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Abstract

The majority of South Africa’s electricity is generated from fossil-fuel plants that use mainly
coal. In these power plants, the combustion of these fossil fuels liberates greenhouse gasses
into the atmosphere that contribute to climate change. This problem coupled with the rapid
depletion of fossil fuels has necessitated the need to explore the alternative form of energy
such as renewable energy. Tidal energy is a form of ocean energy that can be considered as
an alternative energy resource or renewable energy source. This form of energy has not been
explored in South Africa, the only country in the world that is bounded by two oceans; the
Indian and the Atlantic. Tidal energy can be harnessed from the movements of tides to
generate electrical power. This study considered the possibility of harnessing tidal energy as
the alternative energy source for power generation which can be used to mitigate the
challenges associated with the energy crisis currently being experienced in the country.

For this study, an extensive literature review was carried out to understand the tidal
phenomenon, the concept of energy conversion from tides, the different techniques or
technologies that can be used to generated power from tides. There are two main technologies
used for converting tidal energy to electrical energy and these are the tidal barrage and the
tidal streams. Based on the inferences drawn from the literature reviews concerning the tides
experienced around the South Africa coastal region, it was identified that the tidal stream
technique is applicable. Harmonic analysis of the tidal resource for four identified sites was
conducted, from these analyses, Esikhawini was selected as an optimum site. Tidal streams
extract the kinetic energy of tides and the mode of operation of tidal stream plants is
determined by the type of tidal turbine employed. Several turbine designs were reviewed, a
helical cross-flow turbine was selected due to its self-starting capability and its ability to
operate in reverse stream flows.

For this helical turbine, an analytical model using the blade element momentum theory
(BEMT) was developed and was implemented on MATLAB environment. For the
experimentation, a prototype was developed and tested in a laboratory concrete flume in the
department of Civil Engineering at the University of KwaZulu-Natal. Based on the
experimental results, an analysis of the unit turbine was done which was used to propose a
conceptualized tidal power plant. Hence, the proposed tidal power plant was used to justify
the reason for embarking on this study which is to ascertain the possibility of establishing a

tidal power plant in South Africa.
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Chapter One

Introduction

1.1 Background

Generally, an electrical power system is divided into generation, transmission, and
distribution. The generation is usually used to convert all other sources of energy to
mechanical energy and finally into electrical energy. The transmission lines are high voltage
lines used to transport power from the generation station through a few to hundreds of
kilometres to the distribution centres. Finally, the distribution centres then feed power to the
loads. In South Africa, the role of generation and transmission is that of Eskom the country’s
power utility, and the municipality is tasked with the distribution of power to loads centres.
These days the South Africa power systems are experiencing huge constraints. The
challenges that have been experienced by the country’s power system have to do with the
increasing load demand which is higher than the supply from generation stations. Also, the
environmental and health issues correlated to greenhouse gas emissions, and according to, as
documented in references [1, 2], the capacity of fossil fuel is anticipated to decline in the
future. The high electricity demand is due to the exponential increase in demand for electrical
power from the country utility for domestic, commercial, and industrial purposes.

The majority of power generated in South Africa is mainly from coal-fire powered stations
[3]. The use of such power stations means that a large amount of greenhouse emissions and
will ultimately contribute to climate change due to the combustion of fossil fuel by these
coal-fired powered stations. The depleting capacity of fossil fuel coupled with the concerning
issue of climate change necessitates an exploration of alternative energy sources. Although
the access to electricity in South Africa has increased, the challenge of providing affordable,
adequate, and reliable supply is still an issue. The government working with Eskom is
currently searching for alternative energy sources to mitigate the problems associated with
the country’s power system. This has prompted the need to consider the use of renewable
energy sources such as solar, wind, ocean wave, tidal energy, biomass, and more for the
establishment of power plants for purpose of production of electricity.

The ocean occupies over 70% of the earth’s surface with a vast amount of energy stored in
different forms [4, 5]. The emerging option of power generation is the exploitation of ocean

energy that is renewable and abundant. Tidal energy is a form of ocean energy that is yet to



be explored in South Africa and it can be considered as an alternative energy resource or
renewable energy source. The implementation of tidal technologies is expected to address the
electricity crisis in the country and also minimizes the huge reliance on coal for power
generation. This form of renewable energy has been implemented in France, South Korea,
United Kingdom, Russia, China, and the Netherlands to generate electrical power. This has
helped to mitigate greenhouse emissions and diversify the energy mix. Ironically, despite
South Africa being bounded by two oceans the Indian and the Atlantic. Ironically, suffix to
say, currently, there is no tidal plant in South Africa though placed with a huge reserve of
energy. Due to its geographical location, the country has a high potential of establishing a
tidal power plant. Thus, this research project is aimed at conducting a study on the feasibility

of the establishment of a Tidal Power Plant in South Africa

1.2 The Potential of Tidal Energy

Tidal energy is often confused with ocean wave or marine current energy; the fundamental
difference is that ocean wave and marine currents originate from wind-blown on the ocean
surface [6] while tidal energy emanates from the interaction between the earth and celestial
bodies such as the sun and the moon. Tidal energy is a form of ocean energy that can be
harnessed from the movement of tides to generate electrical power. Both potential and
kinetic energy can be extracted from the vertical and horizontal movement of the tides.

A number of techniques have been proposed, developed, and implemented throughout the
globe for harnessing tidal energy. There are two basic forms of harnessing tidal energy
namely; tidal barrages and tidal streams. They are dominant due to the promising potential
for electrical power generation. Tidal barrages exploit potential energy from tidal ranges
(vertical difference between high and low tides), while tidal streams harness kinetic energy
similarly to wind turbines. The concept of harnessing tidal energy originated from the idea of

tidal mills since the 11th century in France, England, and Spain [6, 7].



Table 1.1: The world’s major tidal barrage site [8]

Location Tidal Barrage Mean Tidal Potential Mean Potential Annual
Area (km-square) Range (m) Tidal Power Production (Gwh/year)
(MW)
South America
San Jose, Argentina | 750 | 5.9 | 5870 | 51 500
North America
Bay of Fundy 83 6.4 765 6 710
Passamaquoddy 262 5.5 1800 15 800
Cobscook 106 5.5 722 6 330
Minas-Cobequid 777 10.7 19 900 175 000
Ambherst Point 10 10.7 256 2 250
Shepody 117 9.8 520 22100
Cumberland 73 10.1 1680 14 700
Petitcodiao 31 10.7 794 6 960
Memramcook 23 10.7 590 5170
United Kingdom
Severn 70 9.8 1680 15 000
Mersey 7 6.5 130 1 300
Solway Firth 60 55 1200 10 000
Thames 40 4.2 230 1400
Europe
Aber-Benoit 2.9 5.2 18 158
Aber-Wrac’h 1.1 5 6 53
Arguenon 28 8.4 446 3910
Frenaye 12 7.4 148 1300
La Rance 22 8.4 349 3060
Rotheneuf 1.1 8 16 140
Mont St Michel 610 8.4 9700 85 100
Somme 49 6.5 466 4090
Strangford Lough 125 3.6 350 3070
Eastern Europe-Northern Asia
Kislaya 2 2.4 2 22
Lumbouski Bay 70 4.2 277 2430
White Sea 2000 5.65 14 400 126 000
Mezen Estuary 140 6.6 370 12 000
Australia
Kimberley | 600 | 6.4 | 630 | 5 600

The world’s first tidal plant, LaRance was established in 1966 with an installed capacity of

240MW. Since the establishment of this plant, eight more plants throughout the globe have

been constructed and are in operation. Currently, there are two tidal plants under construction

in the United Kingdom and ten have been proposed in different parts of the world. There are

many potential tidal sites worldwide, table 1.1 presents the world’s major tidal barrage sites

with their potential mean power in megawatts and an annual potential production in gigawatt-

hour.

From table 1.1 it is evident that there is limited or no research of these types of




technologies in the African continent specifically in South Africa. Considering that South
Africa has an extensive 2800 km coastline [9, 10] and a region where the Atlantic and the

Indian Ocean converge, there is a high probability of harnessing tidal energy.

1.3 Motivation

South Africa is currently facing a severe electricity crisis, and this is evident from the regular
power cuts i.e. load shedding. This is as a result of insufficient power generation, poor plant
maintenance, and breakdown of the plants as most of the power plants have reached their life
span. Over 80% of the country’s electrical power is generated from fossil-fuel plants as
illustrated in Figure (1.1), this demonstrates the country’s dependency on fossil fuel.

Renewable energy sources are the alternative solution for the power crisis in South Africa.

Coal
85,7%

Figure 1.1: South Africa's electrical power generated capacity [11]

Nuclear

5,2%

Natural gas
3,2%

D|ese|
1,7%

Wind
0,9%

Energy from tides is renewable, clean, and can bring about environmental improvements.
Tidal energy is highly predictable compared to wind and solar which are highly dependent on
the weather conditions, hence tidal power is considered to be more reliable. Tidal plants have
a long lifespan as the first tidal plant was established during the 1960s and it’s still in
operation. Based on the existing tidal plants, there are low maintenance costs and high
efficiency of converting the energy from tides into electricity, thus the importance of this
study.



1.4 Research Question

As highlighted in the previous sections, there is an enormous amount of tidal energy in our
oceans, and South Africa is naturally blessed with this form of energy as it is bound by two
oceans. Tidal technologies have been implemented in countries like Canada, France, and
Russia that have established tidal plants. Thus, this is the answer to the question of whether
the tides experienced around South Africa possessed enough or sufficient energy for power
generation. There are several estuaries and bays in South Africa that can be evaluated for the
purpose of harvesting tidal energy. As mentioned in [5] the first step towards employing tidal
technologies is the characterisation and mapping of the ocean energy resources. If the
technologies were to be implemented, the wide gap between the renewable energy policy
statement and the actual implementation would be filled [12]. However, due to the
geographical location of different countries, some countries can harvest more energy than
others whereas in some countries it is impracticable.

Hence, this then raises the question that needs to be answered by the successful completion of
this study:

“Do tides available on the South African coastlines possess sufficient energy for the

establishment of a tidal power plant?”

1.5 Aims and Objectives
Based on the research question highlighted above, the following are the aims and objectives
of the study:
e Investigate the tidal resource using the harmonic analysis of waves for the selection of
an ideal site.
e Identify optimum characteristics for establishing a tidal plant and propose an energy
conversion system that is suitable for South Africa.
e Develop the potential of continuous power generation from tidal currents.
e Develop an Analytical Model for a Power plant.
e Develop a realistic scenario of energy extraction for the site identified and ascertain
its electrical power output capacity per unit.

As highlighted above with regards to the aims of this study, this study at its completion will
be tasked to achieve the following objectives:

e Carry out a feasibility assessment for tidal power development in South Africa

o Determine the applicable tidal technology for energy conversion



e Select an appropriate tidal turbine for the proposed power plant

e Simulate on the basis of developed analytical model, design, and carry out a computer
simulation of the tidal plant

e Construct a prototype development of the tidal power plant, to assess the amount of

power that can be harnessed for the generation of electricity.

1.6 Benefits of the Study

Tidal power is an unexploited energy source in South Africa. This energy source which is
abundant in South Africa has the capability to alleviate the issues related to the country’s
electricity crisis. It is a known fact that the siting of a tidal power plant is associated with
high capital costs, despite this high initial costs, coupled with the fact it is a form of
renewable energy and harnessing will go a long way in increasing the generation capacity of
the country. Thus, the abundance of the energy source will ensure a continuous electrical
power supply that is sustainable and affordable. A study conducted in 2005 as documented in
[12] estimated that about 1.1% of the global greenhouse gas emissions were from South
Africa. As mentioned in the previous section, most of the country’s electricity is generated
from thermal power plants that liberate greenhouse gas to the atmosphere; promoting
renewable energy technologies could greatly reduce the emission intensity and the country’s
dependency upon fossil fuel.

Tidal energy offers increased power security as tides are highly predictable as compared to
wind and solar energy, this means that the power that can be harnessed from tidal energy can
be estimated in advance for easy integration to the national grid. In addition, due to its
prediction and reliability, such plants can be designed to serve as baseload power plants.
This study can be used as a baseline for further investigations and possibly establishments of

tidal plants in the country.

1.7 Dissertation Outline

Chapter 1, has already been discussed, this chapter introduced the general background of the
study and the potential of tidal energy in South Africa. Also discussed, was the motivation
and the research question to be answered on the completion of this study. Also, discussed in
chapter 1 were the aims and objectives for carrying out this research study and the benefits of
the study. Chapter 2 focuses on reviewing the literature pertaining to the analysis of ocean
tides, the two dominant tidal conversion systems, tidal stream technologies, and the types of
electrical generators suitable for this application.



Chapter 3 outlines the design consideration of the tidal plant components and the
development of the analytical model used in this study.

Chapter 4 was developed on the analysis of the experimental and analytical model results to
verify the accuracy of the model developed in the chapter.

Chapter 5 summarises the study by drawing appropriate conclusions based on the aim of the
study, the objectives, analytical and experimental results. Necessary recommendations are

provided based on the finding for future work.



Chapter Two

Literature Review

2.1 Tidal Wave Fundamentals

The force interaction between the sun, moon, and earth causes the sea level to rise and fall.
The rise and fall of large bodies of ocean waters owing to the gravitational and centrifugal
forces between the sun, moon, and earth, cause tides. As the moon orbits around the earth, a
centripetal force known as gravitational force keeps the moon in its orbital. The gravitational
force exerted by the moon on the earth creates a bulge on the earth’s surface in the direction
of the moon. According to Newton’s third law of motion, for every force exerted on an
object, there is always an equal and opposite force. A resultant centrifugal force that acts in
the opposite direction of the gravitational force, creates another bulge on the opposite side of
the earth’s surface. The latter is true for the interaction between the sun and earth. The

interaction between the sun, moon, and earth is illustrated in Figure (2.1).

