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ABSTRACT

DESIGN AND OPTIMIZATION OF A SPHERICAL HYDROKINETIC
TURBINE

UGUR, Fetihhan
M.Sc. in Civil Engineering
Supervisor: Prof. Dr. Mehmet Ishak YUCE
December 2023

147 pages

Spherical hydrokinetic turbines are a relatively new technology with the ability to
generate energy using fluid motion. The efficiency of these turbines depends greatly
on their design. To maximize the performance of turbines, increase their efficiency
and ensure environmental sustainability, their designs need to be optimized using
simulation techniques. The scope of the thesis aims to increase energy production and
improve efficiency by optimizing the design and operating parameters of hydrokinetic
turbines. The turbine's geometry, airfoil, number of blades, and other design factors
can greatly affect overall performance. Therefore, optimization algorithms and
techniques should be used to determine the optimal design parameters. During
optimization, the parameters of the spherical hydrokinetic turbine designed using the
Computational Fluid Dynamics technique were optimized using certain algorithms.
The simulations were used to evaluate energy production and efficiency. In this way,
the theoretical performance of the turbines was determined in advance and the
necessary optimizations were made. As a result of the research, the turbine model with

the best variation among the available parameters was determined.

Keywords: Renewable Energy, Hydrokinetic Energy, Spherical Hydrokinetic

Turbines, Computational Fluid Dynamic



OZET
KURESEL HiDROKINETIK TURBININ TASARIMI VE OPTIMiZASYONU
UGUR, Fetihhan
Yiiksek Lisans Tezi, Insaat Miihendisligi

Damisman: Prof. Dr. Mehmet Ishak YUCE
Aralik 2023

147 sayfa

Kiiresel hidrokinetik tilirbinler, akigkan hareketini kullanarak enerji liretme yetenegi
olan, gorece yeni bir teknolojidir. Bu tiirbinlerin verimlilikleri, tasarimlarina biiyiik
ol¢iide baghdir. Tiirbinlerin performansini en iist diizeye ¢ikarmak, verimliliklerini
artirmak ve g¢evresel siirdiiriilebilirligi saglamak ic¢in simiilasyon tekniklerini
kullanarak tasarimlarinin optimize edilmesi gerekmektedir. Tez kapsaminda,
hidrokinetik tiirbinlerin tasarim ve isletme parametrelerini optimize ederek enerji
iretimini artirmay1 ve verimliligin daha iyi hale getirilmesi amaglanmistir. Tiirbinin
geometrisi, kanat profili, kanat sayist ve diger tasarim faktorleri, genel performansi
bliyiik 6lciide etkileyebilir. Bu nedenle, en uygun tasarim parametrelerini belirlemek
i¢in optimizasyon algoritmalar ve teknikleri kullanilmalidir. Optimizasyon sirasinda,
Hesaplamali Akigkan Dinamigi teknigi kullanilarak tasarlanan kiiresel hidrokinetik
tiirbinde, parametreler belirli algoritmalar kullanilarak optimize edilmistir. Yapilan
simiilasyonlar, enerji tiretimini ve verimliligi degerlendirmek icin kullanilmistir. Bu
sayede, tiirbinlerin teorik olarak nasil performans gosterecegi dnceden tespit edilmis
ve gerekli optimizasyonlar yapilmistir. Aragtirma sonucunda, elde bulunan

parametreler arasindan en 1yi varyasyona sahip tiirbin modelini belirlenmistir.

Anahtar Kelimeler: Yenilenebilir Enerji, Hidrokinetik Enerji, Kiiresel Hidrokinetik

Tiirbinler, Hesaplamali Akiskan Dinamigi.
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BACKGROUND
Providing a clean and livable environment for future generations has become an
increasingly common issue in today's world. The sustainability of natural life and the
desire to leave a livable and unpolluted environment to future generations is an idea
that most people take for granted. (Fay and Golumb, 2002). As energy demand
continues to increase, the need for environmentally friendly and sustainable energy
sources increases (Layman, 1998). The search for alternative energy sources has
accelerated to meet this demand. It is well known that fossil fuel use contributes to
environmental pollution, the greenhouse effect and CO2 emissions. In this context,
renewable energies such as hydroelectricity, wind energy and solar energy can be

considered as suitable options (Guney, 2005; Giiney and Kaygusuz, 2010).

Hydroelectricity can be defined as a renewable energy source in which the kinetic and
potential energy of water is converted into electrical energy. This method uses the
kinetic energy of water to generate electricity. Hydroelectric energy production occurs
by utilizing the kinetic energy of water or the potential energy of water falling from a
height. Hydroelectric energy is generated by converting the kinetic energy of water
into electrical energy through a turbine. Hydropower leaves a much lower carbon
footprint compared to fossil fuels. Hydropower is an important issue in meeting global
energy demand, leaving aside its environmental impacts. However, every
hydroelectric project must be carefully examined and appropriate measures must be
taken to minimize environmental impacts. In addition to playing a vital role in
combating climate change, hydropower plays an important role in the transition to
renewable sources for energy production and has significant potential for a sustainable

energy future.

Hydropower can be divided into two main groups: hydrostatic energy and hydrokinetic
energy. While hydrostatic energy means giving a certain potential to water and then
proceeding to the energy production phase, hydrokinetic energy does not require

giving a certain potential to water. The most well-known example of hydrostatic
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energy is dams. Dams increase the total mechanical energy by giving potential energy
to water and increase the kinetic energy reaching the turbines (Khan et al., 2009).
Dams are thought to have a low carbon footprint and are a sustainable energy source.
However, there are significant cost and time requirements during construction and

there are concerns about their impact on ecosystems.

Hydrokinetic energy stands out as an option that rapidly increases its potential.
Hydrokinetic energy, unlike hydrostatic energy methods, converts the kinetic energy
of water into electrical energy using certain mechanisms. Hydrokinetic energy,
considered a renewable energy source, utilizes the gravitational forces acting on water.
There are hydrokinetic energy methods that can use open channel systems, such as
tidal movements in rivers and oceans. This type of energy uses turbine devices to
convert mechanical energy into electrical energy. Hydrokinetic energy is a type of
energy that differs from hydrostatic energy in that it does not need to transfer potential
energy to water beyond its available kinetic energy. In addition, hydrokinetic energy
takes up less space than other renewable energy sources, and as mentioned,
construction costs are relatively lower since it does not require the transfer of potential
energy to water. As a result, it has less impact on ecosystems. The issue of
sustainability is a very important issue in hydrokinetic energy systems. Water flows
and tides provide a constant source of energy, enabling hydrokinetic energy to produce
electricity consistently and uninterruptedly. Rivers, streams and tides around the world
offer rich potential for hydrokinetic energy. Although the general perception of
hydrokinetic energy is not yet fully formed, the widespread use of this technology can
be expected considering its advantages. Positive reviews, its renewable nature,
minimal environmental impact, ease of installation and relatively low installation costs
may lead to further investigation of the technology. However, reasons such as its
immaturity, low efficiency and difficulties in location selection can be seen as
disadvantages of this technology. Because hydrokinetic energy technology is still in
development, some view its costs as high and its efficiency as low. However, as
technology progresses, it is inevitable that costs will decrease and efficiency will
increase, as in other new technologies. Monitoring the development of hydrokinetic
energy and conducting the necessary research will contribute to its better inclusion
among renewable energy sources. There are different types of turbines, classified

according to their design for specific conditions. For example, the turbines used for
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tidal movements are significantly different from those used in open channel systems
such as rivers. Turbine types are also used in closed and pressurized pipeline systems
such as drinking water networks. Due to the differences in the designs of these turbines
and their ongoing development stages, efficiency and improvement methods in
hydrokinetic turbines are of great importance. Various methods can be used for
improvements, with computational fluid dynamics being the most preferred method
for hydrokinetic turbines. Computational fluid dynamics uses computer programs and
mathematical methods to model and solve for the motion, temperature distribution,
pressure, density, and other properties of fluids. Thanks to simulations, changes can
be made in the turbines, and with this method, the turbines can be designed and

optimized according to certain conditions.
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CHAPTER1
INTRODUCTION

Increasing demand for energy, harmful environmental effects of traditional energy
production technologies, increasing costs and depletion of fossil fuel reserves have led
scientists and engineers to search for alternative, environmentally friendly, cost-
effective and sustainable energy production methods (Yiice and Muratoglu, 2015).
Hydrokinetic energy has significant potential as a resource. Therefore, hydrokinetic
energy offers one of the least environmentally damaging methods for large-scale

electricity production (Bryden et al., 1998).

Hydrokinetic turbines are technologies that convert the kinetic energy of water flow
into electrical energy. These turbines used to obtain energy from water flows such as
rivers, streams and oceans in water-rich regions, have become an important component
of environmentally friendly energy production. Hydrokinetic turbines cause less
environmental impact by using the kinetic energy of water flow rather than
accumulating potential energy by trapping water. The modularity and scalability of
hydrokinetic devices are attractive features, in contrast to the relatively large,
economically expensive and ecosystem-disrupting structures of dams (Ben Elghali et
al., 2007). This technology could be an especially attractive option for coastal areas
and island nations, as sea currents and tidal energy can provide a constant and reliable
source of energy. Another advantage of hydrokinetic turbines is that they can minimize
environmental impacts on natural aquatic ecosystems during energy production.
However, some technical feasibility issues still need to be taken into account before
widespread adoption (L.I Lago et al., 2010). Variables such as flow rates, water depths
and environmental conditions can affect turbine performance. Therefore, the
development and optimization of this technology requires continuous research and

development efforts.

Hydrokinetic turbines are emerging as an important renewable energy source that can

further contribute to the world's future energy production. This technology, which has
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the potential to meet energy needs while minimizing environmental impacts, offers an
alternative path to a sustainable energy future. The studies carried out within the scope

of the thesis are divided into sections and the contents of the sections are as follows;

In Chapter 2, the significance of the energy topic is highlighted. Information is
provided about the need for energy, where energy is currently sourced from, and the
global distribution of these sources. General overviews of renewable and non-
renewable energy sources are presented, with a discussion on the future role of

renewable energy.

In chapter 3, information about hydrokinetic turbines has been provided. The
classification criteria for turbines have been conveyed. Research on Axial Flow
Hydrokinetic turbines and Cross Flow Hydrokinetic turbines has been presented,
discussing which types of turbines perform well under specific conditions. An
introduction has been made regarding the thesis topic, which focuses on spherical

hydrokinetic turbines.

In chapter 4, Information has been provided about airfoils and their types. In the
theoretical section, emphasis has been placed on the theories and assumptions to be
used in the design, and information has been given on potential issues that may be

encountered in turbine design.

In chapter 5, historical milestones of finite element methods have been outlined. The
significance and role of finite elements in computational fluid dynamics have been
discussed. The purposes and types of methods have been conveyed. Information has
been provided on how the examination of mesh particles should occur after their

creation.

In Chapter 6, the importance and role of turbulence models in computational fluid
dynamics are discussed. Various turbulence model types are introduced, and

information related to research conducted on these models is summarized.

Chapter 7 covers the initial stage of the design, including hydrofoil selection and
criteria. Various types of hydrofoil profiles have been modeled and analyzed, and the

outputs have been examined to focus on selecting the best hydrofoil type.

In Chapter 8, various models have been created based on the best hydrofoil type

identified in Chapter 7. The goal in this chapter is to determine the chord length of the
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hydrofoil and the number of blades constituting the turbine. During the modeling of
the hydrofoils, power coefficients have been examined based on different solidity
values, and as a result of the comparison, the optimum number of blades and chord

length have been determined.

In Chapter 9, the final stage of the design, the twist angle parameter, which plays a
significant role in spherical turbines, has been examined, and the appropriate twist
angle has been selected. Inputs from Chapter 8 have been utilized, leading to the

attainment of the ultimate optimum model.

In Chapter 10, a general overview summarizes the work conducted within the scope
of the thesis. The results of the study are analyzed, and some points are highlighted for

future research.



CHAPTER 11
ENERGY

2.1 Energy

Energy can be defined in many ways, but it is almost impossible to give a precise
definition of energy due to the multitude of its forms. The most widely accepted
definition is as follows: Energy is the capacity of a system to do work. In physics, work
is defined as the product of the displacement of the point of application of a force in
the direction of the component of the force acting in that direction, and energy is
measured in the same unit as work. From the earliest stages of human infancy stage to
the present day, individuals' energy needs have fundamentally changed to become
more complex and sophisticated. Ways to meet basic energy needs and the changes
this energy shows over time require comprehensive research. Although the rough
energy need has always changed throughout human history, these changes have
sometimes exceeded expectations in certain periods of history. As seen in Figure 2.1,
there has been an increase in the growth rate since 1950. Current energy demand is

expected to increase even more in the coming years.
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Figure 2.1 World population and energy demand growth (IEA, 2011)



Following the active use of electricity in the late 19th century, the spread of machines

that make life easier in society, the changing perception of comfort in people and the

resulting energy demand led to the discovery and development of the energy field.

Another important issue is the efficiency of the devices used in energy consumption.

For example, while the current efficiency of electricity generation in the early 20th

century was around 5%, today the average efficiency in developed countries is around

36%, and the best combined cycle natural gas-fired power plants can reach this ratio

over 50%. % productivity (Kaygusuz, 1999).

Table 2.1 Countries energy consumption (Stats. Review of World

Energy,2022)
Unit:Exajoules Years
Countries 1965 | 1975 | 1985 | 1995 | 2005 | 2015 | 2020 | 2021
Canada 5.00 | 824 | 10.29 | 12.17 | 13.66 | 14.55 | 13.82 | 13.94
Mexico 1.06 | 2.14 | 4.08 5.07 6.78 7.72 6.43 6.79
U.S. 51.98 | 69.55 | 72.66 | 87.63 | 96.88 | 92.69 | 88.54 | 92.97
Brazil 0.99 | 2.80 | 4.8l 6.89 9.08 | 12.40 | 12.00 | 12.57
Austria 0.68 1.01 1.14 1.32 1.53 1.42 1.44 1.48
France 471 | 7.25 | 8.67 | 10.37 | 11.35 | 10.11 | 8.86 9.41
Germany 10.69 | 13.55 | 1545 | 1431 | 1427 | 13.60 | 12.36 | 12.64
Poland 279 | 439 | 5.28 3.99 3.83 4.00 4.08 4.44
Spain 1.21 | 265 | 332 | 439 6.41 5.67 5.18 5.59
Turkey 033 | 0.84 | 1.39 | 2.56 3.59 5.77 6.44 6.83
U.K 834 | 8.60 | 8.61 9.19 9.79 8.20 7.06 7.18
Iran 0.35 1.17 | 232 3.81 6.99 994 | 12.02 | 12.19
Iraq 0.08 | 0.19 | 0.52 1.26 1.11 1.57 1.99 2.12
Israel 0.15 | 027 | 0.35 0.70 0.88 0.99 1.03 1.05
Egypt 0.33 | 045 1.18 1.58 2.52 3.50 3.54 3.79
India 223 | 350 | 570 | 10.67 | 16.57 | 2891 | 32.19 | 35.43
Japan 6.56 | 13.99 | 16.13 | 21.49 | 2255 | 19.07 | 17.13 | 17.74
Average 5.734 | 8270 | 9.524 | 11.612 | 13.399 | 14.124 | 13.771 | 14.480

Over time, the average lifespan of individuals has increased due to developments and

increased productivity. Simultaneously, the significant increase in the world




population has led to a versatile increase in energy demand (Demirbas and Balat,
2006). Since life expectancy directly affects the population growth rate, the increasing
world population not only increases the total number of individuals but also increases
energy demand over time. It is possible to divide the resources required to meet this

energy demand into two main groups: renewable energy and non-renewable energy.

