipment. However, the
only difference between the four devices is: the first apparatus has both an adiabatic
section with a thermal breaker within the GAHP and a PCM together. The second one
has an adiabatic section with a thermal breaker within the GAHP and hasn't had a PCM.
The third rig without a thermal breaker and with a PCM. The last rig hasn’t had both an
adiabatic section with a thermal breaker within the GAHP and PCM. Also, the utilizing
assistance tools, such as the pressure gage (that is used to measure the charging and

vacuuming pressure of heat pipe), thermocouples which is utilized to measure the

24



.‘ .-':,, :,w}' ‘G- 23R #ied e
r y o 4 -
M i’t b tﬂ ¥ Lt

e LA e R

tmperature in multi-different places of the apparatus data acqmsmon apparatus and

others are illustrated in Figure (4-2).

Figure (4-1A): The Four Experimental Apparatus of the GAHP-ETSC
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Figure (4-1B): The Four Experimental Apparatus of the GAHP-ETSC (Back View)
Figure (4-2): Schematic of the GAHP-ETSC with Equipment

4.2.1. Evacuated Tube Solar Collector

The ETSC is providing the water storge tank and the PCM container thermal energy
with high temperature and low heat energy loss by comparing to FPSC [45]. Also, ETSC
is the suitable type for AL-Najaf city and Iraq because it can be used in different weather
circumstances especially in weather with high and low temperature. The cylindrical
shape of the ETSC helps to be less sensitive to the sun angle and direction. The
cylindrical absorber evacuated tube has a selective coating surface such as (Al-N/AI or
AIN/AIN-SS/Cu) that is absorbing highly solar radiation over it and less thermal
radiation reflection with vacuum insulation space around it [11]. The purpose of
fabricating a vacuum space around the absorber to reduce the convection and conduction

heat transfer energy losses and enhance the evacuated tube to operate at various
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The evacuated glass tube of the ETSC which is used in this experimental work is
Owens- Illinois type model 34-46-1350 -YCF supplied by ORIENTAL TRADING INC,
China. The absorption coating layer contains special stainless steel and aluminum nitride
(SS-ALN) that makes it possible for the ETSC to operate at very low and high
temperature (water heating at a particular temperature based on various weather
conditions). The specifications of the glass tube are the material of the glass is
Borosilicate Glass 3.3, length of glass tube is 1.2 m, thick top notch 2.5 mm with
internal and external diameter are 45 mm and 50 mm, respectively, thermal expansion
coefficient is 3.3*107-6 K2, absorptance rate > 94 %, solar transmission rate > 92 %,
and emission ratio < 0.06 . The internal layer contains aluminum in order to reduce the

heat energy losses from the cleared glass tube area (internal space) [46].
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A barium getter is a small part located at the bottom of the evacuated tube which is
utilized to keep up the vacuum between the layers of the glass tube. This part is exposed

Barium Getter

Vacuum
Faulty tube - verified
vacuum lost tube

to high temperature through the production of the evacuated tube in order to coat the
bottom of the tube with a barium layer. This pure layer keeps up the vacuum by
absorbing some gasses such as CO2, CO, 02, N2, H2, and H20 outgassed from the
glass tube throughout the operation and storage. The second benefit that this layer
provides is working as an optic indicator to disclose the vacuum status to determine
whether the evacuated tube is effective or not. When the color of the barium layer
change from the sliver to the white color that means the vacuum is ever lost as shown in
Figure (4-3) [47].

Figure (4-3): The Barium Getter and the Sealed End of the ETSC

Another part of the ETSC is the reflector which is surrounding the evacuated tube from
the bottom only (as a parabolic curve). It is made from an Aluminum metal (Al) with 1
mm thickness and utilized to reflect the collected sunlight to the evacuated tube in order

to increase the solar radiation intensity on the evacuated tube [27].
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4.2.2. Gravity Assisted Wickless Heat Pipe (Thermosyphon)

Condenser
Section

Thermal Brealker
(Adiabatic Sectiomn)

Evaporator
Section

Cuter
Tube

The GAHP is made from copper metal [48] and the dimensions are the length is 1.35 m
and the inner and outer diameter are 14 mm and 16 mm, respectively. As described
above, there are two types of thermosyphon have been used in this experimental study;
first type is divided into three regions each region has a specific section that is
evaporator, adiabatic (with thermal breaker), and condenser sections. Second type is
divided into two regions each region has a specific section that is evaporator and
condenser sections. The GAHP evaporator section length is 1.15 m located inside the
evacuated glass tube and the

condenser section is 0.2 m sunken inside the water storage tank as showed in Figure (4-
4)

Figure (4-4): Gravity Assisted Wickless Heat Pipe (Thermosyphon)

A small capillary pipe with a 0.2 cm diameter is utilized to link the GAHP (from the
condenser side) to a pressure gauge and charging valve, and a service valve is located at

the bottom of the thermosyphon at the beginning of the evaporator section. The capillary

30



pipe and service valve have several benefits. For instance, the service valve is used to
clean the GAHP from all the undesirable atoms and discharge the working fluid (for
purposes of replacing and controlling the filling ratio of the working fluid). Whereas the
capillary pipe is utilized to vacuum (outgassed) the non-condensable gasses and
charging the working fluid. After cleaning the GAHP, it was preserved under vacuum
pressure for two days in order to check there wasn't any leakage. Then, the GAHP was
charged with a small amount of the working fluid and discharge that amount under a 755
Torr for 3 hours by using a ROBINAIR vacuum pump type (250 L/min, 1 hp). Finally,
the GAHP was charged by 70% filling ratio of the Acetone (the working fluid that was
used in this study); a burette associated safely was utilized for charging the Acetone as
illustrated in Figure (4-5A&B).
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Liquid Acetone

Pressure gauge

Figure (4-5A): Schematic of GAHP Vacuum and Charging Equipment
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Figure (4-5B): GAHP Vacuum and Charging Experimentally

A group of 13 thermocouples K-type have been utilized along the heat pipe in order to
record and estimate temperature distribution. Five of these thermocouples have been
used inside the heat pipe specifically inside two sections of the heat pipe which are the
evaporator and condenser to measure the temperature in the core of the heat pipe.
Moreover, two of these five thermocouples were placed inside the condenser section and
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the others inside the evaporator section as clarified in Figure (4-6).
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Figure (4-6): Surface and Core GAHP Thermocouples Positions

Eight of these thermocouples have been utilized on the surface of GAHP where five of
them were placed on the surface of the evaporator section and three were placed on the
surface of the condenser section. The eight surface thermocouples were isolated with

insulating material to ensure accurate measure. While the five core thermocouples were

welded within the therrﬁ‘osyphon through small holes and covered by a special thermal
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glue to ensure accurate recording for the working fluid which is inside as explained in
Figure (4-7).

Figure (4-7): Core GAHP Thermocouples Install

4.2.2.1. Adiabatic Section

This prospective technique (adding the adiabatic section by using a thermal breaker
between the other two sections of the GAHP) is a significant opportunity to enhance the
Thermosyphon solar collector performance. The thermal breaker or thermal insulation
model is a small part add to the thermosyphon after cutting a small part of it within the

adiabatic section region.

The foam (Styrofoam) has been chosen to be the material of the thermal breaker due to
its higher thermal resistance and lower thermal conductivity. Also, the melting point
temperature for the Styrofoam is so high, inflammable, and nontoxic. The required
dimensions for the thermal breaker that is needed in this experimental work are 5 cm in

length and 2.5 cm in diameter. In order getting these dimensions, this model was

produced by merging around six pieces of Styrofoam that are available here with 5*5*2

cm dimensions each together by using a special Styrofoam glue that has properis
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almost similar to the original material to become a homogenous block. Thus, a CNC
machine was used to forming an accurate model of the thermal breaker as shown in

Figure (4-8A&B) after many attempts since the foam material is very hard to form.

Figure (4-8A): Styrofoam Thermal Breaker Model
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Figure (4-8B): Styrofoam Thermal Breaker Integrated Within the GAHP
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Then, many laboratory tests were applied to test this model especially vacuuming
pressure where the heat pipe with this model was vacuumed until getting the desired
vacuum pressure which was -1 bar, and it was keeping up for one week period for leak
checking purposes as illustrated in Figure (4-9).

A
%

- T -..A_awo:_‘g-—-d‘ -y

Figure (4-9): Thermal Breaker Laboratory Test Integrated Within the GAHP
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4.2.3. Storage Tank

The storage tank that is utilized in this experimental study consists of three separate
tanks embedded together. One water tank is located in the middle, and two-phase change
material (PCM) tanks are located on both sides of the storage tank. The water tank
capacity is 5.6 liter, and the dimension of the tank are 27.5 cm in length, 7 cm in width,
and 27.5 cm in depth. Both PCM tanks are identical, with capacity of 2 kg, and the
dimension of the tank are 27.5 cm in length, 3 cm in width, and 27.5 cm in depth as

shown in Figure (4-10).

Water Storage Tank Water Tank
Thermocouples

.. PCM Tank

Thermocouples

Figure (4-10): ETSC Storage Tank with Thermocouples
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The three tanks are made from Aluminum material with 0.1 cm thickness each due to the
characteristics of Aluminum where it has high thermal conductivity, high corrosion
resistance, and low-cost price [17]. Also, the bottom corner of the face side of the
storage tank had been cut down by 45° to facilitate the interfere between the GAHP
(condenser section) and the water tank to be smoothly assembling [27]. A 3 cm fibrous
glass layer (insulation layer) thickness was used for the purpose of minimizing heat
energy loss. Where the fibrous glass layer was surrounded the storage tank from all
sides. Then, it was covered by 0.25 mm aluminum sheet thickness as an extra isolated.
Finally, the storage system was covered by 0.3 cm Alucobond sheets thickness
uniformly for isolating the storage tank from the weather circumstances and for

decorating.

Two Polypropylene Random Copolymer (PPR) pipes with 1.27 cm diameter each were
inserted inside the water tank for supplying and withdrawing the water. The inlet pipe
(cold water) was placed on the bottom side, and the outlet pipe (hot water) was located
on the top opposite side. Also, a 0.5 cm diameter auxiliary pipe was inserted on the top
side of the water tank for air vent purpose. On the other side, two PPR pipes with 1.27
cm diameter each were used to filling and draining the PCM tank with 1.8 kg paraffin

wax for each PCM tank.

Twelve thermocouples were inserted and utilized to measure the temperature
distribution of the storage tank. Seven thermocouples were used in the water tank, five
of them are distributed and fixed on two copper wires by using special thermal epoxy
glue. The two copper wires are forming a plus shape where four of these thermocouples
fixed on 0.3 cm away from the four sides of the water tank walls and one thermocouple
fixed in the center (core). The two remaining thermocouples, one is used to measure the
temperature of the water inlet (cold water), and the other one is used to measure the
temperature of the water outlet (hot water). However, five thermocouples were utilized
in one of the PCM tanks only because the other one has the same conditions to measure
the temperature distribution of the paraffin wax as clarified in Figure (4-2) and (4-10)

above.
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4.3 Measurement Tools
4.3.1 Thermocouples

The thermocouple type that has been chosen for this experimental works is Type K
Thermocouple as shown in Figure (4-11). Type K Thermocouple has many
characteristics that are made it the appropriate type for this study. For instance, it is most
common, cheap, reliable, and accurate. Also, it has a wide range of temperatures started
from the lowest -200 °C to the highest 1350 °C, and it is applicable to working under
most of the chemical and environmental conditions. Additionally, it is made from
Nickel-Chromium, and it doesn't require an external power source for operation.
Moreover, the standard accuracy and the percentage error are around + 0.75% and %

0.4%, respectively. Thermocouple Reference Tables and calibrations are shown in

appendix (A).
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Figure (4-11): ETSC_Type K Thermocouple

In this experimental work, around 90 type k thermocouples have been utilized to
measure the temperature distribution for the four experimental devices. 25
thermocouples were used for each experimental device with PCM and 20 thermocouples
for the remaining two experimental rigs without PCM. For further classification, 13
thermocouples for each GAHP of the four devices, 7 thermocouples for each water
storage tank of the four devices, and 5 thermocouples for each PCM tank of the two rigs
with PCM.

4.3.2 Data Logger

A multi-channel Data Logger AT4532 had used to sense and estimate the temperature
throughout the thermocouples simultaneously and response quickly. Also, it has the
ability to checking and testing the damaged thermocouple and high and low beep
service. Additionally, it has an RS-232C connection transmission to connect to the
computer easily. This Data Logger is so easy to operate and so accurate especially to the
low signal that the type K thermocouple provides for this empirical work. As illustrated
in Figure (4-12) where three Data Logger devices have been used in this experimental
works. The specification properties of the data logger AT4532 are describes in Table (4-
1). A YH-305D DC power supply was utilized to provide the electricity to the data
logger.

