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Abstract

In this research, a novel conceptual desalination system was introduced which can be
powered by Horizontal Axis Tidal (HAT) and Vertical Axis Tidal (VAT) turbines. Since in
the proposed design, the most important part is the tidal turbine, the focus has been
placed on optimisation of the turbines. The energy required for desalinating 1 m3/h was
determined. Accordingly, a VAT turbine and a HAT turbine were separately designed to
fulfil this amount of energy. The greatest weakness of these turbines is the high price of
design, development, and manufacturing. Traditionally, optimisation of turbine geometry
can be achieved by running several numerical models of the turbine which can become
computationally expensive. In this work, a combination of the Taguchi method and CFD
modelling was used as a straightforward solution for optimisation of geometry of tidal

turbines.

Although improving the hydrodynamic performance is a key objective in the design of
ocean-powered turbines, some factors affect the efficiency of the device during its
operation. In this study, the impacts of a wide range of surface roughness, as a tribological
parameter, on stream flow around a hydro turbine and its power loss were studied. A
comprehensive program of 3D Computational Fluid Dynamics (CFD) modelling, as well
as an extensive range of experiments were carried out on a tidal turbine in order to
measure reduction in hydrodynamic performance due to surface roughness. The results
showed that surface roughness of turbine blades plays an important role in the
hydrodynamics of the flow around the turbine. The surface roughness increases
turbulence and decreases the active fluid energy that is required for rotating the turbine,

thereby reducing the performance of the turbine.

The geometry of the HAT turbine was optimised with combination of only 16 CFD

simulations using the Taguchi method. The effects of blade size, number of blades, hub



radius, and hub shape were studied and optimised. The results revealed that the most
important parameters influencing the power output of HAT turbine are the number of
blades, size of blade, hub radius, and hub shape. Moreover, the superposition model
showed that the minimum signal-to-noise (S/N) ratio was 5% less than the amount
achieved in the Taguchi approach. The power coefficient (Cp) of the optimised HAT
turbine was 0.44 according to the results of CFD simulations, which was 10% higher than
that of the baseline model (0.40) at tip speed ratio (TSR) of 5. The weight of the optimised

model was less than the baseline model by 17%.

Moreover, a number of CFD simulations were carried out using the mixed-level modified
Taguchi technique to determine the optimal hydrodynamic performance of a VAT turbine.
The effects of four parameters: twist angle, camber position, maximum camber, and
chord/radius ratio were studied. The interaction of these parameters was investigated
using the Variance of Analysis (ANOVA) approach. The Taguchi analysis showed that
the most significant parameter affecting hydrodynamic performance of the turbine is the
twist angle and the least effective parameter is chord/radius ratio. The ANOVA interaction
analysis showed that the twist angle, camber position and maximum camber have
significant interaction with each other. Moreover, the results showed that the power
coefficient (Cp) for the optimised VAT turbine was improved by 26% compared to the
baseline design. In addition, the flow separation in the optimised model was greatly
reduced in comparison with the baseline model, signifying that the twisted
and cambered blade could be effective in normalising the spraying vortices over blades
due to suppressing dynamic-stall. The findings of this thesis can provide guidelines for

optimisation of tidal turbines.
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VATRO Vertical Axis Tidal Reverse Osmosis
ANOVA Variance of Analysis

TSS Total sum of squares

ny Number of measurements

Ti in measurements

T mean of the ny measurements

ERD Energy recovery device

PV Photovoltaic

Py Nominal power output

H Height of vertical turbine blade

R Vertical turbine radius

D1 Chord length of vertical turbine blade
QL Quiality Loss

Ve Calculated response

Vi Target quality

LTB Larger the better

NTB Nominal the best

STB Smaller the better

o Solidity ratio

Np Number of blades

0 Difference between the maximum and minimum responses
n° Estimated S/N ratio

n Average of total mean S/N ratios



Nai
Ngj
Nck
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NaiBj

S/N ratios with the factor A at level i

S/N ratios with the factor B at level

S/N ratios with the factor C at level k

S/N ratios with the factor D at level |
Interaction term

Average of total mean S/N ratios including both A; and B;
Freestream pressure

Wake

Indicated blade

Horizontal axis tidal turbine reverse osmosis
HAT turbine radius

Area of the HAT turbine

Solidity ratio of HAT turbine

Number of HAT turbine blades

Initial size of the HAT Turbine blade

Area of a blade

Objective function

Indicator
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Chapter One: Introduction

1.1 Overview

Freshwater is at the heart of sustainable development and is vital for socio-economic
development, energy and food production, healthy ecosystems and for human survival
itself. Water is also at the core of adaptation to climate change, serving as the essential
link between the society and the environment. According to a new report by WHO and
UNICEF, by 2025, 1.8 billion people will be living in countries or regions with absolute
water scarcity. Because of changing climate, population growth, industrial development
and rising patterns of water demand, the global water consumption has been ascending
at a rate of 1% per year over the previous decades, and it will continue to grow
dramatically in the future (Van dam, 2003). Water crisis is a problem from which many
societies and the environment around the world are suffering and it is expected to get
worse in the future. According to the World Resources Institute (WRI), most of the
regions of the world will face sever water shortage. Almost half the world's
population will be living in areas of high water stress by 2040 and water scarcity in some
arid and semi-arid places will displace 700 million people by 2030 (Figure 1.1). Even
countries that are currently rich in water resources will face water shortage in future.
Several policies should be adopted to mitigate water resource challenges, including
water recycling, drainage maintenance, and enhanced catchment and distribution
networks (Elimelech & Phillip, 2011). Although these efforts are essential, they can only
enhance the existing water supplies, not expand new resources. Desalination is the best
way to expand the availability of water above what is available in the hydrological cycle
(Esmaeilion, 2020). Turning seawater into freshwater must be on the highest priority for
addressing this problem in the strategic roadmaps in all countries (Xu et al., 2020).
Therefore, desalination systems have been developed significantly over the past 5

decades, along with rising water consumption (Ang et al. 2019). As water sources are
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increasingly depleted, the desalination of saline water is receiving more and more
attention, Most of existing desalination technologies require huge amounts of energy,
which is expensive in terms of environmental effects as well as money (Ibrahim et al.,
2020; Karagiannis & Soldatos, 2008; Lourenco & Carvalho, 2020). While desalination
is already deemed an essential source of fresh water globally, its high cost is one of the
key challenges of expanding it (Schallenberg et al., 2014). An average of £73519 million
is anticipated to be invested in desalination schemes in the coming four years, according
to the Global Water Intelligence (GWI) (Nassrullah et al., 2020). About £40486
million is allocated to operational expenses (Al-Karaghouli & Kazmerski, 2013). As
illustrated in Figure 1.2, running costs of desalination system are split into four
major categories including energy, labour, replacements, and chemicals. Thermal and
electrical energy will account for about 50 percent of the operational budget. Therefore,

reducing energy consumption of desalination system would be very important.

Low to medium
Medium to high
M High

W Extremely high

Figure 1.1 Country-level water stress in 2040 (Khan et al., 2009).
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Figure 1.2 Percentage of running costs of desalination (Shahzad et al. , 2017).

1.2 Desalination technologies (DT)

Desalination is a water treatment process that removes salts from saline water to
produce freshwater. Technologies for desalination systems are classified as membrane
and thermal (phase-change) desalination technologies. Multi-effect distillation (MED),
multi stage flash (MSF), and vapour compression (VC) are the main thermal distillation
technologies, while electrodialysis (ED) and reverse osmosis (RO) are the main
membrane technologies (Al-Karaghouli & Kazmerski, 2013; Mohsen et al., 2016). The
selection of technologies is affected by the nature of the water source, the amount of
collected water, and most importantly, the total energy consumption (Burn et al., 2015).
Based on water salinity, the water source can be classified as seawater and brackish
water. The amount of total dissolved solids (TDS) of brackish water is higher than
drinking water and smaller than seawater (Youssef et al., 2014). Drinking water must

have TDS below 1000 ppm. Brackish water has TDS in the range of 1,000 to 25,000
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ppm, whilst mean TDS of seawater is about 35,000 ppm (El-Dessouky & Ettouney,
2002).

1.2.1 Multi-effect distillation (MED)

A schematic of Multi-effect distillation (MED) system is illustrated in Figure 1.3. The
distillation of MED is an energy-intensive process involving both electric and thermal
energy. The heating system for the feed-brine is in the form of low-pressure bleed steam
(1 to 3 bars) and medium-pressure steam for the ejectors to produce the necessary
vacuum in the various parts of the device. Electrical power is needed for running the
system's numerous pumps, which power recycling, water-cooling, distillate liquid, brine
roll down, condensation, and chemical pumps. Usually, the capacity of MED is from
10,000 to 35,000 m3/day and comprises a set of processes, varying from 4 to 40 each,
with minimal levels of temperature and pressure that allow the hot brine to flash

evaporation followed by fresh water condensation (Al-Karaghouli & Kazmerski, 2013).

18



Vacuum

Steam »
Seawater In

Steam -

g% f %AJ;LF / j J=u= ‘ FreshwaterOxit
S I . g—b

Brine Out

Condensate Out -

Figure 1.3 Schematic of Multi-effect distillation (MED) system (Al-Karaghouli & Kazmerski,
2013).

1.2.2 Multi stage flash (MSF)

A schematic diagram of the multi stage flash (MSF) unit can be seen in Figure 1.4. The
MSF system has a series of phases (typically 2 to 16) which are sustained at reducing
pressure levels. To raise the salt-water temperature of the first phase to about 70 °C,
external heat from a fossil-fuel boiler, power plant waste heat, solar, or other sources is
supplied to evaporate a part of the salt water within the process that is held at low
pressure. The water vapour generated from this phase is moved to the next heating
stage within a tube for boiling extra seawater, which generates water vapour in a number
of forms. In general, multi stage flash systems are constructed at volumes of 600 to

30,000 m3 / day. The system is made up of two structures:
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1) A vertical pipe through which the saline water boils through a thin film and condenses

on the heat-transfer tubes.

2) A horizontal pipe in which the saline water feed is sprayed on the tubes' outer surface,
and vapour flows within the horizontal pipe, where it condenses to create fresh water (Al-

Karaghouli & Kazmerski, 2013).
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™ Decarbonator fan
Decarbonator
Deaorater

Figure 1.4 Schematic of Multi stage flash (MSF) system (Elragei et al., 2010).

1.2.3 Mechanical vapour compression (MVC)

The schematic diagram of mechanical vapour compression (MVC) system is shown in
Figure 1.5. MVC is a desalination system which utilises a compressor to pressurise and
heat water vapour, and then uses a heat exchanger with the incoming seawater to
condense the vapour into pure distillate. The feed-water is first preheated and then

sprayed over a set of evaporation tubes, where the water is evaporated. The vapour
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flows through a demister and to the compressor where it is partially superheated. By
spraying on the hot evaporator heat exchanger, the preheated seawater is then partially
evaporated. This water vapour flows into the compressor, in which it is heated by
adiabatic pressurisation. This vapour then moves into the heat exchanger of the
evaporator, and when adequate heat is provided, it cools down and becomes a perfect
distillate (Warsinger et al., 2015). The MVC procedure requires energy, mainly to run the

compressor, the fire up heaters, and the pumps.

M

Compressor '

Heat Exchanger
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% — Pure Water
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Figure 1.5 Schematic of Mechanical vapour compression system (Warsinger et al., 2015).

1.2.4 Electrodialysis (ED)

A schematic diagram of the electrodialysis (ED) system can be seen in Figure 1.6.
Seawater contains salt in the form of ions. It is possible to remove the salt ions from
water by adding an electric field. This is the basis of the electrodialysis (ED) desalination
system (Sadrzadeh & Mohammadi, 2008). lon exchange membranes are positioned
between anodes and cathodes (Figure 1.6). The positive and negative ions relocate to
the anodes and cathodes, under an electric field, generating brine and freshwater in two

different platforms. By using ED, the salinity of freshwater can be different. In order to
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run the ED process, the processing of ion exchange membranes produces significant
water recovery and It does not require chemicals, reaction, or phase change (Al-

Amshawee et al., 2020).

Anion Cation

@ Exchange Exchange @
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Figure 1.6 Electrodialysis desalination system (Nayar et al., 2017).

1.2.5 Reverse osmosis (RO)

Figure 1.7 shows a schematic of a membrane of a RO unit. RO is a process where
pressurised seawater flows through a semipermeable membrane, separating freshwater
from saline water. The chemical potential of the solute, depending on temperature,
salinity and pressure, is to be equal on both sides of the membrane. By adding an
external pressure to one side of the membrane, clean water will flow to the other side to
restore the chemical potential. The products of the RO process are freshwater and the
residue (concentrate or brine) of high salinity. The RO method has unique advantages
such as adjustable size and low price (almost 25% less than thermal options) (Alkaisi et

al., 2017). Recently, there has been significant research on the use of RO system for
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sustainable water production (Alsarayreh et al., 2020; Atallah et al., 2020; Ruiz-Garcia
et al., 2018; Shekari et al., 2020). The characteristics of the membrane enable water to
be preferentially transported over the solute. To ensure that water passes through the
membrane, the pressure difference between the feed part and the membrane permeate
side should be considerably higher than the osmotic pressure. This working pressure of
RO must be about 3-5 bar according to existing studies (Wilf & Awerbuch, 2007),
however, several qualified RO industries are designing innovative products which could

be utilised with much less pressure (Qi et al., 2016).
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Figure 1.7 Schematic of a membrane of an RO unit.

1.3 Energy consumption of desalination systems

Generally, the supply network of a desalination system which consume energy can be
categorised into four stages: intake of seawater and pre-treatment, desalination, storage
of water and distribution (Al-Nory & Graves, 2013; Balfagih et al., 2017). For instance,
energy consumption for modern RO desalination systems is between 2000-4000 Wh/m3
(Amy et al., 2017; Kim et al., 2019; Park et al., 2020). By using a more efficient ERD, the
energy consumption inside the RO unit can be around 2400 Wh/m?3 for seawater with

salinity of 30 ppt (Karabelas et al., 2018). The energy usage for transferring seawater to
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RO unit and the storage tank in a standard desalination system is about 200 Wh/m3
(Fritzmann et al., 2007). Moreover, desalination is a quick way to produce potable water,
but it has a significant effect on the environment. Therefore, it is essential to find more
sustainable solutions for all stages of the network. Some researchers studied the
sustainability of desalination processes ( Gude & Nirmalakhandan, 2010; Singh et al.,
2020; Wang et al. , 2019). Desalination facilities vary in size from small-scale machines
to gigantic plants ( Lim et al., 2020; Liponi et al., 2020). Some rural and remote locations
use small-scale independent desalination unit, providing just few cubic metres of water
every day, adjusted in size to the needs of local residents (Herold et al.,, 1998;
Mathioulakis et al., 2007). The required amount of energy to operate a desalination
system is one of the major barriers in sustainable desalination (Elsaid et al., 2020; Im et
al., 2012). The appropriate source of energy for the desalination system depends on the
energy source available and the characteristics of the saline water at the particular
location (Busch & Mickols, 2004; Miller et al., 2015). A large number of current
desalination systems use fossil fuels, or electricity generated from fossil fuels, as the
main source of energy (Forstmeier et al., 2007; Ghermandi & Messalem, 2009).
Recently, due to the increase in price of energy produced from fossil fuels, as well as
their harmful effects on the environment, there has been growing interest worldwide in
the use of renewable energy for desalination systems. In the last decade, more than 130
desalination plants have been built that operate using renewable energy (Hasan, 2015).
The major renewable sources of energy are wind, solar, geothermal, tidal and wave
energy (Leijon et al., 2020). Figure 1.8 shows the percentage of renewable energy-based
desalination plants around the world. Among the above options, oceans and seas
provide a renewable resource with the advantage of being predictable many days in
advance, stable during day and night, and significantly greater in energy density
compared to wind and solar energies (Gunn & Stock-Williams, 2012). This clean energy

can be used either directly or for electricity generation (Dunnett & Wallace, 2009).
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Figure 0.8 Worldwide renewable energy sources for desalination systems (Alkaisi et al., 2017).

1.4 Ocean power technologies (OPT)

Oceans cover approximately 75% of the Earth's surface. These sources of sustainable
energy have enormous potential for providing the energy required by humans (Akinyele
& Rayudu, 2014). Compared to other forms of green energy, the stability and
predictability of ocean energy makes it much more desirable (Ponta & Jacovkis, 2008).
Numerous researches have carried out research to establish feasible tools for
harnessing energy with maximum efficiency (OECD, 2007). Power that can be produced
from ocean can provide a significant part of world's energy needs; however, only a
limited portion of the world's energy demand is currently provided by ocean resources.
A wide range of ocean-powered devices is available for producing electricity
from movements of the ocean. Although, ocean-powered devicescan be
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made commercially, most of them are in the early stage of research and development.
In order to enhance the use of ocean energy, many projects have aimed to reduce the
price of ocean-powered convertors as well as improving their efficiency. Also, a
significant amount of research has been carried out to evaluate the best locations for
utilising ocean power, the performance of advanced ocean energy systems, the quantity
of electricity produced and the environmental effects of these systems. Ocean energy

can be divided into two major forms: wave and tidal energies (Soleimani et al., 2015).

1.4.1 Tidal energy

One of the most reliable and predictable sources of renewable energy is tidal energy
(Finnegan et al., 2020; Rourke et al., 2010). Tidal energy takes advantage of the natural
ebb and current of marine tidal waters induced mainly by the interaction of earth, sun
and moon gravity fields (Hammons, 1993; Mazumder & Arima, 2005). Tidal energy is
estimated to have a global potential of 120 GW and could generate up to 150 TWh
annually (Abuan & Howell, 2019; Finnegan et al., 2020; Zhu, Ding, Huang, Bao, & Liu,
2020). Latest attempts have been focused on the kinetic energy of tidal currents to
harness this predictable source of energy (Watchorn & Trapp, 2000; Owen, 2008). The
force of gravity of the moon is 2.2 times greater than the gravitational force of the sun
because itis closer to the earth (Hay et al., 2020). In coastal regions and in environments
in which the seafloor causes the water to pass into narrow channels, tidal currents are
observed. These channel flows are categorised as two types of current; the current
flowing in the direction of the ocean is referred to as the flood current and the current
receding from the ocean is referred to as the ebb current (Boyle, 2004). Figure 1.9 shows
the estimated tidal current speeds around the world. The velocity ranges from zero to
maximum in both directions. Tidal energy systems can be divided into two major types:
tidal barrages which utilise the tides' potential energy and tidal turbines that use kinetic

energy (Lemonis & Cutler, 2004).
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Tidal Current Speed

Figure 1.9 Estimated tidal current speed of the world in m/s ("https://tips.noveltis.com/,"
2020).

1.4.1.1 Tidal barrages (TB)
Tidal barrages (TB) work based on the tides' potential energy. Usually, a TB is a dam

constructed through a harbour or canal that has a tidal level over 5 m (Etemadi et al.,
2011). The tidal barrages are built across the estuary of the sea. A standard tidal
barrage includes turbines, sluice gates, embankments and ship locks. The turbines
which are used in tidal dams can be either unidirectional or bidirectional. TB separates
the input and output tides and then constructs a water head (Samo et al., 2017). When
the pressures are applied to the turbine, the water level will flow in and out into the

channel by which the turbine rotates. Figure 1.10 shows a schematic of a tidal barrage.
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Figure 1.10 Schematic of atidal barrage (Samo et al., 2017).