2.2 Non-renewable Energy Sources

Non-renewable energy sources can be broadly divided into two main types: nuclear
energy and fossil fuels. Fossil fuels are natural resources that contain high amounts of
carbon in their structure. These energy sources obtained from the remains of living
organisms include oil, coal and natural gas. Fossil fuels such as oil, natural gas and
coal are concentrated energy sources that develop over long periods of time from
animal and plant remains (Quaschning, 2009). Nuclear energy is obtained from the
irregular structure of the atom. This type of energy has various storage requirements
and falls into the category of non-renewable energy sources due to its non-renewable
nature, limited structure and lack of reuse opportunities. Problems with fossil fuels,
increasing interest in environmental protection, as well as social concerns about safety
and health, contribute to making new and renewable energy technologies more
attractive and attract more attention than non-renewable energy sources (Zhou et al.,

2010).
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Figure 2.2 Fossil fuel Consumption over years (Our World in Data, 2022)
Non-renewable energy sources face a significant challenge as their production rates
are significantly lower than their consumption rates. Additionally, the greenhouse
effect and global environmental problems raise concerns for such energy sources

(Kagazyo et al., 1997). As energy demand continues to increase, these resources
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decrease over time and cannot be easily renewed. When the use of fossil fuels is
examined from 1965 to 2021, it is seen that there is a general increase in consumption.
In those years, the slowdown in production due to the Covid-19 epidemic significantly
reduced the use of these resources. When we look at the global distribution of fossil
fuel use during this period, it is seen that the highest rate is in China, and the restrictions
implemented during the pandemic period led to a decrease in total fossil fuel

consumption.
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Figure 2.3 Fossil fuel Consumption over countries (Our World in Data, 2022)

2.2.1 Coal

From a content perspective, coal is a non-renewable energy source that consists of
relatively low sulfur and nitrogen, containing carbon, hydrogen, and oxygen. It
exhibits diversity in its composition based on the conditions of its formation. The
majority of the world's reported coal reserves (250.9 billion tons), documented in
approximately 80 countries by the World Energy Council, are located in the United
States. Russia follows with 160.4 billion tons, and Australia with 144.8 billion tons.
Among other coal-rich countries are China (138.8 billion tons), India (97.7 billion
tons), Germany (36.1 billion tons), Ukraine (34.4 billion tons), Poland (25.8 billion
tons), Kazakhstan (25.6 billion tons), and Indonesia (22.6 billion tons). Therefore,
more than 90% of the world's coal reserves are within the borders of these nine

countries.
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Figure 2.4 Global share of recoverable coal reserves (U.S. EIA, 2008)
2.2.2 Petroleum

Petroleum, a non-renewable resource, is primarily a liquid fossil fuel composed mostly
of hydrocarbons. Structurally, it is the result of the burial of marine organisms such as
plankton and algae on the seabed of ancient oceans, undergoing millions of years of
transformation. This period is identified as the Mesozoic era, occurring between 252
and 66 million years ago. This valuable resource can be found in underground
reservoirs like the fractures of sedimentary rocks. Although crude oil is initially black
in color, refining processes transform it into products of various colors and viscosities.
According to BP's estimates, global petroleum production may have already peaked in
terms of petroleum reserves. Considering the finite nature of fossil fuels, if production
reaches its peak, it will gradually start to decline, creating an evident gap between

supply and demand.
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Figure 2.5 Global Proven natural oil reserves. (Our World in Data.,2022)
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2.2.3 Natural Gas

Compared to petroleum, natural gas is a fossil fuel that is abundant in reserves and
relatively cleaner. Similar to oil, natural gas also originates from the remains of marine
microorganisms. It is a more recent energy source when compared to oil and coal.
Until the late 1990s, coal was more commonly used as an energy source than natural
gas. However, advanced countries have now shifted their preference to natural gas in
their energy demand, taking into account its environmental impact to some extent.
Natural gas is primarily composed of methane, and, like oil, it is extracted through
drilling operations. Unlike petroleum, natural gas is trapped in small volumes but high
proportions underground, and its reserves are more evenly distributed globally
compared to oil sources. Experts express concerns that the reserves of this resource

could be depleted by the middle or end of the 21st century.
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Figure 2.6 Stock (%) and exploitation over the years (Our World in Data ,2022)
2.3 Renewable Energy Sources
Sustainable or recurrently derived energy from the natural environment can be defined
as renewable energy. Renewable energies are derived from normally occurring sources
such as solar, wind, biomass, geothermal, and wave energy. It is expected that the
percentage of renewable energy sources will increase in the future energy mix, while

the utilization of petroleum fuels is expected to decrease (Panwar et al., 2011).



Renewable energy technologies and efficient energy usage are identified as the most
effective potential solutions to current environmental issues, supported by practical

examples (Midilli et al., 2005).
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Figure 2.7 Global primary energy consumption (EIA-2018)

Renewable energy sources:

e Solar energy

e  Wind power

e Biomass energy

e Geothermal Energy

e Hydraulic energy
2.3.1 Solar energy
It can be defined as the energy obtained from direct sunlight. Just as both heat and
electricity can be produced from solar energy using collectors, it is also possible to
produce electricity using photovoltaic cells. Solar energy can be an attractive
alternative primarily for product drying, as it does not impose additional energy costs
beyond the initial investment. However, many products are restricted to use only
during daylight hours and require constant cleaning, which limits their use. For this
reason, solar energy needs to be stored in the form of heat energy and this stored energy
must be used to meet the demand at night or during periods when sunlight is

insufficient.
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2.3.2 Wind Energy

Humankind's use of wind energy began centuries ago, initially to obtain mechanical
energy and power mechanisms through movement. In today's context, the mechanical
energy obtained is converted into electrical energy through turbines for practical use
(Capik et al., 2012; Yilmaz and Cavusoglu, 2012). Since wind energy is a worldwide
accessible and easily obtainable energy source, it can be widely used in many regions.
It is predicted that wind energy will make a significant contribution to the increase in

renewable energy use in the coming years (Kaygusuz, 2010).

2.3.3 Bio-Gas

Biogas obtained from organic waste as a result of the fermentation of living bacteria
through anaerobic respiration is a biofuel with a methane content varying between
45% and 70%. It can be used in many areas such as heating, electricity generation and
vehicle fuel. Biomass, wind and geothermal energy are commercially competitive and

have made relatively rapid progress (Fridleifsson, 2001).

2.3.4 Geothermal Energy

Geothermal energy is a type of energy that can be obtained directly or indirectly in
regions where geothermal resources are located. Geothermal energy, with its various
applications such as heating, cooling, electricity production, mining production and
spa purposes, is also an important renewable energy source for countries with

geothermal energy resources, such as Turkey.

2.3.5 Hydro-power

It is believed that the energy potential of water was first used in Egyptian civilization.
The aim is to facilitate tasks by transferring the mechanical energy of open channel
systems in rivers to grain grinding mechanisms through wheels (Schlager and
Weisblatt, 2006). Later, with developing techniques, the height parameter was
increased and potential energy was added to the water. Potential energy given to water
can be converted into kinetic energy when needed. Today, it still maintains its position

as the cheapest renewable energy source (South and Kaygusuz, 2010).

Hydraulic energy can be split into two main groups based on the method used. These
are hydrostatic and hydrokinetic systems. Hydrostatic energy systems can deliver
potential energy to water and store potential energy. From the stored energy, electricity

is generated by releasing water through turbines, with dams being the most common
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example. To endow water with potential energy, it is necessary to increasing the depth
of the water. The construction costs are relatively higher for hydrokinetic energy for
these reasons. On the other hand, hydrokinetic energy transforms the kinetic energy
inherent in the water's current moment into electricity using turbines. While the
mechanisms used in hydrokinetic systems are relatively smaller and less expensive
than those in hydrostatic systems, providing stable energy in these systems is more
challenging. In addition, due to lower installation costs and relatively smaller

mechanisms, displacement (mobilization) is more easily achievable in these systems.

2.4 Hydrokinetic Energy

Hydraulic energy is the clean energy source with the largest share in meeting global
energy needs (Giiney and Kaygusuz, 2010). Hydroelectric power constitutes 16% of
total electricity production and 80% of electricity produced using renewable sources
(Bilgili et al., 2018; Hussain et al., 2019). Its superior performance in terms of
efficiency among energy types, coupled with the global presence and availability of
this type of energy in almost every geography, increases the interest in hydraulic
energy (Oztiirk et al., 2009). As mentioned earlier, hydraulic energy can be divided
into two main groups: hydrostatic energy and hydrokinetic energy. Hydrostatic energy
endows water with height potential energy, converting the possessed hydrostatic
energy into mechanical energy through turbines. The mechanical energy of turbines is
then converted into electrical energy by generators. In terms of resource utilization,
hydrostatic energy is more costly than hydrokinetic energy. This is because hydrostatic
energy generates height potential energy in water by accumulating water in a specific
area, requiring the construction of a dam. Dam constructions are both costly and
relatively more complex in design. Large dams cause sedimentation at the riverbed,
leading to biological and ecological problems over time (Beck et al., 2012; Chen et al.,
2016; Raadal et al., 2011). Since hydroelectric power plants require large reservoirs,
providing the necessary space poses certain challenges. If the region where people live
enters the reservoir area, many individuals will have to relocate directly or indirectly,
potentially facing economic hardships. The placement of displaced individuals by
relevant authorities may encounter challenges (Beck et al., 2012; Schafer et al., 2018;
Siciliano et al., 2015). Apart from ecological issues for high and large-volume
reservoir dams, the presence of dams can create microclimates in the area, induce

excessive rainfall in certain regions, affect earthquakes with the created high mass, and
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influence changes in wind directions and intensities by creating pressure differences

in the micro-level atmosphere (Elosegi and Sabater, 2012).

Hydrokinetic turbines are mechanisms that transform the existing kinetic energy in
free-flowing water into electrical energy. Primarily utilizing drag and lift forces, they
first convert the kinetic energy present in the water into mechanical energy and
afterwards convert the mechanical energy into electrical energy. The operating
principle is similar to wind turbines, where the fluid is air in wind turbines and water
in hydrokinetic energy. Due to the higher density of water compared to air, smaller

geometry dimensions can be designed (Killingtveit, 2019).
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CHAPTER III
HYDROKINETIC TURBINES

3.1 Hydrokinetic Turbines

Energy demand is increasing day by day. With the limited amount of fossil fuel
resources in the world and growing environmental problems, the need for sustainable
energy resources is becoming more important day by day. In this context, hydrokinetic
turbines, a relatively new technology among renewable energy technologies that
produce electrical energy using water flow, have an important place. Hydrokinetic
turbines provide a method of energy production that minimizes environmental impacts

by utilizing the natural movement of water.

There are studies arguing that the irregularities in river flow caused by dams cause
ecological concerns (Berkiin et al., 2008). Hydrokinetic turbines are used in rivers,
streams, canals, etc. Electrical energy production can be achieved by directly
integrating into systems with water flow. Therefore, unlike hydrostatic turbines, they
do not require dam construction (Muratoglu and Yiice, 2015). Its working principle is
based on capturing and transforming the kinetic energy of water movement. When the
water flow hits the turbine, the blades of the turbine rotate. This rotational motion
excites a generator within the hydrokinetic turbine. The generator converts the
rotational motion of the turbine into electrical energy. The energy produced by
electricity is used as electrical energy by being transmitted to the electrical grid or to

a local consumption point.

Hydrokinetic turbines have several advantages, making them attractive for sustainable

energy production:

e Environmentally Friendly: Hydrokinetic turbines do not contribute to carbon
emissions. It minimizes environmental impacts. They do not create large
fluctuations in water flow

e Continuous Energy Production: Hydrokinetic turbines are not affected by
daily and seasonal changes due to the steady flow of water. Therefore, they

provide continuous energy production.

14



e Low Maintenance Costs: Hydrokinetic turbines generally have low
maintenance and operational costs. The long lifespan of wearing parts like
blades reduces the need for maintenance

In addition to the advantages of hydrokinetic turbines, there are also some

limitations:

e [Location Dependency: Hydrokinetic turbines must be installed in areas where
water flow is sufficient. This implies limited location diversity.

e Environmental Impacts: Hydrokinetic turbines must consider their effects on
local ecosystems due to water flow. Therefore, project planning and site
selection are crucial.

It has been stated in the energy section that hydrokinetic turbines have a significant
potential for sustainable energy production. More efficient designs in the future,
technological developments that reduce environmental impacts, and increased
availability of water resources may lead to more widespread use of hydrokinetic
turbines. This technology can play a crucial role in meeting the world's energy needs
and supporting environmental sustainability. Using natural water flow is an important
component for sustainable energy production. The fact that hydrokinetic energy is
environmentally friendly, a system that produces continuous energy and has low
maintenance costs paves the way for this technology. However, it should not be
forgotten that there are some limitations such as location requirements and
environmental impacts. In the future, widespread adoption of hydrokinetic turbines
through technological advancements could support global efforts toward sustainable

energy and potentially replace fossil fuels.

3.2 Classification of Hydrokinetic Turbines

Because hydrokinetic turbines offer a variety of design options, their classification can
be made according to various criteria. Hydrokinetic turbines are generally divided into
two main categories based on water flow direction: Axial flow turbines, in which the
rotor axis is aligned with the water flow direction; Cross-flow hydrokinetic turbines in
which the rotor is placed perpendicular to the water flow. When classifications are
divided according to the operating principle of the turbine, classification can also be

made according to critical factors affecting turbine performance such as flow type,
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flow rate and desired energy output. While all hydrokinetic devices operate with the
same conversion principles regardless of their application area, there may be subtle
differences in design and operating characteristics (Khan et al., 2009). In summary,
hydrokinetic turbines can be primarily categorized into two main types: Cross Flow

and Axial Flow.

HYDROKINETIC
TURBINE
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Figure 3.1 Types of hydrokinetic turbines. (Khan et al, 2009)

3.3 Axial Flow Hydrokinetic Turbines

Axial-flow hydrokinetic turbines have a horizontal/inclined rotation axis aligned
parallel to the water flow direction (Batten et al., 2007). They are very similar to wind
turbines in design and operation, and are sometimes referred to as propeller turbines
and have similarities with ship propellers (Saini and Saini, 2019). To achieve high
efficiency, it is very important that the turbine rotor is aligned with the water flow. The
flow requirements of axial flow turbines make them suitable for applications such as
oceans and tides (Guney and Kaygusuz, 2010). The rotor of these turbines may have
two, three or more blades and may be open or implicit depending on torque
requirements and flow characteristics. They can be positioned anywhere in the water
column, but the most common installation is bottom mounted. Turbines may use active
or passive measures to yaw or pitch the blades, depending on flow conditions or
control settings. They may have curved blades that allow them to vary their
hydrodynamic performance based on flow conditions or control settings. Hydrokinetic
turbines, especially when used in open channels, may be exposed to unwanted debris

carried by water. Regimes in open channels can lead to sudden changes in water speed,
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causing hydrokinetic turbine rotors to fail over time. Therefore, rotors of hydrokinetic
turbines are often made of solid composite materials to ensure durability and prevent
corrosion (Marsh, 2004). The use of axial flow turbines in remote areas was first
suggested by Peter Garman in 1978 (Khan, 2006). Axial Flow Hydrokinetic Turbines
can basically be divided into three groups: "Solid Coupled, Non-submerged Generator,

Submerged Generator.

3.3.1 Solid Mooring

These are axial flow hydrokinetic turbines that are fixed to the ground in the deployed
area. They are particularly suitable for regions with strong bottom currents. The
generator on these turbines is submerged. Isolation issues should be considered for this

type of turbine.

3.3.2 Non-Submerged Generator

These are axial flow hydrokinetic turbines that are fixed to the ground in the deployed
area. They are particularly suitable for regions with strong bottom currents. The
generator on these turbines is submerged. Isolation issues should be considered for this

type of turbine.

3.3.3 Submerged Generator

These are axial flow hydrokinetic turbines fixed to the ground in the deployed area,
especially suitable for regions with strong surface currents. The generator on these
turbines is submerged. Like in Solid Mooring types, isolation issues should be

considered for this type of turbine.

