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Abstract
An experimental work for a solar collector with paraffin wax as

phase change material (PCM). The use of a thermosyphon was studied
with solar collector type evacuated glass tube, with a tank for storing
water, and containers of paraffin wax which represent the internal
surface of the tank as water is in contact with the surface of the
containers. The PCM can be benefitted for heat storage and using this
heat to obtain water with moderate temperatures even during the
absence of the heat source or during the night.

The experimental categories can be classified into three main
parts. The first one is studying the effect of the phase change material
on the performance of the Evacuated Tube Heat Pipe Solar Collector.
The second part are investigated the effect of vibration on thermal
performance and efficiency of the Evacuated Tube Heat Pipe Solar
Collector. While, the third part is studying the effect of the radius of
mass that fixed on the disc which connected with motor to generate the
vibration in the Thermosyphon Evacuated Tube Solar Collector. five
different vibration frequenciest (21.1, 28.33, 35.55, 42.77, and 50)Hz
were applied. The experiments were carried at outdoor conditions
(actual solar radiation), tilted angle 45°, filling ratio FR=70%, with
paraffin wax mass of 7.2 kg. The work continued from September 2019
to April 2020. In order to achieve the experimental work, four identical
rigs have been constructed (with and without PCM and vibration). The
rig consists of the first part which is an evacuated glass tube as a solar
collector with external diameter 50 mm and internal diameter 45 mm,
the second part is a thermosyphon which is used to transfer the heat, it
IS a copper tube with a diameter of 16 mm consisting of two sections:
the evaporator, which is inserted into the evacuated glass tube and the

condenser which is inserted into the water tank which is the third part.
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Variable solar radiation flux was used based on the available solar
radiation in Irag within the period January to April . The heat flux
incident on the evacuated tube is collected and transferred to the
thermosyphon and then the heat is transferred to the water in the tank.
Finally, the heat is given to the paraffin wax in the containers by using
acetone as working fluid. Due to heat applied the paraffin wax changes
from the solid phase to the liquid phase. The melting temperature of the
paraffin wax is 38-43 °C. The period of falling heat lasts for 9 hours
and is called the charge period. this period is called the discharge period
during which the stored heat in the PCM transfers into the water.

Therefore, water with high temperatures can be obtained overnight.

Generally, the efficiency increased when using the PCM, but the
difference between the two cases (with and without PCM) is not
exceeded 5 %. The values of the efficiency increased when the vibration
frequency increased as well. Where, the maximum values of the
efficiency occurred at time 13:00 (1 pm). The efficiency of the system
when using PCM increased from 60% to 78% at 1 pm when the
influence of vibration frequency changed from (0V to 14 V). While the
efficiency of the system without PCM increased from 57% to 76% at 1
pm when the influence of vibration frequency changed from (0V to 14
V).
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Chapter One
Introduction

1.1 Introduction
Many common uses in the world certainly needs energy as a basic

component. Consequently, energy will be utilized in different applications
(like electric power production, manufacturing, transportation, and so
forth...). Fossil fuels have helped to cater for all different human needs of
energy. This huge utilization of fossil fuels in energy production results in
a lot of damage in the atmosphere and the occurring of danger due to the
melting of snow in the Northern and Southern Poles of the earth.
Therefore, new sources to produce energy should be looked for.
Renewable energy is needed a complementary or alternative element of
energy supply sooner or later.

Clean environment needs clean energy production, so we do not
effect on human. Renewable energy may be of different kinds: solar
energy, wind energy, geothermal energy, biomass energy and hydropower
energy (see Figure 1.1). solar energy is considering the backbone for all
other kinds of renewable energy. The solar energy is available all around
the year but it is not continuous. Because of this limitation, researches are

required to solve this problem.
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Figure 1. 1 Different kinds of renewable energy[1].

1.2 Solar Energy

Solar energy is a dominant source of renewable energy sources. The
sun emits heat energy to the earth, which forms 60% of its whole energy
and the rest of this energy is reflected and absorbed by the atmosphere.
solar energy is considered the basis of all known energy sources like, wind
energy, fossil fuels, and others. The solar energy can be transformed into:
electric energy and thermal energy, the electric energy by photovoltaic and
thermal energy by solar collector. In the use of renewable energy there are
two problems: first the high initial cost of production, secondly low
efficiency[1]. The first problem can be solved through an increase of the
instruments which produce this energy. The second problem can be solved
by using a large amount of the solar energy as its available and free. The
major problem of solar energy is that it’s not always continuous, and this
particular problem can be solved by using thermal storage. This energy can

be stored during sunshine, and used during sunset or during its obliteration
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(eclipse). Thus, the energy can be available at any time all along the year
so that this energy will be in accordance with engineering and trade
designs.

1.3 Energy Storage for Solar Energy

Management of energy has been a crucial issue that needs to be
addressed thoroughly via alternative sources. many researchers concerned
with it, besides humans use different types of energy. This process
(management) categorized in different ways; production energy, efficient
energy production, storage for future use. The more efficient energy use
incorporating by the corresponding efficient energy storage. The proper
energy storage utilization is very important, Renewable energy as an
alternative energy source plays as an important solution, achieved by
many researchers for pollution of environment and prices change and
shortage of continuity. Solar energy, wind energy, hydrogen technology
are the most common used energy sources. Renewable energy like
traditional energy source also has some disadvantage as they are not
continuous energy source. This matter can be solved by using a suitable
energy system. Energy storage aims at saving energy during its
availability and using surplus for storage. The stored energy can be used
during its absence later on. At the end of the day, the stored energy is used
to balance consume energy and the supply energy. The stored energy can
be in variant forms like storage electric energy, storage mechanical energy,
and storage thermal energy. Thermal energy may be put in different kinds:
sensible heat, latent heat, or both sensible and latent heat.

Many of researches work on efficient energy storage system using
phase change material, supported by optimal design, analysis and theory
work have been done thoroughly in the literature [2-11]. The phase
change criteria will be classified phase change material in four kinds: solid-

solid (Solid-solid phase change materials (SS- PCMs) absorbs and releases

4
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heat by reversible phase transitions between a (solid) crystalline or semi-
crystalline phase, and another (solid) amorphous, semi- crystalline, or
crystalline phase) , solid-liquid, solid-gas and liquid-gas [12]. Solid phase
to liquid phase, phase change material are the most suitable types of
thermal energy storage of these available for kinds, and they can be found
as organic PCMs, inorganic PCMs and eutectics, as seen in Figure 1.2
[13].

Paraffin
— Organic
Compounds
Fatty Acids
Salt Hydrates
Inorganic
Phase change N compounds =
materials
o Metallic
— Organics-
Organics
— Eutectics Organics-
Inorganics
| Inorganics-
Inorganics

Figure 1. 2 Phase change materials (PCMs) classification [13].

Due to its large heat of fusion and phase change temperature range,
paraffin wax is considered as one of the optimal phase change storage

material. Paraffin wax is more cost effective, availibity, and widely used



a
Chapter one Introduction

because undergoing freezing point without passing supercooling regime.
Many active works were done on these topics by the authors [14-17]. The
molecular structure of the organic fatty acids is CH3(CH,).,COOH with
high value fusion heat as compared with paraffin wax and
CH3(CH>),,COOH can achieve melting and freezing point zone with little
or without supercooling. One of the restricted points of application of
CH3(CH>)2,COOH is the cost that is more than 2-2.5 time of paraffin wax
[18,19]. phase change materials have some disadvantages like, long time
for return cost investment [20]. If any reuse of these phase change material
IS needed, impossible to do that without system damage and also the
phenomena of supercooling will be led to low efficiency process and
energy recovery. When it has a good information data on thermal, physical
properties, melting point, fusion heat, mass density, conductivity, stability
with phase change, these data will be led to a good PCM selection for given
application. Figure 1.3 demonstrates schematic representation of phase
change materials depended on fusion point temperature and the
corresponding melting point temperature.[21]. The figure shows the low
melting materials; like paraffin wax, fatty acids, salt hydrates, and their
eutectic mixture, beside the corresponding high melting point
temperature. Application of these materials have a wide range of uses

based on given parameters like fusion and melting temperature.
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PCMs : classes of known materials
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Figure 1. 3 Classes of existing PCMs [21].

For different ways for thermal heat storage systems, solid-liquid pcm,
gives these maters important attention [22-27]. There is a large variety of
these materials (e.g. water, salt hydrates, certain hydrocarbons, metal
alloys, and paraffin) that phase change (melt and solidify) at a wide
temperature ranges, giving them a good attention for use of energy
conservation in a such applications.

1.4 Solar Collectors

A solar collector is a thermal device used to utilize solar energy via
collecting and concentrating solar radiation. The collected solar thermal
energy is transferred by a flowing fluid that can be used in various thermal
applications such as water heating, building heating, and other industrial
applications [28]. Solar collectors generally are classified into two main
categories, namely, non-tracking and tracking solar collectors as shown in
Figure 1.4. The non-tracking solar collectors are kept stationary at a
prespecified orientation according to the location. The commonly used

non-tracking solar collectors are flat plate, evacuated tube, and compound
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parabolic collectors. Here in, the commonly used solar collectors will be

briefly discussed

Solar collectors

Non- tracking

One axis tracking

Two - axis tracking

Flat plate collector

Evacuated tube
collector

Linear Fresnel
reflector

Central tower
reciver

Parabolic trough
collector

Parabolic dish
reflector

Compound parabolic
collector

Cylindrical trough
collector

Circular Fresnel
lens

Figure 1. 4 Solar collectors’ classifications [28]

1) The performance of a flat-plate collector: is not so complicated; it

2)

IS just based on radiation passing a transparent layer and then set on

an absorber layer that absorbs it as heat. As this collector is fixed in

its position and don’t track the sun it must be made to face south in

the northern hemisphere and north in the southern. The best tilt

angle of the collector depends on the latitude of the location with

angle ranges of 45 [29] (see Figure 1.5a).

Evacuated tube solar collector: An evacuated tube collector is a

thermal device used to absorb solar energy by capturing the solar

insolation through a fluid such which flows inside a heat pipe
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enclosed in a glass enclosure for minimizing the heat loss. This fluid
absorbs solar radiation which heats it up and then it is undergo
evaporation-condensation cycles. These cycles occur due to heating
of the fluid by the solar insolation which results in phase change
from liquid to vapour under vacuum pressure. The generated vapour
rises in the upper direction under the effect of buoyancy force then
the vapour reject heat to another working fluid using a heat
exchanger, which results in change its phase from vapour to liquid
and flows back to the bottom direction of heat pipe under the effect
of gravity force. The evacuated tube solar collector may consist of
single tube or multiple integrated tubes in Figure 1.5b.[29]

3) Compound parabolic collectors: are designed by Winston [30].
These kinds of collectors have the ability to absorb virtually all the
light emitted to the mouth of them. These collectors are to accept a
large part of diffuse radiation incident on their apertures and
concentrate it without tracking the sun [31]. Schematic diagram of
the collectors is illustrated in Figure 1.5c.

4) parabolic dish collector, consist of a parabolic dish coupled with
two-axes tracking system. The sun rays are reflected and
concentrated at the focus of the parabolic dish where the receiver is
placed. A heat exchanger is putt in the acceptor to transfer the
absorbed heat to working fluid. Throughout the day, the solar
parabolic dish automatically follows the sun movements using

tracking control system, as in Figure 1.5d[28].
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1.5 Enhancement with vibration heat transfer rate

In spite of that many works had been done on enrichment of heat

transfer mechanism; it is important to have an idea about a new method of

enhancement of heat transfer exchange rates [32]. Many active works

carried out to increase values of heat transfer coefficients and mechanisms

arranged using nano-fluid, geometry [33,34] of surface incorporated with

vibrations, according to some previous work, vibration resulted an
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Important output on exchange heat transfer rates. This fact was available
in using a hot wire [35], and the actual geometries of heat exchangers were
neglected. So, it is worth considering that one of the up normal geometries
Is tubular, and a basic orientation of the tubes is vertical [36]. The
performances are important due to the role in actual situations, like as
cooling devices in electronic items, air refrigeration, and fuel power plant
[37]. For some applications are concerning in heat pipes [38], A very little
works are available on thermosyphons phenomena and cooling devices.
So it is important to make a complete analysis in real cases for heat transfer
exchanges by design a system of vibrated cylindrical heat source.
Vibration in low rates (10- 20 Hz) that can be available naturally (like in
car motors or refrigerators). This study aims at finding a solution to
substitute for this weakness, that’s by finding the suitable method for
energy storage with time of solar energy availability, that is by employing
phase change material for process of energy storage, i.e., during the day

time and using this energy during the absence of solar energy.