1.4.1.2 Vertical axis tidal (VAT) turbine
A vertical axis tidal (VAT) turbine implies that the blades of the turbine spin in the vertical

plane (Li & Calisal, 2010). Because of its basic construction, the ease of realisation and
indifference to the flow path, the VAT turbine is one of the main elements of the tidal
energy generation technologies (Zhang et al., 2012). Figure 1.11 shows some of the
common arrangements in vertical axis tidal turbines. VAT turbines can be used in
coastal regions with appropriate tides (Derakhshan et al., 2017). The most popular
choices in the vertical axis categories are Darrieus turbines. It is also very common to
use H-Darrieus or Squirrel-cage Darrieus turbines, and there are many reports of

Darrieus turbines used in tidal technology (Kumar & Saini, 2017; Sornes, 2010).

According to Tidal power Co. (http://tidalpower.co.uk, 2020), the major weakness of tidal

turbines is the high price of design and manufacturing. Traditionally, optimisation of
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turbine geometry can be achieved by running numerous numerical models of the turbine
which can become computationally expensive. Using combination of the Taguchi
method and CFD modelling is a straightforward solution for optimisation of geometry of
tidal turbines. As the efficiency of these turbines increases, their cost of manufacturing

becomes more economically justified.

(a) Squirrel Cage Darrieus  (b) H-Darrieus

(c) Darricus (d) Gorlov (e) Savonius

Figure 1.11 Vertical axis tidal (VAT) turbines (Khan et al., 2009).

1.4.1.3 Horizontal axis tidal (HAT) turbine
A schematic of a Horizontal axis tidal (HAT) turbine is illustrated in Figure 1.12. The

HAT turbines run similarly to horizontal axis wind (HAW) turbines. In fact, their
comparatively advanced state of production is primarily attributed to the technical
achievements and sophistication of the wind industry (Nicholls-Lee, 2011). In a HAT
turbine, relative passes over the spinning blades formed by the airfoil, causing a
pressure gradient, thus lifting, and dragging forces. The lift force is much stronger than
the drag force and this results in turbine’s complete rotation along the rotational
axis. The HAT turbine blades convert the kinetic energy of the tidal power to the
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mechanical power of the shaft, and a generator transforms this mechanical energy into

electricity.

gurrent 0

Figure 1.12 Schematic of a horizontal axis tidal (HAT) turbine (Kirke & Lazauskas, 2008).

1.4.1.4 Oscillating hydrofoil (OH)
An oscillating hydrofoil, illustrated in Figure 1.13, converts the tidal energy to

mechanical energy, in a similar way to a turbine. An OH contains a hydrofoil wing
connected to a lever arm (Roberts et al., 2016). As water passes over the hydrofoil, it
produces lift, allowing the lever to move up and down. The generated oscillations can

be used to push the water to a system to generate electricity or/and desalinate water.

30



Pivot point

Hydrofoil

Water
flow

Direction of
oscillations

Figure 1.13 A schematic of an Oscillating hydrofoil (Roberts et al., 2016).

1.4.1.5 Archimedes screw (AS)
The Archimedes screw (AS) is a device, which was used since ancient times in a

number of applications (Waters, 2015). Throughout the 3rd century BC, the Greek
mathematician, Archimedes, is known to have created the screw pump, hence it is
known as the "Archimedes screw" (Lashofer et al., 2012). According to one hypothesis,
the King of Egypt ordered Archimedes to find a method to extract water from his vessels,
while others state that the system was invented hundreds of years before Archimedes
was born and he only modified it and made it well known in the world (Koetsier &
Blauwendraat, 2004). This device (Figure 1.14) is a helical set of basic blades wrapped,
like a woodscrew, around a central cylinder. There may be a single blade, or numerous
blades on the AS device. It is most common for screws utilised as turbines to have three
or four paths of blades. An attached gearbox and generator produce energy during the

torgue transmission. The momentum of the flow and the hydrostatic force generate the
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torgue. Due to the comparatively low rotational values of Archimedes screw turbines, a

complex gearbox is required for link with a generator.
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Figure 1.14 A schematic of an Oscillating hydrofoil (Simmons & Lubitz, 2017).

1.4.1.6 Tidal kite (TK)

A tidal kite (Figure 1.15) is a tied paravane flying underwater, turning the kinetic energy

of current to electricity. This system consists of a turbine connected to a wing that travels

through the water in circles like a kite, while it is bound to the sea floor by means of a

flying cable (Khan & Bhuyan, 2009). The tidal kite is theoretically very effective by

adopting a figure-eight vector, and works in water depths of 60-120 m at currents as low

as 1.2 m/s.
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Figure 1.15 Tidal kite (Segura et al., 2017).

1.5 Ocean-powered desalination technologies

All possible combinations of desalination technologies and ocean power concepts
are surmised in Table 1.1. Among these combinations, some have been studied and
some may be far-fetched. Most studies of ocean-powered desalination have focused on
the use of wave energy converters (Li et al., 2018). These typically involve the use of
oscillating systems to pressurise air or water to drive a turbine or hydraulic system. Such
systems have been tested in terms of electricity production, but their application to
desalination systems has also been studied and tested. However, wave energy is highly
variable and not suitable for more sheltered coastlines where there is insufficient fetch for

waves to develop except in extreme conditions. Where appropriate tidal resources exist,
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current-driven desalination plants may provide a more reliable alternative. The best
desalination method which can be combined with tidal energy is RO (Delgado-Torres et
al., 2020; Ling et al., 2018). Therefore, in this current study, the combinations of VAT and

HAT turbines with RO desalination system are investigated.
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Table 1.1 All possible combinations of ocean power concepts and desalination

technologies

Desalination technology (DT) Ocean power technology (OPT) OPT/DT
system
Multi-effect distillation (MED) Oscillating Water Column (OWC) OWCMED
Multi-effect distillation (MED) Wave Overtopping (WO) WOMED
Multi-effect distillation (MED) Point Absorber (PA) PAMED
Multi-effect distillation (MED) Tidal barrages (TB) TBMED
Multi-effect distillation (MED) Vertical axis tidal (VAT) turbine VATMED
Multi-effect distillation (MED) Horizontal axis tidal (HAT) turbine HATMED
Multi-effect distillation (MED) Oscillating hydrofoil (OH) OHMED
Multi-effect distillation (MED) Archimedes screw (AS) ASMED
Multi-effect distillation (MED) Tidal kite (TK) TKMED
Multi stage flash (MSF) Oscillating Water Column (OWC) OWCMSF
Multi stage flash (MSF) Wave Overtopping (WO) WOMSF
Multi stage flash (MSF) Point Absorber (PA) PAMSF
Multi stage flash (MSF) Tidal barrages (TB) TBMSF
Multi stage flash (MSF) Vertical axis tidal (VAT) turbine VATMSF
Multi stage flash (MSF) Horizontal axis tidal (HAT) turbine HATMSF
Multi stage flash (MSF) Oscillating hydrofoil (OH) OHMSF
Multi stage flash (MSF) Archimedes screw (AS) ASMSF
Multi stage flash (MSF) Tidal kite (TK) TKMSF
Mechanical Vapour compression (MVC)  Oscillating Water Column (OWC) owcCMVvC
Mechanical Vapour compression (MVC) Wave Overtopping (WO) WOMVC
Mechanical Vapour compression (MVC) Point Absorber (PA) PAMVC
Mechanical Vapour compression (MVC) Tidal barrages (TB) TBMVC
Mechanical Vapour compression (MVC) Vertical axis tidal (VAT) turbine VATMVC
Mechanical Vapour compression (MVC) Horizontal axis tidal (HAT) turbine HATMVC
Mechanical Vapour compression (MVC) Oscillating hydrofoil (OH) OHMVC
Mechanical Vapour compression (MVC) Archimedes screw (AS) ASMVC
Mechanical Vapour compression (MVC) Tidal kite (TK) TKMVC
Electrodialysis (ED) Oscillating Water Column (OWC) OWCED
Electrodialysis (ED) Wave Overtopping (WO) WOED
Electrodialysis (ED) Point Absorber (PA) PAED
Electrodialysis (ED) Tidal barrages (TB) TBED
Electrodialysis (ED) Vertical axis tidal (VAT) turbine VATED
Electrodialysis (ED) Horizontal axis tidal (HAT) turbine HATED
Electrodialysis (ED) Oscillating hydrofoil (OH) OHED
Electrodialysis (ED) Archimedes screw (AS) ASED
Electrodialysis (ED) Tidal kite (TK) TKED
Reverse osmosis (RO) Oscillating Water Column (OWC) OWCRO
Reverse osmosis (RO) Wave Overtopping (WO) WORO
Reverse osmosis (RO) Point Absorber (PA) PARO
Reverse osmosis (RO) Tidal barrages (TB) TBRO
Reverse osmosis (RO) Vertical axis tidal (VAT) turbine VATRO
Reverse osmosis (RO) Horizontal axis tidal (HAT) turbine HATRO
Reverse osmosis (RO) Oscillating hydrofoil (OH) OHRO
Reverse osmosis (RO) Archimedes screw (AS) ASRO
Reverse osmosis (RO) Tidal kite (TK) TKRO
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1.6 Research objectives

Seawater desalination is an important option for solving the world's water crisis and this
process requires a significant amount of energy. Renewable energy can be utilised to
power desalination devices. The major advantage renewable energy sources is that they
are infinite and cannot be depleted. Renewable energy options, mostly solar, wind and
geothermal systems, have been studied in detail to supply the energy needed for water
desalination. Ocean energy provides a renewable resource with the advantage of being
predictable many days in advance, stable during day and night, and significantly greater
in its energy density compared to wind and solar energies. Although advantages of
energy generated from the ocean for powering desalination processes is appealing, the
potential of ocean power for desalination systems has not been researched in detail. The
development of ocean-powered systems has been limited due to technological limitations
of energy harvesting and transportation. In recent years, several sea energy devices have
been designed and deployed, converting the motion of sea waves to electricity. The
potential exists to use similar technology, utilising the sea waves and tides, to drive
desalination systems. However, due to the high pressure required for desalination, it is
necessary to develop an innovative design to use energy from movement of the sea
effectively to desalinate saline water. In this work, a novel ocean-powered RO seawater
desalination system is introduced and the most expensive part of the system, which are
tidal turbines, is optimised. Tidal turbines can be used for the entire desalination process
to derive energy for the intake of feed water, pre-treatment, and producing pressure
required by the system. The turbines will extract energy from the tidal movement and run
the water pump in order to provide the hydraulic pressure needed for the desalination
unit. In this concept, there is no need to convert the kinetic energy to electricity in a
generator, and then electricity to kinetic energy in a motor, and finally kinetic energy to
pressurised water in a pump. In this study, the converted kinetic energy is used to

pressurise water in a pump, which is more cost effective. Since converting kinetic energy

36


https://www.thesaurus.com/browse/infinite

to pressurised water leads to variable load, a water storage tank will be used to stabilise
the driving energy. Because the tidal energy changes during day and night and is not
always constant, the provided energy should be stored to supply the energy required in
the RO desalination system. Storing electricity requires expensive batteries compared to

the proposed model, which only needs a large water storage tank.

A key focus of this work is to optimise one vertical axis tidal turbine and one horizontal

axis turbine, which can be used for water desalination.

1.7 Organisation of the thesis

In what follows, a literature review of ocean-powered desalination systems and
optimisation of tidal turbines is presented in Chapter 2. Chapter 3 presents design of the
RO desalination possess. In Chapter 4, the details of effects of surface roughness on
hydrodynamic performance of a tidal turbine are investigated. Chapter 5 presents
optimisation of a VAT turbine for powering a RO desalination system. In Chapter 6,
optimisation of a HAT turbine for powering a RO desalination system is presented.

Finally, Chapter 7 presents the conclusions and some recommendations for future work.
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Chapter Two: Literature Review

2.1 Ocean-powered desalination system

The use of ocean kinetic power for desalination has been the subject of active research
since the 1990s (Maratos, 2003). However the research in this field has been intensified
throughout the last decade (Amy et al., 2017; Chen, 2015; Davies, 2005; Leijon et al.,
2018; Nadel, 2008; Ng & Shahzad, 2018). A number of review papers have been
published on the ocean-powered desalination technologies (Westwood, 2004; Lopez et
al.,, 2013). However, the development of ocean-powered seawater desalination
technology is still at its infancy and more investigation is needed before operational
systems are deployed and implemented. One of the earliest papers about wave powered
desalination was published by Crerar et al. (1987). In their work, a novel desalination
system, powered directly by wave energy, was implemented. However, the cost of water
in their system was very high compared to the cost of drinking water obtained in other
ways. Sawyer & Maratos (2001) studied the technological and economic potential of wave
energy with a water hammer for desalination. The unit is equivalent to the commonly used
hydraulic-ram to raise water from the sea. In order to achieve the hydraulic pressure for
the RO desalination system, a water hammer creates unsteady incompressible pipe flow
by using wave motion. The findings revealed that the introduced device can, in theory,
produce direct pressure necessary to power the RO desalination system, however, it was
just an investigation into the economic feasibility of RO desalination. Zhao & Liu (2009)
carried out a theoretical study on a tidal-powered solar distillation system. In their
innovative design, instead of running pumps with electricity, tidal energy was used to
produce energy for vacuum extraction as well as water intake. They performed
hydrodynamic and thermal analysis for the water intake and drainage system powered by

tidal energy. Their proposed system can only work efficiently in locations with a tidal level
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greater than 2 m, however, using storage tank can stabilise energy requirement when
tidal energy is used for powering water pump. A wave-powered RO desalination system
was developed by Sharmila et al. (2004) in India. Since waves are transient and irregular
source of energy throughout the year (this is the main weakness of wave energy for use
in desalination system), it is essential to predict the behaviour of the system at various
wave energy rates. Thus, they theoretically simulated the wave energy profile and based
on the obtained profile, they designed and developed a wave converter that was suitable
for the desalination system. Unlike wave energy which is influenced by speed of the wind,
the strength of tidal energy is influenced by the location and shape of the Earth which
makes tidal energy quite predictable (Ullman, 2002). Ling et al. (2018) carried out an
economic analysis of a tidal power RO desalination system where the productivity of the
desalination system and cost of freshwater were compared with the previous methods. It
was concluded that the TPRO desalination system could save water costs between 30-

40% compared to the traditional RO system.

2.2 Effect of surface roughness on hydrodynamic performance of tidal turbine

Solid particles, marine animals, and cavitation erosion can increase the surface
roughness of blades which could affect turbine’s efficiency (Rasool et al., 2016). As the
surface roughness of turbine increases, its power output greatly decreases (Walker et al.,
2014). Maruzewski et al. (2009) carried out experimental and numerical investigation into
the impacts of surface roughness on the performance of Francis Hydro (FH) turbine. They
showed that, in a severe case of roughness, the performance could decrease to 15%.
Although, this work provided valuable data for DH turbine, because of its configuration,
the results cannot be generalised for DH turbine. (Walker et al.) studied, experimentally
and numerically, the effects of blade roughness on the performance of a two-blade
horizontal hydro turbine. Their results showed about 18% reduction in power output with
roughness height (Hy) of 625 ym. Recently, Priegue & Stoesser (2017) carried out an

experimental study to investigate the effects of surface roughness on the performance of
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a vertical hydro turbine. They reported negative effect of blade roughness on the
performance of the tidal turbine. Although this research is another useful contribution in
this field, it was limited to an experimental work involving only 3 different roughness values

and they did not study the physics of the flow around the turbine.

2.3 Optimisation of vertical and horizontal axis tidal turbines

Tidal turbines are used as sea-powered convertors to produce electricity or desalinate
saline water (Ling, et al., 2018). Similar to wind turbines, tidal turbines are divided into
Vertical Axis Tidal (VAT) turbines and Horizontal Axis Tidal (HAT) turbines (Baratchi et
al., 2019). Over the last two decades, a range of tidal stream devices have been designed
and developed to convert the kinetic energy of tidal currents into electrical energy and
extensively tested in real-sea conditions (Singh, 2020). The tidal energy industry saw the
deployment of the first arrays of devices in 2016 (Carrel, 2016), and is considered close
to the point of commercial viability. Although these devices have been designed for the
generation of electricity, the same design principles can be used in desalination
application to produce high-pressure water directly. This would minimise energy losses
that would otherwise occur through producing electricity to supply electrically powered

desalination plants.

According to Kumar et al. (2019), the number of published papers on optimisation of tidal

turbines is significantly less than wind turbines (see Figure 2.1).

Here a review of the notable optimisation procedures conducted on VAT and HAT
turbines, in terms of optimisation methods, objective functions, optimised parameters, and
results, is presented. (Ma et al., 2016) optimised the blade of a VAT turbine to increase
the efficiency of the turbine. First, a genetic algorithm was used to optimise the vertical
axis turbine's blade pitch motion (compared with the fixed pitch turbine), with maximum

energy efficiency as the objective function and blade pitch motion as the optimised
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parameter. The data were then fitted into a cosine-like curve using a particular data
processing method. Following that, a general pattern for calculating blade motion was
developed. Finally, the blade pitch motion formula was validated using 2D CFD
simulation. The results indicated that after improving blade pitch motion, the turbine's
performance was improved by 14%. It should be noted that in Ma et al.’s work, CFD was
used only to validate the optimisation and was not combined with the genetic algorithm.
Combining a 3D CFD simulation with a genetic algorithm would take a significant amount
of time because only one 3D CFD simulation with a fixed geometry (without changing any
parameters) could take a few days to obtain convergence and acceptable solutions.
Alidadi (2009) studied duct optimisation of a ducted VAT turbine. They used a discrete
vortex method to analyse the performance of unducted and ducted VAT turbines. The
power coefficient (Cp) of a VAT turbine is greatly increased by ducting, according to a
study of unducted and ducted turbines (Alidadi, 2009). Furthermore, the findings revealed
that ducting significantly reduces moment variability, especially at high TSRs. A new
method for calculating the influence of the towing tank wall on experimental findings was
introduced based on the method designed for ducted turbines. Their findings revealed
that when a turbine runs in a tank, its power coefficient increases (Alidadi, 2009). This is
particularly true in the ducted turbine that has a higher blockage ratio than the unducted
turbine. The findings also revealed that, as the tank width decreases, the amount of
increase in power coefficient increases. An optimisation analysis was carried out in order
to define the duct shape as the optimal parameter for increasing the output power of a
VAT turbine. Similar to the findings of experimentally tested ducts, the results of optimised
ducts showed a higher power coefficient for the turbine by 10%. An optimisation of solidity
ratio of a VAT turbine was carried out by Mannion et al. (2020). They used blade element
momentum theory models rather than CFD simulations. In their publication, they
introduced a blade element momentum theory model for high solidity VAT turbine which
traditional blade element momentum theory models are unable of modelling. Instead of
the iterative approach used in conventional blade element momentum theory models, the
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stream-tube model offers a dynamic approach to determine axial induction factors. The
design also contains corrective methods to account for complex stall, flow expansion, and
finite aspect ratios. To evaluate model performance, the power output results of the model
were evaluated against experimental results for both low and high solidity ratios. In a
confined flow, the model accurately predicted peak performance values for a low solidity
wind turbine to within 2.5 percent, a high solidity wind turbine to within 8%, and a high
solidity tidal turbine to within 10%. Huang and Kanemoto (2015) optimised the front blade
pitch angle distribution in a HAT turbine numerically. In order to exploit renewable
energies from tidal stream, they designed tandem propellers of a unique counter-rotating
HAT turbine according to the blade element momentum theory. Then, to achieve
desirable blade profiles, a multi-objective optimization approach that combined the
response surface method with a genetic algorithm was used. In their publication, the front
blade pitch angle distribution was used as an optimisation parameter since it has a major
effect on the rear blade inlet conditions. The findings illustrated that both the power
coefficient and thrust coefficient optimization goals can be greatly increased. It was also
shown that the power coefficient thrust increased by 1 %. The output of the optimised
counter-rotating style HAT turbine was evaluated using 3D CFD analysis to validate the
optimisation approach. As can be seen in this work, they only used the CFD to validate
the optimisation approach since it takes several days to do a single 3D CFD simulation
of a turbine and they were not able to use CFD simulations which would provide more
accurate data points based on their optimisation. Zhang et al. (2019) optimised the pitch
angle and chord length distribution of a HAT turbine using blade element momentum and
CFD simulations. This publication suggested a multi-objective optimisation model to
improve the efficiency of HAT turbines. A proposed methodology for horizontal tidal
turbines was developed, combining blade element momentum theory and CFD
simulations. Then to achieve the optimum blade profiles, they used a multi-objective
optimisation approach combining the response surface method with the multi-objective
genetic algorithm NSGA-II. The design variables were the pitch angle and chord length
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distribution, while the objective functions were the mean power coefficient and variance
of power coefficient. Both objective functions were improved, as the mean power
coefficient improved by 4.1 % and the variance of power coefficient decreased by 46.7
%. In this publication, the CFD was combined with another method to provide suitable
data points for optimisation, since simulating a turbine with a CFD would take several
days. Kumara et al. (2019) carried out an optimisation of thickness of blade of HAT
turbine. Surrogate models and CFD simulations were used to optimise the cross-sectional
geometry of a HAT turbine blade. The blade thickness parameters of a HAT turbine were
varied to investigate changes of power coefficient of turbine. Multiple surrogates were
added to the CFD results with design parameter variance to find the appropriate design.
The surrogate models included response surface approximation, radial base function,
Kriging, and weighted average surrogates. The optimised design increased the power
coefficient by 17.9%. In this publication, the effects of type of hubs which greatly affects

the turbine output efficiency were ignored.