Tidal bulge due to
gravitational force

Tidal bulge due to
centrifugal force

Figure 2.1: Sun, moon, and earth interaction [13]
The bulges are accompanied by high and low tides where the magnitude of tides is a function
of the distance and position of the moon and sun with respect to the earth. The tide generating
forces vary inversely to the cube of the distance between the earth and the celestial bodies as
expressed in equation (2.1).

_ —4GMmR

F=—p (2.1)

Where G is the gravitational constant, M ,m and R are the masses, radii of the two objects

and d is the distance between the earth and the celestial bodies. Thus, the tides generated as a



result of the interaction between the sun and earth are smaller compared to those generated by
the moon due to the distance between sun-earth and moon-earth. When the sun and the moon
are aligned, the tides generated are greater than the average called spring tides [1, 2]. The
orthogonal position between the sun and moon with respect to the earth results in tides, lower
than the average known as neap tides. The position of the sun and the moon with respect to

the earth during spring and neap tides are illustrated in Figure (2.2).

Spring Tide

Figure 2.2: The spring and neap tides [14, 15]
There are three types of tidal patterns namely the diurnal, semidiurnal, and mixed-
semidiurnal tides as shown in Figure (2.3). Diurnal tides consist of one high and one low
water level during a period of a lunar day of 24 hours and 50 minutes. Semidiurnal tides
comprise two high and two low water levels during a lunar day of 12 hours and 25 minutes
and the mixed semidiurnal tides embody two unequal high and two unequal low water levels
during a period of 12 hours and 25 minutes [16].

i | l |
i

|
|
Diurnal | Semidiurnal
|
|

Tide Height (m)

Time (hrs) —————————

Figure 2.3: Types of tidal patterns
South African coastal areas experience semidiurnal tides whereas some places such as Klabat
bay in Indonesia experience a combination of diurnal and semidiurnal tides [17]. A tidal form

number is used to determine the type of tidal patterns experienced at a location. Semidiurnal
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tides occur in locations where the tidal form number is below 0.25, between 0.25 and 3 are

mixed tides, and above 3 are diurnal tides [18, 19]. The tidal form number can be evaluated

by:

Form Number = K +0, (2.2)
M, +S,

WhereK,,0,,M, and S, are the four tidal constituents that are determined for a particular

location.

2.2 Tidal Wave Characteristics

In physics, a water wave can be described as a manifestation of forces acting on the fluid,
hence the size of any wave depends on the magnitude of the forces acting on it [20]. The
longest known water waves are tides which are classified as mechanical waves as they
require a medium for energy transportation. Thus, tidal waves are referred to as energy
transporters that possess both potential and kinetic energy from the point where the tide is
manifested, as they travel towards the coast, the wave characteristics change due to
refraction, diffraction, and frictional dissipation [21] to the point where all energy is
completely transformed to other forms of energy. For optimum site selection and the
estimation of tidal power for a specific site, the wave characteristics have to be known. The
amplitude (A), frequency (f), velocity (V), period (T), height (h) and wavelength (1) as
indicated in Figure (2.4) are the characteristics that are used to describe a wave. These
characteristics are used in predicting the motion of tides.

Amplitude (A)

T Wavelength ( 1) ’

< a N\ g

S

&

2 Time (s)
&

a

Period (T)

Figure 2.4: The wave characteristics
A tidal energy conversion system is selected based on the tide level or high tidal stream
velocities at a specific site. Both the tide level and stream velocity are predicted by a

summation of major tidal constituents [22]. Each tidal constituent comprises an amplitude,
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frequency, and phase angle that varies based on the interaction between the sun, moon, and
earth. Equations (2.3) and (2.4) are used to determine the tide levels and stream velocities,

respectively.

t(t)=1,+> A -coszft—0,) (2.3)
v(t) =D A sin(2zft+6,) (2.4)
Where 1, is the sea level reference, A, is the amplitude, f, is the frequency, and 6, is the

phase angle of the X constituent.

2.3 Tidal Power

Amongst all ocean energies, harnessing tidal energy is one of the oldest techniques [23]. The
concept originated from the idea of tidal mills which had been used from the 11" century in
France, England, and Spain [6, 24, 25]. Tidal energy is often confused with the wave or
marine current energy; the fundamental difference is that wave and marine currents originate
from wind-blown on the ocean surface [26] while tidal energy emanates from the interaction
between the earth and celestial bodies. Both potential and kinetic energy can be extracted
from the vertical and horizontal movement of tides. Several techniques have been proposed
throughout the globe to harness tidal energy; tidal barrages and tidal streams are the dominant
techniques being used due to their promising potential for electrical power generation. Tidal
barrages exploit potential energy from tidal ranges (vertical difference between high and low
tides), while tidal streams harness kinetic energy similar to the wind turbines. From literature;
sites with tidal ranges of 5 m [27] and above were used for tidal barrage plants and sites that
experience strong tidal currents with a stream velocity of 1 m/s were used for the tidal stream

plants.

2.3.1 Tidal Barrage

Tidal barrages are dam-like structures [28] built across the entrance of an estuary, the barrage
separates the ocean from the estuary as illustrated in Figure (2.5). Turbines are installed on
the barrage wall and on either side of the turbines are sluice gates. The sluice gates are used
to create a head difference between the basin (dam) and the ocean water levels by controlling
the incoming and the outgoing tide through engaging and disengaging sluice gates. This
process is automated but for the purpose of maintenance, the gates are manually operated to
completely block off large bodies of water [29]. Tidal barrages generate electricity similar to
hydro dams [30] as both systems exploit the kinetic energy from the fluid flow. When an
adequate difference in the water elevation on either side of the barrage is developed, the

11



sluice gates are disengaged and the hydrostatic head causes water to flow through the
turbines, allowing electric generators to generate electricity. Electrical power generation can
be conceived from the water flowing into the basin and the water reflected out of the basin
[31].

Barrage

Level of the high tide

I Tidal basin

Sluice gates

Estuary floor

Figure 2.5: Tidal barrage [32]

For areas that experience semidiurnal tidal patterns, there are four tides in each lunar day.
Two high tides and two low tides and occur at intervals of 6 hours and 13 minutes. Thus, tidal
barrage plants generate power for a duration of 12 hours with no electricity being generated
in the 1st and 3rd quarters [33]. There are two types of tidal barrage plants, a single-basin,
and a double basin plant. The tidal barrage shown in Figure (2.5) is a single-basin plant, two
double basin systems are shown in Figure (2.6). Double basin schemes consist of two
adjacent basins, Figure (2.6 (a)) is a non-communicating double-basin whereas Figure (2.6
(b)) is a communicating double-basin system. The operation of non-communicating basins is
similar to that of a single basin, the difference is that one basin operates with an ebb
generation mode while the other basin operates with a flood generation. The communicating
double basin system consists of a primary basin one that extracts the energy directly from the
incoming tide (flood tide). When there is a low demand for electricity, the power generated
from the main basin is used to pump water into the secondary basin, which acts as a storage
element. The water is then released when demand on the system is high (peak period), thus
allowing the tidal plant to function with some of the characteristics of a pumped-storage

hydroelectric facility.
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Figure 2.6: (a) Non-communicating (b) Communicating double-basin system [17]
There are three modes of operation that tidal barrages can operate in and these are the ebb,

the flood, and the two-way generation.

2.3.1.1 Ebb Generation

The ebb mode of generation generates electricity with an outgoing tide. During high tides the
sluice gates are disengaged to allow the tide from the ocean into the basin, elevating the water
levels inside the basin. When the desired water level has been reached in the basin, as
indicated at point A as shown in Figure (2.7), the sluice gates are engaged allowing the ocean
water levels to drop. As the ocean levels continue to drop, a head difference is created
between the two large bodies of water. When the sluice gates are disengaged, allowing a flow
of tide through the turbines and electricity is generated and this will occur between points B
and C. Turbines cease operation at point C and the same process begins at point D. An ebb
generation is considered efficient and cost-effective as compared to flood generation which
will be discussed in the next section [6].

—  Basin Water level

1 | Generation Sea Level

Time (h)_'

Displacement (m)

Figure 2.7: The wave diagram for an ebb generation [34]

13



2.3.1.2 Flood Generation

The flood generation mode, also known as the overflow generation makes use of the
incoming tide. During low tides, the sluice gates are unlocked to maintain very low water
levels in the basin. In the course of high tides, the sluice gates are closed resulting in low
water levels in the basin while the tide reaches the desired head height. When the desired
head is reached the sluice gates are unlocked, the water flows into the basin through the
turbine, thus, generating electrical power. This mode employs low-speed turbines [35] which
has the advantage of not harming marine life but has the disadvantage of harvesting small

amounts of electricity. As shown in Figure (2.8), power generation occurs between points A
and B.

—  Basin Water level
= Sea Level

Time (h)

Displacement (m)
h

1A
Generation

Figure 2.8: The wave diagram for flood generation [34]

2.3.1.3 Two-way Generation

The two-way generation method utilises both incoming and outgoing tides [31, 36]. The non-
generation time is reduced as compared to the two other modes of operation. The world’s first
tidal plant, LaRance in France operates on a two-way generation. During high tides the sluice
gates are closed (see point A in Figure (2.9)), the water fills the basin until a hydrostatic head
is reached. When the desired head is achieved, the sluice gates are opened allowing the tide in
through a tidal turbine, thus, generating electricity. As the ocean levels (point B) begin to
drop, maximum water levels are achieved and the sluice gates are locked. Ocean levels
continue to drop until a sufficient head is built, thereby generating power from point C to D.
This method has a low maintenance cost.
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Figure 2.9: Two-way generation [34]
2.3.2 Tidal Stream

The enormous energy available from tidal streams can be exploited by placing large
underwater turbines [37] in areas that experience strong currents. When two or more units of
the large turbines are deployed and interconnected they form a tidal farm that extracts energy
from the horizontal movement of tides [38] as shown in Figure (2.10). The concept of energy
extraction is akin to that of wind farms as both techniques harness energy from a moving
fluid. The advantage of tidal energy in comparison to the wind is that; tides are highly
predictable with a water density that is 823 times denser than air [39]. The same amount of
power can be generated with the same size turbine despite the low tidal velocities [40-42].
The energy flux contained in the fluid [43] is directly proportional to the density of the fluid,
turbine swept area, and the velocity cube. The fluid exerts a force on the turbine blades due to
the fluid’s rate of change in momentum, generating mechanical power which is then

converted into electrical power

Figure 2.10: A typical tidal farm [44]
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The configuration refers to the axes of rotation of the turbine which is distinguished from the
turbine shaft orientation. Placement defines the plant layout, a tidal stream plant can be fixed
or floating. A fixed placement is achieved with the monopile or gravity-based installation
whereas a floating placement requires mooring or anchors to keep it in place. Ducting refers
to the placing of a turbine rotor in a duct as shown in Figure (2.11). According to Bernoulli’s
principle, when a fluid is in motion the pressure of the fluid is relatively low. This low
pressure is accompanied by high velocities, hence, the stream flow entering the duct is at high
velocities. This flow enhancement results in high power being generated as compared to a

turbine placed in an open stream flow.

Duct

Turbine Rotor

Stream Flow

Figure 2.11: Ducted turbine [45]
2.4 Tidal Steam Technology

Tidal stream technologies are slowly improving on their competitiveness with the increased
research and new design adaptations. To date a number of tidal turbines have emerged, a few
have been deployed and some are at the prototype stage. Tidal stream technologies comprise
four major components presented in Figure (2.12). The turbine rotor extracts power from the
stream flow, the low stream velocities result in low turbine speeds. The turbine shaft is
coupled to a gearbox which increases the rotational speed by means of gears. The other end
of the gear train is coupled to an electric generator that converts the mechanical power into
electrical. The above three components form a unit that is mounted and secured in place by

either a monopile, gravity-based, or a floating structure that is anchored on the seabed.
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Figure 2.12: The major components of tidal stream technologies

2.4.1 Turbine Rotor Configuration

Three turbine configurations can be considered for tidal stream technologies, horizontal axis,
vertical axis, and reciprocating hydrofoils as illustrated in Figure (2.13). The two major
turbine configurations mostly used are the horizontal and vertical axis [46]. Both horizontal
and vertical axis turbines exploit the horizontal movement of tidal streams with the difference
being in the shaft configuration. For horizontal turbines, the turbine runner rotates through a
horizontal shaft while in vertical axis turbines, the shaft is vertical and perpendicular to the
flow of the tidal stream. Horizontal turbines have the advantage of high peak efficiency.
Reciprocating hydrofoils do not rotate but move up and down repeatedly [47]. They have a
great advantage of being able to sweep a larger area in more shallow waters. This section

provides a literature survey on the two dominant technologies.
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Vertical axis axial flow Horizontal axis cross flow Reciprocating hydrofoil

Figure 2.13 Different tidal stream turbine configurations [17]

17



2.4.1.1 Horizontal Axis Water Turbines

Horizontal axis turbines are also known as axial flow water turbines (AFWT), they are the
simplest and most popular configuration used for tidal streams. They are defined by the axis
in which they rotate in i.e. the horizontal axis. These turbines consist of two or more rotor
blades that are coupled to the rotor hub. AFWTs are suitable for large-scale tidal applications
where yawing and pitch control mechanisms are required. Recent tidal turbine designs have
been developed in order to increase the efficiency of harnessing energy in the future. The
following are tidal stream devices that can be used to harvest tidal energy, they are discussed
as follows:

(a) Rotech Tidal Turbine

Rotech Tidal Turbine (RTT) is a type of bi-directional horizontal axis turbine. This turbine
comprises a gravity-based support structure and has a ducted rotor as illustrated in figure
2.14. The ducted symmetrical rotor makes use of the venturi effect which optimizes the angle
of attack by directing the tidal flow through the turbine. The advantages of ducting include;
the increased energy capture per unit of rotor area, the insensitivity to off-axis flow, and the
potential for supporting rotor blades at their tips, leading to the greater load resistance. These
features eliminate the need for the yawing mechanism that is complicated and expensive [48].
This design allows the turbine cassette to be removed and maintained or replaced completely

as shown on the right-hand side of Figure (2.14).