1.6 Aims and Objectives
1.6.1 Aims

The study aims on improving the thermal solar energy conversion
efficiency of heat pipe evacuated tube solar collector through
experimental measurements, at outdoor conditions. Enhancement of the
proposed system efficiency will be done through using different
controllable vibration rates integrated paraffin wax as phase change

material.

1.6.2 Objectives

The study objectives will be done by summarizing the following

steps as follows:

11
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1- Reviewing main challenges encountered heat pipe evacuated
tube solar system and addressing the significance and the
optimum conditions for the vibration rate and paraffin wax

characteristics.

2- Manufacture four thermosyphon-evacuate tube solar collector
systems at the optimal filling ratio and tilt angle according the
previous experimental study at the same climatic conditions to
study the effect of PCM on the thermal performance of

thermosyphon as well as the solar collector.

3- Manufacture controlling vibration system to improve both two
phase flow phenomena (boiling and condensation) and

acceleration the melting-solidification processes for PCM.

12
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Chapter Two

Literature review
2.1 Introduction

The continuous demand on the energy led to extensive research
efforts to utilize the solar energy as an alternative source of energy. Many
different researches have been conducted on the thermal applications
relying on the solar energy. Solar water heating is the first and most
common application of solar thermal systems [39]. Nonetheless, Singh et
al. [40] explained such difficulties that related to some storages and the
collections of the solar power pose specific limitations to its application
as show fig 2.1. Daghigh et al. [41] shows that the most critical item of

the all solar heated system are the solar collectors.

\
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\ \ '\ manifold
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\\ )]

.\ /|nsulaﬂon
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N/ \ main pipe
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Figure 2. 1 Daghigh et al. experimental
Mazman et al., Malvi et al., and Saman et al. [42,43and 44] worked on
some arrangements of the solar water heater systems incorporated with a
phase change material. It was formed as energy storage (latent heat
thermal), where they made a detail analyses of the theoretical part with the

corresponding experimental ones in current years as show in fig 2.2.
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Many designs such that presented by [45,46]. It was putted PCM in
water storage tank (where the high temperature occurred) as a spherical or
cylindrical shape. In most theoretical and experimental work with a given
conditions, like system arrangements, PCM type, in and out water flow-
rate, these conditions led to an efficiency improvement of SWH-PCM
systems. Design of storage tank, outdoor temperature, type of collector
were the most active parameters that used in studies. There are many
researches proved that the thermal performance of flat plate collectors is
lower than thermal performance of evacuated tube heat pipe solar
collectors [47,48].

The phase change material suggested like paraffin’s matters, acids like
fatty and salt hydrates. Many types of PCMs and its properties were studied
by Canbazoglu et al. and Zalba et al. [49,50]. They found that high
LHTES density values of thermal energy storage made it suitable for
efficient storage devices, in spite of weakness point of low thermal
conductivity of PCMs that led to active effect on system efficiency. This
point will be effect. in strong values of heat exchange processes during the
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storage of heat. It was found that the rate value for the phenomena of phase
change is lower than the acceptable level. Consequently, the LHTES
system stays in limited applications. So, it is important to discover a
method to enhance the rate of charging and discharging operations that
related with the PCM.

2.2 Studies about Thermosyphon and PCM

Li and Wang [51] made an experimental work on heat and temperature
characteristic performance for two types of evacuated parabolic trough
solar collectors with heating working fluids nitrogen and water. The
measured data shows that both evacuated tubes gives acceptable heat
transfer rate with water as heating fluid. Where the heating efficiency
ranges from 70-80%, but the water fast boiling at a rate is lower than 0.0046
kg/s. Furthermore, 40% efficiency value of heating for nitrogen, that’s
achieved at gas temperature range 320-460°C. More accurate results (with
an accuracy of 5.2%) obtained by designing a model of solar trough
evacuated tube.

Riffat et al. [52] performed an experimental study on cylindrical
evacuated solar collector system, using water and paraffin wax in different
percent's as PCM in order to know the thermal behavior in this system. It
was found that water in a partial filling of 25.28% in the system gave a
greater overall thermal efficiency compared with other cases: water with
100%, PCM with 22.43%, and PCM 56.7%. This is during the charging
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and discharging period when no energy input as shown in fig 2.4.
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Figure 2. 3 Riffat et al. experimental

Shukla et al. [53], tested the activity of PCM heat storage incorporated
with solar heater collector. They classified the proposed studies according
to heat transfer mechanism (natural and latent heat storage) and collector
type.

Experimental work was done by Joudi et al. [54] of heating water system.
The evacuated tube with different heat pipes, many types of evaporator
length, filling ratio, different flow-rate of water, many types of working
fluid all of that work was done at solar irradiance 120-2000 W/m?. The
results proved that increasing evaporator length with the corresponding
diameter led to increase surface temperature of the pipe, and consequently,
in opposite behavior pipe surface temperature decreases with increased
values of filling-ratio for the inclined angle 45° and 50% charging ratio.
Optimum efficiency and performance were achieved, with load values 14-
55% as compared with other works.

Suman et al. and Mahbubul et al. [55,56] showed that low values of
thermal performance of HPSC-based systems have a good uses and
application of solar industry. So, Tian et al. [57] demonstrated more
studies have been achieved in last decade to find a new mechanism to

improve the performance of these systems.

Haillot D. et al. [58] followed new approach of improving thermal heat
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transfer of domestic hot water (SDHW) by using phase change material
(PCM), which studied in different methods. These approaches go on
different categories, one in place with storage material in tank, while other
in solar thermal collector directly. These two methods gave excellent
results. It adopted a new mechanism by setting PCM in the working fluid
heat transfer of domestic hot water. This arrangement was studied at
different environment conditions and system variables. These preceding
results focused on the dramatic enhancement in thermal performance of

the system when integrated PCM.

Fazilati, and Alemrajabi [59] studied experimentally the enhancement
of performance in the solar water heater with integrated the phase change
material. The system consists of a tank containing spherical capsules
which are filled with paraffin wax. The intensity of solar radiation was
investigated as well. The outlet-results showed that the amount of energy
storage increased by 39%. It was enriched the exergy efficiency to
approximately 16 % compared with system has not integrated with PCM.
Moreover, it was found that the supply of hot water extended with

approximately 25% when used PCM with system.

Reddy et al. [60] studied experimentally the effect of the capsule material
which contains the PCM on the thermal energy storage. The PCM used
was paraffin wax. PCM was used with flat plate solar collector. The water
represents heat transfer fluid (HTF). The capsule had same diameter with
three types of metals: high density polyethylene (HDPE), aluminum (Al),
and mild steel (MS). The results presented that the processes of
discharging and charging of the storage energy with fewer affect with
change of the metals used. The rate of time improvement was 5%.
Aluminum has only little effect in spite of its high thermal conductivity

because the high thermal resistance of the spherical capsule containing
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PCM.

Razali et al. [61] made an experimental work on thermosyphon solar
collector enhanced with PCM (paraffin wax) in storage unit. This unit
provide rural areas with hotted water along the day. The output explained
that hot water would be available during the day till to 8:00 pm with set
temperature range 40-50°C, with performance efficiency 36.6% without

PCM, consequently higher efficiency values by adding PCM.

Kavitha, and Arumugam [62] carried out an experimental study of
paraffin wax put in galvanized iron (GI) and arrange in criss cross foam
in solar collector. The tubes were put in the solar collector water tank. The
thermo-physical properties of the paraffin wax were obtained from the
analysis of Differential Scanning Calorimeter DSC. Non dimensional
numbers Rayleigh and Nusselt were computed. It was found that natural
convection between the melted PCM and solid PCM improve the process

of melting. The overall efficiency was 43%.

Eidan et al. [63] made an investigation based on the measured data to
evaluate the efficiency for the evacuated tube solar collector (ETSC) with
wickless heat pipe under environment conditions of Irag. The results show
optimal filling ratio and inclination angles are 70% and 45°, it is
recommended to implement, respectively when compared with other
values during. At these conditions, the optimal thermal performance was
achieved in Najaf city.

Shafieian et al. [64] reported the earlier studies on many domestic and
industrial uses of HPSC, and also summarized the expected future works
in this field.

AL-Haris [65] made an experimental work for a solar collector with wax

as phase change material (PCM). The use of the thermosyphon was
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studied with a solar collector type evacuated glass tube, with a tank for
storing water, and containers of paraffin wax which represent the internal
surface of the tank as water is in contact with the surface of the containers.
The PCM can be benefitted for heat storage and using this heat to obtain
water with high temperatures even during the absence of the heat source or

during the night.

Shafieian et al. [66] made a detail study on real hot-water consumption
in cold day (up normal climatic condition) of Perth, Western Australia,
that’s done through efficiency characteristic of solar heating system of
water heat pipe. The best number of glass tube of solar collector is achieved
by developed mathematical model. It was built a test rig that contained 25
tubes, and test with a range of various temperature. The output result
summarized a good efficiency performance of the system with increasing
rate of the adsorbed radiated solar energy. the good pattern analysis and
design of this system is hot water consumption. The parts of the operation
time of 19 min e system play an active role during the operation period in
the early morning was 19 minutes, and also during other circumstances
such as cloudy or overcast, where the operation time is 8 minutes. Shuang
et al. [67] made an experimental basic structure supported by natural
circulation to improve heat transfer in heat of evaporation (latent heat)
storage devices for thermosyphon two phase closed loop. The measured
data and theoretical work were incorporated to estimate characteristic
efficiency performance of heat transfer. Effect of several effective
parameters such as height difference, filling ratio, temperature of
condenser was studied with corresponding changes in pressure and
evaporation temperature variation values. Lower condenser temperature
and higher height difference supported performance of heat transfer.
Consequently, 44.5% and 49.9% give a best result for performance of heat

transfer as show in fig 2.4.
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2.3 Studies about Vibration Works

A very limited work had been done on vibration effect on the
process of transfer of heat. Within low frequency values of 10,30, and 50Hz

used.

Wong and Chon [68] presented the experiment approach to explain the
influence of the ultrasonic vibrations on the rate if heat transfer using
electric heated wires. It was noticed the enhancement in the heat transfer

coefficients (natural convection).

Chou et al. [69] searched the influence of applying vibration on heat
transfer in a cylindrical container. The results showed that the rate heat
transfer raised with 65% when applied the vibration compared with static

case.

Hsu et al. [70] investigated experimentally the effect of the vibration and
shock on the overall thermal efficiency of the heat pipes that made from
sintered copper (L=0.15m). The applications of such kind of pipes are in
the cooling units of the computers and notebooks. The measured value of
shock was 40g through 2.5 ms (1% half of the sine wave function) where
the range of the frequency was between 5 and 100 Hz with acceleration
that equal to 1 to 1.5g. It was vibrated all entire length of the heat pipe in
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order to obtain the best results. It was found that when increased the value
of the acceleration from 1g to 1.5¢g, the level of pressure decreased this
leaded to increase the thermal resistance between 5-30%. Unfortunately,
the results were not proved the influence of the shock on the thermal

behavior of the pipes.

