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ABSTRACT

M.Sc. Thesis

ENERGY ANALYSIS AND ENTROPY PRODUCTION OF BINARY
NANOFLUID FLOWING IN ELLIPTICAL DIMPLED TUBE MOUNTED IN
PARABOLIC SOLAR COLLECTOR

Noor Adil MOHAMMED

Karabik University
Institute of Graduate Programs

The Department of Mechanical Engineering

Thesis Advisor:
Prof. Dr. Kamil ARSLAN
September 2022, 120 pages

In this study, a three-dimensional analysis of the PTC receiver tube containing
elliptical dimples, with different ratios (0.66-1.66) has been performed. The flow type
has been considered turbulent, and the Reynolds number is chosen between 10000 to
30000. The inlet temperature has been considered to be constant at 500 K, and C++
code has also been developed to perform a non-uniform heat flux on the outside of the
receiver tube to approximate real life standards. The types of mono and hybrid
nanofluids and their combinations with different NPVF are 2%TiO,/Syltherm800,
2%Al203/Syltherm800, 1.0%Ti02-1.0%Al>03/Syltherm800 ,1.5%TiO»-
0.5%Al,03/Syltherm800, and 0.5%Ti0,-1.5%Al,03/Syltherm800. The study provides
a detailed analysis of the energy performance, entropy generation, coefficient of
friction (ff), Nusselt number (Nu) and thermal efficiency of PTC. Contours of the

velocity and temperature distribution inside the receiver tube for PTC are also given.



The results of the study show that hybrid nanofluid 1.5% Al>03-0.5% TiO2/Syltherm
800 is chosen as the best heat transfer fluid. It was also defined that PEC increases by
27% when ER= 5/3 elliptical ratio receiver tube is used. With increasing Re from
10000 to 30000 reduces the entropy generation rate by 52%. The lowest entropy
generation rate has been obtained for the case of wusing 0.5%TiO-
1.5%Al,03/Syltherm800 hybrid nanofluid flowing inside the receiver tube containing
dimples with elliptical ratio of ER=5/3 by 1.25% when compare it with smooth
receiver at Re =30000.

Keywords  : Parabolic trough collector, dimple, elliptical ratio, hybrid nanofluid,
thermal efficiency, entropy, non-uniform heat flux.
Science Code : 91441



OZET

Yiksek Lisans Tezi

ELIPTIK CUKURLU YUZEYE SAHIP ALICI TUPLU PARABOLIK GUNES
KOLLEKTORU ICERISINDEKI HiBRIT NANOAKISKAN AKISININ
ENERJI ANALIZi VE ENTROPI URETIMI

Noor Adil MOHAMMED

Karabuk Universitesi
Lisansiistii Egitim Enstittsu
Makine Miihendisligi Anabilim Dah

Tez Danmismani:
Prof. Dr. Kamil ARSLAN
Eylul 2022, 120 sayfa

Bu calismada, eliptik ¢ukurlu kanatgiklar iceren PTC alici tiipiliniin farkli oranlarda
(0.66-1.66) li¢ boyutlu analizi yapilmistir. Akis tipi tiirbiilansli olarak kabul edilmis ve
Reynolds sayis1 10000 ile 30000 arasinda segilmistir. Giris sicakliginin 500 K'de sabit
oldugu kabul edilmistir. Ayrica, ger¢ek sartlarin saglanabilmesi i¢in C++ kodu
kullanarak alic1 tlip yiizeyine diizgiin olmayan bir 1s1 akist gelistirilmistir. Mono ve
hibrit nanoakigkan tiirleri ve bunlarin farkli NPVF ile kombinasyonlar
2%TiO2/Syltherm800, 2%Al>03/Syltherm800, 1.0%TiO2-1.0%Al>03/Syltherm800
,1.5%Ti02-0.5%Al>,03/Syltherm800, and 0.5%Ti02-1.5%Al,03/Syltherm800
seklindedir. Calisma kapsaminda, PTC'nin enerji performansi, entropi iiretimi,
stirtinme katsayisi (ff), Nusselt sayis1 (Nu) ve termal verimliligi hakkinda ayrintili bir
analiz yapilmigtir. PTC igin alici tiip igindeki hiz ve sicaklik dagilimlart da

sunulmustur.  Calismanin  sonuglari, hibrit nanoakiskan  %1,5A1>03-%0,5

Vi



TiO2/Syltherm800'iin en iyi 1s1 transfer akiskani oldugunu gostermistir. Ayrica ER=5/3
eliptik oranli alici tip kullanildiginda PEC degerinin %27 oraninda arttig1
saptanmustir. Ayrica, Reynolds sayisinin 10000'den 30000'e yiikselmesi ile entropi
tiretim oraninin %52 azaldig: goriilmistiir. En diisiik entropi tiretim orani, plrizsiz
alici ile karsilagtirlldiginda, ER=5/3 eliptik oranli gamzeler igeren alici tiip igerisinde
%1,25 oraninda akan 0.5%TiO2-1.5%Al,03/Syltherm800 hibrit nanoakiskan

kullanilmasi durumunda Re=30000 i¢in elde edilmistir.
Anahtar Kelimeler : Parabolik gukur kollektor, gukur kanatgik, eliptik oran, hibrit

nanoakiskan, termal verim, entropi, diizgiin olmayan 1s1 akisi.

Bilim Kodu 1 91441
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PART 1

INTRODUCTION

Rapid population growth and industrialization processes have led to an increase in the
need for energy use directly [1]. Figure 1.1 indicates the energy consumed by humans
and the percentage of energy that is likely to be consumed to 2050 [2]. Where the
developments taking place in the eighteenth and nineteenth centuries all over the world
led to an increase in factories that consume fossil fuels. Fossil fuels are considered one
of the energy systems adopted in the recent times. Fossil fuels were used even before
the invention of the Watt steam engine in 1781. Fossil fuels became completely
dependable in the Industrial Revolution, where fossil fuels were used in the textile

industries as well as in the operation of trains and ships [3].

quadrillion British thermal units

1,000 - —
history projections
900 non-OECD
800
700 Asia
600
500 Middle East
400
Americas
300 Europe and Eurasia
200 OECD
100 (Organization for
Economic Cooperation
0 and Development)
2010 2020 2030 2040 2050

Figure 1.1. Global primary energy consumption by region (2010-2050) [2].

However, the increase in population in the world has led to concern about the
possibility of providing fossil fuels sufficient for the population growth that occurs

over time, so it was necessary to provide a new type of fossil fuel, as oil was explored

[4].



Oil had a heating capacity higher than coal, as oil contributed to the spread of internal
combustion engines, which in turn, this led to the emergence of the automobile and
aviation industries. As oil replaced coal, but the increase in the price of oil, especially
after the oil crisis in 1973, in which he saw the rise in the price of oil led to weak
markets (where the nominal prices rose from 12.52 to 22.3 dollars per barrel) and in
order to find a solution to this crisis, the Organization for Economic Cooperation and
Development was established to limit the impact of this crisis on the supply of factories
and companies with oil. Figure 1.2 refers to oil prices from 2017 to 2022. It was
necessary to find an alternative energy that can be relied upon in factories and factories
[5]. But the alternative energy to fossil fuels should not have come from the source of
fossil energy, because the emission of fossil energy CO: directly affects the climate

and the environment [6].

dollars per barrel
$90

$80
$70
$60
$50
$40
$30
$20
$10

$0 - T T T T T
2017 2018 2019 2020 2021 2022
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Figure 1.2. Monthly crude oil spot prices (2017-2022) [7].

Therefore, the sources of renewable energies have become attractive because they are
considered clean and harmless to the environment and can be stored. They are
considered sustainable energy because they are taken from permanent natural sources
(such as the sun, wind, and earth). Figure 1.3 indicates the increment in the use of
renewable energies over time [8]. One of the most important motives in this thesis is
to prove that solar energy can be a reliable source of energy in the future, as. It gives
independence to its users where its performance and sustainability can be improved

through the use of designs that help on increasing storage and control algorithms [9].
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Figure 1.3. Renewable energy generation [8].

1.1. SOLAR ENERGY AND PRICIPLE OF CONCENTRACTION SOLAR
POWER (CSP) TECHNOLOGIES

Solar energy is a clean, renewable and affordable energy source compared to other
renewable energy sources [10]. Whereas, concentrated solar power technology is a
favourable method to generate electrical and thermal energy [11]. The principle of
solar energy techniques is to focus solar radiation on a smaller surface specified by
using mirrors or lenses, so that the surface on which the light is focused the solar
radiation can generate electrical energy, so the energy absorbed by the solar radiation
is photoelectric energy or these surfaces can be used as a medium for heat for high
temperature, which can be used to generate electricity to run the engines of large
factories. To clarify the principle of the work of concentrated solar energy systems, it
is necessary to know the types of solar radiation coming from the sun towards the
earth. Solar radiation is electromagnetic waves transmitted from the sun to the earth at
the speed of light. Global solar radiation is radiant energy It has a short wave and is
coming from the sun and passing through a horizontal region per unit time in general.
Figure 1.4 indicates to the three main components of solar radiation are the direct, the
diffused and the reflected solar radiation [12].



Figure 1.4. The three main components of solar radiation [12].

As for the components of solar radiation, there are three the first is direct solar radiation
or the beam is the radiation that falls directly to the earth without scattering in the
particles of the atmosphere. The second type is the diffuse solar radiation, which
collides with particles such as dust and clouds in the atmosphere before falling on the
surfaces. As it can be used to CSP Applications, the third type is the reflected solar

radiation, which is the radiation that fall on surfaces such as buildings and ground [3].

There are four main techniques of concentrated solar power, which will be discussed

to clarify the principles of its work and the pros and cons of each type [13].
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Figure 1.5. Type of CSP according to work principle.

As shown in Figure 1.5, there are two types of concentration of solar energy, either
linear or point. Where the concentration of solar radiation in the linear focus on two
collectors, the path is on one axis and in a linear manner. As for the point focus, the
focus in the tracking collectors is on the thickness axis and the height axis and in the
Cases where high temperatures are required. Dealing with the linear focusing is easier
and cheaper, because the focus is on one axis only. It is preferable to use PTC to
produce electricity on a large scale. If a cheaper focus device is required, regardless of
its efficiency, it is recommended to use Central Receiver Systems (CRS). It is
preferable to use Linear Fresnel Reflector (LFR) which has added benefit of enabling
simple dual use of land as property plants grow under collectors or place collectors on
roofs .As for Parabolic Dishes, it does not need cooling water, so it is recommended
to use it in dry areas, as well as it can produce high temperatures and high Carnot
efficiency [14]. Table 1.1 presents a comparison of the characteristics of CSP

technologies.

Table 1.1. Comparison of the characteristics of CSP technologies [14].

CSP Type Operating Ratio of Thermal Average  Land Use Efficiency
Temperature Solar Storage Annual (Total Area/Power)
(°C) Concentration  Suitability  Efficiency
Parabolic 20-400 1545 Suitable 15% 3.9
Trough
Linear 50-300 10-40 Suitable 8-11% 0.8-1
Fresnel
Reflector
Solar Trough 300-1000 150-1500 Highly 17-35% 5.4
suitable
Parabolic 120-1500 100-1000 Difficult 25-30% 1.2-16
Dish




1.1.1. Central Receiver System

It has many names, including the solar power tower or the central tower as well as the
power station (heliostats). It is known as a type of CSP. A group of flat and moving
mirrors is used for the purpose of focusing the sun on the collecting tower. Early
designs use these rays for the purpose of heating water, The steam resulting from it in
the operation of the turbines. It was distilled using liquid sodium as well as molten
salts (40% potassium nitrate, 60% sodium nitrate) as a working fluid because it is
known that these materials work at high thermal capacities and can be used for the

purpose of producing energy [15].