Table (4-1): Data Logger AT4532 Specification Properties

Practicable Thermocouple: K/E/T/J/SIN/B
Accuracy 0.2°C £ 2 Numerals

Ranges -200°C ~ 1300°C (For Type K Thermocouple)
Resolution 0.1°C
Channels 32 Channels (Expanded to 128 Channels)
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Speeds 100 msec

Correction Error corrects for each channel

Figure (4-12): ETSC_ Multi-Channel Data Logger

4.3.3 Solar Radiation Measurements

Solar Power Meter TENMARS TM-207 Taiwan type is the optimum device that is used
to measure the solar radiance by sense the electromagnetic power which is creates
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during the nuclear fusion reaction in the sun as shown in Figure (4-13). Solar Power

Display 3 1/2 digits. Max. indication 2000

Range 2000W/m 634 BTU (f2*h)

Resolution | 0.1W/m?, 0.1 BTU ({t**h)

Typically within £10 Wim? {+3 BTU (fi2*h)] or +5%,
whichever i greater in sunlight; additional temperature induced

Accurac
: error £0.38 W/m? °C [£0.12 BTU (f#*h) /°C] from 25°C

Meter calibration is performed in Appendix A. The TENMARS TM-207 characteristics

and specifications are described in Table (4-2).

Table (4-2) : TENMARS TM-207 Characteristics and Specifications
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Figure (4-13): ETSC_ Solar Power Meter TENMARS TM-207

4.4. Supplementation

4.4.1. Working Fluid

Pure Acetone material has utilized as a working fluid which is charged inside the GAHP.
A 124 CC Acetone volume added to the GAHP which is represent 70% filling ratio [27].
A graduated glass tube (burette) used to measure the Acetone volume that was charged
into the GAHP. Acetone fluid and thermal properties at 40 °C is described in Table (4-
3).

Table (4-3): Acetone Fluid and Thermal Properties at 40 °C [27]
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4.4.2. Phase Change Material PCM

Paraffin wax material type RT-42 have been utilized in the storage tank as a PCM.

Figure (4-14) shows the pictural view of paraffin wax after and before melting. Paraffin

wax material properties are described in the Table (4-4).

Liquid Vapor Liquid Vapor Vapor Latent Surface
viscosity pressure | density | density | viscosity heat tension
(kg/m*s) (Pa) (kg/m*) | (kg/m®) | (kg/m*s) | (J/kg) (N/m)
2.69x10-* | 6.0x10" 768 1.05 | 0.86x10-> | 536x10° | 0.0212
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Table (4-4): Paraffin Wax Material Properties [27]

TroC Cp k-liquid | k-solid p-liquid p-solid Enthalpy
" ki/kgk | Wimk | Wimk kg/m® kg/m® kd/kg
38-43 2 0.2 0.2 770 880 165
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Figure (4-14): Paraffin Wax (PCM) Before (a), After Melting (b), and the Device for
Estimating the Melting Point of Paraffin Wax (c)
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4.5. Experimental Procedure

The four-system devices (GAHP-ETSC) have been operating at the same conditions to
study and determine the performance of each experimental device individually.
However, the only differences between the four devices are: one of apparatus has both
an adiabatic section and PCM together, another one without both an adiabatic section
and PCM which is considered the reference device. While the other two devices; one of

them has an adiabatic section only and the other has PCM only.

The sequences below represent the experiment steps:
a. Fix the tilt angle (45°) and filling ratio 70% with acetone as a working fluid for the

four-apparatus based on previous studies.

b. Measure and record both the surface and vapor core temperatures along the GAHP as

well as the storage tank system temperatures from 8:00 AM to 24:00 AM for each hour.

c. The record data of the experiment were taken place from the end of November to the
tenth of April, and an average of the preferable data were selected throughout these
periods, the average of the recorded data through preferable weather conditions such as

clear and sunny.

4.6. Performance Calculations

During each experiment, the amount of solar energy input (I in w/m2) at evaporator
region of is transferred to the condenser region and removed by the condenser . The

overall thermal resistance (Rexp) for the solar collector was calculated as follows [43]:

Tg-T¢
2nrlgl

Rexp = . (4.1)

Where:
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Te: The average wall temperature at the evaporator section
Tc: The average wall temperature at the condenser section
ro: The outer radius in mm

le : The length of evaporator in mm

4.6.1. Efficiency Calculations

The operation of gravity assistance heat pipe evacuated tube solar collector (GAHP-
ETSC) is influenced by different factors such as the heat pipe type, the working fluid
type, filling ratio, inclination angle, radiation intensity, operating conditions for hot
water (inlet water temperature, mass flow rate) and ambient conditions (wind speed,
clear or cloudy sky and ambient temperature). The value of the GAHP efficiency is
dependent on the pervious factors above, the efficiency will be determined based on the
equation [43]:

— Qu
n=oo (42

mC (Two_Twi)
n=—= v . (4.3)

- The daily efficiency can be estimates based on the equation:

Qudt

- ... (4.4)
2GTAgpsTd

Ndaily =

Where Q, = TOTAL useful energy delivered by the system
Gr= TOTAL global incident radiation (w/m?)

T4= Solar Transmittance

4.6.2. Heat Energy Equivalent

The heat energy equivalent is primary depending on the heat energy useful (outlet) of

the two systems with and without thermal breaker.
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__ Quwrt/TB)—QU(WO0/TB)

%QequivaLent = 0 ... (4.5)
UWT/TB)

4.6.3. Uncertainty Analysis

Uncertainty of the measured parameters is calculated based on the methods given by
Abernethy and Thompson [44]. The Uncertainty for Empirical Results is illustrated in
Appendix D (Table D-1)

2

o = j(g_;w)z + (G2 ) + (2 aT,) +(2al) ... 46)

2

ARy = \/(?Te’jAdo)z + (ag% Adi)z + (%2 aL) . A7)
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Chapter Five

Results and Discussion



5. Results and Discussion

5.1. Introduction

The primary function behind building four evacuated tube solar collector devices is to
increase the daily efficiency of the solar collector system. In other words, increase the
water storage tank temperature throughout the operation hours of the system especially
at night. The challenge of the previous studies is the hot water in the storage tank lost its
temperature gradually at night (the absence of sunlight) and the hot water demand
specifically during the night. To achieve this mission, four experimental devices are

utilized.

The average data has been taken for the weather measured data of February and March
as illustrated in Appendix C (Table C-1 and C-2). Different two main case studies with
four different system models will be presented. The first and second cases are studying
the influence of applying 1 Liter/Hour load and 2 Liter/Hour load of water on the daily
efficiency and performance of the four various experimental apparatus, respectively.
Moreover, each case investigates the effect of applying the specific load on each
experimental device individually. Additionally, the four-system apparatus are similar
mostly and operating at the same time where the operating time from 8 AM to 24 AM
the four GAHP-ETSC systems operate at the same conditions and location. As results,
these results are studying and investigating of applying two various loads on each
specific apparatus with and without adiabatic section thermal breaker and PCM in order
to illustrate and demonstrate the influence of the thermal breaker with PCM on

enhancing the performance of the ETSC, especially during the demand period.

5.2. Flow Rate At (1-Liter/Hour) Load

In this section, the results (figures) represent the behavior of the temperature distribution

at 1 Liter/Hour load for the whole system.
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5.2.1. The Evaporator Section

The eight type-K thermocouples were utilized to measure the temperature distribution
along the evaporator section which were distributed into two sects: along the surface of
the evaporator (surface) and inside the evaporator (core).

Figure (5-1) shows the surface mean temperature distribution of the evaporator section
for the four GAHP-ETSC models with the time. From the figure, it can be noticed that
during the sunny hours (8 AM-5 PM) the surface temperature distribution with a thermal
break within the adiabatic section and with and without PCM (green and blue lines) are
larger than the without thermal breaker reference line because the thermal breaker
allows the heat energy transfer from the evaporator to condenser sections through the
working fluid (phase change convection heat transfer) only ( there is no axial conduction
heat transfer), and that leads to concentrate the temperature distribution on the surface of
the evaporator. However, the purple and red lines (without a thermal break and with and
without PCM) were transferred the heat energy to the condenser section in two ways,
through the axial conduction throughout the surface of the evaporator, and through the
working fluid. For these two heat transfer ways, the reference apparatus red line (without
both) has the lower temperature distribution of the surface during the existence of the

sunlight.

Nevertheless, the without thermal breaker and with PCM has the highest temperature
during the sunny day until (18:00) because of the existence of the PCM. In the
beginning, the two tanks of PCM absorb the heat energy from the water. Then, the
reservoir temperature (PCM and water) will increase gradually and that is mean the
conduction heat transfer through the wall will be reduced. When adding the thermal
breaker, it prevents the conduction through the wall and leads the heat energy to transfer
through the core only. In other words, during the sunlight, the PCM absorbs part of the
transferred heat energy of the water storage tank in order to store this thermal heat
energy and compensate it for the temperature reduction of the water during the night. As
result, the PCM does not directly effect on the surface temperature of the evaporator, but
it effects on the working fluid. Then it begins to drop and be identical to the other two

apparatus during the night hours ( after 18:00).
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While during night hours (17:00-24:00) the surface temperature distribution with a
thermal break without PCM (blue) is lower than the without a thermal break because of
the axial conduction heat transfer in the without adiabatic section apparatus allows the

heat energy leakage from the hot water tank storage (condenser section) to the warm or
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cold section (evaporator section).

Figure (5-1): One Liter/Hour Load Evaporator Mean Surface Temperature of Four
Experimental Devices vs. Time

The best temperature distribution behavior device is the with both thermal breaker and
PCM where during the sunlight hours until almost (17:00) it has the second lower
temperature distributed (lower than purple and blue lines), and it has a uniform behavior
during the night hours which is identical to the other two apparatus (without thermal
breaker). This is considered the valuable advantage of adding thermal breaker and PCM

together as illustrates in the figure above (less disadvantage during the sunny hours, and
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more advantage during the night operating hours compared to the only with thermal
breaker device and the only PCM device.

Figure (5-2) represents the core mean temperature distribution of the evaporator section
for the four GAHP-ETSC devices (with and without thermal breaker and PCM) with
time. It can be observed that the without thermal breaker and with PCM has the highest
temperature during the sunny day until (18:00) because of the existence of the PCM.
Where, during the sunlight, the PCM absorbs part of the transferred heat energy of the
water storage tank in order to store this thermal heat energy and compensate it for the
temperature reduction of the water during the night. In addition, the core temperature
distribution during the night hours (after 18:00) was identical to the two apparatus

without and with a thermal breaker.

The behavior of the core temperature for the device with thermal break and without
PCM is mostly during the sunlight hours higher than the reference device except for
three hours (11 AM — 1 PM) which is considered the optimum solar intensity hours. Due
to the concentrate of the temperature distribution on the surface of the evaporator and it
was transferred to the core through the conduction heat transfer as well as to the
convection heat transfer in the working fluid itself. (There is no axial conduction heat
transfer). Whilst during the night hours (16:30 -24:00) the temperature distribution line
is dropped lower than the without a thermal break device’s line because of the axial
conduction heat transfer in the without adiabatic section apparatus allows the heat

energy escape from the condenser section to the warm evaporator section.

The reference apparatus without thermal breaker and PCM behavior for three hours (11
AM — 1 PM) has recorded the highest temperature (70.55, 70.8, 68)° C even higher than
the blue line because of the optimum solar intensity during these hours. In other words,
the advantage of the axial conduction heat transfer (without a thermal breaker) when the
axial conduction slightly increases the heat transfer efficiency through the core of the
evaporator to the core of the condenser section throughout the existence of the sunlight
preciously (8:00-13:00). While throughout the absence of the sunlight the core
temperature distribution with a thermal breaker is lower than the without a thermal break
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, and this is considered the disadvantage of the axial conduction [49], and the advantage
of using adiabatic section with a thermal break at the same time.

Even though in the core of the evaporator, both thermal breaker and PCM apparatus is
still the more beneficial temperature distribution behavior device. Where, during the
sunlight hours until almost (16:30) it has the lower temperature distributed, lower than
purple and blue lines, and even the reference line for most hours of the sunlight hours.
Also, it has a uniform behavior during the night hours which is identical to the other two
apparatuses (without thermal breaker). Eventually, this rig is deemed the most precious
device in this part of the device compared to the three other apparatus based on adding

EVA. Mean Core TemperatureV.S. Time

With Thermal Break/ With PCM
70 /:—\’-C*\N\

Thermal Break/ With PCM

==@=\\/ith Thermal Break/ Without PCM

=@==\Vithout Thermal Break/ Without PCM

EVA. Mean Core Temp.(C)

Time (hr)

thermal breaker and PCM together as described in the figure above. In other words, it is

the most advantageous and lowest disadvantage device during operating hours.

Figure (5-2): One Liter/Hour Load Evaporator Mean Core Temperature of Four
Experimental Apparatus vs. Time
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5.2.2. The Condenser Section

Measuring the temperature distribution steps for the condenser section of the GAHP is
almost similar to the evaporator section. Where, 5 type-K thermocouples were
distributed into two sects: along the surface of the condenser (surface), and inside the

condenser (core).

It is clear from figure (5-3) the surface mean temperature distribution of the condenser
section for the four GAHP-ETSC models with the time. It can be recognized that during
the full operating hours the surface temperature distribution with a thermal break within
the adiabatic section and with and without PCM are larger than the without thermal
breaker reference line. This can be argued to the heat energy that is transferred from the
working fluid to the surface of GAHT in the condenser section is stored (the temperature
will not transfer back to the evaporator since the existence of the thermal break).

However, the without a thermal break and with and without PCM devices were received
the transferred heat energy from the evaporator to the condenser section in two ways,
through the axial conduction throughout the surface of the evaporator, and through the
working fluid. For these two heat transfer ways, the reference apparatus (without both)
has the lower temperature distribution of the surface during the full solar collector

operation hours.