Amir Alaei et al. [71] used the experimental work to study the influence
of the low range of vibration frequencies on the response of gravity-
assisted heat pipe. It was found that the vibration has a positive influence
on the efficiency of the system, where the highest efficiency (33.83%)
occurred when the value of the applying frequency is 30 Hz. The same
results were obtained by Amir Alaei [72], where in this research, it used
the same concept on the oscillatory heat pipe (OHP). Also, this researcher
improved the thermal efficiency of the system (OHP) using the approach.
Studied the influence of low range of vibrating (starting from 0 to 30 Hz)
with a constant value of the amplitude which is equal to 2 mm. The heat
pipe was placed in the horizontal position during the experimental tests. It
was found that the excited vibration has a large positive effect on the
thermal efficiency. The magnitude of the thermal resistance decreased to

0.05 K/W when applied vibration with frequency 25 Hz.

Rong-Horng et al. [73] examined the influence of the vibration
(longitudinal type) and the zone of compensated temperature on the
behavior of heat transfer of the cylindrical copper heat pipe that has
grooved. It was applied different values of frequencies (3, 4, 5, 6, and 9
Hz) that corresponding to values of amplitudes (2.8, 5, 10, 15, 20, and 25
mm). As a result of these conditions, the range of accelerations is between
0.1-1.01 g. It was found an increase in heat transfer rate for an input
vibration rate (horizontally in the longitudinal direction) less than 500 mm?

Hz2. For vibration values more than 500 mm? Hz? the heat transfer
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performance/ unit of vibration power lowered suddenly. When reducing
in the zone of temperature condensation continues, the mean temperature
of the heated zone reduced. The effecting of the temperature for the
condensation zone on the highest values of the heat transfer is greater than

the effect of vibration as show in fig 2.5.
Servounotor

Cooling gleeve

Heating pad Heat pipe ‘rankshatt

(a) (b) (c)
Figure 2. 5 Rong-Horng et al. experimental

Al Sahlani et al. [74] studied experimentally the effect of using vibrating
unit to improve the thermal behavior of the evacuated tube solar collector
heat pipe. It was used a wide range of the frequencies of vibration (from
2 to 10 Hz). It was investigated that the influence of the rate for water flow
on the performance of the system as well. Resultant outlet showed that
increasing of heat transfer coefficient of both evaporation and
condensation. These values are proportional with vibrating frequency.
Vibrating frequency activity is proportional with water flow rate and
working fluid. Finally, it was found that the percentage increment of heat
transfer coefficients for evaporation and condensation sections are 40%
and 20%, respectively. While the percentage increment of the water
temperature 22%. These facts can be enhanced the thermal efficiency by

integrated PCM with the evacuated tube heat pipe solar collector.

2.4 Summary
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Table 2.1 shows the summary for this chapter:

Table 2. 1: Literature review summary.

Researcher
Name

Year

Ref.

Research
type

Results summary

Riffat et al

2006

52

experimental

elt was found that water in a
partial filling of 25.28% in the
system gave a greater thermal
efficiency compared with other
cases.

Razaliet al.

2014

61

experimental

e Their results showed that the hot
water was supplied for a long time
until 8:00 pm with a range of 40-
45 °C.

e also, the efficiency of the solar
collector increases and reaches to
36.6% without PCM while with
PCM it was higher.

Eidan et al

2015

63

experimental

e The results show optimal filling
ratio and inclination angles are
70% and 45°.

AL-Haris

2018

65

experimental

e The PCM can be benefitted for
heat storage and using this heat to
water with high temperatures.

Amir Alaei

et al.

2013

71

experimental

e The highest efficiency (33.83%)
occurred when the value of the
applying frequency is 30 Hz.

Amir Alaei

et al.

2014

72

experimental

e The thermal resistancedecreased
to 0.05K/W when applied
vibration with frequency 25 Hz.

Rong-

Horng et al

2015

73

experimental

o]t was found an increase in heat
transfer rate for an input vibration
rate less than 500 mm2Hz2 the
excitation energy.

Al Sahlani

et al.

2018

74

experimental

e The percentage increment of
heat transfer coefficients for
evaporation and condensation
sections are 40% and 20%.
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By surveying the literature on solar applications, one can notice the
increased tendency in the implementation of PCM material to enhance the
thermal performance of the water heating systems. Moreover, the
utilization of mechanical vibration in solar application is rare. In this
experimental study, we implemented vibration excitation and usage of
paraffin wax as a PCM in an evacuated tube solar collector for water
heating purposes. The effect of different parameters such as filling ratios,
heat flux, type of working fluid, and angle of inclination was tested. In
order to achieve a fair comparison, two identical systems were built to
observe the effect of vibration/no vibration on the thermal performance of

the solar collector.
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Chapter Three

Experimental Work

3.1 Introduction
The experimental work was carried out to study parameters that

affect the performance of the solar collector in steady-state conditions, and
also to make comparisons of the experimental work results for different
cases and parameters; solar radiation flux, thermal performance for
therosyphon as well as the hot solar collector with/without phase change
materials (PCM) and with/without vibration effect. The experimental
study was performed in Al-Furat Al-Awsat Technical University -
Engineering Technical College of Al-Najaf/ Department of Power
Mechanics. The work starts in September 2019 to April 2020. This period

covers the manufacturing of the rig and the experimental measurements.

3.2 Experimental Rig Setup

Experimental procedure included the heat pipe evacuated tube solar
collector, vibrating actuation, and measured data systems, with the control
system integrated with the control equipment and amusement systems.
The schematic representation and picture of the experimental rig setup
with auxiliary’s equipment are given in Fig.3.1. The experimental rig
consists of a new structure that contains the iron stand, evacuated glass
tube, thermosyphon, water storage tank, containers of PCM, and other
accessories. Figure 3.2 represents the experimental rig setup system with

integrated equipment.
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Figure 3. 1 The experimental rig for Thermosyphon with/without PCM
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Figure 3. 2 Experimental rig setup system with integrated equipment.

3.2.1 Evacuated Tube Solar Collector
At high temperature application more than 80°C and due to the

corresponding increase in heat loss coefficient, flat-plate collectors are not
preferred at these high temperatures. If it is urgent to use collector at these
conditions, it must to reduce heat loss to outdoor environment. That can
be done by two procedures: evacuation and concentration, either singly or
in combination. The natural configuration for an evacuated collector is the
glass tube.

Many methods solved this problem one of these using glassed-
envelope for process of radiation transmitted and choose such coats on
absorber to reduce of thermal radiated heat at temperatures more than
80°C. Borosilicate-glass, silica, and boron oxide materials are used to
manufacturing evacuate tube. These mixed materials have low thermal
expansion coeff. (< 33*107 m/m.°C is required for ET), so it has more
flexibility to resist thermal process and shocking [75]. Some other
additives can be added like coating, composites (metal-ceramic) lead to
more efficient process for heat loss and stability at high temperatures.

For more absorber performance, multi-layer cermet’s are

sandwiched between the two layers anti-reflection and thermal infrared
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reflector (see Fig.3.3). More composites of materials are listed in Ref.
[75]. The reflector (stainless steel sheet foil) 1250*300mm can added to
experimental rig to increase the performance of the system [65, 74]. The

reflector is made from stainless steel curved sheet which is 1mm thickness
2
and has a parabolic curve of function foucse = :—y. It is fixed behind the

evacuated tube.

Selective Coating

Absorber Tube

-~ Outer Tube ’
Vacuum Layer

Ambient Air
(Ta)

Cover Tube

Barium Getter

Figure 3. 3 (a) Open end of all-glass evacuated tube, (b) cross section of
evacuated tube (c) bracket with barium getter, (d) left: gas absorbing
coating deposited on the sealed end; right: gas absorbing coating after

tube being filled with air

3.2.2 Thermosyphon Heat Pipe
The standardized copper tubes of external diameter (16mm), and
internal diameter (14 mm) diameter and 1350 mm length has been chosen.
These dimensions were selected since they are commonly specified by
commercial manufacturers and have been selected by several investigators
[63, 65, 74 and 79]. So, they were chosen in the proposed work to

summarized for comparisons with the similar work.
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Th evaporator section of thermosyphon (1150mm) was inserted in
evacuated glass tube, while the condenser section of thermosyphon
(200mm) was put inside water tank in Figures (3.4&3.5) [65,74 and 79].
The end of the thermosyphon contacted it to the valve device for the
service in the event of problems to change the working fluid and the
second end of the pipe is welding centrally with a tube 2 mm diameter and

joined with pressure gage.

Eight thermocouples were fixed on the surface of thermosyphon
and isolated with insulating material to measure the normal temperature
of the surface and five thermocouples were planted inside the tube through
the tube hole and using a 2mm capillary tube closed its end and put inside
the hole and welded with the heat pipe and put the thermocouple and
closed by thermal glue to measure the temperatures of working fluid (see
Fig. 3.6).

The owins-illinois evacuated glass tube, display 34-46-1350-ycf,
supplied by Oriental Incorporated Trading co., Itd., China. This tube
(borosilicate) has thickness 2.5mm, supported by glass safeguard with
inside diameter 45mm and outside diameter 50mm.This benefit property
will by valid up to 150 °C, the outlet tube is cool by contact(touch). To
obey standard condition of operation (vacuum conditions) external glass
tubes, a barium getter is used. It makes at high temperature. The Barium
layer with vacuum will be ensure out-gassed (CO, CO,, N,, O, H,O and
H>) during operation. The silver -hued barium layer will change into white
if the vacuum is lost. This makes it simple to see regardless of whether a
tube is in great condition.
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vacuated glass tube

Figure 3. 5 Assembly of the evacuated tube thermosyphon solar collector

Thermocuple on the heat pipe surface Thermocouple inside heat pipe
Figure 3. 6 Thermocouple lie out on Thermosyphon.
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3.2.3 Vacuum and charging process

Theromsyphon heat pipe items has been cleaned as follows:
» Cleaning with a bristle brush and carbon tetrachloride.
« Rinsing with carbon tetrachloride.
» Drying with a blower.
 Re-cleaning with acetone and a soft cloth.
* Drying.
« Soaking and washing with a detergent within time period.
* Flushing with tap water thoroughly.
 Drying by using oven for 1h.

The previous procedure can be repeated for several times for
efficient cleaning. Gloves must be used to protect your skin. In the present
work, acetone was utilized.

The thermosyphon is charged with working fluid by a burette
associated safely to the thermosyphon by the filling tubes as shown in Fig.
3.7. Now the thermocouples are distributed all along the surface of the
thermosyphon and its core to measure the temperatures in different spots
of the thermosyphon.

Evacuating of Theromsyphon heat pipe is an important process to
gas-out gases because it undesired noncondensable, or may be made side
reactions with the working fluid to form corroded materials. Ensure that
must be for 48h for leak considerations.
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The working fluid is flashed in a small amount and repeating vacuum
process at pressure of 75.5cm Hg for a 3h. This process(vacuum) is
accomplished by special pump type (ROBINAIR, 1hp, 250 L/min.; Model
231672; USA). thermosyphon will be operated normally after finalized

evacuation. Measurements process was done with filling ratio 70%

[63,74].

Burette

>}
Vacuum valve Liquid Charging valve

=3

X Charging valve

B —C

Pressure Gauge

Vacuum

Heat pipe

Figure 3. 7 Thermosyphon vacuum and charging apparatus
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3.2.4 The Storage Tank

In this study a water storage tank was used. The capacity of the
water storage tank was 5.25 L, the dimensions are 27.5 cm*27.5 cm*7 cm
[65] . It was made of Aluminum sheet with 1 mm thickness as shown in
Figure 3.8. Aluminum has been used in the reservoir industry because of
its low cost and high thermal conductivity, as well as its high wear
resistance. It was glued with a thermal substance and put five
thermocouples inside the tank to calculate the temperature of the water in
different levels and contains an opening on the top to add water and open
it at the bottom to extract the water in the event of a problem and isolation
by glass wool and the use of Alecapon to increase the insulation. One of
the lower corners of the tank was cut down with 45° to facilitate the
process of assembling of thermosyphon. Figure 3.9 demonstrates the

shape of the storage tank.