The generator module

1MW RTT UNIT
Duct Diameter
15 metres
Duct Length
19.2 metres
Turbine Diameter
11.5 Metres

Figure 2.14: Rotech tidal turbine [49]
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(b) SeaGen

SeaGen is a twin-bladed axial flow turbine. The rotor blades are mounted on a monopile
support structure that enables the rotor to move up and down the monopile [50] to the ocean
surface for the purpose of maintenance. Figure (2.15) shows a 16-meter rotor SeaGen with
an installed capacity of 1.2MW, the turbine was tested and connected to the grid at
Strangford Narrows in the UK since 2008 [51]. This was the world’s first tidal stream device
to generate electrical power and integrated into the grid.

L% ! B

T

Figure 2.15: The SeaGen [50]
2.4.1.2 Vertical Axis Water Turbines

Vertical axis turbines are also known as the cross-flow water turbines (CFWT) operate as a
lift-based generation system with the axis of rotation perpendicular to the stream flow. The
CFWT design makes them very efficient in extracting useful power from the horizontal
movement of tides as they are independent of the stream direction. The major advantage of
these devices include; less environmental impact as their installation requires minimum land
use [52] and they have the ability to provide unidirectional rotation in reversible fluid flow

[53, 54]. Crossflow turbines do not require a pitch control and yawing mechanism.

(a) Darrieus Turbine

A French inventor, G. J. M. Darrieus developed and patented the conceptual design of
Darrieus turbines in 1926 and 1931 [55-57], respectively. Darrieus turbines are lift-driven

devices that consist of two or more rotor blades. Two types of Darrieus turbines are
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characterised by their rotor blades, a troposkein and straight-bladed as shown in Figure
(2.16). The troposkein-bladed has curved rotor blades that are mounted on the shaft turbine,
this shape allows the turbine to be stressed in high tensions during high rotational speeds.
The straight-bladed turbine has straight rotor blades that are connected by horizontal
structures to the turbine shaft. These turbines are subjected to the varying angle of attack
which can be optimised by redesigning the shape of the turbine rotor. They offer a high
operating tip speed ratio as compared to the axial flow turbines. Due to the varying angle of
attack, in some instances, the angle is either too low or even negative which results in a very

low starting torque [58] hence, there is the issue of self-starting.
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Figure 2.16: A. Straight-bladed, B. Troposkein-bladed [59]

(b) Savonius Turbine

The Savonius turbine developed by S.J. Savonius in the 1920s is a drag-driven turbine with
an S-shaped rotor [60]. The S-shaped rotor blades are mounted on two end plates as
illustrated in Figure (2.17). As the tidal stream flows through the structure and comes in
contact with the opposite facing surfaces, lift and drag forces are exerted on the two surfaces.
The basic working principle is based on the difference in the drag force between the convex
and the concave parts of the rotor blades when they rotate around a vertical shaft [61]. The
angular velocity of the drag-driven turbine is always less than the stream velocity, which
means that the tip speed ratio is equal to 1 or smaller [62, 63]. The design and performance
of Savonius turbines have been tested and optimised by several researchers, the highest

efficiency based on tests on this device is 30% [64].
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Figure 2.17: Two different views of the servonius turbine [65]

(c) Gorlov Helical Turbine
The Gorlov helical turbine is a self-starting cross-flow turbine that was designed by Professor

Alexander Gorlov during 1994-1995. The concept originated from the idea of improving the
performance of the Darrieus turbines. The helical turbine blades regulate the periodical
unsteady torque characteristics produced by the straight-bladed turbines [66]. The Gorlov
turbine possesses all the advantages of Darrieus turbines without the disadvantages [54].
This improved performance is due to the shape of the blades which have a hydrofoil profile
with a helix path. Gorlov turbines can be designed with a vertical or horizontal shaft, with
two or more rotor blades. Figure (2.18) shows two types of triple-helix Gorlov turbines with

different support structures for the blades.
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Figure 2.18: Gorlov triple-helix turbines [67]
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In the mid-1990s, an experimental test was conducted on the triple helix turbines with
different dimensions for the rotor blades as shown in the above figure. Although the designs
are slightly different, both turbines demonstrated an efficiency of 35% with no vibration
observed [54]. A decrease in the turbine diameter can be compensated for with an increase in
the turbine height with no power losses. The turbine can be as long as desired, also there is
the option of mounting more than one turbine on a common shaft. An example of multiple

turbines mounted on a common shaft is illustrated in Figure (2.19).

I‘ nModules _|

Common Shaft Electric Generator

Figure 2.19: An option of assembling the helical turbines [54]
The turbine blades are always at an optimal angle of attack, this provides a reaction thrust
that can rotate the turbine faster than the water flow, and a nearly constant torque is

developed which subsequently can produce a near constant electrical power.

2.4.2 Gearbox

A group of components that are responsible for transmitting power are known as drive trains.
The drive train used in a tidal turbine generator system consists of the blade pitch mechanism,
rotor blades that are mounted on a turbine hub, turbine shaft, and a gearbox [68]. As
mentioned in the above sections, tidal turbines often rotate at a slower speed than the
maximum efficiency of the generator [58, 69]. To increase the slow rotational speed of the
turbine shaft means of gears to the desire higher speed, a gearbox is installed with one end
coupled to the turbine shaft. The gearbox is also coupled to the shaft of the generator to
convert the torque and rotational speed of the turbine output shaft to the torque and rotational
speed of the generator input shaft. Figure (2.20) show a typical planetary gearbox that is

commonly employed in both wind and tidal application.
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Figure 2.20: A typical planetary gearbox [70]
There are several types of gears that may be used in a gearbox such as spur gears, bevel
gears, or helical gears. The above gearbox employs helical gears which can achieve a gear
ratio of approximately 10:1 [71]. It is essential to a generator that requires a minimal gear
ratio to maintain high efficiency.

2.4.3 Electric Generators

An electric generator converts mechanical power from the gearbox (or turbine) into electrical
power. The power generated can either be direct current (DC) or alternating current (AC).
Both DC and AC generators are further classified as synchronous and asynchronous. In
synchronous generators, a DC is applied to the rotor winding of the generator producing a
rotor magnetic field [72]. The rotor which is coupled to a prime mover is rotated by the prime
mover, generating a rotating magnetic field. The output voltage is synchronised with the rotor
speed. The asynchronous generator produces electrical power by mechanically rotating the
generator rotor faster than the synchronous speed. The choice of generator is a function of the
desired output and prime mover.

There are two generators that are suitable for tidal plants, a doubly-fed induction generator
(DFIG) and a permanent magnet synchronous generator (PMSG). The stator and rotor of a
DFIG are connected directly and via power electronic converters to the grid. An AC signal is
fed to the rotor, inducing an ac current in the rotor windings. The turbine exerts a mechanical
force on the rotor generator, thus a rotating magnetic field. An AC current is induced in the
stator windings from the rotating magnetic field. The power converter that regulates the

active and reactive power is called the rotor-side converter that is connected directly to the
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rotor. The grid-side converter maintains the dc-link voltage [53]. The main advantage of the

DFIG is the reduced cost of the converter and generator [73]. A schematic diagram of a

DFIG-based tidal generation system is given in Figure (2.21).

Turbine

AC/DC/AC converter

C

~“rotor

DC

Cgrhl

Tidal Stream

Stator

Induction

GiE=

AC

EEEL

&

generator Control

Pitch angle

. Drive train ]
Y
}
I
I
I
|
I
I

________________

Three-phase
grid

Figure 2.21: Schematic diagram of a DFIG -based generation system [74]

A PMSG can be connected directly through a mechanical coupling or via a gearbox to the

turbine. The generator stator is connected to the grid via an AC-AC power converter as

shown in Figure (2.22). The excitation field of this machine is provided by the permanent

magnets. A high number of pole pairs enables the machine to be directly driven by the

turbine, eliminating power losses associated with the gearbox. The advantages of employing

PMSG are the low starting torque and rotational speed in direct drive, high constant

efficiency over a range of operating speeds [58], and no external excitation circuit are

required for the magnetic field.
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Figure 2.22: Schematic diagram of a PMSG-based generation system [75]
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2.5 Theoretical Estimation of Tidal Power
2.5.1 Potential Tidal Power

The amount of power generated from the tidal barrage system as shown in Figure (2.23) can
be determined from the following expression:

PzéAng2 (2.5)
Where A s the surface area of the barrage, p is the specific density of ocean water, g is the

gravitational acceleration, and H is the tidal range at the site

Ocean
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Figure 2.23: Theoretical tidal barrage
The surface area is given by:
A=LW (2.6)
Where L and W are the length and width of the tidal plant, respectively. The tidal range can

be determined using equation (2.7).
H=h-h (2.7)
Where h, and h, are the high and low tides at the site. For a tidal plant situated in a

geographical location that experiences semidiurnal tide (two high and two low tides), the
potential energy per day is given by:
P, =P x2 (hightide) (2.8)

Considering the power conversion efficiency, the total power generated can be evaluated as:

Py =R 29
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2.5.2 Kinetic Tidal Power

The amount of power generated is a function of the available tidal power and the turbine
performance coefficient of the turbine. It is known that not all the available power in the free
stream can be extracted and converted to rotation motion in the turbine, the amount of

possible extractable power from tides is given by:
P:%pAV3 (2.10)

Where p is the sea water density in kilograms per cubic meter A s the turbine swept area in

square meters, and V is the tidal current velocity in meters per second. The swept area
depends on the type of turbine employed. The cross-sectional area of flow swept by an axial
flow turbine can be determined from the equation

A=2zxr (2.11)
Where r is the rotor radius. Considering the conversion efficiency, the total power generated

can be determined from the following expression:

P:%UPAW (2.12)

2.6 Existing Tidal Plants

As part of a wide-ranging review of the South African tidal energy potential, this study is
tasked with evaluating a series of scenarios of the various aspects of tidal power. This study
will analyse the tidal resource, the status of the technology, and its potential environmental
impacts. This section is used to discuss the existing tidal power plants around the world. The
LaRance was the world’s large-scale tidal power plant [76], the first ever tidal plant
established between 1961 and 1966 in France which is still in operation. It employs 24
identical 20MW bulb turbine units with an installed capacity of 240MW and an estimated
average annual output of 540GWh [77, 78]. Before the establishment of Sihwa Lake tidal
plant, LaRance was the largest tidal plant. Sihwa Lake tidal plant in South Korea has an
installed capacity of 254MW with 10 25.4MW bulb-type turbines [60]. The other tidal plants
have small installed capacity such as Kislaya Guba in Russia with 1.7MW, Jiangxia in China
with 3.2MW, Udlomok in South Korea with 1.5MW, and lastly Eastern Scheldt in the
Netherlands with 1.25MW. Though all these tidal plants have different capacities, they all
went through the same establishment phases with the first being the most important, which is
the analysis and understanding of the type of tides experienced by the particular site. Table

2.1 documents the list of a few proposed tidal projects currently being investigated
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throughout the globe for possible siting of tidal plants. Ironically, South Africa with an

enormous amount of potential of tidal energy was not recorded in this project.

Table 2.1: Proposed tidal plant projects [79]

Tidal Area (km?) Theoretical Actual Station Name
Range (m) Power (MW) Power (MW)

21 947 583.24 200 New Zealand

4.7 100 308.5 480 Carolina, South Korea
5.2 55 20.76 33 Conwy, Britain

5.3 170 666.9 900 Kutch, India

6 20.5 103.06 87 Penzlinslenby

6.5 61 359.9 700 Marsely, British

6.8 1970 1272.67 7000 Cambay, India

7.8 450 3823.5 8640 Servern, British

9.1 2300 26599.34 19200 Mezen, Russia

10 115 1606.04 1800 Shepody, Canada
10.9 90 1493.33 1400 Cumberland, Canada
12.4 240 5153.65 5338 Cobequid, Canada

27



Chapter Three

Analytical Analysis and Computer Simulation

3.1 Tidal Stream

In this chapter, the concept of the tidal stream was analysed followed by a computer
simulation. The concept of tidal streams was chosen in this research study because tidal
current experienced in South Africa are tidal streams. In addition, tidal stream technologies
for generating electrical power are better as compared to tidal barrages. Tidal stream turbines
are less intrusive to the local environment, and it is in contrast to the tidal barrage, they can
be installed incrementally in a location. Tidal stream technologies are at their developmental
stages with a promising future to develop a tidal stream plant in South Africa. For the
analysis of tides, it is necessary to have adequate knowledge of the tidal stream velocity. An
investigation of the potential sites in South Africa was conducted to determine the viability of
a tidal plant that can be used for either tidal barrage or the tidal stream i.e. the two dominant
tidal energy conversion techniques. A study conducted in [52] measured tidal ranges at the
mouth of twenty South African estuaries, and the highest tidal range recorded was 4.50 m at
Richards Bay. Based on the available tidal range data, there is no potential site for the
establishment of a tidal barrage plant in South Africa. Sites that are considered feasible for a
tidal barrage must experience tidal ranges of about 5 m and above. Hence, the potential sites
in South Africa can only be evaluated for tidal stream technologies.