Whilst the without thermal breaker and with PCM is similar to the evaporator section
still has almost the highest temperature during the sunny day until (17 PM) because of
the existence of the PCM. But, during the night hours (17 PM- 24 AM), it begins to drop
lower than the two with a thermal break apparatus. Also, the PCM compensates for the
reduction temperature of the water during the absence of sunlight. Moreover, a high
amount of heat energy escapes to the evaporator section through the GAHP (surface and

core).
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In the condenser section surface temperature distribution throughout operating hours
especially the night hours, it can be realized and noticed clearly the precious benefit of
using thermal breaker for the two devices with and without PCM. Where the
temperature distributions of these two lines are higher than the two apparatus without a
thermal breaker. In more specific, the device with both thermal breaker and PCM has the
first reasonable and second-highest temperature distribution during the exitance of the
sunlight until (17:30). Also, the highest temperature distribution after (17:30). That is
mean the thermal breaker prevents the axial conduction from the condenser section
(water storage tank) to the evaporator section, and it provides the necessary heat energy
to the PCM storage tanks during sunny hours. Moreover, it resists thermally the heat
energy from transferring from the storage tank (condenser section) to the evaporator
section throughout the night hours, and that leads to saving most of the water

temperature especially during the night.
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Figure (5-3): One Liter/Hour Load Condenser Mean Surface Temperature of Four
Experimental Apparatus vs. Time
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Figure (5-4) clarifies the core mean temperature distribution of the condenser section for
the four GAHP-ETSC models (with and without thermal breaker and PCM) with the
time. It can be observed that throughout the sunlight (8:00 - 17:30) operating hours the
core temperature distribution without a thermal break within the adiabatic section and
with and without PCM are larger than the with thermal breaker and with and without
PCM . Due to the advantage of the axial conduction heat transfer for the without thermal
break within GAHP when the axial conduction slightly increases the heat transfer

efficiency through the core of condenser to the core of evaporator section.

Also, the without thermal breaker and with PCM device behavior is similar to the
evaporator section behavior still has almost the highest temperature during the sunny
day until (17:30) due to the existence of the PCM. However, through the absence of the
sunlight (17:30 — 24:00), it starts to drop lower than the two with a thermal break
apparatus . Also, the PCM stores the heat energy during the sunlight hours and
compensates for the reduction temperature of the water during the night hours.
Additionally, a respectable amount of the heat energy leaks out to the evaporator section
through the GAHP (surface and core).

Additionally, the blue line temperature distribution behavior as described is the lowest
line compared to the three apparatus especially the two rigs without thermal breaker
because of the axial conduction for the reference device and the other device during
the sunny hours until (19:20). After (19:20) operating hours, the blue line is rising up to
be higher than the reference rig, and after (21:00) is higher than both without thermal

breaker devices due to the advantage of the thermal breaker.

However, it can be clearly observed the benefit of adding PCM to the thermal breaker
device and how this benefit improves the device to be slightly down the reference device
until (13:30) due to the optimum solar intensity hours. Then, the behavior of the
temperature distribution values is rising up to higher than the reference device and the
with thermal breaker until (17:10), after that the green line is rising up and continuing to
be the highest temperature distribution in order to save the water storage tank heat
energy and keeping it possible hot during the coldest weather. In other words, the

thermal break GAHP increases the thermal resistance between the two sections. That

54



means the experimental apparatus with both thermal breaker and PCM has valuable
beneficial temperature distribution values during the full operating hours.
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Figure (5-4): One Liter/Hour Load Condenser Mean Core Temperature of Four
Experimental Apparatus vs.

5.2.3. The Water Storage Tank Section

The water storage tank is the final destination part that provides the user the demand for
hot water. Multiple type-k thermocouples are utilized to measure the temperature of the
water storage tank as well as measuring the input (cold) and output (hot) water

temperature.
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The outlet water temperature is considered the primary output of the GAHP evacuated
tube solar collector that the user needs. Figure (5-5) represents the outlet water
temperature of the four experimental devices. The outlet water temperature of the two
apparatus without thermal breaker and with and without PCM from (8:00-15:00) are
approximately identical after (15:00) the reference temperature begins to drop down to
record the lowest outlet water temperature for the rest of the operating hours. However,
the purple line after (15:00) is continuing to record high-temperature values, after
(17:00) the water outlet temperature start to go down to be less than the apparatus with
both thermal breaker and PCM , and higher than the other two devices during the
absence of the sun because of the existence of the PCM (heat energy storage) that
provides the heat energy to the water in the storage tank during the night. The maximum
water output temperature values from (13:00-15:00) are (43, 43.5, 44)° C, respectively
for the reference apparatus . Also, The maximum water output temperature values from
(13:00-16:00) are (43.6, 43.5, 44.4, 44)°C, respectively for the with PCM device.

The output water temperature of the with thermal breaker and without PCM device
from (8:00- 17:00) is nearly identical to the reference device after (17:00- 22:00) the
blue line temperature is higher than the water outlet temperature of the reference device
due to the exitance of the thermal break that resists the heat energy leakage from the
water storage tank. Then, the blue line after (22:00-24:00) the water temperature line
comes back to be identical to the temperature of the reference device. The highest water
outlet temperature values that the apparatus reaches are (42.6, 42.8, 43.1)° C for the
period (13:00-15:00).

The output water temperature of the most beneficial device with both thermal breaker
and with PCM device from (8:00- 15:00) is near to the other three experimental devices.
After (17:00) the green line water temperature is continuing to be the highest water
outlet temperature degrees compared to the other three devices with a high-value
difference for the remaining hours of operation. The highest water outlet temperature
values that the experimental device reaches are (40.2, 42.3, 43.8, 43.5)° C for the period
(13:00-16:00).
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In other words, the water lost its heat energy for the system with both thermal break and
PCM is much less than the other three systems at each hour during the operating hours
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especially at night hours, and that leads to the water with both thermal breaker and PCM
system maintain its heat energy mostly. That means the experimental apparatus with
both thermal breaker and PCM has valuable beneficial temperature distribution values
during the full operating hours.

Figure (5-5): One Liter/Hour Load Water Outlet Temperature of Four Experimental
Apparatus V.S. Time

5.3. Flow Rate At (2-Liter/Hour) Load

In this section, the same procedure of applying 1 Liter/ Hour load has been repeated by

applying 2 Liter/ Hour load instead. Also, All the previous results (figures) have been
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remeasured based on the changing of load. Thus, the results will be shown represents the
behavior of the temperature distribution in each part of the experimental model's parts

individually at 2-liter/Hour load.

5.3.1. The Evaporator Section

Also, eight type-K thermocouples were utilized to measure the temperature distribution
along the evaporator section which were distributed into two sects: along the surface of

the evaporator (surface) and inside the evaporator (core) for 2 Lite/Hour load.

Figure (5-6) shows the surface mean temperature distribution of the evaporator section
for the four GAHP-ETSC models with the time. It can be noticed the purple, green, blue,
and red lines behavior are similar to the behavior of the 1 liter/hour load except the
temperature distribution values of 2 liter/hour load less than 1 liter/hour load. Where,
during the sunny hours (8:00-17:00) the surface temperature distribution without a
thermal break within the adiabatic section and with PCM has the highest temperature
distribution values because of the existence of the PCM. Thus, during the sunlight, the
PCM absorbs part of the transferred heat energy of the water storage tank in order to
store this thermal heat energy and compensate it for the temperature reduction of the
water during the night. Then it begins to drop and be identical to the other two apparatus
during the night hours (after 18:00). Also, the surface temperature distribution with a
thermal break within the adiabatic section and with and without PCM are larger than the
without thermal breaker reference line during most of the sunlight hours until
aproximatllyl7 PM because the thermal breaker allows the heat energy transfer from the
evaporator to condenser sections through the working fluid , and that leads to

concentrate the temperature distribution on the surface of the evaporator.

While during the night hours (17:00-24:00) the surface temperature distribution with a
thermal break without PCM is sometimes nearly to be slightly lower and other times
identical than the without a thermal break and because of the axial conduction heat

transfer in the without adiabatic section apparatus allows the heat energy leakage from
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the hot water tank storage (condenser section) to the warm or cold section (evaporator
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section).

Additionally, the reference apparatus (without both) has the lower temperature
distribution of the surface during the existence of the sunlight due to the two-heat
transfer methods to transfer the heat energy to the condenser section (through the axial

conduction throughou. .. . ... .. .. __ _ . .- working fluid).

Figure (5-6): Two Liter/Hour Load Evaporator Mean Surface Temperature of Four
Experimental Devices vs. Time

Even though with high load values (double mass flow rate), the preferable temperature
distribution behavior device is the with both thermal breaker and PCM where during the
sunlight hours until almost (16:30); It has the second lower temperature distributed
(lower than purple and blue lines), and it has a uniform behavior during the night hours
which is identical in some hours and slightly higher at the other hours compared to the
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other two apparatus (without thermal breaker). The reason behind that is the temperature
values are rapidly down due to the increase in the mass flow rate for the without thermal
breaker devices. Despite increasing the load, adding thermal breaker and PCM together
for the system is still and continuing has the valuable advantage as illustrates in the
figure above (less disadvantage during the sunny hours, and more advantage during the
night operating hours compared to the only with thermal breaker device and the only
PCM device .

Figure (5-7) illustrates the core mean temperature distribution of the evaporator section
for the four GAHP-ETSC devices with time. It can be observed the purple, green, blue,
and red lines behavior also are similar to the behavior of the 1 liter/hour load except the
temperature distribution values of 2 liter/hour load less than 1 liter/hour load. The purple
line experimental apparatus has the highest core temperature distribution values during
the sunshine hours until (17:00) because of the existence of the PCM (the PCM absorbs
part of the transferred heat energy of the water storage tank in order to store this thermal
heat energy and compensate it for the temperature reduction of the water during the
night). Also, the core temperature distribution during the night hours (after 18:00) is
virtually to be identical to the two apparatus with and without a thermal breaker.

The core temperature distribution values behavior of the (blue line) empirical apparatus
is mainly during the sunlight hours higher than the reference device except for three
hours (11:00- 13:00) which is considered the optimum solar intensity hours, and until
(16:30). Due to the concentrate of the temperature distribution on the surface of the
evaporator and it was transferred to the core through the conduction heat transfer as well
as to the convection heat transfer in the working fluid itself ( There is no axial
conduction heat transfer).

Nevertheless, during the night hours (16:30-24:00) the temperature distribution line is
dropped to be the lowest temperature values than the without a thermal break because of
the axial conduction heat transfer in the without adiabatic section apparatus allows the
heat energy escape from the condenser section to the warm evaporator section. This is
considered the disadvantage of the axial conduction, and the advantage of using an

adiabatic section with a thermal break at the same time.
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Additionally, the reference apparatus behavior for three hours (11:00 — 13:00) has
recorded the highest temperature (69.15, 70, 65.45)° C higher than the blue line due to
the optimum solar intensity during these hours. Videlicet, the advantage of the axial
conduction heat transfer for the two devices without a thermal breaker when the axial
conduction slightly increases the heat transfer efficiency through the core of the

evaporator to the core of the condenser section throughout the existence of the sunlight
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preciously (8:00-13:00).

Figure (5-7): Two Liter/Hour Load Evaporator Core Temperature of Four Experimental
Apparatus vs. Time

Despite the higher load value (double mass flow rate), the core of the evaporate for both
thermal breaker and PCM apparatus is still the more favored temperature distribution
behavior device. Where, during the sunlight hours until almost (16:25) it has the lower
temperature distributed (lower than purple and blue lines, and even the reference line for
most hours of the sunlight hours). Also, it has a regular behavior too throughout the
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sunset hours is identical in some hours and slightly higher at the other hours compared to
the other two apparatus (without thermal breaker) due to the abruptly down in the core
temperature values of the without thermal breaker devices during the increase in the
mass flow rate. Eventually, this rig is deemed the most precious device in this part of the
device compared to the three other apparatus based on adding thermal breaker and PCM
together as described in the figure above. Namely, the most advantage and lowest

disadvantage device during operating hours.

5.3.2. The Condenser Section

Using the same procedure to recording the temperature distribution steps for the
condenser section of the GAHP which is almost similar to the evaporator section.
Where, 5 type-K thermocouples were distributed into two sects: along the surface of the
condenser (surface), and inside the condenser (core).

It’s clear from figure (5-8) that the surface mean temperature distribution of the
condenser section for the four GAHP-ETSC models (with and without thermal breaker
and PCM) with the time. Also, it can be recognized that the green, blue, purple, and red
lines conduct are similar to the conduct of the 1 liter/hour load except the temperature
distribution values of 2 liter/hour load less than 1 liter/hour load. Where, during the full
operating hours the surface temperature distribution with a thermal break within the
adiabatic section and with and without PCM are larger than the without thermal breaker
reference line. Arguably, the transferred heat energy through the working fluid to the
surface of GAHT in the condenser section is stored and transferred to the water and
PCM of the storage tank. In addition, the temperature will not transfer back to the
evaporator since the existence of the thermal break.

Whilst the purple line without thermal breaker and with PCM is similar to the evaporator
section still has almost the highest temperature during the sunny day until (17:10)
because of the existence of the PCM. Later, during the night hours (17:10- 24:00), the

line begins to decline to be lower than the two with a thermal break apparatus due to part
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of the heat energy escape to the evaporator section through the GAHP (surface and

core).