Figure 3. 8 Storage water tank
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3.2.5 Phase Change Material Storage Tank
The internal walls of the water storage tank are containers which

content the PCM. These containers were put in both, left and right sides
of the tank. Each container has the dimension: 275 mm*275 mm*30 mm
[65] as in Fig. 3.10. The tank made of aluminum also put on the inner
surface of the water tank and put five thermo cables inside the tank
contains a hole from the top to add the PCM that was melted by an electric

heater and we mention the specifications of the pcm.

The PCM used was paraffin wax. The weight of the PCM in each
container was 1.8 kg. In order to reduce the heat losses, the tank and
containers were insulated by glass wool with thickness 50 mm. The
isolation process was performed by pasting the isolator on the outer walls
of the tank. The storage system was folded with Alecapon sheet with the

thickness 3 mm. Figure 3.11 shows phase change material storage tank.
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Figure 3. 11 Phase change storage material tank
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3.2.6 Vibration System
Several vibration frequencies in form of pulses with fix time value

in the measurements work are used. These vibration frequencies must be
controlled in manufactured control system design as follows:

3.2.6.1 DC Motor
A small DC motor has been used to produce the vibration with an

unbalanced load, as illustrated in Fig. 3.12. Where different radii and mass
values can be defined by using the eccentric mass. An aluminum disc is
produced to hold a screw (eccentric mass) with a constant mass of 15
grams. The DC motor shall be mounted to the structure of the
thermosyphon to produce excitation through the control circuit with
various amplitudes and frequencies. The motor's base is shielded by an
elastic sheet, which smooth out the generated vibration in the heat pipe
evacuated tube solar collector. The supplied signal to the vibrating motor
has been controlled by using a system includes DC power supply and an
Arduino UNO system where the Arduino is a programmable instrument
capable of delivering the required output using software code.

The variable resistor regulates the variable voltage delivered to the
motor, and as a consequence, the frequency is controlled. The diagram of

the circuit of control is illustrated in Fig. 3.13.

Figure 3. 12 DC motor
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S5Vinput

5V relay
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(Integrated circuit)
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Arduino (Uno)

DC Motor

Figure 3. 13 The circuit Control System

A control system with its components, voltage power supply and
Arduino UNO system responsible on vibrating of thermosyphon. The DC
motor will be work at 0-5V signal and 5V(controlled by variable resister)
provided by the Arduino, the Arduino and relay are given in Fig. 3.14.

Consequently, the control circuit scheme is given in Fig. 3.13.

ve DR ARDUINO

o) Gy @19 Qo)

rogs

o

S
Figure 3. 14 The Arduino and Relay

3.3 Measurement and Instrument
3.3.1 Temperature
The thermocouples are of type K, (which are considered suitable for

both high temperatures and low temperatures -200 to 1350 °C(Thermo

couples are calibrated according standard procedure, see Appendix A).
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They are cheap, accurate, can work under all environmental in natural and
chemical conditions. and made of Nickel- Chrome and they were used to
measure the temperatures. Figure 3.15 shows installing method of
thermocouples inside water and paraffin wax tanks. Eight thermocouples
were fixed on the surface of thermosyphon and isolated with insulating
material and five thermocouples inside the tube through the tube hole and
using a 2mm tube closed its end and put inside the hole and welded with
the heat pipe and put the thermocouple and closed by thermal glue to
measure the normal temperature of the surface; five thermocouples were
planted in the core of the thermosyphon to measure the temperatures of
working fluid as indicated in Fig. 3.16a. five thermocouples in the water
tank as shown in Fig. 3.16b, and five thermocouples in the PCM
containers as shown in Fig. 3.16c, as the two containers are similar; the
thermocouples were planted in one of them. Figure 3.16d shows

thermocouples arrangements in storage tank.

e

Figure 3. 15 I nstalling method of thermocouples inside water and
paraffin wax tanks
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Figure 3. 16 (a) thermosyphon thermocouples positions (core and wall
surface), (b) Thermocouple inside water tank and pcm, (c)
Thermocouple inside pcm tank, (d)Thermocouple inside water tank

3.3.2 Data logger Device
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AT4532 is in a simple way can be fixed at the module. AT4532 has
multi- communication via RS-232C, so it can be control by computer. The
AT4532 show easy portability along with applent\'s built-in signal
conditioning and Universal Input Module as shown in Fig. 3.17.

AT4532 is examined to withstands shock and vibration and
electromagnetic interference. AT4532 has high accuracy, especially on
low signals. Table 3.1 summarizes data logger AT4532 characteristic
properties. Figure 3.18 shows DC power supply YH-305D used in the
experimental work.

Table 3. 1 Data logger characteristic properties

Graduation Thermocouple: J/K/T/E/S/IN/B

Accuracy 0.2°C £ 2 digits (not include accuracy of
thermocouples)

Ranges -200°C~1300°C(Varying depend on graduation)

Re-solution 0.1°C

Channels 32 channel; Can be expanded to 128 channel

Speeds 100ms

Correction Error correct for each channel

Figure 3. 17Data logger type AT4532
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Figure 3. 18 DC power supply YH-305D

3.3.3 Irradiance Measurements
The solar irradiance on the sun-based collector including normal

part and diffuse part, the normal part was measured with sun powered
power meter display TENMARS TM-207 Taiwan made(it is calibrated
according standard procedure see Appendix A). This instrument has
resolution + 1% up to the solar irradiance of 1000W/m?, within operating
temperature range of —20-60°C. The cosine reaction was treated to not
exactly £ 5% for edge under 60 °C, the photo image. Figure 3.19 shows
the instrument and the orientation sensing of this instrument was mounted

on the divider surface of solar orienting collector.
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Figure 3. 19 Solar power meter.

3.4 Accessories
3.4.1 Phase Change Material PCM

The paraffin wax was used as PCM, the present study as shown in

Fig 3.20. The properties of this material are illustrated in Table 3.2.

Table 3. 2 Properties of PCM paraffin wax[65]

Experimental Work

Tm C ksolid | k-iquid | psolid | p-liquid h
Wim.K
oc | KIKgK| wik m Kgm | Kgim’ KJIKg
38-43 2 0.2 0.2 830 770 165
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Before melting After melting
Figure 3. 20 PCM before and after melting

3.4.2 Working Fluid

Pure acetone was used as working fluid which represents part of

the thermosyphon. The volume used was 124 cc (i.e. the volume division
FR=70%) [63,79]. A burette tube was used to measure the volume of

acetone entering the thermosyphon.

Table 3. 3 Thermal and fluid properties of acetone at T=40°C

Vapor Liquid density| Vapor Liquid Vapor Surface Latent heat
pressure (g/md) density viscosity viscosity tension (J/g)
(Pa) (g/m®) (9/ms) (9/ms) (N/m)

6.0x10* 768 1.05 2.69x10* | 0.86x10° 0.0212 536x10°

3.4.3 Insulation Material
The glass wool with a thickness of 50 mm was used in the study to
isolate the water tank as well as the paraffin wax containers. The isolation

process was applied with all side to prevent heat transfer.

3.5 Experimental Procedure:
Four similar thermosyphon rigs were conducted to determine the

performance of each one at the same conditions with a presence and an

absence of the vibration. the optimal working conditions for the
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thermosyphon were reached by a filling ratio of 70% and a tilted angle of
45° [63,74]. As two of four thermosyphon systems operates with the
absence of vibration effect, it has been considered to be a reference. The
other thermosyphon was exposed to a vibrational effect that is expressed
as regularly periodic on-off pulses (20 seconds on — 120 seconds off)
throughout the course of the experiment. The voltage ranges used to
generate vibration frequency are 6, 8, 10 ,12 and 14 volts. Using a 45 °
angle of inclination to achieve the highest performance for the single-
gravity assist of thermosyphon system. The procedural steps of the

experiment are:

1. The thermosyphon in both four rigs has been supplied with pure

acetone at a filling ratio of 70% from the evaporator portion.

2. The control system is adjusted to provide a 20-second vibrating pulse

and repeated for every 120 seconds.

3. Throughout 8 AM to 10 PM, the surface and core temperatures were

estimated and reported in every five seconds.
4. Change the value of the frequency and repeat steps 2-3.
5. Change the radius of mass in the rotating disc and repeat steps 2-

3.6 Theory relevant
3.6.1 Thermosyphon heat pipe performance calculations
Input solar power (I in W/m?) transfers from the evaporator
thermosyphon to the condenser then to be dissipated through the water
tank. To estimate the overall thermal resistance (Rex) for the solar
collector, the following correlation used to calculate Rex, [63, 74,79]:
R — (Tg—Tc)

=T e 3.1
exp 2rtrglpl (3-1)
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Where T and T, are the average wall temperatures at the
evaporator and condenser regions which are measured by surface sensors,
Where : ro and le are the outer radius and the length of evaporator

thermosyphon in m, respectively.

Consequently, the heat transfer coefficients (EHTC) and
condensation and evaporation (CHTC) for both thermosyphon sections
are estimated as follows [74,79].

I
He = ——
TE-Ty
I(lg/1
Hc = 1Us/lo)
(Tv_TC)
Where Iz evaporator length and lc condenser length in m respectively.

e (33)

T, is the mean saturated temperature measured by core temperature

sensors at the center of the thermosyphon.

3.6.2 Efficiency calculations

Filling ratio, solar radiation flux, tilt angle, inlet temperature,
environment conditions, and working fluid are the basic factors of
interfere of operation thermosyphon heat pipe [63,79]. From the measured
recorded data for the sunny day in January within the time period; 8 AM
— 10 PM thermosyphon heat pipe efficiency is studied. The calculation of
the efficiency shows a noticeable fluctuating value since many factors
affect the efficiency as it was mentioned before. However, the efficiency
can be calculated using the following relation [74,79]:

p=2 - MpwoTwd (3.4)

Qin Acl
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Chapter Four

Results and Discussions

4.1 Introduction

In this chapter, the experimental results will present with details. All
obtained results were based on the new test rig built to achieve all
necessary tasks. It can be classified as the experimental results into three
main parts. The first part is studying the effect of the phase change
material on the performance of the evacuated tube heat pipe solar
collector. The second part of the results is investigated the effect of
vibration on the thermal performance and the efficiency of the evacuated
tube heat pipe solar collector. While, the third part is studying the effect
of the radius of mass that is fixed on the disc which is connected with the
motor to generate the vibration in the evacuated tube heat pipe solar

collector.

It was applied to a wide range of frequencies (6-14 Volt) to study the
effect of vibration on the performance of the system. It was achieved all
the experimental work in Najaf Governorate in Iraq that located with
latitude 31 °N and longitude 44 °E. The daily period to achieve the
experimental work is started from eight in the morning to ten in the night
during the winter months (January, February, March, and April). where

all the experiments were performed in sunny weather.

Figure 4.1 shows the average temperatures along the thermosyphon in
the case of absence of the vibration. It can be seen that the values of
temperature increased with time, where the minimum values occurred at

8 AM and the maximum values occurred at 13 PM.
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Figure 4. 1 Temperature distribution along thermosyphon without
vibration

4.2 Effect of PCM
The experimental tests were performed to study deeply the effect of
phase change material (PCM) on the thermal behavior of the evacuated
tube heat pipe solar collector under lragi climatic conditions. It two
different cases was considered, the first one when using PCM and the

second case without PCM.