This type of CSP can generate energy even when the sun is not shining. In recent times,
many improvements have been made to this system, including the transition from the
current (hot/cold) tank designs to the single tank thermal line systems that are stuffed
with quartzites and oxygen blankets, which in turn improve performance and reduce
costs. As for the designs of this system, they are multiple, including using flat glass
instead of curved glass for reducing costs. Molten salt containers are used in thermal
storage for the purpose of continuing to produce electricity during the Brightness of
the sun [16]. Figure 1.6 shows the parts that make up the CSP (CRS) [17].

Receiver

Hot storage tank

Steam generator
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Figure 1.6. Central receiver systems [17].



1.1.2. Linear Fresnel Reflectors

It is also called as a linear compressed Fresnel reflector. It was called by this name
because of its similarity to the Fresnel lens, its principle of operation where a group of
small, simple, thicker lens fragments are combined. The advantage of this lens is its
ability to focus the sun's energy for approximately 30 times its natural intensity. Less
expensive than using expensive glass reflectors. The absorbent is immobile. Long and
thin sections of mirrors are used to focus the light on the absorber, where the absorber
is located at a common focal point for the reflectors. Energy is transferred from the
sun to the absorber by means of the absorber to thermal fluids (water - air - oil). It is
preferable to use oil because of its ability to maintain heat. At higher temperatures, the
liquid is then crossed to run thermal steam through the heat exchanger. The difference
between a linear pressurized Fresnel reflector and a conventional linear Fresnel
reflector is that a linear pressurized Fresnel reflector is tried on multiple absorbers near
the mirrors. Also, the LFR can easily accommodate dual-use grounds such as using the
land below the collectors for agricultural purposes or locating the pools on the roofs,
allowing land costs to be shared with agriculture or very low land costs using ceilings
[18]. Figure 1.7 shows the parts of Linear Fresnel Reflectors [19].

Absorber tube
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Primary miurrors

Figure 1.7. Linear Fresnel reflectors [19].



1.1.3. Parabolic Dishes

It is also called a parabolic antenna, and it is one of the types of CSP, which is
characterized by its high directivity. Parabolic dishes use a parabolic capacitor (area
of 50-100 m?). Concentrates the solar radiation to power the energy conversion unit.
They have higher Concentration ratios (1000-3000) allowing access to very high
temperatures (above 1000 °C )a typical parabolic antenna consists of a metal parabolic
reflector with a small feed antenna suspended in front of the reflector at its focus,
pointed back toward the reflector [20]. The reflector is a metallic surface formed into
a paraboloid of revolution and usually truncated in a circular rim that forms the
diameter of the antenna. In a transmitting antenna, radio frequency current from a
transmitter is supplied through a transmission line cable to the feed antenna, which
converts it into radio waves. The radio waves are emitted back toward the dish by the
feed antenna and reflect off the dish into a parallel beam. In a receiving antenna the
incoming radio waves bounce off the dish and are focused to a point at the feed
antenna, which converts them to electric currents which travel through a transmission
line to the radio received. It works to direct radio waves in a narrow beam such as a
searchlight, or it can be said that it works to receive waves from a certain direction
only. But there is a condition to achieve a narrow beam, which is that the length of the
reflector used is much greater than the length of the radio waves used, so equivalent
dishes are used in the high-frequency part of the radio spectrum at UHF and
microwave frequencies (SHF), where the wavelengths are small enough that it can Use
appropriately sized reflectors. For a wide range of power plant, field should be
installed parabolic. Since parabolic dishes It does not require active cooling, it can be
installed in isolated and remote places such as deserts that result in two advantages:
First, deserts are of a very high Direct Nature Insolation (DNI), the second generation
of off-grid electricity is easy. Figure 1.8 indicates a working principle Parabolic dishes
[21].
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Figure 1.8. Parabolic dishes [21].

1.1.4. Parabolic Trough

It is one of the types of CSP, which is a parabolic trough collector consisting of two
parts, an absorber, and a parabolic reflector [19]. Usually, the absorber is manufactured
from materials with high conductivity such as aluminum or rust-reducing steel and is
coated with a selective paint to improve the absorption process of solar radiation
waves. The absorber is covered In a vacuum glass envelope of solar energy in order to
deal with energy losses in order to reduce heat load and conductive losses from the

intake pipe to the air [22].

Working principle, the light is focused in (25-150 m) parabolic sectional mirrors into
an empty absorber tube closed with glass placed at the focal point of the parabola. The
H-Tr is heated by sunlight inside the absorber and then pumped into the heat
exchanger. The heat exchanger converts it into electrical energy. Or stored. The H-Tr
used inside the absorber was developed. Previously, it used to use oil, but at the present
time, several improvement experiments are being conducted on the working fluid by
using nanofluids instead of oil. It has been observed that nanofluids have a great ability
to improve the performance of the absorbent tube. Also called the absorbent device.

receiver tube. And Figure 1.9 shows the components of PTC [23].



The PTC uses a single axis tracking system and its operating temperature reaches 400-
500 °C through a long series of thermal collecting elements. As of 2014, the largest
solar thermal power systems using parabolic trough technology include the 354 MW
Solar Energy Generating System (SEGS) plants in California, the 280 MW Solana
Generating Station with molten salt heat storage, the 250 MW Genesis Solar Energy
Project, the Spanish 200 MW Solaben Solar Power Station, and the Andasol 1 Solar
Power Station [3].
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Figure 1.9. Parabolic trough collector [23].

The types of CSP, their structure, and their working principle are explained in Table

1.2, which shows the advantages and disadvantages of each type.
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Table 1.2. Advantages and disadvantages for the CSP types [24].

investor confidence.
Modular technology.

Solar combined cycle
system- increase electrical
efficiency.

Little moving parts.
Readily hybridized with
fossil fuels.

Type Of Solar Power Advantage Disadvantage
System
Parabolic Trough Proven technology- | Flat landed for

development.

Lower temperatures ->
lower efficiency.

Central Receiver

Higher Concentration.
More potential energy
Storage.

Readily hybridized with
fossil fuels.

Soil Sitting flexibility.

More tracking needed
(add moving parts).

Higher capital costs.

Higher land requirements.

Parabolic Dish

Highest conversion.
efficiency simple.
Design  minimal  water

requirement.

Small, distributed power
source -> Self Containing
Units.

Little Storage Capability

Linear Fresnel Reflector

Low operating expenses.
Little maintenance.
Scalable.

Little development ->
Low investor confidence.
Highest capital costs.

Low efficiency -> Largest
Area requirement.

1.2. BRIEF OF PARABOLIC TROUGH COLLECTOR

PTC is considered the first type of linear CSP system. In 1913, researchers ran a 35

kW heat engine using solar energy. Despite this success, those responsible for the oil

economy stopped working in the field of solar energy. But due to the economic oil

crisis in 1974, solar energy was resorted again to and developed, through an initiative

of the International Energy Agency (IEA), where a group of countries, including the

United States of America, Europe, Israel and Japan, launched a campaign to finance

and develop solar energy in order to withstand the economic oil crisis that most

countries faced. As the development of solar energy started from the United States of

America in the mid-seventies, with the establishment of the Ministry of Energy in 1978
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to manage research and development in the field of energy, where equivalent
complexes were used that can produce energy at temperatures from low to medium
(100-400 °C) and applied to produce electricity [25]. It is considered the most
important parabolic collector projects in Europe. experimental solar electric trough
plant (called the Small Solar Power Systems Project/Distributed Collector System:
SSPS/DCS) on the test site of the IEA at Tabernas (the later Plataforma Solar de
Almeria) in the Province of Almeria/south of Spain in 1981, and its successful test
operation as well as test evaluation until the year 1985[26]. Engineers from different
cities of the world, mainly from the United States of America, have conducted field
experiments and development research to develop and study the parabolic trough
collector. Typical electric power for irrigation or water pumping has operated more
than 25 basin systems with reflective surfaces ranging from a few hundred square
meters to about 5000 m". The most frequent development of PTC was (1977-1982). A
great deal of international experimental block has been accumulated. The main
manufacturers in this period were Accorx, SunTec and Solar Kinetics in the USA, and
MAN in Germany in 1979 LUZ International Ltd was formed. (LUZ) in Israel and in
USA, with the stated goal of developing and building low-cost solar energy systems
industrial heat applications. LUZ has conducted a thorough survey of Experience
mainly gained through DOE/Sandia and IEA-SSPS/DCS testing plants to build
prototype systems for testing and implementation. 1982 LUZ. set up industrial process
heating system for the Tabu potato processing plant near Tel Aviv,lsrael. LUZ started
marketing activities in the USA in the early 1980s improved solar heating systems.
Many industrial companies were interested in it the use of solar energy as a source of
hot water, steam , and hot air due to the energy crisis[26]. but LUZ found that selling
such facilities came with some major downsides despite solar thermal applications,
sales are expensive and difficult it is estimated to be a large but untapped market. LUZ
began operating its first commercial solar thermal power plant in late 1984, which is
13.8 MW SEGS | (solar electricity generation system) in Daggett, California. (USA)
because favorable tax provisions and power purchase agreement with Southern
California Edison corporation (SCE). This was followed by the construction of a series
of improvements, the largest SEGS plants in California until 1990. Finally, one 13.8
MW, six 30 MW, and two 80MW SEGS plants were commissioned which were
provided with peak power in SCE Network. SEGS plants are designed, built, and
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operated by LUZ for third party stockholders. The specific ownership structure varies
from project to project, reflect tax provisions and financial conditions at the time of
construction. At the end of 1984 LUZ opened its first commercial solar thermal system
13.8 MW SEGS I in Daggett, California. (United States) because favorable tax regime
and power purchase agreement with (SCE). Many improvements followed the largest
SEGS plants were in California until 1990. Ultimately one 13.8 MW and six 30 MW
SEGS turbines with a capacity of 80 MW have been commissioned and operated at
maximum power SCE Network. SEGS systems are planned, built, and operated by
LUZ for third party shareholders. The specific ownership structure varies from project
to project, Consider tax regulations and financial terms at the time of construction.
Shareholders provided about half of the capital while the rest came from Various
sources of debt. Unfortunately, LUZ's financial problems stopped in 1991. The existing
factories are still operating financially and technically Successful management under
local operating companies in Kramer Junction and Lake Harbor. No additional plants
were built due to financial uncertainty. Rapid progression of basin collecting
technology for solar electricity applications from Perspectives of unit power size and
cost reductions in the time period from the end from the seventies to the eighties can
be illustrated by the following three examples:

e The 150 kW facility in Coolidge, Arizona, USA (1979) was the first solar
thermal power plant full system experience to prove automation in irrigation
application.

e 500 kW IEA-SSPS / DCS Pilot Plant in Almeria, Spain (1981) was designed,
built, and operated as a collaborative research and development project under
the auspices of international Energy Agency.

e The SEGS I-IX plants were in California (1984-1990) with units up to 80 MW
electric. It was commercially built by a group of American, Israeli, German
and companies Marketed by LUZ. Although LUZ failed to survive the financial
meltdown in 1991, the factories in Kramer Junction (five 30 MW of SEGS IlI-
VII plants) and into Lake Harbor (the two the 80 MW SEGS VIII and IX stations
are in continuous operation. resulting from their operation great business
operation experience accumulated so far. They have fed the plants more than 7

TW.h in the SCE grid over the course of a fixed solar electricity record of more
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than 10 years of continuous operation equivalent to about half of the total solar
energy electricity generated all over the world so far. Constant availability of
solar energy exceeded 98%, operating and maintenance costs succeeded 30%
reduction. At the same time, industries and other companies have been
encouraged to push for new designs parabolic basin systems in the Southwest
United States, Southern Europe, and the United States the Mediterranean Sea
and other parts of the world. project development and preliminary studies for
large plants on Crete (Greece), Egypt, India, Morocco, Spain, and other
countries in the solar cell belt point to potential cost reductions and semi-
commercial applications. The trustee system is also integrated in circuits
(gas/steam turbine power plants) show a clear decline investment costs and
increased capacity factor, resulting in high attractiveness for companies from
the development of new technologies for the new idea about direct steam
generation (DSG). It is currently being carried out mainly by Germany and
Spain, and another push is expected commercial application for solar energy
generation. This technology can also be works in combined heat and power
plants and solar energy applications, including solar energy the purposes of

desalination of water.