For optimisation of a turbine with genetic algorithm or similar optimisation algorithms,
hundreds of basic numerical simulations are needed. One of the limitations of 3D CFD is
that it is time consuming, since for obtaining reliable results, different parameters must
converge simultaneously. Computational time of combination of the genetic algorithm with
the 3D CFD would be prohibitively expensive. However, the Taguchi method and
superposition approach can provide a reasonable estimate of optimised parameters with
a few number of simulations, and current PhD thesis is a valid example of this claim. It
should be mentioned that superposition model is a kind of simple of surrogate model and

was used in this work.

A review of research on VAT turbines also indicates that three parameters, namely twist
angle (Pongduang et al., 2015), camber (Zhang et al., 2020), and chord/radius ratio
(Heavey et al., 2018) could have significant effect on turbine performance. The impacts

of these three parameters on performance of VAT turbines have not been investigated in
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detail and their combined effects are unknown thus far. In this research, the effects of

these three parameters on turbine performance are studied simultaneously.

A horizontal turbine consists of two main parts: the hub and the blades. The solidity ratio,
which is the ratio of the total turbine blade area over the swept area, is the most important
factor affecting turbine performance. The solidity ratio varies greatly with the blade size
and the number of blades. Thus, optimisation of this ratio is accomplished by changing
these two factors. On the other hand, the type of hub can be changed based on the hub
radius and shape of the hub. In this work, four factors are considered to be optimised

including size of blade, number of blades, hub radius, and hub shape.

The Taguchi method is one of the powerful optimisation methods in product design. The
method, also known as the Robust Design method, significantly improves the
performance and quality of engineering products (Hong et al., 2018). The basic concept
of the Taguchi theory is to improve a product's quality by minimising the number of
needed experiments without removing the parameters (Jahanshahi et al., 2008). The
Taguchi method offers Orthogonal Arrays (OA) or matrix of experiments (as a
mathematical tool) in order to implement minimum experiments for providing wide range
of variables to make better decision. The term of Ln (Q®) is used to show the number of
experiments. Where IT is the number of experiments, Q is the number of levels, and ® is
the number of factors. For constructing OA, equal-level or mixed-level pattern can be
used depending on the problem to be investigated. Mix-level Taguchi method provides a
wider range of levels for significant factors (Wang & Huang, 2015). Moreover, the Taguchi
method introduces the signal-to-noise (S/N) ratio, which can be used to calculate the
guality of the output in terms of deviation from the desired values. In other words, the S/N
ratio is an indicator for measuring the quality and Orthogonal Arrays (OA) provide
minimum design parameters concurrently (Sapakal & Telsang, 2012). The target quality
of output is a key factor in the Taguchi method and should be defined for every
application. The Taguchi method can be combined with numerical simulation (e.g.,
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Computational Fluid Dynamic, CFD) models (Chan et al., 2019) in order to estimate
optimised parameters. In this work, the objective is to maximise the performance of a
tidal turbine. The power coefficient (Cp) which is an indicator of output, can be calculated
from CFD simulations. Recently, the Taguchi technique has been used for optimising
turbine parameters. Rao (2015) optimised a Vertical Axis Wind (VAW) turbine by using
the Taguchi method. In their work, the impacts of wake revolution and tip loss were
considered when calculating the performance of the VAW turbine. They defined two
different sets of parameters and levels, called inner and outer loops, and analysed each
one separately. They used a standard L27 (3'°) OA for the inner loop and a standard Li2
(2°) OA for each outer loop. In the design phase, the performance of the turbine was
maximised by focusing on blade size and twist angle as the design parameters. The
results showed an increase of 52.7% in the efficiency of the turbine. Although they

considered blade size, the effects of cambered airfoil was overlooked.

Wang et al. (2018) optimised the efficiency of VAW turbine by using CFD and Taguchi
technique. They considered amplitude, wavelength, and twist angle as the design
parameters and power coefficient (Cp) as the objective function. They used a standard
L9 (34) OA for the Taguchi technique. Although, they improved the VAW turbine efficiency
by 18% and provided valuable information about using the Taguchi technique for
optimising turbines, there was a significant gap in the selected levels for twist angle of

blade, which has significant effect on the performance of turbine.

Permanasari et al. (2019) used the Taguchi method to optimise a water wheel turbine.
They considered flow rate, number of buckets, and blade size as design variables and a
standard Lis (4%) OA for the Taguchi method. The optimised parameters achieved 4%
higher efficiency. In their work, the effects of hydrofoil (i.e., the cross section of a blade
which controls the hydrodynamic efficiency of a turbine for a specific flow environment)

were not considered (Nandagopal & Narasimalu, 2020).
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Figure 2.1 Publications on tidal turbines, optimisation of tidal turbines, and

optimisation of wind turbines (Kumar et al., 2019).

2.4 Original contributions of the research

Most studies of ocean-powered desalination systems have focused on the use of wave
energy converters (Leijon, 2020). These typically involve the use of oscillating systems to
pressurise air or water to drive a turbine or hydraulic system. Such systems have been
tested in terms of electricity production and their application to desalination systems has
been studied and tested at scale (Leijon et al., 2020). However, wave energy is highly
variable and is not suitable for more sheltered coastlines where there is insufficient fetch
for waves to develop. Where appropriate tidal resources exist, current-driven desalination

system may provide a more reliable alternative.

In this research, a new desalination system design is introduced (by adding a water
storage tank for stabilising the driving energy and a PV panel for powering the booster

pump), which can be powered by HAT or VAT turbines. Since in the proposed design, the
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most important part is the tidal turbine, the focus has been placed on optimisation of the

turbines.

There are several papers (see Figure 2.1), which offer effective and inexpensive methods
for optimising wind turbines. On the other hand, for optimising tidal turbines, which are at
the infancy stage of development, there is no complete guidelines, as the behaviour and
interaction of materials with water is very different from air. Despite the similarities to wind
turbines, the engineering of a tidal turbine differs significantly. The blades of tidal turbines
are narrower and thicker than wind turbines. This is to resist the higher stresses caused
by the density of the water, which is 800 times higher than air. Because of the massive
difference in density, a smaller blade size and a much slower rotational speed is required
for tidal turbines for equivalent performance. Greater density also brings with it some
challenges, such as turbulence, which creates a huge strain on the turbine. Even a small
increase in flow velocity can significantly increase the blade load. The blades of a tidal
turbine must be strong enough to resist much higher forces. Some prototype devices have
been found to have blade failures or fractures (Thomas, 2017). Moreover, the blade
roughness of tidal turbine, which is caused by erosion or/and dogged marine animals, is

far higher than the blade roughness of wind turbine, which is normally caused by pollution.

A comprehensive review of the literature shows that there are no appropriate guidelines

for optimisation of tidal turbines and hence, there is a research gap in this area, including:

1) The impact of surface roughness on hydrodynamic performance of a tidal turbine
is not well understood and it has not been investigated in detail.

2) The impacts of combinations of design parameters such as twist angle, camber
position, maximum camber, and chord/radius on performance of VAT turbines has

not been studied.
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3) The influence of combinations of design parameters such as size of blade, number
of blades, hub radius, and hub shape on the power output of HAT turbines has not

been investigated.

In this work, a comprehensive 3D CFD simulation and a number of laboratory
experiments are carried out, covering a wide range of roughness values for a vertical
hydro turbine, in order to quantify the impacts of roughness on the hydrodynamic
performance of hydro turbines. Moreover, an inexpensive method is developed and used
to optimise a VAT turbine in order to maximise its hydrodynamic performance. The
combined effects of twist angle, cambered blades, and solidity on performance of the VAT
turbine is investigated. Using the mixed-level modified Taguchi approach and
comprehensive 3D CFD simulations, a new set of optimised factors are identified and
tested. Finally, the Taguchi method is used to optimise a HAT turbine in order to identify
a cost-effective geometry for use in a RO desalination system. The effects of size of
blades, number of blades, hub radius, and hub shape on power output of HAT turbine are

studied.
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Chapter Three: Design of the RO
desalination system

3.1 Summary

Desalination is a salt (or dissolved solids) removal method that uses distillation, multiple
effect thermal processes, evaporation, or membrane filtration like electrodialysis reversal,
nanofiltration, and RO, to reduce the amount of dissolved salts in seawater or brackish
water to a safe or drinkable level (Sobana & Panda, 2011). A RO seawater desalination
method offers numerous benefits including energy savings as well as reduced installation
space and has become a common process for producing freshwater either from seawater
or brackish water (Kurihara et al., 2001). The required amount of energy to operate a
desalination system is one of the major barriers in sustainable desalination (Vakili-
Nezhaad et al., 2021). Combination of RO desalination system with clean energy sources
decreases the environmental effect of carbon emissions by fossil fuels. The general
objective of optimising the renewable energy powered RO desalination system is to
reduce overall system costs and energy needs while still maintaining system performance
(Okampo & Nwulu, 2021). In this work, by adding a storage tank and a PV panel to
previous design of RO desalination system, a new design is introduced which can be

powered with tidal turbines.

3.2 Conventional RO desalination system

A reverse osmotic (RO) desalination system consists of 4 main parts including, high-
pressure pump, membranes, energy recovery device and booster pump as shown in
Figure 3.1. High-pressure pump of the system consumes most of the energy required in
RO desalination system and at least one high-pressure pump is needed in every

desalination plant (www.pumpsandsystems.com). Membrane filters act as a barrier to
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keep particles out of the water, and they filter the contaminants from the water. RO works
by applying pressure to a semi - permeable membrane, which enables water to move
through while flushing out dissolved solids. As a result, it divides the water into two
channels (www.freshwatersystems.com). In this system, a booster pump is used to pump
water from the energy recovery device (ERD) to the RO unit. The energy in the
concentrate (or brine) residual waste is harnessed and transferred to the feed side
through various methods by an ERD used in the RO desalination system. Energy
consumption for modern RO desalination systems is between 2-4 kWh/m3 (Amy et al.,
2017; Kim et al., 2019; Park et al., 2020). As it can be seen, significant amount of energy
is needed to desalinate the seawater. Therefore, not only the use of renewable energies
should be expanded in this field, but also optimisation methods should be employed to

find the maximum efficiency at reduced cost.

Seawater

Membranes

Freshwater

Q :

High pressure pump

Booster Pump

bed—

ERD

Figure 3.1 A reverse osmotic (RO) desalination system using ERD (Kadaj & Bosleman, 2018).
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The total energy consumption in a RO desalination plant is determined by a number of
factors including feedwater quality, RO technology implementation, plant capability, and
other local conditions. There is general consensus in many publications in this field
(Shrivastava et al., 2015; Voutchkov et al., 2012; Wilf et al., 2007) that, for the most
energy consuming cases of desalination processes, energy
consumption ranges between 2 and 4 kWh/m?3 for medium-scale plants. On the basis of
the data collected from 20 RO plants, Voutchkov et al. (2012) reported the
abovementioned range and presents a detailed contribution to energy consumption by
the main parts of the RO plant, as shown in Figure 3.2. The item identified as "other
facilities" approximately corresponds to energy consumed for discharging effluents

(Karabelas et al., 2017).

Other facilities;

RO system; 71% 7.60%

Product water
delivery; 5%

Intake; 5.30%

Pretreatment;
10.80%

Figure 3.2 Percentage contribution to overall energy consumption of a standard RO
desalination plant by each component (Karabelas et al., 2017).
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3.3 Powering RO desalination system using tidal energy

(Ling et al., 2018) studied a RO desalination system coupled with tidal energy. In their
publication, they provided a design of RO desalination system which can be powered by
tidal energy. In this section this design is described and in the next section a new design
will be introduced by adding some additional components. The designed RO
desalination system is based upon the fact that it is directly powered by the mechanical
energy produced by tidal energy through a hydraulic turbine, as illustrated in Figure 3.3.
Since the system does not need external power or generators to work, the tidal energy
RO desalination system has a lower cost of water production (Ling et al., 2018). The
working pressure of the RO system varies depending on the tidal energy. Therefore, a
pressure stabiliser is used to keep the pressure constant. As illustrated in Fig. 1, the

pressure stabiliser is mounted before the RO pressure vessels set (Ling et al., 2018).

RO
Pressure :
stabilizer > Z I
Pressure I 4
: Pressure device
device g i
Pretreatment Z’
Water Shaft ‘
trite -1 - - * Product
inlet I work :
Shaft work
Hydraulic
turbine

Figure 3.3 RO desalination system coupled with tidal energy (Ling et al., 2018).

3.4 The new design of tidal energy RO desalination system

As shown in Figure 3.4, (Ling et al., 2018) used a pressure stabiliser which has 2 major
shortcomings. First, the pressure stabiliser can only be used when more energy is
available and it cannot help when there is a shortage of the required energy. The second

52



problem is that, when the pressure is reduced, a part of the produced energy is wasted.
However, in the proposed new design, considering the challenges of energy storage
systems with expensive batteries to store the unused energy (Siti Khodijah et al., 2021),
a water storage tank is introduced which can store the extra energy coming into the
system as well as stabilising the required energy. Another problem of the design
presented in section 3.3, is that they use another turbine to power the booster pump which
is in the low-pressure line. In reality, we need very low energy to power the booster pump.
In the new design, a PV panel is used for powering the booster pump. Therefore, the
proposed design can solve the problems of previous designs. A schematic of the
conceptual design of VATRO desalination system using HAT turbine is illustrated in
Figure 3.4. Some parts of the general idea about the RO desalination system were
adapted from (Gude, 2018). The main components of the design and their functions are

as follows:
(1) Tidal turbine: powers the high-pressure pump and fills the water storage tank,
(2) Water storage tank: stabilises the driving energy,

(3) High-pressure pump: moves and pressurises water from the sea to the RO unit and

the water tank,
(4) RO unit: desalinates saline water,

(5) Booster pump: pumps output water from energy recovery device (ERD) to the RO unit,

(6) ERD: recovers the energy of water output of RO unit, and

(7) PV (Photovoltaic) panel and battery: provide the required electricity for the booster

pump.
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Figure 3.4 Schematic of the RO desalination system using a tidal turbine.

The tidal turbine extracts energy from the sea and runs the high-pressure water pump in
order to provide the hydraulic pressure needed for the RO unit. In the proposed
conceptual design, there is no need to convert kinetic energy to electricity in a generator,
and then electricity to kinetic energy in an electric motor and finally use the kinetic energy
to pressurise water in a pump. The kinetic energy is used directly to pressurise the water
in the RO system. Moreover, the electricity harnessed from tidal power is usually wasted
due to limited consumption during off-peak hours. With the proposed conceptual design,
the turbine uses tidal energy to run a water pump and when the system has adequate
pressurised water, the energy of the movement can be stored in the water storage tank

to stabilise the driving energy.

3.5 Location of the desalination system

Figure 3.5 shows the water availability indicators due to climate change and population

growth in the UK for 2050s (Boorman, 2012). The indicator of water availability, which
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varies from -1 to 1, identifies the ratio of excess water consumption over water supply of
the most challenging months during the estimated duration. It can be seen from this figure
that, even a country like UK will experience water scarcity in the coming decades.
Fortunately, since about 71% of the Earth's surface is covered with water (Thompson,
2017), one of the solutions for world's water crisis can be seawater desalination. However,
seawater desalination requires a significant amount of energy (Ang et al., 2015; El-
Ghonemy, 2012; Han et al., 2017; Laborde et al., 2001). Most of the existing desalination
systems are powered by energy from combustion of fossil fuels (Pefate & Garcia-
Rodriguez, 2012; Tong et al., 2020). Renewable energy, in many cases, can be utilised
to power desalination devices (Turek & Bandura, 2007; Tzen & Morris, 2003). Using clean
energy sources for desalination has many advantages. The main advantage is that they
are infinite and cannot be depleted. Tidal energy, utilising ocean tidal currents, provides
a reliable renewable resource with the advantage of being highly predictable many years
into the future, albeit intermittent on a daily or twice-daily time-scale, and significantly

greater in its energy density compared to wind and solar energies (Pelc & Fujita, 2002).
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Figure 3.5 Water availability indicator for 2050s in the UK (Boorman, 2012).

One of the prerequisites of development of a tidal seawater desalination system is to find
coastal areas with high-speed current, particularly in regions with low salinity as salinity
can effect of energy consumption of RO unit (Koutsou et al., 2020). Figure 3.6 illustrates
the current speed and seawater surface salinity around the UK. From this figure, it can
be seen that there are numerous locations, which are suitable for tidal-powered
desalination system, especially in the straits and in narrow places that have an
appropriate space for harnessing tidal energy. According to Figure 3.6, the coastline of
South East England is suitable for installation of a tidal power RO desalination system;
not only it has low salinity and high current speed, but also in future it will have a higher
demand for water (see Figure 3.5). Accordingly, for the rest of this research, the mean

tidal current velocity and salinity of water are assumed as 1 m/s and 30 ppt respectively.
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3.6 Energy required for desalination

According to previous literature, energy consumption for desalinating 1 m3/h using RO
desalination systems is between 2-4 kWh/m?3 (Amy et al., 2017; Kim et al., 2019; Park et
al.,, 2020). The proposed conceptual desalination system has three major energy
requirements: (1) energy for the RO unit, which has the highest energy consumption in
all RO desalination systems (Alsarayreh et al., 2020; Busch & Mickols, 2004; Chu et al.,
2020; Mohamed et al., 2005; Setiawan et al., 2009), (2) energy for pumping of the
seawater from the nearshore to the system, and (3) electricity consumption in the booster
pump, which is used after ERD to pump water to the RO unit. According to Figure 3.6 (b)
and the specified location for the desalination system in Figure 3.6 (a), the amount of
salinity in the specified area is 30 ppt. The energy consumption inside the RO unit can be
assumed as 2.4 kWh/m? for seawater with salinity of 30 ppt (Karabelas et al., 2018). The
energy usage for transferring seawater to RO unit and the storage tank in a standard
desalination system is about 0.3 kWh/m?3 (Fritzmann et al., 2007). Therefore, the total
energy required for the RO desalination system for desalinating 1 m?%/h freshwater system

is 2.7 kWh/m3.