Figure 4.2 shows the variation of water temperature in the storage
tank for both cases (with and without PCM). It can be seen that there is no
significant difference in the temperature for both cases until 5 pm (17:00).
After that, it can be noticed that the fast drop in the temperature for the
case without PCM. While, for the other case, the temperature decreased
very slowly. This means that the temperatures will be useful during the
whole day, especially when the solar intensity is not available. It was
found that the lowest value of the temperature is over 35 °C. Where, the
maximum temperature is approximately 54 °C for both cases at 4 pm

(16:00). The reason for such results is using the PCM that can storage the
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heat and then will be available later for different kinds of use.

Figure 4.3 demonstrates the variation of thermal resistance with time
for both cases. It can be noticed that the thermal resistance decreased when
increasing the time of solar radiation for both cases. The maximum values
of the thermal resistance for both cases occurred at 8 AM. While the
minimum value of the thermal resistance occurred approximately at 2 PM.
It can be seen that the difference between the values of thermal resistance
for both cases is very small. Generally, it was found that the values of

thermal resistance with PCM are lower than those without PCM.

Figure 4.4 shows the variation of the evaporator heat transfer
coefficient (EHTC) with time. It can be seen that both cases have the same
behavior approximately during the operation time and the difference
between them is small and not exceeded 70 W/m? °C. The maximum value
of the EHTC occurred at time 12:00. While, the minimum values of the
evaporator heat transfer coefficient occurred at 8 AM. The reason behind

these results is the variation of magnitude of solar radiation with time.

Figure 4.5 shows the variation of condenser heat transfer coefficient
(CHTC) with time for the same two cases (with and without PCM). Also,
it can be seen that the behavior of both cases is similar during all time, but
the values of the condenser heat transfer coefficient when using PCM is
higher than those without PCM. However, the difference between them is
not large, and the maximum difference between them did not exceeded
100 W/m? °C. The maximum value of the EHTC occurred at time 12:00.
While, the minimum values of the CHTC occurred at time 8:00 am, the
reason behind these results is the variation of magnitude of solar radiation

with time.

It can be considered that enhancement of the condensation process is
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an essential point for all types of the heat pipe to increase the amount of
transferred heat via converting the fluid that used as working fluid vapor
to liquid status and then the film flow back to the section of evaporator via
capillary influence of gravitational effect. Based on the available literature
review, it was found that the most effective mode to transfer the heat in
the section of condensation is the dropwise mode. Where, this mode
provided rates for condensation higher than film wise condensation
[76,77]. It was used commonly in the industry sector, where it was made
the surface like the non- wetting via the promoters. Where it may be coated
with the long-chain fatty acids. Later on, the droplets will be formed and
it grows very quickly, the larger ones will be removed by gravity and the

process will be resumed.

Figure 4.6 exhibits the efficiency of the system thermosyphon during
the day of the experimental work for two cases (with and without PCM).
the most stable data was selected as the total period of the experiments. It
can be seen that the minimum value of efficiency appeared early in the

morning.

The reason for such results is the minimum value for solar radiation
that occurred at this period of time. The maximum value of the efficiency
occurred at noontime during the whole period of the experimental work,
where the peak value of the solar radiation occurred at this time. This will
lead to fast increasing in the absorbed heat by the evaporator section
compared with any other time during the experiment. Generally, the
efficiency increased when using the PCM, but the difference between the

two cases (with and without PCM) is not exceeded by 5 %.
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Figure 4. 4 Variation of evaporator heat transfer coefficient with time.
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Figure 4. 5 Variation of condenser heat transfer coefficient with time.
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Figure 4. 6 The efficiency of the thermosyphon.
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4.3 Effect of Vibration

In this section, the thermal performance will be presented and

thermal efficiency of thermosyphon and thermosyphon under the effect of

different vibration frequencies. Thethermosyphon thermal resistance for

sunny days (from sunrise to sunset) has initially been analyzed with solar

radiation. For all results in this section, the radius of mass (15 grams) that

fixed on the disc which connected with motor to generate the vibration in

the system is equal to 4 cm. It was applied five different vibration

frequencies, which are:
1.21.1 Hz (6 V).
2.28.33 Hz (8 V).
3.35.55 Hz (10 V).
4.42.77 Hz (12 V).

5. 50 Hz (14 V).

It was calculated the applied frequencies based on the following
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equation,

Rotational speed (rpm) _ 2600
60 T 1260

Frequency = 4.1)

As a result of applying different vibration frequencies, the surface
evaporator temperature decreased with the increasing of the vibration
frequency, as shown in Fig. 4.7. The peaks temperature occurred
approximately at 13:00 (1 PM). And the minimum value occurred early in
the morning 8:00 AM. The maximum difference is 10 °C which occurred
at 1 PM when changing the applied vibration from 0V to 12 V.

Also, for the same reason, it can be seen the same behavior, that
when increased the vibration frequency, the surface condenser
temperature decreased as illustrated in Fig. 4.8. It can be seen that the
temperatures decreased gradually when the vibration influence increases
compared with the static condition.

It can be considered that the temperature of the tank in solar water
heater systems as thermosyphon is the main parameter that will affect the
performance of the system. In these experiments, one of the important
goals is to find a way to enhance the internal energy of the evacuated tube
heat pipe solar collector system, based on the temperature of the water
tank to improve the performance of thermosyphon. It can improve the
performance of the system based on the temperature of the cooling fluid
in the condenser section. In other words, it can be said that when the
cooling fluid temperature in the condenser section decreases, the thermal
resistance will decrease as well [77].

Five K-type thermocouples are mounted inside the tank in different
levels (right, left, top, bottom and center) to determine the values of water
tank temperature. A highest tank temperature leads to highest collector

efficiency of thermosyphon. Two factors are responsible to obtain the
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optimal output with similar solar radiation input. The first factor is the
quantity of useful two-phase heat transmitted through GAHP which
equivalent to the input radiation, which is the optimal working fluid that
has smallest values of the thermal resistance. The second factor is the
distribution of temperature in a water tank if it is homogenous. Then by
reduction of viscosity of water due to rising of temperature and due to the
influence of the alter in values of density for warmed water on the

thermosyphon over the surface of thermosyphon condenser section.
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Figure 4. 7 Mean surface temperature of evaporator section of
thermosyphon when applying various voltages
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Figure 4. 8 Mean surface temperature of condenser section of
thermosyphon when applying various voltages

4.3.1 Effect of Vibration on Mean Water Temperature

The variations of the mean water temperature in the tank with time
when applying five different values of vibration (6, 8, 10, 12 and 14 V)
are investigated.

Four different cases were studied in details which are: without PCM
(without vibration), without PCM (vibration), with PCM (without
vibration), and with PCM (with vibration).

Figure 4.9 shows the variation of water temperature in the storage
tank for the four cases that explained previously. It can be seen that there
is small difference in the values of temperature among all cases until 5 PM
(17:00). After that, it can be noticed that the fast drop in the temperature
for two cases (without PCM). While, the other two cases (with PCM), the
temperature decreased very slowly. Therefore, it can be used this water
with such temperature in different useful applications, especially when
solar intensity is not available. Where, the lowest value of the temperature

Is over 35 °C. The maximum temperatures for all cases appeared at 15:00
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(3PM).

Figures 4.10-4.13 illustrate the variation of water temperature in the
storage tank for same four cases (with and without PCM and with and
without vibration) when applied different magnitude of frequencies (8, 10,
12 and 14 V). It can be seen the same behavior approximately with the
previous results (Fig. 4.8). However, it can be recognized the increment
in the values of temperature when the frequency increased. The highest
values of temperature appeared when applied 14 V. Generally, it was
observed that the mean temperature of the tank increased when the
frequency of the vibration increased too.

Figures 4.14 and 4.15 give a clear picture of the vibration effect on
the behavior and performance of the evacuated tube heat pipe solar
collector system when integrated and not integrated the PCM.

It can be found that the values of temperatures are proportional with
magnitude of frequency when using PCM or not. The reason for increasing
the values of temperature with increasing the magnitude of frequency is
the increasing in the amount of heat exchange with time between water
tank and the surface of condenser.

When the vibration increased from 0 V (static condition) to 14 V,
the average percentage increases in temperature is approximately 13% for
time after 1 PM for cases that not used PCM. While for the cases that used
PCM, the average percentage increases in temperature is approximately

16% for time after 1 PM when change the frequency from 0 to 14 V.
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Figure 4. 10 The mean water temperature (applying 8 voltage)
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Figure 4. 12The mean water temperature (applying 12 voltage)
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Figure 4. 14 The mean water temperature (with PCM)
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Figure 4. 15 The mean water temperature (without PCM)

4.3.2 Effect of Vibration on Thermosyphon Thermal Resistance

Figure 4.16-4.20 show the variation of the thermal resistance of the
thermosyphon applying different values of vibration frequencies (from 6
V to 14 V). It can be seen for all cases that the thermal resistance decreased
with the increasing of the solar radiation. Also, it can be observed that the
thermal resistance decreased with increasing the magnitude of the
vibration frequency. There are many advantages of applying the vibration
on such system. The first advantage is to improve the boiling ball in the
section of evaporator by exciting to generate the bubbles in the bottom and
enclosement the surface of internal wall. This will lead to decrease the
mean temperature of evaporator, where the value of evaporation heat
transfer coefficient will increase [78]. The second advantage is breaking
in the film layer that enclosement the surface of internal wall of the

condenser section. Where the kind of condensation phenomena is changed
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from film wise to dropwise that yields to improve the operation of heat
transfer that occurred between the water of tank and the fluid that used as
working fluid, where the process will be continued the flowing of the fluid
back to the section of evaporation that came from the section of
condensation [76,77]. Furthermore, the applied vibration caused to change
the distribution of temperature to be more uniform for the water inside
tank via exfoliation layers that covered the condensation section of
thermosyphon.

In order to show the effect of magnitude of vibration frequency on
the thermal resistance of the evacuated tube heat pipe solar collector, it
was made a comparison between all cases. Figure 4.21 shows the variation
of thermal resistance with time when integrating PCM with the system.
While Fig. 4.22 shows the variation of thermal resistance with time when
not integrating PCM with the system. It can be noticed that the values of
the thermal resistance decreased when the vibration frequency increased
for both cases (with and without PCM). The average percentage reduction
in the thermal resistance for cases (without PCM and with PCM), when
the vibration frequency change from (0 V to 14 V) found (17% and 27%),

respectively.
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Figure 4. 16 The thermosyphon thermal resistance with time (applying

6V)
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Figure 4. 17 The thermosyphon thermal resistance with time (applying
8V)
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Figure 4. 19 The thermosyphon thermal resistance with time (applying
12V)
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Figure 4. 20 The Thermosyphon thermal resistance with time (applying
14V)
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Figure 4. 21 Variation of Thermosyphon thermal resistance with time
when applied different vibrational frequencies (without PCM)
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Figure 4. 22 Variation of the thermal resistance when applied different
vibrational frequencies (with PCM)

4.3.3 Effect of Vibration on Evaporator Heat Transfer Coefficient

It can be divided the evaporation heat transfer coefficient (EHTC)
into two kinds of the internal liquids. The first one is the region of pool
liquid that located at bottom side in the evaporator section. While, the
other one is the continuous film liquid that flow back from the condenser
section. Where, this flowing expands from the surface of liquid pool to the
lower end of condenser [77,78]. The sum of the two coefficients is equal
to the evaporation heat transfer coefficient (EHTC).

Figure 4.23-4.27 show the variation of evaporator heat transfer
coefficient (EHTC) with time when applied different values of the
vibration frequencies. It can be seen that all cases have the same behavior
during the operation time and the difference between them is small under
the same condition (same frequency). These differences increased
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dramatically when the values of the vibration frequency increased. In the
other words, it can be said that the values of evaporator heat transfer
coefficient increased when the vibration frequency increased too.