3.4 Cross Flow Hydrokinetic Turbines

Cross Flow hydrokinetic turbines are designed with a rotation axis perpendicular to
the incoming water flow. The cylindrical shape of these turbines facilitates effective
utilization of channel depth. Cross Flow hydrokinetic turbines have the ability to
accept water from all directions. The rotor of these turbines can be designed with two,
three, or multiple blades, depending on torque requirements and flow conditions (Saini

and Saini, 2019).
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3.4.1 In-plane Axis Hydrokinetic Turbines

Horizontal axis hydrokinetic turbines are devices that convert the kinetic energy of
water into electrical energy by exposing their bladed rotors to water flow. They are
often located over water sources such as rivers, streams or ocean currents. It has been
mentioned that hydrokinetic turbines can be divided into two groups according to their
operating principles. The first group consists of horizontal axis turbines whose rotation
axis is parallel to the main flow direction. Turbines whose rotation axis is
perpendicular to the incoming water are called vertical axis turbines (Batten et al.,
2006; Meyers et al., 2006). Horizontal-axis hydrokinetic turbines are a subject of
ongoing research due to their relatively higher efficiency, lower drag losses, reduced
vibrations and gentler lift compared to their vertical-axis counterparts (Khan et al.,

2009; Manwell et al., 2002).

3.4.2 Vertical Axis Hydrokinetic Turbines

Vertical axis hydrokinetic turbines are turbine types whose rotation axis is
perpendicular to the direction of liquid flow (Eriksson et al., 2006). Basically, vertical
axis hydrokinetic turbines can be classified as Savonius, Darrieus, H-Darrieus and
Gorlov. They produce energy with a rotor activated by water flow. Since the rotor is
positioned vertically in vertical axis hydrokinetic turbines, it is likely to take up less
space than in horizontal axis hydrokinetic turbines. Since these turbines are effective
even in slow water flows, as stated in detailed studies, they are suitable for water
resources such as slow-flowing rivers and canals. The blades of vertical axis
hydrokinetic turbines have an adjustable structure, which allows the turbine
performance to be optimized for different water conditions. These turbines require

minimal maintenance costs due to their high size and accessibility. Vertical axis

18



hydrokinetic turbines can be widely used in small-scale local power generation

projects.

3.4.2.1 Savonius Turbines

Savonius turbines were invented in 1920 to convert wind energy into electrical energy.
These types of turbines resemble an "S" shape. It consists of two curved-surface
hydrofoils connected to a central shaft. One of the blades is called the advancing blade
and the other is called the returning blade. The basic principle of Savonius turbines is
to convert the kinetic energy of fluids into electrical energy. They are mostly driven
by drag force with less lift force (Talukdar et al., 2018; Ostos et al., 2019; Akwa et al.,
2012). Due to the predominant use of drag force, they produce the same amount of
torque in both directions, making them advantageous for self-starting. Electricity
production from Savonius turbines is inefficient due to their low operating speed
(Youssef et al., 2019; Talukdar et al., 2018). They can be produced and used for low

flows.

3.4.2.2 Darrius Turbines

The Darrieus turbine was patented by Georges Jean Marie Darrieus in 1931. Like
Savonius turbines, Darrieus turbines, which convert kinetic energy into electrical
energy in a cost-effective manner, have some advantages and disadvantages in their
areas of use. While providing torque regardless of fluid direction, a disadvantage is
that the term self-starting cannot be fully used in standard designs (Dominy et al.,
2007). Darrieus type wind turbines achieve twice the torque per revolution due to their
design geometry. Considering that the wind blows from one direction, the power
produced by the turbine creates a sinusoidal curve. The power coefficient of Darrieus
type turbines is higher than other vertical axis turbines. The blades used in Darrieus
type turbines are aerodynamically designed. When liquid flows at right angles around
the blades, it creates a pressure difference. This pressure difference causes a net torque

on the shaft to which the blades are connected (Zhao et al., 2015).

3.4.2.3 H-Darius Turbines

H-Darrieus type turbines differ slightly from standard Darrieus turbines in terms of
geometry. Since the blades of H-Darrieus turbines are vertical, the effect of the fluid
in a certain region of this blade will be the same on the vertical axis. H-Darrieus

turbines are being investigated for commercial use due to their resistance to wind
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direction and higher power coefficients than other horizontal axis turbines (Mertens et
al., 2003; Noves et al., 2018). Wind tunnel tests of vertical-axis turbines and
horizontal-axis turbines show evidence that vertical-axis turbines perform better in
flows inclined up to 30 degrees compared to horizontal-axis turbines (Kumar et al.,

2019).

3.4.2.4 Gorlov Turbines

The Gorlov helical turbine (GHT) can be classified as a type of Darrieus turbine. In
Gorlov turbines, vertical helical blades are used instead of straight blades to increase
performance depending on the angle of attack (Jayaram and Bavanish, 2021).
Although helical turbines pose some difficulties in the production process, their ability
to dampen vibrations in the main shaft of the turbine provides a significant advantage

in cross-flow conditions (Bachant and Wosnik, 2015).

3.5 Spherical Hydrokinetic Turbines

Spherical turbines are more similar to Darrieus type turbines. However, due to their
spherical shape, they are referred to as spherical Darrieus or spherical turbines in the
literature. The turbine has a vertical axis. It can create aerodynamic pressure
differences depending on the blade types it has. This pressure difference allows the
turbine to rotate, as in other turbine types. While they can be used in open channel
systems, they can also be used in pressurized irrigation network pipes and drainage
pipes (Schlabach et al., 2011). Pressure reducing valves are used to relieve excess
pressure and also remove unnecessary air trapped in the pipe network. Relieving
excess pipe pressure by other methods, such as using a turbine, has always been a
subject of research. Additionally, the excess energy used by turbines in the pipeline
network can be used to operate some measuring devices and sensors connected to the
pipeline without external power sources (Kumar and Sarkar, 2023; Kumar and Shahid,
2017). The in-pipe hydroelectric power system is not dependent on weather changes
and can be classified as a renewable energy source due to its environmental

friendliness (Kumar and Sarkar, 2023).

20



CHAPTER IV
THEORY

4.1 Aerofoils

Aerofoil is a special hydrofoil geometry that can produce lift (Lissaman, 1983). Itis a
special shape used in rotating blades, aircraft hydrofoils and aerodynamic surface
designs, creating lift and drag force in the air flow. An airfoil typically has a curved
upper surface and a flatter lower surface. This structure exploits pressure differences
between the upper and lower surfaces, based on Bernoulli's principle and varying air
speeds, to create lift and enable aircraft to fly or rotor blades to turn. Existing

hydrophiles have been codified and standardized into specific shapes over time.

The types and shapes of hydrofoils used in aviation differ in number and shape from
those used in the field of hydrokinetic energy. For example, the blade profiles used in
hydrofoils of low-speed aircraft are generally known to be thicker. It also has more
curvature or camber. Specifically, hydrofoil profiles for high-speed aircraft use sharper
leading edges. Similar considerations can be applied when designing the types of

hydrofoils used in hydrokinetic turbines.

4.1.2 History of Aerofoils

Historically, the design of airfoil profiles for specific applications has been done to
develop the best hydrofoil profiles for specific aircraft. Different aerofoils have been
designed through wind tunnel experiments and theoretical analysis. The earliest known
airfoil sections for aircraft concepts were patented by Horatio Phillips in the 1880s,
inspired by the hydrofoils of birds, as shown in Figure 4.1. This is the first time Phillips

has tested these airfoil profiles in a wind tunnel.
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Figure 4.1 Airfoil shapes were patented in the late 1880s

There are typical design requirements for airfoil profiles. For the designed blade, it is
important to reach high values of the maximum lift coefficient before flow separation
and stalling occur. Having the least friction in the fluid velocity range determined by
examining the operating conditions of the blade profiles will minimize the energy
losses arising from the hydrofoil geometry. Additionally, having the highest lift-to-

drag ratio at varying angles of attack is a factor that increases efficiency.

4.1.3 Airfoil Classification

Hydrofoils can be categorized into various services depending on their design goals,
geometry, and various effects. The main hydrofoil use types within the primary scope
of research include NACA profiles, Clark-Y profiles, Eppler Profiles, Selig profiles,

and supercritical hydrofoil profiles.

4.1.3.1 NACA Hydrofoil Profiles
A series of standardized hydrofoil profiles developed by NACA in the early 20th
century. These hydrofoil profiles are identified by a four-digit number that represents

a specific parameter related to the hydrofoil shape.
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NACA 0010 NACA 2410

NACA 0015 NACA 2412
NACA 0018 NACA 2421
NACA 0021 NACA 4412

NACA 0024 NACA 4421

Figure 4.2 Some of NACA aerofoils (Didane et al,2021)

4.1.3.2 Clark-Y Hydrofoil Profiles

The Clark-Y hydrofoil profile is a type of hydrofoil that has been investigated for
situations involving high speeds (Xu and Khoo, 2022). It has a medium camber. Good
lift characteristics are available at low and medium speeds. The Clark-Y hydrofoil
profile has a wide range of applications by providing a balanced relationship between

lift and drag.

4.1.3.3 Eppler Hydrofoil Profiles
Eppler hydrofoil profiles are a series of hydrofoil profiles developed by "R.S. Eppler".
These hydrofoil profiles are known for their high lift coefficients and good

performance at low speeds (Elimelech et al., 2012).

4.1.3.4 Selig Hydrofoil Profiles

Selig hydrofoil profiles are another series of hydrofoil profiles developed by Michael
Selig and his team. These hydrophilic profiles are widely used in fields such as radio-
controlled aircraft and unmanned aerial vehicles (UAV) due to their stability. Selig
hydrofoil profiles have various shapes and provide a balance between lift and drag

characteristics (Selig and Gugliemo, 2012).
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4.1.3.5 Supercritical Hydrofoil Profiles

Supercritical hydrofoil profiles are specifically designed to delay the formation of
shock waves and reduce wave drag at high subsonic speeds. The upper surface of these
hydrophilic profiles is flattened and the lower surface has a gentler curve, helping to
minimize friction (Sobieczky and Seebass, 1984). Supercritical hydrofoil profiles are

widely used in commercial jet aircraft.

4.2 Hydrofoil Section

A hydrofoil can be defined as a lifting surface or strut that operates in water (Molland
and Turnock, 2022). Hydrofoils are machines with different geometries that are
specially designed to produce the desired forces. Hydrofoil is the name given to the
airfoil when aerofoils are used in water. Hydrofoils are used as hydrofoil sections in
hydrokinetic turbines designed to take advantage of the physical properties of water.
These types of hydrofoils are designed to produce high lift forces and reduce drag. An
important feature of hydrofoil hydrofoils is that there are differences in length and
angle between the upper and lower surfaces. Hydrofoil hydrofoils generate lift forces
by working on an air flow. Hydrofoil hydrofoils typically have a longer and convex
surface at the top and a shorter and concave surface at the bottom. According to
Bernoulli's principle, fast-moving air creates low pressure, while slow-moving air at
the bottom surface creates high pressure. This difference allows the air to travel a
longer distance over the hydrofoil, creating a greater pressure difference and thus

producing greater lift.
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Figure 4.3 Aerofoil (Muratoglu and Yuce, 2015)
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Hydrofoils are used in a variety of applications depending not only on aerodynamic
design but also on factors such as material selection, surface roughness, hydrofoil
profile and hydrofoil cross-section. Hydrofoils are considered an important component

that affects the performance, stability and efficiency of the mechanisms used.

4.3 Blade Element Theory

Blade element theory is a theory used to analyze the aerodynamic performance of
hydrofoils. It contains various equations and formulas. It is known for providing closed
form solutions with relatively simple procedures (Mahmuddin, 2017). These equations

are used to describe hydrofoil design, performance and interaction.

4.3.1 Lift Forces & Drag Forces

Lift and drag forces come into play in hydrofoil designs used for aerodynamic
purposes. The lift force can be represented as “F;”, while the drag force can be
represented as “Fj”. These two forces are very important in aerodynamic designs.
Lifting force is depends some parameters; such as lift coefficient which is directly
depends on blade type, the density of the fluid in which the hydrofoil is located, the
speed of the fluid and the hydrofoil area.

Fo=C(5prv?)«a 4.1
In the equation:

Fi: Lift force

P: Density of fluid

v: Velocity of fluid

A: Hydrofoil cross-section area

C,: Lifting coefficient (Depends on hydrofoil type and angle of attack)

The lift coefficient, denoted by “C,”, is an experimentally obtained coefficient. It is

directly influenced by the geometric design of the hydrofoil being used.

—1
CL=(%*p*v2) *%*FL (4.2)

25



The drag force is another force that occurs depending on the geometry of the hydrofoil
being used. It is directly related to the angle of attack of the hydrofoil and is effective
even at 0 degrees angle of attack. Although it is dependent on the same parameters as

lift force, it is represented by the “Cp” value instead of the “C;* value.

FD=CDG*p*v2)*A 4.3)

In this equation:
Fp: Drag Force

p: Density of fluid
v: Velocity of fluid

A: Hydrofoil cross-section area

Cd: Drag coefficient (Depends on hydrofoil type and angle of attack)

The drag force coefficient, denoted by “Cp” is an experimentally obtained coefficient.

It is directly influenced by the geometric design of the hydrofoil being used.

-1
CDz(%*p*vz) *%*FD (4.4)

Span
length,b

Chord length,c  “p
Figure 4.4 Hydrokinetic Turbine Blade Section (Muratoglu and Yuce, 2015).
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To measure the lift-to-drag behavior of an airfoil profile, the ratio of the dimensionless
lift coefficient to the drag coefficient, represented as C;/Cp, is utilized. This ratio varies

with the angle of attack. The lift coefficient can be defined as follows:
L
C, = ph S 4.5)

q =p*U2/2 4.6)

Here, L is the lift force, S is the hydrofoil area, p is the air density, and U is the fluid
velocity. Similarly, it is possible to write the same equation for the drag coefficient.
As the numerator and denominator of these two equations have force dimensions, the

equation is dimensionless.

In summary, the CL/CD ratio is a measure of the ratio of the lift force to the drag force
produced by a hydrofoil when exposed to the fluid passing over it. In hydrofoil designs,
achieving the desired lift force increase in turbines is achieved by increasing the
CL/CD ratio when necessary. Since the CL/CD ratio depends on the original geometry
of the hydrofoil, lift and drag forces are measured by subjecting different geometries
to equal fluid velocities. This process is carried out using Computational Fluid
Dynamics (CFD) analyses. Then, the most suitable hydrofoil type and angle of attack
can be determined by testing different angles of attack on the hydrofoil that produces

the maximum CL/CD ratio at equal fluid velocities.

4.3.2 Relationship Between Angle of Attack and Lift Coefficient

Angle of attack (AoA) or angle of attack refers to the angle between the blade surface
of a turbine or rotor and the incoming fluid flow. In simple terms, AoA is the
inclination of the blade or rotor against the incoming air or liquid flow. For
hydrokinetic turbines, angle of attack is an important parameter that determines the

performance of the airfoil.

The angle at which the hydrofoil or rotor intersects the air or fluid flow determines the
magnitude of aerodynamic lift and drag forces. In many blade types, lift generally
increases as angle of attack increases, but at extremely high angles the blades produce

more drag than lift. As the drag force increases for turbine types where drag force is
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required, it increases the possibility of turbulence at high speeds. This causes a
phenomenon called "Stall", where the blade suddenly stops working instead of
providing the intended effect, causing the lift force and power coefficient to decrease

through vibrations.

The design of the Angle of Attack (AoA) for hydrokinetic turbines where effective lift
force is desired is found by experimenting with different variations to find the optimum
AoA. The determined value varies depending on the design parameters of the turbine
and its intended use. There is a relationship between the angle of attack (o) of the blade
and the lift coefficient (Cl). This relationship is different for each airfoil and design

and can also be determined experimentally.
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Figure 4.5 Angle of Attack and Lift & Drag Forces. (Abdulrahim, 2014)

4.3.3 Energy Equation

The energy equation is an equation that describes the balance between the input energy
and output energy of a blade. This equation is involved in the design of energy
converting devices such as turbines or engines. Blade theory is a relatively complex

concept and includes various additional equations and analytical methods related to
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hydrofoil design. Additionally, these equations can be affected by a number of
variables such as the blade's shape, size, speed, density, and environmental factors. For
this reason, equations and calculation methods specific to each application are used. It
is generally used to explain heat transfers, input energy, output energy and the balance

between them.