To determine the capacity of PV panels, first the energy consumption of a proper booster
pump needs to be determined. According to Mistry & Lienhard (2013), 0.121 kWh energy
is needed to power the booster pump in the RO desalination system. The closest capacity
of PV panels in the market to this amount of energy is 120 Wh, which is suitable for this

system.

As mentioned in section 3.2, the energy plays an important role in desalination systems,
and finding the optimal turbine can help justify real world applications of these systems.
Therefore, in this study a tidal turbine is selected to be optimised in terms of the amount

of material and hydrodynamic performance.
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3.7 Conclusion

In this work, by adding a storage tank and a PV panel to conventional RO desalination
system, a new design is introduced which can be powered with tidal turbines. Since a
significant amount of energy is needed to desalinate seawater, not only the use of
renewable energies should be expanded in this field, but also optimisation methods
should be employed to find the maximum efficiency at minimum cost. In this study, a
water storage tank was introduced to store the extra energy coming into the system as
well as stabilising the required energy. Moreover, a PV panel was used for powering the
booster pump. The propose design can solve the problems of previous designs. The tidal
turbine extracts energy from the sea and runs the high-pressure water pump in order to
provide the hydraulic pressure needed for the RO unit. In the proposed conceptual
design, there is no need to convert kinetic energy to electricity in a generator, and then
electricity to kinetic energy in an electric motor and finally use the kinetic energy to
pressurise water in a pump. The kinetic energy is used directly to pressurise the water in
the RO system. Moreover, the electricity harnessed from tidal power is usually wasted
due to limited consumption during off-peak hours. With the proposed conceptual design,
the turbine uses tidal energy to run a water pump and when the system has adequate
pressurised water, the energy of the movement can be stored in the water storage tank
to stabilise the driving energy. Therefore, in this study a tidal turbine is selected to be
optimised in terms of the amount of material and hydrodynamic performance. The energy
required for desalinating 1 m?/h is determined based on information from the literature. It
should be noted that some assumptions are necessary to estimate this amount. The

designed RO desalination system requires 2.6 kW/h for producing 1 m3h freshwater.
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Chapter Four: Impact of Surface
Roughness on Hydrodynamic
Performance of a Tidal Turbine

4.1 Summary

Although improving the hydrodynamic performance is a key objective in the design of
ocean-powered turbines, some factors affect the efficiency of the device during its
operation. In this study, the impacts of a wide range of surface roughness as a tribological
parameter on stream flow around a hydro turbine and its power loss were studied. A
comprehensive program of 3D Computational Fluid Dynamics (CFD) modelling, as well
as an extensive range of experiments were carried out on a tidal turbine in order to
measure reduction in hydrodynamic performance due to surface roughness. The results
show that surface roughness of turbine blades plays an important role in the
hydrodynamics of the flow around the turbine. The surface roughness increases
turbulence and decreases the active fluid energy that is required for rotating the turbine,

thereby reducing the performance of the turbine.

4.2 Introduction

Tidal convertors can be utilised for converting the kinetic energy of water to mechanical
energy of shafts, similar to wind turbines (Antonio, 2010). Several turbines have been
developed that can use hydrodynamic lift effectively (Batten et al., 2006; Batten et al.,
2007; Mohamed, 2012; Polagye, 2009; Thiébot et al., 2015). In particular, a special
design suggested by French engineer Georges J. Darrieus (Mahmud et al., 2017) in 1925
has been regarded as a promising idea for contemporary wind turbines. The main benefits
of Darrieus turbines are (i) their design is relatively easy, (ii) their different parts can be

adjusted at ground level, and (iii) they do not need a yaw system which is an auxiliary part
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of the wind turbine for orientation (Shaheen & Abdallah, 2017). Attempts have been
made, particularly in the UK, the US and Germany, to develop this design for efficient
wind turbines (Hau, 2013). Japanese researchers were pioneers in using Darrieus type
turbine as tidal convertors (DH turbine) (Kiho et al., 1996). Parametric analysis of Darrieus
turbines is necessary to find the best way to reduce the cost of manufacturing as well as

their maintenance.

One obvious weakness of tidal turbine is the price of manufacturing. These turbines
require to be submerged in the seawater which is quite costly, thus there have been
attempts by designers to reduce the price of the turbine (Joubert, 2013). Nevertheless,
there should be a trade-off between reducing the price and improving or maintaining the

performance of the turbine.

There are some secondary factors in the design of hydro turbines, which affect the
performance of the system during its operation. A review of the literature shows that there
is a research gap in the study of these overshadowed aspects of hydro turbines. In this
chapter, a comprehensive CFD simulation and a number of laboratory experiments are
carried out, covering a wide range of roughness values for a vertical hydro turbine, in
order to quantify the impacts of roughness on the hydrodynamic performance of hydro
turbines. The results show that these factors could have a significance effect on the
performance of hydro turbines and hence should be considered in the design of these
turbines. In due following sections the results of the numerical and experimental models

are presented and discussed.

4.3 Numerical modelling

4.3.1 Model geometry

Some key parameters of DH turbine are presented in Table 4.1. In previous literature

reports (Mehmood, 2012; Coiro et al., 2005; Xiao & Zhu, 2014) NACA 0015 airfoil has
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been proposed for turbines. The National Advisory Committee for Aeronautics (NACA)
devised airfoil shapes for aircraft wings. The NACA 0015 airfoil is symmetrical, with no
camber indicated by the 00. The number 15 means that the airfoil's thickness to chord
length ratio is 15%. Therefore, in the current study NACA 0015 is selected for the
experiments and numerical simulations. The water velocity is set at 1.0 m/s and height of
blade and length of chord are selected as 0.45 m and 0.3 m respectively. The normal

speed range of costal tides near the UK is 0.3 — 2.4 m/s (www.maps.tidetech.org, 2020).

Table 4.1 Turbine geometrical and stream specifications

Parameter Value
Height of blade 0.45m
Length of chord 0.3m
Number of blades 3

Type of airfoil NACA 0015
Velocity of water 1m/s

Figure 4.1 shows a CAD design of a three-blade DH turbine subject to a horizontal flow
of water. The interaction of DH turbine with water is complex and various parameters are

needed for their complete analysis.
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Figure 4.1 Schematic of the DH turbine.

The selection of a suitable computational domain is a key factor for the CFD model to be
representative of the reality (Lanzafame et al., 2013). The domain should be optimised in
order to reduce the time of computational runs and also provide enough space for
appropriate meshing. Furthermore, the CFD domain should be suitable for reproducing
DH turbine rotation without the effects of the walls. The domain sizes are selected based
on Navabi's (Nabavi, 2008) analysis of the domain size independence. To analyse the
performance of the turbine, a 3D transient time-accurate and dynamic mesh CFD model
is developed using the ANSYS Fluent 19 code. The geometry of the domain used is
shown in Figure 4.2. Designing of the geometry is done in the SOLIDWORKS software.
Mesh generation is done in the ANSYS ICEM CFD software. Figure 4.3 shows a circular
domain and intensive mesh on wall of the NACA 0015 airfoil. The distances between the
centre of the turbine blades and the input and output of the domain are 2.4 m and 4.35 m
respectively, and the distance between the blades and the upper and lower levels is 0.90
m. The height of the turbine blades is 0.45 m. An unstructured mesh is created around

the blades while a structured mesh is used for the rest of the domain. The total number
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of cells in this simulation is 1,249,795 (after grid sensitivity study). The k-w (SST) (Shear
Stress Transport) turbulence model is used to simulate the problem, and the coupling of
the speed and pressure equations is performed with the PISO algorithm (Yang et al.,
2011). Water velocity at the entrance is 1 m/s. For the entry, the velocity inlet and for the
exit the pressure outlet are used as boundary conditions. The bottom, top and side
boundaries of the domain are specified as the wall boundary condition. The simulation is

done as transient, and the time step selected (after time dependence test) is 0.0001s.

Wall Pressure-Outlet

225m

Velocity-Inlet

435m Wall

24m

Figure 4.2 Computational domain and mesh blocks.
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Figure 4.3 Circular domain and intensive mesh on walls of the blades of NACA 0015.

4.3.2 Grid sensitivity (GS) test

A grid sensitivity (GS) test is carried out by generating ten different meshes for the DH
turbine with NACA 0015 airfoil. The results of the GS test as the variation of average
moment coefficient (Cm) with the number of cells are presented in Figure 4.4. The number
of cells is increased uniformly from 123,598 cells to 3,832,670 whilst y+ (non-dimensional
wall distance) is 1 (Castelli et al., 2012) in all the tested meshes. Since the turbine’s torque
is not constant, the mean output torque is used to calculate the mean Cn. By using Eq.
3.1 and Eq. 4.2 (Lain & Osorio, 2010) average moment coefficient of each case with
different number of cells is calculated (Figure 4.4). The results showed that beyond
1249795 cells, the relative standard deviation (RSD) of Cn is about 1.3%. Since the
computational cost of CFD analysis increases rapidly with the number of cells and RSD
=~ 1.3% is considered acceptable for similar works on Darrieus turbines (e.g., (M.

Mohamed, 2012)), 1249795 cells is chosen for numerical analysis.

T =ty 4.1)
Z
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c - Tn (4.2)

m 1 3
= pAU
2 PA

where Tn is the average torque, T is the Torque, Cn is the moment coefficient, p is the
density of water, U is the velocity of water, Ay is the area of the turbine blades, z is the

number of data points.

Ty 3832670
Ay 327283
My 2975063
Ty 2192038
Ty 1861325
ATy 1249795
Ty 950298
My 577398
My 296952

Ty 123598

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
B Moment coefficient (Cy,)

Number of cells

Figure 4.4 Average moment coefficient VS number of cells for grid sensitivity test.

4.3.3 Time sensitivity test

Time step is amongst the most important factors in unsteady simulations. It should be
small enough to guarantee temporally independent results (Balduzzi et al. In order to
understand the sensitivity of the solution to time step, a subsequent study at tip speed
ratio (TSR) of 1.5 and water velocity (U) of 1 m/s is carried out. To obtain a successful
convergence in the final results, the time step used for each simulation must be carefully

selected (Nobile et al., 2014). In the time sensitivity test, | seek to use a large time step
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that assures the minimum computational time without losing accuracy of the results. Five
different simulations with time steps of At=0.0125, At=0.0025, At=0.0005, At=0.0002 and
At=0.00008 are carried out to determine how the time step affects the torque of DH turbine
with NACA 0015 airfoil. For these different time steps, the variations of torque with
azimuth angle are plotted in Figure 4.5. The results show that, among the five different

time step sizes, there is little difference in moment coefficient between At=0.0005 and

At=0.00008. Therefore, a time step of 0.0005 is chosen for the rest of the CFD simulations

in order to reduce computational time to a minimum.
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Figure 4.5 Moment coefficient (Cn) verses azimuth angle for five different time steps.
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4.4 Experimental set up
An experimental setup is designed and prepared for measuring power output of the DH

turbine (Figure 4.6). A three-blade DH turbine is made from Perspex with 3D printing at

the Mechanical Workshop of the University of Exeter, using a NACA 0015 airfoil profile
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with a chord length of 300 mm. The manufactured DH turbine is submerged in a flume
(see Figure 4.7) in order to measure the output energy of the turbine. An energymeter, a
resistance box and a small electromotor are employed to measure the power output of
the DH turbine. The accuracy of the energymeter is approximately £1% for voltage and
current. In addition, an Acoustic Doppler Velocimeter (ADV) is used to measures the

characteristics of the upstream flow of the flume.

A comprehensive set of laboratory experiments is designed and carried out to measure
energy losses due to surface roughness. Rolled waterproof sandpapers with uniform
roughness are used in the experiments. Five different sandpapers with roughness values
of 50, 100, 250, 500 and 1000 um are used to study the effects of surface roughness on
the flow and energy output. The experimental results will be presented and compared

with the CFD results in the following sections.

Electromotor

Computer
Energymeter :
a Resistance
Flume water - A
NN NN NN
I e P S N NN NN
ADV |, 1

Figure 4.6 Measurement system for the DH turbine.
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Figure 4.7 Experiments in hydraulic laboratory of University of Exeter.
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45 Validation of the CFD model

In this section, the experimental results and outcomes from some other studies from
literature will be compared with the results of the CFD simulations of the DH turbine to
examine the validity of the CFD model. For this purpose, power coefficient (Cp) is
calculated at different tip speed ratios (TSR) both experimentally and computationally.

Power coefficient can be calculated as (Dai & Lam, 2009):

Cp:___E__? (4.3)
0.5pAU
where C, is power coefficient, and P is power output.
Also Tip Speed Ratio (TSR) can be calculated as (Liu et al., 2016):
TsR=2 (4.4)
U

where o is the angular velocity of turbine and R is the radius of turbine’s hub.

The calculated values of C;, at different values of TSR are plotted in Figure 4.8. It can be
seen that the numerical results are in good agreement with the experimental results.
There is, nevertheless, a difference between the CFD and measured results. The main
reason for this difference is that the CFD simulations are based on rigid body geometries
that ignore the turbine blade’s hydroelastic behaviour. Vibration and deformation can
adversely influence the performance of the turbines. In reality, the blades of the tidal
turbine bend due to the pressure of the edge. The power output of the deforming blade is
lower than the rigid blade. The power reduction is because of the change of the pressure
distribution on the blade caused by twisted blade sections. In addition, vibration causes
increasing vorticity generated in blade tip which reduces the torque of turbine (Park et al.,

2016).
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The general trend of the present experimental and CFD results is also consistent with
some results reported in the literature (Liu et al., 2016) on the performance of three-blade

NACA type DH turbines.

0.25
--CFD

-o-Experiment
0.2
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Power coefficient (Cp)

0.05

0 0.25 0.5 0.75 1 1.25 15 175 2 2.25 25 2.75

Figure 4.8 Power coefficient (Cp) VS tip speed ratio (TSR) for validation of the CFD model with
the experimental work.

4.6 Modelling of roughness in ANSYS Fluent

For modelling surface roughness, the rough wall model is available in ANSYS Fluent
(Adedeji et al., 2019) which is adapted from Sommerfeld and Huber's work (1999). To
implement surface roughness in ANSYS Fluent, the roughness height (Hy) and the
roughness constant (C;) should be defined (Fluent). These two parameters are explained
here. The effects of surface roughness can be duly accounted for in CFD codes by

modified wall law as follows (Pattanapol et al., 2008):

71



ut Ut
pu_q:ki.n{g.ygsi}m @
Tw H

]
where Uq is the velocity at the wall near cell at centre point g, yq is the height at the centre
point q of the cells near the wall, | is the viscosity of water, AG is the roughness function,

7w is the wall shear stress, k; is the Karman constant, and u? is the wall friction velocity.
The wall friction velocity can be defined as (Menter, 2002):

u' = 0.55k?° (4.8)

where Kqis the turbulent kinetic energy near the wall at point g of the cell.

According to Cebeci et al., AG for fully rough regime can be defined as (Cebeci &

Bradshaw, 1977):

AG :%(1+crH;) (4.9)

where Hs* is the non-dimensional roughness height, and C; is the roughness constant.

The range of roughness constant is 0-1 and according to Tan et al. (2011), who worked
on impacts of roughness on the numerical centrifugal pumps using Fluent, the roughness
constant has a small effect on the numerical prediction of centrifugal pump performance.
In this chapter, the value of C; is taken as 0.5. In addition, the non-dimensional roughness

height is defined as:

1
HY = ouH, (4.10)
7,
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4.7 Results and discussion

4.7.1 Numerical results

4.7.1.1 Effects of surface roughness on flow pattern

The DH turbine with NACA 0015 airfoil is simulated using the CFD model in 6 different
average roughness heights (H) of 0, 50, 100, 250, 500 and 1000 um at TSR= 1.5. One
of the most important factors for simulation of roughness is that turbulence model should
be proven and validated. The k-w (SST) model is used as the turbulence model the
capabilities of which have been verified the by Sagol et al. (Sagol et al., 2013) and
Villalpand et al. (Villalpando et al., 2012) for impacts of roughness. To analyse and
understand the phenomenon of flow across a structure like DH turbine, the distribution of
velocity and velocity vectors can be useful. The data obtained from the 3D CFD analysis
are presented in Figs. 9 - 12. To better understand the effect of roughness height on the
flow, the velocity distribution is presented in a cross-section (Figure 4.9) and the velocity
vectors are shown in 3D (Figure 4.10). In order to obtain a comparison between the
turbines with different roughness heights, | select a reference angle (180°) in the 6DOF
(dynamic mesh) and then the turbine set up is simulated with different roughness heights.
By using the CFD Post software at an angle of 60° related to the chosen reference, the
velocity contours in a given plane and the velocity vectors are obtained in Figure 4.9 and
Figure 4.10 respectively. It can be seen that the turbines with various surface roughness
heights can make turbulence in the stream flow. This turbulence is not like passing fluid
through the body of an airplane or an airfoil. The perturbations of all three blades
accumulate and interact and cause the stream flow to change. Fluid turbulence always
reduces the kinetic energy, which in turn, reduces the total turbine efficiency. It can be
seen that at lower roughness heights (less than 100 ym) the hydraulic effects of
roughness are negligible (see Figures. 4.9 and 4.10). At high roughness values, the

velocity of the fluid flow is higher and this has a significant effect on the fluid flow
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(especially for roughness heights greater than 500 um). This effect will be discussed and

guantified numerically in the following sections.
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Figure 4.9 Distribution of velocity for various roughness heights on NACA 0015 airfoil at
TSR=1.5.
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Figure 4.10 Velocity vectors in various roughness heights at TSR= 1.5 and angle of 60°.



4.7.1.2 Effects of surface roughness on pressure coefficient (Qp) and drag
coefficient (Cq)

The performance of a tidal turbine is very sensitive to the pressure and drag coefficients
of the specific hydrofoil section used (Walker et al., 2014). The pressure coefficient is

defined as (Ehrmann, 2014):

Q, =1pr;pw (4.11)
E(pP»U"’)

where P is the pressure, Ay is the area of the blades, and pw is the pressure of water.

The gradient of pressure between the suction surface and the pressure surface leads to
a rotational torque for the shaft of the turbine (Hodson & Dominy, 1987). To analyse this,
the pressure coefficient (Qp) is calculated using the CFD model results and Eq. 4.11 at

various roughness heights and the results are presented in Figure 4.11.

It can bee seen that the pressure coefficient is very sensitive to surface roughness. The
margin of the pressure coefficient (Qp) between the top and bottom surfaces of the airfoil
decreased with the roughness height increasing from 0 to 1000 ym, particularly for the
front location of 30% of the chord length. In addition, at the leading edge, the pressure
difference between the top and bottom surfaces is greater relative to the other positions.
This reduction of the pressure coefficient will reduce the torque as well as power output
which will be explained in following section. These results are consistent with those
presented in Li et al (2010) who also reported that the margin of variation of the pressure

coefficient decreases with increasing roughness.
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Drag coefficient (Cq) is one of the most important flow parameters which has influence on

the performance of tidal turbines (Ahmed, 2012). In this section, the amount of change in
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Figure 4.11 Pressure coefficient (Qp) curves on a single NACA 0015 blade at different
roughness heights.

drag coefficient due to the roughness height in DH turbine with NACA 0015 airfoil is
quantified. Similar to Qp, Ca4 Cruz et al. (2008) is calculated using the CFD model for
different roughness heights and the results are presented in Figure 4.12. The results show
that Cq increases gradually (following a second order polynomial function) with incrasing
roughness. The value of Cqat H=1000 um is 20% higher than the smooth blade. This
trend of variation is generally consistent with the results reported by Ren & Ou (2009) for

a wind turbine with a NACA 63-430 airfoil.
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Figure 4.12 Variations of drag coefficient (Cy) at different roughness heights.