Figure 4.28 and 4.29 illustrate the variation of the evaporator
heat transfer coefficient (EHTC) with time when integrating and not
integrating PCM with the system. It can be noticed that the values of the
evaporator heat transfer coefficient increased when the vibration
frequency increased for both cases (with and without PCM). The average
percentage increment in the evaporator heat transfer coefficients for cases
(with PCM and without PCM), when the vibration frequency changed
from (0 to 14V) are found approximately 30% for both cases when the

peak value occurred (12:00).
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Figure 4. 23 Variation of evaporator heat transfer coefficient with time.
(applying 6 V)
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Figure 4. 25 Variation of evaporator heat transfer coefficient with time.
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Figure 4. 26 Variation of evaporator heat transfer coefficient with time.
(applying 12 V)
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Figure 4. 27 Variation of evaporator heat transfer coefficient with time.
(applying 14 V)
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Figure 4. 28 Variation of evaporator heat transfer coefficient with time
when applied different vibrational frequencies (with PCM)
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Figure 4. 29 Variation of evaporator heat transfer coefficient with time
when applied different vibrational frequencies (without PCM)
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4.3.4 Effect of Vibration on Condenser Heat Transfer Coefficient
It can be considered the growth in the heat transfer coefficients is the
main key to enhance the performance of the all types of heat pipe systems.
Therefore, it should be used an approach to achieve the aim such as
applying vibration on the system.

Figure 4.30-4.34 show the variation of the condenser heat
transfer coefficient with time for the same cases and under the same
conditions (the system with and without PCM). Based on the results, it can
be seen that the behavior for all cases are similar during the experiment
time. Where, the values of the condenser heat transfer coefficient when
using PCM is higher than those without PCM, but the difference between
them is not large.

However, it can be seen a significant difference when applied
the vibration on the system as shown in Figs. 4.35 and 4.36. Where the
values of the condenser heat transfer coefficient (CHTC) increased when
the vibration frequency increased as well. The maximum values of the
CHTC occurred at time 12:00. The average percentage increment in the
condenser heat transfer coefficients for cases (with PCM and without
PCM), when the vibration frequency changed from (0 v to 14v) are found

approximately 25% for both cases when the peak value occurred (12:00).
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Figure 4. 30 Variation of condenser heat transfer coefficient with time.
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Figure 4. 31 Variation of condenser heat transfer coefficient with time.

(applying 8V)
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Figure 4. 32 Variation of condenser heat transfer coefficient with time.
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Figure 4. 33 Variation of condenser heat transfer coefficient with time.
(applying 12 V)
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Figure 4. 34 Variation of condenser heat transfer coefficient with time.
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Figure 4. 35 Variation of condenser heat transfer coefficient with time
when applied different vibrational frequencies (with PCM)
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Figure 4. 36 Variation of condenser heat transfer coefficient with time
when applied different vibrational frequencies (without PCM)

4.3.5 Effect of Vibration on Efficiency

This section spotlights on the effect of vibration frequency on the
efficiency of the evacuated tube heat pipe solar collector during the whole
period of the experimental work. Figures 4.37-4.41 exhibit the variation
of efficiency of the system during the day of the experimental work when
applied five different values of vibration frequencies (6, 8, 10, 12 and 14
v). It was studied the same four different cases that are without PCM
(without vibration), without PCM (vibration), with PCM (without
vibration), and with PCM (with vibration). It can be seen from the results,
which the lowest values of efficiency occurred morning early where the
lowest values of the overall solar are occurred. The highest values of the
efficiency occurred at the noontime during the whole test period. The
reason behind such results is the peak values of the solar radiation

occurred at this time. Where, this will lead to increase the amount of
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absorbed heat in the section of evaporation compared with the remaining
time of the test.

Generally, it can be observed an enhancement in the values of
efficiency when applied the vibration on the system as shown in Figs. 4.42
and 4.43. Where, the values of efficiency increased when vibration
frequency increased as well. Where, the maximum values of efficiency
occurred at time 13:00 (1 PM). The efficiency of the system when using
PCM increased from 60% to 78% at 1 PM when the influence of vibration
frequency changed from (0 to 14 V). While the efficiency of the system
without PCM increased from 57% to 76% at 1 PM when the influence of
vibration frequency changed from (0 to 14 V). Generally, the efficiency
increased when using the PCM without vibration, but the change in the

values of efficiency is small and not exceeds 5 %.
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Figure 4. 37 Variation of efficiency with time. (applying 6 V)
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Figure 4. 40 Variation of efficiency with time. (applying 12 V)
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Figure 4. 42 Effect of the vibrational frequencies on efficiency with time
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Figure 4. 43 Effect of the vibrational frequencies on efficiency with time
(without PCM)
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4.4

Effect of Excitation Vibration Force

In this section, the effect of the excitation vibration force on the
thermal performance and thermal efficiency of Thermosyphon and
thermosyphon when applied different vibration frequencies. It was used
the same mass (15 grams) but it fixed on the disc with 2 cm (r) distance
from the center, where the disc is connected with motor to generate the
vibration. The excitation vibration force is a function of mass, rotating
speed and the distance of the mass to the center of disc. In this work, the
same five different values of vibration frequencies (6, 8, 10, 12 and 14 v)

have been applied using both radius 2cm and 4 cm.

The results in this section will present a comparison among

four different cases which are:

. The system without PCM (distance =2 cm).
. The system without PCM (distance =4 cm).
. The system with PCM (distance =2 cm).
. The system with PCM (distance =4 cm).

Also, it can be classified these four cases into two groups based on
the excitation vibration force which are first group is when r= 4 cm, and

the second group is when r=2 cm.

Figures 4.44-4.48 present the effect of excitation vibration force
effect on the thermal behavior and performance of the evacuated tube heat
pipe solar collector system when integrated and not integrated the PCM.
It can be found that the values of temperatures are proportional with
magnitude of frequency for when using PCM or not. The reason for
increasing the values of temperature with increasing the magnitude of
frequency is the increasing the amount of heat that exchanged between the

water tank and the surface of condenser. It was applied increased the
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vibration frequencies from 6 to 14 V. It can be seen the same behavior
between two group of cases (distances are equal to 2cm and 4cm). Also,
there are very small differences between cases, the reason for that is the

small value of excitation vibration force (very small mass = 15 grams).
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Figure 4. 44 The mean water temperature (applying 6 V)
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Figure 4. 46 The mean water temperature (applying 10 V)
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Figure 4. 48 The mean water temperature (applying 14 V)
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Figure 4.49-4.53 show the variation of the thermal resistance of the
thermosyphon applying different values of vibration frequencies and
excitation force (6-14 V). It can be seen for all cases that the thermal
resistance decreased with the increasing of the solar radiation. Also, it can
be observed that the thermal resistance decreased with increasing the
magnitude of the vibration frequency. Also, it can be observed that the
difference between the results when applied different values of excitation
vibration force is very small and can be neglecting due to the small change
in value of excitation force. Where, the behavior for all cases are similar

during the whole time of experiments for all cases.

‘ —e—\With PCM (r=2cm) —@=With PCM (r=4cm) =—4—Without PCM (r=2 cm) Without PCM (r=4 cm)

0.19
A

0.15 \\

4\

0.09

Ry, (°C IW)

8 9 10 11 12 13 14 15 16

Time (hr)

Figure 4. 49 The Thermosyphon thermal resistance with time (applying
6V)
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Figure 4. 51 The Thermosyphon thermal resistance with time (applying

10 V)
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Figure 4. 52 The Thermosyphon thermal resistance with time (applying

12 V)
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Figure 4. 53 The Thermosyphon thermal resistance with time (applying
14V)
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Figure 4.54-4.58 show the variation of evaporator heat transfer
coefficient (EHTC) with time when applied different values of the
vibration frequencies and the vibration excitation force. It can be seen that
all cases have the same behavior during the operation time and the
difference between them is small under the same condition (same
frequency and force). These differences increased dramatically when the
values of the vibration frequency increased only. In the other words, it can
be said that the values of evaporator heat transfer coefficient increased
when the vibration frequency increased too. In the other side, when the
vibration excitation force increased (from r =2 cm to r= 4cm), very small

change in the results was appeared.
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Figure 4. 54 Variation of evaporator heat transfer coefficient with time.
(applying 6 V)
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Figure 4. 55 Variation of evaporator heat transfer coefficient with time.
(applying 8V)
——\Vith PCM (r=2cm) —#=With PCM (r=4cm) =& Without PCM (r=2 cm) Without PCM (r=4 cm) ‘
1600
1200 \
O 1000
E \
2 800 |
= \
600 -
400
200
0 T T T T T T T
8 9 10 11 12 13 14 15 16
Time (hr)

Figure 4. 56 Variation of evaporator heat transfer coefficient with time.
(applying 10 V)
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Figure 4. 57 Variation of evaporator heat transfer coefficient with time.
(applying 12 V)
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Figure 4. 58 Variation of evaporator heat transfer coefficient with time.
(applying 14 V)
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Figure 4.59-4.63 demonstrate the variation of the condenser heat
transfer coefficient with time for the same cases and under the same
conditions (the system with and without PCM). Based on the results, it can
be seen that the behavior for all cases are similar during the experiment
time. Where, the values of the condenser heat transfer coefficient when
using PCM is higher than those without PCM, but the difference between
them is not large. However, it can be seen a small difference between
results when applied different values of the vibration excitation force,

because the value of vibration excitation force is very small relatively.
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Figure 4. 59 Variation of condenser heat transfer coefficient with time.
(applying 6 V)
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Figure 4. 60 Variation of condenser heat transfer coefficient with time.

(applying 8 V)
—e—\With PCM (r=2cm) —®=With PCM (r=4cm) =—a—Without PCM (r=2 cm) Without PCM (r=4 cm)
3000
2500
O 2000
t 4
=
- /
T 1500
1000 / “E
500 ‘ ‘ ‘ ‘ ‘ ‘
8 9 10 11 12 13 14 15 16
Time (hr)

Figure 4. 61 Variation of condenser heat transfer coefficient with time.
(applying 10 V)
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Figure 4. 62Variation of condenser heat transfer coefficient with time.
(applying 12 V)
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Figure 4. 63 Variation of condenser heat transfer coefficient with time.
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Chapter Four Result and Discussions

Figures 4.64-4.68 display the variation of efficiency of the system
during the day of the experimental work when applied five different values
of vibration frequencies (6, 8, 10, 12 and 14 V) and two values of the
vibration excitation force. It can be seen from the results, which the lowest
values of efficiency occurred early in the early time (morning) where the
lowest values of the global solar are occurred. While, the highest values
of the efficiency occurred at the noontime during the whole test period.
The reason behind such results is the peak values of the solar radiation
occurred at this time. Where, this will lead to increase the amount of
absorbed heat via the section of evaporation (GAHP) compared with the

remaining time of the test.

Generally, it can be observed a very small enhancement in the
values of efficiency when increased the value of the vibration excitation
force (radius increased from 2 cm to 4 cm) but this increment in the

efficiency not exceeding 2% for all cases.
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Figure 4. 64 Variation of efficiency with time. (applying 6 V)
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Chapter Five
Conclusions and Recommendation for Future
Work

5.1 Conclusions
It can be summarized the obtained conclusions based on the

present work as following:

1) The vibration has a positive significant influence on the thermal
behavior and performance for both developed systems (with and
without PCM). Where the mean water temperature, evaporator and
condenser heat transfer coefficients and efficiency increased when
applied the vibration. While the thermal resistance decreased when

applied the vibration.

2) A significant effect of the frequency value has been observed. As
the frequency increases, the thermal behavior and performance will
be enhanced. Where the optimal results were obtained for both
developed systems (with and without PCM) when applied
frequency (50 Hz).

3) It was concluded that the effect of distance of mass on the disc to
generate excitation vibration force on the thermal performance
evacuated tube heat pipe solar collector is very small. Where it was
seen a small enhancement in the behavior of the system when
changed the distance of mass from 2 cm to 4 cm. The reasons for
such results are the small value of excitation vibration force (very
small mass = 15 grams) and small distance for the radii (2 and 4

cm).
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4) The thermal performance of thermosyphon system was enhanced
when using PCM. Where, the heat capacity of the system was
increased with relatively small volume. Where its possible to keep
the useful temperature (relatively hot above 35 °C) of water during
the night time. The efficiency of the system was increased with 3-
5%.