As will be discussed in detail in various sections in this chapter, a tidal energy resource
assessment was conducted by analyzing, modeling, and simulating the tidal velocity, and the
extractable tidal energy was done at four sites around the South African coastal lines. From
the resource assessment, an optimum site was then selected. Based on the tidal velocity of the
selected site, the use of a helical tidal turbine was proposed. This with respect to the tidal
velocity profile, the design process of a cross-flow helical turbine was done in order to
determine the amount of electrical power that can be obtained. Prior to the turbine design, the
analysis of the cross-flow turbines was done, a comparative analysis of two dominant cross-
flow turbines was also carried out. The turbine that demonstrated a higher performance for
the tidal stream was chosen and this was the helical cross-flow turbine. This turbine was
modelled using the blade element momentum theory (BEMT). The diagram used to illustrate
the generation of electrical power from the kinetic motion of the tidal stream with the use of

the helical cross-flow turbine is shown in Figure (3.1).
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Figure 3.1: Tidal stream energy conversion system
As shown in the diagram, the cross-flow helical turbine converts the kinetic energy from the
tidal stream into mechanical power which is given as a function of the torque and the angular
velocity. The turbine shaft is coupled to the electrical generator that converts the mechanical

power into electrical power.

3.2 Analysis of Tides in South Africa

The amount of tidal power obtained from tides is a result of the function of the cube of tidal
stream (current) velocity. Thus, the analysis and prediction of the stream velocity are
essential for estimating the amount of electrical power that can be generated from a site. The
amount of power available from a tidal site can be assessed using a tidal velocity profile. An
evaluation of potential sites was conducted based on their geographical location. South Africa
possesses the world’s second-fastest current with an average velocity of 1.3 m/s and a surface
velocity of 2 m/s [19] called the Agulhas current. The current flows along the east coast of
South Africa as shown in Figure (3.2) and the sites in this region can be considered for the
establishment of a tidal farm site. An economical site for establishing a tidal farm is one with
a stream velocity of at least 1 m/s.

Mosselbaai, Knysna, Ballitoville, and Esikhawini were identified as potential sites based on
the tidal data available from the South African Navy Hydrographic Office (SANHO). The
major constituents in the above locations as defined in equation (2.2) are the principal lunar
semidiurnal constituent (M2), principle solar semidiurnal constituent (S2), lunisolar
semidiurnal constituent (K1), and lunar-solar semidiurnal (O1). The other constituents are
extremely small and can be neglected [80] for the purpose of simulation. The tidal
constituent data in this study was estimated based on previous studies carried out as
documented in [9, 81].
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Figure 3.2: The Agulhas current system [82]

The data was collected using Acoustic Doppler Current Profilers (ADCP) which measured

the velocity, depth, and frequency of each constituent. The ADCPs were placed 153 to 230

kilometers from the shoreline in water depths of about 10 to 24 meters below the ocean

surface. The tidal constituent data is presented in table 3.1.

Table 3.1: Tidal constituent data

MOSSELBAAI
Tidal Constituent Amplitude (m) Phase (rad) Frequency
M2 0.95 0.89884 0.0807
S2 0.20 0.89921 0.0834
K1 0.21 1.60221 0.0418
o1 0.15 3.55174 0.0389
ESIKHAWINI
M2 0.96 0.81088 0.0818
S2 0.21 0.91738 0.0835
K1 0.22 1.93033 0.0418
01 0.16 2.73151 0.0374
BALLITOVILLE
M2 0.66 0.5411 0.0805
S2 0.31 0.9162 0.0833
K1 0.38 0.3577 0.0418
o1 0.27 3.8048 0.0389
KNYSNA
M2 0.57 0.5411 0.0816
S2 0.47 0.9226 0.0844
K1 0.31 0.8978 0.0429
01 0.26 4.2428 0.0398
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From the above information no firm conclusion can be drawn on the tidal resource in each

location, in the proceeding section, a numerical model was used to evaluate the tidal resource.

3.3 Numerical Simulation of Tidal Stream

A harmonic equation was used to model the sinusoids movement of the tidal stream. This
model assumes that tidal elevation is a summation of harmonic components with each
component representing a tidal constituent. Each tidal constituent consists of a unique
amplitude, frequency, and phase angle which can be simulated individually as a sinusoidal
function as illustrated in Figure (3.3). Equations (3.1a) to (3.1d) can be used to predict the

sinusoidal movement of each tidal constituent, where v,,,, Vs,, Vi, Vo, are the velocities of
each harmonic constituent, &, f and A are the phase angle, frequency, and amplitude of the

harmonic constituent respectively.

Vi, = Ay, sin(2z fy,, +64,), (3.1a)
Vs, = A, sin(2z s, +6,,), (3.1b)
Vi, = A Sin(2r f, +6,,) (3.1c)

Vo, = Ao, SiN(27 £, +6,,) (3.1d)
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Figure 3.3: Tidal constituent
The exact tidal speed that can be observed at a location can be determined from equation
(3.2).

V(t) =V, + Vg, +Vg + Vo, (3.1)
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A generic tidal velocity function as presented in equation (3.3) can be used for modelling the

tidal current velocity profile at a location with different tidal constituents.
v(t) = Z A sin(2zft+6,) (3.2)
n=1

Where v(t) is the tidal current velocity with respect to time, 6., f . and A which are the

phase angle, frequency, and amplitude of the harmonic constituent respectively. This
equation was implemented on MATLAB/SIMULINK environment and the simulation model
is shown in Figure (3.4). In this model, each function block represents a tidal constituent as
provided in table 3.1, and the summation block adds up the output of the four tidal

constituents.
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Figure 3.4: MATLAB tidal stream velocity profile

k4

The tidal velocity profile facilitates in establishing the maximum velocity profile for a
particular place which then plays a vital role in the design process of tidal turbines to be used.
Thus, the installed capacity of a turbine should be rated based on the value of 0.75 x
Maximum velocity, the values of the maximum velocity for each site are summarised in table
3.2.
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Figure 3.5: Tidal resource in South Africa

Table 3.2: Rating velocity

Plant Location Max. Velocity (m/s) Rating Velocity (m/s)
Mosselbaai 1.2595 0.9446
Ballitoville 1.2909 0.9682
East Landon 1.2612 0.9459
Esikhawini 1.4339 1.0784

From the above results and calculations, Esikhawini was selected as the optimum site for this
study on the establishment of a tidal Power plant in South Africa

3.4 Analytical Evaluation of Tidal Power

As stated in Chapter two, not all the available power can be extracted from the free tidal
stream. A stream tube model, presented in Figure (3.6) can be used analytically to determine
the maximum optimal power coefficient(C,,.,). The power coefficient describes how
efficiently the turbine can convert tidal energy into useful power. This model describes the
work done on the turbine by the kinetic motion of the stream. The turbine is represented by a
frictionless actuator disc that separates the upstream and downstream flow. In this stream
tube model, in order to determine the amount of power that can be converted from a tidal
stream, the following assumptions are made:

e A controlled volume in the stream tube.

33



e An ambient pressure (P,) on the surfaces of the far upstream and far downstream.

e There is a velocity continuity through the disk.

UPSTREAM DOWNSTREAM
|
., As A Aas
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—
—>
> Pa Pn P Pa
—
.
V Vi
O S Vi Vas
ACTUATOR DISC

Figure 3.6: Actuator disc model for maximum extractable power

In Figure (3.6), presents the free tidal stream flow, the upstream flow is the tidal current that
possesses the extractable tidal power, and the downstream is the tidal stream that has
interacted with the turbine. The continuity principle suggests the following:

AdVis = AV, = AV 3.3)
Where A, A , A, are the surface area at the upstream, turbine, downstream, respectively and
vV,.,V,,V, are the velocities at the upstream, turbine, downstream, respectively. As the fluid
flows from upstream to downstream, a force given in equation (3.5), is exerted on the turbine

due to the change in momentum of the stream:

Fy =Ap=dm(V, —V,) (3.4)
Where dm is the mass flow rate given as:

dm

—=pAYV 35
dt pAJS us ( )

The thrust can be written in terms of pressure difference in the upstream and downstream as:
Fv =A(PH—Pr2) (3.6)

Where p,, is the upstream pressure and p,, is the downstream pressure. Equating (3.5) and

(3.7) are equated, and the continuity principle is applied, this yields:

(pTl - pTZ) = pV, (Vus _Vds) (3.7)
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Bernoulli’s principle states that an increase in the fluid velocity occurs simultaneously with

the decrease in pressure [83], this principle is applied both upstream and downstream.

Upstream, P, + % N =P, +%,on52 (3.8)

1 1
Downstream, P, s NG =P, s pV? (3.9)

Adding equations (3.9) and (3.10) yields:
_ _ 1 2 2
Pi—F,= AEP(\/US A (3.10)

Equating equation (3.8) and (3.11) yields:
1
Vt = E[Vus +Vds] (311)

Considering the turbine power coefficient (c,) which provides a percentage of the amount of

power generated from the free stream.

P en
C, = (3.12)

Ext
Where, P, = F\V,

After mathematical manipulations P, is given as:

1 V2 V
P =2 Ave1-Yes || 14 Ves 3.13
Gen 4 pA us ( Vué j[ Vus ] ( )
Let, x =\i
Therefore, C, = %(1— X2 )(1+ X) (3.14)

dC
For maximum optimal power coefficient, 5 £ =0
n

3.5 Assessment of Tidal Power Resource

If all the Kinetic energy available from the tidal stream were to be converted into useful
power, the tidal stream speed beyond the turbines would be zero. Practically, the tidal stream
velocity beyond the turbine is always moving at a certain velocity that is less than the
upstream velocity. If the tidal stream stopped moving at the exit of the turbine, then no

fresher tides could get in; it would be blocked. In order to keep the stream moving through
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the turbine, there has to be some stream movement, however small, on the other side with

some stream velocity greater than zero [22].
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Figure 3.7: Maximum extractable power
Betz's law shows that as the stream flows through a certain area, and as stream velocity slows
down from losing energy to extraction from a turbine, the stream flow must distribute to a
wider area. As a result, geometry limits any turbine efficiency to a maximum of 59.3% [84,
85] which was illustrated in Figure (3.7). The amount of power generated by the turbine can
be determined from the following expression:
P= lcppAv?’ (3.15)

2

Where the seawater density in kilograms per cubic meter is p, Ais the turbine swept area in

square meters, and V is the tidal current velocity in meters per second. Figure (3.8) presents a
free tidal stream curve for the identified site and the variation in turbine output power as a

function of tidal velocity and the turbine performance coefficient.
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Figure 3.8: Tidal power curve with turbine performance

The black graph presents the maximum available tidal power at Esikhawini; below this curve
is the maximum power generated by a turbine with a maximum optimal performance
coefficient (59.3%). In reality, there is no turbine that can extract the 59.3%, the possible
extractable power at different efficiencies and velocities is illustrated in the above figure. The
curves show the amount of power generated by a single turbine, all turbines were assumed to
have the same swept area but different performance coefficients. Figure (3.9) illustrates the
difference in turbine swept area of an AFWT and CFWT.

Cross-flow Axial Flow
n

Figure 3.9: Turbine swept area
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The cross-sectional area of flow swept by a cross-flow and an axial flow turbine can be

determined from equations (3.17) and (3.18), respectively.
A=2Rh (3.16)
A= 7R? (3.17)

Where Ris the rotor radius and h is the turbine height. The impact of the turbine
configuration is presented in Figure (3.10) where two ideal turbines, an axial and cross-flow
were assumed to be deployed at Esikhawini. The radius and turbine performance coefficient
were kept constant in both turbines. The turbine output power was assessed from the

implementation of equation (3.16).
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Figure 3.10: Power generated relation with turbine configuration
The cross-flow turbine exhibits superiority compared to the axial flow turbine as more power
was generated by the cross-flow turbine. The difference in the turbine output power is
correlated to the turbine swept area which was the only variable that was varied in both
turbines. Cross-flow turbines may generate more power but there are a few deployed
throughout the globe owing to the limited research on cross-flow turbines. The exact amount
of power generated from a tidal plant situated at Esikhawini will depend on the selected
turbine and the number of turbines deployed. Tidal velocities at Esikhawini are considered
low, therefore to ensure that a great amount of power is generated from the site, low-speed

tidal turbines with high turbine efficiency should be considered.
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3.6 Analysis of Cross Flow Turbines

From the three cross-flow turbines covered in the literature review, the Darrieus and Gorlov
turbines were critically analysed for the selection of a tidal turbine. Savonius turbines are not
included in this analysis due to low tip speed; low tip speed results in low efficiencies.
Another parameter that is considered for turbine selection is the angle of attack (an angle
between the relative velocity and the chord), Figure (3.11) shows different angles of attack

() for different azimuth angles of the cross-flow turbines.
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Figure 3.11: Different angles of attack (cross-flow turbines)

The two Darrieus turbines mentioned in the literature are simple, cheap, and do not occupy a
lot of space. Both designs suffer from ‘torque ripple’ as a result of varying angles of attack.
In view of the limited research on the hydrodynamics and performance of the Troposkein-
bladed turbine, the performance of the straight-bladed turbine is compared to that of a helical
turbine. Helical turbines are a modification of the Darrieus turbines resulting in high
efficiencies. An experiment conducted in [54] compared the two turbines is given in table
3.3.
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Table 3.3: Turbine specifications

Turbine Type Darrieus Helical
Number of Blades 3 3

Height 22.86 cm 22.86 cm
Diameter 21.59 cm 21.59 cm
Hydrofoil NACA-0020 NACA-0020
Aspect ratio 1.06 1.06

Helical pitch angle 0° 60°

The turbines were printed using a 3D printer (SLA-190), the rotor blades of both turbines
were supported by two discs at the end of each blade as illustrated in Figure (3.12). These
turbines were tested in water velocities of 0.274 m/s to 1.512 m/s.