4.4 Actuator Disk Theory

Actuator disk theory, also known as actuator disk model, is a theory that creates
equations based on input and output parameters in devices with rotating blades.
Classical work on actuator disc theory is still routinely used in its simplest form and

with some recent extensions (Chattot, 2014).
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Figure 4.6 Actuator Disk (Quinn et al., 2015)

4.4.1 Idealizing the Rotor
Actuator disk theory simplifies the representation of a rotor as an infinitely thin, two-
dimensional disk with a given area and associated aerodynamic properties. When using

disk theory, the rotor must be idealized as a disk in the formulation of the formulas.

4.4.2 Total Mass Conservation

It assumes that the mass flow rate through the actuator disk remains constant.
Therefore, the mass of the fluid passing through the disk is expected to be equal to the
mass entering the disk. This principle is used as a parameter in calculating the velocity

of fluid passing through the disc.
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4.4.3 Aerodynamic Performance
The theory is used to determine the thrust or lift force produced by the rotor. It also
helps determine the aerodynamic performance of the rotor, including the velocity field

induced behind the rotor.

4.4.4 Momentum Theory
Actuator disc theory is based on the principles of conservation of momentum. It is
based on the assumption that the rotor extracts energy from the flow by slowing the

air, leading to a decrease in kinetic energy and an increase in thrust or lift.

4.4.5 Calculation of Power Output

Actuator disc theory can be used to calculate the power output of a hydrokinetic turbine
or the thrust produced by a propeller. This is essential for the design and analysis of
hydrokinetic turbines and similar devices. While actuator disc theory provides a useful
simplification for analyzing the basic aerodynamic performance of rotors, it must be
considered that, in practical condition hydrokinetic turbines and other rotating devices

are three-dimensional and differ from the ideal actuator disc.

4.5 Betz Law

Betz's Law is a law that sets a limit for maximizing the efficiency of a turbine in
extracting energy from the fluid around it. This principle, developed by German
engineer Albert Betz, is used to calculate the efficiency of turbine systems such as
wind turbines and hydrokinetic turbines. The second law of thermodynamics, known
as Carnot efficiency, puts a limit on the conversion of heat to work by converting
irregular energy into regular energy. However, for an organized form of energy, there
i1s no limit beyond the limit predicted by the first law of thermodynamics (Energy
conservation law). Betz's Law predicts that an ideal turbine operating in a fluid can
convert only a certain percentage of the energy of the incoming fluid. According to
this law, the maximum energy limit that a turbine can convert corresponds to
approximately one-third of the energy of the incoming fluid. That is, according to

Betz's Law, an ideal turbine can operate with a maximum efficiency of 59.3%.

Betz's Law plays a very important role in the design and performance calculation of
every kind of turbines. It has been reported that a hydrokinetic turbine can only convert
a certain percentage of the energy of the fluid flowing towards the turbine inlet. The

remaining energy is distributed as heat to the fluid around the turbine. In practice,
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turbines cannot fully reach this limit due to various losses and interactions. However,

systems known as ducted type turbines can achieve energy outputs above this rate with

compression.

KE = ~mV? 4.7)
m = pA, (Vlz;m (4.8)
p= ; (Vf;VzZ) (4.9)
KE : Kinetic energy

m:Mass flow rate

P = iPAo(Vlz - 1O+ V) (4.10)
Py = 2my? (4.11)

Figure 4.7 Streamtube around a fluid turbine (Coelho,2022)
4.6 Cavitation

The origin of cavitation comes from the Latin word “Cavitas”, which can be translated

as pit or cavity. It can be defined as the phenomenon of vapor bubbles forming and

31



collapsing inward in areas where sudden pressure changes occur in a fluid. The
increase in the velocity of the fluid causes a drop in pressure, which causes the fluid
to transition to the gas phase at that point and increase its volume. Cavitation is usually
associated with a solid object surrounded by liquid, where the liquid reaches high
speeds, as in devices such as submarine thrusters, water pump systems, or water
turbines. When the pressure increases again, these bubbles collapse inwards, creating
the potential to damage the device accompanied by shock waves spreading around. It
is of great importance to consider the presence of cavitation in designs to prevent

negative effects (Silva et al., 2017).

Figure 4.8 A propeller which is damaged by cavitation (Common license, 2006)

Anti-cavitation designs are used in engineering applications to prevent damage to
devices. They consist of simple blades attached to the hydrofoil tip and help reduce

cavitation erosion under flow conditions and on the wing (Lee et al., 2014).

It should be noted that the occurrence of cavitation depends on several factors,
including the physical properties of the liquid such as density and viscosity, as well as
factors such as flow rate, pressure and the amount of dissolved gas in the liquid.
Considering that cavitation is often an undesirable event, it is important for the device

to be designed to take preventive measures against cavitation during the design phase.
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Figure 4.9 Cavitation of propeller (http://www.dt.navy.mil)

Cavitation has been studied at different stages throughout history, but advanced
research primarily began in the early 20th century. The first observations date back to
the 17th century, when scientists observed wear and damage to the turbine blades of
water turbines. This phenomenon was associated with the formation and collapse of
bubbles due to the rapid flow of liquid. However, the mechanism of cavitation is still
not fully understood. The emergence of the term 'cavitation' as a technical term
occurred in the scientific literature in the middle of the 19th century. Scientists have
discovered that bubbles form and collapse due to pressure drops during high-speed
flow of liquids. This incident was taken into consideration because it caused damage
to hydraulic systems and water turbines. The first studies on cavitation were made in

this period.

In the early 20th century, scientists began to investigate cavitation in more detail.
Studies have been conducted on factors such as properties of fluids, flow rate, pressure
drop, bubble formation, and collapse mechanisms. Experimental and theoretical
studies have contributed to a better understanding of the causes and effects of
cavitation. Advanced experimental methods, numerical modeling techniques, and
imaging technologies have helped to better understand the complex nature of
cavitation. However, cavitation is still an active area of research and more studies are

needed.
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4.7 Rotor Solidity

Solidity is a dimensionless parameter in turbine designs. The solidity value in a turbine
can be expressed as the ratio of the total length of all the blades of the turbine to the
environment created by the tips of the turbine blades during rotation. While the
increase in the number of blades or relative chord length increases the solidity value,
the geometric shape of the circle formed during the rotation of the turbine reduces this
value. In short, solidity value is a parameter depending on the width of the turbine

blade and the gaps between it and other blades on the rotor.

Nc
o= (4.13)
o Solidity

N: Number of blades
c: Chord length
r:Radius of rotor

Solidity value affects factors such as turbine efficiency, high-speed operating capacity
and noise production. The increase in solidity helps the turbine potentially convert
more power and be more effective at high speeds, as it increases the speed of the
surrounding fluid in accordance with the continuity equations (Carrigan et al., 2012).
However, high solidity values also cause increased noise production in the turbine. It
is also stated that with high Solidity values, the possibility of turbines starting to rotate
on their own may decrease (Twidell and Weil, 2006).

Solidity is a parameter that should be taken into account in turbine design, and the
optimum value can vary directly depending on the intended use, fluid speed and design
factors. When higher power generation is targeted, the solidity value is typically

increased, while turbines operating at lower speeds may prefer lower solidity values.

4.8 Tip Speed Ratio

Tip Velocity Ratio (TSR) is a design parameter that depends on the rotation speed of
the turbine in the fluid and the fluid velocity perpendicular to the turbine. It can be
expressed as the ratio of the tip speed of the turbine blades to the fluid speed
perpendicular to the turbine. Tip Speed Ratio, or TSR, as shown in Figure 4.10, also

relates to the turbulent flows produced with the rotation of the turbine. If the rotor
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speed is significantly higher than the incoming fluid velocity, it causes turbulent flows
behind the turbine blades, causing interference with other turbine blades. Turbine
blades passing through turbulent flow may not produce the desired aerodynamic

effects, which causes the power coefficient to decrease.

140 00

d10.000 140.00

Figure 4.10 Tip speed ratio illustration on CFD. (Pinto et al, 2020)

Tip Speed Ratio (TSR) is a very important parameter in the design phase. The
aerodynamic performance and power production of the turbine may vary at different
TSR values. It is important to optimize TSR to achieve maximum power output. When
the TSR parameter is not designed and adjusted appropriately, most of the energy turns
into other types of energy without being converted into mechanical energy. To increase

the power coefficient, the TSR parameter must be well designed.

It can be considered that there is a proportional relationship between Tip Speed Ratio
(TSR) and turbulence. Turbulence has been described as a flow condition in which
there are fluctuations in the speed and orientation of the fluid. It has been noted that

turbulence affects turbine performance in rotary blade systems such as hydrokinetic
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turbines. Turbulence can create random fluctuations in the fluid, changing its speed
and direction. These fluctuations can affect blade performance depending on the
incoming flow. High levels of turbulence can cause serious damage to the blades,
create aerodynamic loads, cause energy conversion losses and reduce turbine
efficiency. Therefore, it is very important to find a balance between TSR value and
turbulence. Ideally, high TSR values as well as design features that reduce turbulence
should be taken into account when optimizing turbines. For example, airfoil profiles
and turbine casing design can be optimized to reduce the negative effects of turbulence.
Moreover, experimental studies and numerical simulations can be used to evaluate

turbine performance in turbulent environments.

The term Tip Speed Ratio (TSR) is also frequently used in vertical axis turbines
(VAWTs). However, it is calculated differently than horizontal axis turbines. In
VAWTs, TSR can be expressed as the ratio between rotor speed and wind speed. In
VAWTs, as the rotor blades rotate, the rotation speed changes under the influence of
the fluid velocity. Therefore, it is almost impossible to use a single fixed TSR value.
However, in VAWTs an average TSR value is usually calculated for a specific rotation
speed or range of rotation speeds. In order to design the system in the best way,
different TSR values at variable rotor speeds can be examined by looking at the power

coefficient (Zhe Chen et al., 2009).

For VAWTSs, the average TSR is the ratio of the average rotor speed to the wind speed

and can be calculated as follows:
Average Tip Speed Ratio = (Average Rotor Speed) / (Wind Speed)

In that average tip speed ratio equation, “Average Rotor Speed” is the average value

of the rotor's rotational speed over time or a rotation cycle.

4.9 Power Coefficient

Hydrokinetic turbines are devices that generate energy from water flow. The power
coefficient, denoted as “Cp”, is a very important parameter that measures the
efficiency turbines. The power coefficient (Cp) is calculated with the following

equation:
Cp =P/(0.5%p*A=V?3) (4.14)
Cp: Power coefficient

36



P: Power output of turbine (Watt)

p: Density of water (kg/m?)

A: Cross-section area of hydrofoil (m?)

V: Velocity of water (m/s)

The equation stated in 4.14 can be used to evaluate the performance of hydrokinetic

turbines. Cp value is a useful parameter that shows how efficient the turbine is. Ideally,

for a hydrokinetic turbine, the Cp value is around 0.59 at maximum. However, in

practice, this value varies depending on the design of the turbine, operating conditions

and the environment in which it is placed. To increase the power coefficient of

hydrokinetic turbines, the following factors can be taken into account:

Turbine Design: Geometric features of the turbine are a parameter that affects
the Cp value. Factors such as the turbine blade type, surface design, cross-
sectional area and length of the blade profile affect the performance of the
turbine. Well-designed blades can provide higher Cp values.

Flow Velocity: Higher water speeds can help the turbine generate more
power. However, excessively fast water flow can negatively affect the power
coefficient of the turbine.

Turbine Location: The characteristics of the environment in which
hydrokinetic turbines are placed can affect their performance. Parameters
such as water depth in which the turbine is located, flow speed and direction
are among the many factors that must be taken into account for turbine
placement.

Turbine Maintenance: Regular maintenance can improve the performance

and extend the life of the turbine.

Local conditions and design must be taken into account when hydrokinetic wind

turbines perform the same in all conditions, unlike wind turbines. Continuous

improvement efforts are being carried out to increase the power rates of hydrokinetic

turbines and make them more efficient.
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CHAPTER V
MESHING

5.1 The Development of the Finite Element Method

The finite element method is a technique developed to obtain approximate solutions
of partial differential equations of elements with boundary conditions. The main
purpose of this method is to approach the final solution by dividing the complex
structure into relatively smaller components. The starting point of finite element
analysis is thought to be the studies on natural vibration frequencies studied by John
William Strutt in the late 1800s. With the development of numerical methods in the
following years, the origins of specific and focused scientific studies aimed at solving
complex problems in aviation and building sciences date back to the scientific articles
published by A. Hrennikoff in 1941 and R. Courant in 1943 (Hrennikoff, 1941;
Courant, 1943).

Finite element method; It emerged as a method for solving problems in fluid
mechanics, thermodynamics, aviation and various engineering disciplines. The
method came to prominence with the publication of Gilbert Strang and George Fix's
book "Analysis of the Finite Element Method" in 1973 (Strang and George Fix, 1973).
The finite element method enables the observation of behavior under stresses and
forces at the theoretical design stage, without actually producing the models. At the
same time, the Finite Element Method is necessary for designs that can be optimized
before production and save time and production costs. It also eliminates the difficulty
of testing how designs will behave under relatively high forces, very high or low

temperatures, and under these effects, before they are actually manufactured.
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Figure 5.1 Tubular Pump Impeller (Wang et al., 2021)

5.2 Working Principle of the Finite Element Method

After relatively large components are divided into smaller parts without losing their
material behavior properties, points are defined to follow the behavior of these small
parts. These determined points are specifically called "Nodes". Each node is
programmed to contain material and structural data of its location. Meshing is a step
used when obtaining an accurate simulation using the finite element method. A mesh
consists of elements containing nodes that represent the shape of the geometry. The
meshing process transforms irregular volumes into pieces called "Elements", making
equations solvable and meaningful. In the thesis, within the scope of the examination
and analysis of the turbine, some terminologies related to meshing techniques have

been researched in order to explain the meshing techniques used.

5.3 Terminology

Meshing is widely used in computational fluid dynamics solutions. Although it has
simple definitions in terms of content, the results may deviate from the ideal solution
if the technique is not used correctly. The geometric shapes to be analyzed can be
combined in 2D or 3D under certain conditions. In 2D meshing, it can be divided into
small pieces as "Rectangular” or "Triangle". Rectangular pieces can consist of squares
or irregular quadrilaterals of different sizes and proportions. The area between the
edges of the quadrilaterals is called "Cell". The midpoint of the cell between the edges
can be called "Cell Center", and the intersecting corners of these quadrilaterals can be
called "Nodes". Geometry meshes as Triangles have the same definitions for Cell, cell

center, and nodes as in Quadrangles.
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Figure 5.2 Simple 2D and 3D Mesh Basic Definitions (Manchester-cfd)

5.4 Mesh Methods

When creating a mesh, the choice of element properties should be based on the
geometry and the behaviors to be observed. As mentioned, in 2D, there are two types
of elements: triangles and quadrilaterals. These types can be further subdivided into
TRI3, TRI6 for triangles, and QUAD4, QUADS for quadrilaterals. TRI3 is a triangle
mesh element type with 3 nodes. Additionally, TRI6 is a triangle mesh type with 6
nodes, while QUAD4 and QUADS mesh types are quadrilateral meshes with 4 and 8
nodes, respectively. In 3D, meshes can be categorized into five main groups: Hex

Dominant, Tetrahedrons, Sweep, Multizone, and Cartesian.

In the thesis study, quadrilateral mesh type and triangular type mesh were used in some
places for 2-dimensional analysis. The purpose of using this technique is to make the
solution relatively close to reality due to the high number of nodes in the equations
used in the analysis phase. However, due to the large number of nodes, this technique
caused the duration of the meshing phase and analysis phase to increase and the total
number of equations to be solved to be higher. In addition to the technique used, there

are also various mesh techniques;
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5.4.1 Hex Dominant

Hex-dominant dominant meshing uses "Hexahedron" elements as the element type.
This method is created by recombining the triangles of the initial network into
rectangles. Therefore, using this method does not require that all elements have six

sides. Many triangular or prismatic elements may still be present in the mesh geometry.