5) The temperatures of PCM during the charging period are higher in
the layer closer to the water of the tank, but during the discharging
period it is observed that the remote layers solidify late due to latent
heat of PCM.

6) The temperatures distribution in the water tank is approximately
uniform.

5.2 Recommendations
For future work, the following recommendation are suggested

1) Using other types of PCM with additives.

2) Using nano technology to enhance energy storage system
through forward and backward heat transfer process.

3) More study to be done on filling ratio in the thermosyphon with
vibration condition.

4) Using phase change material in different location in ETSC.

5) Using thermal resistance to reduce longitudinal heat transfer

effect.

100



References



References

References
[1] Mohd R. S. S., Santosh B. W., Suvarna S. L., Pooja V. F., Anil T,

“A Review Paper on FElectricity Generation from Solar Energy”,
International Journal for Research in Applied Science &
Engineering Technology (IJRASET), Volume 5 Issue IX, September
2017

[2] Tyagi, V.V.; Kaushik, S.C.; Tyagi, S.K.; Akiyama, T. “Development
of phase change materials based microencapsulated technology for
buildings: A review”. Renew. Sustain. Energy Rev. 15(2011) 1373—
1391.

[3] Verma, P.; Varun; Singal, S.K. “Review of mathematical modeling
on latent heat thermal energy storage systems using phase-change
material”. Renew. Sustain. Energy Rev. 12(2008) 999-1031.

[4] Zalba, B.; Marmn, J.M.; Cabeza, L.F.; Mehling, H. “Review on
thermal energy storage with phase change: Materials, heat transfer
analysis and applications”. Applied Thermal Engineering. 23(2003)
251-283.

[5] Zhao, C.Y.; Zhang, G.H. “Review on microencapsulated phase
change materials (MEPCMSs): Fabrication, characterization and
applications” Renewable and Sustainable Energy Reviews ,15(2011)
3813-3832.

[6] Zhou, D.; Zhao, C.Y.; Tian, Y.“Review on thermal energy storage
with phase change materials (PCMs) in building applications”
Applied Energy,92(2012)593-605.

[7] Zhu, N.; Ma, Z.; Wang, S. “Dynamic characteristics and energy

102



References

performance of buildings using phase change materials: A review”

Energy Conversion and Management, 50 (2009) 3169-3181.

[8] Aditya, L.; Mahlia, T.M.I.; Rismanchi, B.; Ng, H.M.; Hasan, M.H.;
Metselaar, H.S.C.; Muraza, O.; Aditiya, H.B. “A review on

insulation materials for energy conservation in buildings”.

Renewable and Sustainable Energy Reviews, 73(2017) 1352-1365.

[9] Mehrali, M.; Latibari, S.T.; Mehrali, M.; Mahlia, T.M.l.; Metselaar,
H.S.C. “Effect of carbon nanospheres on shape stabilization and
thermal behavior of phase change materials for thermal energy

storage”. Energy Conversion and Management, 88(2104) 206-213.

[10] Silakhori, M.; Metselaar, H.S.C.; Mahlia, T.M.l.; Fauzi, H.;
Baradaran, S.; Naghavi, M.S. “Palmitic acid/polypyrrole composites
as form-stable phase change materials for thermal energy storage”.

Energy Conversion and Management, 80(2014) 491-497.

[11] Amin, M.; Putra, N.; Kosasih, E.A.; Prawiro, E.; Luanto, R.A.;
Mahlia, T.M.I. “Thermal properties of beeswax/graphene phase

change material as energy storage for building applications”. Applied

Thermal Engineering, 112(2017), 273-280.

[12]  Ahmit S., Apler B., Cemel A., “Thermal energy storage
characteristics of poly (styrene-co-maleic anhydride)-graft-PEG as
polymeric solid—solid phase change materials” Solar Energy
Materials & Solar Cells, 161(2017) 219-225.

[13] Jerol Soiban “Numerical Investigation of a heat exchanger
using phase change materials PCMs” Norwegian University of
Science and Technology 2017.

103



References

[14] Sharma, A., Tyagi, V.V., Chen, C.R.; Buddhi, D. “Review on
thermal energy storage with phase change materials and
applications”. Renewable and Sustainable Energy Reviews, 13(2009)
318-345.

[15] Hamdani; Thaib, R.; Irwansyah; Dailami; Mahlia, T.M.l.
“Experimental investigation on melting heat transfer of paraffin wax-
Al203 storage system”. International Journal of Applied
Engineering Research,9(2104) 17903-17910.

[16] Silakhori, M.; Metselaar, H.S.C.; Mahlia, T.M.l.; Fauzi, H.
“Preparation and characterisation of microencapsulated paraffin wax

with polyaniline-based polymer shells for thermal energy storage”.
Materials Research Innovations. 18(2014), S6-S480.

[17]  Silakhori, M.; Naghavi, M.S.; Metselaar, H.S.C.; Mabhlia,
T.M.L.; Fauzi, H.; Mehrali, M. “Accelerated thermal cycling test of
microencapsulated paraffin wax/polyaniline made by simple

preparation method for solar thermal energy storage”. Materials,

6(2014) 1608-1620.

[18] Yasin, M.M., Yusaf, T., Mamat, R.; Yusop, AF.
“Characterization of a diesel engine operating with a small
proportion of methanol as a fuel additive in biodiesel blend”. Applied
Energy ,114(2014) 865-873.

[19] Huang, Y.-H., Wu, J.-H. “Analysis of biodiesel promotion in
Taiwan”. Renewable and Sustainable Energy Reviews 12(2014)
1176-1186.

[20] Bland, A.; Khzouz, M.; Statheros, T.; Gkanas, E. “PCMs for
residential building applications: A short reviewfocused on

104



References

disadvantages and proposals for future development”. Buildings

7(2017) 78.

[21]  Zhou, D.; Zhao, C.Y.; Tian, Y. “Review on thermal energy
storage with phase change materials (PCMs) in building
applications”. Applied Energy 9(2012) 593-605.

[22]  El Qarnia, H., “Numerical analysis of a coupled solar collector
latent heat storage unit using various phase change materials for
heating the water”. Energy Conversion and Management, 50 (2009)
247-254,

[23]  Ghoneim, A., “Comparison of theoretical models of phase-
change and sensible heat storage for air and water-based solar
heating systems”. Solar Energy, 42 (1989) 209-220.

[24] Ku'rklu", A., O" zmerzi, A., Bilgin, S., “Thermal performance of
a water-phase change material solar collector”. Renewable Energy
26 (2002) 391-399.

[25] Lee, W.S., Chen, B.R., Chen, S.L., “Latent heat storage in a two
phase thermosyphon solar water heater”. J. Solar Energy
Engineering , 128 (2006) 69-76.

[26] Mettawee, E.B.S., Assassa, G.M., “Experimental study of a
compact pcm solar collector”. Energy , 31(2006) 2958-2968.

[27]  PBL, C., “Phase change material in solar water heater storage
system”. In: Proceedings of the 8th International Conference on
Thermal Energy Storage , (2000).

[28] Subramanian, K. R. V., Rao T. N., Balakrishnan, A.,”
Nanofluids and Their Engineering Applications”, 1st ed, 2019

105



References

[29] Badran, A.A., et al., “A solar still augmented with a flat-plate
collector.” Desalination, 172(3) (2005): p. 227-234.

[30] Blanco, J., et al., “Compound parabolic concentrator technology

development to commercial solar detoxification applications”. Solar

Energy. 67(4) (1999) 317- 330.

[31] Gajic, M., et al.,2015. “Modeling reflection loss from an
evacuated tube inside a compound parabolic concentrator with a
cylindrical receiver”. Optics express , 23(11): p. A493-A501.

[32] Dabiri, S., Rahimi, M. F., “Basic introduction of solar collectors
and energy and exergy analysis of a heliostat plant”. The 3rd
International Conference and Exhibition on Solar Energy ICESE,
2016 5-6 September, 2016, University of Tehran, Tehran, Iran

[33] Das, S. K., N. Putra, and W. Roetzel, “Pool Boiling
Characteristics of Nano- Fluids”, International Journal Heat Mass
Transfer, vol. 46, pp. 851-862, 2003.

[34] Park, K. J. and D. Jung, “Boiling Heat Transfer Enhancement
with Carbon Nanotubes for Refrigerants Used in Building Air-
Conditioning”, Energy Buildings, vol. 39(2007) 1061-1064.

[35] Kim, H. Y., Y. G. Kim, and B. H. Kang, “Enhancement of
Natural Convection and Pool Boiling Heat Transfer via Ultrasonic
Vibration”, International Journal Heat Mass Transfer, 47(2004)
2831-2840.

[36] Kang, M. G., “Effects of a Flow Disturbing Plate on Pool Boiling
Heat Transfer”, International Journal Heat Mass Transfer, vol. 47,
pp. 757-773, 2004.

106



References

[37] Kang, M. G., “Experimental Investigation of Tube Length
Effect on Nucleate Pool Boiling Heat Transfer”, Annals of Nuclear
Energy, 25(1998) 295-304.

[38] A. Alaei, M. H. Kafshgari, and H. Atashi, “A New Designed
Heat Pipe: An Experimental Study of the Thermal Performance in the
Presence of Low-Frequency Vibrations”, Heat Mass Transfer,
48(2012) 719-723.

[39] Jouhara H., A. Chauhan, T. Nannou, S. Almahmoud, B.
Delpech, L. Wrobel, “Heat pipe-based systems - Advances and
applications”, Energy ,128 (2017) 729-754.

[40] Singh R., S. Kumar, M. Hasan, M. Khan, G. Tiwari,
“Performance of a solar still integrated with evacuated tube collector

in natural mode”, Desalination , 318 (2013) 25-33.

[41]  Daghigh R., A. Shafieian, “Energy and exergy evaluation of an
integrated solar heat pipe wall system for space heating”. Sadhana
Indian Academy of Sciences, 41 (2016) 877—-886.

[42] Mazman M, Cabeza LF, Mehling H, Nogues M, Evliya H,

Paksoy H€O. “Utilization of phase change materials in solar

domestic hot water systems”. Renew Energy , 34(6) (2009)

[43] Malvi CS, Dixon-Hardy DW, Crook R. “Energy balance model
of combined photovoltaic solar-thermal system incorporating phase
change material”. Solar Energy , 85(7) (2011).

[44]  Saman W, Bruno F, Halawa E. “Thermal performance of PCM
thermal storage unit for a roof integrated solar heating system”. Solar
Energy , 78(2) (2005).

107



References

[45] Khalifa AJN, Suffer KH, Mahmoud MS. “A storage domestic
solar hot water system with a back layer of phase change material”.

Experimental Thermal and Fluid Science, 44(2013).

[46]  Al-Hinti I, Al-Ghandoor A, Maaly A, Abu Nageera I, Al-
Khateeb Z, Al-Sheikh O.” Experimental investigation on the use of
water-phase change material storage in conventional solar water

heating systems”. Energy Convers Management. 51(8)(2010).

[47]  Ayompe LM, Duffy A, Mc Keever M, Conlon M, McCormack
SJ. “Comparative field performance study of flat plate and heat pipe
evacuated tube collectors (ETCs) for domestic water heating systems

in a temperate climate”. Energy , 36(5) (2011).

[48]  Wei-Sheng TW-LOK-SN. “Performance of natural and forced
convection heat pipe solar water heaters”. In: 12th International
Conference on Sustainable Energy Technologies (SET-2013). Hong
Kong;(2013).