There are noticeable activities in the United States of America to commercialization
SEG by improving the quality and reducing the cost of PTC (example: small trough
collectors of the Industrial Solar Technology Co. (IST) in Denver)[26]. In addition,
several research and development activities are carried out in Europe. Research is still
underway in order to develop PTC and improve its efficiency. The improvement may
be through changing the design of the receiving tube for PTC or by changing the
working fluid for the purpose of increasing H-Tr. There are still significant barriers in
the market for the use of solar process heat (as in case of solar power generation today),
despite the fact that many research and development efforts and marketing activities
are continuing, the fact that the heat of solar processing orders are assessed to represent

a large untapped market [26].
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1.3. THERMAL STORAGE FOR (PTC)

When designing a storage tank for thermal energy for PTC, its ability to store thermal

energy must be considered.

The cost of a thermal energy storge system depends on the following items

Item that is stored
Heating and discharging system (heat exchanger)

Thermal tank area

But from a technical point of view, it must be provided

High energy density (per unit mass or per unit volume) in the storage material
Good heat transfer between the heat transfer fluid (HTF) and the storage
medium

Mechanical and chemical stability of the material being stored

Compatibility between HTF and heat exchanger and/or storage medium
Complete reversibility for many charge/discharge cycles

Capable of heat loss

Ease of control

As for the design criteria, they are as follows

Nominal temperature and specific enthalpy reduction at load
The maximum load it can reach
Operational strategy

The ability to integrate into the power plant

Figure 1.10 shows the Technical Storage Options [9].
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Figure 1.10. Technical storage options [9] .

1.3.1. Storage Media or (Storage Mechanism)

It consists of three mechanisms which are as follows:

1.3.1.1. Sensible

It is a method of storing energy by increasing the temperature of a solid or liquid. can
be stored in the sensible heat (temperature change) of substances that experience a
change in internal energy. The stored energy can be calculated by the product of its
mass, the average specific heat, and the temperature change. Besides the density and
the specific heat of the storage material, other properties are important for sensible
heat storage: operational temperatures, thermal conductivity, and diffusivity, vapor
pressure, compatibility among materials, stability, heat loss coefficient as a function

of the surface areas to volume ratio, and cost.

¢ Solid Media: Solid media in packed layers are typically used for heat storage that
requires a liquid heat exchange. If the heat capacity of the liquid is very small
(e.g. when using air), solid is the only storage material; however, if the liquid is
liquid, its capacity can be neglected, the system is called a dual storage system.

Crowded families prefer thermals layering with benefits.
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Stored energy can be easily removed warmer layers and cold liquid can be taken
from and added to colder layers omnibus area. An advantage of the binary system
is the use of inexpensive solid materials such as rock, sand, or the like. Concrete
for storage materials in connection with more expensive heat transfer fluids like
thermal paste. However, the pressure drops, which means that the parasitic
energy consumption can be reduced. Become high in the binary system. This

should be considered when designing the memory.

For some of the solid media in Tablel.3, the temperature limits from cold to hot are

greater than they could be. Parabolic solar panels can be used in SEGS systems as this

is limited. The maximum outlet temperatures are approx. 400 °C. Table 1.3 shows the

effect on solid media by applying this temperature limit to the average storage

temperature range, the device heat capacities and media costs [25].

Table 1.3. Solid Storage Media for SEGS Plants [25].

Storage Medium Heat Capacity KWht/m3 |  Media Cost $/KWht
Reinforced concrete 100 1
NaCl (solid) 100 2
Cast iron 160 32
Cast steel 180 150
Silica fire bricks 60 18
Magnesia fire bricks 120 30

Liquid Media: Density differences between hot and cold liquids make them
maintain their natural thermal layers. One of the most important conditions for
applying this feature is to provide the hot liquid to the upper part of the storage
system during shipment and to extract the cold liquid from the bottom during
unloading, or to avoid mixing another mechanism is used to ensure that the
liquid enters the storage at the appropriate level according to its temperature
(density). Some splitters are equipped to perform this process (floating entry,
cover heat exchange, etc.) the heat transfer fluid in the SEGS plant operates

between temperatures of about 300 °C and 400 °C. Applying these temperature
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constraints and dropping mineral oil because it cannot operate at higher
temperature requirements, gives the results shown in Table 1.¢, both oils and
salts are possible. However, salts generally have a high melting point, and
parasitic heating is required to keep them liquid at night, during low insolation,
or during plant closures. Silicone oil is very expensive, despite its benefits to
the environment, but it can be dangerous at times, while synthetic oils can be

classified as dangerous substances [27].

Table 1.4. Liquid storage media for SEGS plants [27].

Storage Medium Heat Capacity Media Cost $/kWht
kWht/m3

Synthetic oil oy i
Silicone oil oy Ao
Nitrite salts & Y
Nitrate salts AT 17
Carbonate salts ) i
Liquid sodium r o0

1.3.1.2. Latent

It is a method to store energy by heat transition from the solid state to the liquid state.
It is a method of storing energy by transferring heat from the solid to the liquid state.
In some materials, e.g., heat of fusion (transition solid to liquid), heat of vaporization
(liquid vapor) or heat of transformation of the crystalline solid phase. All materials
that exhibit these properties are called phase change materials (PCMs). Because the
latent heat of fusion between the liquid and solid states of materials is quite high
compared to reasonable heat, the volume of storage systems using PCMs can be
reduced compared to reasonable single-phase heating systems. For example, molten
salt has more energy per unit mass than solid salt. For example, molten salt has more
energy per unit block of solid salt. Table 1.¢ indicates to Latent Heat Storage Media
for SEGS Plants [27].
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Table 1.5. Latent Heat Storage Media for SEGS Plants [27].

Storage Medium Heat Capacity Media Cost
KWht/m3 $/Kwht
NaNOs 1re £
KNO3 1o £
KOH Ao Y

1.3.1.3. Chemical

It is the third type of storage mechanism and is based on chemical reactions. One of
the most important conditions in it that the chemical reactions completely reversible.
heat is produced by a solar receiver to catalyze an endothermic chemical reaction. If
this reaction is completely reversible and the heat can be completely recovered by
reverse reaction. Catalysts are often necessary to release heat. The advantages of this
type of storage mechanism are high storage energy densities, indefinitely long storage
time in the near vicinity temperature and heat pump capacity. As for its disadvantage,
it is first not easy (complexity). Uncertainty in the thermodynamic properties of the
reaction components and Reaction kinetics under a wide range of operating conditions,
high cost, toxicity, and flammability [27].

1.3.2. Storage Concepts

Storage concepts can be categorized as active or passive systems. Storage
characterized by forced convection heat transfer to storage materials is active storage.
The storage medium circulates itself through a heat exchanger. This heat exchanger
can also be a solar receiver or a steam generator. The main feature of the passive
system is the passage of the heat transfer medium by storage only for charging and

discharging. Heat transfer the same medium does not distribute [27].
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1.3.2.1. Active Thermal Energy Storage

Active thermal systems typically use tank storage. It can be designed as a single tank
or two tank systems. Active storage is again divided into direct and indirect systems.
In the direct system, a fluid acts as a heat carrier, a heat fluid collects solar heat, and
acts as a storage medium, whereas in the indirect system, a second medium is used to
store heat [27].

1.3.2.2. Passive Thermal Energy Storage

Passive systems are generally dual medium storage systems. HTF transmits power.
When charging and receiving energy from storage materials, discharging takes place
from the energy source to the storage medium. These systems are also called restorers.
The storage medium can be solid, liquid or PCM. In general, a chemical storage system
uses at least two methods. The main disadvantage of generators is that the temperature
of the HTF drops during a vacuum as the storage material is cooled. Another problem
Is the change in internal temperature. In the case of solids in particular, the heat transfer
is low and there is usually no direct contact between HTF and the storage material
since the heat is transferred via a heat exchanger [27].

Tank system uses one tank for HTF cooling method coming from steam generator and
one tank of hot HTF comes out directly from the solar receiver before being fed to the
steam generator. The advantage of this system is HTF hot and cold storage separately.
The main disadvantage is the need for a second tank, which makes it expensive. In this
type of system, storage tanks are directly correlated with HTF pressure levels (which
is not necessarily a defect). The single tank system reduces storage volume and cost
by eliminating the second tank. However, it is difficult to separate hot and cold HTF
in a single tank system. Because of the density difference between hot and cold liquid,
HTF is naturally broken down in the tank, from the coldest layer at the bottom to the
warmest layer at the top. Maintenance of thermal layers requires charge and discharge
control. The procedure and appropriate methods or devices to avoid confusion. filling
storage tank using a second solid storage material (rock, iron, sand, etc.) can help
achieve this stratification. Figure 1.11 shows a process flow schematic for a typical

large-scale parabolic trough solar power plant with a two-tank molten salt storage [27].
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Figure 1.11. Schematic diagram of a parabolic trough solar power plant with a two-
tank molten salt storage [27].

1.4. THESIS OVERVIEW

Solar energy is considered one of the cleanest and most suitable types of renewable
energy. PTC is a type of CSP. In this thesis, it is conducted analysing the energy and
entropy for the PTC’s receiver tube contain the elliptical dimples, which present higher
thermal efficiency in comparison with other dimple types [28,29]. The elliptical
dimples have been selected with different dimensional parameters (ER=a/b=0.66-
1.66). The type of flow has been considered as turbulent, and the Re is ranged between
10,000 and 30,000. The inlet temperature is considered constant at 500 K. The C++
code has been developed to perform non-uniform heat flux on the outside of the PTC's
receiver tube to approximate real-life standards. Mono and hybrid nanofluid types and
their combinations with different NPVF have been studied in detail to determine the
energy and entropy performance of PTC. To explain H-Tr and entropy performance of
PTC comprehensively, the mono and hybrid nanofluid configurations are used as
follows; 2%TiO2/Syltherm800, 2%Al>03/Syltherm800, 1.0%TiO»-
1.0%Al,03/Syltherm800  ,1.5%Ti02-0.5%Al.03/Syltherm800, and  0.5%TiOo-
1.5%Al,03/Syltherm800. Hybrid nanoparticles are chosen for the reasons that the
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higher level of stability of TiO. [30] and higher ability to improve the heat transfer
process of Al203 [31]. Finally, entropy production, Nu, ff, and thermal efficiency have

been analysed section by section.

1.5. THESIS OBJECTIVE

In this thesis, thermal performance and entropy analysing have been studied of the
PTC receiver tube when adding the dimples on the internal surface of the receiver and
passing the mono and hybrid nanofluid through it. The graphs and the fluid flow
circumference inside the receiver have been obtained. At the same time, the ER for the
dimples and the type of the nanofluid which achieve best improvement in the thermal

performance of the PTC receiver tube have been chosen.