4.7.1.3 Effects of surface roughness on torque (T)

As mentioned above, surface roughness causes increase in the drag coefficient and
decrease in pressure coefficient, both of which reduce the output torque of the turbine.
To evaluate this effect, the torque (T) of the DH turbine is calculated in 6 different average
roughness heights of 0, 50, 100, 250, 500 and 1000 ym. Furthermore, in order to
determine which range of velocity inlet (which is representative of Reynolds number) has
greater influence on the turbine, CFD simulations are carried out with U of 0.25, 0.5 and
1.0 m/s. The results of torque versus azimuth angle for 6 different roughness heights for
3 different inlet velocities are presented in Figure 4.13. As it can be seen, amongst the 3
inlet velocities, the range of 0-250 ym roughness height has a negligible impact on output
torque of the turbine. On the other hand, H: between 250-1000 um has a significant effect
on the turbine and it is the worst at velocity of 1.0 m/s. The results indicate that the effect
of roughness is much greater at high Reynolds numbers. This finding is in agreement with
the results reported in previous research (Blair, 1991; Freudenreich et al., 2004;

Montomoli et al., 2010; Timmer & Schaffarczyk, 2004). Since a lower torque usually
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produces a lower energy output (Virk et al., 2010), it can be concluded that energy losses

are caused by increase in the roughness to the DH turbine blade.
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Velocity of flow=0.25 m/s

Figure 4.13 Torque (T) versus azimuth angle for 6 different roughness heights at
TSR= 1.5.

4.7.1.4 Effects of surface roughness on power loss (P)
Roughness on blades almost always reduces power output of wind turbines, and the loss

usually varies from 20% to 50% (Laakso et al., 2005; Dalili et al., 2009). In the same way

that insects reduce the power output of wind turbines (Corten & Veldkamp, 2001;

Lachmann, 1960), dogged marine animals and erosion can reduce the efficiency of hydro
turbines by increasing roughness on blades. Equations 12 and 13, together with the CFD

model results are used to calculate the power loss of the DH turbine in different roughness

heights at velocity of 1 m/s (Zhang et al., 2011).
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P=T o (4.12)

P% = %*100% (4.13)

where P is the power, P is the power loss, Pc is the power of clean turbine, Py is the power

of roughed turbine, Tr is the mean torque, and o is the angular velocity.

The turbine’s power output is equal to its angular velocity (o) times the torque (T) that
acts on it (Eq. 4.13). Since the torque and angular velocity of DH turbine are not constant,
the power output is also not constant. Thus, the average power output is calculated.
Percentage of power loss of the DH turbine under 6 different roughness heights at U=1.0

m/s is shown in Figure 4.14.
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Figure 4.14 Percentage of power loss of the DH turbine with NACA 0015 airfoil for 6 different
roughness heights (U=1.0 m/s).

4.8 Experimental results

The results of the laboratory experiments on the effects of surface roughness on the flow

and energy loss are presented in this section. Appendix A shows the DH turbine blades
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with 6 different surface roughness values created by rolled waterproof sandpapers with
different surface roughness. Using the surface profiler device (model: TALYSCAN 150)
in the department of Engineering of the University of Exeter, roughness of 2 of the used
sandpapers are examined and their micro images are shown in Figure 4.15. The
experimental results are shown in Figure 4.14. There is a difference between the CFD
and measured results. The main reason for this difference is that the CFD simulations are
based on rigid body geometries that ignore the turbine blade’s hydroelastic behaviour.
The power output of the deforming blade is lower than the rigid blade. The power
reduction is because of the change of the pressure distribution on the blade caused by
twisted blade sections. In addition, vibration causes increasing vorticity generated in
blade tip which reduces the torque of turbine (Park et al., 2016). The results show that
the energy loss increases nonlinearly with increase in the surface roughness. Amongst
the roughness heights used, the maximum percentage of power loss could reach up to
27 % (numerical) and 22 % (experimentally) for 1000 um roughness. The amount of

reduction in power for H< 100 uym is less than about 3%.
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Figure 4.15 Micro images of sandpapers (100 and 250 um)

4.9 Conclusion

Modifying the power output is a key objective in the development of the tidal turbines.
Therefore, the study of surface roughness arising either in the manufacturing process
or/and marine environment is important. The main goal of this chapter was to study the
adverse effects of roughness on a tidal turbine both numerically and experimentally and
use the results for next chapter. It was shown that surface roughness is a crucial factor in
designing a hydro turbine, which should be considered as an initial design parameter like

the number of blades, size of blades, tip speed ratio (TSR), water velocity and shape of
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airfoils. The higher the roughness of the blade of DH turbine, the lower is the turbine

performance. In order to quantify the effects of roughness on stream flow and

performance of the turbine, ANSYS Fluent 19 code was used for CFD simulations. The

turbine was simulated in using dynamic mesh and k-w (SST) turbulent model.

Furthermore, in a comprehensive laboratory works, six different cases with different

roughness heights were developed and tested. The following conclusions can be drawn

from the results obtained in this chapter:

1)

2)

3)

4)

5)

Velocity distributions showed that turbulence will increase with increasing the surface
roughness of DH turbine. Turbulence reduces the kinetic energy, which in turn,
reduces the total turbine efficiency.

The surface roughness degraded the margin of pressure coefficient, especially at high
values of roughness.

The drag coefficient increased as a second order polynomial function of H,.. When
NACA 0015 airfoil was used in DH turbine, the drag coefficient is very sensitive to the
variations of H. The drag coefficient of roughed turbine (with H=1000 um) studied in
this chapter was 20% higher than the smooth blade.

The average torque shows small changes at low flow velocities. The adverse impact
of surface roughness was significantly greater at high inlet velocities (i.e., high
Reynold numbers). In the CFD simulation, all parameters in the Re equation were
constant except the velocity of water. It was shown that the negative impacts of
roughness are much greater at high Reynolds numbers.

The decrease in torque due to surface roughness reduced the power output of the
turbine. For the turbine studied in this chapter, the maximum reductions in power
output numerically and experimentally were about 27% and 22% for H=1000 ym

respectively.
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6) The results of this chapter would be useful for manufacturers and operators of DH
turbines in decisions about practical measures (e.g., coating or cleaning of blades) to

reduce roughness of the turbine blades.
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Chapter Five: Optimisation of a
Vertical Axis Tidal turbine for
powering a RO desalination system

5.1 Summary

Vertical Axis Tidal (VAT) turbines can be used as ocean-powered devices to power the
RO desalination systems from movements in ocean as a renewable source of energy. In
this chapter, a conceptual design of the Vertical Axis Tidal RO (VATRO) desalination
system was introduced. The energy required for desalinating 1 m3h is determined.
Accordingly, a VAT turbine was designed to fulfil this amount of energy. Consequently, a
number of CFD simulations carried out using the mixed-level modified Taguchi technique
to determine the optimal hydrodynamic performance of a VAT turbine. The influence of
four parameters: twist angle, camber position, maximum camber, and chord/radius ratio
were studied. The interaction of these parameters was investigated using the Variance of
Analysis (ANOVA) approach. The Taguchi analysis showed that the most significant
parameter affecting hydrodynamic performance of the turbine is the twist angle and the
least effective parameter is chord/radius ratio. The ANOVA interaction analysis showed
that the twist angle, camber position and maximum camber have significant interaction
with each other. Moreover, the results showed that the power coefficient (Cp) for the
optimised VAT turbine is improved by 26% compared to the baseline design. Analysis of
the pressure coefficient (Qp) indicates that the hydrodynamic performance of VAT turbine
was sensitive to cambered blade. In addition, the flow separation in
the optimised model was greatly reduced in comparison with the baseline model,
signifying that the twisted and cambered blade could be effective in normalising the
spraying vortices over blades due to suppressing dynamic-stall. The findings of this

chapter can provide guidelines for optimisation of vertical turbines.

88



5.2 Introduction

Tidal turbines, including the Vertical Axis Tidal (VAT) turbine and Horizontal Axis Tidal
(HAT) turbine, can be used to power desalination systems. A HAT turbine contains a
radial axis rotor, which is parallel to the water stream. With its drag or lift style blades,
which are usually perpendicular to the rotational axis, it can convert the kinetic energy of
water to mechanical energy (Ahmadi & Yang, 2019). In VAT turbines, the radial axis rotor
is perpendicular to the water stream and, similar to HAT turbines, their blades can be
either drag or lift style (Bouhal et al., 2018). Since the greatest weakness of tidal turbines
is the high cost of development and fabrication, using an inexpensive Taguchi method

can be helpful for turbine developers to reduce design costs.

The Taguchi method is one of the powerful optimisation techniques in product design.
The method, also known as the Robust Design method, significantly improves the
efficiency and quality of engineering manufactured goods (Hong & Satriani, 2020). The
fundamental principle of the Taguchi method is to increase the efficiency of a product by
reducing the number of tests required without eliminating any parameters. The Taguchi
approach provides Orthogonal Arrays (OA) for the execution of minimal tests to include
a wide variety of variables for improved decision-making. It also uses the signal-to-noise
(S/N) ratio to measure the output level, which is diverged from the target value. The S/N
ratio is a criterion for quality assessment, and the OA is to provide minimal design
parameters simultaneously (Sapakal & Telsang, 2012). The target quality of performance
is a key factor in the Taguchi approach and must be indicated for each optimisation
procedure. It is possible to integrate the Taguchi method with Computational Fluid
Dynamic (CFD) models (the same way as other optimisation models have been combined

with CFD to predict optimised factors.

Review of the literature indicates that the impacts of combinations of twist angle, camber
position, maximum camber, and chord/radius on performance of VAT turbines has not
been studied. Moreover, the greatest weakness of these turbines is the high price of
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design and manufacturing. Traditionally, optimisation of turbine efficiency is achieved by
running several numerical models of the turbine which could become time consuming and
expensive. In this work, an inexpensive method is developed and used to optimise a VAT
turbine in order to maximise its hydrodynamic performance. The combined effects of twist
angle, cambered blades, and solidity on performance of the VAT turbine is investigated.
Using the mixed-level modified Taguchi approach and comprehensive 3D CFD
simulations, a new set of optimised factors are identified and tested. The mean of the
signal-to-noise (S/N) ratio is used to analyse how the selected factors affect the
hydrodynamic performance of the VAT turbine, whilst ANOVA is used to evaluate the
interaction of each factor with the others. Moreover, the physics of flow around

the optimised and baseline turbines is evaluated and discussed.

5.3 Preliminary design of the baseline VAT turbine

HAT or VAT turbines can provide the energy required by the RO desalination system.
HAT turbines consist of a radial axis rotor, which is parallel to the inlet water flow. With its
drag or lift style blades, which are usually perpendicular to the rotational axis, it can
convert the kinetic energy of water to mechanical energy (Ahmadi & Yang, 2019). On the
other hand, in VAT turbines, the radial axis rotor is perpendicular to the inlet water flow
and, similar to HAT turbines, their blades can be either drag or lift style (Bouhal et al.,
2018). VAT turbines have advantages of simple structure and independency to stream
path in comparison to HAT turbines, and have been commonly used in both small and
medium scales (Zhang et al., 2014). To design these turbines, the energy required to
desalinate 1 m3/h of water in this section was calculated based on previous work, which
is 2.6 kW/h. This power was set as the initial parameter of both turbines. Geometry has
been designed using the equations governing the power output and dimensions of HAT
and VAT turbines and it was found the specific geometry that can provide 2.6 kW/h to

power the RO desalination system.
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According to the Chapter four, changes in roughness of the blades due to sticky sea
animals and corrosion can decrease the performance of tidal turbines by about 20%.
Considering this amount of power reduction, the turbine should provide 3.24 kwWh/m? of
energy. Finally, to minimise the effects of uncertainties, 0.2 kWh/m® was added to this
3.24 kW/h as a confidence factor. Therefore, in the end, the turbine should provide 3.44

KWh/m3.

As mention above, the VAT turbine must provide 3.44 kWh/m?3 to power RO desalination
system for producing 1 m3/h freshwater. The well-known equations of vertical turbines
are used to estimate this power. The real power output is described as the power
coefficient (Cp) multiplied by nominal power output (Pn) (Eq. 5.1) (Meng et al., 2020). This
nominal power output can be calculated by the turbine geometry as well as the flow
characteristics based on the particular application (Li, 2014). For initial design of the
baseline VAT turbine, some basic assumptions are considered based on the literature.
According to the work by Li et al. (2010) the maximum amount of Cp of 0.35 is considered

for the tidal turbine, as a safe estimate, to determine the baseline turbine geometry.

P=PC (5.1)

n=p

where P is the power output, Pn is the nominal power, and C,; is the power coefficient.

The nominal power can be calculated as (De Lellis et al., 2018):
P = pRHU® (5.2)

where H is the height of turbine blade, and R is the turbine radius (distance between the

centre of hub to the blade tip).

With the mentioned values for the power output and maximum power coefficient, and
considering the inlet water velocity as 1 m/s, the initial parameters of the baseline HAT

turbine (1:100 scale) are determined as summarised in Table 5.1.
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5.4 |Initial design, CFD modelling and validation

Initial design parameters of a VAT turbine are listed in Table 5.1. The blade height, chord
length, and radius of the turbine are chosen as 0.4 m, 0.06 m, and 0.20 m respectively.
In this section, the twist angle is zero and the blades are completely straight, and the
number of turbine blades is three. For the hydrofoil, NACA 4-digit (XYZW) airfoils is
chosen as they can be parameterised and also this type of airfoil has been used frequently
in previous works for tidal turbines (Ai et al., 2020; Batten et al., 2007; Kundu, 2020; Tunio
et al., 2020). In this series, X is maximum camber, Y is camber position, and ZW is the
value of thickness. Among the NACA 4-digit series airfoils (Asr et al., 2016) symmetric
NACAOQO015 is selected. The basic terminology of an airfoil (or hydrofoil) is shown in Figure
5.1. The effect of a hydrofoil on the performance of the turbine depends on four

parameters, chord length, blade thickness, camber position, and maximum camber.

Table 5.1 Initial parameters of VAT Turbine

Parameter Value

Blade height (H) 04m
Chord length (D1) 0.06 m
Radius of the turbine (R) 0.2m

Type of baseline hydrofoil NACA 0015
Twist angle 0°

Number of blades 3
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Figure 5.1 Basic hydrofoil terminology (Kishore, Stewart, & Priya, 2018).

Figure 5.2 illustrates the general configuration of the straight-blade VAT turbine (baseline

case) submerged in horizontal water flow. The inlet velocity is considered 1.0 m/s.

Water

H=0.40m

vy Yy W

/

Leading blade

Returning blade

Figure 5.2 Schematic of the baseline VAT turbine.
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Figure 5.3 summarises the computational domain and boundary conditions. Optimisation
of this domain is extremely important in order to decrease the time needed for
computational runs and to provide sufficient space for suitable meshing. The
computational domain is considered as a cubic domain of 1.5m*2.5m*7.0m for CFD
modelling (Nabavi, 2008). An unstructured mesh is built around the blades, whilst the rest
of the domain is discretised using a structured mesh. A finer mesh is considered around
the VAT turbine blade (Figure 5.3). A grid sensitivity test is performed with 9 different grids
for convergence analysis to find the optimal mesh size. The number of cells is increased
consistently from 524,329 to 2,097,316, whilst the y+ (dimensionless wall distance) is 1
in all the tested grids. Considering that the torque of the turbine is not constant, the
average output torque is used to measure the mean moment coefficient (Cm). The value
of C: for each of the 9 cases is determined using Eq. 5.3 (Lain & Osorio, 2010). The
results show that the relative standard deviation (RSD) of C; for 1,048,658 cells is around
0.98 %. As in CFD, analysis the computational cost increases rapidly with the number of
cells, 1,048,658 cells is selected for the rest of the CFD simulations of the baseline model.

A similar approach is used for all CFD tests in this chapter.

A 3D transient and sliding mesh model is developed, using the ANSYS Fluent 19
software, for CFD analysis of the VAT turbine. The turbulence model of the Shear Stress
Transport (SST) k-w and the PISO (Pressure Implicit with Splitting of Operator) algorithm
(coupling of the velocity and pressure equations) are adopted for the CFD simulation

(Yang et al., 2011).
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Figure 5.3 Computational domain and boundary conditions.
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Figure 5.4 Intensive mesh around the blades.

One of the most common ways for validating CFD model for simulation of turbines is
based on the power coefficient (Cp) (which is an indicator of the performance of turbines)
and tip speed ratio (TSR) (which is defined as the ratio of the water velocity to the velocity
at the turbine blade tips) (Chowdhury et al., 2016). The baseline VAT turbine was
fabricated by a 3D printer in the Engineering Department of the University of Exeter
according to the selected dimensions (Table 5.1). An experimental model is developed to
validate the CFD model. Figure 5.5 shows the fabricated turbine that is submerged in a
large flume. For measuring the power coefficient (Cp) according to Eq. 5.4, the power
output (P) of the baseline turbine is measured using an energy meter, a resistance panel,

and a small electromotor. The energy meter's sensitivity for voltage and current is £0.5%
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which was a different model used in previous section. Moreover, different tip speed ratios
(TSR) are provided by changing the water velocity based on Eg. 5.4. An Acoustic Doppler

Velocimeter (ADV) is used to monitor the current stream patterns in the channel.

Figure 5.5 Experimental set up in a large flume at the Hydraulic Laboratory.

Figure 5.6 shows the variations of Cp with TSR for both the numerical and experimental
results, calculated using Eqgs. 5.3 & 5.4 (Liu et al., 2016). The moment coefficient (Cn) of

vertical turbines can be calculated by following equations:

T

Cn = 05pAU" 3

The power coefficient (Cp) can be determined by substituting the moment coefficient into

EqQ. 4.4 as follows:

P

C,=———=(TSR)C 5.4
Y FYNIE (TSR)C,, (54)
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It can be seen from Figure 5.6 that, in general, the CFD results are in good agreement
with the experimental results. However, there is some difference between CFD and
experimental values. The main reason for this difference is that the CFD simulations
assume rigid body geometries which overlook turbine blade hydroelastic behaviour
(Asghar et al., 2017; Badshah et al., 2019). Vibration and deformation can adversely
influence the performance of the turbines. In reality, the blades of the tidal turbine bend
due to the pressure of the edge. The power output of the deforming blade is lower than
the rigid blade. The power reduction is because of the change of the pressure distribution
on the blade caused by de-twisted blade sections. In addition, vibration causes increasing
vorticity generated in blade tip which reduces the torque of turbine (Sewan et al., 2016).
Accordingly, the difference between Cp values in the CFD and experimental analyses is
less than 13% (with TSR=1.25 which is used in all tests in this chapter). However, the
results indicate that this error is much greater at high tip speed ratios, which can

emphasise that the effects are higher at high speeds.

A review of previous research on turbines indicates that C,: TSR curves for all turbines
have a peak point; i.e., the power coefficient increases with increasing TSR up to a point
beyond which, further increase in TSR leads to reduction in Cp. For wind turbines, the
maximum amount of power coefficient is limited to 16/27 (~0.59) according to the Betz
Limit (De Lellis et al., 2018). The maximum power coefficient of the baseline model is

computed numerically as 0.16 at a tip speed ratio of 1.2.
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Figure 5.6 Comparison of CFD and experimental results for validation of the bassline case.