5.4.2 Tetrahedrons

Tetrahedral elements can be thought of as 2D three-dimensional counterparts of the
triangular mesh type. Tetrahedral elements are typically formed equilaterally in
systems with circular curvature. When a system has asymmetry, it can form as an
1sosceles tetrahedron. It has much higher accuracy than a simple 3D cubic mesh
element or 2D square mesh element in terms of approximating the final results of the
solution. This method is more suitable for polyhedral and relatively complex

geometries.

5.4.3 Swept Mesh

Swept mesh can be defined as a mesh creation method that takes its name from the
geometric creation technique used when creating geometry. This geometry creation
option, called sweeping, continues regular geometries along a curve or along an axis.
In other words, the sweep method is a modeling tool that relies on curved shapes or

straight shapes to create the volume of a model.
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Figure 5.4 Swept Mesh Visulalisation. (Cai and Shengyong, 2015)
5.4.4 Multizone Mesh

If a shape is too complex to be created by the sweeping method, Multizone Mesh is
used. It is a mesh method used especially when connecting body parts. It separates
areas that can be swept from those that cannot. In this way, it combines the desired

network into multiple regions.

5.4.5 Cartesian Mesh

Cartesian Mesh divides a geometry into Cartesian grids during meshing. Thus, a
square-shaped grid pattern is formed. It takes its name from the square pattern formed.
The advantage of this network method is that it can be created very quickly (Tucket

and Pan, 2000).
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Figure 5.5 Mesh Finess (Kim et al, 2007)
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5.5 Mesh Metrics

After the meshes are created, it is necessary to control the created mesh using some
reference values and methods. These are called "Mesh Metrics". There are 8 main
mesh metrics created by different methods. This is an important step in the pre-solution

phase, as the quality of the mesh in a geometry directly affects the solution.
These mesh metrics are:

e Orthogonal Quality

e FElement Quality

e  Warping Factor

e Parallel Deviation

e Aspect Ratio

e Jacobian Ratio

e Maximum Corner Angle

e Skewness

The selection of mesh metrics is made specific to the geometry. When adding mesh to
the geometry, if mesh metrics are not selected according to the meshing method used,
deviations occur in the simulation results. In computational fluid dynamics solutions,
especially in blade design, closely watched metrics include Orthogonal Quality,
Element Quality, Jacobian Ratio and Skewness. In the thesis study, mesh metrics were

carefully examined.
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CHAPTER VI
TURBULANCE MODELS

6.1 Turbulence Models In CFD

Turbulence models are approaches used in fluid mechanics to describe and analyze
turbulent flows mathematically through equations. It was stated that turbulence can be
defined as irregular, random and complex movements of a fluid. Therefore, turbulent
flows are quite complex to fully solve and predict. Turbulence models were developed
to represent the effects of turbulence with simpler mathematical equations (Wilcox,
1998). These models are often based on statistical and numerical data to capture the

fundamental characteristics of turbulence and produce accurate results.

6.2 K-¢ Model

The K-¢ model is one of the most widely used and oldest turbulence models (Nagano
and Tagawa, 1990). This model is employed for the mathematical modeling of
turbulent flows. The K-& model utilizes two turbulence variables called turbulence
kinetic energy (K) and turbulence scale (¢). The fundamental idea behind the K-¢
model is based on the concept that turbulence scale controls the energy transfer, and
turbulence kinetic energy feeds this energy transfer. The model calculates the effects
of turbulence by using turbulence kinetic energy equations and turbulence scale
equations. There are 2 parts of the K-& equation, one of them is “Kinetic Energy
Equation (K Equation)”. This equation explains the change in turbulence kinetic
energy. The velocity of the flow is influenced by factors such as pressure gradient,
viscosity, and turbulence production. The other part of the equation is “Scale Equation
(¢ Equation)”. This equation explains the change in turbulence scale. It is influenced

by factors such as viscous dissipation, turbulence production, and turbulence diffusion.

These equations include terms such as turbulence generation, turbulence dispersion
and viscous shear. Turbulence production represents the increase in turbulent energy
due to velocity gradients in the flow. Turbulence dissipation expresses the decrease in

turbulent energy due to viscous shear.
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The K-¢ model is a turbulence model that allows simple and computationally efficient
modeling of turbulent flows. The K-¢ model is a method used in various applications
of turbulent flows, especially in sectors such as aviation and shipbuilding. The K-¢
model produces accurate results in many cases. It is better to use more advanced
equations instead of the K-g& model, especially when complex turbulence structures
and local effects of flows are wanted to be investigated. The most commonly used
isotropic two-equation turbulence model is the standard turbulence model (Launder

and Spalding, 1974).

6.3 K-® Model

The K-» model is another widely used turbulence model. The K- model is used for
mathematical modeling of turbulence and is particularly effective in complex flow
conditions such as boundary layer flows and swirling flows. The K-® model uses a
new variable, Specific Dissipation Rate (®), instead of Kinetic Energy (K). While
kinetic energy is analyzed as in the K-&¢ model, the new variable related to kinetic
energy is used as "®" in order to obtain more accurate results. This model also performs

well in low Reynolds number flows (Zheng et al., 1998).

The k-o equation has 2 parts. The first chapter is about “Kinetic Energy Equation (K
Equation)”. This equation describes the change in turbulence kinetic energy. Gradients
of flow rate are affected by factors such as pressure gradient and viscous shear. The
second part of the equation is the “New Variable Equation (o Equation)”. This
equation explains the change in the new variable related to kinetic energy. This
variable is affected by factors such as viscous shear, kinetic energy production, and
the distribution of the new variable related to kinetic energy. The K- model can be
used in a variety of flow conditions, especially in boundary layer flows, rotating flows,
and complex geometries. The k- model can better capture the effects of rotation-
related turbulence in rotating flows and predict the results more accurately. However,
the K-o model has some limitations, like K-&. More advanced models may be
necessary, especially for situations involving high Reynolds number flows and large-

scale turbulence structures.

6.4 Reynolds-averaged Navier-Stokes (RANS) Model
Reynolds-Averaged Navier-Stokes (RANS) is another turbulence modeling approach

used for mathematical modeling of turbulent flows. RANS consists of a set of
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equations used to capture the average effects of turbulence. This model takes the time
average of the flow variables and combines them with turbulence effects to produce a
new equation. The RANS model is basically the Navier-Stokes equations averaged
over time. In RANS equations, turbulence effects are expressed using several
parameters. These are; terms related to viscous friction and terms related to Reynolds
number. These terms arise from factors such as turbulence generation, turbulence
dissipation, and turbulent viscosity. It is calculated according to turbulence variables

such as turbulence energy and turbulence scale.

RANS models can often be viewed as simpler and computationally faster. Therefore,
they are widely used in practical engineering applications. RANS models have
applications in various industrial and academic environments, such as aircraft
hydrofoils, automotive aerodynamics, turbine blades, etc. It may have difficulty
accurately capturing large-scale turbulence structures and may not fully reflect the
time-varying characteristics of turbulence, which imposes some limitations when

modeling real-time turbulence events.

6.5 Large Eddy Simulation (LES) Model

Large Eddy Simulation (LES) is another turbulence model used to directly solve
turbulent flows and accurately model large-scale structures. After calculating large-
scale turbulence structures, LES identifies small-scale structures using a subgrid
model. The basic idea behind LES is based on the concept that large-scale structures
of turbulent flows should be solved directly, but small-scale structures should be
modeled due to computational costs. Therefore, LES accurately resolves large-scale

turbulent structures while representing small-scale structures using a subgrid model.

LES provides more detailed and realistic results by accurately capturing large-scale
structures of the flow. Large-scale structures are fundamental components of energy
transfer and are an important parameter in determining the properties of the flow.
Small-scale structures have more local and random fluctuations. Therefore, LES uses
the assumption that the energy transfer of turbulence is characterized by large-scale
structures. LES models are often used in complex flow conditions and produce
relatively good results, especially in cases involving large-scale turbulence structures

and local effects of flow. However, on the other hand, LES is a computationally
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expensive method because a finer mesh is required both to directly solve large-scale

structures and to model small-scale structures.

6.6 Direct Numerical Simulation (DNS) Model

Direct Numerical Simulation, or DNS, is a turbulence modeling method that solves
turbulent flows in the most detailed and accurate way. DNS solves the Navier-Stokes
equations directly. The next stage calculates all scales and structures of turbulence in
the flow. The working logic of DNS is to proceed by precisely resolving all turbulent
movements at every scale of the flow. In this method, Navier-Stokes equations
calculate exact solutions for all flow variables with respect to time and three-
dimensional space. This allows every detail of the flow, all turbulent movements and
energy transfer to be accurately captured. The advantages of DNS include obtaining
completely accurate results and a comprehensive understanding of the turbulence
structure. Therefore, it enables detailed analysis of the nature of turbulence, energy
transfer, flow properties and turbulence structure by providing access to information

covering all scales and all-time scales of the flow.

DNS is also a suitable method for detailed analysis of small-scale turbulence structures
and energy transfer. A high-resolution computational grid is required to accurately
observe in realistic circumstance, turbulence events at every point and moment in the
flow. DNS requires significant computational resources and high processing power
because a very fine grid must be used to resolve the details of turbulence at all scales.
Therefore, DNS is often used for low Reynolds number flows or small-scale research
studies. In practical engineering applications, DNS results can be used as a reference
to understand the effects of large-scale turbulence structures and to determine their

parameters.

6.7 Shear Stress Transport Model

Shear Stress Transport (SST) model is known as a turbulence modeling method used
in mathematical modeling of turbulence. It aims to achieve better performance in
different regions of the flow by combining the "k-®" and "k-¢" models (Menter, 2009).
The SST model uses Reynolds-averaged Navier-Stokes (RANS) equations to resolve
turbulence effects. These equations describe the average behavior of the flow. By
including turbulence effects, it ensures more realistic results. The SST model offers an

optimal solution for 2 cases. One of these is in low Reynolds number flows, where the
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k- model performs well near walls. The other is in high Reynolds number flows,
where the k-&€ model performs better in free flow regions. The combination of these
two models allows for more accurate results in different regions of the flow. The SST
model combines information from the k-® and k-¢ equations to describe the turbulence
structure within the flow. On the other hand, the k-¢ model is used to capture large-
scale turbulence structures in free flow regions. The SST model uses various turbulent
transport equations to calculate the turbulent viscosity of the flow. These equations
express turbulence formation, turbulence distribution and turbulent viscosity. In this
way, turbulence effects are calculated accurately and the turbulence structure in the
flow is represented more realistically. The advantage of the SST model lies in its
ability to perform well in both low Reynolds number near-wall regions and high
Reynolds number free flow regions. It is a widely accepted turbulence model that is
frequently used in practical engineering applications. However, the SST model has
some disadvantages, especially in capturing the full complexity of the turbulence
structure. Therefore, its suitability for each application must be evaluated. In
conclusion, the Shear Stress Transport (SST) model is a turbulence modeling method
that aims to achieve better performance in different regions of the flow by combining

k- and k-& models (Rahman, 2022).
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CHAPTER VII
BLADE SECTION SELECTION

7.1 Selection of Hydrofoil

In hydrokinetic turbines, the blade profile holds a critical position as it directly
influences efficiency and operational principles. If the designed blade profiles do not
possess the desired characteristics, relatively low efficiency results can be obtained.
NACA airfoil profiles can be categorized into various types, including flat-bottomed,
cambered, and symmetric profiles. Within the scope of the study, 6 different blade
structures have been examined, namely NACA-0011sc, NACA-0018, NACA-1412,
NACA-2418, NACAchy, and NACA-M18. The selected blade profiles for use in the
thesis have been determined to compare different blade structures. Blade structures
can be classified as symmetric or non-symmetric. Various blade types have been

selected, ensuring representation from at least one type within each hydrofoil category.

N | Hydrofoil _
Hydrofoils
o Code
NACA— ............... ...................................... :1:_:’
0018 4 EE—
Name = NACA 0018
Chord = 1000mm Radius = Omm Thickness = 100% Qrigin = 0% Pitch = 0°
NACA- ‘ !
2 ; _ : AT
2418 DS FEFFFEET A e e tH
Name = NAGA 2418
Chord = 1000mm Radius = 0mm Thicknass = 100% Crigin = 0% Pitch = 0°
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Angle of attack is related to the position of rotor blades in the fluid and has a significant
impact on the efficiency and energy performance of the turbine. The attack angle
determines the position and angle of the turbine blades in the fluid. The correct attack
angle enables the blades to more effectively resist the movement of the fluid and
convert more energy. With the correct AoA, the blades can capture more energy and
can get higher power outputs. In hydrokinetic turbines, the AoA can help prevent
undesired phenomena such as cavitation on the blades. The attack angle is a crucial

factor in the design and operation of hydrokinetic turbines, influencing efficiency,
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energy production, and durability. Therefore, the selection and control of the correct
attack angle are of great importance in turbine design and operation. In the design
phase, 17 different attack angles (1°, 2°, 3°, 4°, 5°, 6°, 7°, 8°, 9°, 10°, 11°, 12°, 13°,
14°, 15°, 20°, 25°) have been modeled for 6 different blade types.

7.2 Pre-processing

7.2.1 Geometry

Before modeling, it is necessary to introduce the blade profiles to Ansys. Ansys
geometry modules support various file formats. In the scope of the study, blade profiles
were transferred to the Ansys geometry module by entering 3-axis coordinates as "X,
Y, Z" in the coordinate plane. The geometry modeled around the blade represents the
area where the fluid flows. Modeling the fluid too close to the blade can lead to
undesired results. Therefore, in the modeled geometries, boundaries were set at a
distance of at least 6 times the length of the blade. In the visual given in Figure 7.1;
R4 dimension is modeled as 6 meters, H5S and H6 dimensions are modeled as 20

meters, and V7 dimension is modeled as 12 meters

Graphics.

0.000 5.000 10.000 (m)
I I ]

Figure 7.1 The geometry features to be used in the modeled hydrofoils

The lengths of the blade profiles are set to 1 meter. As mentioned in the theoretical
section, the forces generated by the blades are directly proportional to their lengths.
Setting the blade lengths to 1 meter is done to prevent potential issues in geometry and
mesh quality. Since the blade length can affect the solidity value, at this stage, the

results of standard 1-meter blade profiles will be compared against each other based
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on certain parameters to select the best blade profile. The data obtained from blades
with a length of 1 meter is expected to exhibit parallel behavior with models having

longer or shorter blade lengths.

7.2.2 Mesh Features of Hydrofoils

1

It was conveyed in the "Mesh" and "Theory" sections that mesh quality in CFD
analyzes has a significant impact on the accuracy, stability and efficiency of
calculations. Since mesh quality directly determines how close the results are to
approximate or certain values, information was transferred again for the constitutive
meshes at this design stage. Meshes created in low quality can produce misleading
results, especially in models with sharp geometries or complex flow features. Good

mesh quality simulates the effects of turbulence and flow details more accurately,

allowing a more precise determination of the forces acting on the modeled geometry.

7.2.2.1 Boundary Conditions and Surface Interactions
The mesh quality assists in accurately simulating the interaction with the fluid's
boundary surfaces. This is crucial for surface friction, flow separation, and other flow

characteristics. The walls surrounding the blade have been divided into at least 1000

equal parts, creating a dense mesh network in this region.