1.6. THESIS SCOPE

This study carried out because of the wide using of the solar energy. The experimental
and numerical studies on the parabolic solar collector have a great place in the
literature. The present study focuses on a thermal improvement for PTC receiver
numerically by using Ansys Fluent 2020R2 commercial program. The PTC's receiver
has been studied by adding dimples with different elliptical ratios and seeing their
effect on the heat transfer process and measuring its ability to improve the thermal
efficiency of the PTC's receiver. Addition, mono and hybrid types nanofluids have
been used as working fluids instead of water or other solutions, due to the ability of

nanoparticles to increase the heat transfer rate.
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PART 2

LITERATURE REVIEW

Concentrated solar power technology is a favorable method to generate electrical and
thermal energy. The parabolic trough type solar collectors are used in many fields such
as water heating and electricity generation. PTC is the most commonly used type of
solar collector, because it is the most mature and most capable of optimization. There
are several improvements have been made to the PTCs, including by adding fins to the
collector tubes to increase the surface area, thus increasing the convective heat transfer
rate (H-Tr). The other method used to improve the collector efficiency is to treat it
using nanofluids. The literature review about PTC has been divided in two groups as

shown below.

2.1. LITERATURE REVIEW FOR PTC

Ghassemi et al. [32]numerically carried out a study to determine H-Tr characteristics
of receiver tube inserted ring turbulators in the parabolic trough collector (PTC) using
Syltherm-800 as working fluid. The distances between two rings have been taken in
four cases (140-70-105-52.5 mm) and ratio of ring diameter to inner diameter (Din=70
mm) have been taken in six cases (smooth receiver-0.6-0.7-0.75-0.8-0.9). Re has been
considered between 30000 and 251000. It has been found that the ring type of fin
increases the ability of the receiver tube to absorb solar energy. Then, reducing the
distance between the rings increases the H-Tr. The best thermal efficiency has been

obtained when the distance between two rings is 170 mm at Re=30000.

Kalogirou [33] performed an analytical study to provide an accurate explanation about
the heat transfer inside the receiver tube of the parabolic trough complex, where the
heat transfer of the model is studied in all transfer modes. The convection is between

the fluid and the receiver tube wall and from the cover glass to the surrounding air,
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then the heat conduction is between the ring wall (the receiver tube) and then the
radiation and convection together. The radiation is between the metal receiver tube and
the surfaces of the metal glass cover to the metal glass cover and the sky, respectively
as shown in Figure 2.1 the analytical process was carried out using the geometric
equations analyzer and the results that were reached through the known performance
of the current complexes were compared. The results were obtained using a 12.2m tube
placed in the laboratory surface and the collector can work up to 200 °C, where it was
reached that the collector is able to give a thermal efficiency of about 58% at 200 °C,
which is a good thing. These results were obtained at a solar irradiance of 900 W/m?,
a wind speed of 0.45 m/s, a flow rate of 8.8 kg/s, an ambient temperature of 25°C, and

ambient air at atmospheric pressure in the receiver loop.
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Figure 2.1. Collector receiver model : a) Cross-sectional view, b) Thermal

resistance network for the cross-section of the receiver [33].

Chang et al. [34] numerically studied the effect of inserting a twisted tape into the
receiver tube of PTC As shown in Figure 2.2. The twist ratios have been designed as
2.5° 5.0° 12.5° 15.6° 25° 41.7°. Re has been considered between 7485 and 30553.

The results show that inserting a twisted tape into the receiver tube can significantly
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improve H-Tr. Whereas, lower C clearance rate and torsion rate can improve heat
transfer effectively. Especially when the clearance rate is C = 0, E. But at the same
time, the lower filtering rate and the torsion rate also increase the friction factor. These

methods and results can be extended to improve the heat transfer of all CSP receivers.

Figure 2.2. Geometry of a solar receiver tube with twisted tape inserts [34].

Khanjian et al. [35] numerically studied the effect of using vortex generator in a
rectangular channel. The lower wall is equipped with two rectangular vortex
generators. The working fluid is air. Also, the effect of vortex generator angle
(20°<<90°) on the flow characteristics and heat transfer has been studied. Re has been
ranged from 456 to 911. The best result has been obtained using f=70° at Re=911 and
the H-Tr increased by 13.9% compared to the base case.

2.2. LITERATURE REVIEW FOR (PTC) WITH NANOFLUID

Heat transfer efficiency can be used through different methods such as the use of
extended surfaces and vibration for heat transfer surface and use of small channels
[36]. In addition, heat transfer efficiency for devices can also be developed with
environmental improved characteristics such as labor liquid, especially thermal
conductivity and specific heat [37]. Special mineral solid particles have a hundred
times thermal conductivity higher than traditional fluids [38]. Therefore, different
studies have been implemented on the thermal performance of solid molecules that

have become hanging in fluids. The size of the first outstanding particles had
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millimeters or micrometers [39,40]. Nanometer particles are set in a base liquid are
suspended in the liquid and the term "neophile™ was for the first time discovered by
Choi in 1995 [41]. The most appropriate nanotechnology of fluids obtained with
molecules of small size particles, has higher thermal conductivity, which caused
reduced pumping strength and has better rheological properties [34-37]. The surface
of the fluid and thermal surface is increasing with the disintegration of nanoparticles
in fluid. In addition, the interactions and collision among nanoparticles are increased
from fluid surface and flow transmission. Addition, the dispersion process increases
disorder and intensity in fluid. This phenomenon increases the rate of convection heat
transfer [42-45].

Nanofluids can be divided into two parts, metallic and non-metallic. Metallic
nanofluids consist of basic fluids (ethylene glycol, water, oil), metal nanoparticles (Fe)
and non-metallic nanoparticles (Al20s3, CuO, SiC, ZnO, TiO2). Addition, nanofluids
can be produced using carbon nanotubes in various structures (single-walled, multi-
walled), nanoparticles in composite structures (such as alloys), and other nano-sized
materials [46-49]. Compared with conventional solid and liquid suspensions,
nanofluids have obvious advantages in heat transfer behavior. These advantages can
be explained as follows [50-54]:

e A smaller precipitate diameter of nanoparticles results is lower precipitation
than conventional solid-liquid solutions.

e Brownian behavior of nanoparticles is more stable.

e Thermal conductivity and larger surface area where nanofluids can be
produced with different nanoparticle sizes and surface modifications. It has
adjustable features like this, that allows us to get the nanofluid with the required
performance.

e It has a lower pumping capacity than the primary fluid for the same amount of
heat transfer.

As can be understood from the above explanations, nanofluids are a promising heat
transfer fluid. For this reason, studies on nanofluids are continuing rapidly in many

scopes [36].
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Sheikhzade et al. [55] studied the effect of using nanofluid such as Ag/water, Cu/water,
and TiOz/water with the various nanoparticle volume fractions (NPVF) (0<p<4%) in
a micro-channel and assumed that the type of flow in the channel is turbulent flow
(20000<Re<100000). The maximum amount of H-Tr has been obtained using a
TiO2/water nanofluid by 10.27% compared to the base fluid (water). Finally, it has
been concluded that increasing the NPVF reduces entropy production, the total entropy

generation increases with the increasing of Re.

Farajallah et al. [56] conducted an experimental study on the effect of turbulent
nanofluid flow in a heat exchanger Figure 2.3 shows the flow loop of constructed
system. The nanofluids have been selected as TiO2/water and Al,Os/water. The NPVF
of y-Al,Oz/water and TiO2/water are arranged in the range of 0.3-2% and 0.15-0.75%,
respectively. Finally, it is concluded that H-Tr of TiOz/water at the highest NPVF is
greater than y-Al>Os/water at the highest NPVF by 18.7%.
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Figure 2.3. Experimental setup [56].

Fard et al. [57] conducted studies on the effect of using ZnO/water nanofluid (0.5
vol.%) in a heat exchanger with the configuration of single and double pipes. Also, the
type of flow in the study is laminar flow (Re<2300). The findings support that the use
of nanofluid in a double tube heat exchanger has a greater effect than the single tubes.
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It also has been reached that the heat transfer coefficient (h) increases by 12% when
using a nanofluid instead of the base fluid in the heat exchanger. In the same
conditions, the heat transfer coefficient increases by 14% in the double-tube heat

exchanger.

Akhtari et al. [58] performed experimental and numerical study on the heat transfer
using a-AlOz/water nanofluid with different NPVF (0.2<p<0.5%) flowing through
clam-tube heat exchangers. The flow system was considered as laminar flow
(Re<2300). Finally, the heat transfer coefficients of the nanofluid in the shell-and-tube
paired tubes are 13.2% higher than that of water. The heat transfer coefficients of the
nanofluid in the shell-and-tube heat exchangers are 21.3% higher than that of water.
In the shell and tube heat exchanger is 26.2% higher than in the double tube heat
exchanger. It was concluded that the use of nanofluid instead of pure water increases
H-Tr in the heat exchanger by 45.37%. The validity of the obtained results was

compared with the experimental data.

Rangbarzad et al. [59] experimentally studied to investigate the effect of using
water/graphene oxide nanofluid on the thermo-hydraulic behavior of a copper receiver
tube of PTC. The ratio of nanofluid concentration was 0<p<0.1% and Re was chosen
between 5250 and 36500. It was found that there is a 28.15% increment in H-Tr at the

maximum NPVF.

Al-Khatib et al. [60] performed a numerical study about the effect of spherical grooves
in the pipe on H-Tr in the PTC. Different heights of grooves (1.5-2.5-3.5 mm) have
been used and the flow type has been considered as turbulent flow regime. The
working fluid has been utilized as MWCNT-AI>Os/water nanofluid (p=3%,) and the
range of Re is between 5000 -20000. As a result, it is found that the groove height of
3.5 mm shows enhancement in H-Tr by 16.99% compared to height groove of 1.5 mm
at p=3% and Re=20000.

Parsaiemehr et al. [61] numerically investigated to the elucidate hydrothermal
performance of a rectangular channel passed nanofluid. Al.Os/water nanofluid has
been passed through the rectangular channel. The range of Re is between 15000 -

30000 and the volume fraction of nanoparticles is 0<p<4%. The rectangular shape of
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Rib changing of their angles from 0° to 180° has been added to the bottom side of the
channel. The maximum performance of system has been obtained using nanofluid and
rib of 60°.

Muhammad et al. [62] numerically conducted a study using computational fluid
dynamics (CFD) to investigate the effect of using magnetized nanofluids (FesO4 and
CuO/Therminol66) flowing in PTC inserted fins. The range of Re is between 30000 -
250000 and the volume fraction onanoparticles is 2<p<4%. The different magnetic
field magnitude (0<B<0.3T) has been applied to the PTC. It is found that the use of
small NPVF leads to an increase in H-Tr.

Amina et al. [63] conducted a numerical study about PTC. The main aim of these
analyses is to determine the effect of the presence of triangular and rectangular fins in
the receiver tube of PTC, the working fluid used is synthetic oil. Re range is between
25700 and 257000. This investigation has been conducted at a constant inlet
temperature of 573 K. It is reported that the use of the fin leads to an increase in Nusselt
number (Nu) directly associated with H-Tr. Then, it is reached that the friction factor
(ff) is doubled when using triangular fins compared to the absence of fin in the receiver
tube.

Rios et al. [64] experimentally studied on the H-Tr performance of AlOs/water
nanofluid with the NPVF of 0<¢<3% flowing in the receiver tube of PTC. The main
purpose of the study is to determine the optimum angle of a collector from 0° to 20°
to increase thermal efficiency. As a result, the use of the highest NPVF with the angle

of the collector of 10° provides the maximum thermal efficiency.