However, the reference apparatus nearly has the lower temperature distribution of the

surface during the full operating hours. The reason behind that the two heat transfer
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methods are utilized to transfer the heat energy to the condenser section (through the

axial conduction and working fluid), and heat energy leaks out during the night hours.

Figure (5-8): Two Liter/Hour Load Condenser Mean Surface Temperature of Four
Experimental Devices vs. Time

It can be easy to distinguish and noticed clearly the valuable benefit of using thermal
breakers for the two devices with and without PCM throughout the operating hours
especially the night hours. Where the temperature distributions of these two lines are
higher than the two apparatus without thermal beaker specifically during the sunset
hours. To be more precise, the device with both thermal breaker and PCM has the
sensible attitude and the second-highest temperature distributions during the exitance of

the sunlight until (17:10). Also, the highest temperature distribution values after (17:10)
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with a noteworthy difference compared to the other three rigs. Due to the vital role of the
thermal breaker that prevents the axial conduction perfectly from the water storage tank
to the evaporator section during the sunset hours, while during the sunshine, it provides

the necessary heat energy to the water and PCM storage tanks during the sunny hours.

Figure (5-9) clarifies the core mean temperature distribution of the condenser section for
the four GAHP-ETSC models with the time. It can be observed that the green, blue,
purple, and red lines attitude are similar to the attitude of the 1 liter/hour load except the
temperature distribution values of 2 liter/hour load less than 1 liter/hour load. Wherever,
the benefit of the axial conduction slightly increases the heat transfer efficiency through
the core of the condenser to the core of evaporator from (8 AM- 13:30) and (8 AM-
17:55) for the reference apparatus and the with PCM device, respectively. For this
reason, these two apparatus temperature values higher than the other two devices during
that period.

Also, the purple line device has the highest temperature values for the sunshiny period
until (17:50) similar to the evaporator section attitude because of the PCM. However,
through the absence of the sunlight (17:50- 24:00), it starts to drop lower than the two
with a thermal break apparatus. Due to a respectable amount of the heat energy leaks out

to the evaporator section through the GAHP (surface and core).

Additionally, the blue line device temperature distribution behavior as described is the
lowest line compared to the three apparatus especially the two rigs without thermal
breaker because of the axial conduction for the reference device and the other device
during the sunny hours until (20:00). After (20:00) operating hours, the blue line is
rising up to be higher than the reference rig, and after (21:00) is higher than both without

thermal breaker devices due to the advantage of the thermal breaker.

It can be clearly observed the benefit of adding PCM to the thermal breaker device and
how this benefit improves the device to be slightly down the reference device until
(13:30) due to the optimum solar intensity hours. Then, the behavior of the temperature
distribution values is rising up to higher than the reference device and the with thermal
breaker until (17:55), after that the green line is rising up and continuing to be the

highest temperature distribution in order to save the water storage tank heat energy and
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keeping it possible hot during the coldest weather. Particularly, the thermal break GAHP
increases the thermal resistance between the two sections. That means the experimental
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apparatus with both thermal breaker and PCM has valuable beneficial temperature

distribution values during the full operating hours.

Figure (5-9): Two Liter/Hour Load Condenser Mean Core Temperature of Four
Experimental Devices vs. Time

5.3.3. The Water Storage Tank Section

Seven type-k thermocouples are used to measure the temperature of the water storage
tank as well as measuring the input (cold) and output (hot) water temperature. The water
storage tank is considered the outcome part that supplies the user with the hot water

demand. The essential output of the GAHP evacuated tube solar collector is the output
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water temperature (hot water) that the user needs which is deemed the primary function
of the GAHP-ETSC. Figure (5-10) represents the water output temperature of the four
experimental devices. The output water temperature of the four experimental rigs
behavior are similar to the conduct of the 1 liter/hour load except the temperature

distribution values of 2 liter/hour load less than 1 liter/hour load.

Wheresoever, the output water temperature of the two apparatus without thermal breaker
and with and without PCM from (8:00-15:00are approximately identical after (15:00)
the reference temperature begins to drop down to record the lowest outlet water
temperature for the rest of the operating hours. Where, the maximum water output
temperature values from (13:00-15:00) are (42.1, 43, 43.5)° C, respectively for the
reference apparatus. Also, the water outlet temperature values of the purple line after
(15:00) start to go down to be less than the apparatus with both thermal breaker and
PCM and higher than the other two devices during the absence of the sun because of the
existence of the PCM (heat energy storage) that provides the heat energy to the water in
the storage tank during the sunset hours. The maximum water output temperature values
from (13:00-16:00) are (42.4, 42.8, 43.1, 42.2)° C, respectively for the with PCM device.

The outlet water temperature values of the with thermal breaker and without PCM
device from (8:00- 17:00) is lower than the reference device after (17:00- 20:00) the
blue line water temperature values are higher than the reference device temperature
values due to the exitance of the thermal break that resists the heat energy leakage from
the water storage tank. Then, the blue line after (20:00) the water temperature line drops
to be identical to the temperature of the reference device. The highest water outlet
temperature values for the experimental device reaches are (40.1, 41, 40.7)° C for the
period (13:00-15:00).

The outlet water temperature values of the most beneficial device with both thermal
breaker and with PCM device from (8:00- 15:00) is near to the other three experimental
devices temperature values. After (15:00) the green line water temperature is continuing
to be the highest water outlet temperature degrees compared to the other three devices

with a high-value difference for the remaining hours of operation.
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The maximum water outlet temperature values that the experimental device reaches are
(40.9, 42.8, 43, 40.8)° C for the period (14:00-17:00). Particularly, the water lost its heat
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energy for the system with both thermal break and PCM is much less than the other
three systems at each hour during the operating hours especially at night hours, and that
leads to the water with both thermal breaker and PCM system maintain its heat energy
mostly. That means the experimental apparatus with both thermal breaker and PCM has

valuable beneficial temperature distribution values during the full operating hours.

Figure (5-10): Two Liter/Hour Load Water Outlet Temperature of Four Experimental
Apparatus V.S. Time
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5.4. The Daily Efficiency

The daily efficiency is depending on the total useful and inlet heat energy values. The
factors such as a thermal breaker, PCM, and load have directly affected the daily
efficiency. Figure (5-11) represents the daily efficiency for two experimental apparatus
(with and without thermal breaker and both without PCM) at 1 liter/hour load. It can be
observed that the daily efficiency with and without thermal breaker is 33.3% and 31.29
%, respectively due to the thermal breaker extends the operating hours of the solar
collector. For example, the system without a thermal breaker was shut down at (21:00)
while the with thermal breaker was shut down at (24:00 AM) (three operating hours

34%

3304 ®m With Thermal Breaker

® Without Thermal Breaker
33%
32%
32%

31%

31%

30%

difference) as illustrated in the figure.

Figure (5-11): Two Systems Daily Efficiency without PCM at 1 L/H Load

Figure (5-12) clarifies the daily efficiency for two experimental apparatus (with and
without thermal breaker and both with PCM) at 1 liter/hour load. It can be noticed that
the daily efficiency with thermal breaker is higher than without thermal breaker too
which are (41.2%) and (almost 36%). Where the system with PCM higher than the
without PCM because the PCM prevents the system shutdown and compensates the heat
energy lost from the water storage tank. Also, the system with both thermal breaker and
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PCM has the highest daily efficiency since the thermal breaker prevents the heat energy
leaks out between the sections and the PCM compensates for the reduction in the water
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temperature as shown in the figure (5-12).

Figure (5-12): Two Systems Daily Efficiency with PCM at 1 L/H Load

Figure (5-13) represents the daily efficiency for two experimental apparatus (with and

without thermal breaker and both without PCM) at a 2 liter/hour load. It can be observed
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that the daily efficiency with and without thermal breaker is 43% and 42 %, respectively

because the thermal breaker extends the operating hours of the solar collector.

Figure (5-13): Two Systems Daily Efficiency without PCM at 2 L/H Load

For instance, the system without a thermal breaker was shut down at (22:00) while the
with thermal breaker was shut down at (24:00 AM) (two operating hours difference) as

illustrated in the figure above.

Figure (5-14) clarifies the daily efficiency for two experimental apparatus (with and
without thermal breaker and both with PCM) at 2 liter/hour load. It can be noticed that
the daily efficiency with thermal breaker is higher than without thermal breaker too
which are (47%) and (almost 44%). For the same previous reason of existing thermal
breaker and PCM. There was a difference in the daily efficiency values when the load
was changed. For instance, when the load is 2 Liter/Hour the daily efficiency values of

the four experimental devices are higher than the daily efficiency values at 1 Liter/Hour

Daily Efficiency with PCM at 2 L/H Load
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load. These are sensible results since the daily efficiency has a proportional relationship
with the useful heat energy (when the load increases the mass flow rate increase too and
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useful heat energy depend on the mass flow rate, so it is increased too as stated in daily

efficiency equation) as described in the figure.

Figure (5-14): Two Systems Daily Efficiency with PCM at 2 L/H Load

5.5. Heat Energy Equivalent

The heat energy equivalent is called also the overall heat energy equivalent for the two
solar collector systems (with and without thermal breaker) with PCM, and the other two
systems without PCM at each hour for the total operating hours. The heat energy
equivalent is primary depending on the heat energy useful (outlet) of the two systems
with and without thermal breaker based on heat energy equivalent equation. Also, the
load, PCM, and thermal breaker impact the equivalent heat energy directly. Figure (5-
15) depicts the heat energy equivalent for two experimental apparatus (with and without
thermal breaker and both without PCM) at 1 liter/hour load. It can be noticed that during

the sunshine the useful (outlet) heat energy of the systems without thermal breaker little
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bit higher than the useful heat energy with thermal breaker until (17:00) due to the
advantage of the axial conduction during the sunlight hours for the GAHP-ETSC
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without thermal breaker. However, the major advantage of the thermal breaker
disclosure during the sunset hours until (23:00) after that period both systems will be

shut down, as described in the figure.

Figure (5-15): Two System Equivalent Heat Energy without PCM at 1 L/H Load

Figure (5-16) illustrates the heat energy equivalent for the two experimental apparatus
(with and without thermal breaker and both with PCM) at 1 liter/hour load. It can be
observed that during the sunshine the useful (outlet) heat energy of the systems without
thermal breaker higher than the useful heat energy with thermal breaker until (16:00)
because of two reasons as described in Figure (5-1) to Figure (5-5); the existence of the

PCM, and the advantage of the axial conduction during the sunlight hours for the
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GAHP-ETSC without thermal breaker. In other words, during the sunlight, the PCM
absorbs part of the transferred heat energy of the water storage tank that leads to an
increase in the convection heat transfer in the working fluid (the phase change process of

the acetone will be so fast transferring more heat energy). But this process is temporary
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only during the high solar intensity period, thus after that time, the useful heat energy
without thermal breaker decreases until the end of (15:00).

Figure (5-16): Two Systems Equivalent Heat Energy with PCM at 1 L/H Load

Later, the PCM is extending the advantage of the thermal breaker during the sunset by
increasing the useful and equivalent heat energy with a thermal breaker (gained one hour
compared to the system without PCM) until (24:00) since the PCM has a secondary
advantage that prevents the system to shut down and compensates the heat energy lost
from the water storage tank. Overall, the system with both thermal breaker and PCM has
the longest positive equivalent heat energy during the full operation hours as clarified in

the figure above.

Figure (5-17) clarifies the heat energy equivalent for two experimental apparatus (with
and without thermal breaker and both without PCM) at 2 liter/hour load. It can be
distinguished that the behavior of the equivalent heat energy without PCM at 2 L/H load
is approximately nearly to the behavior of the equivalent heat energy without PCM at 1
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L/H load. Whereover, during the sunshine the useful (outlet), heat energy of the systems

without thermal breaker at 2 L/H load less than the useful heat energy at 1 L/H load.
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That means the advantage of the thermal breaker increases with increasing the load
during the sunshine. Where the useful energy with thermal breaker during the sunlight
insignificant than the without one until (17:00) due to the same reason (axial conduction
advantage). However, the greatest advantage of the thermal breaker appears during the
sunset hours until (23:00) after that period both systems will be shut down, as described

in the figure.

Figure (5-17): Two Systems Equivalent Heat Energy without PCM at 2 L/H Load

Figure (5-18) represents the heat energy equivalent for the two experimental apparatus
(with and without thermal breaker and both with PCM) at a 2 liter/hour load. It can be
observed that the behavior of the equivalent heat energy with PCM at 2 L/H load is
clearly different than the behavior of the equivalent heat energy with PCM at 1 L/H load
since the advantage of adding the two features to the experimental device is obviously
clear when the load increase (the advantage of axial conduction is compared to the

thermal breaker advantage during the sunshine will be approximately equivalent).
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Wherever throughout the period (9 AM -11 AM) the useful heat energy with thermal
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breaker higher than the without thermal breaker despite during the sunshine hours. Then,
for the period (12:00-15:00) the useful heat energy without thermal breaker little bit
higher due to the high solar intensity. Later, the excellent advantage of using both
features (thermal breaker and PCM) is disclosure of the period (16:00-24:00). As result,
When the load increases, the advantage of the thermal breaker increase too during the
sunset hours, and the disadvantage decrease during the sunshine at existence of the
PCM, for this reason, this solar collector system type has the optimum advantage and the
longest positive equivalent heat energy over the other three systems as explained in the

figure.