5.5 Optimal design using Taguchi method and ANOVA

The Taguchi method provides an inexpensive and efficient way to find optimised
geometry of devices by minimum number of experiments (Chen et al., 2017). The process
of identifying the optimal parameters can be summarised into seven steps (Bao et al.,

2013). The block diagram of the whole process is illustrated in Figure 5.7.
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Figure 5.7 Block diagram of the process optimisation.

Step 1: Definition of the objective function

To calculate the output of the VAT turbine and determine the objective function, a Quality
Loss (QL) function (Eg. 5.5) is determined to measure a parameter's deviation from its

target quality (the maximum amount that can be obtained) (Phadke, 1995).

QL =K(V, -V,)? (5.5)

where K is the quality loss factor, Ve is the calculated response, and Vs the target quality.

The QL function can meaningfully approximate the reduction of quality (Pasha et al.,
2018). In the current study, maximum power coefficient (Cp) is as the quality target.
Vennell (Vennell, 2013) states that the power coefficient of tidal turbines can exceed the
Cp of wind turbines. Accordingly in this research, the maximum C, is considered as 16/27
(corresponding to wind turbine) based on the Betz Limit which is a safe assumption (De

Lellis et al., 2018).

The Taguchi method uses a signal-to-noise (S/N) ratio to measure the output volatility of
the chosen variables as the optimisation objective (Petit et al., 2020). In the Taguchi
technique, the S/N ratio for each category of products can be determined as follows
(Mandal et al., 2011):
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no 1

Larger the better: S/ N, = —10Ioglz 5 (5.6)
viz(Y,)
. Y,
Nominal the best: S/ N = —10Iogs—g‘ (5.7)
Smaller the better: S/ N, = —10Iog£§j(Yi)2 (5.8)
Vi=l

where Y is the observed response, Yn is the mean of the observed responses, s? is the

variance, v is the number of the observed responses.

The Quality Loss function belongs to the “smaller — the — better” type problem class. In
this study, “small” refers to “QL function”. The QL function can generally be converted

into an S/N ratio (Eg. 5.9) to measure the quality of a product (Phadke, 1995).

S/ Ngrg =~10l0g(V, V) (5.9)

As it can be seen from Eq. 5.10, the margin between maximum and optimum responses
must be as small as possible for maximising the S/N ratio. Maximising Ve is equivalent to
minimising quality loss in Eg. 5.10 which makes the noise sensitivity minimum (Freddi &
Salmon, 2019). Therefore, by replacing maximum power coefficient and target quality,

the objective function can be defined as:

S/ Ny =—10l0g(C, —16/27)’ (5.10)
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Step 2: Selection of the turbine factors and their levels

According to the parameter design tests, an optimal set of parameter response is defined
as one that produces an inexpensive design while maintaining sufficient quality variation.
Determining the optimal amount of each factor can be achieved by choosing the factor
levels with the maximum S/N ratio. In the Taguchi method, the goal is to find the optimum
combination of controlling factors. In this study, four standard factors which have
significant effects on the hydrodynamic performance of vertical turbines (Danao et al.,
2012; Naoi et al., 2006; Nicholls et al., 2008; Ouro et al., 2018; Sutikno et al., 2015; Urbina
et al., 2019) are chosen, including twist angle (A), camber position (B), maximum camber

(©), and chord/radius ratio (D).

The twist angle aims to minimise flow separation, making a positive lift at zero angle of
attack (@) to allow self-start in ideal wind or water conditions. It also improves the
performance of the turbine by increasing the blade's effective area (Gupta & Biswas,
2010). As the selected VAT turbine has three blades, the total twist angle of experiments
can be increased up to 120°. 6 levels have been selected for the twist angle, including,

20°, 40°, 60°, 80°, 100°, 120°.

The camber position in the NACA family of airfoils can be varied from 0% to 90%. For
investigating this factor, 70%, 45%, and 20% have been selected as levels of camber
position (B). Moreover, the maximum camber in NACA airfoils can vary from 0 to 9.5%.
There levels of 2.5%, 5.0%, and 7.5% are chosen for this factor. In the current study the

thickness of hydrofoil is considered as constant.

Solidity ratio is among the most important factors that influence the efficiency of vertical
tidal turbines (Dai & Lam, 2009). Solidity ratio is defined as the ratio of the swept area

to total blade area of turbine (Figure 5.8) (Kumar et al., 2019).
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The solidity ratio can be determined as (Bianchini et al., 2015):

N,D
o=
2R

(5.11)

where o is the solidity ratio, Ny is the number of blades, D is the length of blade chord, R

is the radius of turbine.

Eq. 5.11 clearly shows that the solidity of a turbine can be changed by altering the turbine
radius to blade chord ratio or the number of blades. The turbine's optimum running speed
is determined by the solidity ratio (Armstrong et al., 2012) and the power coefficient of a
turbine with the optimal solidity will be maximised, therefore the best value will depend on
the operating conditions. According to the solidity ratio equation, a smaller solidity means
the turbine converts low water (wind) energy. In other words, when solidity is low, the
output power is also low. On the other hand, with increasing solidity, the maximum values
of lift and drag coefficients decrease. According to Armstrong et al. (2012) the solidity
ratio should not exceed 0.5 as the proximity of the blades degrades the turbine output.
Since the number of the blades of the turbine is considered as three, a chord/radius ratio

is considered to be optimised as a representative of the solidity ratio.
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Figure 5.8 lllustration of solidity ratio of a VAT turbine (Bianchini et al., 2015).

Table 5.2 Specified factors and levels

Levels 1 2 3 4 5 6
A: Twist angle 20° 40° 60° 80° 100° 120°
Levels 1 2 3

B: Camber position 0.70 0.45 0.20

C: Maximum camber 0.025 0.050 0.075

D: Chord/radius 0.10 0.20 0.30
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Step 3: Construction of an appropriate Orthogonal Array (OA)

In the Taguchi approach, only a certain number of experiments is needed to test
according to the orthogonal (statistically independent) array rather than all feasible
models. Generally, the selected optimisation approach needs a parameter matrix with a
variety of levels that the parametric differences can be analysed. A type of general
fractional factorial design is Orthogonal Array (OA). It is a fractional orthogonal design
based on a design matrix which enables us to consider a subset of multiple factor
combinations at multiple levels. OA are balanced to ensure that all levels of all variables
are equally taken into account. The possible OA for the total number of selected
parameters and levels is Lis (61*3°%) (mixed-level orthogonal array) which is constructed
as shown in Table 5.3. Accordingly, based on the constructed orthogonal array, instead
of 162 cases, 18 cases will be analysed to achieve maximum hydrodynamic performance
of the turbine determined by the four factors, namely twist angle (6 levels), camber

position (3 levels), maximum camber (3 levels), and chord/ radius ratio (3 levels).
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Table 5.3 L1 (6'*3%) Orthogonal array (OA)

No.

A

Run 1
Run 2
Run 3
Run 4
Run 5
Run 6
Run 7
Run 8
Run 9
Run 10
Run 11
Run 12
Run 13
Run 14
Run 15
Run 16
Run 17
Run 18

o o o oo oA A A O WWNNDNPRPR R PR

Ww N P W DN P W DN P WDN PN PP WDN P

N P WO, W DN NP W R, WDN WN P, WDN RO

R W N N P WDN P W W DN PR, W DN WwWDN RO
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Step 4: CFD simulation

In this section, 18 different models (please see Appendix B), according to the dimensions
listed in Table 5.2 and the constructed OA (Table 5.3), are designed using SOLIDWORKS
2017 and simulated by ANSYS Fluent 2019 software in order to quantify the
hydrodynamic performance of the turbines. The moment coefficients (Cm) for a single
revolution at TSR=1.25 for the baseline case and other 18 cases are calculated using Eg.
5.3 and the results of baseline and case 12 are presented in Figure 5.9 (for all cases
please see Appendix C). Moreover, the power coefficients (Cp) are calculated using Eq.
5.4 and the results are presented in Table 5.4. From the results, it can be seen that the
twist angle has an important effect on the output of the VAT turbine. The highest average
moment coefficient (Cm) and power coefficient (Cp) correspond to case 12 which are 0.134
and 0.202 respectively. The value of Cp (0.202) obtained for case 12 is 26% higher than

the C, (0.16) for the baseline case, which was calculated in section 2.
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Figure 5.9 Variations in moment coefficient for single revolution, form 0° to 360° at water
velocity of 1.0 m/s and TSR=1.25.
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Step 5: Analysing Taguchi results

The S/N ratios of 18 different cases are calculated using Eg. 5.11 and the results are
presented in Table 5.4. According to Eq. 5.11, the maximum S/N ratio occurs at the
maximum power coefficient. The maximum S/N ratio is 8.232, which corresponds to case
12. In the next step, the Taguchi method is used to determine the order of impact and the
optimal combination of the parameters to be selected for the design. The mean S/N ratios
for parametric design are calculated using Eq. 5.11 and Table 5.4. For instance, the mean
S/N ratio of Ae is calculated from the average values of three level 6 factors [(7.001 +
6.238 + 6.714)/3 = 6.651] . Similarly, the S/N ratios are calculated for the rest of the
factors with deferent levels and the results are plotted in Figure 5.10. The results show
that the combination of A4, B3, C2, and Dz results in the maximum output. To find the order
of the effect of each factor, a parameter () is defined, which is the difference between
the maximum and minimum responses of each factor. The values of this parameter for
factors A, B, C, and D are 0.863, 0.136, 0.151, and 0.684 respectively. This implies that
factor A, which is twist angle, is the most significant factor among the 4 tested factors,
affecting the hydrodynamic performance of the turbine. Moreover, factors B (camber
position) and C (maximum camber) have the least impact on the power output of the

turbine.

108



Table 5.4 Lig Orthogonal array (OA)

No. Twist Camber  Maximum  Chord/ Cp S/IN
angle position camber Radius ratio

Run 1 20° 0.70 0.025 0.10 0.148 7.099
Run 2 20° 0.45 0.050 0.20 0.169 7.522
Run 3 20° 0.20 0.075 0.30 0.160 7.338
Run 4 40° 0.70 0.025 0.20 0.172 7.584
Run 5 40° 0.45 0.050 0.30 0.143 7.001
Run 6 40° 0.20 0.075 0.10 0.148 7.099
Run 7 60° 0.70 0.050 0.10 0.147 7.079
Run 8 60° 0.45 0.075 0.20 0.192 8.011
Run 9 60° 0.20 0.025 0.30 0.155 7.238
Run 10 80° 0.70 0.075 0.30 0.132 6.790
Run 11 80° 0.45 0.025 0.10 0.169 7.522
Run 12 80° 0.20 0.050 0.20 0.202 8.232
Run 13 100° 0.70 0.050 0.30 0.142 6.982
Run 14 100° 0.45 0.075 0.10 0.146 7.060
Run 15 100° 0.20 0.025 0.20 0.140 6.943
Run 16 120° 0.70 0.075 0.20 0.143 7.001
Run 17 1200 0.45 0.025 0.30 0.102 6.238
Run 18 120° 0.20 0.050 0.10 0.128 6.714
Baseline 0° N/A N/A 0.30 0.159 N/A
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Figure 5.10 The mean S/N ratio for parametric design.

Step 6: Assessing the interactions between turbine parameters using ANOVA

Interactions between the turbine parameters are important and they should be considered
in order to make the experiments and their analysis meaningful (Wang et al., 2018). The
analysis of variance (ANOVA) technique can be used to provide a measure of reliability.
ANOVA is an effective statistical method involving variance of the obtained responses in
order to perform different confidence tests. Instead of analysing the data directly, this
method determines the data variability and analyses the mean difference in quality of
experiments conducted (Naik & Reddy, 2018; Roy, 2010). In ANOVA approach, all
interactions in parameters can be assessed statistically important or negligible, by
comparing them with the variance in the tests. This is why the method is called “analysis
of variance”. A term of “total sum of squares” (TSS) is used in the framework of ANOVA,
since it corresponds to the total variance of the measurements. There are different

classical approaches for computing TSS in ANOVA for unbalanced data. In this study, to
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evaluate the interaction of the turbine parameters, the two-way ANOVA technique is used
for the S/N ratios in order to measure the interaction of each two independent factors.
The (two-way) TSS of the variables can be calculated as follows (Ott & Longnecker, 2015;

Ranganath & Vipin, 2013):

2

TSS =¥ (T, -T) (5.12)

where ny is the number of measurements, Tiis the ith measurements, and T is the mean

of the ny measurements.

ANOVA interaction plot can be used to visualise the relationship between the factors (Ott
& Longnecker, 2015; Ranganath & Vipin, 2013). Figure 5.11 illustrates three different
possible scenarios comprising two three-level factors according to the tested responses.
This figure is provided as a general example to understand and assess Figure 5.11.In
parallel trends, either interaction does not occur or is negligible while in non-parallel ones,
the interaction between factors occurs and it must be considered (Abuthakeer et al.,
2011). In this analysis, the interaction of each two factors is calculated according to the
S/N ratios listed in Table 5.4 and plotted in Figure 5.12. The mean S/N ratio interaction
graphs illustrate that the major influences the responses is due to the interaction of twist
angle (A) with other factors. The parallel patterns in the lines of interaction between D
and other factors clearly indicate negligible interaction and therefore in the following

section A*D, B*D, and C*D will not be applied.
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Figure 5.12 Interaction plot (ANOVA).
Step 7: Additive model (superposition model) for estimation all possible responses (S/N

ratios) outside of orthogonal array

Superposition model can be used to estimate all possible responses (S/N ratios) outside
of orthogonal array (OA). According to Phadke (1995), superposition model for the four

factors, assuming that the amount of error is negligible, can be defines as:

n°(A,B;,C. D)) =1+ (my =) + (g = 1) + (s =1) + (7 = 1) (5.13)
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where n° is the estimated S/N ratio, n is the average of total mean S/N ratios, nai, ns;j, Nck,

and noiare the S/N ratios with the factors A, B, C, and D at levels i, j, k, and | respectively.

The superposition equation should be updated to contain the interaction of factors by
adding extra terms in order to provide the impacts of relationship between any two

variables. Accordingly, additional term of A and B is determined as follows:

7 (AB,) = (g —1) — (s = 1)~ (17g; 1) (5.14)

where n* is the interaction term and naig;j is the average of total mean S/N ratios including

both Ai and B;.

This approach can be used for other interactions (A*B, A*C, and B*C) and by adding the
interaction terms to the superposition equation, the modified superposition equation for

calculating 162 (6*3*3*3) possible cases can be written as follows:

1 (A,B;,.Co. D) =0+ = 1) + 1y = 1) + (s =11) + (11 =71)
(M aigs =1) = (i =11) = (Mg =1) + (Mpicx =17) — (170 —17)

~(e =)+ Meigy = 1) = (e = 1) = (17 =1) == (1) — (17g5)
~(n ) + (751 + (77AiBj )+ (Maic) + (UCkBj)

(5.15)

To solve Eqg. 5.15, a program is written in MATLAB and by using the data in Table 5.4,
the total possible S/N ratios for 162 cases are calculated and the results are presented in

Table 5.5.

The leave-one-out cross-validation method (Sammut and Webb, 2010) was used to
validate the superposition model (Eq. 4.15). In this method, the S/N ratio values in Table
5.4 (18 different data points) were considered as a ground truth which can be trusted
since they were obtained based on ANSYS Fluent simulations. Starting from the top of

the Table 5.4 (Run 1), in each step one of the S/N ratios was taken out and its value was
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predicted using the superposition method (Eq. 5.15). The results are listed in Table 5.5.
The RMSE (root of the mean squared error) (Eg. 5.16) of the superposition model was
calculated as 0.32, which indicates a good prediction according to Ritter & Mufioz-
Carpena (2012). It should be noted that the values of S/N ratio in Table 5.6 were predicted
with 18 data points, while in Table 5.5 each was predicted with 17 data points. Therefore,

it can be said that S/N ratios in Table 5.6 have lower RMSE than 0.32.

1

RMSE= Ez(vv -zi)z}2 (5.16)

where Wi is the in obtained data based on CFD, Zi is the in predicted data with

superposition model, n is the number of observations (Akpinar & Akpinar, 2005).
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Table 5.5 Leave-one-out cross-validation of superposition model

No. A B C D Exact S/N ratio Predicted S/N ratio
(CFD) (Superposition)
Runl 1 1 1 1 7.099 7.4605
Run2 1 2 2 2 7.522 7.2603
Run3 1 3 3 3 7.338 6.9113
Run4 2 1 1 2 7.584 7.4827
Run5 2 2 2 3 7.001 6.7039
Runé 2 3 3 1 7.099 7.4127
Run7 3 1 2 1 7.079 7.1936
Run8 3 2 3 2 8.011 7.816
Run9 3 3 1 3 7.238 7.2812
Run10 4 1 3 3 6.790 7.213
Run1l 4 2 1 1 7.522 7.7554
Run12 4 3 2 2 8.232 7.903
Run13 5 1 2 3 6.982 7.1818
Run14 5 2 3 1 7.060 6.3502
Run15 5 3 1 2 6.943 6.6424
Run16 6 1 3 2 7.001 6.5375
Runl1l7 6 2 1 3 6.238 6.5281
Run18 6 3 2 1 6.714 6.5489
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Table 5.6 Estimated S/N ratios for all possible combinations