Khakrah et al. [65] carried out a numerical study on how to reduce the entropy
production of the receiver tube of PTC using synthetic oil/Al,O3 nanofluid (0<p<8%)
as working fluid. The investigations have been applied under different inlet
temperature conditions from 320 K to 550 K. The Re has been ranged from 3560 to
115000. Finally, it is shown that the use of nanofluid by 4% improves the thermal

efficiency of the receiver by up to 7.6%.
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Bellos et al. [66] numerically studied on the performance of PTC by using different
types of fluids (pressurized water, Terminol VP-1, molten nitrate salt, liquid sodium,
air, carbon dioxide and helium) to observe the extent of their effect on thermal
efficiency. The type of flow was turbulent regime, and the analyses were carried out
at high temperatures as the temperatures ranged between 300 K and 1500 K. Finally,
it was reached that liquid sodium leads to the maximum effective efficiency (47.48%)
at inlet temperature of 800 K. Pressurized water is the best working medium for low
and medium temperature levels of up to 550 K, while carbon dioxide and helium have

the priority for temperatures greater than 1100 K.

Minea et al. [67] performed a numerical study on the effect of using hybrid nanofluids
(Ag—-MgO/water, GO—Co0303/60EG: 40 W, Cu-Al.Oz/water) on H-Tr. Re range is
between 100 and 3000 and NPVF is ranged 0<¢p<2%. The results of the study showed
that the use of Cu-Al,Os/water hybrid nanofluid having the highest viscosity compared
to other types of hybrid nanofluid used in this study reduces the H-Tr. However, using
the Ag-MgO/Water hybrid nanofluid with the NPVF 2% increases the H-Tr up to 14%.

Ekiciler et al. [68] numerically carried out a study that searching H-Tr performance
of several types of hybrid nanofluids (Ag-ZnO/Syltherm 800, Ag-TiO2/Syltherm 800,
and Ag-MgO/Syltherm 800) in the PTC. While the NPVF has been planned as
0<p<4%, the working range has been studied from 10000 to 80000. The inlet
temperature of the working fluid is kept as 500 K. As a result, the H-Tr and thermal
efficiency enhance with increasing nanofluid's concentration in base fluid and Re.
However, thermal efficiency, which is one of the important parameters of PTC,
decreases with the increase of the Re. Then, it is obtained that the use of Ag-MgO/
Syltherm 800 with 4% is the one that achieves the best result on H-Tr.

Bellos et al. [69] analytically carried out a study to find out the effect of using
nanofluids in PTC receiver. The nanoparticles (Al.Oz and CuQO) were used in thermal
oil (Syltherm 800) with constant NPVF of 4% and the type of flow was considered as
turbulent regime. The model was developed using EES (Engineering Equator Solver).
Finally, it was found that the use of nanofluids increases H-Tr up to 50%. Also, using

(Syltherm 800 - CuQ) achieves better results than using Syltherm 800. As the use of
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Syltherm 800-CuO increases the thermal efficiency at a rate of 1.26%, while the use
of Syltherm 800-Al,O3 is able to increase the thermal efficiency at a rate of 1.13%.

Vahidinia et al. [70] numerically studied the effect of using Al2O3/SiO2-Syltherm 800
hybrid nanofluid (1.5 <p<3%) in receiver tube of PTC. The range of Re is between
10000 and 22000 and the inlet temperature has been considered in the variety of 550-
660 K. The results show that the energy and strain energy efficiencies of the
Al>03/Si0,-Syltherm 800 hybrid nanofluid are always the highest, with the maximum
improvements compared to those of the base liquid being 5.22% and 5.49%,
respectively; While for SiO2 nanofluid they are 1.71% and 1.75% and for Al>O3
monofluid they are 1.19% and 1.36% respectively. Moreover, the hybrid nanofluid is
the most suitable with the highest concentration up to 1.76. The best thermal efficiency
of the receiver tube can be obtained using the hybrid nanofluid with the NPVF 3.0
vol.% at inlet temperature 600 K and Re=10000.

Bellos et al. [71] has conducted to increase the heat transfer coefficient between the
working fluid and the dimpled absorber tube for PTC that was designed by using Solid
works program. The study has been conducted on three different liquids (thermal oil,
thermal oil with nanoparticles and pressurized water) and within the Re ranging
between 1000-25000. Finally, it was noted that the use of nanofluids increases the
efficiency of the collector by 4.25% and that improving the geometric shape increases

the efficiency of the collector by 4. 55%.

Bellos et al. [72] numerically carried out a study, evaluating H-Tr performance of
mono and hybrid nanofluids (3 vol.% Al>O3/Qil, 3 vol.% TiO./Oil, 1.5 vol.% Al.Oz-
1.5 vol.% TiO2/Qil) in the LS-2 type of PTC. The inlet temperature of the working
fluid is varied from 300 to 650 K. It is concluded that the use of mono nanofluid
positively increases the H-Tr performance of the receiver tube compared to pure water
while the highest increment in H-Tr performance has been acquired using hybrid

nanofluid compared to others.

Alnagi et al. [73] conducted numerical study to examine the hydro-thermal

performance of PTC’s receiver tube inserted two types of twisted tapes (LCRW-
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LWRC). The receiver tube of PTC has been filled with MgO-MWCNT
(80%:20%)/thermal oil (0<p<2%) hybrid nanofluid and Re has been considered
between 2500 and 100000. It is concluded that using the LCRW model in the receiver
tube and filled with hybrid nanofluid is suggested as the best at Re<30.873 with NPVF
of 2%. However, the use of the LWRC model filled with a hybrid nanofluid with NPVF
of 2% is proposed as the optimum design for Re>30.873.

Bellos et al. [74] numerically studied has been conducted to find out the effect of
using longitudinal fins on the heat transfer process in the PTC receiver tube. The
working fluid Syltherm 800 has been accepted. Longitudinal fins of different length
(0<p<20mm) and thickness (0<t<6mm) have been used. The Re range between 5000
to 150,000 and the range of inlet temperature is (400-600 K). Finally, the optimum
condition of the receiver has been obtained at t= 4mm and p= 6mm where the thermal
efficiency was improved by 0.82%, and the Nu was increased to 65.6% when using

the longitudinal finned receiver tube compared to the smooth receiver tube.

Al-Rashed et al. [75] numerically studied to improve the thermal performance of the
PTC equipped with turbulator as shown in Figure 2.4 the working fluid was accepted
as Al,O3-MWCNT/thermal oil (80%-20%) hybrid nanofluid. The inlet temperature is
390 K and solar radiation=73,000 W/m?. The Re ranges from 10,000 to 100,000.
Finally, the results obtained showed that the use of a finned turbine is beneficial for
regeneration less than 12000 and should not be used at values greater than Re. The
overall hydrothermal performance of PTSC is impaired. In addition, the economic
analysis revealed that the new engineering can save 14% of the use of materials as

shown in Figure 2.5.
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Samiezadeh et al. [76] numerically carried out a study to deal with the thermal
performance of Cu-Al.Os/aqueous hybrid nanofluid (0-0.02%) in a PTC receiver tube
containing longitudinal inner fins. The range of Re is between 5,000 and 500,000. The
use of copper nanoparticles in the base liquid is three times more efficient in the
process of gaining thermal performance than the AloO3 nanoparticles in it. The volume
fraction of Cu nanoparticles and Al,Os increased by 0.02 at lower Re was found to
increase the thermal efficiency 12.2% with 5.2% adverse effects on the friction factor;
Copper nanoparticles were found to be three times more effective than Al2Os3
nanoparticles. For Darcy's numbers between 0.01 and 0.1, high permeability is found
to have a slight negative effect on thermal efficiency, but it can reduce the friction
factor to a third of its original value. These results can be used to improve the efficiency

of solar collectors.

According to the literature review about the use of a hybrid nanofluid in the receiver
tube of PTC is limited, although studies in which a hybrid nanofluid is used establish
better results than using a mono type nanofluid. Therefore, this study is performed
using a hybrid nanofluid. As it is explained above, many researchers have been using
nanofluids in the fields of solar energy, where nanoparticles have been used inside a
PTC’s receiver since it is known that nanoparticles have a high ability to improve the
H-Tr. However, there are few studies on seeing the effect of a change in the receiver's
design tube of PTC, such as inserting fin types. In this study, it is conducted that an
energy and entropy analysis for the PTC’s receiver tube containing elliptical dimples,
which present higher thermal efficiency in comparison with other dimple types, with
different dimensionless parameters (0.66-1.66). The type of flow has been considered
as turbulent, the Re is ranged between 10000 and 30000. The inlet temperature is
considered as constant at 500 K. The C++ code has been developed to perform non-
uniform heat flux on the outside of the PTC’s receiver tube. Mono and hybrid
nanofluid types and their combinations with different NPVFs have been studied in

detail to determine the energy and entropy performance of PTC.
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PART 3

NUMERICAL STUDY

In this chapter, numerical solution procedure is defined in detail. ANSYS Fluent
2020R2 commercial program has been used for the numerical calculations. It is
conducted that an energy and entropy analysis for the PTC’s receiver tube containing
elliptical dimples, which present higher thermal efficiency in comparison with other
dimple types [44,45], with different dimensionless parameters (ER=0.66-1.66). The
type of flow has been considered turbulent, the Re is ranged between 10000 and 30000.
The inlet temperature is considered as constant at 500 K. The C++ homemade code
has been developed to perform non-uniform heat flux on the outside of the PTC'’s
receiver tube to approximate real-life standards. Mono and hybrid nanofluid types and
their combinations with different NPVF (TiO2/Syltherm800, Al>Os/Syltherm800) have
been studied in detail to determine the energy and entropy performance of PTC. To
explain H-Tr and entropy performance of PTC comprehensively, the mono and hybrid
nanofluid configurations are designed as follows; 2%TiO./Syltherm800,
2%Al203/Syltherm800, 1.0%TiO2-1.0%Al203/Syltherm800 ,1.5%TiO»-
0.5%Al,03/Syltherm800,and 0.5%Ti0,-1.5%Al>03/Syltherm800. Figure 3.1 indicates
3D view of parabolic trough collector and parameters. Parameters of the numerical

study are also shown in Table 3.1.

Table 3.1. The parameters of the numerical study.

Working fluid TiO2/Syltherm800,  Al>O3/Syltherm800,
TiO2-Al203/Syltherm800

Nanoparticle volume fraction (NPVF) | 0.5%, 1%, 1.5%, 2%

Reynolds number (Re) 10000, 20000, 30000

Dimples elliptical ratio (ER) 5/3, 3/2, 3/5, 2/3
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Figure 3.1. 3D view of parabolic trough collector and numerical parameters.

3.1. PHYSICAL MODEL

The physical shape of the PTC type LS-2 comprises a reflective surface with a
parabolic shape and the receiver. The receiver is made of 316L steel with a length of
7.8 m, the inner and outer diameters are 0.066 and 0.070 m, respectively [77]. It has
been analyzed for five different configurations including four different elliptical
dimple designs and one smooth receiver. The design of dimples has been defined with
elliptical ratio (ER=a/b), where (a) is the horizontal radius and (b) represents the
vertical radius of the elliptical dimple. Also, it is taken two values for the elliptical
ratio (0.66 and1.66) of the dimples, which exist in the receiver tube as shown in Figure
3.2 the distance between each dimple is 0.485 m. Table 3.2 indicates the physical
properties of the receiver. The type of flow has been considered turbulent and steady
state. It has been considered that the fluid is incompressible. The effect of buoyancy
has been neglected in this study [78,79]. It has been considered that the fluid is
incompressible. The effect of buoyancy has been neglected in this study. Several
studies can be seen that ignore the effect of buoyancy [78,79]. Table 3.3 also indicates

the receiver geometrical dimensions [77].
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Figure 3.2. Modeled (a)Receiver without dimples (b) Receiver with dimples(c) front
view of dimpled receiver.
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Table 3.2. Physical properties of the receiver [80].

k [W/m.K] Cr [J/kg.K] p [kg/md]
24.92 502.48 8030

Table 3.3. Geometrical dimensions of the receiver [77].