Figure 7.2 Mesh density used on hydrofoils
7.2.2.2 Time and Resource Efficiency

While calculations can take time to complete in a highly complex and detailed network
structure, high-quality networks have a significant impact on the result accuracy
despite the time disadvantages. Low-quality mesh structures may save time in the
calculation phase, but may lead to less accurate results. When determining the mesh

structure and type, paying attention to these two parameters is very important in terms
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of both result accuracy and required time. Using a dense mesh on 2D geometries does
not require excessive computational power as it does not excessively increase the total

number of meshes. Therefore, the network density used in the models is high for this

stage.
Skewness Mesh Metrics Intervals
Excellent |Very good Good Acceptable Bad Unacceptable
0-0.25 0.25-0.50 0.50-0.80 |0.80-0.949 0.95-0.979 0.98-1.00
Orthogonal Quality Mesh Metrics Intervals
Excellent |Verygood Good Acceptable Bad Unacceptable
0-0.001 0.001-0.14 |0.15-0.20 |0.20-0.69 0.70-0.95 0.95-1.00

Figure 7.3 Mesh Metric Scale (Fatchurrohman and Chia, 2017)
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Figure7.4 Skewness table for mesh used in hydrofoil profiles
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Figure7.5 Orthogonal quality table for mesh used in hydrofoil profiles
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Figure7.6 Element quality table for mesh used in hydrofoil profiles
7.2.2.3 Geometric Complexity

High quality mesh should also be able to reveal the details in the modeled geometry.
The hydrofoils used in the model have the feature of simple geometry. Turbulences
that may occur during the movement of liquids around the model are important for the
results. Since relatively small geometric additions in the model can cause turbulence,
a mesh structure and count that reflects the geometry as much as possible was used.
The curvature faces of the hydrofoils used are fixed to a certain degree, as seen in

Figure 7.7, and no additional edges are allowed.

Figure 7.7 Curvature features in hydrofoil profiles
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7.2.3 Analysis Setup of Hydrofoils
When configuring analysis settings, parameters should be added as realistic and close
to reality as possible. There are several parameters in the analysis settings including

'‘Boundary Conditions', "Viscous Models', 'Solution Methods' and 'Iteration Settings'.

7.2.3.1 Boundary conditions
Boundary conditions mathematically impose limits on the system being analyzed. It
describes how the fluid will interact with these boundaries. It has parameters such as

inlet conditions, outlet conditions, surface conditions.

Inlet Conditions: Inlet boundary conditions address the conditions at which the fluid
enters the system. In general, in fluid studies; Features such as speed, temperature,
pressure is stated in the introduction section. These conditions determine the starting
point of the analysis and how the fluid enters the system. In the models created, entry

speeds were set to 1 m/s.

QOutlet Conditions: Exit boundary conditions consist of parameters that define how
the fluid will exit the analysis area. This defines parameters such as velocity, pressure
or temperature of the fluid at the outlet. Outlet conditions have a great impact on how
the fluid will be separated from the analysis area and how the analysis results will be

evaluated. In the created model, the outlet condition is set as pressure condition.

Wall Conditions: Wall boundary conditions are concerned with how the fluid should
behave in that region when it encounters a surface or wall. The fluid velocity can be
set to zero or a certain value perpendicular to the wall. The surface properties of the
walls directly affect fluid surface friction and heat transfer. In the modeled geometries,

hydrophilic blade edges were modeled with a non-slip condition.

Symmetry Conditions: Symmetry conditions are a parameter used in case there is
symmetry in the geometry of the model. Since most of the hydrofoils used in the study
were not symmetrical, this feature was not defined in the analyses. However, they can

be used for geometries containing symmetry as they provide time economy.

Boundary conditions are important factors that affect the realism and accuracy of the
analysis. Therefore, before analysis is carried out, the problem and the purpose of the
analysis must be well defined. Only in this way will it be possible to create appropriate
boundary conditions. Incorrect boundary conditions can adversely affect the accuracy

of analysis results in representing a practical scenario.
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Figure 7.8 Boundary conditions of models
7.2.3.2 Viscous Model

Turbulence models are explained in detail in the relevant section. In this section, we
will focus on the turbulence model used. Taking into account the complexity of the
model, computational resources and the purpose of the analysis, the turbulence model
was determined as SST k-omega. Complex turbulence models with higher
computational costs can be used to obtain more accurate results. However, at this stage,
it is seen that using SST k-omega equations with its simple geometry and good mesh

quality will not affect the results much.
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Figure 7.9 K-omega SST turbulence model parameters
7.2.3.3 Solution Methods
The separate section on Solvers is not mentioned. Basic level about solvers; They can
be defined as the basic components used in Computational Fluid Dynamics (CFD)
analyzes to simulate the movement of fluids by solving mathematical equations.
Solvers represent numerical algorithms used to determine properties such as velocity,

pressure, and temperature of fluids. Navier-Stokes equations are equations that
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mathematically describe fluid motion. Solvers solve these equations using numerical
methods and calculate the variables of the flow. Solvent selection greatly affects the
accuracy of analysis results. More complex solvers have the potential to produce more

accurate results but may require additional computational resources.

Advanced solvers may be needed to model complex fluid behavior and more
effectively address phenomena such as turbulence, heat transfer, and multiphase flows.
In designs where turbulence needs to be actively taken into consideration, it is a good
option to use second order energy equations as much as possible. A good solver helps
achieve faster and more reliable convergence in the analysis. Solvers designed to

operate under different physical conditions allow the flow to adapt to changing

conditions.

Solvers are a fundamental phenomenon of CFD analysis. The correct selection of a
solvent significantly affects the accuracy, reliability and analysis time of the results.

In the models, parameters such as energy, loss rate, turbulence kinetic energy and

momentum are solved in the second order.
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Figure 7.10 Solution methods features of modelled hydrograph

7.2.3.4 Number of Iterations

The number of iterations used in their analysis is an important variable for the accuracy
of the results. It is directly related to the stability of the solution. Iterations mean how
many times that equation is repeated in the process of solving mathematical equations
representing fluid motion. In numerical methods; There are equations solved for each
mesh cell. The results obtained from these equations are used as an input when solving
the next equation, and this process ends with the convergence of the output parameter

to the input parameter. Iterations continue until the analysis reaches the desired result.
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Convergence in analysis allows results to be obtained with a certain level of precision
and stability. Insufficient iterations may prevent analysis from convergence. It is
inevitable to use a different number of iterations for each geometry and analysis
setting. As simple iteration stages; Initially, flow rates, pressures, and other variables
in the analysis area are estimated. These initial guesses determine the starting point for
iterations. The closeness of the initial estimates to the certain values increases the
convergence rate, and when the result converges, the final solution is reached. Various
solver and turbulence model choices affect the convergence of the analysis. Some
solvers or models may converge faster or slower. Stricter criteria may require slower
convergence. Complex turbulent flows or intense fluid interactions may require more
iterations. The nature of the flow and the purpose of the analysis affect the number of

iterations.

Although a higher number of iterations produces a more accurate solution, after a
certain point the solutions start to become very convergent. After this point, increasing
the number of iterations only increases the need for processing power and does not
significantly change the results. In general, the number of iterations is crucial for the
reliability and accuracy of the analysis. A well-defined iteration strategy ensures that
the analysis produces the desired results. Therefore, a balance appropriate to the
purpose and complexity of the problem must be sought. 800 iterations were used in

the models and it was observed that RSM values reached 107-4.
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Figure 7.11 Number of iteration parameter in modelled hydrofoils.
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7.3 Post-processing
The hydrofoil profiles were analyzed at different angles of attack, and the output

included velocity and pressure contours, drag forces, lift forces, and C1/Cd values.

7.3.1 Velocity and Pressure Counters

Velocity and pressure contours are an important monitoring tool used in fluid
dynamics and aerodynamic studies. They provide important information, especially by
showing moving or stagnant areas of the liquid and pressure changes. These contours
can be used to examine and optimize the aerodynamic effects on hydrofoils during the
design phase. It simplifies visual understanding of complex fluid dynamics topics and
enhances the design process. Changes in velocity and pressure contours at different
angles of attack are shown. Pressure and velocity curves for each hydrofoil at various

angles of attack are presented sequentially.
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7.3.2 Drag Force

When studying drag forces, an increase in angles of attack has led to an augmentation

in drag forces.

Table 7.1 Drag forces at different angles of attack

Drag Force (N)
A0A() NO0011- | NACA- | NACA- | NACA- NACA- NACA-
SC 0018 1412 2418 CHY M18

1 66.000 87.391 57.063 99.628 155.167 151.266
2 68.644 90.626 63.153 106.952 171.855 162.456
3 77.562 96.680 67.717 115.903 188.328 174.804
4 86.197 | 104.655 80.389 120.349 207.927 192.029
5 93.131 112.658 91.222 134.311 230.998 211.201
6 101.638 | 120.494 101.446 140.315 265.569 231.410
7 101.068 | 124.311 107.883 142.759 283.346 248.829
8 108.701 | 130.125 127.831 152.576 311.790 274.392
9 131.999 | 147.666 162.202 175.604 382.805 314.391
10 148.101 | 164.145 168.035 199.976 411.894 351.189
11 149.789 | 175.356 176.139 | 202.550 440.583 389.959
12 166.724 | 190.481 194.719 | 220.401 523.616 405.599
13 191.432 | 206.708 221.172 | 235.550 544.259 464.922
14 | 229.989 | 223.838 251.998 | 244.191 644.882 530.793
15 | 237.260 | 226.145 293.665 284.829 701.183 613.912
20 | 273.007 | 420.272 | 717.515 | 453.388 | 1307.972 | 1022.550
25 | 346.261 | 723.794 | 926.099 | 737.297 | 2255.445 | 1880.848
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Figure 7.12 Variation of drag forces with angles of attack
7.3.3 Lift Forces

When examining lift forces, an increase in angles of attack resulted in an increase in

lift forces.

Table 7.2 Lift forces at different angles of attack

Lift Force (N)
A0A() NO0011- | NACA- NACA- NACA- NACA- NACA-
SC 0018 1412 2418 CHY M18

1 132.000 | 174.783 114.126 199.256 77.583 75.633
2 136.885 | 181.251 126.306 213.904 85.927 81.228
3 146.029 | 193.359 135.434 231.807 94.164 87.402
4 158.075 | 209.310 160.779 240.698 103.964 96.015
5 170.164 | 225.316 182.443 268.621 115.499 105.601
6 181.999 | 240.988 202.892 280.630 132.785 115.705
7 187.764 | 248.622 215.766 285.518 141.673 124.414
8 196.545 | 260.249 255.662 305.153 155.895 137.196
9 223.040 | 295.332 324.405 351.208 191.402 157.196
10 247932 | 328.290 336.070 399.952 205.947 175.594
11 264.865 | 350.713 352.277 405.100 220.292 194.980
12 287.710 | 380.961 389.437 440.803 261.808 202.799
13 312.220 | 413.415 442.344 471.099 272.130 232.461
14 338.094 | 447.676 503.996 488.382 322.441 265.397
15 341.579 | 452.290 587.331 569.658 350.591 306.956
20 634.796 | 840.544 1435.030 | 906.775 653.986 511.275
25 |1093.248 | 1447.588 | 1852.199 | 1474.594 | 1127.723 940.424
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When analyzed under different angles of attack with the same geometric conditions
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and mesh quality, the "C;/Cp" value for each hydrofoil is given in the table below. The

outputs show that NACA-1412 has a better C1/Cd value when used at a 7-degree angle
of attack. The NACA-1412 hydrofoil has a lift force 15.806 times higher than the drag

force at a 7-degree angle of attack.

Table 7.3 Ratios of CI/Cd values at different angles of attack

CL/CD Values in different angle of attacks
Hydrofoil Type
AoA NACA- NACA- NACA- NACA- NACA- NACA-
0011sc 0018 1412 2418 CHY MI8
0 0.920 0.276 4.093 4.851 7.781 4.224
1 3.460 2.150 7.114 6.379 9.628 6.857
2 6.000 4,734 10.000 7.997 11.598 9.231
3 9.053 6.583 12.087 9.667 12.897 11.331
4 11.002 8.744 13.607 10.728 14.078 12.642
5 12.315 9.458 14.910 11.582 14.431 13.558
6 12.889 10.771 15.396 12.090 14.567 14.531
7 13.801 11.345 15.806 12.316 14.598 14.497
8 13.676 11.941 15.264 12.638 14.022 14.269
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(Continues.). CL/CD Values in different angle of attacks
Hydrofoil Type
AoA NACA- NACA- NACA- NACA- NACA- NACA-
0011sc 0018 1412 2418 CHY MI18
9 13.479 12.095 14.571 12.460 13.577 14.000
10 12.598 12.284 13.705 12.174 12.970 13.130
11 12.955 12.454 12.450 11.954 12.290 13.195
12 11.831 12.168 11.235 11.849 11.053 12.409
13 10.966 11.879 9.840 11.961 9.867 11.590
14 10.425 11.622 9.129 11.691 8.803 10.994
15 9.448 11.021 8.046 11.095 7.891 9.855
20 3.093 6.886 2.715 7.387 4.118 5.617
25 2.789 3.677 2.283 4.177 2.060 3.102
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Figure 7.14 Variation of CI/Cd values with angles of attack

When the values are examined, it is determined that the NACA-1412 hydrofoil profile

performs better than the other hydrofoil profiles at the same hydrofoil angle of attack.

Therefore, it is decided to choose the NACA-1412 hydrofoil profile. Based on the

modeled designs, the NACA-1412 is selected for its highest C1/Cd value at a 7-degree

angle of attack.
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Table 7.4 Forces for Different Hydrofoil Profiles at AoA=7

Comparison of Blades at AoA=7"°

No | Hpydrofoil Type |Drag Force (N) Lift Force (N) Ci./Cp
1 NACA0011SC 90.634 1250.868 13.801
2 NACAO0018 115.158 1306.440 11.345
3 NACA1412 94.354 1491.402 15.806
4 NACA2418 138.751 1708.889 12.316
5 NACACHY 131.261 1916.182 14.598
6 NACAMI18 114.287 1656.832 14.497
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CHAPTER VIII
CHORD LENGTH & BLADE NUMBERS SELECTION
8.1 Solidity and Power Coefficient

It was mentioned that the solidity value depends on the length and number of the blade.
Typically, a longer blade diameter means more surface area, which means a higher
potential for capturing energy from water flow. While longer blade, diameters perform
better at energy capture, they also require more material costs, larger and more
complex turbine design. Solidity will be examined in detail in Chapter 8. In
hydrokinetic turbines, solidity is the ratio of how much the rotor blades cover around
the rotor diameter. In other words, the rotor solidity indicates how "Occupied" the
space around it is by the blades. A higher solidity rate means more blades can be used.
However, an excessively high solidity ratio may increase the turbine's resistance to
water flow and reduce efficiency. An attempt will be made to find a balance between

the parameters explained in the section.

The solidity value will be examined in this section using two parameters as the number
of blades and the chord length of the blades vary. The NACA1412-coded blade profile
obtained as output in Chapter 7 will be used as an input parameter in Chapter 8 with a
7° angle of attack obtained from the outputs. Three different numbers of blades,
namely 4, 5, and 6, will be used, along with five different chord lengths: 10 cm, 15

cm, 20 cm, 25 cm, and 30 cm, resulting in a total of 15 different geometry models.

8.2 Pre-processing

The steps present in Chapter 7 will be repeated in Chapter 8. In the first stage, geometry
modeling will be performed, followed by detailed examinations for the mesh section
in the subsequent stage. Afterward, the analysis setup will be completed, and the

outputs will be examined.
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8.2.1 Geometry

In the geometry section, 2D models have been defined. Three different numbers of
blades were considered: 4 blades, 5 blades, and 6 blades. Additionally, a total of 15
different geometry models were created with 5 different chord lengths: 10 cm, 15 cm,
20 cm, 25 cm, and 30 cm. The created geometries were written to different Fluent files,
and the results were obtained independently. The rotor domain diameter was assumed

to be 1 meter, and the outer domain was prepared to be at least 15 times the diameter

of the rotor domain.

Figure 8.1 General view of dimensions of model

8.2.2 Meshing

The mesh outputs are shown in Figures 8.2, 8.3, and 8.4. Mesh outputs consist of 2
different domains. To ensure the accuracy of the analysis, the boundaries between the

domains were divided and meshed.