No. A B C D Estimated No. A B C D Estimated No. A B C D Estimated
S/N ratio S/N ratio S/N ratio
1 1 1 1 1 7.123 55 3 1 1 1 7.119 109 5 1 1 1 7.174
2 1 1 1 2 7.576 56 3 1 1 2 7.572 110 5 1 1 2 7.628
3 1 1 1 3 6.958 57 3 1 1 3 6.955 111 5 1 1 3 7.01
4 1 1 2 1 7.084 58 3 1 2 1 6.498 112 5 1 2 1 6.751
5 1 1 2 2 7.537 59 3 1 2 2 6.952 113 5 1 2 2 7.204
6 1 1 2 3 6.919 60 3 1 2 3 6.334 114 5 1 2 3 6.587
7 1 1 3 1 6.803 61 3 1 3 1 7.333 115 5 1 3 1 6.733
8 1 1 3 2 7.257 62 3 1 3 2 7.787 116 5 1 3 2 7.186
9 1 1 3 3 6.639 63 3 1 3 3 7.169 117 5 1 3 3 6.568
10 1 2 1 1 6.948 64 3 2 1 1 7.452 118 5 2 1 1 6.655
11 1 2 1 2 7.401 65 3 2 1 2 7.906 119 5 2 1 2 7.108
12 1 2 1 3 6.784 66 3 2 1 3 7.288 120 5 2 1 3 6.49
13 1 2 2 1 7.602 67 3 2 2 1 7.524 121 5 2 2 1 6.924
14 1 2 2 2 8.055 68 3 2 2 2 7.978 122 5 2 2 2 7.377
15 1 2 2 3 7.437 69 3 2 2 3 7.36 123 5 2 2 3 6.759
16 1 2 3 1 7.73 70 3 2 3 1 8.768 124 5 2 3 1 7.314
17 1 2 3 2 8.183 71 3 2 3 2 9.221 125 5 2 3 2 7.767
18 1 2 3 3 7.565 72 3 2 3 3 8.604 126 5 2 3 3 7.149
19 1 3 1 1 6.939 73 3 3 1 1 6.855 127 5 3 1 1 6.713
20 1 3 1 2 7.392 74 3 3 1 2 7.308 128 5 3 1 2 7.166
21 1 3 1 3 6.775 75 3 3 1 3 6.69 129 5 3 1 3 6.549
22 1 3 2 1 7.594 76 3 3 2 1 6.928 130 5 3 2 1 6.983
23 1 3 2 2 8.047 77 3 3 2 2 7.381 131 5 3 2 2 7.437
24 1 3 2 3 7.43 78 3 3 2 3 6.764 132 5 3 2 3 6.819
25 1 3 3 1 7.194 79 3 3 3 1 7.643 133 5 3 3 1 6.846
26 1 3 3 2 7.648 80 3 3 3 2 8.097 134 5 3 3 2 7.299
27 1 3 3 3 7.03 81 3 3 3 3 7.479 135 5 3 3 3 6.681
28 2 1 1 1 8.185 82 4 1 1 1 7.042 136 6 1 1 1 6.833
29 2 1 1 2 8.638 83 4 1 1 2 7.495 137 6 1 1 2 7.286
30 2 1 1 3 8.021 84 4 1 1 3 6.877 138 6 1 1 3 6.668
31 2 1 2 1 7.14 85 4 1 2 1 7.289 139 6 1 2 1 6.847
32 2 1 2 2 7.593 86 4 1 2 2 7.743 140 6 1 2 2 7.3
33 2 1 2 3 6.975 87 4 1 2 3 7.125 141 6 1 2 3 6.682
34 2 1 3 1 7.141 88 4 1 3 1 5.751 142 6 1 3 1 7.037
35 2 1 3 2 7.594 89 4 1 3 2 6.204 143 6 1 3 2 7.49
36 2 1 3 3 6.977 90 4 1 3 3 5.587 144 6 1 3 3 6.873
37 2 2 1 1 7.004 91 4 2 1 1 7.176 145 6 2 1 1 5.472
38 2 2 1 2 7.457 92 4 2 1 2 7.63 146 6 2 1 2 5.925
39 2 2 1 3 6.84 93 4 2 1 3 7.012 147 6 2 1 3 5.307
40 2 2 2 1 6.651 94 4 2 2 1 8.116 148 6 2 2 1 6.178
41 2 2 2 2 7.105 95 4 2 2 2 8.57 149 6 2 2 2 6.632
42 2 2 2 3 6.487 96 4 2 2 3 7.952 150 6 2 2 3 6.014
43 2 2 3 1 7.061 97 4 2 3 1 6.987 151 6 2 3 1 6.777
44 2 2 3 2 7.515 98 4 2 3 2 7.44 152 6 2 3 2 7.231
45 2 2 3 3 6.897 99 4 2 3 3 6.822 153 6 2 3 3 6.613
46 2 3 1 1 7.277 100 4 3 1 1 8.061 154 6 3 1 1 6.123
47 2 3 1 2 7.73 101 4 3 1 2 8.515 155 6 3 1 2 6.576
48 2 3 1 3 7.113 102 4 3 1 3 7.897 156 6 3 1 3 5.959
49 2 3 2 1 6.925 103 4 3 2 1 9.003 157 6 3 2 1 6.831
50 2 3 2 2 7.379 104 4 3 2 2 9.456 158 6 3 2 2 7.284
51 2 3 2 3 6.761 105 4 3 2 3 8.838 159 6 3 2 3 6.666
52 2 3 3 1 6.807 106 4 3 3 1 7.345 160 6 3 3 1 6.902
53 2 3 3 2 7.261 107 4 3 3 2 7.798 161 6 3 3 2 7.355
54 2 3 3 3 6.643 108 4 3 3 3 7.18 162 6 3 3 3 6.737
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The results in Table 5.5 show that, the case 104 provides the maximum signal-to-noise

ratio (9.456) in the combination of A4, B3, C2, and Do.

5.6 Fluid Dynamics of the baseline and optimised VAT turbines

A new turbine is designed based on the obtained optimised dimensions in the previous
section. Figure 5.13 shows a comparison of the new design and the baseline case design.
The optimised design is simulated numerically, as described in section 2. By using Eq.
5.4 and the data obtained from the CFD model, the power coefficient (Cp) is calculated

as 0.210, which is 26% higher than the baseline case.

a b

Figure 5.13 (a) Baseline and (b) optimised configurations.

Although the updated superposition in the Taguchi approach enables to determine the

optimal configuration of the VAT turbine to gain a significant increase in hydrodynamic
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output, the fundamental fluid dynamics of this development still remains unknown. The
pressure coefficient (Qp) and the moment coefficient (Cm) around a single blade (leading
blade) are calculated using the CFD data and the results show that the optimised turbine

produces a promising improvement in power output.

The variations of moment coefficient (Cm) with azimuth angle for the baseline and
optimised models at TSR= 1.25 are calculated and the results are presented in Figure
5.14. The results show that in the first half rotation, a significant part of
positive moment contributions is located in the region between 40 ° and 180° and this is
a very general characteristic demonstrated in several previous research (Chen & Lian,
2015; Ma et al., 2019). Although the maximum (Cn) in some parts of the graph (40-100°)
of the baseline model is higher than that in the optimised model, however the combination
of the cambered-blade and twisted model has advantages when the whole region is

considered.
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Figure 5.14 Moment coefficient (Cn) versus azimuth angle (0-360 degree) for a single blade of
the baseline and optimised models at TSR = 1.25.

Since the efficiency of a VAT turbine is quite sensitive to the particular shape used for the

hydrofoil (Walker et al., 2014), a qualitative assessment for the pressure coefficient for

the baseline (symmetric) and cambered hydrofoils is performed to obtain a deeper

understanding of this impact. The pressure coefficient over a hydrofoil can be determined

by the pressure and stream properties as follows (Li et al., 2018):

— p_pi
< 0.5pAU?

(5.17)

where Qp is the pressure coefficient, P is the pressure, and Pj is the freestream pressure.
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Figure 5.15 demonstrates the distribution of the pressure coefficient (Qp) over
leading blade for the baseline and optimised models at TSR = 1.25 with the corresponding
length of the chord. Qp is negative at the bottom (lower surface) of hydrofoil and positive
on its top (upper surface), and the hydrofoil's lift is heading upward. The suction peak is
described as the highest suction value across the airfoil's bottom surface (Jawahar et al.,
2020). The suction peak of Qp for the cambered hydrofoil is greater than the baseline
hydrofoil. Moreover, the margin (the difference between suction and pressure levels) of
Qp at the cambered hydrofoil is much greater than the symmetric hydrofoil, indicating a

greater lifting force in the cambered hydrofoil.
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Figure 5.15 Pressure coefficient (Qp) distribution for baseline and optimised hydrofoils at
azimuth angle: 45°.

One of the fluid dynamics phenomena which can be used to compare and analyse the
baseline and optimised turbines is dynamic-stall. To visualise the flow around the turbine,
vorticity contours at 4 azimuth angles and 3 planes (I, Il, and Ill) are plotted using CFD-

Post ANYS 2019 (Figure 5.16). To analyse the performance of the turbine, a blade is
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indicated as IB (see Figure 5.16) so that azimuth angle could be measured. The azimuth
angle for the baseline model is shown with the location of the indicated blade (IB)
illustrated in the contours and this angle for the optimised model is defined and measured
in plane Il. Examining the vorticity contour plots indicates that the stream separation in
the optimised model is greatly reduced compared to the baseline model, suggesting that
the twisted and cambered blade will be effective in regulating the spraying vortices over
blades by suppressing dynamic-stall. According to Figure 5.16, in the baseline model,
dynamic-stall on the turbine blade increases as the angle of attack increases by turbine
rotation. Significant stream separation is seen at azimuth angle of 45° and this is
expanded until azimuth angle of 90°. On the other hand, the optimised turbine which takes
advantage of twisted and cambered blades, can suppress dynamic-stall by interacting
with water in a different angle of attack at each azimuth angle. In the baseline model,
which has straight-blades, the turbine interacts with water with constant angle of attack;
however, twisted blades interact with water with different angles of attack at different
points on the blade. To illustrate this effect, in Figure 5.16 all contours are plotted in three
different planes. For instance, at azimuth angle of 45° (plane I) of the optimised model,
the separation is almost negligible in comparison with the same plane for the baseline
model. This can be explained by considering the moment coefficient (C) and pressure
coefficient (Qp) curves of both turbines. According to Figure 5.14, the average moment
coefficient of the optimised turbine is 30% higher than the baseline one from azimuth
angles of 45° to 90°. Moreover, based on Figure 5.15, the moment that the positive
cambered blade generates is consistently higher than the moment produced by the
symmetric blade (baseline) due to greater lifting force. In addition, the wake (the span
labelled "W" in Figure 5.16) generated by the baseline model stretches to a large region
of the turbine blade, while for the optimised turbine it is a smaller region. The maximum
region of wake for the baseline model is between 45°to 90°. In all contours plots displayed

in the 4 azimuth angles, the span of produced wake in the baseline model is more than
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the optimised one, which results in decrease in kinetic energy and in effect, lowers the

performance of the turbine.
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Figure 5.16 Vorticity distribution for the baseline and optimised models on 3 different
planes.
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To investigate the effects of surface roughness on the optimised turbine, the obtained
optimised turbine with 500 um roughness and no roughness was simulated using ANSYS
Fluent 2019. The velocity contours obtained using the CFD Post software are illustrated in
Figure 5.17. One part of the contours near the blade is magnified to highlight the destructive
effects of roughness on the water flow. It can be seen that the turbine with surface
roughness can create turbulence in the stream flow. And the turbulence of all three blades
accumulate and interact and cause the stream flow to change. Fluid turbulence always
reduces the kinetic energy, which in turn, reduces the total turbine efficiency. Using Eqg. 4.13
and the obtained data from the simulations in ANSYS Fluent, the amount of power loss for

a roughness of 500 um was calculated to be 11%.
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Figure 5.17 Velocity distribution for the optimised turbine (a) with and (b) without roughness
(500 pm).
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5.7 Conclusion

In this chapter, a mixed-level Taguchi approach and comprehensive CFD simulations
were employed to optimise the main parametric factors that affect the hydrodynamic
performance of a VAT turbine. The following conclusions can be drawn from the results

presented in this chapter:

(1) The highest average moment coefficient (Cm) and power coefficient (Cp) correspond
to case 12 which are 0.134 and 0.202 respectively. The S/N ratios of the 18 different
cases were calculated. The maximum S/N ratio occurred at the maximum power
coefficient. The maximum S/N ratio is 8.232 which corresponds to case 12.

(2) The results of the Taguchi method show that the combination of A4, B3, C2, and D2
results in the maximum output. The values of ¢ for factors A, B, C, and D are 0.863,
0.136, 0.151, and 0.684 respectively. This implies that twist angle is the most
significant factor among the 4 tested factors, affecting the hydrodynamic performance
of the turbine.

(3) Superposition was used to estimate all possible responses (S/N ratios) outside
orthogonal array (OA). The superposition results showed that, the case 104 provides
the maximum signal-to-noise ratio (9.456) with the combination A4, B3, Cz, and D2 that
is considerably greater than the optimal case (case 12), calculated by 18 cases in the
Taguchi orthogonal array.

(4) The power coefficient (Cp) of the optimised turbine was calculated as 0.210, which is
26% higher than the baseline case. In addition, the optimised model reduced the
required material by 57% compared with the baseline model, indicating that the new
model needs less material. Moreover, the size of the wake generated in the baseline
model was greater than the optimised model, resulting in a decrease in kinetic energy

and a reduction in turbine output.
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Chapter Six: Optimisation of a
Horizontal Axis Tidal turbine for
powering a RO desalination system

6.1 Abstract

Horizontal Axis Tidal (HAT) turbines can be used to power RO desalination systems. The
greatest weakness of these turbines (http://tidalpower.co.uk, 2020) is the high price of
design, development, and manufacturing. Traditionally, optimisation of turbine geometry
is achieved by running several numerical models of the turbine which can become
computationally expensive. The Taguchi-CFD (Computational Fluid Dynamics)
approach has recently been introduced as an inexpensive and rapid tool for optimising
industrial devices. This technique can be used as a straightforward solution for
optimisation of geometry of HAT turbines. In this research, by adding a water storage tank
for stabilising the driving energy and a PV panel for powering the booster pump, a new
design of desalination system is introduced which can be powered by a HAT turbine.
Subsequently, the geometry of the HAT turbine is optimised with combination of only 16
CFD simulations using the Taguchi method. The effects of blade size, number of blades,
hub radius, and hub shape are studied and optimised. The Taguchi results reveal that the
most important parameters influencing the power output of HAT turbine are the number
of blades, size of blade, hub radius, and hub shape respectively. Moreover, the
superposition model shows that the minimum signal-to-noise (S/N) ratio is 5% less than
the amount achieved in the Taguchi approach. The power coefficient (Cp) of the optimised
HAT turbine is 0.44 according to the results of CFD simulations, which is 10% higher than
that of the baseline model (0.40) at tip speed ratio (TSR) of 5. The weight of the optimised
model is less than the baseline model by 17%. The results of this study provide a
comprehensive guidance for horizontal turbine optimisation process.
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6.2 Introduction

The main objective of this chapter is to design and optimise the geometry of a HAT turbine
for powering a desalination system. Review of the previous research shows that the
influence of combinations of size of blade, number of blades, hub radius, and hub shape
on the power output of HAT turbines has not been investigated. The goal of optimisation
of these factors is to find a lighter, cheaper and smaller turbine which can be used in
shallow water. For this purpose, the Taguchi method is used to optimise the turbine in
order to identify a cost-effective geometry for use in a RO desalination system. By using
the Taguchi method and only 16 CFD simulations, the effects of size of blades, number
of blades, hub radius, and hub shape on power output of HAT turbine are studied. Finally,
a new range of optimised variables is defined and evaluated. In addition, the dynamics of

the fluid flow across the optimised and initial turbines is studied and compared.

6.3 Conceptual design of the HATRO desalination system

A schematic of the conceptual design of HATRO (Horizontal axis tidal turbine RO)
desalination system using HAT turbine is illustrated in Figure 6.1. The main components
of the design are similar to the HATRO desalination design (see section 4.5) and only

HAT turbine is used in this design.
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Figure 6.1 Schematic of the RO desalination system using a HAT turbine.

6.4 Preliminary design of the baseline HAT turbine

As mention in section 4.2.4., the turbine must provide 3440 W to power RO desalination
system for producing 1 m3/h freshwater. The real power output is described as the power
coefficient (Cp) multiplied by nominal power output (Pn) (Eq. 5.1) (Meng et al., 2020). This
nominal power output can be calculated by the turbine geometry as well as the flow
characteristics based on the particular application (Li, 2014). According to the

experimental work by Bahaj et al. (2007) the maximum amount of Cp of 0.3 is considered

for the tidal turbine.

The nominal power of HAT turbine can be calculated as (De Lellis et al., 2018):

ru®
p_~~
2

where r is the HAT turbine radius (distance between the centre of hub to the blade tip).



With the mentioned values for the power output and maximum power coefficient, and
considering the inlet water velocity as 1 m/s, the initial parameters of the baseline HAT

turbine are determined as summarised in Table 6.1.

Table 6.1 Initial parameters of HAT Turbine (b)

Parameter Value
Total length of blade 1.2m

Root length 0.24 m
Type of hydrofoil NACA 0018
Hub radius 0.2m
Number of blades 3

The related literature (Finnegan et al., 2020; Mehmood et al., 2012; Zhu et al., 2020) has
been reviewed to design an efficient blade in order to achieve highest hydrodynamic
performance. Accordingly, a model blade of 1.2 m is designed for the baseline turbine
with SOLIDWORKS 2017, using the methodology outlined in (Kulkarni, 2016). The blade
is designed by using NACA 0018 with different distances from the hub circle and different
twist angles. According to previous publications, the distance from the hub circle to the
root airfoil chord is selected as 0.24 m, which is 20 % of the total blade length and the
twist angles for root and tip sections are varied from 18°to 3°. Details of the NACA 0018
stations and designed blade are illustrated in Table 6.2 and Figure 6.2. Using the values
in Table 6.1 and the designed blade, the baseline HAT turbine is designed in the
SOLIDWORKS software, the details of which are shown in Figure 6.3.
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Table 6.2 Blade parameter

Section  Twistangle (°) L (m)
Root 18 0.24
Station 1 14 0.36
Station 2 12 0.48
Station 3 10 0.60
Station 4 8 0.72
Station 5 7 0.84
Station 6 5 1.01
Station 7 4 1.12
Tip 3 1.20
T —
A 0
b : 4 3 2 | Hub circ{e
Root
(a)
(b)

Figure 6.2 (a) Definition of the NACA 0018 stations and (b) designed blade.
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Rotation

Figure 6.3 3D design of the baseline HAT turbine.

6.5 CFD simulation and validation of the baseline turbine

Figure 6.4 shows the details of the computational domain, mesh intensity around the
turbine, and boundary conditions. An unstructured mesh is built around the turbine and a
structured one over the entire computational domain by using the ICEM 2019 software.
A three-dimensional transient model is built for CFD simulations of the HAT turbine using
ANSYS Fluent. In addition, a sliding mesh method is used for simulating the movement
of the fluid around the turbine. For the CFD simulations in ANSYS Fluent, the Shear
Stress Transport (SST) k-w turbulence method and the Pressure Implicit with Splitting of
Operator (PISO) algorithm are implemented (Ghasemian & Nejat, 2015). A computer with
28-core Intel CPU E5-2680 v4 Processors, 256GB RAM is used to run the CFD

simulation.
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Stationary domain

(@)

(b)
Figure 6.4 (a) Computational domain and boundary conditions and (b) mesh intensity over
the turbine.

A grid sensitivity analysis is carried on by generating eight different meshes (from 598,771
cells to 6,981,342) for the baseline design using ICEM CFD software. Using Eqg. 6.2 and
the CFD simulation results, the moment coefficient (Cn) for is determined each case with

varying amount of cells and the results are presented in Figure 6.5. The study revealed
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that beyond 2,395,084 cells, the standard deviation of the moment coefficient is around
1.0%. As the computational time of the numerical analysis increases dramatically with the

number of cells, 2,395,084 is selected for the rest of the CFD simulations.

C, = % (6.2)
0.50AU

where Cn is the moment coefficient, T is the moment, and An is the area of the HAT

turbine.
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Figure 6.5 Moment coefficient (Cm) vs. number of cells for grid sensitivity analysis.

One of the common methods to validate CFD model for turbines simulation is
assessing C, against TSR. The power coefficient (Cp,) of a HAT turbine can be determined

as follows (Finnegan et al., 2020):

C, = (TSR)C,, (6.3)
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Using Egs. 6.2 & 6.3 and the CFD results, the values of power coefficient at various TSRs

are determined and the results are shown in Figure 6.6. Also, the variations of C, with

TSR for an experimental work reported by Bahaj et al. (2007) and a CFD study by Kulkarni

(Kulkarni, 2016) are provided in Figure 6.6 in order to validate the current CFD model.

According to Figure 6.6, the results of the current CFD model are in good agreement with

the experimental and CFD results of (Bahaj, Batten, & McCann, 2007; Kulkarni, 2016),

both in terms of values and patterns.
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Figure 6.6 Variation of C, with Tip speed ratio (TSR), used for model validation.
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6.6 Taguchi method

The Taguchi method offers an affordable and effective way for minimal series of
experiments to find optimal parameters of different systems (Chen et al., 2017). It uses a
signal-to-noise (S/N) ratio to quantify the difference in responses. The identification of the

optimum factors and levels can be divided into 7 stages (Bao et al., 2013).
Stage 1: Determination of an objective function

To determine the objective function, a quadratic loss (QL) function (Eq. 5.9) is used to

calculate the divergence of a variable from its target quality (Pinar et al., 2009).