Outer diameter (m) Inner diameter (m) Length of receiver (m)
0.07 0.066 7.8

3.2. GOVERING EQUATIONS

The equations that used in three-dimensional turbulent flow numerical simulations are
as follows [81];

Continuity:

a_p+6(pui) _

ot dx (3.)

Momentum:

o(pu) Opuy;) _op N 2,5
T h A WG A S ) 62)
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Energy:

0 0 0 Cu || OT
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t

Because of the Boussinesq hypothesis, Reynolds stress has been expressed by the
following equation [82]:
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Most of the internal flow type analyses that have turbulent flow type carrying out k—
to get accurate and more correct results [82-84]. To apply the k— turbulence model,
Eqg. (3.6) and Eq. (3.7) are used. The kinetic energy transfer of the turbulent (k), as well
as the turbulent dissipation equations (&) are given in Eg. (3.6) and Eqg. (3.7),

respectively.
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where, o= and ox show Prandtl number when the flow is turbulent, that relating of k and
£ 1in Eq. (3.6) and Eq. (3.7), respectively. The production of turbulent kinetic energy
is calculated from Eg. (3.8) and is symbolized by Gk.

The Re is calculated by the equation [81]:

Re =22 (3.9)
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where, p[kg.m] shows fluid density, VV [m.s™] represents the average fluid velocity,
D [m] is the hydraulic diameter of the receiver tube, x [Pa.s] is the viscosity of the

working fluid.

Eq. (3.10) expresses to convection heat transfer coefficient [81]:

h=—3 (3.10)

- (Tw_Tb)avg
where, g [W.m?] is the value of non-uniform heat flux that applied on the outer surface
of the receiver, Tw [K] shows the wall temperature, Tw [K] is also obtained through

(Tintet+ Toutlet)/2.

Nu is expressed in Eqg. (3.11) [81]:
Nu = — (3.11)

where k [W.m™.K1] is represented to the fluid thermal conductivity, h [W.m2.K] is
convection heat transfer coefficient.

Eq. (3.12) shows the definition of ff [81]:

ff =707 (3.12)
DeT)

where AP [Pa] is the pressure loss and L [m] is the length of the receiver tube.

Thermal efficiency of the receiver is calculated from the formula given below [67]:

(mepar)
Nen = ———2& (3.13)

IAp
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where 7z [kg.s™] is the mass flow rate value of the working fluid, Cp [kJ.kg.K™] is the
specific heat of the fluid, AT [K] is the temperature difference and Ap [m?] is the

aperture area of the receiver tube.

The Performance Evaluation Criterion (PEC) is a dimensionless number, and it is
expressed by the ratio of the convection heat transfer to the hydraulic performance for

thermal applications. It is measured by the following equation [68]:

Nupns
PEC:( / Nubf1> (3.14)

(ffhnf/ fp f)§

where, Nunnt and ffans defines elliptical dimpled tube. Also, Nupr and fur explain smooth
tube.

3.3. MONTE CARLO RAY TRACING (MCRT) METHOD AND STATE OF
BOUNDARY FOR GEAT FLOW

One of the most important factors in the numerical analysis of PTC performance is the
modelling of sunlight falling on the absorber. As is known, the intensity of sunlight
reflected from the parabola reflector to the absorber is much higher than the intensity
of sunlight that falls directly on the absorber. Therefore, the outer plane of the absorber
facing the reflecting surface is parabolically heated more than other surfaces. Due to
this situation, a heterogeneous distribution of heat flow occurs over the surface of the
absorber tube. Here, the open source and free SOLTRACE package software is used to
obtain a heterogeneous heat flux around the perimeter of this absorber. SOLTRACE is
a software tool developed at the National Renewable Energy Laboratory (NREL) to
model (CSP) systems and analyse their optical performance [85]. It is using the Monte
Carlo optical ray tracing method to model and analyse intensive solar energy systems
developed by NREL [86]. The parabolic reflector, absorption tube and reflected rays
generated in SOLTRACE software are shown in Figure 3.3 the value of direct solar

radiation (850 W/m?) distributed asymmetrically along the circumference of the PTC's
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receiver, which is used in the ANSYS Fluent 2020R2 program, has been obtained from
the SOLTRACE program. A curve fitting method was used for the heat flow
distribution. Considering the data obtained by the method of fitting the curve, the
equation of the heat flow distribution curve was found. The equation for the curve
found is coded in the C++ programming language and this code is given in the C
annotations. The encoded heat flow curve equation has been moved to ANSYS Fluent
with User Defined Function (UDF). in the numerical study [36]. Figure.3.5 (a)
indicates to the Local Concentration Ratio (LCR). The diagram of the condition of the
heat flow limits to be used and the heat angle distribution on the absorber tube (with
dimples) obtained in program is shown in Figure. 3.5 (b).

|
0760763

Figure 3.3. Modelling PTC in SOLTRACE [36].
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Figure 3.5. (a) Validation of local concentration [87], (b) Heat flux distributed on the

outer surface of the receiver tube of PTC.

3.4. BOUNDARY CONDITIONS

e The uniform velocity and temperature are taken at the inlet section.

T=T;=500 K, u=Vin, v=w=0
o At the outlet of the receiver the pressure is equal to the atmospheric pressure:

P=

gage:O

e The non-uniform heat flux profile has been created using Monte Carlo Ray
Tracing (MCRT) method used in this study [88]. Also, C++ code in-home made

has been written for the whole surface of the receiver regarding the non-uniform

heat flux profile.

e Because the analyses done in the study will be only for the receiver, the radiation

emitted by the receiver has been ignored [68,89,90].
e The ambient temperature is 22 °C [91].

3.5. EQUATIONS OF ENTROPY PRODUCTION

The entropy generation has been calculated as the sum of the heat transfer and the

frictional entropies, respectively [68].

nooo__
Sgen -

(Sgen),, + (Sgen),.

(3.15)

The entropy generation of frictional and heat transfer entropies are determined by

[92,93]:

(Sgin), =

(Sgen),, =

_ ufoy auf ou; | pe
2= — 4 =
T ax] 0x; ) 0x; T

(VT) +2 i (VT)
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Eq. (3.15) — (3.17) determine the local entropy production rate sourced from heat
transfer and frictional irreversibility. Where, « [m2.s?] represents the thermal
diffusivity. Eq. (3.18) indicates the volumetric integral of the entropy generation rate

of the whole calculation domain of the fluid.
Sgen = [[] Sgenl (3.18)

Eq. (3.19) consists of two parts, the first section expresses the entropy generation
because of the heat transfer irreversibility and the second section represents the entropy
generation because of the frictional irreversibility [94].

3

q? 32m c,
= +
T2 Nu  72p?T,, D° (3.19)

where, ¢, = (—dp/dx)pD/2G?*c; = (—dp/dx)pD /2G>

The Bejan number (Be) represents the ratio of entropy generation due to the heat

transfer irreversibility to the total entropy generation [94]:
Be = (Sgin) ,/Sqen (3.20)

The condition of Be is close to unity refers the dominant heat transfer irreversibility in
the flow domain while Be is close 0 means that the frictional irreversibility is dominant
[94].

3.6. THERMO PGYSICAL PROPERTIES OF NANOFLUID

3.6.1. Thermo-Physical Properties of Mono Type Nanofluid
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The following Eq. (3.21) — (3.24) show the method to calculate the thermophysical
properties (like density, specific heat, thermal conductivity, and dynamic viscosity of

mono type nanofluids.

Pak’s and Cho’s study indicate to calculate density [95]:

Pu =(1-0) oy + 90, (3.21)
Eq. (24) indicate of the specific heat of mono type nanofluid [96]:

(pcp)nf :(1'¢)<pcp)bf +¢(pcp)np (3.22)

The dynamic viscosity of mono type -nanofluid is acquired from [97].

Hig
= (3.23)
Hig (1—(P)2'5

The thermal conductivity of mono type -nanofluid can be calculated from [98]:

Ko _ knp + 2Ky - 20(kyy - K
-k

= w) (3.24)
K, knp + 2k, + (K, )

np
3.6.2. Thermo-Physical Properties of Hybrid Nanofluid

The following equations show how to calculate the thermophysical properties (density,
heat capacitance, dynamic viscosity, and thermal conductivity) of hybrid nanofluids
[99]:

P = M (3.25)

Phnp (kg.m®) indicate to hybrid nanofluid density, ¢ is nanoparticle volume fraction,

p1, P2 are nanoparticle types [100].
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Con (3.26)
’ @
Cp hnp (3.kgh.K™) is the specific heat of hybrid nanofluid density [101].
o, =200 K22 (3.27)
@

knnp (W.m.K™) is thermal conductivity of hybrid nanofluid density [101].

= ¢p1 + ¢p2 (328)
Mg = Ho 25 (329)

Table 3.4. Indicates the thermophysical properties of the nanoparticle that are used to
calculate the physical properties of nanofluids that are used in the formation of hybrid

nanofluids.

Table 3.4. The properties of nanoparticles and base fluid [68,102].

p(kg/m3) Cp(J/kg.K) A(W/m.K) u(pas)
Syltherm 800  747.2 1962 0.0961 0.00084
Al03 3970 765 40 -
TiO> 4175 692 8.4 -

3.7.NUMERICAL PRODUCE

ANSYS Fluent 2020R2 program has been used to get numerical solutions by solving
RANS equations considering the boundary conditions. Firstly, the receiver has been
drawn for a PTC containing smooth and elliptical dimpled receiver, separately. Ansys

Design Modeler module has been used to implement the first step, after which a mesh
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structure has been created. The mesh structure consists of approximately 4000000
elements. In the third step, boundary conditions have been applied to the receiver tube,
where the k-e turbulence model has been used, and to achieve better results, the
enhanced wall treatment (EWT) has been used, as well as the application of UDF on
the wall of the receiver tube to obtain results closer to the in-real-life conditions, the
COUPLED method has been chosen since it is known that it is used for heat transfer
application and gives realistic results [82]. The numerical iterations continue until the

residuals are equal to 10°°.

3.8. MESH STUDY

The correctness of the formation of the mesh structure has a very big impact on the
validity of the results that will be obtained at the end of the numerical analysis. The
more dense the network is in the areas near the wall exposed to penetration, the better
the results will be due to changes in pressure and temperature that will affect the other

data results on place near the wall [103].

It has been concluded that more accurate and realistic results can be obtained when
applying inflation to areas near the wall, because when applying inflation, it can
specify the thickness layers that near the wall, can make the mesh dense in the areas
near the wall. In this numerical study, applied five thickness layer inflation to the
surface of the tube where k-e turbulence model was used to get better results. Because
the researchers found that it can get more realistic results with y + when using k-e
turbulence model [86]. All mesh studies have been done at Re= 30000 with smooth
pipe. Table 3.5 indicate the results have been obtained from the study of the mesh
structure. As it was shown from Table 3.5. That the mesh structure 1894500 is the best
and fastest in giving the result. As it was noticed that after mesh No. 13, the values of
the exit temperature and pressure are almost constant, so 1894500 is the optimum
amount of mesh. Figure 3.6 shows the formation of the mesh on the receiver tube of
the PTC.
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Table 3.5. Mesh independency study.