Figure 8.2 Mesh features of modelled geometries
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Figure 8.4 The average “Orthogonal quality” mesh metric for the geometries.
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8.2.2.1 Mesh Figures

At each stage, mesh qualities have been checked, and mesh metrics have been obtained
on a scale ranging from good to very good. Chord lengths of 0.10, 0.15, 0.20, 0.25,

and 0.30 cm are presented in separate tables based on the number of blades.

0.10 m Chord Length Mesh

blades

5
blades

6
blades
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0.15 m Chord Length Mesh

4
blades

5
blades

blades

0.20 m Chord Length

4
blades

blades
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0.25 m Chord Length

blades

5
blades

blades

0.30 m Chord Length

4
blades

5
blades

6
blades

Due to variations in geometries, the mesh numbers differ for each model.
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8.2.3 Analysis Setup

Modeling includes 15 different models with 4 blades, 5 blades, 6 blades, and chord
lengths of 0.10 m, 0.15 m, 0.20 m, 0.25 m, and 0.30 m, respectively. The chord lengths
of the models are arranged according to solidity, and the goal is to obtain the highest
power coefficient output without exceeding a maximum solidity value of 0.35. In the
simulations, a water flow rate of 2 m/s is used as the input parameter. It is mentioned
that the solution consists of 2 different domains. For the outer domain, a relatively
sparse mesh is applied to save time. The inner domain has a rotational angle. The
rotational angle of the inner domain is assigned as a variable and tested at speeds of 0
rad/s, 2 rad/s, 4 rad/s, 6 rad/s, 8 rad/s, 10 rad/s, 12 rad/s, 14 rad/s, 16 rad/s, 18 rad/s,
20 rad/s, 22 rad/s, 24 rad/s, 26 rad/s, 28 rad/s, and 30 rad/s. As a result of the tested
speeds, power coefficients corresponding to different TSR values will be calculated

and compared.

8.2.3.1 Turbulence Model

While setting up the models, the Transition SST turbulence model with 4 equation sets
has been used. The model equations involve a high number of meshes, allowing for
high-accuracy simulations; however, it has proven to be computationally expensive in

terms of time.

8.2.3.2 Iteration
During the simulations, the iteration count was set to 1000. It has been observed that

the solutions are convergent.

8.2.3.3 Solver settings
Second-degree equations were carefully employed in the parameters, and the solutions

were conducted with high precision.
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Figure 8.6 General solution method for modelled geometries

8.3 Post-processing

The results of the analyses were obtained, and graphs were utilized for easier

examination.

8.3.1 Results
As a result of the analyses, turbines with 4, 5, and 6 blades were tested with different
chord lengths, and the results were presented in tables. Since higher chord lengths

correspond to higher solidity, turbines with higher solidity were observed to achieve a

higher power coefficient.
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Figure 8.7 Cp vs. TSR Graph for 4 Blades
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Cp-TSR Graph for 5 Blades
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Figure 8.8 Cp vs. TSR Graph for 5 Blades
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Turbines with 4, 5, and 6 blades had the average power coefficients calculated, and
they were compared with solidity values. Each point seen in the graph represents a
different chord length, while curves with different colors represent different blade

numbers.
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Figure 8.10 Cp vs. Solidity Graph for 4-5-6 number of blades

According to the analysis, the turbine with 4 blades and a chord length of 25cm has
the highest power coefficient at a solidity value that does not impede the turbine's
operation. Visuals of velocity, pressure, and eddy viscosity counters indicate the

turbine with the best output.

The negative Cp values given as a percentage suggest that the turbine is not operating
in the desired direction at its current rotational speed. Blade designs are made to ensure
that the turbine rotates in the intended direction. Based on the current analyses, it can
be concluded that at low rotational speeds, the turbine rotates in the opposite direction,
indicating that the designed CI/Cd value does not take effect at that speed. Instead, it

moves based solely on the drag force effect and the flow direction.
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Table 8.6 Output results for 6 and Cp for the 4 number of blade turbine.

Model Number of Angular Chord Solidity Cp (%)

No Blades velocity Length
(Meters)

1 4 0 0.1 0.1286 0
2 4 2 0.1 0.1286 -0.142
3 4 4 0.1 0.1286 -0.324
4 4 6 0.1 0.1286 0.7678
5 4 8 0.1 0.1286 0.83
6 4 10 0.1 0.1286 0.9765
7 4 12 0.1 0.1286 1.0587
8 4 14 0.1 0.1286 1.2656
9 4 16 0.1 0.1286 1.2556
10 4 18 0.1 0.1286 1.3635
11 4 20 0.1 0.1286 1.6205
12 4 22 0.1 0.1286 1.618
13 4 24 0.1 0.1286 1.5927
14 4 26 0.1 0.1286 1.6809
15 4 28 0.1 0.1286 1.8308
16 4 30 0.1 0.1286 1.85
17 4 0 0.15 0.1929 0
18 4 2 0.15 0.1929 -0.2571
19 4 4 0.15 0.1929 -0.975
20 4 6 0.15 0.1929 -0.6774
21 4 8 0.15 0.1929 0.7021
22 4 10 0.15 0.1929 1.0613
23 4 12 0.15 0.1929 1.0157
24 4 14 0.15 0.1929 1.1286
25 4 16 0.15 0.1929 1.2122
26 4 18 0.15 0.1929 1.2698
27 4 20 0.15 0.1929 1.3516
28 4 22 0.15 0.1929 1.51
29 4 24 0.15 0.1929 1.553
30 4 26 0.15 0.1929 1.5826
31 4 28 0.15 0.1929 1.6704
32 4 30 0.15 0.1929 1.7968
33 4 0 0.2 0.2572 0
34 4 2 0.2 0.2572 -0.2798
35 4 4 0.2 0.2572 -0.0821
36 4 6 0.2 0.2572 0.2744
37 4 8 0.2 0.2572 1.0769
38 4 10 0.2 0.2572 1.2486
39 4 12 0.2 0.2572 1.4979
40 4 14 0.2 0.2572 1.6221
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Model Number of Angular Chord Cp (%)

No Blades velocity Length Solidity
(Meters)

41 4 16 0.2 0.2572 1.5072
42 4 18 0.2 0.2572 1.6184
43 4 20 0.2 0.2572 1.649
44 4 22 0.2 0.2572 1.6986
45 4 24 0.2 0.2572 1.7708
46 4 26 0.2 0.2572 1.843
47 4 28 0.2 0.2572 1.9231
48 4 30 0.2 0.2572 2.0226
49 4 0 0.25 0.3215 0
50 4 2 0.25 0.3215 -2
51 4 4 0.25 0.3215 -0.875
52 4 6 0.25 0.3215 1.397
53 4 8 0.25 0.3215 1.8462
54 4 10 0.25 0.3215 2.5316
55 4 12 0.25 0.3215 2.5643
56 4 14 0.25 0.3215 1.9891
57 4 16 0.25 0.3215 2.0513
58 4 18 0.25 0.3215 2.5056
59 4 20 0.25 0.3215 2.5853
60 4 22 0.25 0.3215 2.7087
61 4 24 0.25 0.3215 2.8422
62 4 26 0.25 0.3215 3.0405
63 4 28 0.25 0.3215 2.9306
64 4 30 0.25 0.3215 3.2355
65 4 0 0.3 0.3858 0
66 4 2 0.3 0.3858 0.1779
67 4 4 0.3 0.3858 -0.8071
68 4 6 0.3 0.3858 2.0545
69 4 8 0.3 0.3858 2.1916
70 4 10 0.3 0.3858 3.2446
71 4 12 0.3 0.3858 3.843
72 4 14 0.3 0.3858 5.5171
73 4 16 0.3 0.3858 5.5925
74 4 18 0.3 0.3858 5.6623
75 4 20 0.3 0.3858 5.1974
76 4 22 0.3 0.3858 5.2752
77 4 24 0.3 0.3858 6.055
78 4 26 0.3 0.3858 6.1057
79 4 28 0.3 0.3858 6.1486
80 4 30 0.3 0.3858 6.1856
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Table 8.7 Output results for 6 and Cp for the 5 number of blade turbine

Model Number of Angular Chord Solidity Cp (%)

No Blades velocity Length
(Meters)

1 5 0 0.1 0.1608 0
2 5 2 0.1 0.1608 | -0.5501
3 5 4 0.1 0.1608 | -0.6251
4 5 6 0.1 0.1608 1.5265
5 5 8 0.1 0.1608 0.4535
6 5 10 0.1 0.1608 0.6736
7 5 12 0.1 0.1608 0.9035
8 5 14 0.1 0.1608 1.0032
9 5 16 0.1 0.1608 1.2515
10 5 18 0.1 0.1608 1.2697
11 5 20 0.1 0.1608 1.3162
12 5 22 0.1 0.1608 1.3981
13 5 24 0.1 0.1608 1.4773
14 5 26 0.1 0.1608 1.5655
15 5 28 0.1 0.1608 1.771
16 5 30 0.1 0.1608 1.8112
17 5 0 0.15 0.2411 0
18 5 2 0.15 0.2411 -0.287
19 5 4 0.15 0.2411 | -0.9183
20 5 6 0.15 0.2411 | -0.7308
21 5 8 0.15 0.2411 0.6503
22 5 10 0.15 0.2411 0.9786
23 5 12 0.15 0.2411 1.2543
24 5 14 0.15 0.2411 1.3763
25 5 16 0.15 0.2411 1.534
26 5 18 0.15 0.2411 1.5974
27 5 20 0.15 0.2411 1.6589
28 5 22 0.15 0.2411 1.7803
29 5 24 0.15 0.2411 1.8957
30 5 26 0.15 0.2411 2.0423
31 5 28 0.15 0.2411 2.2202
32 5 30 0.15 0.2411 2.3203
33 5 0 0.2 0.3215 0
34 5 2 0.2 0.3215 | -0.1498
35 5 4 0.2 0.3215 -1.349
36 5 6 0.2 0.3215 0.3499
37 5 8 0.2 0.3215 0.9327
38 5 10 0.2 0.3215 1.4218
39 5 12 0.2 0.3215 1.7412
40 5 14 0.2 0.3215 1.8882
41 5 16 0.2 0.3215 1.8803
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Model Number of Angular Chord
No Blades velocity Length Solidity Cp (%)
(Meters)

42 5 18 0.2 0.3215 2.0095
43 5 20 0.2 0.3215 2.0908
44 5 22 0.2 0.3215 2.267
45 5 24 0.2 0.3215 2.4326
46 5 26 0.2 0.3215 2.6645
47 5 28 0.2 0.3215 2.7834
48 5 30 0.2 0.3215 2.9724
49 5 0 0.25 0.4019 0
50 5 2 0.25 0.4019 -0.164
51 5 4 0.25 0.4019 -0.0025
52 5 6 0.25 0.4019 0.4458
53 5 8 0.25 0.4019 1.8158
54 5 10 0.25 0.4019 2.204
55 5 12 0.25 0.4019 2.4569
56 5 14 0.25 0.4019 2.6999
57 5 16 0.25 0.4019 2.8092
58 5 18 0.25 0.4019 3.1973
59 5 20 0.25 0.4019 3.3231
60 5 22 0.25 0.4019 3.1827
61 5 24 0.25 0.4019 3.9708
62 5 26 0.25 0.4019 4.13
63 5 28 0.25 0.4019 4.4919
64 5 30 0.25 0.4019 4.3164
65 5 0 0.3 0.4823 0
66 5 2 0.3 0.4823 0.1714
67 5 4 0.3 0.4823 0.65
68 5 6 0.3 0.4823 1.9059
69 5 8 0.3 0.4823 2.234
70 5 10 0.3 0.4823 3.7995
71 5 12 0.3 0.4823 4.2908
72 5 14 0.3 0.4823 5.1362
73 5 16 0.3 0.4823 5.9083
74 5 18 0.3 0.4823 5.83
75 5 20 0.3 0.4823 5.9211
76 5 22 0.3 0.4823 7.1935
77 5 24 0.3 0.4823 7.7064
78 5 26 0.3 0.4823 8.1409
79 5 28 0.3 0.4823 8.5135
80 5 30 0.3 0.4823 8.8365
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Table 8.8 Output results for 6 and Cp for the 6 number of blade turbine

Model Number of Angular Chord Solidity Cp (%)

No Blades velocity Length
(Meters)

1 6 0 0.1 0.1929 0
2 6 2 0.1 0.1929 | -0.1112
3 6 4 0.1 0.1929 | -0.9303
4 6 6 0.1 0.1929 -0.387
5 6 8 0.1 0.1929 0.4767
6 6 10 0.1 0.1929 1.0415
7 6 12 0.1 0.1929 0.8748
8 6 14 0.1 0.1929 0.9658
9 6 16 0.1 0.1929 1.2649
10 6 18 0.1 0.1929 1.3653
11 6 20 0.1 0.1929 1.5457
12 6 22 0.1 0.1929 1.735
13 6 24 0.1 0.1929 1.8071
14 6 26 0.1 0.1929 1.8654
15 6 28 0.1 0.1929 2.0009
16 6 30 0.1 0.1929 2.1868
17 6 0 0.15 0.2894 0
18 6 2 0.15 0.2894 -1.2103
19 6 4 0.15 0.2894 | -0.7833
20 6 6 0.15 0.2894 0.1568
21 6 8 0.15 0.2894 0.7313
22 6 10 0.15 0.2894 1.2253
23 6 12 0.15 0.2894 1.2901
24 6 14 0.15 0.2894 1.3881
25 6 16 0.15 0.2894 1.5727
26 6 18 0.15 0.2894 1.74
27 6 20 0.15 0.2894 1.8858
28 6 22 0.15 0.2894 1.9517
29 6 24 0.15 0.2894 2.0605
30 6 26 0.15 0.2894 2.1723
31 6 28 0.15 0.2894 2.3036
32 6 30 0.15 0.2894 2.4616
33 6 0 0.2 0.3858 0
34 6 2 0.2 0.3858 0.1599
35 6 4 0.2 0.3858 | -1.0392
36 6 6 0.2 0.3858 0.7948
37 6 8 0.2 0.3858 1.3976
38 6 10 0.2 0.3858 1.9056
39 6 12 0.2 0.3858 2.1487
40 6 14 0.2 0.3858 2.1152
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Model Number of Angular Chord

No Blades velocity Length Solidity | Cp (%)
41 6 16 0.2 0.3858 2.5244
42 6 18 0.2 0.3858 2.7451
43 6 20 0.2 0.3858 3.2027
44 6 22 0.2 0.3858 3.2103
45 6 24 0.2 0.3858 3.4141
46 6 26 0.2 0.3858 3.5128
47 6 28 0.2 0.3858 3.6281
48 6 30 0.2 0.3858 3.9591
49 6 0 0.25 0.4823 0

50 6 2 0.25 0.4823 0.2022
51 6 4 0.25 0.4823 -1.31
52 6 6 0.25 0.4823 1.0735
53 6 8 0.25 0.4823 2.5835
54 6 10 0.25 0.4823 2.963
55 6 12 0.25 0.4823 3.3848
56 6 14 0.25 0.4823 3.5453
57 6 16 0.25 0.4823 3.8719
58 6 18 0.25 0.4823 4.0207
59 6 20 0.25 0.4823 4.7662
60 6 22 0.25 0.4823 5.765
61 6 24 0.25 0.4823 5.4298
62 6 26 0.25 0.4823 5.5969
63 6 28 0.25 0.4823 5.6757
64 6 30 0.25 0.4823 5.947
65 6 0 0.3 0.5787 0

66 6 2 0.3 0.5787 0.6342
67 6 4 0.3 0.5787 2.3055
68 6 6 0.3 0.5787 2.6913
69 6 8 0.3 0.5787 3.004
70 6 10 0.3 0.5787 7.0466
71 6 12 0.3 0.5787 8.9169
72 6 14 0.3 0.5787 8.3444
73 6 16 0.3 0.5787 8.5714
74 6 18 0.3 0.5787 8.6721
75 6 20 0.3 0.5787 8.6842
76 6 22 0.3 0.5787 8.9319
77 6 24 0.3 0.5787 9.2477
78 6 26 0.3 0.5787 9.6164
79 6 28 0.3 0.5787 8.9865
80 6 30 0.3 0.5787 9.7202
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For better clarity of the analysis results presented in the table, the average Cp values

for different pitch angles of each blade count have been calculated and compared with

the solidity values.