A B

Figure 3.12: A. Darrieus, B.Gorlov Turbine
The experimental results are given in Figure (3.13) below. From the results presented below,
the helical turbine exhibits high turbine power with higher efficiencies in low stream speeds
compared to the Darrieus turbine. The solidity, aspect ratio, and other turbine design and
performance parameters were the same, the only difference was the shape of rotor blades.
The helical blades are designed with no circumferential void space, this ensures that at any
angular position, a point along the blade is always at an optimal angle of attack [86]. Based

on the experimental results presented, the helical turbine was selected for this study.
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Figure 3.13: Left: Max. output power versus tidal velocity, Right: Efficiency versus tidal
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3.7 Turbine Design
Turbine selection is based on the turbine design and performance, this section covers all the
important design and performance parameters. When designing a turbine, Bernoulli’s
equation is used, the principle was explained in the numerical evaluation. Bernoulli’s
equation consists of three components and can be referred to as first, second, and third
components as given in equation (3.19).
2 3
N
z+£+v—2:const

p 29

This equation describes the fluid flow with the first component representing the fluid

(3.18)

elevation, the external pressure due to the water head is defined by the second component,
and the third component determines the kinetic energy of the fluid. When designing the
traditional turbines which are used in applications such as the tidal barrage and hydropower
system, the kinetic energy component is neglected. For the purpose of this study the second
component is neglected, this enables the turbine to rotate freely when placed in a stream with
minimal resistance to water flow, hence low solidity. Helical turbines rotate at high uniform
speeds in slow stream flows, they are unidirectional in reversible fluid currents, and
according to the experiment conducted in [54] there are no visible signs of cavitation in water

for high rotating speed and the torque developed on the shaft does not fluctuate.
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3.7.1 Blade Profile

The concept of helical turbines originated from the idea of improving the performance of
Darrieus turbines, the helical turbines possess all the advantages of Darrieus turbines without
the disadvantages [54]. This improved performance is correlated to the design of the turbine
blades that consists of a hydrofoil profile, which follows a helix path as illustrated in Figure
(3.14). When the tidal stream strikes the turbine blades, energy is converted into mechanical
power which is then developed on the turbine shaft, and some energy is lost as evaluated in

the preceding section.

Front View Top View
Hydrofoil
Helix Path Profile

Height

| Diameter |

Figure 3.14: Gorlov helical turbine
The blade profile adopted in the design process depends on the type of flow experienced at a
site, the Reynolds number (Re)determines the stream flow [87]. If the Re is less than 2000
the flow is referred to as laminar and if Re is greater than 4000, it is a turbulent flow.
Equation (3.20) can be used to determine the type of flow at an identified location, Figure
(3.15) illustrates the two flows mentioned above.
_pVD
N

Re (3.19)

Where p is the water density, V is the mean stream velocity, D is the diameter tunnel, and

A 1s the viscosity of the fluid.
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Figure 3.15: A. Laminar flow B. Turbulent flow

Where the flow conditions are unknown it is safe to assume a turbulent flow for the selection
of a hydrofoil. A flow analysis over the hydrofoil provides an idea of how the lift and drag
forces are induced. In the energy conversion system, as the stream hits the hydrofoil profile
of the blade, the stream flow spits as shown in Figure (3.16), the top and bottom flow result
in drag and lift forces [73] respectively. According to Bernoulli’s principle, the top region is
at low pressure due to the increased flow velocity, however, the bottom region experience
high pressure as a result of low velocities. When the top flow reaches the end of the
hydrofoil, it flows slightly downwards, the slight turn in the fluid flow results in a lift force
that is higher than the drag force, thus driving the turbine.
Lift
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Pressure
Chord

|
Stream . A\ l l

Velocity . . Drag
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Figure 3.16: Stream flow on hydrofoils
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The lift-driven helical turbine requires a hydrofoil with a high lift and low drag coefficient
which can be achieved by adjusting the angle of attack (« ). If the angle of attack is too high
there will be a massive increase in drag force that will result in a reduction of the lift force,
this phenomenon is called stall [83]. Two hydrofoils, NACA0018 and NACAO0020 were
evaluated for the selection of a hydrofoil, both hydrofoils are symmetric and exhibit the
shape[88] but they differ in thickness. The lift and drag coefficient data of the two hydrofoils
is given in Appendix A for a site with Re = 250000. Figure (3.17) is the graphical
representation of the data presented. From the figure below it is evident that NACA-0018 is
more efficient compared to NACA00202 due to the low drag and high lift in turbulent flows
for angles of attack above 4°. NACAO0018 was selected for the helical turbine in this study.

Lift versus Angle of Attack Drag versus Angle of Attack
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Figure 3.17: Left. Drag versus angle of attack, Right. Lift versus angle of attack
3.7.2 Turbine Parameters

Other than the hydrofoil profile, there are dimensionless performance and design parameters

that greatly impact the power generated by the turbine.

3.7.2.1 Performance

The turbine performance depends on the tip speed ratio, efficiency, and Reynolds Number.
The tip speed ratio (TSR) describes how fast the turbine blades are rotating relative to the
stream velocity given by equation (3.21).

_oR
\%

A (3.20)

Where A is the tip speed ratio, @ is the turbine angular velocity, R is the turbine blade
radius, and V is the stream velocity. The TSR should not be too high or too low, a very high

TSR causes the turbine to form a “wall” that obstructs the fluid flow, thus no power extracted
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from the fluid. This can lead to fatigue failure. The turbine performance coefficient is the

ratio of the mechanical power (the product of torque developed on the turbine shaft and the

angular velocity of the turbine) to the tidal power given in equation (3.22). C, is also a

function of the tip speed ratio and the angle of attack, this will be elaborated upon in the next
section.

Tw

Where C_ is the turbine performance coefficient and T is torque developed on the shaft.
3.7.2.2 Design

Design parameters include solidity ratio, the number of blades, aspect ratio, and helical pitch
angle (angle of attack). Solidity is the ratio of the solid material to the void space as
expressed in (3.23), this describes the circumference occupied by the turbine blades.
_Bc

7D

Where B is the number of rotor blades, cis the chord length, and D is the turbine diameter.

o (3.22)

A four and three-bladed turbine with the same solidity may exhibit different turbine
efficiency. The solidity of two turbines tested in an experiment documented in [58] remained
constant while the number of blades was increased, this resulted in reduced turbine
efficiency. The aspect ratio is the ratio of the turbine height to diameter given by equation
(3.24).
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Figure 3.18: The impact of aspect ratio
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Aspect Ratio = % (3.23)

The aspect ratio affects the turbine performance by either increasing or decreasing the lift
coefficient, from Figure (3.18) it is evident that a height aspect ratio increases the lift turbine
performance. To obtain a high aspect ratio the turbine high can be increased and according to
Gorlov, there is no limit to the helical turbine height. To maintain the high aspect ratio, the
turbine diameter, need to be adjusted accordingly. Conversely to the turbine height, there are

limits to the turbine diameter, and if ignored this could lead to structural failure.

3.8 Blade Element Momentum Theory (BEMT)

The amount of power generated by the tidal turbine can be analysed by applying the BEMT
that is widely used for conducting turbine performance analysis or for designing a completely
new turbine [83, 89, 90]. This method is divided into momentum and blade element theory;
the momentum theory [91] analyses the axial and angular momentum of the stream whereas
the blade element theory suggests that the force exerted on the turbine blade by the stream

can be resolved using lift and drag forces.

3.8.1 Momentum Theory
The axial momentum describes the work done on the turbine by the fluid, this was covered in
section 3.3. The axial momentum derivative considers the axial induction factor, which
describes the reduction in stream velocity. The axial induction factor is given by:

— Vus _Vt

a=-%—L Thus,

V, =V, (1-a) (3.24)
Substituting equation (3.25) into (3.11) yields:

dF, = A%pvui 4a(l-a) (3.25)

3.8.2 Angular Momentum

The stream also exerts a tangential force on the turbine which is defined as a change in
angular momentum, the angular momentum can be determined using equation (3.27).

L=lw (3.26)
Where 1 is the moment of inertial and « is the angular velocity. The expression of the
moment of inertial is given by:

| =mr? (3.27)
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Where m is the mass rotating at a radius r. The tangential force (torque) can be written as
follow:
2
_dL _d(mrie) dm , (3.28)
dt dt dt
Where the volumetric mass is given as:

Z—T = pV.dA (3.29)

Where dA s the cross-sectional area and V, is the velocity just before the turbine. Consider

dF,

figure 3.19 the cross-sectional area is given by:
dA =2zrdr (3.30)

Where r is the radius of the ring or blade element and dr is the thickness of the ring.

Turbine Rotor Blade Elements

Figure 3.19: Turbine rotor and blade elements
The tangential force can now be given by:
dF, = p2zrdrV,or? (3.31)
The angular induction factor a can be expressed in terms of the angular velocity of the wake

as given in equation (3.33).

- 0]
a=— 3.32
0 (3.32)
Therefore,
dF, =4a'(l-a)pV, Qzridr (3.33)

3.8.3 Blade Element Theory
The blade element theory considers the characteristic of the blade profile to describe the fluid
flow [92]. The turbine blades are divided into smaller blade elements or rings that act
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independently to surrounding elements. The total power generated by the turbine rotor is a
summation of the power generated by each element. Elements are assumed to have no
hydrodynamic interactions and the forces on each element are determined by the drag and lift
forces. Figure (3.19) shows an example of how the rotor blade can be divided into blade
elements, the blade can be sectionalized from a minimum number of ten elements. From the
figure, r and dr are radius and thickness of the element respective and R is the radius of the

turbine rotor.

Blade Rotation Plane

Figure 3.20: Blade element top view
One element is analysed for the purpose of derivation. An element is represented by a
hydrofoil on a plane of rotation as illustrated in Figure (3.20). The rotational speed of each
element is slightly different and is determined by Qr , where Q is the angular velocity of the
blade and r is the radius of the element. The governing blade element equations are derived
using velocity and force diagrams presented in Figure (3.21) and Figure (3.22), respectively.
The hydrofoil is taken as the point of reference for the demonstration of velocities. The

rotation of the hydrofoil induces axial and angular velocities denoted as V, @ and Qra’

respectively with the total induced velocityV,, . In reality, the hydrofoil rotational speed is in
the opposite direction as seen in Figure (3.21). This diagram considers the

axial (V,,(1-a))and angular (Qr(1+a)) induced velocities.
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Figure 3.21: Velocity triangles

When the stream hits the hydrofoil, the hydrofoil experiences thrusting (dF,) and tangential

(dF;) forces. As the stream flows over the hydrofoil it generates lift (dF, ) and drag(dF,)

forces that are perpendicular and parallel to the relative velocity, respectively.

" Chord Line

Blade Rotation Plane

V,=V,(1-a)

Figure 3.22: The force triangles
The angle between the hydrofoil chord line and the plane of rotation is called a section pitch

angle (¢,) and the angle between the plane and the relative velocity is known as the angle of

relative velocity (¢) . As mentioned in section B the lift and drag coefficients are a function of

the angle of attack («) , they are defined as:
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dF,

C=— bt
0.5ere| Cdl’ (334)
dF
Co=t —
0.5ere| Cdr (335)

Where is the lift coefficient, C, is the drag coefficient, p is the fluid density, V is the stream

velocity, cis the chord length, L and D are the lift and drag forces, respectively. The relative
velocity can be determined from the expression below:

Vig = \M (3.36)
sing

Equation (32) is used when solving for the angle of relative velocity (¢) .

tan ¢ — M (337)
Qr(l-a)

The thrust and tangential forces experienced by the hydrofoil can be determined using the

following expressions:

dF, =dF_cos¢+dF, sin¢ (3.38)
dF, =dF_sing—dF, cos¢ (3.39)
Expressing the above force in terms of the lift and drag forces, considering the number of
blades yields:

dF, = B%pv,i,cdr(c, cos ¢ +C, sing) (3.40)
dF, = B%pvri,crdr(c, sing—C, cos¢) (3.41)

3.8.3 BEM Theory

The BEMT combines equate both thrust and tangential equations developed in momentum
and blade element theories for the purpose of deriving the turbine performance coefficient.
Equating equation (3.26) with equation (3.41) and equation (3.34) with equation (3.42), the

following relation was obtained.