Mesh No Mesh Number y+ Pressure Drop Twall Toutlet
1 336180 8.474648 300.7161 525.7951 512.6994
2 460800 6.397361 303.2021 526.1975 512.6891
3 620000 4.319669 310.5754 529.4393 512.6891
4 736100 3.662190 302.7889 530.7561 512.6826
5 905250 3.192372 299.5044 530.7223 512.6774
6 1089000 3.197772 299.8580 530.6959 512.6727
7 1341900 2.827879 295.8429 529.7535 512.6660
8 1524400 2.827349 295.3995 529.7692 512.6634
9 1816700 2.536792 292.9497 528.4251 512.6592
10 2380950 2.105942 290.8069 526.5214 512.6561
11 3165000 1.683221 289.7866 526.1884 512.6527
12 1616400 1.802110 289.6151 526.1007 512.6592
13 1894500 0.575876 289.0000 526.3413 512.6592
14 2694000 0.679811 288.9389 526.2160 512.6592
15 2345000 0.484312 289.2145 526.4674 512.6561
16 2534000 0.482409 288.6069 526.5113 512.6561

Figure 3.6. View of mesh distribution on the receiver tube of PTC.
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PART 4
RESULT AND DISCUSSION

In this section, the thermal properties and heat flow are investigated as well as energy
and entropy analysis to determine the effects of using hybrid nanofluid as working
fluid and elliptical dimples located on the receiver surface on the thermal performance
of the PTC. In the numerical analyses six different working fluids with different NPVF
have been used (Syltherm800, 2%TiO2/Syltherm800, 2%Al,O3/Syltherm800,
1.0%TiO2-1.0%Al>03/Syltherm800 ,1.5%Ti02-0.5%Al>03/Syltherm800, and
1.5%AI,03-0.5%TiO2/Syltherm800). On the other side, five different receiver types
have been investigated with using different elliptical dimple ratios (ER=a/b=5/3, 3.3/2,
3/5, 2/3.3) located on the receiver surface. After that the graphs have been presented
for each of (Nu, ff, PEC, (S;;n)F, (S;;n)H , Sgen, Be). Then the best working fluid and

ER for the receiver that helped to increase thermal efficiency have been determined.
The temperature and velocity distribution at outlet of PTC"s receiver have been drawn
for best case (ER of PTC's receiver and working fluid). Finally, the velocity
distribution for the best case at different places of the receiver length has been
illustrated.

¢,Y. CFD MODEL VALIDATION

To verify the validity of the results obtained in the study, some of the previous
experimental study and well-known correlations in the literature has been selected.
Experimental studies of Vahidinia et al. [70] and Dudley et al. [91] are used to verify
the numerical results. When comparing the data of VVahidinia et al. [70] and Dudley et
al. [91] with the current study using Syltherm 800 as working fluid, it is clearly seen
that the numerical study results are harmonious with literature as shown in Figure 4.4.
It is found that the error rate does not exceed 0.42%. When comparing the current

study results with Dudley's [91] data, it is noticed that the error rate does not exceed
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0.5%. Then, the Nu is compared with the correlation of Dittus—Boelter [104] and
Gnielinski [105]. As can also be seen in Figure 4.2 (a), the error rates are 1.8% and
0.98% for Dittus—Boelter [104] and Gnielinski [105] relations, respectively.
Dittus-Boelter correlation[104]:

Nu = 0.023Re®® Pro* (4.1)

Gnielinski correlation [105]:

(f /8)(Re~1000)Pr

T1+12.7(F /18) (Pr¥i-) (4.2)

Gnielinski correlation is valid for 0.5<Pr<2000 and 3000<Re<5000000 [105]. The
numerical results for ff have also been compared with correlations of Petukhov [106]
and Blasius. It is determined that the error rates between the present study and
Petukhov [106] and Blasius [107]correlations are 0.4% and 1.78%, respectively.
Figure 4.2 (b) indicates the validation of numerical results of ff with literature

correlations given below.

Petukhov correlation[106];

ff =(0.790InRe-1.64)" (4.3)
Blasius correlation [107]:

ff =0.316Re (4.9)

Blasius correlation is approved for 4000<Re<100000 [107].
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Figure 4.1. Validation of outlet temperature according to experimental data of Dudley
et al. [91] and Vahidinia et al. [102].
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Figure 4.2. Validation of current study: (a) Nu with correlations of Dittus-Boelter [104]
and Gnielinski [105], (b) ff with correlations of Petukhov [106] and
Blasius [107].

£.2. NUSSELT NUMBER

The Nusselt number is defined as the ratio of convection to heat transfer at a boundary

in nanofluid. In this section, the Nu has been calculated for each NPVF with different
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elliptical ratio of the receiver tubes for PTC. On the other hand, the highest value that
the Nu reached has been determined, and the type of hybrid nanofluid with its fraction
volume have been chosen. At the same time, the best case of elliptical ratio for the
receiving tube for PTC has been chosen. In Figure 4.3, the Nusselt number for mono
nanofluids and hybrid nanofluids with different concentrations has been studied, and
inside each receiving tube contains dimples with different elliptical ratio separately. It
is determined that the highest Nusselt number is achieved when the hybrid nanofluid
of 1.5 %Al203-0.5%TiO,/Syltherm800.

Since the high stability level of TiO2, And the Al>O3 has a high ability to improve the
heat transfer process. As the heat transfer in the nanofluid increases when it is an
increase in the Nusselt number. The same is the case in the smooth tube as shown in
Figure 4.3 (e) where obtained the highest value of Nusselt number at the hybrid
nanofluid of 1.5 %Al>03-0.5%TiO,/Syltherm800.

This means that the best nano-hybrid fluid has been identified and can achieve a greater
heat transfer process. It's been noticed that the Nusselt number increases with
increasing Reynolds number, as the result Nu rise in the smooth tube by 62%, while in
the receiving tubes containing dimples the number Nusselt increases with Increasing
the Reynolds number by ratio 57%. The increase in the Reynolds humber means an
increase in the velocity between the nanoparticles and the increase in the movement of
the nanoparticles leads to an increase in the energy exchange in the nanofluid with the
presence of the effect of shear stress on the wall and in the end all this leads to an

improvement in the thermal dispersion of the nanofluid.
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Figure 4.3. Variation of Nu with Re with different nanofluid types for elliptical ratios
of dimples for receiver tube: (a) ER=5/3 (b) ER=3.3/2 (c) ER=3/5 (d)
ER=2/3.3 (e) smooth.

The Nu has been studied for each nanofluid within the receiver that containing dimples
with different elliptical ratios as shown in Figure 4.4 it has been found that the Nu
increases with the increase in the elliptical ratio for PTC's receiver. The highest Nu
that was achieved is 555 at an ER= 5/3 when Re=30000. That means the increasing
Nu increases the fluid flow and thus helps the process of heat transfer. The Nu obtained
in the smooth receiver with the receiver that containing dimples with ER= 5/3 was

compared. It has been found that the percentage of increase in Nu was 27%.
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¢.3. FRICTION FACTOR (ff)

The nanofluids have been compared with different concentrations inside each PTC's
receiver separately as shown in Figure 4.5 also, each nanofluid has been studied
individually inside the receiving tubes containing dimples of different dimensions as
shown in Figure 4.6 to determine the minimum value of the friction factor of the fluid
flow. It has been found that increasing the Reynolds number reduces the average
friction factor in all the nanofluid and in each case of the receiving tube by 25%. On
the other side, it has been noted that the adding of dimples in the receiver increases the
friction factor of the fluid flow, so the lowest value of ff has been obtained when using
the smooth receiver, the ratio of the increase for the friction factor between the smooth
receiver and the receiver that containing the dimples was 32%. The lowest rate of
friction factor has been achieved when using the hybrid nanofluid of 1.5 %Al>0s-
0.5%TiO,/Syltherm800.. When comparing the friction coefficient inside the receiver
tubes with different elliptical ratios, it was found that even though the results are very
close to each other, but the lowest friction coefficient can be obtained after smooth

receiver when using the receiver at ER= 5/3.
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Figure 4.5. Variation of ff with Re with different nanofluid types for elliptical ratios of
dimples for receiver tube: (a) ER=5/3 (b) ER= 3.3/2 (c) ER=3/5 (d)
ER=2/3.3 (e) smooth.
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Figure 4.6. Variation of ff with Re for elliptical ratios of dimples with working fluids
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(f) 1.5%Al>03-0.5%TiO2/Syltherm800.
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4.4. PERFORMANCE EVALUTION CRITERIA (PEC)

The nanofluids have been studied and compared with different concentrations inside
each receiving tube separately as shown in Figure 4.7 also, each nanofluid was
analyzed individually inside the receiving tubes containing dimples of different
dimensions as shown in Figure 4.8 to evaluate the performance criteria of the improved
heat transfer surface. The main condition is to ensure that the surface of the working
fluid is helping to heat transfer surface to have a PEC value greater than 1. This
condition has been achieved at all cases of the PTC's receiver, as well this condition
has been achieved for All fluid types that used in this study. The highest PEC value
has been obtained (PEC=1.85) when using a receiver tube that containing dimples at
elliptical ratio of 5/3 and when using the hybrid nanofluid of 1.5 %Al.0s-
0.5%Ti0/Syltherm800. When Comparing the PEC of a smooth tube with a receiver
tube that containing dimples at ER=5/3, it has been found that the PEC percentage
increases by 27%. This means that the addition of dimples with different dimensions

improves the performance of the carrier surface and helps the heat transfer process.
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Figure 4.7. Variation of PEC with Re with different nanofluid types for elliptical ratios
of dimples for receiver tube: (a) ER=5/3 (b) ER= 3.3/2 (¢) ER=3/5 (d)
ER=2/3.3 (e) smooth.
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Figure 4.8. VVariation of PEC with Re for elliptical ratios of dimples with working fluids
of: (a) Syltherm800 (b) 2.0% Al>03/Syltherm800 (c) 2%TiO/Syltherm800
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4.5. THERMAL EFFICIENCY (nth)

The different NPVF have been compared in each PTC's receiver separately as shown
in Figure 4.9 also, each nanofluid has been examined individually within the PTC's
receiver that containing dimples of different dimensions as shown in Fig. 4.10. To see
the effect of adding dimples inside PTC's receiver and passing nanofluids on thermal
efficiency. The highest value of thermal efficiency (7n=80%) has been obtained when
using a hybrid nanofluid inside a receiver tube containing dimples with elliptical ratio
ER=5/3 at Re=10000. In other hand, increasing the elliptical ratio for PTC's receiver
and decreasing the Reynolds number was decreased the velocity of the nanofluids that
It has been found that the highest value of thermal efficiency was obtained when using
hybrid nanofluid of 1.5 %Al>03-0.5%TiO/Syltherm800. Reducing Re from 30000 to
10000 led to increase the thermal efficiency of the working fluids by 6.25%. When
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comparing the thermal efficiency in the receiver tube that contains dimples and the
smooth receiver tube, it was found that the thermal efficiency increased by 7.5%.
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Figure 4.10. Variation of #u with Re for elliptical ratios of dimples with working fluids
of: (a) Syltherm800 (b) 2.0% Al>Os/Syltherm800 (c) 2%TiO/Syltherm800
(d) 1%Al>03-1%TiO,/Syltherm800 (e) 0.5%Al203-
1.5%TiO,/Syltherm800 () 1.5%Al>03-0.5%TiO/Syltherm800.