Figure 8.11 Velocity counter for optimized turbine
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Figure 8.12 Pressure counter for optimized turbine
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Figure 8.13 Eddy viscosity counter for optimized turbine
Counter printouts were taken for all analyses. It is divided into 3 main groups to be

examined in more detail. These are Velocity counters, Pressure counters and eddy

viscosity counters.
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8.3.1.1 Velocity Counters Results
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0.15 m Chord Length Velocity Counter
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0.20 m Chord Length Velocity Counter

All Domain Rotor Domain

Blades

5
Blades

6
Blades

106




0.25 m Chord Length Velocity Counter

All Domain Rotor Domain
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0.30 m Chord Length Velocity Counter
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8.3.1.2 Pressure Counters Results
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0.15 m Chord Length Pressure Counter
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0.20 m Chord Length Pressure Counter
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0.25 m Chord Length Pressure Counter
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0.30 m Chord Length Pressure Counter

All Domain Rotor Domain
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8.3.1.3 Eddy Viscosity Counters Results
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0.15 m Chord Length Eddy Viscosity Counter
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0.20 m Chord Length Eddy Viscosity Counter
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0.25 m Chord Length Eddy Viscosity Counter

All Domain Rotor Domain
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0.30 m Chord Length Eddy Viscosity Counter

All Domain Rotor Domain
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CHAPTER IX
TWIST ANGLE SELECTION

9.1 Selection of Twist Angle

In Chapter 7, the selection of hydrofoil types and parameters such as attack angles
were employed to determine the optimal hydrofoil and attack angle. In Chapter 8, with
the identified hydrofoil type and attack angle, various hydrofoil numbers and chord
lengths were specified, and analyses were conducted. As a result of these analyses, a
final model emerged, consisting of 4 hydrofoils with a NACA 1412 hydrofoil profile,
a 7-degree attack angle, and a 25 cm chord length. In this chapter, twist angle analyses,
an important parameter in axial turbines, will be performed. Turbines with twist angles
of 0 degrees, 10 degrees, 20 degrees, and 30 degrees will be modeled, and through
three-dimensional CFD analyses, the turbine with the optimal twist angle will be

determined.

9.2 Pre-processing

9.2.1 Geometry

Based on the results obtained from 2-dimensional analyses, a turbine with 4 blades, a
7-degree attack angle, and a 25 cm chord length, using the NACA1412 hydrofoil
profile, was designed with a diameter of 1 meter. For the twist angle parameter in axial
turbines, four different rotation angles were specified: 0, 10, 20, and 30 degrees. As
the rotation angles increase, the useful length of the hydrofoils decreases to prevent

angular distortion of the existing geometry.

The geometric modeling process began with 2-dimensional drawing as a rough draft.

Three-dimensional drawings were then modeled in AutoCAD and SolidWorks.

119



9.2.1.1 AutoCAD
The AutoCAD outputs are detailed in Figure 9.1 with dimensions.

Figure 9.1 AutoCAD Geometries of Spherical Turbine

9.2.1.2 SolidWorks modelling

SolidWorks is a 3D computer-aided design (CAD) and computer-aided engineering
(CAE) software. To use the Ansys Fluent plugin, models need to be created in
SolidWorks. SolidWorks solid models provide better results in terms of curvature
features. As indicated in the visuals, a visual representation is available for each model

with twist angles of 0, 10, 20, and 30 degrees. For Ansys analyses, two different
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models were created in SolidWorks, consisting of an external domain and an internal
domain. The models were named 'Rotor' for the rotating part of the turbine and 'Ex-
Domain' for the stationary part. Separate modeling of the rotating part of the turbine is

important for steady-state analyses.

Twist
Visual 1 Visual 2
Angle

10

20

30

Figure 9.2 SolidWorks Geometries of Spherical Turbine
9.2.2 Meshing

The importance and necessity of mesh quality have been explained in the previous
chapters. When examining the mesh numbers created in geometries prepared prior to
3D analyses, it is demonstrated that the mesh quality is good when considering the

nan

qualities of "Element quality," "orthogonal quality," and "skewness quality.
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Figure 9.3 Mesh Metrics Scales (Fatchurrohman and Chia, 2017)
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Figure 9.4 “Element Quality” Mesh metric of modelled geometries
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Figure 9.5 “Orthogonal Quality” Mesh metric of modelled geometries
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Figure 9.6 “Skewness” Mesh metric of modelled geometries

As seen in the visuals, mesh refinements are created much more densely in the area

where the effects of the fluid are to be examined.

Figure 9.7 General view of meshes of models

9.2.3 Analysis Setup
The Ansys analysis setup section specifies the analysis parameters and settings. In the
analysis settings, it should be determined which turbulence model the analysis will be

conducted on, and the turbulence models are detailed in Chapter 6. The sst-e model
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has been utilized as the turbulence model. The convergence of the iteration count has

been taken into account, ensuring the results converge.

9.3 Post-processing

9.3.1 Results

When examining the table supported by graphics, it is observed that the turbine with a
0-degree twist angle reaches maximum efficiency at a TSR (Tip Speed Ratio) value of
11.25. When examining the model with a O-degree twist angle, the velocity vectors
appear as shown in Figure 9.8. The velocity vector formed at the bottom of the model
can be expressed as the composition of the turbine's rotational speed and the incoming

fluid velocity.

0 0500 1.000 (m)

I
0.250 0.750

Figure 9.8 Velocity Arrow for 0-degree modelled geometry

The velocity vectors generated in the 10-degree model are illustrated in Figure 9.9.
Observing the blade positions of the turbine, it can be noted that the velocity vectors

are distributed, and there is no excessive increase in velocity at any specific location.
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Figure 9.9 Velocity Arrow for 10-degree modelled geometry

In Figure 9.10, the velocity vectors in the model with a 20-degree twist angle exhibit

a distribution similar to Figure 9.8. Upon closer inspection, it can be observed that

there is not as focused a velocity as in the model with a 0-degree twist angle.

0 0.500 1.000 (m)
[ B EE—
0.250 0.750

Figure 9.10 Velocity Arrow for 20-degree modelled geometry
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Figure 9.11 Velocity Arrow for 30-degree modelled geometry

Table 9.1 TSR vs Power Coefficient Table For 0°,10°,20°,30°

TSR Cp for Twist Cp for Twist Cp for Twist Cp for Twist
Angle=0° Angle=10° Angle=20° Angle=30°

0 0.000 0.000 0.000 0.0000
1.25 0.021 0.014 0.017 0.0077
2.5 0.027 0.015 0.015 0.0147
3.75 0.049 0.026 0.024 0.0387
5 0.062 0.047 0.039 0.0481
6.25 0.073 0.072 0.046 0.0575
7.5 0.077 0.078 0.062 0.0606
8.75 0.089 0.069 0.057 0.0570
10 0.098 0.066 0.052 0.0570
11.25 0.099 0.062 0.050 0.0504
12.5 0.085 0.060 0.047 0.0484
13.75 0.079 0.056 0.048 0.0462
15 0.070 0.053 0.048 0.0446
16.25 0.047 0.050 0.048 0.0424
17.5 0.051 0.044 0.048 0.0419
18.75 0.053 0.036 0.047 0.0426
20 0.072 0.035 0.045 0.0423
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In Figure 9.12, a comparison of power coefficients for analysis at 0, 10, 20, and 30-
degree twist angles has been conducted. The 0-degree angle, diverging positively,

produced a higher power coefficient at the same TSR (Tip Speed Ratio) values.
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0.080
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TSR

—0— Cp for Twist Angle=0° —A— Cp for Twist Angle=10°
—¢— Cp for Twist Angle=20° —&— Cp for Twist Angle=30°

Figure 9.12 Cp vs. TSR graph for different twist angle

The results indicate that the power coefficient decreases in the area where the twist
angle increases. This is because, as the twist angle increases to preserve the geometry,
the useful length of the hydrofoil decreases. This results in a reduction in the drag/lift
effects on the hydrofoil and, consequently, a decrease in the power coefficient. When
evaluating the power coefficient as the twist angle increases, hydrofoil sections need
to be examined in a three-dimensional manner, with hydrofoil lengths remaining the

same as a whole. This implies that the attack angles should not be used as a parameter.

Figure 9.13 Velocity, Pressure and Eddy viscosity output for Optimized Turbine
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Figure 9.14 3D Eddy viscosity for optimized turbine

In Figure 9.15, when pressure changes are examined, it is observed that the pressure
distribution on the hydrofoil is higher at surface points, as predicted. The sudden
change in pressure can be explained by the decrease in the gap between the pipe and

the hydrofoil.
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Figure 9.15 Pressure distribution on Turbine Blades
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9.3.1.1 0° Twist Angle - Counter Outputs
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9.3.1.2 10° Twist Angle - Counter Outputs
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9.3.1.3 20° Twist Angle - Counter Outputs
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9.3.1.4 30° Twist Angle - Counter Outputs
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CHAPTER X
DISCUSSION & CONCLUSION
As the world population increases, energy demand increases rapidly and the need for
clean, renewable energy sources also increases. Hydrokinetic energy is a relatively
new energy source that encompasses many causes that have been addressed through
research and development efforts. As a result of these reasons, research on
hydrokinetic energy is gaining momentum and is of great importance. First of all,
hydrokinetic energy has a significant potential for sustainable energy production. In
addition, this technology promises to reduce the negative environmental effects of
energy production based on fossil fuels. Moreover, hydrokinetic turbines offer
flexibility that traditional hydroelectric power plants cannot provide. While traditional
hydroelectric projects can damage ecosystems by creating reservoirs, hydrokinetic
turbines minimize environmental impacts by using water flow. They can produce
energy directly from water flows such as ocean currents, rivers, and tidal energy
without the need for large dams or reservoirs. Hydrokinetic resources such as ocean
currents and tidal energy have the potential to reduce carbon emissions while enabling

environmentally friendly energy production.

Energy imports are becoming an economic problem in many countries. Hydrokinetic
energy can also contribute to diversifying energy sources and reducing dependence on
energy imports. Hydrokinetic energy research has the potential to help water-rich
countries meet their future energy needs more sustainably and reliably by combining
the goals of sustainable energy, environmental protection, and energy security. For this
reason, it is thought that ongoing research on hydrokinetic energy will play an

important role in the development of the energy sector.

There are many types of hydrokinetic turbines. Each type has the best efficiency in
different operating conditions depending on where it is designed. At this point, design
and optimization have a great place in hydrokinetic turbines. Although design and
optimization methods vary, making simulations with CFD methods and redesigning

according to output parameters are among the best options in terms of cost and time.
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Among different types, Spherical hydrokinetic turbines have a different place in terms
of usage area. The fact that spherical hydrokinetic turbines can be used instead of
energy dispersions used in pressure pipes accelerates the research of this type of
turbine. Since the designs of turbines must be made specifically for the operating
conditions, these design conditions should be taken into consideration when designing

spherical turbines.

The design parameters were determined to initiate the study. Questions were posed to

obtain outputs for this work, such as:

e  Why spherical Turbines?
e What hydrofoil type is suitable for a spherical turbine, and how can this
be determined?
e At what angle of attack does the hydrofoil type provide the best
performance?
e  What should be the chord length of the hydrofoil to be used in the
turbine?
e How many blades should be used in the turbine?
e I[s a turbine shaft necessary, and what parameters should be considered?
e What should be the twist angle of the hydrofoils used in the spherical
turbine?
While designing a spherical hydrokinetic turbine, as mentioned in the previous
chapters, several crucial parameters need to be considered. During the geometric
design phase, the most important aspect is geometric idealization. Idealizations can
only be made by predicting how the turbine works against forces. The shaft, lower and
upper covers, and blades of a spherical turbine constitute the main elements of the
design. When the design transforms into a practical prototype, various factors may
occur, such as weld marks, slight changes in angles, and the surface being rougher than
anticipated. While these are foreseen during the design of a spherical turbine,
neglecting them in the modeling and geometric design phase is necessary for time

efficiency.
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Turbines with designed geometric modeling are transferred to the Ansys Fluent
module using the CFD method. This transfer stage involves various variables and
challenges. It is necessary to transfer to this program in pre-defined file formats
through the interface provided by Fluent. In the scope of this study, models created
with the SolidWorks program worked smoothly with Ansys Fluent and did not pose
any issues. The analyses consist of three main stages. In the first stage, 84 different
analyses were performed with 6 different pre-defined hydrofoil geometries at 17
different angles of attack and various water speed conditions to select the hydrofoil
type with the highest CI/Cd value. The selected hydrofoil type is NACA1412 with a
7-degree angle of attack, obtained from the results of the first stage. In the second
stage, a total of 24 different geometries were analyzed with 3 different hydrofoil blade
counts (4, 5, 6) and 6 different chord lengths (0.10m, 0.15m, 0.20m, 0.25m, 0.30m).
For each geometry, 15 different rotational speeds (0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20,
22, 24, 26, 28, 30) were determined, resulting in a total of 240 analyses. Number of
hydrofoils in the turbine and chord length were determined to achieve the highest
power coefficient at the same solidity value. The output of the second stage is a turbine
consisting of 4 blades with a chord length of 0.25 m. In the third stage, the twist angle
was determined. A total of 68 analyses were conducted with twist angles of 0°, 10°,
20°, and 30° at 17 different angular rotation speeds (0 rad/s, 5 rad/s, 10 rad/s, 15 rad/s,
20 rad/s, 25 rad/s, 30 rad/s, 35 rad/s, 40 rad/s, 45 rad/s, 50 rad/s, 55 rad/s, 60 rad/s, 65
rad/s, 70 rad/s, 75 rad/s, 80 rad/s). By examining the TSR & Cp graph, it was decided
that the optimized turbine should have a twist angle of 0°. The final design is a
spherical turbine with a diameter of 1 meter, consisting of 4 blades. The hydrofoil
profile is NACA1412 with a 7-degree angle of attack, a chord length of 25 cm, and a
twist angle of 0°. The shaft geometry is a cylindrical shaft thickening towards the

center at the junction points.

In the studies conducted in the thesis, turbine parameters such as hydrofoil type, angle
of attack, hydrofoil count, and hydrofoil length were investigated in a point-wise
manner. These parameters are not continuous in the current study content. For
example, in the analyses performed, angular rotation speeds could be within certain
interval values rather than specific points. Such a study, conducted with an unlimited
number of points, would allow performance outputs for each point. While peak points

were determined between certain two values in the current analyses, in an analysis
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where continuous points are input, the peak point will yield a precise number. Beyond
the parameters investigated in the thesis, research can be conducted on power
coefficients depending on the diameter and radius in spherical turbines. Analyzing the
power coefficient of the turbine designed with a diameter of 1 meter, in dimensions
requiring less material and thus being more economical, could be attempted. This
comparison of size/power coefficient could aim to achieve the most economical
section with the highest power coefficient. The current turbine design considers the
angle of attack as a parameter. The fact that the angle of attack is a parameter leads to
a decrease in the useful hydrofoil length as the twist angle increases. If the angle of
attack is not a parameter, and thus, twist angles can be tested without distorting the
geometry with a 0° angle of attack, it could be explored. The current turbine design is
intended to be integrated into pressurized and closed-system pipes. In today's
conditions, it would be beneficial to look at and examine the open-channel
performance of the same turbine. Technically, the analyses conducted are
computationally intensive. At this point, in the design phase, considering mesh density
and convergence conditions, a mesh metric scale between "Very Poor - Poor - Medium
- Good - Very Good" levels in 2D analyses and within the "Good - Very Good" scale
in 3D analyses was used for time economy. The current analyses were performed in a
steady-state condition. Conducting transient analyses on workstations with high
computing capacity and performing the time interval factor at 1/10000th of the desired
simulation time in transient analyses will provide a good perspective for more detailed

examination of the results.
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