Figure (5-18): Two Systems Equivalent Heat Energy with PCM at 2 L/H Load

5.6. Overall Thermal Resistance

The overall thermal resistance is relying on the evaporator and condenser mean surface
temperature, the evaporator length, and the solar intensity. Other factors such as PCM,
thermal breaker, and load have directly affected the overall thermal resistance. Also, the
calculated time for all thermal resistance results of the four experimental apparatus for
the period (8:00-16:00) because after (16:00) the solar intensity values drop down to
reaches zero (sunset). Figure (5-19) clarifies the overall thermal resistance for the two
experimental apparatus (with and without thermal breaker and both without PCM) at 1
liter/hour load. It can be observed that the mostly the thermal resistance values of the
system with a thermal breaker are higher than the without thermal breaker because the
thermal breaker is considered thermal resistant prevents the axial conduction throughout
the wall of the GAHP from the evaporator to condenser section and vice versa.
Additionally, the phase change process of the working fluid ( liquid to vapor in the
evaporator section and the vapor condensate to be back liquid inside the condenser
section). In the condenser section when the vapor of the working fluid condensate
(condensation process), a phase change occurs from vapor to liquid during that process
the latent heat is emitted to the wall of the heat pipe and then to the water. There are two
types of condensation processes are film (which is the common one) and drop-wise
condensation (which is more efficient). After the condensation process, the film layer
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Thermal Resistance Without PCM vs. Time at 1 L/H Load
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slips on the heat pipe wall by the advantage of the gravity to the evaporator section to
gain latent heat and convert to vapor, and the cycle continues over and over. While, the
drop-wise type, the working fluid condensate in the form of a droplet, and these droplets
grown with time and drop down due to the gravity and flowing down through the GAHP
wall to the evaporator section and the cycle repeated over and over. These two types
(film and drop-wise) work as thermal resistance since both types (slip and flow) on the
wall of the GAHP. As result, the blue line has both thermal resistance (Thermal breaker
and phase change process thermal resistance), and the without thermal breaker (Red
line) has only one (phase change process thermal resistance). For this reason, the
experimental apparatus with a thermal breaker (Blue line) has higher thermal resistance
values than the reference device (Red line) except at (12:00) due to the optimum solar
intensity value at that time, thus the condenser section has almost the higher mean

surface temperature.

Figure (o-19). 1wu oysteins 1erndr kesistanice wiuivut Fuivi au L o Load
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Thermal Resistance With PCM vs. Time
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Figure (5-20) depicts the overall thermal resistance for the two experimental apparatus
(with and without thermal breaker and both with PCM) at 1 liter/hour load. As described
above, the difference in this figure is the PCM that affects the thermal resistance where
the PCM decreases the overall thermal resistance in general for both with and without
thermal breaker. Also, the blue line device with thermal breaker has slightly larger
thermal resistance values than the red line device except from (9:00-11:00) as described
above in figure (5-1) and (5-3) the experimental apparatus with PCM only (purple line)
has the highest surface temperature distribution values in both sections because of the
existence of the PCM. The PCM in the without thermal breaker apparatus during the
sunshine absorbs the latent heat from the water storage tank, and that leads to an
increase in the speed of the phase change process (increasing the film layer of the
working fluid on the wall of the GAHP). Thus, increasing the thermal resistance during

these specific operating hours.

Figure (5-2u). 1wu Systerns 1nerman xesistance wiui Foivi a1 L/H Load

Figures (5-21) and (5-22) illustrate the overall thermal resistance for the two

experimental apparatus (with and without thermal breaker and both without PCM), and
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the other two devices (with and without thermal breaker and both with PCM) at 2
liter/hour load, respectively. It can be observed that the behavior of the overall thermal
resistance values for the four devices at 2 liter/hour load have the same behavior of the

overall thermal resistance values at 1 L/H load. Wherever the thermal resistance values
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of the blue line device (with thermal breaker and without PCM) higher than the
reference device (red line). Also, the blue line device with a thermal breaker with PCM
has slightly larger thermal resistance values than the red line device except from (9:15-
11:20) as described above in figures (5-6) and (5-8) the experimental apparatus with
PCM only has the highest surface temperature distribution values in both sections
because of the existence of the PCM. The only difference in the overall thermal
resistance values between the 1 and 2 L/H loads is at 2 L/H load the overall thermal
resistance values as general for both figures slightly lower than the values of the figures
at 1 L/H. These are reasonable results because when the load increases (mass flow rate
increases) the required time to transfer the demand thermal heat energy will be
increasing too for all the units and parts (evaporator, condenser, water storage tank,
PCM containers, and working fluid) especially gravity assistance heat pipe as described
in figures (5-6) and (5-9), where the surface and core temperature distribution values
through the GAHP at 2 L/H load decrease compared to the 1 L/H.
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Figure (5-21): Two Systems Thermal Resistance without PCM at 2 L/H Load

Figure (5-22 it 2 L/H Load
5.7. Solar Intensity

The solar intensity of solar irradiance means the quantity of incoming solar radiation
energy on the surface of the earth. Many factors determine the amount of this sun's
energy such as the specific month of the year, time of the day, geographic location, and
sun angle. As mentioned in chapter four Solar Power Meter TENMARS TM-207
measuring tool device was utilized to measure the amount of the solar irradiance during
the experimental time and location. Figure (5-23) illustrates the solar intensity values
during that time. It can be noticed that the solar intensity value at the first hour of the
experimental apparatus operating is 502 W/m? at (8:00) until the sunset at (17:00) where
the solar irradiance value is 0 W/m?. Also, the optimum solar intensity value is 1249
W/m? at (12:00) as shown in the figure.
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Figure ne

5.8. A Comparison between the 1&2 L/H Loads and Thermal Breaker
and PCM Effects at Each Section

In this subsection, it will be discussed and compared between the temperature

distribution values as well as the outlet water temperature for the four experimental
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apparatus at 1 liter/Hour load and 2 liter/Hour load. For instance, comparison between
the evaporator and condenser section (core and surface results) as well as, the outlet
water temperature from the water storage tank for the four experimental apparatus at the
two different loads as described in figure (5-1) to (5-10). Also, the daily efficiency, heat

energy equivalent, and the overall thermal resistance at the two different loads as
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described in figure (5-11) to (5-22). Two various periods will be chosen for the
comparison during the sunshine and sunset. The comparison conducted in two periods
the first was from (11:00 A.M — 1:00 P.M) and the second was from (10:00 — 12:00)
P.M.

The first device without thermal breaker and with PCM (Purple line) for the evaporator
section (surface and core) the temperature distribution values are (77.06, 75.6, 76.8)° C
and (75.95, 73.05, 74.55)° C, and during the sunset are (22.06, 20.03, 17.67 )° C and
(21.9, 19.95, 17.65)° C at 1 Liter/Hour load. However, the temperature distribution
values for the same period for the evaporator surface and core during the sunshine and
sunset hours are (75.35, 72.56, 73.9)° C and (81.5, 72.35, 73.8)° C, and (20.1, 18.86,
17.96)° C and (20.8, 19.5, 17.95)° C at 2 Liter/Hour load.

Also, the reference device (Red line) for the evaporator section (surface and core) the
temperature distribution values are (56.23, 61.96, 60.33)° C and (70.55, 70.8, 68)° C, and
during the sunset are (22.06, 20.03, 17.67 )° C and (21.9, 19.95, 18.25)° C at 1
Liter/Hour load. While the temperature distribution values for the same period for the
evaporator surface and core during the sunshine and sunset hours are (55.53, 60.56,
58.13)° C and (69.15, 70.1, 65.45)° C, and (19.9, 19.7, 17.7)° C and (20.65, 19.55,
17.49)° C at 2 Liter/Hour load.

Furthermore, the third apparatus with thermal breaker without PCM (Blue line) the
evaporator section (surface and core) the temperature distribution values are (64.43,
67.06, 69.13)° C and (62.6, 64.4, 66.65)° C, and during the sunsetare (20.13, 18.56, 18.2
)° Cand (20.1, 18.6, 18.25)° C at 1 Liter/Hour load. Whilst the temperature distribution
values for the same period for the evaporator surface and core during the sunshine and
sunset hours are (63.76, 65.7, 67.3)° C and (61.25, 64.08, 66.05)° C, and (20.3, 18.42,
18.13)° C and (20.2, 18.4, 18.2)° C at 2 Liter/Hour load.

Lastly, both thermal breaker and PCM device (Green line) for the evaporator section
(surface and core) the temperature distribution values are (62.93, 63.46, 65.16)° C and
(60.65, 61.7, 63.45)° C, and during the sunset are (22.4, 20.2, 18.03 )° C and (22.3, 20.4,
18.2)° C at 1 Liter/Hour load. Nevertheless, the temperature distribution values for the

same period for the evaporator surface and core during the sunshine and sunset hours are
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(61.66, 62.96, 63.86)° C and (59.85, 60.15, 61.7)° C, and (22.4, 20.2, 18.03)° C and
(22.3, 20.4, 18.2)° C at 2 Liter/Hour load.

For the condenser section (surface and core) the purple line device the temperature
distribution values are (39.95, 53.6, 57.25)° C and (46.05, 55.05, 55.55)° C, and during
the sunset are (19.25, 18.35, 18.05)° C and (19.2, 18.25, 18.1)° C at 1 Liter/Hour load.
However, the temperature distribution values for the same period for the evaporator
surface and core during the sunshine and sunset hours are (42.9, 58.25, 61.3)° C and
(45.05, 59.6, 62.85)° C, and (18.35, 17.2, 16.7)° C and (18.5, 17.35, 16.65)° C at 2
Liter/Hour load.

Also, the reference device for the condenser section (surface and core) the temperature
distribution values are (27.35, 31.45, 33.25)° C and (40.55, 45.55, 45.6)° C, and during
the sunset are (17.8, 17.3, 17.25)° C and (17.7, 17.2, 17.1)° C at 1 Liter/Hour load.
While the temperature distribution values for the same period for the evaporator surface
and core during the sunshine and sunset hours are (25.35, 30.6, 32.3)° C and (39.3, 42.5,
43.6)° C, and (17.85, 17.35, 17.5)° C and (17.6, 17.2, 17.2)° C at 2 Liter/Hour load.

Furthermore, the third apparatus with thermal breaker without PCM the condenser
section (surface and core) the temperature distribution values are (30.15, 40, 41)° C and
(31.75, 42, 45.85)° C, and during the sunset are (20.2, 19.2, 18.85)° C and (20.25, 19.2,
18.95)° C at 1 Liter/Hour load. Whilst the temperature distribution values for the same
period for the evaporator surface and core during the sunshine and sunset hours are
(29.55, 40, 41)° C and (19.35, 18.25, 18.35)° C, and (31.35, 44, 45.55)° C and (19.25,
18.35, 18.3)° C at 2 Liter/Hour load.

Finally, both thermal breaker and PCM device for the condenser section (surface and
core) the temperature distribution values are (36.25, 37.9, 42.3)° C and (36.65, 38.75,
42.25)° C, and during the sunset are (26.4, 24.55, 24.55)° C and (26.4, 24.4, 24.45)° C at
1 Liter/Hour load. Nevertheless, the temperature distribution values for the same period
for the evaporator surface and core during the sunshine and sunset hours are (35.4,
36.75, 41.25)° C and (35.65, 37.65, 41.1)° C, and (24.45, 21.3, 17.2)° C and (23.7, 19.8,
17.6)° C at 2 Liter/Hour load.
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The maximum outlet water temperature values for the (Purple line) device at the period
(1:00-4:00) P.M are (43.6, 43.5, 44.4, 44 )°C at 1 Liter/Hour load. However, the values
at 2 Liter/Hour load for the same period are (42.4, 42.8, 43.1, 42.2)°C.

The maximum outlet water temperature values for the reference apparatus which are at
the period (1:00-3:00) P.M which are (43, 43.5, 44)°C at 1 Liter/Hour load. However,
the values at 2 Liter/Hour load for the same period are (42.1, 43, 43.5)° C.

The maximum outlet water temperature values for the (Blue line) apparatus are at the
period (1:00-3:00) P.M which are (42.6, 42.8, 43.1)°C at 1 Liter/Hour load. However,
the values at 2 Liter/Hour load for the same period are (40.1, 41, 40.7)° C.

The maximum outlet water temperature values for the both features (Green line)
apparatus which are at the period (1:00-4:00) P.M are (40.2, 42.3, 43.8, 43.5)°C at 1
Liter/Hour load. However, the values at 2 Liter/Hour load for the same period are (38.8,
40.9, 42.8, 43)°C.

Generally, according to the results above, the effect and the precious benefit of adding a
thermal breaker within the adiabatic section in the GAHP, PCM within the storage tank
system, or adding both thermal breaker and PCM together in the solar collector
apparatus will be discussed clearly for the whole sections of the experimental device.
For instance, the thermal breaker allows the heat energy transfer from the evaporator to
condenser sections through the working fluid (phase change convection heat transfer)
only (there is no axial conduction heat transfer), and that leads to concentrate the
temperature distribution on the surface of the evaporator. However, the PCM absorbs
part of the transferred heat energy of the water storage tank in order to store this thermal
heat energy and compensate it for the temperature reduction of the water during the
night. As result, the PCM is not directly affecting the surface temperature of the
evaporator, but it affects the working fluid.