4.6. ENTROPY GENERATION AND THERMODYNAMIC ANALYSIS

4.6.1. Irreversible Heat Transfer and Fluid Friction

The entropy and thermodynamic analysis Irreversible heat transfer and fluid friction

All nanofluids with different volume fractions have been studied and analyzed as
shown in Figure 4.11 and Figure 4.13 also, each nanofluid has been examined
separately inside the PTC's receiver that containing dimples with different ellipticity
ratios as shown in Figure 4. 12. and 4.14 it has been found the generation of entropy
due to convective heat transfer in the PTC's receiver consists of two parts:
irreversibility of heat transfer and irreversible of fluid friction. These two properties
completely contradict each other. So, an irreversible decrease in heat transfer causes
an irreversible increase in fluid friction., Increasing the Reynolds number for working
fluids, led to increase the property of irreversible of fluid friction, and decrease the
property of the heat transfer irreversibility. Whereas in present study it has been found

the irreversibility of heat transfer decreases by 53% when the Reynolds number is
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increased from 10000 to 30000. the Bejan number (Be) has been used to know which
of the properties is dominant in the working fluids. Be is known as the ratio of the
irreversibility of heat transfer to the total entropy generation rate. Figure 4.15. and
4.16 indicate to the nanofluids with different volume fractions, and to examine each
nanofluid separately inside the receiving tubes containing dimples with different
ellipticity ratios. So, if heat transfer irreversibility dominant, the Be is close to 1 while

if fluid friction is dominant, the Be is close to zero.

In the present study, the minimum value of Be has been achieved is 0.91 and when
increasing the Reynolds number the value of Be is increase, but with a very small
percentage. For instance, at Re=30,000 the Be=0.995 and when the Reynolds number
was 10,000 then Be is equal to 0.998. It has been concluded that the number of Be was
in all cases close to unity, which means that heat transfer irreversibility dominant and
all working fluids in present study helps to H-Tr.
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Figure 4.11. Variation of Irreversible heat transfer with different nanofluid types for
elliptical ratios of dimples for receiver tube: (a) ER=5/3 (b) ER= 3.3/2
(c) ER=3/5 (d) ER=2/3.3 (e) smooth.

81



0.09

Syltherm800 i
——@—— Smoothreceiver
— & —  ab=5/3
0.08 1 — — A ——  a/h=3.33/2
— % —  ab=3/5
— —+— — a/b=2/3.33
0.07 &\
(S g
0.06 -
0.05 A
0.04 9]
0.03 -
10000 20000 30000
Re
(@
0.09 %Al
2%Al20s3 ——e——  Smooth receiver
008 — & —  ab=5/3
.08 ¢ — — A ——  a/b=3.33/2
— % —  ab=3/5
— —+— —  a/b=2/3.33
0.07
006
(5 gen/H
0.05
0.04
0.03
002 H—— :
10000 20000 30000
Re
b

82



0.09

0.08

0.07

006
(5 gen)H

0.05

0.04

0.03

0.02

2%TiO:

— —y —
—_———— —

Smooth receiver
a/b=5/3
a/b=3.33/2
a/b=3/5
a/b=2/3.33

10000

20000
Re
©

30000

0.07

0.06

0.05 I\

(S gl

0.04 4

0.03 A

1% Al203-1%TiO:

— - —
————

Smooth receiver
a/b=5/3
a/b=3.33/2
a/b=3/5
a/b=2/3.33

30000



0.07

0 -1.5%Ti
0.5% Al203-1.5%TiO: ° Smooth receiver
— e — a/b=5/3
a/b=3.33/2
0.06 — v — a/b=3/5
— —+— —  a/b=2/3.33
005 IN
(S g
0.04 A
0.03 A
0.02
10000
0.07 -
1.5%Al203-0.5%TiO: ——@—— Smoothreceiver
— ¢ — a/b=5/3
a/b=3.33/2
0.06 — v — a/b=3/5
— —+— —  a/b=2/3.33
005 IN
(5 gen)H
0.04 A
0.03 A
0.02
10000 20000 30000
Re
()

Figure 4.12. Variation of Irreversible heat transfer with Re for elliptical ratios of
(@ Syltherm800 (b) 2.0%
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dimples with working fluids of:
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Figure 4.13. Variation of Irreversible fluid friction with Re with different nanofluid
types for elliptical ratios of dimples for receiver tube: (a) ER=5/3 (b) ER=
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Figure 4.16. Variation of Be with Re for elliptical ratios of dimples with working fluids
of: (a) Syltherm800 (b) 2.0% Al>Os/Syltherm800 (c) 2%TiO/Syltherm800
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4.6.2. Thermodynamic Performance with Nanofluids

To demonstrate the thermodynamic performance and potential for performance
improvement for PTC's receiver, the total rate of generating entropy for different
NPVF for each receiver tube have been calculated separately. , and each nanofluid has
been analyzed individually within the receiver tubes containing dimples of different
dimensions as shown in Figure 4.17 and 4.18 the total rate of entropy generation is
basically a combination of heat transfer and fluid friction irreversibility., It has been
found the Reynolds number decrease causes the decrease in the total rate of generation
of entropy too. So, when the Reynolds number is increased from 10,000 to 30,000, the
entropy decreases by an average of 52%. After that, noted the mono nanofluids and
the basic fluid used led to increase the percentage of the generated entropy, and the
use of a hybrid nanofluid in PTC’s receiver reduces the percentage of the generated
entropy by 26%. The highest value of the entropy has been obtained when using a

smooth receiver.
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Figure 4.17. Variation of total entropy generation with Re with different nanofluid
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Figure 4.18. Variation of total entropy generation with Re for elliptical ratios of
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4.7. THE TEMPERATURE DISTRIBUTION OF DIFFERENT PLACES FOR
DIFFERENT RECEIVER

The hybrid nanofluid has been selected with hybrid nanofluid of 1.5 %AlOs-
0.5%TiO,/Syltherm800.At Re=30000 to achieve the highest results in thermal
efficiency and PEC to study the thermal distribution of outlet section in each receiving
tube. Figure 4.19 shows the effectiveness of the Reynolds number in the heat
distribution inside the receiving tube. The higher the value of the Reynolds number,
the more uniform heat distribution in the fluid and the wall of the receiving tube. The
temperature of the fluid decreases as the Reynolds number increases.

The heat distribution has been studied for three different regions of (1.5%Al30,-
0.5%Ti0./Syltherm800) at Re = 30000 along the receiving tube, which include the
beginning, middle, and the end regions as shown in Figure 4.20 it was found that the
dimples help in the heat transfer process between the receiving tube and the nanofluid.
It is also noted that the heat on the smooth tube wall is higher than the heat in the tube
containing the dimples, which means that the dimples contribute to the heat transfer
process. From the results obtained, the presence of dimples increased the heat transfer
coefficient by 27% compared to a smooth tube.

103



Re=10000
a/b=5/3

a/b=3.33/2

a/b=3/5

a/b=2/3.33

Smooth
receiver

N .
. Y N
| 1 1
| | |
y y - y

Figure 4.19. Temperature distribution at the outlet section of the receiver tube for
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4.8. THE VELOCITY DISTRIBUTION IN OF DIFFERENT PLACES OF THE
RECEIVER OF THE RECEIVER

The velocity distribution at the outlet section of the receiver tube has been studied
using (1.5%Al302-0.5%TiO,/Syltherm800). It has been observed that the amount of
velocity in the dimples area decreased with the increase of the elliptical ratio. The
higher the oval ratio, the lower the velocity due to the occurrence of vortices and the
vortex produced leads to higher heat transfer. Due to the non-slip condition through
the walls, there is a zero value near the wall and a maximum velocity at the center of
the collector. And the low speed helps the fluid to transfer heat as shown in Figure
4.21.

The velocity distribution for different places of the receiver length is illustrated in
Figure 4.22 for different ER by hybrid nanofluid of 0.5%TiO2-1.5
%AI203/Syltherm800. It has three sections with different distances from the inlet tube
At Re = 30000 and studied the velocity distribution in each section. As shown in the
figure, the velocity in the areas near the dimples approaches equals zero, and this
means that the dimples contributed to a decrease in velocity, which contributes to an
increase in the fluid's ability to gain heat. The greater the distance, the more uniform
the velocity distribution.
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PART 5

CONCLUSIONS

In this part of the study, the conclusion made and the improvements that occurred in
the heat transfer and fluid properties of the PTC receiver tube with dimples positioned,

which are mentioned and discussed in the fourth section of the paper, are addressed.

e Hybrid and mono type nanofluids have been investigated for different
nanoparticle volume fractions and it is determined that the highest thermal
efficiency is obtained from for using hybrid nanofluids. Hybrid nanofluids have
the ability of transfer of the heat faster because they consist of more than one
higher heat transfer capacity nanoparticles.

e The heat transfer coefficient increases with increasing Reynolds number, so the
ratio of heat transfer coefficient is 57% when the Reynolds number is increased
from 10000-30000. Also, it was found that using the hybrid nanofluid with
hybrid nanofluid of 1.5 %AIl,03-0.5%TiO2/Syltherm800. It has been achieved
that the highest heat transfer in the receiving tube that containing dimples at
ER=5/3. It has been reached that the presence of dimples inside the receiver tube
helped to increase the ratio heat transfer coefficient by 27% when compared with
the smooth receiver.

e The velocity of the nanofluid has been reduced when using receiver tubes that
contains dimples that mean using dimples inside the receiver tube contributes to
the H-Tr process, because each dimple generates turbulence around it, which
reduces the velocity of the nanofluid, and that helps to increases the H-Tr
process.

o the Nu increases with the increase in Re. It has been noted that 27% increment
in Nu is observed when using a receiver containing dimples with elliptical ratio
of ER=5/3 when compared with the smooth tube when using nanofluid. With a
hybrid nanofluid of 1.5 %Al>03-0.5%TiO/Syltherm800.
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The ff decreases as the Re increases, and it has been found that the greater the
elliptical ratio inside the receiver tube increases the ff. Also, the smooth tube
shows the lowest ff This is because the presence of grooves in the way of the
nanofluid as it passes through the receiver tube will delay its passage and thus
increase its ff.

When using nanofluid as working fluid in PTC's receiver gives the higher
thermal performance (PEC>1). Whereas an increase of 27% has been obtained
when using a hybrid nanofluid inside the receiver tube containing a dimple with
elliptical ratio of ER=5/3 at Re=10000 when using the hybrid nanofluid of 1.5
%AIl,03-0.5%TiO,/Syltherm800.

Increasing the value of Reynolds number led to increase the thermal efficiency,
so the ratio of thermal efficiency is 6.25%, when the Reynolds number is
increased from 10000-30000. Also, it has been found that using the hybrid
nanofluid with a hybrid nanofluid of 1.5 %Al>03-0.5%Ti0,/Syltherm800. The
presence of dimples inside the receiver tube helps to increase the ratio of thermal
efficiency to 27% when compared with the smooth receiver.

It has been studied the entropy generation in the concept of this work. It has been
noticed that increasing the Re reduces the entropy generation. The lowest
entropy rate was obtained for the case of hybrid nanofluid flowing inside a
receiver tube containing dimples with elliptical ratio of ER=5/3. Also, it has been
increasing Re from 10000 to 30000 reduces the entropy generation rate by 52%.
It has been observed that the lowest total entropy value could be obtained at
hybrid nanofluid of 1.5 %AIl>03-0.5%TiO./Syltherm800. and when the ER= 5/3,
especially at the Re=30,000. And the thermal efficiency is the largest possible
among the cases. It was concluded that the decrease in the total entropy of the
fluid increases the heat transfer coefficient and its thermal efficiency.

It has been concluded that the optimum case obtained for this study is the case
of hybrid nanofluid flowing inside a receiver tube containing dimples with
elliptical ratio of ER=5/3 at Re=10000.
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