8a(l—a)lVzr =V2Bc[C cosg+C, sin
(1-a)Vizr =V.;Bc[C, cosg+C,sing] } a2

8a (1-a)V.Qxr? =V Bc[C, sing—C, cos 4]

rel

Considering the relative velocity (v,,) yields:

rel
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a o [Ccosg+Cysing]
(1-a) 4 sin ¢
a o [Csing-C,cosg]
(1-a) 4 Sin ¢ cos ¢

(3.43)

(3.44)

There are losses experienced by the turbine at the tip of the rotor blades, these losses were
approximated by L. Prandtl [93] as follows:

2 B R—r
F==cos (eXp(_Ersin;ﬁD (3.45)

Considering the tip losses yields:

a _i.[C' cos¢+C, sing] (3.46)
(1-a) 4F sin? ¢ '

a o [Csing-C,cosg] (3.47)
(1-a) 4F sin ¢cos ¢ '

The power generated by each blade element is given by:
dP = QdF; (3.48)
The total power generated by the turbine is the summation of power generated by each

element [94], it can be expressed as the integral from the smallest radius to the turbine rotor

as given in equation (3.50).
R R

P= j dPdr = j QdTdr (3.49)
0 0

The turbine efficiency is equal to the power generated by the turbine to the stream power.
After algebraic manipulations, the turbine performance coefficient can be given by:

C, :%j Fﬂfa'(l—a){l—(é—i’tan ¢:|d/1r (3.50)
3.9 Helical Cross-Flow Turbine (BEMT)

The BEMT was initially derived for the purpose of designing and predicting the performance
of horizontal axis turbines. The turbine selected for the study is a vertical axis turbine,
appropriate alterations are made on the BEMT to satisfy the design of the helical vertical
turbine. The momentum model derived in the previous section remains unchanged, due to
limited literature on wake rotation of cross-flow turbines. The amount of power generated by
the turbine is a function of the forces exerted on the turbine blades. The performance of the
blades is determined by two parameters, the stream relative velocity and the angle of attack

[95, 96]. The two parameters are functions of the azimuth angle; the expressions of the two
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parameters are derived from Figure (3.23). The derivative of the relative velocity and angle

of attack corresponds with the blade at azimuth angles between 0° to 90°.
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Figure 3.23: Velocities and force on a vertical axis turbine

The relative velocity can be expressed as follows:

V72 =V, sing)’ +(V, cosd+Q)° (3.51)
Considering the Pythagorean identity sin® @+ cos’ 6 =1:

V2 =V2 42V, Qcosd+0° (3.52)

Rearranging the relative velocity in terms of the tip speed ratio:

V., =V, V1+24c0s6+ A (3.53)

The angle of attack is given by:

V,siné@
tana =

- S (3.54)
Q+V, cosd

The angle of attack expressed in terms of the tip speed ratio is:

o = tan™ (ﬂj (3.55)
A+c0sO

The axial force and tangential force of the turbine blade can be calculated using equation
(3.57) and (3.58).
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F, = % pCchV2C, (3.56)

Fy = pohViCy (357)

Where the axial coefficient (C, ) and tangential coefficient (C,)are given as:

C, =C, cosa +C,sin a}

i (3.58)
C, =C;sina—-C, cosa

The torque developed on the turbine shaft can be determined from the following expression:

T(0) = % pchVZC.R (3.59)

rel

Finally, instantaneous and average power generated by the turbine can be calculated from

equations (3.61) and (3.62), respectively.
P(0)=T(0).Q (3.60)

P = 7| PO)AO (3.61)
0

The turbine performance coefficient is given by:

_ Q1)

= BB AT (3.62)

3.10 Analytical Performance Analysis of a Helical Turbine

As mentioned in the preceding sections, the angle of attack in helical turbines varies relative
to the azimuth angle and the tip speed ratio. South Africa’s tidal velocities are moderately
low; at low velocities, low tip speed ratios are anticipated. Based on previous literature, the
parameters of a turbine suitable for deployment at Esikhawini were calculated. The turbine
was designed on SOLIDWORKS and the performance of the turbine was evaluated on
MATLAB. A flow simulation was conducted on SOLIDWORKS to analyse the stream
velocity over the turbine as presented in Figure (3.24). A linear velocity of 1.4 m/s
(maximum stream velocity at Esikhawini) at the inlet of the enclosure was applied. It is clear
from the figure below that the velocity increases over the tip of the turbine blades. Based on
the flow simulation results, the tip speed ratio was identified as the main parameter that

would be investigated in order to obtain an optimum turbine performance coefficient.
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Figure 3.24: The simulation flow over the helical turbine

3.10.1 The Impact of the Tip Speed Ratio (TSR)

It has been established that the power generated by the turbine is a function of the torque and
angular velocity. At low South African stream velocities, low angular velocities are
anticipated thus a high torque is desired. Torque is a function of the relative velocity and the
torque coefficient. To select an optimum TSR for the turbine, the relationship between the
TSR and the relative velocity was evaluated. The torque coefficient is a function of the angle
of attack, evaluating the relationship of the TSR and the angle of attack would assist is
selecting an optimum TSR. Figures (3.25) and (3.26) illustrate the angle of attack and the
relative velocity of the turbine as a function of the azimuth angle for different tip speed ratios.
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Figure 3.25: Angle of attack for various TSR’s at a varying azimuth angle
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As the TSR increases, the maximum angle of attack decreases. Low TSRs are then associated
with larger ranges of the angle of attack at approximately£66.5°. The large range of the
angle of attack result in an increased drag force, this reduce*s the lift force that drives the
turbine. From the figure below, it can be noted that an increase in TSR conversely increases

the relative velocity.

3

Relative Velocity [m/s]

0 50 100 150 200 250 300 350 400
Azimuth Angle [°]

Figure 3.26: Relative velocity as a function of azimuth angles at varying TSR’s

Based on the above results and the low stream velocities in South Africa a TSR of 2 was

selected for the purpose of simulation and analysis of the designed turbine.

3.10.2 Turbine Performance

An experiment was conducted to verify the accuracy of the model developed. The turbine
parameters given in table 3.4 were implemented in a computer simulation on MATLAB to
determine the anticipated torque from the experimental results.

Table 3.4: Design turbine parameters

Number of Blades 3 Blameter Height NACA 0018
Blade Type NACA 0018 L
Solidity 0.3m 1

Chord length 0.0348 m

Diameter 0.12m

Radius 0.06m

Aspect Ratio 1.42 i

Height 0.17

Swept Area 0.0204

Angle of Inclination 43°

Pitch 0.17 : v =0.0348
Blade wrap 100% sy

55




Figures (3.27) and (3.28) illustrate the torque generated by each turbine blade and the
summation of the torque generated by each blade (turbine torque) as a function of the turbine
azimuth angle, respectively.
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Figure 3.27: Blade torque as a function of the azimuth angle
The fluctuating angles of attack result in ‘torque ripples’ with the same frequency as the
torque produced by each blade. Torque ripples consequently produce fluctuating electric
power and the turbine vibration induced by the torque ripple can lead to mechanical failure.
According to an experiment document in [97] the helical turbines tested, presented no
vibration issues. High TSRs and an increase in the number of turbine blades significantly
reduces the torque ripples [64, 98].
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Figure 3.28: Turbine torque as a function of the azimuth angle
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The above figure presents the overall torque developed on the turbine shaft. It can be noted
that as the turbine reaches its maximum torque, it decreases gradually but it does not dip
below zero. This is due to the type of hydrofoil selected. A dip below zero occurs when the
chord is aligned with the stream flow resulting in only drag forces and zero lift, thus no

power generated.
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Figure 3.29: Turbine power coefficient as a function of TSR

Figure (3.29) depicts the performance coefficient of the helical turbine with respect to the
TSR. The graph is divided into three regions, a dynamic stall region, an operation region, and
a drag region. At low TSRs (<1), the turbine rotor spins too slowly and most of the stream
passes through the void spaces of the turbine with little or no power generated. The turbine
starts rotating and the rapid change in the angle of attack results in large dynamic forces
exerted on the turbine, this region is called the dynamic stall region. The region where a
maximum optimal (0.173925) TSR is achieved is known as the operation region. This region
is between TSRs of 1 and 3 where maximum power generation can be obtained [99]. At high
TSRs (>3), the rotor spins too fast, the blades blur and act as a solid wall to the stream, thus

less or no power is generated, this region is referred to as the drag region.
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Figure 3.30: The torque-speed curve
The torque-rpm performance curve is illustrated in Figure (3.30), the performance curve was
modelled as a function of the torque coefficient and the TSR described in section 3.8. At high
stream velocities and low angular velocities, the values of torque developed on the turbine
shaft are high and low, respectively. In both high and low stream velocities, as the angular
velocity increases, maximum torque is developed at different rotational speeds. Beyond the
point of maximum torque, the turbine rotates faster at velocities that are equal to or higher
than the stream velocity. The torque slightly falls as minimum or no energy is being extracted

by the turbine. The power generated can be evaluated from equation (3.61).
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Chapter Four

Experimentation, Results, and Analysis of Results

4.1 General Remarks

The research results, experimentation and results analysis are presented in this chapter so as
to validate the analytical model as discussed in chapter 3. The experiment was conducted in a
concrete flume, in an indoor testing facility at the University of KwaZulu-Natal. For the
experimentations, the testing set-up was done and the detailed explanation for the
experimental set-up will be discussed in the next section. The experimental set-up was
developed for testing the working of the helical turbine with the aim of highlighting critical
issues such as performance, reliability, and efficiency relating to the use of a helical turbine
for generating electrical power.

Also presented in this Chapter are results. These results comprise those from the analytical
analysis which was implemented in the Matlab/Simulink environments. As explained in
Chapter 3, a resource assessment was conducted and an optimum tidal site was identified.
Hence, considering the tidal wave characteristics at Esikhawini (optimum site) and the energy
conversion system selected in this study, a BEMT model was developed to conduct a
performance analysis on the proposed tidal turbine.

The second set of results were obtained from the experimental study. These results were
obtained on a single helical turbine configuration. Based on the outcomes of the
experimentation, the analysis of a unit turbine configuration was carried out to determine its
power output, performance, and efficiency. Considering the efficiency obtained from a unit
turbine model, the concepts were then extended to develop the proposed power plant as an
array of large-scale turbines (tidal farm). A Sankey diagram was used to illustrate the power
conversion process which was used to determine the output power from the turbine, thereby
estimating the electrical power that can be generated. Thus, consequently determines the
efficiency of the system. Considering the output power of the large-scale unit, a tidal plant
was proposed and the installation capacity of the plant was estimated. This proposed
configuration was used to ascertain the possibility of the establishment of a tidal plant in
South Africa. Finally, the costing of the proposed tidal plant was done in order to determine

the cost/benefits of establishing such plants.
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4.2 The Concept of the Experimentation

For this study, experimental studies were carried out to validate the model as developed in
Chapter 3. To verify the accuracy of the model developed, an experimental model was
designed. The helical turbine model was developed which is a newer form of tidal
technologies conversion energy device. This device has numerous parameters that are
interdependent and this makes its analysis very complex. A small scale model was developed
and tested to establish the relationship between relevant design and performance parameters

and the experimental set-up is shown in Figure (4.1).

Electric Generator

Generator Shaft

Multimeter
Mounting Structure
Turbine Shaft

Triple-Helix Cross flow
Turbine

Flume

Figure 4.1: Diagram for the experimental set-up

Figure 4.1 illustrates the experimental set-p which comprises a turbine coupled to an electric
generator and is mounted on a support structure. The structure is placed across a test flume,
allowing the turbine to be deployed in the free stream of the test flume. The aim of this
experiment was to conduct testing and analysis on the designed helical turbine in order to
ascertain decisions and draw inference on the possible installation of a large-scale tidal power
plant in South Africa. The experimental results obtained were used to draw firm conclusions
on the following:

1. The amount of power generated from low stream velocities.

2. The performance results of the turbine were analogized to the simulation results to

conclude on the accuracy of the analytical model.
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3. The performance power coefficient.

4.2.1 Evaluation of Turbine Structural Set-up

Before experimentation is conducted, it is of great concern that the experimental arrangement
of the turbine does not overturn when placed on the concrete flume as shown in Figure (4.1).
To evaluate the structural integrity of this arrangement, an analytical model was developed
and implemented by a graphical user interface (GUI) was developed in MATLAB as shown
in Figure (4.2) to carry out this analysis. The mounting of the structure of the turbine is
normally placed across the concrete flume. When the structure is mounted on the concrete
flume, if it is relatively light in weight, there is a possibility that the experimental
arrangement of turbine overturning when testing is being carried on the experimental model.
The model developed on MATLAB normally considers the weight of the turbine and the
mounting structure and the turbine area. The drag forces on the mounting structure were not
considered as the structure was not extended in the stream flow. The tipping moment of the
experimental model was evaluated at various stream velocities ranging between 0 — 4 m/s as
illustrated in Figure (4.2).

Turbine Efficiency= 0.17 '\ |
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Figure 4.2: Tipping moment of the experimental model.

61



Negative values of the tipping movement indicate that the model will not overturn whereas
positive values imply that the experimental set-up can tip over. From the above results, as
shown in the diagram, for this experimental configuration to be mounted on the structure of
the contrite flume has a weight below 12 kg and this would tip over at the steam velocities
above 2.1 m/s as indicated in the diagram. Hence, considering the stream flow velocity of 1.4
m/s which is equivalent to that estimated at Esikhawini would not tip over. This evaluation
serves as the pivotal point in designing the prototype as used in the experiment and a
description of the porotype is done in the next section.

4.3 Description of the Prototype Design

For the experimentation, a prototype was developed and then manufactured to carry out the
laboratory experiments. This prototype of the helical turbine comprises the following
components:

The Helical Blade: The helical blades as shown in Figure (4.3) was developed on the
SOLIDWORKS software. It consists of three blades that are 120° apart, the spacing
consistency was achieved through a ‘circular pattern’ function. The blades follow a helix path
and were produced by the NACA 0018 hydrofoil profile with a chord length of 0.0348m, the
data for this hydrofoil profile is presented in Appendix A. The turbine blades are supported
by strut arms that are 10mm thick with a 0.06m radius. The strut arms consist of a 6mm hole

at the centre which enables a turbine shaft to be extended through the turbine blades.