In the condenser section, the GAHP with thermal breaker devices higher than the
without devices. It could be debated to the heat energy that is transferred from the
working fluid to the surface of GAHT in the condenser section is stored (the temperature

will not transfer back to the evaporator since the existence of the thermal break). Also,
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the PCM compensates for the reduction temperature of the water during the absence of
sunlight. Moreover, a high amount of heat energy escapes to the evaporator section
through the GAHP (surface and core).

For the solar collector system with both features (Thermal breaker and PCM), where the
thermal breaker prevents the axial conduction from the condenser section (water storage
tank) to the evaporator section, and it provides the necessary heat energy to the PCM
storage tanks during the sunny hours. Moreover, it resists thermally the heat energy from
transferring from the storage tank (condenser section) to the evaporator section
throughout the night hours, and that leads to saving most of the water temperature
especially during the night. Particularly, the water lost its heat energy for the system
with both thermal break and PCM is much less than the other three systems at each hour
during the operating hours especially at night hours. That leads to the water with both
thermal breaker and PCM system maintain its heat energy mostly (keeping it possible
hot during the coldest weather). That means the experimental apparatus with both
thermal breaker and PCM has valuable beneficial temperature distribution values during
the full operating hours. Eventually, this device is deemed the most precious device
compared to the three other apparatus based on adding thermal breaker and PCM
together. In other words, it is the most advantageous and lowest disadvantage device

during operating hours.

The temperature distribution values difference between the four experimental apparatus
at each specific part (evaporator, condenser, and water storage tank) have been discussed
briefly above in each section. It can be observed that the behavior of the surface, core,
and outlet water temperature distribution for the four experimental apparatus at 2
liter/hour load is mostly similar to the behavior of the surface, core, and outlet water
temperature distribution for the 1 liter/hour load. Only except for the 2 liter/hour load the
temperature distribution values for the four empirical devices sections are lower than the
temperature distribution values of 1 liter/hour load. These are reasonable results because
when the mass flow rate increases the required time to transfer the demand thermal heat
energy will be increasing too for all the units and parts (evaporator, condenser, water
storage tank, PCM containers, and working fluid), especially to the water storage tank.
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Also, when the load increases (flow rate increase) the thermal breaker disadvantage
through the sunshine will be decreasing until there is not any considerable disadvantage
through the sunshine. On the other hand, the advantage of the thermal breaker during
sunset will be noticeable and increased especially when adding a PCM compared to the

without thermal breaker apparatus.

For the daily efficiency, the thermal breaker enhances the daily efficiency by extending
the total operating hours of the solar collector around (3 Hours). Also, the system with
PCM higher than the without PCM because the PCM prevents the system shutdown
(working with thermal breaker) and compensates for the heat energy lost from the water
storage tank. Also, the system with both thermal breaker and PCM has the highest daily
efficiency since the thermal breaker prevents the heat energy leaks out between the
sections and the PCM compensates for the reduction in the water temperature.
Additionally, there was a difference in the daily efficiency values when the load was
changed. For example, when the load is 2 Liter/Hour the daily efficiency values of the
four experimental devices are higher than the daily efficiency values at 1 Liter/Hour load
since the daily efficiency has a proportional relationship with the useful heat energy
(when the load increases the mass flow rate increase too and useful heat energy depend

on the mass flow rate, so it is increased too.

For the heat energy equivalent, the PCM is extending the advantage of the thermal
breaker during the sunset by increasing the useful and equivalent heat energy with the
thermal breaker (gained one hour compared to the system without PCM) until (24:00).
The behavior of the equivalent heat energy with PCM at 2 L/H load is clearly different
from the behavior of the equivalent heat energy with PCM at 1 L/H load since the
advantage of adding the two features to the experimental device is obviously clear when
the load increase (the advantage of axial conduction is compared to the thermal breaker
advantage during the sunshine will be approximately equivalent). Overall, this solar
collector system type has the optimum advantage and the longest positive equivalent
heat energy over the other three systems as explained in the figure below.

Lastly, the thermal breaker is considered thermal resistant prevents the axial conduction

throughout the wall of the GAHP from the evaporator to the condenser section and vice
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versa. Additionally, the phase change process of the working fluid ( liquid to vapor in
the evaporator section and the vapor condensate to be back liquid inside the condenser
section) is deemed a secondary thermal resistance. The only difference in the overall
thermal resistance values between the 1 and 2 L/H loads is at 2 L/H load the overall
thermal resistance values as general for the four systems slightly lower than the values at
1 L/H. When the load increases (mass flow rate increases) the required time to transfer
the demand thermal heat energy will be increasing too for the system as described above
in figures (5-6) and (5-9), where the surface and core temperature distribution values
through the GAHP at 2 L/H load decrease compared to the 1 L/H.

Finally, when the load increases (flow rate increase) the thermal breaker disadvantage
through the sunshine will be decreasing until there is not any considerable disadvantage
through the sunshine. On the other hand, the advantage of the thermal breaker during
sunset will be noticeable and increased especially when adding a PCM compared to the
without thermal breaker apparatus. Lastly, the apparatus with both thermal breaker and
PCM is considered the most advantageous and lowest disadvantage device during

operating hours.

5.9. The Numerical Results

The Gravity Assistance Heat Pipe mathematical model has been analyzed by solving the
partial differential equations to obtain the temperature distribution profiles of the present
system by utilizing a numerical analysis (MATLAB Software) for recommended future
works. The MATLAB code creates to solve cylindrical coordinates (Transient Heat
Problem) by utilizing a Finite Difference Method (FDM). Also, the type of the boundary

conditions (BC) is Dirichlet Conditions that are used in the creating code and the fix
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initial condition (Temperature). The Graphical results below represent the two regions of
the GAHP evaporator sections (Liquid and vapor) at different time throughout the
operating time of the GAHP-ETSC system at 2 Liter/ Hour load (with and without
thermal breaker and both with PCM) as shown in Figure (5-24) to figure (5-31). Figure
(5-24) and figure (5-25) represent the GAHP evaporator section of an experimental
apparatus without thermal breaker and with PCM, and with both thermal breaker and
PCM, respectively at a 2 L/H load during (10 AM). It can be noticed that the maximum
temperature of the system without a thermal breaker is around 69° C since the axial
conduction heat transfer during the sunshine as explained. However, the maximum
temperature of the system with a thermal breaker is around 57° C as shown in the

figures, respectively.
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Also, Figures (5-26) and (5-27) clarify the GAHP evaporator section of an experimental
apparatus without thermal breaker and with PCM, and with both thermal breaker and
PCM, respectively at a 2 L/H load during (17:00). It can be observed that the maximum

temperature of the system without thermal breaker is around 64° C and the system with
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thermal breaker is around 44° C. Similarly, figures (5-28) and (5-29) represent the
GAHP evaporator section of an experimental apparatus without thermal breaker and
with PCM, and with both thermal breaker and PCM, respectively at a 2 L/H load during
(22:00). It can be observed that the maximum temperature of the system without a
thermal breaker is around 27° C and the system with a thermal breaker is around 19° C.
The reason behind that is, as described before at (17:00) the solar intensity value starts to
be zero, and it continues to be zero until (24:00), thus the two systems without thermal
breaker have a respectable amount of the heat energy leaks out to the evaporator section
through the GAHP (surface and core) from the condenser section (water storage tank).
However, the other two systems with thermal breaker have lower temperature values
than the without thermal breaker systems due to the advantage of the thermal breaker

during the sunset, as illustrated in the figures, respectively.

Figure (5-24): Temperature Profiles without Thermal Br. and with PCM at 10 AM
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Figure (5-25): Temperature Profiles with Both Thermal Breaker & PCM at 10 AM

Figure (5-26): Temperature Profiles without Thermal Br. and with PCM at 5 PM
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Figure (5-27): Temperature Profiles with Both Thermal Breaker & PCM at 5 PM
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Figure (5-28): Temperature Profiles without Thermal Br. and with PCM at 10 PM
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Figure (5-29): Temperature Profiles with Both Thermal Breaker & PCM at 10 PM

5.10. Validation of Numerical and Experimental Results

In this section, two validations between the numerical and experimental results have
been presented for the surface temperature distribution along the evaporator section (two
regions vapor and liquid). Figures (5-30) and (5-31) represent the validation between the
numerical and experimental results for the device with both thermal breaker and PCM,
and the other device without thermal breaker and with PCM, respectively; both cases at
a 2 Liter/Hour load.

It can be observed that the minimum and maximum percentage of error values between
the numerical and experimental results are (2.54 %) at (10:00) and (9.52%) at (22:00),
respectively for the solar collector with both thermal breaker and PCM as shown in
figure (5-30). However, the minimum and maximum percentage of error values between
the numerical and experimental results are (3.2 %) at (10:00) and (16.53%) at (22:00),
respectively for the solar collector without thermal breaker and with PCM as presented
in figure (5-31).

In figure (5-30), the numerical results have an excellent validity along the GAHP
evaporator section (vapor and liquid regions) with experimental results, and after (20:00)
the experimental results started to rise above the blue line due to the high advantage of
using both thermal breaker and PCM together especially during the sunset hours. Also,
the PCM melting point temperature is 43°C that used in the numerical simulation.
However, a range of the PCM melting point temperature values are (38°C) to (43°C)

which are utilized in the experimental calculation.

However, in figure (5-31) the numerical results have a very good validity along the
GAHP evaporator section (vapor and liquid regions) with experimental results. Also, the
behavior of both results is almost similar where the experimental results temperature
distribution values are lower than the numerical results due to the absence of the thermal
breaker advantages specifically throughout the evening hours. Also, the PCM melting

point temperature is 43°C that used in the numerical simulation (only one PCM melting
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temperature value). However, a range of the PCM melting point temperature values are
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(38°C) to (43°C) which are utilized in the experimental calculation.

Figure (5-30): Validation Between Numerical and Experimental Results with Both
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Figure (5-31): Validation Between Numerical and Experimental Results without
Thermal Breaker and with PCM at 2 Liter/Hour Load
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CHAPTER SIX
Conclusion &

Recommendations



6.1. Conclusion

The fundamental targets and objectives of this thesis have been accomplished. Four
experimental apparatuses models are two GAHP-ETSC with and without PCM and both
with thermal breaker, and the other two with and without PCM and both without thermal
breaker have been manufactured, developed, and operated to achieve the assessments of
the desired system.

In this thesis, two cases studies with the four various system models were performed
which were divided based on the water load amount. The first and second cases are
studying the influence of applying 1 L/H load and 2 L/H load of water on the daily
efficiency and performance of the four various experimental devices, respectively. Also,
each case investigates the effect of applying the specific load on each experimental
device individually in order to illustrate and demonstrate the influence of the thermal
breaker with PCM on enhancing and improving the performance of the ETSC, especially

during the demand period.

The thermal breaker allows the heat energy transfer from the evaporator to condenser
sections through the working fluid only. However, the PCM absorbs part of the
transferred heat energy of the water storage tank in order to store this thermal heat

energy and compensate it for the temperature reduction of the water during the night.

The behavior of the surface, core, and outlet water temperature distribution for the four
experimental apparatus at (1&2) liter/hour load are mostly similar. Only except for the
temperature distribution values for the four empirical devices sections at 2 liter/hour
load are lower than at 1 liter/hour load. These are reasonable results because when the
mass flow rate increases the required time to transfer the demand thermal heat energy

will be increasing too for all parts, especially to the water storage tank.

The thermal breaker enhances the daily efficiency by extending the total operating hours
of the solar collector around (3 Hours). The system with both thermal breaker and PCM
has the highest daily efficiency since the thermal breaker prevents the heat energy leaks
out between the (condenser-evaporator) sections, and the PCM compensates for the

reduction in the water temperature. Also, the PCM is extending the advantage of the
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thermal breaker during the sunset by increasing the useful and equivalent heat energy
with the thermal breaker (gained one hour compared to the system without PCM) until
(24:00). Particularly, the water lost its heat energy for the system with both thermal
break and PCM is much less than the other three systems at each hour during the
operating hours especially at night hours. That leads to the water with both thermal
breaker and PCM system maintain its heat energy mostly (keeping it possible hot during

the coldest weather).

When the load increases (mass flow rate increases) the required time to transfer the
demand thermal heat energy will be increasing too for the system. Also, the thermal
breaker disadvantage through the sunshine will be decreasing until there is not any
considerable disadvantage through the sunshine. On the other hand, the advantage of the
thermal breaker during sunset will be noticeable and increased especially when adding a
PCM compared to the without thermal breaker apparatus. Where, the improvement
percentage between the apparatus with both thermal breaker and PCM and the apparatus
without both is 55% and 55.5% at 1 L/H and 2 L/H load, respectively based on the water
outlet temperature.

Lastly, the apparatus with both thermal breaker and PCM is considered the most
advantageous and lowest disadvantage device during operating hours and has the
optimum advantage and the longest positive equivalent heat energy over the other three
systems.