[49] Canbazoglu S, S, ahinaslan A, Ekmekyapar A, Aksoy YG,
Akarsu F. “Enhancement of solar thermal energy storage
performance using sodium thiosulfate pentahydrate of a conventional

solar water-heating system”. Energy Build, 37(3) (2005).

[50] Zalba B, Mari n JM, Cabeza LF, Mehling H. “Review on
thermal energy storage with phase change materials heat transfer
analysis and applications”. Applied Thermal Engineering ,223(3)
(2003).

[51] Li M. and L. Wang, “Investigation of evacuated tube heated by
solar trough concentrating system”, Energy Conversion and
Management,47(20) (2006)3591-3601.

108



References

[52] Riffat S., Jiang L. Zhu J., Gan G., “Experimental Investigation
of Energy Storage for an Evacuated Solar Collector”, International
Journal of Low-Carbon Technologies ,1(2) (2006) 139-148.

[53]  Shukla A., Bunddhi D., Sawhney R. L., “Solar water heaters
with phase change material thermal energy storage medium: A

review”, Renewable and Sustainable Energy Reviews 13(8) (2009)
2119-2125.

[54] Joudi K. A., Al-Joboory H. N. S., “Experimental Investigation
Of Individual Evacuated Tube Heat Pipe Solar Water Heating
Systems”, Journal of Engineering ,18(2) (2012).

[55] Suman S, Khan M, Pathak M. “Performance enhancement of
solar collectors: a review”. Renew Sustain Energy Rev., 49
(2015)192-210.

[56] Mahbubul I, Kamyar A, Saidur R, Amalina M. “Migration
properties of TiO, nanoparticles during the pool boiling of nano
refrigerants”. Industrial & Engineering Chemistry Research, 52
(2013)6032-8.

[57] Tian Y, Zhao C. “A review of solar collectors and thermal
energy storage in solar thermal applications”. Applied Energy , 104
(2013)538-53.

[58] Haillot Didier , ErwinFranquet, Stéphane Gibout, Jean-Pierre
Bédécarrats, “Optimization of solar DHW system including PCM
media”, Applied Energy, 109(2013) 470-475.

[59] Fazilati A. M., Alemrajabi A. A., “Phase change material for

enhancing solar water heater”, an experimental approach, Energy

109


https://www.sciencedirect.com/science/article/abs/pii/S0306261912007039#!
https://www.sciencedirect.com/science/article/abs/pii/S0306261912007039#!
https://www.sciencedirect.com/science/article/abs/pii/S0306261912007039#!
https://www.sciencedirect.com/science/article/abs/pii/S0306261912007039#!
https://www.sciencedirect.com/science/article/abs/pii/S0306261912007039#!

References
Conversion and Management ,71(2013) 138-145

[60] Reddy R. Meenakshi, Nallusamy N., Reddy K. Hemachandra,
“The Effect of PCM Capsule Material on the Thermal Energy
Storage System Performance”, International Scholarly Research
Notice, 2014

[61] Razali, T., Hamadani A., Irwansyah 1. Z., “Investigation
performance of solar water heater system using paraffin wax”, ARPN

Journal of Engineering and Applied Sciences, 9(10) 2014.

[62] Kavitha K., S. Arumugam, "A Study on Phase Change Material
(PCM) For Insitu Solar Thermal Energy Collection and Storage",
International Journal of Innovative Research in Science,
Engineering and Technology, 4(2) (2015).

[63] Eidan A. A., Alsahlani A., Alwan K. J., “Experimental
investigation on the performance of evacuated tube solar collector

with wickless heat pipe under Iraq climatic conditions”, Advances in
Natural and Applied Sciences. (2017) 11-18.

[64]  Shafieian A, Khiadani M, Nosrati A. “A review of latest
developments, progress, and applications of heat pipe solar
collectors”. Renewable and Sustainable Energy Reviews, 95
(2018)273-304.

[65] AL-HARIS R. S., “Experimental and Theoretical Investigation
of Heat Pipe Collector Using Phase Change Materials PCM”, Ph D
thesis University of Basrah, Iraq, 2018.

[66] Shafieian Abdellah, Khiadani K., Nosrati A. “Thermal

performance of an evacuated tube heat pipe solar water heating

110



References

system in cold season”, Applied Thermal Engineering; 149 (2019)
644657

[67] Shuang Zhang, Liang Wanga, Ye Bai, Xipeng Lin, Long Peng,
Haisheng Chen., “Experimental and theoretical analysis of a closed
loop two-phase thermosiphon under various states for latent heat

storage”, Energy Reports in press accepted, 6 Sep.2019.

[68] Wong S. W. and W. Y. Chon, “Effects of Ultrasonic
Vibrations on Heat Transfer to Liquids by Natural Convection and
by Boiling”, AIChE J. 15(1969) 281-288.

[69] Chou H. M., R. F. Horng, and Y. S. Liu, “The Effects of
Vibration and Reciprocating on Boiling Heat Transfer in Cylindrical
Container”, Industrial Commun. Heat Mass Transf., 29 (2002) 87—
95.

[70] Hsu, C. C., Chen, X. F., and Yang, J. M., “The Effects of Shock
and Vibration on Heat Pipe Performance in Reliability Tests,” Tenth
International Heat Pipe Conference, Taipei, Taiwan, Nov. 6-
9(2011) 267-271.

[71] Alaei, A., Kafshgari, M.H., Rahimi, S.K. 2013. “A vertical
heat pipe: an experimental and statistical study of the thermal
performance in the presence of low- frequency vibrations”. Heat
Mass Transfer, 49, 285-290.

[72] Alaei, A., “Low-Frequency Vibrations on the Thermal
Performance of an Oscillating Heat Pipe”. Industrial and
Engineering Chemistry Research, 53(2014) 12179-12183.

[73] Rong-Horng Chen, LWKuo and Chi-Ming Lai, “The influence

111



References

of longitudinal vibrations on the heat transfer performance of
inclined heat pipes”, Advances in Mechanical Engineering, (2015)
1-13.

[74] Al Sahlani Assaad, Adel A. Eidan, “Controllable Vibrating
System to Enhance the Performance of Heat Pipe Evacuated Tube
Solar Collector”, Journal of Mechanical Engineering Research and
Developments (JMERD), 41(3) (2018) 67-73.

[75] Runsheng Tang, Guihua, Li “Solar Collectors and Solar Hot
Water Systems”, In book: Handbook of Energy Systems in Green
Buildings, 2017.

[76] Rajkumar, M.R., Praveen,A., Krishnan, R.A., Asirvatham,
L.G., Wongwises, S., “Experimental study of condensation heat
transfer on hydrophobic vertical tube”. International Journal of
Heat and Mass Transfer, 120(2018) 305-315.

[77] Noori Rahim Abadi, S.M.A., Meyer, J.P., Dirker, J.
“Numerical simulation of condensation inside inclined smooth

tube”. Chemical Engineering Science, 182(2018) 132-145.

[78] Tian, Y., Chen, Z., Wang, N., Zhou, D., Cheng, L. 2018.
“Numerical and experimental investigation of pool boiling on a
vertical tube in a confined space”. International Journal of Heat and
Mass Transfer, 122,1239-1254.

[79] Adel A. Eidan, Assaad AlSahlani, Ahmed Qasim Ahmed,
Mohamed Al-fahhamb, Jalal M. Jalil.2018.“Improving the
performance of heat pipe-evacuated tube solar collector
experimentally by using Al,O3 and CuO/acetone nanofluids® Solar
Energy,173(2018)780-788..

112


https://www.researchgate.net/publication/321972871_Solar_Collectors_and_Solar_Hot_Water_Systems?enrichId=rgreq-4978797cc90a9e947caaace1fc4da754-XXX&amp%3BenrichSource=Y292ZXJQYWdlOzMyMTk3Mjg3MTtBUzo2NTQ2MTUwNDEyOTg0MzNAMTUzMzA4Mzc5NjkyNA%3D%3D&amp%3Bel=1_x_3&amp%3B_esc=publicationCoverPdf
https://www.researchgate.net/publication/321972871_Solar_Collectors_and_Solar_Hot_Water_Systems?enrichId=rgreq-4978797cc90a9e947caaace1fc4da754-XXX&amp%3BenrichSource=Y292ZXJQYWdlOzMyMTk3Mjg3MTtBUzo2NTQ2MTUwNDEyOTg0MzNAMTUzMzA4Mzc5NjkyNA%3D%3D&amp%3Bel=1_x_3&amp%3B_esc=publicationCoverPdf

Appendix A

Appendix A

Calibration of thermocouple and solar power meter
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ABSTRACT: An experimental rescarch has been performed to investigate and clicit a heat pipe evacuated tube solar
collector (HPET-SC) that subjected to mechanical vibration. The voltage ranges used to generate vibration frequency are
6, 8, 10 and 12 Volts. For comparison, two HPET-SC's were built identically. This comparison has been made based on
the solar collector effectiveness of in a presence and an absence of the vibration under Iraq's winter climatic conditions. In
this study, a liquid of an Acetone was used as a working fluid inside the heat tube with 0.7 filling ratio. One of the outlet
investigation results indicates that heat transfer cocfficients of the evaporation and condensation increased with increasing
of the vibrational frequencies. Another result, using the controllable vibration system led to increasing the two coefficients
of heat transfer, the temperature of hot water and the total collector effectiveness by (25%), (15%), and (20%) respectively
throughout the test conditions.

KEYWORDS: Vibration energy, Evacuated tube solar collector, Thermosyphone, Gravity-assisted heat pipe, ETHPSC
INTRODUCTION

The study of vibration in structures and systems was useful because the effect of vibration plays a crucial role in
engincering applications. In the industrial applications, the bulk of the movements and oscillations arc practically
unfavourable because repetitive or cyclic movement leads mechanical components to a malfunction or severe damages [1-
5]. Nonetheless, controlled vibration or induced excitation generation allows meeting the design target for specific
applications. For example, kidney stones can disintegrate with shock wave excitation in a medical application. On the
other side, in many engincering applications such as thermal systems, regulated vibration is commonly ecmployed.

In a study on a grooved cylindrical copper heat pipe with horizontal longitudinal vibrations to increase efficiency with
various condensation section's temperaturcs, Rong-Horng Chen ct al.[ 6,7 ] reported that the longitudinal direction vibrator
induced the thermal resistance of the heat pipe reduction which was directly related to the input vibration energy. The
temperature of the condensation area has a significant impact on thermal efficiency than the vibrations. Bowman and
Huber [8] proposed rescarch into the use of the bench-top shaker to excite the heat pipe with a wrapped glass wick at
different frequencies and amplitudes. Huber and Bowman have shown that longitudinal vibration decreas:

s the capillary
limits of the copper water heat pipe that wrapped screen wick, and consequently, further studies were suggested on various

heat pipe types since the subject of (heat pipe vibration) is seldom discussed within the literature[7].

Amir Alaei et al. [9] experimentally researched the effect of the use of low-frequency vibration on a gravitational support
heat pipe. They demonstrated that thermal efficiency is highly responsible for the vibration (33.83%); the optimum value
of efficiency was achieved at frequency 30 Hz. Amir Alei [10] reported a similar experiment in which he put the same
concept into action on an oscillating heat pipe, and the results show a similar trend in thermal efficiency enhancement in
the oscillating heat pipe. Furthermore, the "dry-out" at the lower filling rate and the maximum heat transfer rate are
eliminated by vibration. To our best knowledge, there is very little research on the use of vibration with evacuated solar
heat pipe collector's. The main aim of the current work is to establish a vibration system that will trigger the heat pipe
cvacuated tube solar collector structure to study thermal cfficiency, where the vibration to be delivered as pulses with
different frequencies over some time. The experiment is carried out by a fully controlled vibration system, and descriptions
of the designed control system are shown in section 2. Section 3 presents the construction of the solar collector system.
The test model is shown in section 4.

EXPERIMENTAL RIG SETUP
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