Strut Arm

Top Strut Arm

Centre hole

Blade Attachment End

Three Helical
Blades

Bottom Strut Arm

Figure 4.3: The helical turbine blades and strut arm
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The lift and drag forces acting on the circular plate blade support were simulated in
SOLIDWORKS software and the simulation results are illustrated in Figure (4.4). The rotor
blade support was selected based on the assumption that drag forces will be minimized due to
the reduction in the surface area. For now, there are no bases to ascertain the effect of the

support structure of the turbine blades (strut arms or circular plate) on the helical turbine

performance.
Lift and Drag Forces
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Figure 4.4: Turbine lift and drag forces
The material used in the manufacture of the helical turbine is thermoplastic. The
thermoplastic was heated to a certain temperature which allows it to be molded into the
desired shape or size and this heating process was done with the 3D printer to produce the
turbine as shown in Figure (4.5). There various type of thermoplastic, but the thermoplastic
used to produce this helical turbine is the Acrylonitrile Butadiene Styrene (ABS), the
properties for this material used to produce the prototype is presented in Appendix B. The
material has the advantage of having high tensile strength with a very high stiffness that can
make it withstand a high hydrodynamic force when places in the stream flow channel. To
manufacture this prototype, the turbine model was developed on the SOLIDWORKS and was
converted into STL file format. This file was then exported to be read and printed using the

3D printer, the printed helical turbine is shown in Figure (4.5).
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Figure 4.5: The 3D printed helical turbine
The Turbine Shaft: As the water passes the blades causes the turbine blade to rotate, the
power extracted by the turbine blades is transferred to the turbine shaft. The shaft is normally
held in place by two flange shaft couplers which are connected to each end of the turbine to
ensure that the turbine and the shaft rotate as one unit during the conversion of power from
kinetic to rotational motion. The effect of the centre shaft configuration was investigated as
documented in [58], where three different turbine shaft configurations were tested. As
investigated, turbine 1 had no shaft passing through the turbine but attach at both ends of the
turbine. Turbine 2 was designed with a shaft with a diameter of 6.4 mm which passes through
the turbine. Turbine 3 was also similar to turbine 2 but with a different shaft diameter of 12.7
mm. Based on the experiments conducted on these three difference turbine, the performance
curve of all three turbines were almost the same but turbine 1 was unstable during operation.
For this study, a 6 mm stainless steel shaft was used as the central shaft which extends

centrally through the turbine blades as illustrated in Figure (4.6).
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Figure 4.6: The turbine shaft configuration

4.4 Experimental Set-up: Description of Concrete Flume

The experiments for this study were conducted in an indoor testing laboratory. This indoor
laboratory is situated at the University of KwaZulu-Natal, Howard College Campus. This
laboratory is situated in the Civil Engineering department with a concrete flume as shown in
Figure (4.7) was used to conduct the experiment. The rectangular-shaped flume is 26m long,
1.6m wide with a depth of 0.75m. The stream of water in the concrete flume is pumped by a
centrifugal pump from a water sump, the water flows through the concrete flume and back to
the water sump.The water depth of the flume can be varied for the purpose of testing the
turbine at different stream velocities. To determine the stream velocity; a floating obeject was
placed on the upstream of the flume and the time taken by the object to travel from upstream
to downstream was recorded. This process was repeated ten times to improve its accuracy.
From the ten samples, at each depth, the meantime was calculated. With the distance covered
and the time calculated, the stream velocity was determined. Table 4.1 presents the flow
velocities for various water depths and based on calculations, it was observed that the water
velocity increased relative to the water depth as documented in table 4.1. This observation
was very important because vary the depth, the required speed can arrive at such 1.2 m/s

required for Esikhawini the site chosen for this study.
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Table 4.1: Flow velocity data

Depth (m) Velocity (m/s)
0.05 0.73
0.10 0.78
0.15 0.83
0.20 0.89
0.25 0.97
0.30 1.06
0.35 1.16
0.40 1.29
0.45 1.45
0.50 1.52

Figure 4.7: The concrete flume span layout

4.5 The Experimentation

The helical turbine was tested at varying angles of attack and the various water velocities
used for the experimentation are provided in table 4.1. A 0.7 m long central shaft attached to
the rotor blades was connected to the mounting structure through an upper and lower plate.
Two ball bearings were mounted on the upper and lower plates of the structure to minimize
vibrations and allow the rotation of the turbine. The central shaft was coupled directly
through a rigid coupler to an electric generator which is a 24V DC permanent magnet motor,
for specifications for this generator used refer to Appendix B. The generator was used to
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convert the mechanical power in the rotating shaft into electrical power. A multimeter was
used to measure the output voltage and current of the generator. The generator was installed
on top of the mounting structure to eliminate any dead weight that may be introduced by the
generator. The mounting structure did not extend into the flume to eliminate structural

turbulence; the structure was placed across the test flume concrete wall for deploying the

turbine as illustrated in Figure (4.8).
j L

Figure 4.8: The experimental set-up
To obtain the torque-speed curve the torque coefficient was varied and this was achieved by

varying the azimuth angle of the turbine blade, hence for the varying angles of attack, refer to
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Figure (4.9). The TSR of the turbine was varied by varying the water velocity. A tachometer
and a digital torque meter were used to measure the angular velocity and the torque
developed by the turbine shaft. The measured torque and angular velocity were used to
evaluate the amount of power generated by the turbine.

(2
YN

Figure 4.9: Turbine azimuth angles

4.6 Experimental Results and Analysis

As discussed earlier, in the indoor Concrete Flume, a series of tests were carried out to
validate results from the analytical modelling. The laboratory experiments conducted on the
helical turbine have provided useful data in determining the hydrodynamic properties,
performance characteristics, and reliability. A series of dynamic tests were carried out to try
and reproduce the phenomenon of fluid dynamics of this turbine which can be compared to
real-world scenarios. During the experiments, when the helical turbine was deployed into the
flow velocities below 0.8 m/s there was no torque developed on the turbine shaft, thus no
power was generated. At a flow velocity of 0.89 m/s, the turbine ramped up from 0 to a
maximum recorded rotational speed of 166 rpm. From the above observation, 0.89 m/s was
said to be the cut-in speed of the designed turbine. In the experiments various speeds of 0.89
m/s, 1.06 m/s, 1.29 m/s and 1.52 m/s were used. The torque, angular velocity data measure,
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and the power calculated from the measured data for the various flow speeds are given in
table 4.2.

Table 4.2: Experimental results for angular speed, torque, and power for different speeds.

0.89 m/s 1.06 m/s
Angular Velocity | Torque Power Angular Torque Power

(rpm) (Nm) (W) Velocity (rpm) (Nm) (W)
1 2.59 0.009 0.02 2.94 0.008 0.02
2 5.19 0.15 0.08 4.83 0.012 0.06
3 8.89 0.023 0.21 7.94 0.029 0.23
4 12.59 0.029 0.37 12.68 0.04 0.51
5 17.42 0.036 0.62 23.47 0.047 1.10
6 21.12 0.029 0.61 28.19 0.032 0.90
7 24.83 0.027 0.67 31.67 0.030 0.95
8 28.53 0.024 0.68 35.25 0.027 0.95
9 31.13 0.019 0.59 37.64 0.021 0.79
10 33.69 0.015 0.51 42 0.015 0.63

1.29 m/s 1.52 m/s
Angular Velocity | Torque Power Angular Torque Power

(rpm) (Nm) (W) Velocity (rpm) | (Nm) (W)
1 6.81 0.018 0.12 6.12 0.024 0.15
2 9.72 0.033 0.32 9.58 0.043 0.41
3 12.50 0.043 0.54 12.78 0.059 0.75
4 15.28 0.052 0.79 19.15 0.085 1.63
5 22.22 0.063 1.39 28.75 0.097 2.78
6 29.17 0.060 1.75 31.95 0.093 2.97
7 34.72 0.047 1.63 36.85 0.079 291
8 40.28 0.031 1.25 41.53 0.062 2.57
9 43.05 0.023 0.99 44.72 0.049 2.19
10 45.83 0.014 0.64 51.11 0.025 1.28

4.6.1 Torque and Power Curve

From the experimental results presented in table 4.2, these experimental results and the

results obtained from the BEMT model were compared as shown in Figures (4.10a) to

(4.10d). These figures presented indicate that the value of the turbine torque is a function of

both the shaft angular velocity and the flow velocities. Thus, high torque values were
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recorded at high velocity. Based on these comparisons, with a high degree of agreement, both

results can be used to draw conclusions on the performance of the turbine designed.
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Figure 4.10.a: Turbine torque at 0.89 m/s stream velocity
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Figure 4.10.b: Turbine torque at 1.06 m/s stream velocity
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Figure 4.10.c: Turbine torque at 1.29 m/s stream velocity
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Figure 4.10.d: Turbine torque at 1.52 m/s stream velocity
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In a similar manner, using the same results as tabulated in table 4.2, the comparison between
the experimental results and the results from the BEMT were compared. Figure (4.11a) to

figure (4.11d) was used to present the comparison.
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Figure 4.11.a: Turbine power at 0.89 m/s stream velocity
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Figure 4.11.b: Turbine power at 1.06 m/s stream velocity
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Figure 4.11.d: Turbine power at 1.52 m/s stream velocity
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As observed from the figures presented in Figures (4.10) and Figures (4.11), the general trend
of both torque and power curves follow the actual performance curves of the turbine with
slight deviations. The maximum power of the designed turbine was obtained at a flow
velocity of 1.5 m/s which is expected as the power generated is a function of the cube of the
velocity. This velocity is higher than what is experienced in South Africa, the turbine
performance curve was then estimated using the experimental data obtained at a flow velocity
of 1.29 m/s.

4.6.2 Turbine Coefficient Curve

The simulated turbine power coefficient results were compared to the results obtained from
the experimental results which were approximated using equation (3.63). As shown in Figure
(4.1), there is a significant deviation in the results presented; the simulation model under-
predicted the turbine coefficient with the maximum coefficient of 0.17 at a TSR of 2. The
actual turbine maximum coefficient obtained was 0.21 at a TSR of 1.3. The accuracy of the
simulated power coefficient curve suffers due simplifications of the model developed,
however, the trend was useful in understanding the performance of the turbine. The deviation
in results may be attributed to the unknown torque coefficient as the turbine blade azimuth
angles were not measured. Another contributing factor could be due to the lift and drag forces
which are both functions of the angle of attack. As expressed in equation (3.56), the angle of

attack is a function of the turbine blade azimuth angle.
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Figure 4.12: Turbine torque and power as a function of TSR and flow Velocity
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It can be concluded that for a large-scale model, the BEMT model developed in Chapter 3
can be used to estimate the torque developed on the shaft but the maximum turbine

coefficient was assumed to be 0.21 or 21%.

4.7Analysis of a Unit Turbine Configuration

To analyze a tidal power plant, it is imperative to firstly analyze a unit power plant as shown
in Figure (4.13), consisting of a unit turbine be extending it the multiple unit plant modules.
With the turbine power coefficient obtained from the experiment, the output power for this
turbine can be estimated. Considering the possible establishment of a tidal plant, the analyses
of a unit tidal plant can be used to develop an operation curve that can be extended any
number of turbines employed in a large-scale turbine. This necessary to determine the
expected power from any number of turbines the helping in determining the size,

performance, and the expected power output.

Electric
Generator

Floating
Structure

Mounting
Plate

Shaft

Helical
Turbine

Anchors

Figure 4.13: The configuration for a unit tidal power plant
Based on the results obtained from numerous experimental results, which serves as inputs
variables, a model was developed on the MATLAB environment to evaluate the output power
of the unit plant, this model considered the stream velocity at Esikhawini, the power
coefficient obtained in the preceding section and the large scale parameters given in table

4.3.The ocean water density was taken as 1025kg / m®.
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Table 4.3 Input Parameters

Radius (r) 3.9m Chord length () 1.8
Height (h) 109 m Cut in speed (v_) 0.8 m/s
Tip Speed Ratio (1) 1.3 Rated speed (v,_) 1.4 m/s
Relative velocity (v ) 0.2 m/s Furling speed (y, ) 3m/s

The model estimated an out power of 25.1kW as illustrated in Figure (4.14), this is
approximately equal to that evaluated by calculation from equation (3.15), thereby verifying
the validity of the model. The results presented in the figure show the amount of power

available from the free stream at Esikhawini and the actual amount of power extracted by the

tidal turbine.
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Figure 4.14: Power generated relation from a unit tidal plant

If each turbine is be coupled to an electrical generator with a total efficiency of 0.95. The
total electrical power generated from the unit is:

Electrical Power = Mechanical Power x Generator efficiency
= (25.1kW) x (0.95)
= 23.75kW

4.7.1 Power Flow Analysis

For the analysis for the unit turbine configuration as shown in Figure (4.13), the then possible

to carry out a power flow analysis from the power input at the turbine blade to the output that
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is finally converted into electricity. Therefore, the system efficiency of the unit plant as
described in the preceding section can be evaluated with an aid of the Sankey diagram as
shown in Figure (4.15). The diagram describes the power flow in the system as well as the
losses experienced. Generally, the efficiency of a power plant is defined as the ratio of the
output power to the input power into the turbine as defined by equation (4.1).

Efficiency = % (4.1)

Theoretically, according to the Albert Betz equation, the maximum obtainable turbine

efficiency is 59.3 %. The total input power [PS” :% pAVSJ of the system is the extractable

power from the free tidal stream of 1.4 m/s with a 7.8 m turbine diameter. The total

mechanical power (PT :%CppAve’jgenerated by the turbine is given by the product of the

system input power and the turbine efficiency. 79% of the input power was lost due to design
limitations and hydrodynamic losses.
Considering the coupling and electric generator efficiency as given in equations (4.2) and

(4.3), respectively.

I
1  B=geCAr 19.95%
P, =—pAV? 1 )
) 0 By ==pCongAV
100%  21% z
" 1.05%
79%
Mechanical + Electrical
(losses)
Hydrodynamic
(losses)

Figure 4.15: Power flow for a unit tidal plant
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Considering the design and performance parameters of a triple helix turbine as used in this

study, an efficiency of 21 % was obtained
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Thus, the overall efficiency can be evaluated using equation (4.4).

P
eff ZCp.pS.UGZS—hfxixi:i (4.4)
I:)T PStr I:)shf PStr

Thus, the total electrical power (P:%%CppAngenerated amounts to 19.95% of the

input power which describes the overall efficiency of the system.