Validation between the present work and previous studies has been achieved. Two
previous researchers’ studies were utilized to compare with the present work in order to
disclose the advantage and the better performance of the present work than others. The
validation showed that the present work had the highest efficiency and thermal

resistance among the other two researchers.
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6.2. Future Works & Recommendations

For future works, the Gravity Assistance Heat Pipe mathematical model has been
analyzed by solving the partial differential equations to obtain the temperature
distribution profiles of the present system by utilizing a numerical analysis (MATLAB
Software). The MATLAB code creates to solve cylindrical coordinates (Transient Heat
Problem) by utilizing a Finite Difference Method (FDM).

Two validations between the numerical and experimental results have been presented for
the surface temperature distribution along the evaporator section (two regions vapor and
liquid). The first device with both thermal breaker and PCM, and the other device
without thermal breaker and with PCM, respectively; both cases at a 2 Liter/Hour load.
The minimum and maximum percentage of error values between the numerical and
experimental results are (2.54 %) at (10:00) and (9.52%) at (22:00), respectively for the
solar collector with both thermal breaker and PCM. However, (3.2 %) at (10:00) and
(16.53%) at (22:00), respectively for the solar collector without thermal breaker and
with PCM.

The following suggestions can be recommended for future works:

- Develop the presented MATLAB code to solve and simulate the whole GAHP-
ETSC system.

- Add additive materials to the space between the evacuated tube glass and the
GAHP such as (Nanofluids, Nanoparticles, and PCM, ...etc.,).

- Try to use another type of PCM with higher thermal conductivity.

- Integrate a sun tracking system to embedded with the solar collector system to
increase the solar intensity that falling on the ETSC.

- Install fins on the surface of the GAHP to enhance thermal efficiency.
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Appendix (A)

The Calibration of Instruments Used in The Experiments

A.1l. Calibration of solar collector meter:
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Fig. A.1: Calibration of solar radiation meter



A.2. Calibration of Thermocouple:
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Fig. A.2: Calibration of Thermocouple



Appendix (B)

Experiments Data

Time 30UT[40UT| 50UT | 2IN | 3IN [20UT|30UT| 1IN | 2IN |Length ww | aw | sw INTLET|OUTLET
EVA. | EVA. | EVA. | EVA. | EVA. |COND.|COND.|COND.|COND.| mm WATER| WATER
8:00:00 48 46.7 43.2 48 31 146 | 139 | 146 | 143 250 131 [ 131 | 132 | 144 22
9:00:00 | 594 | 576 53.4 59 53 211 | 187 | 212 | 204 350 183 | 187 19 16.2 26.5
10:00:00 [ 60.3 | 59.3 60 594 | 562 | 255 | 225 | 257 | 247 450 218 | 231 | 236 18 316
11:00:00 | 65 64.3 64 643 | 609 | 326 | 27.7 | 327 | 308 550 28.1 31 31.8 | 19.8 35.8
12:00:00 | 67.5 67 66.7 654 | 634 | 532 44 535 | 523 650 35 38 389 | 217 38
13:00:00 | 69.3 69 69.1 678 | 655 | 474 | 387 | 473 | 444 750 37 4.8 43 24.1 426
14:00:00 | 693 | 67.5 67.6 68 669 | 394 | 337 | 394 | 373 850 381 | 414 | 409 | 251 428
15:00:00 | 68 67.2 67.3 675 | 666 | 359 | 316 36 34.2 950 39.2 41 408 | 255 43.1
16:00:00 | 65.1 | 64.4 64.3 64 63.1 | 332 | 305 | 331 | 324 | 1050 | 351 | 3638 37 25.3 403
17:00:00 | 49.1 49 48.8 484 | 476 | 298 28 298 | 292 | 1150 | 242 | 244 | 245 | 242 345
18:00:00 | 369 | 346 33.1 36.7 | 296 26 25.1 26 257 | 1250 | 234 | 234 | 235 | 212 29.6
19:00:00 | 304 | 294 25.8 301 | 241 | 233 | 231 | 233 | 233 | 1350 | 226 | 2266 | 227 | 197 245
20:00:00 | 26 25.3 22.8 257 | 23 | 22 | 221 | 222 | 222 | 1450 | 21.8 | 218 | 219 19 22.2
21:00:00 | 229 | 224 211 22.5 21 212 | 211 | 212 | 212 | 1550 | 209 | 209 21 18.2 203
22:00:00 [ 205 | 202 19.7 20.2 20 202 | 202 | 20.2 | 203 | 1650 | 20.1 20 20.1 | 176 17.8
23:00:00 | 187 | 185 18.5 183 | 189 | 192 | 192 | 192 | 192 | 1750 | 19.1 | 189 19 16.2 16.3
24:00:00 | 183 | 181 18.2 179 | 186 | 189 | 188 19 18.9 | 1850 | 188 | 186 | 188 | 152 15.2

Table (B-1): Without PCM with Thermal Break at 1 L/H Load




OUTLE
Time 30UT |40UT|50UT| 2IN | 3IN |20UT|30UT| 1IN | 2IN aw | aw | sw lieawlaeeml 1 INLET
EVA. | EVA. | EVA. | EVA. | EVA. |COND.|COND. [COND. [COND. WATER
WATER
080000 475 | 456 | 411 | 472 | 298 | 26 | 258 | 263 | 26 | 247 | 26 | 261 | 261 | 266 | 212 | 173
09.0000] 587 | 552 | 512 | 584 | 458 | 264 | 26 | 267 | 255 | 223 | 253 | 254 | 257 | 59 | 5 | 193
100000 504 | 59 | 592 | 583 | 557 | 322 | 32 | 326 | 306 | 246 | 298 | 298 | 271 | 267 | 308 | 222
110000] 63 | 633 | 625 | 62 | 593 | 372 | 353 | 37 | 363 | 263 | 344 | 381 | 305 | 298 | 341 | 238
120000 64 | 634 | 63 | 636 | 598 | 386 | 372 | 39 | 385 | 298 | 37 | 368 | 337 | 331 | 352 | 251
130000 654 | 651 | 65 | 641 | 628 | 432 | 414 | 433 | 412 | 361 | 401 | 397 | 371 02 | 261
140000 667 | 666 | 666 | 657 | 644 | 467 | 442 | 475 | 45 | 389 | 429 | 428 | 40 03 | »
150000 65.1 | 649 | 645 | 643 | 633 | 457 | 44 | 452 | 446 | 401 | 44 | 439 | 422 | 413 | 44 | 13
160000| 635 | 633 | 629 | 626 | 618 | 432 | 425 | 434 | 433 | 395 | 426 | 425 | 409 | 406 | 435 | 239
170000 451 | 453 | 450 | 454 | 452 | 417 | 414 | 419 | 423 | 391 | 417 | 415 | 397 | 396 | 405 | 227
180000 382 | 384 | 379 | 386 | 382 | 378 | 377 | 379 | 381 | 364 | 377 | 377 | 374 | 317 | 382 | 229
190000 344 | 345 | 344 | 343 | 341 | 334 | 334 | 335 | 338 | 324 | 335 | 335 | 341 | 348 | 341 | 201
200000 281 | 284 | 28 | 284 | 281 | 33 | 33 | 33 | 333 | 319 | 3 | 33 | 326 2 | 186
210000] 268 | 265 | 267 | 265 | 262 | 28 | 279 | 28 | 281 | 272 | 279 | 28 | 29 | 302 | 293 | 178
20000] 223 | 225 | 24 | 223 | 223 | 265 | 263 | 265 | 263 | 255 | 263 | 263 | 266 | 273 | 263 | 171
230000] 203 | 20 | 203 | 204 | 204 | 244 | 247 | 244 | 244 | 23 | 246 | 246 | 254 | 259 | 2 | 167
240000] 18 | 181 | 18 | 181 | 183 | 245 | 246 | 246 | 243 | 233 | 244 | 245 | 252 | 257 | 217 | 167
Table (B-2): Without PCM without Thermal Break at 1 L/H Load
Table (B-3): With PCM with Thermal Break at 1 L/H Load
20UT
~ |3ouTlaout|souT| 2IN | 31N 30UT| 1IN | 2IN INLET | OUTLET
Time 1 eva. | eva. | eva. | eva. | eva. |““NP|conp. |conp. |conp.| TW | #W | W \waTer| waTer
8:00:00 47 40.7 34.6 68.8 32.2 21.1 19 22.2 21.1 18.9 21.2 21.3 14.4 22.3
9:00:00 58.1 39.9 41.9 70.4 38.6 24 19.6 33.3 25.1 19.1 23.8 239 16.2 27
10:00:00 60.3 43.9 46.5 74 42.7 27.2 19.9 38.1 29.5 19.5 27.1 27.3 18 32.2
11:00:00 65 50.6 53.1 92.9 48.2 31.9 22.8 43.3 37.8 22.3 32 32.1 19.8 36.2
12:00:00 67.4 55 63.5 89.7 519 37.1 25.8 47.9 43.2 25.2 37.4 375 21.7 38.7
13:00:00 70.4 53.8 56.8 84 52 39.4 27.1 48.1 43.1 26.6 40 40.1 24.1 43
14:00:00 70.2 51.7 545 73.2 50.3 394 28.3 47 40.6 27.8 39.8 39.9 25.1 43.5
15:00:00 68.6 50.3 53.2 69.4 48.9 39.2 29.5 45.8 39.3 289 39.2 394 25.5 44
16:00:00 66 49.2 51.9 65.7 47.9 38.6 30 43.7 38.5 29.4 38.6 38.7 25.3 40.7
17:00:00 49.4 47.1 49.4 60 46 36.9 31 40.6 36.6 30.4 36.7 36.8 24.2 34
18:00:00 38 38 375 37.3 38 29.8 24.3 28.4 29.7 24 30.3 304 21.2 27
19:00:00 34 34.1 33.6 34 33.8 25.8 22.9 24.8 25.1 22.4 25.5 25.7 19.7 22
20:00:00 27.5 28 27.6 27.7 28 19.9 19 19.4 19.6 19 19.8 19.8 19 19.2
21:00:00 26.2 26 26.4 26 259 19 18.2 18.5 18.6 18.1 18.8 18.9 18.2 18.2
22:00:00 22 22.2 22 21.8 22 18.1 17.5 17.7 17.7 17.4 17.9 18 17.6 17.6
23:00:00 20 20.1 20 20 19.9 17.6 17 17.2 17.2 17 17.3 17.5 16.2 16.2
24:00:00 17.6 17.8 17.6 17.5 17.8 17.5 17 17.1 17.1 16.9 17.2 17.3 17.1333 15.2




Table (B-4): With PCM without Thermal Break at 1 L/H Load

. 30UT|40UT|50UT| 2IN | 3IN |20UT|30UT| 1IN | 2IN INLET [OUTLET
Time 1W [ 4W | 5W

EVA. | EVA. | EVA. | EVA. | EVA. [COND. |COND. [COND. [COND. WATER| WATER
08:00:00] 473 | 445 | 373 | 477 29 239 | 238 | 236 | 241 | 242 24 231 | 178 23
09:00:00| 579 | 517 49 | 581 | 472 | 252 | 251 | 263 | 259 23 25 | 201 18 26
10:00:00{ 73.2 | 66.7 | 649 | 73.1 | 595 | 332 | 303 34 332 | 253 25 211 | 191 31
11:00:00{ 83.8 | 733 | 741 | 8.3 | 686 | 445 | 354 | 478 | 443 | 349 | 343 | 259 | 209 35
12:00:00{ 747 | 752 | 769 | 743 | 71.8 | 59.9 | 47.3 62 481 | 457 | 453 | 325 2 374
13:00:00{ 76.6 | 76.7 | 772 | 759 | 732 | 626 | 519 | 59.7 | 514 51 516 | 396 | 229 | 436
14:00:00( 742 | 741 | 751 | 744 | 704 | 57.7 | 539 | 573 54 535 | 533 | 428 23 434
15:00:00] 72 727 | 769 | 719 | 70.8 56 53.1 | 556 | 533 53 529 | 43.8 | 235 | 444
16:00:00[ 67.9 | 684 | 719 | 67.7 | 665 | 493 | 489 | 49.1 | 489 | 495 | 486 | 329 | 245 44
17:00:00[ 64.2 | 644 | 664 | 63.9 | 628 | 444 | 442 | 443 | 442 | 446 | 441 | 317 | 238 39.7
18:00:00[ 38 38 375 | 373 38 328 | 354 | 328 | 351 | 392 | 346 | 245 | 232 349
19:00:00| 34 341 | 336 | 34 | 338 | 298 | 305 | 296 | 305 | 321 | 304 | 244 | 217 279
20:00:00| 27.5 28 276 | 277 28 258 | 265 | 256 | 264 | 281 | 264 | 219 | 205 24.9
21:00:00| 26.2 26 264 | 26 | 259 | 214 2 21.2 2 239 2 19.1 | 189 232
22:00:00] 22 2.2 2 | 218 2 193 | 192 | 191 | 193 20 194 | 187 | 185 19.8
23:00:00{ 20 20.1 20 20 199 | 184 | 183 | 182 | 183 | 187 | 185 | 179 | 17.8 18.5
24:00.00| 176 | 17.8 | 176 | 175 | 178 | 181 18 18 182 | 185 | 184 | 17.7 | 177 184