4.7.2 Explanation of Tidal Plant Components

For the analysis of the unit tidal plant as discussed, the next step to explain the various
components required for the transfer of power from the point of input to where it finally
converted to electrical power. Tidal plant components include; tidal turbines, electrical
generators, power converters, and system controllers. The basic building block for the tidal
plant illustrating from input power to its integration into the national grid is shown in Figure
(4.16). The diagram shows a tidal turbine that converts the kinetic energy of tides into
mechanical power. The mechanical output power of the turbine developed on the turbine
shaft is transferred to the electric generator through the mechanical coupler.

For the helical turbine, its performance is of concern with regards to the grid integration
which includes low starting torque, torque oscillations during operation, and off-axis flows.
Based on the experiment conducted in this study, the helical turbine demonstrated a good
self-starting capability and high starting torque. The operation of the turbine is independent of
the direction of the stream, it can also operate at high speeds, and thus, it has high peak
efficiency. Generally, the peak operating efficiency of generators is often much higher than
that of the tidal turbine which makes torque-speed matching difficult. Hence, the high peak
efficiency with the high turbine operation speeds of the helical turbine provides greater
compatibility with the electric generators. The rigid mechanical coupler is used to couple the
turbine shaft to the electric generator directly. This direct-drive system eliminates the gearbox
between the turbine and electric generator, thus reducing maintenance costs and power losses.
The mechanical power transferred to the electric generator shaft is converted into electrical
power through electromagnetic induction. The 3-phase ac power generated by the turbine is
rectified into dc and later converted into ac for grid integration. The success of grid
integration is determined by the selection and characterization of system components. This
requires a consideration of system components compatibility to meet the requirements of
installation and integration. The type of generator suitable for the proposed tidal plant is a

permanent magnet synchronous generator. This generator is very efficient it allows for a
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direct-drive. For grid integration, a back-to-back converter would be suitable instead of an
automatic voltage regulator. A PWM rectifier is placed between the generator and the dc
link, and a PWM inverter is connected to the grid. The back-to-back converter regulates the

maximum power flow that is finally introduced into the power grid.
AC DC AC

Electri
ectre Rectifier Converter Grid
Generator
l_\ Generator Shaft

Mechanical
Coupler

Turbine Shaft

Tidal Turbine

Figure 4.16: The block diagram illustrating the various components of a tidal plant
4.8 Proposed Tidal Power Plant
To achieve the main reason for embarking on this study, a conceptualized tidal power plant
was proposed that can be established in South Africa was discussed in this section. Firstly,
before going into the discussion of the proposed tidal power, it is necessary to know the
factors that can influence the siting of a tidal plant. Before siting a potential tidal power
plant, generally, some standards should be met which will then identify the sites that are
suitable for the development of tidal energy extraction. The most important variables
generally considered are:
1. The local water depth.
2. The nearness to the existing power grid.
3. The environmental impact.
4. Energetic, constant, and persistent resource such as the peak stream velocity
If these factors are met, a site is considered to have solid potential for the development of a
tidal power plant. The majority of coastal locations can be rejected by consideration of these
factors, but the sites that the developers are interested to extract energy tend to have high
peak spring tidal velocities.
The Agulhas Currents which flow along the eastern coast of South Africa with a surface

velocity of 2 m/s is the world's second-fastest stream velocity after the Gulf Stream which has
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a stream velocity of 2.4 m/s. Innumerable studies have been conducted on establishing a tidal
farm in the Gulf stream but there is limited or no literature on exploiting the enormous
amount of energy available from the Agulhas currents in South Africa. In this study, the tidal
farm which is made up of a number of turbine-generator modules was proposed for
estimating the tidal plant capacity that is situated at Esikhawini, along the eastern coast of
South Africa. Most importantly, when designing and developing a tidal power plant, special
consideration should include minimising the potential effect of siting the plant will have on
the environment. The essential parameters that are necessary for designing a tidal power
plant, for the proposed power plant, the turbines employed are helical cross-flow turbines;
they are mounted on a structure that is 10m below the ocean surface to protect it from any
damaging surface conditions. The structure is anchored to the seabed as shown, Figure (4.17).
For the proposed plant, the following assumptions are made:

e the stream velocity for tidal resources in South Africa is presented in Figure (3.5),

e there is an adequate water depth,

e The plant is out of the shipping lane but near to the power grid.
The idea is to simplify the power plant, whereby the turbines could be located in a building
and be accessible on land or through the building and all the mechanisms pertaining to the
rotors could be housed inside a building above sea level. To estimate the installed capacity of
a tidal plant, the output power approximated by the unit tidal was considered. A tidal farm
with 60 units deployed would generate an output power of 1.4AMW. The estimated plant
capacity is almost half of the Sol Plaatje hydropower station in Bethlehem, Free State. The
advantage of this type of plant is that the plant capacity can be increased by adding more
units at the site or by mounting a number of tidal turbines on a common shaft as discussed

earlier in the literature review.
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Figure 4.17: Proposed tidal power plant

4.9 Cost Estimation

For the successful completion of this investigation of establishing a tidal power plant in South
Africa, it becomes necessary to carry out the cost estimation of siting the plant. Tidal power
technologies are still at their developmental stage with the view that there will be an
advancement in the future. With reference to the proposed power plant, it is necessary to
demonstrate that tidal stream energy extraction is a viable option for clean and renewable
energy for South Africa. The costs associated with constructing and maintaining tidal
turbines are a function of the site specifically since there is a wide range of conditions that
affect how difficult they are to install, and which designs can even be installed in the first
place. Current velocities, seabed composition, and available local infrastructure are a few
examples of the complicating factors. For these reasons, estimates of the cost for locations
for Esikhawini are less valuable than ones that are specifically geared toward the location of

interest.

There are a lot of unknown factors with regards to the environmental cost implications, thus

the estimation conducted in this section only considers the cost of the plant components.
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These include the cost of; the turbines, electric generators, the floating mounting structure
which supports both mechanical and electrical components, the anchors which secure the
position of the tidal plant, installation, marine transmission cables, and other electrical
components. The estimation was conducted based on the analysis of a single unit which can
then be extended to any number of units. Costing for a full-scale power plant, the costs per
unit go down since it becomes more efficient to install more units and for the proposed power
plant the farm is assumed to have 60 turbines. For a single demonstration unit, the costs are
summarized in table 4.4.

Table 4.4: Cost estimation of the plant components

R/kW R/Turbine in %
Site anlysis and environmental evaluation 11.5 9522.8 0.5
Design and Manufacturing 880.9 729 448.5 38.3
Mounting Structure Elements 473.8 392 340.5 20.6
Submarine Cables and Electrical Works Installation 186.3 154 269.8 8.1
Anchors 27.6 22 854.8 1.2
Turbine Installation 552.0 457 095.7 24.0
Waterproofed electric generator 91.9 76 182.6 4.0
Onshore Electric Grid Interconnection 75.9 62 850.7 3.3
Total Installed Cost 2299.9 | 1904 565.39 100

The total costs of the plant can be summarised as follow:
Cost = (1 904 565.39x 60)

=R 114273 923.4
Thus the unit cost of installed power is:
Unit cost = R 114 273 923.4/ 1 400 kW

= R 81 624.23 per kW

The estimated unit cost is reasonable considering the fact that it is the new technology in the
country. The current unit cost of fossil fuel plants is R52 142.87, the unit cost of the proposed
plant approximately 56% of the current unit cost of a coal power plant. This amount has been

overestimated due to limited literature on cost estimation.
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Chapter Five

Conclusions and Recommendations

5.1 Conclusions

Tidal stream technologies are slowly improving on their competitiveness with the increased
research and new design adaptations. The information provided in this study serves as a
baseline for further investigations on harnessing tidal energy in the country. South Africa has
a huge tidal energy potential be the country is bordered by two oceans; the Indian and
Atlantic Ocean. The tidal velocity model provided an insight on the stream velocities at
different locations, the model may have underestimated or overestimated the tidal resource
because of its simplicity. With the availability of bathymetry data and a consideration of
other tidal constituents, the accuracy of the model can be improved. However, this model
demonstrates the predictability and independence on weather conditions of the energy
resource.

After conducting a literature survey on the design and performance of the helical turbine an
analytical model was developed, in comparison of the modelling and experimental results,
there was a noticeable general trend of both torque and power curves which followed the
actual performance curves. There were slight deviations in the experimental results which
may be attributed to the unknown torque coefficient, lift and drag forces which are functions
of the azimuth angles that were not measured in the experiment. In accounts of the significant
deviation in simulated and experimental results of the turbine performance coefficient, when
estimating the unit output power, a performance coefficient of 0.21 was assumed which was
obtained from the experiment results.

In conclusion, the amount of electrical power generated at a site can be accurately estimated
when an optimum tidal turbine and electrical generator have been selected. The selection of
these devices is based on the hydrodynamic characteristics, the turbine design, and
performance parameters. Extensive research is required in South Africa and prior to
establishing a tidal plant, a feasibility study is recommended which will determine the
optimum placement, size, and capacity of the tidal turbines. For a desired installed plant
capacity, the number of turbines required for deployment can be determined. Based on the
analysis, simulation, and experimental results presented above, tidal energy would greatly

have a huge impact on the amount of electricity generated in South Africa, if implement.
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5.2 Future Work

Research on system component selection, design, and refinement should continue to increase
the competitiveness of tidal technologies and for the possible establishment of a tidal plant in
South Africa. To improve on the work conducted in the study the following is recommended

e For characterization of tidal potential, Acoustic Doppler Current Profilers should be
deployed at a potential site for a minimum period of 30 days for the acquisition of all
contributing tidal constituent data. Considering the effects of the bathymetry and the
acquired data an improved tidal velocity model can be developed.

e Alternative test location and method of a large-scale model are recommended to
improve on the analytical model developed and also determine any performance
changes resulting from scaling the turbine.

e From the wind energy industry, it has been demonstrated that it is technically possible
to integrate a wind farm into the national grid. A study on tidal farm integration to the

national grid is recommended to analyze the system performance.
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Appendix A

Hydrofoil Data

Table Al: The lift and drag coefficients of the two hydrofoils

Angle of NACA0020 NACA0018

Attack Lift (Cl) | Drag (Cd) | Lift (&)} Drag (Cd)
-1.00 -0.1030 0.0116 -0.1042 0.0108
0.00 0.0000 0.0115 0.0000 0.0108
+1.00 0.1031 0.0116 0.1043 0.0108
+2.00 0.2056 0.0118 0.2075 0.0111
+3.00 0.3075 0.0122 0.3135 0.0115
+4.00 0.4090 0.0128 0.4181 0.0122
+5.00 0.5097 0.0135 0.526 0.0132
+6.00 0.6103 0.0146 0.6455 0.0144
+7.00 0.7244 0.0159 0.7778 0.0158
+8.00 0.8508 0.0176 0.9038 0.0175
+9.00 0.9694 0.0195 1.0092 0.0193
+10.00 1.0294 0.0212 1.0025 0.0208

Hydrofoil Profile (NACA 0020)

Hydrofoil Profile (NACA 0018)
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NACA 0018 Database

X

1.000000 -0.000000 O
0.999561 0.000106 O
0.998246 000424 O
0.996057 0.000853 0
0.992998 0.001689
0.989074 0.002628 O
0.984292 0.003767 O
0.978660 0.005099 O
0.972188 0.006618 O
0.964888 0.008316 O
0.956773 0.010186 O
0.947856 0.012219 O
0.938153 0.014405 O
0.927682 0.016735 0
0.916461 0.019198 O
0.904508 0.021785 0
0.891847 0.024484 0
0.878498 0.027285 O
0.864484 0.030176 O
0.849832 0.033147 O
0.834565 0.036186 O
0.818712 0.039282 O
0.802300 0.042423
0.785357 0.045599 0
0.767913 0.048798 0
0.750000 0.052007 O
0.731648 0.055217 O
0.712890 0.058413 0
0.693758 0.061586 0
0.674286 0.064723 0
0.654508 0.067810 O
0.634460 0.070837 0
0.614175 0.073789 0
0.593691 0.076654 0
0.573042 0.079418 0
0.552264 0.082068 0
0.531395 0.084590 O
0.510471 0.086970 O
0.489529 0.089194 O
0.468605 0.091249 0
0.447736 0.093120 O
0.426958 0.094794 0
0.406309 0.096258 0
0.385825 0.097498 0
0.365540 0.098503 0

0.345492 .099261 O
0.325714 0.099762 0
0.306242 0.099995 0
0.287110 0.099952 0
0.268352 0.099627 O
0.250000 0.099012 O
0.232087 0.098105 O
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Appendix B

Experimental Component Specifications

Turbine Material

The turbine material used for the prototype developed in this study is ABS, material

properties are given in table B.1.

Table B.1: ABS Thermoplastic Properties

Properties PLA ABS
Tensile Strength 37 MPa 27 MPa
Elongation 6% 3.5-50%
Density 1.3 1-1.4g/cm”3
Biodegradable Yes No

Glass transition temperature 60°C 105°C

Electric Motor

The specifications of the motor used in the experiment are given in table B.2.

Table B.2: DC motor

Voltage (V) 3-24V
Continuous Current (A) 4000 rpm
Commutation Brush
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Bearings and Coupler
Two stainless steel ball bearings were pressed onto the mounting structure to allow easy

installation and smooth rotation of the turbine shaft. A rigid aluminium coupling was used to

couple the turbine shaft to the electric motor.

ID =17 mm ID = 6mm to Smm

!

Coupler

Bearings

Figure B.1: Bearings and Coupler

Measuring Instruments

The measuring instruments that were used to collect the experimental data ae given in the

figure below.

A

Figure B.2: A. Tachometer B. Digital Torque Meter
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