Table (B-5): Without PCM with Thermal Break at 2 L/H Load

: 30UT|40UT|50UT| 2IN | 3IN [20UT|30UT| 1IN | 2IN INLET [OUTLET
Time 1W | 4W | 5W

EVA. | EVA. | EVA. | EVA. | EVA. |COND. [COND.|[COND.|COND. WATER| WATER
8:0000 | 46 | 406 | 34 | 663 £y} 201 | 185 22 21 182 | 208 21 14.4 2
9:0000 | 56 | 386 | 407 | 702 | 37.1 | 229 | 192 | 316 | 244 19 234 | 235 | 162 264
10:00:00| 58.2 | 42.7 | 458 | 724 | & 257 | 195 | 384 | 302 | 193 | 288 26 18 2
11:00:00( 63.7 | 50.5 | 524 | 90.7 | 476 | 287 22 427 | 359 22 31 309 | 198 354
12:00.00 66 | 543 | 614 | 894 | 508 | 358 | 254 | 444 | 406 | 256 | 356 | 362 | 217 378
13:00:00| 68.3 | 51.7 | 544 | 796 | 513 38 266 | 454 | 418 | 162 | 384 | 387 | 241 | 421
14:00:00| 68.1 | 50 | 528 | 709 | 484 | 388 28 453 | 394 27 38 384 | 251 43
15:00:00| 66.8 | 49.2 | 52 | 676 | 478 38 291 | 447 | 375 | 284 | 37.8 38 255 | 435
16:00:00| 64.2 | 488 | 514 | 644 | 476 36 296 | 436 | 377 | 291 | 375 | 377 | 253 40
17:00:00| 48 | 459 | 479 | 577 | 45 354 | 308 | 379 | 352 | 302 | 355 | 357 | 242 334
18:00:00( 37.6 | 37 | 372 | 383 | 369 | 297 24 289 | 291 | 223 | 295 | 296 | 212 255
19:00:00| 31.3 | 305 | 27.7 | 311 | 322 22 24 | 253 | 254 | 184 | 257 | 258 | 19.7 209
20:00:00 26.6 | 258 | 237 | 264 | 267 | 198 19 19 19.3 18 193 | 193 19 19.6
21:00:00| 22.9 | 223 | 211 | 228 | 244 19 181 | 181 | 181 | 179 | 182 | 184 | 182 183
22:00:00| 204 | 20 | 193 | 203 21 182 | 175 | 178 | 174 | 174 | 174 | 174 | 176 176
23:00:00{ 19.8 | 199 | 194 | 193 | 198 | 175 | 172 | 172 | 172 | 172 | 172 | 172 | 162 16.2
24:00:00( 17.6 | 182 | 173 | 174 | 175 | 176 | 174 | 172 | 172 | 171 | 172 | 171 | 152 15.2
T 30UT|40UT|50UT| 2IN | 3IN |20UT|30UT| 1IN [ 2IN [Length aw | aw | sw INTLET | OUTLET
e EVA. | EVA. | EVA. | EVA. | EVA. [COND.|COND.|COND.|COND.| mm WATER | WATER
800:00| 45 | 459 | 426 | 47 | 304 | 148 | 138 | 145 | 142 | 250 13 | 131 183 144 19.1
9:00:00 | 54.2 | 56 | 535 | 552 | 524 | 208 | 182 | 21 | 202 | 350 18 | 184 | 183 | 162 25.6
10:00:00] 589 | 59 | 594 | 587 | 555 | 25 2 | 252 | 242 | 450 | 207 | 223 | 228 18 30.1
11:00:00| 642 | 637 | 634 | 633 | 592 | 321 | 27 | 321 | 306 | 550 | 274 | 303 | 306 | 198 35
12:00:00| 66 | 654 | 657 | 653 | 643 | 504 | 44 | 528 | 52 650 34 | 372 | 38 2.7 36.4
13:00:00| 674 | 662 | 684 | 671 | 65 47 38 47 | 441 | 750 | 362 | 414 | 423 | 241 401
14:00:00| 683 | 67 | 669 | 673 | 656 | 43 | 332 | 387 | 371 | 80 | 373 | 402 | 405 | 251 41
15:00:00| 666 | 66 | 668 | 65 66 | 357 | 312 | 353 | 34 950 | 385 | 40 | 404 | 255 417
16:00:00| 637 | 631 | 64 | 642 | 623 | 344 | 30 32 | 321 | 1050 | 343 | 362 | 364 | 253 38.2
17.00:00| 472 | 47 | 472 | 475 | 47 | 292 | 27 29 29 | 1150 | 234 | 86 | 24 24.2 36.4
18:00:00| 358 | 345 | 326 | 357 | 2904 | 23 | 243 | 247 | 248 | 1250 | 223 | 228 | 229 | 212 30.7
19:00:00] 291 | 293 | 256 | 298 | 242 | 201 | 212 | 214 | 213 | 1350 | 22 | 224 | 225 | 197 26.6
20:00:00| 257 | 256 | 218 | 257 | 22 | 198 | 198 | 197 | 196 | 1450 | 204 | 206 | 2 19 20.8
2100000 23 | 27| 21 | 26| 21 | 195 | 196 | 195 | 194 | 1550 | 203 | 203 | 204 | 182 184
22:00:00| 205 | 209 | 196 | 204 | 20 | 193 | 194 | 192 | 193 | 1650 | 198 | 20 20 174 176
23:00:00| 188 | 182 | 184 | 183 | 185 | 182 | 183 | 183 | 184 | 1750 | 187 | 187 | 187 16 162
24:00:00| 182 | 181 | 181 | 18 | 184 | 184 | 183 | 184 | 182 | 1850 | 187 | 186 | 186 | 152 152




Time 30UT|40UT(50UT| 2IN | 3IN [20UT|30UT| 1IN | 2IN aw Law Usw lieew |2 pem OUTLET | INLET
EVA. | EVA. | EVA. | EVA. | EVA. |COND.|COND.|COND.|COND. WATER | WATER
08:00:00] 467 | 449 | 40.8 | 463 | 402 | 252 | 248 | 254 | H1 | 04 | A5 | A7 | 42 243 20.9 17.1
09:00:00] 563 | 542 | 506 | 574 | 436 | 258 | 253 | 253 | 256 2 246 25 248 249 24.6 18
10:00:00] 57.3 | 568 | 584 | 56.8 | 535 | 30.7 | 302 | 316 | 302 | 242 | 202 | P4 | %65 214 30.2 19
11,00:00] 61.8 | 617 | 615 | 613 | 584 | 362 | 346 | 362 | *l 2% 24 | 29 | 03 07 33.7 20
12:00:00( 63.2 | 63 62.7 | 624 | 579 | 371 | 364 | 379 | 34 | 206 | H3 ¥ 336 324 34.5 22
13:00:00( 643 | 63.8 | 635 | 62 61.4 42 405 | 419 | 403 | 3H6 | 398 | 04 | 365 39 38.8 22
14,0000 653 | 65 | 648 | 639 | 627 | 452 | 431 | 458 | 41 | B6 | L1 42 03 387 409 235
15:00:00] 642 | 639 | 634 | 635 | 621 | 445 | 429 | 441 | &5 40 B4 1 B1 | 48 412 42.8 243
16:00:00( 624 | 62 | 617 | 609 | 60.6 | 42.1 42 4.4 2 388 42 42 405 40 43 23.8
17:00:00{ 432 | 434 | 43 | 441 | 432 | 409 | 406 | 412 41 385 | 415 | 44 40 3 37.8 22.7
18:00:00] 36.8 | 365 | 379 [ 372 | 365 | 346 | 337 | 334 | 38 | #2 | #A2 | Bl | F5 3.2 33.7 22.9
19:00:00] 344 | 345 | 344 | 343 | 341 | 309 | 296 | 306 0 09 | 312 | 318 | BT 31 285 201
20:00:00( 28.1 | 284 | 28 | 284 | 281 | 293 | 286 | 296 | 21 K] 303 | 306 | 312 30.6 23.4 18.6
21:00:000 26.8 | 265 | 26.7 | 265 | 262 | 262 | 262 26 53 | B3 | B2 | B6 | 213 21 20.4 178
220000 223 | 225 | 224 | 223 | 223 | 245 | 244 24 B4 | 21 2 2 234 234 173 17.1
23:00:00{ 20.3 20 | 203 | 204 | 204 | 221 | 205 | 203 193 | 192 | 189 | 192 | 22 2.3 17 16.7
24:00.00f 18 | 181 18 181 ) 183 | 172 | 172 | 176 | 176 | 15 | W73 | 174 | 198 194 16.7 16.7

Table (B-6): Without PCM without Thefmal Break at 2 L/H Load

Table (B-7): With PCM with Thermal Break at 2 L/H Load




Table (B-8): With PCM without Thermal Break at 2 L/H Load
Appendix (C)

Average Data

Table (C-1): Average Date for February 2021

Time Wind Speed Solar Radiation Ta
(mi/s) (W/m2) °C

8:00 AM 0.2 115.625 18.975

9:00 AM 0.2 241 19.6375

10:00 AM 0.2 338.625 20.5

11:00 AM 1.6 511.625 21.0125

12:00 PM 1 561.875 20.5625

1:00 PM 1.2 627.875 20.675

2:00 PM 0.8 737.375 21.1875

3:00 PM 0.6 714.875 21.625

4:00 PM 0.6 332 21.5875

5:00 PM 0.6 170.25 20.4375

L.NN DNA 1.0 n 21 NID
Time 30UT[40UT|(50UT| 2IN | 3IN [20UT|30UT| 1IN | 2IN 1w law | sw INLET |OUTLET

EVA. | EVA. | EVA. | EVA. | EVA. |COND. |COND.|COND. [COND. WATER| WATER

08:00:00 462 | 421 | 366 | 46 | 44 .| 232 | 234 | 35| 836 | sl nz] B | 78| 23
09:0000] 57 | S04 | 48 | 567 | 536 | 25 | 253 | 26" | 263 | 244773577 41 | 18 | 242
10:00:00] 721 5P P32 | 72 | ee9™| 318 | 323 | 33 | 334 | 3099F319%P 308 | 191 | 289
110000 83 | 72 | 716 | 823 | 807 | 426 | 432 | 453 | 448 | 364 [ 362 ] 353 | 209 | 342
1200000 739 | 725 | 723 | 735 | 712 | 581 | 584 | 603 | 589 [ 498 | 491 ] 487 | 2 37
13:00:00] 758 | 738 | 721 | 738 | 738 | 611 | 615 | 632 | 625 | 534 | 522 | 512 | 229 | 424
140000 73 | 709 | 704 [ 728 | 714 | 559 | 562 | 578 | 569 [ 531 [ 523 494 | 23 | 48
15:00:00] 683 | 668 | 66 | 68 | 683 | 543 | 546 | 554 | 544 | 519 | s08 | 51 | 235 | 431
16:00:00] 642 | 633 | 622 | 627 | 622 | 477 | 48 | 487 | 476 | 447 | 433 | 431 | 245 | 422
17:00:00] 618 | 608 | 602 | 61 | 615 | 431 | 437 | 44 | 434 | 415|412 408 | 238 | 384
18:00:00] 342 | 354 | 353 | 35 [ 352 [ 312 | 311 | 313 | 313 [ 321 [ 308 30 | 232 | 298
19:00:00] 293 | 304 | 305 | 304 | 301 | 287 | 289 | 289 | 294 | 294 | 286 | 278 | 2107 | 7
20:0000] 223 | 233 | 236 | 233 | 231 | 234 | 236 | 244 [ 242 | 24 | 35] 234 | 205 | 228
200000 202 | 216 | 22 [ 217 | 215 ] 208 | 21 | 21 | 208 [ 207 ] 201 194 | 189 | 198
22:0000] 198 | 201 | 204 | 209 | 207 | 183 | 184 | 186 | 184 | 187 | 186 | 187 | 185 | 185
23:0000] 184 | 19 | 192 [ 195 | 195 | 172 [ w2 | 174 | 173 | 173 | 185] 179 | w8 | 178
24:00:00] 176 | 181 | 182 | 18 | 179 | 167 | 167 | 168 | 165 [ 167184 177 | 177 | w7




Table (C-2): Average Date for March 2021

Time

8:00 AM
9:00 AM
10:00 AM
11:00 AM
12:00 PM
1:00 PM
2:00 PM
3:00 PM
4:00 PM
5:00 PM
6:00 PM
7:00 PM
8:00 PM
9:00 PM
10:00 PM
11:00 PM
12:00 AM

Wind Speed

(m/s)
3.4125
4
4
3
6.0125
5.6125
4.8125
4.4125
5.2125
3.6
2.4

2.4
2.2
2.6125
1.6
3.0125

Solar Radiation

(W/m2)
193

376.75
462.125
587
749
611.375
546.25
386.75
283
153.875
16.25

o O O o o o

Ta (C)

12.9625
15.0875
17.175
18.625
19.7
20.7
21.475
21.6375
21.625
21
19.8625
18.3875
17.5375
16.7375
16.075
15.4375
13.8



Appendix (D)

Table D-1: Uncertainty for Empirical Results

Details Average Wortt  Gross Wortt  Gross (%]
Temp. (C°) 45 +0.41 +0.91
Pyro. (W/m?) 400 +0.5 +1.6
Volumetric Flow Ra. (I/h) 1 0.4 14
Thermal Resistance (m?.K /W/) 0.198 +0.8 +2.3
Heat Pipe Eff. (1), % 42 +1.3 13.2
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