The QL function can estimate quality loss in a meaningful way (Wang et al., 2018) . In
this study, power output is considered as the quality target for identifying the objective
function. As mentioned in section 4.6, for calculating S/N ratio, there are three categories
in the Taguchi method: Larger is the better, Nominal is the Best, and Smaller is the better
(Mandal et al., 2011). Because the aim of this analysis is to minimise the QL function, in

this chapter Smaller the better S/N ratio formula is used as follows:

According to the results presented in section 2.4, by replacing power output and target

guality, the objective function can be redefined as:
S/ N =10log(P —3440)* (6.4)
Stage 2: Definition of factors and levels

The Taguchi approach is employed to analyse the impacts of different variables, so-called
factors (or control factors), in order to optimise the main parameters of a system. The
objective of this method is to estimate the optimal combination of control factors and their
levels. In this work, four factors are considered to be optimised including size of blade
(A), number of blades (B), hub radius (C), and hub shape (D). In addition, for each factor

four levels are considered.
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The solidity ratio, which is the most important factor affecting turbine performance (Dai &
Lam, 2009; Maeda et al., 2016), is described as the ratio of the total turbine blade area
over the swept area (Mohan Kumar et al., 2019). The solidity ratio for HAT turbine can be
calculated as (Brusca et al., 2014; Rezaeiha et al., 2018):

o = oM (6.5)

r?

where o is the solidity ratio of HAT turbine, np is the number of HAT turbine blades, and

An is the area of a blade.

According to Eg. 6.5, the solidity ratio varies greatly with the blade size and the number
of blades. Thus, optimisation of this ratio is accomplished by changing these two factors.
On the other hand, the type of hub can be changed based on the hub radius and shape

of the hub.

In this work, four factors are considered to be optimised including size of blade (A),
number of blades (B), hub radius (C), and hub shape (D). In addition, for each factor four
levels are considered. Due to the submergence of the tidal turbines in water, the working
conditions vary from the wind power region; HAT turbines face higher moment and
pressure than horizontal axis wind (HAW) turbines. Therefore, tidal turbines must have
smaller blades to avoid vibration and deformation which unfavourably affect the turbine
efficiency (Park et al., 2016). Accordingly, four sizes of blade including 0.7b, 0.8b, 0.9b,
and 1.0b (b is the size of blade according to Tables 5.1 and 5.2) for HAT turbine are
chosen as four levels of factor A. The levels of number of blades (B) are selected as 3, 4,

5, and 6.

For the hub radius (C) (the third factor), 0.125, 0.175, 0.150, and 0.200 m are chosen as
the levels. In addition, for factor the hub shape (D) four different levels (1, 11, lll, and 1V)
with four parabola equations are considered in order to test and find the optimum

configuration. The selected shapes of hub and their corresponding parabolic equations
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are showed in Figure 6.7. The hub shapes vary from a conical shape with equation of

y=x"0.8 to a hemisphere with equation of y=x"0.2.

€949

(A

y=x"0.2 y=x"0.4 y=x"0.6 y=x"0.8
Q) (1) (1 (V)

Figure 6.7 Four different hub shapes.

All the factors and levels are summarised in Table 6.3.

Table 6.3 Specified factors and levels

Coded levels
1 2 3 4
A: Size of blade 0.7b 0.8b 0.9b 1.0b
B: Number of blades 3 4 5 6
C: Hub radius (m) 0.125 0.175 0.150 0.200
D: Hub shape I I [l \Y
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Stage 3: Orthogonal Array

The data of the constructed experiment can be examined using both the Taguchi
and analysis of variance (ANOVA) methods (Sohrabi et al.,, 2017). According to the
previous stage, the OA should be adapted for the four factors at the four-level experiment
design. For all identified factors and their levels, the feasible orthogonal array is L16 (44)
which is built as seen in Table 6.4. According to Table 6.4, instead of 256 possible cases
(4*4*4*4=256), 16 CFD simulations are evaluated to minimise the geometry of the
designed HAT turbine with the four factors, including blade size, number of blades, hub

radius, and hub shape, each in four levels.
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Table 6.4 Selected Lis (4%) OA of the set factors and levels

No.

A

B

C

Test 1
Test 2
Test 3
Test4
Test 5
Test 6
Test 7
Test 8
Test9
Test 10
Test 11
Test 12
Test 13
Test 14
Test 15
Test 16

A A b D W WO WO DN DNDNDNNMNDN PR PR R

A WO DN P B~ WODN FP B~ O DN P BB OO DN P

P N W N PO WP P DN O®WDN PR

W s, P NP DNDNOWPAEDN PP DO DO DN O
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Stage 4: Computational Fluid Dynamics (CFD) analysis

16 different cases which have been modelled with SOLIDWORKS software, in
accordance with the specifications described in Table 6.4 and the designed orthogonal
array (Table 6.5) (please see appendix B). As described in stage 1 of the Taguchi
approach, in this work, power output (P) is used as the objective function (OF). The power
output of each case can be measured by moment coefficients (Cm) using Eq. 6.6.
Accordingly, all the moment coefficients at different azimuth angles and TSR=5 are
determined from the CFD simulations and the results of baseline and case 8 are

presented in Figure 6.8 (for all cases please see Appendix C).

The power output (P) of each case is calculated using Eq. 4.3 and the results are
presented in Table 6.5. From the results, it can be seen that the number of blades has a
major effect on the performance of the turbine and it is directly related to the increase of
power output. For example, two of the highest values of power output (4002 and 3600 W
corresponding to deigns 4 and 16 respectively) are related to turbines with 6 blades and
the two lowest power outputs (2809 and 2907 W corresponding to deigns 9 and 13
respectively) are related to 3-blade turbine. Increasing the number of blades provides
greater moment; however, the maximum power output of a turbine must have a finite
number of blades (Okulov & Sorensen, 2008). According to Armstrong et al. (2012) the
solidity ratio should not exceed 0.5 as the proximity of the blades degrades the turbine
output. Accordingly, because the amount of solidity cannot be more than this upper limit,
the number of blades which is the main factor of solidity ratio is also limited. Considering

this upper limit, in this study 3, 4, 5 and 6 blades were considered.
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Figure 6.8 Changes in moment coefficient (Cn) of all cases for one revolution (0-360°) at

TSR=5.

Figure 6.8 demonstrates the variations of instantaneous torque coefficient (Cn) in one

revolution at TSR=5 for 16 HAT turbine cases as well as the baseline turbine after the

steady state condition is attained. The maximum and minimum average torque

coefficients (Cm) correspond to cases 4 and 9, which are 0.125 and 0.08 respectively.

The value of Cn (0.125) obtained for case 4 is 25% higher than that of the baseline case,

which is 0.10.
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Stage 5: Identification of the optimum factors and their levels

Eq. 5.7 is used to calculate the S/N ratio of 16 different designs, according to the data
shown in Table 6.3, and the results are set out in Table 6.4. According to Eq. 5.7, the
smallest value of S/N ratio occurs when there is the smallest difference between the
power output and the target quality. From Table 6.5, it can be seen that the lowest S/N
ratio (32) corresponds to design 6, which has the smallest difference between the power
output (3476 W) and the target quality (3440 W). The Taguchi method is utilised in the
next step to evaluate the order of effect and the optimum combination of the factors to be
achieved in the optimised model. For the all factors and their levels, the mean S/N ratio
is calculated and plotted in Figure 6.9. For example, the mean S/N ratio of Al is computed
from the mean values of four level 1 factor A [(53+ 43.5+ 39.7+55)/4=47.8]. The results
show that power output of the combination A2, B3, C2, and D3 can provide the target
guality with smallest geometry. An indicator (B) is determined to identify the order of
influence of all four factors, which is the distance between each factor's top and bottom
mean S/N ratios in Figure 6.9. For variables A, B, C, and D, the values of this
indicator are 11.32, 12.2, 6.1 and 5.72 respectively. This clearly indicates that factor B,
which is the number of blades, is the main factor amongst all evaluated factors,
influencing the turbine's power output. On the other hand, factors C (hub radius) and D

(hub shape) have the smallest effect on hydrodynamic performance of the HAT turbine.
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Table 6.5 L15 OA

No. Size of Number of Hub Hub shape P (W) S/IN
blade (A) blades (B) radius (C) (D) ratio
Baseline b 3 0.200 Il 3417 N/A
Test 1 0.7b 3 0.125 I 2993 53
Test 2 0.7b 4 0.150 I 3589 43.5
Test 3 0.7b 5 0.175 1 3536 39.7
Test 4 0.7b 6 0.200 v 4002 55
Test5 0.8b 3 0.150 1 3537 39.8
Test 6 0.8b 4 0.125 v 3479 32
Test 7 0.8b 5 0.200 I 3338 40.1
Test 8 0.8b 6 0.175 [l 3490 34
Test9 0.9b 3 0.175 v 2809 56
Test 10 0.9b 4 0.200 1 3298 43
Test11 0.9b 5 0.125 [l 3349 39.1
Test 12 0.9b 6 0.150 I 3589 43.5
Test 13 1.0b 3 0.200 Il 2907 54.5
Test 14 1.0b 4 0.175 I 2998 52.9
Test 15 1.0b 5 0.150 v 3500 35.6
Test 16 1.0b 6 0.125 1l 3600 44.1
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Figure 6.9 Graph of mean S/N ratio (smaller is the better).

Stage 6: Analysis of Variance (ANOVA)

In this stage, the interaction of all factors and with their levels is analysed by
using ANOVA. The objective of ANOVA analysis is to evaluate the interaction between
factors, with respect to the overall variation of all variables. There are different classical
approaches for ANOVA analysis for unbalanced data. In this chapter, two-way interaction
is used. In general, the difference between two-way, three-way, and four-way interaction
is negligible and most of the relevant literature have used two-way interaction (Banerjee
etal., 2019; Kechagias et al., 2020; Ogunbiyi et al., 2020). The relationship plot of ANOVA
can be used to display the interaction between the factors in different levels (Ott &
Longnecker, 2015; Ranganath & Vipin, 2013). According to the obtained interaction plots,
two different potential options (a: parallel and b: non-parallel) can be considered (Figure
6.10). In parallel patterns, a certain interaction will not happen and can be ignored, whilst
the interaction in non-parallel trends is important and should be considered. By using the
S/N ratios listed in Table 6.5, the relationship between each of two variables is measured

and presented in Figure 6.11 (Wang et al., 2018). By assessing the obtained graphs, it
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can be seen that there is an interaction between all two factors due to non-parallel lines.
Between the assessed variables, the relationship between factor B (number of blades)
and other factors is very strong. This is also highlighted in the results of Taguchi method,

where factor B has the greatest effect on power output of the HAT turbine (stage 5).

In the interpretation of ANOVA interaction plots, when interaction exists amongst the
factors, the lines will be non-parallel (Alikhani, Ebadi, Karami, Shahanipour, & Razzaghi-
Asl, 2020). By assessing the obtained ANOVA interaction plots (Figure 6.11), it can be
seen that there is an interaction between each pair of factors due to non-parallel lines.
Between the assessed variables, the interaction between number of blades (factor B) and
other factors is very strong due to the number of non-parallel lines in comparison to other
interactions. This is also highlighted in the results of the Taguchi method, where factor B

has the greatest effect on the power output of the HAT turbine (stage 5).

Factors

Levels

Figure 6.10 (a) Interaction and (b) no interaction plot (Ott & Longnecker, 2015).
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Figure 6.11 Interaction graph with analysis of variance.
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Stage 7: Superposition model

As outlined in the stage 7 of section 4.6, the superposition model is used to predict the
S/N ratios of all possible responses. The results are shown in Table 6.6. The Taguchi
method was used on 16 cases with different combinations of 4 factors and 4 levels for
each factor. The minimum S/N ratio was calculated as 32 for case 6, which corresponds
to combination A2 (Size of blade: 0.8b), B2 (Number of blades: 4), C1 (Hub radius: 0.125),
and D4 (Hub shape: IV). With 4 factors and 4 levels for each factor, the number of possible
combinations was 256 (4*4*4*4= 256). Eqg. 5.4 (superposition model - which was cross
validated in Chapter 5) was used to obtain the S/N ratios of all possible combinations of
factors and levels (Table 6.6). The results of the superposition model show that the S/N
ratio of the same combination (case 6 of the Taguchi model: Size of blade: 0.8b; Number
of blades: 4; Hub radius: 0.125; and Hub shape: IV) was 33.38 (Table 5.6; case 84) which
shows 5% difference. It can also be seen from this table that the lowest S/N ratio is for
case 103 and its value is 25.01. This value is for combination of factors A2 (0.8b), B3 (5),
C2 (0.175), and D3 (lll). Therefore, combination of factors A2, B3, C2, and D3 that is
provided by the superposition model, is used to build a HAT turbine as the final optimised

model and it is simulated using the CFD method described in section 4.

151



Table 6.6 Prediction of signal-to-noise (S/N) ratio of all achievable combinations

No. A B C D SIN NO. A B C D SN No. A B C D SIN No. A B C D SIN
1 1 1 1 1 5571 65 2 1 1 1 4438 129 3 1 1 1 5331 193 4 1 1 1 5468
2 1 1 1 2 5111 66 2 1 1 2 3978 130 3 1 1 2 4871 194 4 1 1 2 50.08
3 1 1 1 3 4998 67 2 1 1 3 3866 131 3 1 1 3 4758 195 4 1 1 3 48.96
4 1 1 1 4 5298 68 2 1 1 4 4166 132 3 1 1 4 5058 19 4 1 1 4 5196
5 1 1 2 1 5426 69 2 1 2 1 429 183 3 1 2 1 518 197 4 1 2 1 5323
6 1 1 2 2 49.66 70 2 1 2 2 3833 13 3 1 2 2 4726 198 4 1 2 2 4863
7 1 1 2 3 4853 71 2 1 2 3 3721 135 3 1 2 3 4613 19 4 1 2 3 4751
8 1 1 2 4 5153 72 2 1 2 4 4021 186 3 1 2 4 4913 200 4 1 2 4 5051
9 1 1 3 1 5931 73 2 1 3 1 479 187 3 1 3 1 5691 201 4 1 3 1 5828

10 1 1 3 2 5471 74 2 1 3 2 4338 138 3 1 3 2 5231 202 4 1 3 2 5368
117 1 1 3 3 5358 7% 2 1 3 3 4226 1839 3 1 3 3 5118 203 4 1 3 3 5256
12 1 1 3 4 5658 7% 2 1 3 4 4526 140 3 1 3 4 5418 204 4 1 3 4 5556
13 1 1 4 1 6181 77 2 1 4 1 5048 141 3 1 4 1 5941 205 4 1 4 1 60.78
14 1 1 4 2 5721 78 2 1 4 2 4588 142 3 1 4 2 5481 206 4 1 4 2 56.18
15 1 1 4 3 56.08 79 2 1 4 3 4476 143 3 1 4 3 5368 207 4 1 4 3 5506
16 1 1 4 4 59008 80 2 1 4 4 4776 144 3 1 4 4 5668 208 4 1 4 4 5806
17 1 2 1 1 4773 81 2 2 1 1 3641 145 3 2 1 1 4533 209 4 2 1 1 46.71
18 1 2 1 2 4313 82 2 2 1 2 3181 146 3 2 1 2 4073 210 4 2 1 2 4211
19 1 2 1 3 4201 83 2 2 1 3 3068 147 3 2 1 3 3961 211 4 2 1 3 4098
20 1 2 1 4 4501 84 2 2 1 4 3368 148 3 2 1 4 4261 212 4 2 1 4 4398
21 1 2 2 1 46.28 86 2 2 2 1 349 149 3 2 2 1 4388 213 4 2 2 1 4526
22 1 2 2 2 4168 86 2 2 2 2 3036 150 3 2 2 2 3928 214 4 2 2 2 40.66
23 1 2 2 3 4056 87 2 2 2 3 2923 151 3 2 2 3 3816 215 4 2 2 3 3953
24 1 2 2 4 4356 88 2 2 2 4 3223 152 3 2 2 4 4116 216 4 2 2 4 4253
25 1 2 3 1 5133 89 2 2 3 1 4001 153 3 2 3 1 4893 217 4 2 3 1 5031
26 1 2 3 2 46.73 90 2 2 3 2 3541 154 3 2 3 2 4433 218 4 2 3 2 4571
27 1 2 3 3 4561 91 2 2 3 3 3428 155 3 2 3 3 4321 219 4 2 3 3 4458
28 1 2 3 4 4861 92 2 2 3 4 3728 156 3 2 3 4 4621 220 4 2 3 4 4758
29 1 2 4 1 5383 983 2 2 4 1 4251 157 3 2 4 1 5143 221 4 2 4 1 5281
30 1 2 4 2 49283 94 2 2 4 2 3791 158 3 2 4 2 4683 222 4 2 4 2 4821
31 1 2 4 3 4811 9% 2 2 4 3 3678 159 3 2 4 3 4571 223 4 2 4 3 4708
32 1 2 4 4 5111 9% 2 2 4 4 3978 160 3 2 4 4 4871 224 4 2 4 4 50.08
33 1 3 1 1 4351 97 2 3 1 1 3218 161 3 3 1 1 4111 225 4 3 1 1 4248
34 1 3 1 2 38091 98 2 3 1 2 2758 162 3 3 1 2 3651 226 4 3 1 2 3788
35 1 3 1 3 3778 9 2 3 1 3 2646 163 3 3 1 3 3538 227 4 3 1 3 36.76
36 1 3 1 4 4078 100 2 3 1 4 2946 164 3 3 1 4 3838 228 4 3 1 4 39.76
37 1 3 2 1 4206 101 2 3 2 1 3073 165 3 3 2 1 3966 229 4 3 2 1 4103
38 1 3 2 2 3746 102 2 3 2 2 2613 166 3 3 2 2 3506 230 4 3 2 2 3643
39 1 3 2 3 3633 103 2 3 2 3 2501 167 3 3 2 3 3393 231 4 3 2 3 3531
40 1 3 2 4 3933 104 2 3 2 4 2801 168 3 3 2 4 3693 232 4 3 2 4 3831
41 1 3 3 1 4711 105 2 3 3 1 3578 169 3 3 3 1 4471 233 4 3 3 1 46.08
42 1 3 3 2 4251 106 2 3 3 2 3118 170 3 3 3 2 4011 234 4 3 3 2 41.48
43 1 3 3 3 4138 107 2 3 3 3 3006 1717 3 3 3 3 3898 235 4 3 3 3 4036
44 1 3 3 4 4438 108 2 3 3 4 3306 172 3 3 3 4 4198 236 4 3 3 4 4336
45 1 3 4 1 4961 109 2 3 4 1 3828 173 3 3 4 1 4721 237 4 3 4 1 4858
46 1 3 4 2 4501 110 2 3 4 2 3368 174 3 3 4 2 4261 238 4 3 4 2 4398
47 1 3 4 3 4388 111 2 3 4 3 3256 175 3 3 4 3 4148 239 4 3 4 3 4286
48 1 3 4 4 46588 112 2 3 4 4 3556 176 3 3 4 4 4448 240 4 3 4 4 4586
49 1 4 1 1 4903 113 2 4 1 1 3771 177 3 4 1 1 4663 241 4 4 1 1 4801
50 1 4 1 2 4443 114 2 4 1 2 3311 178 3 4 1 2 4203 242 4 4 1 2 4341
51 1 4 1 3 4331 115 2 4 1 3 3198 179 3 4 1 3 4091 243 4 4 1 3 4228
52 1 4 1 4 4631 116 2 4 1 4 3498 180 3 4 1 4 4391 244 4 4 1 4 4528
53 1 4 2 1 4758 117 2 4 2 1 3626 181 3 4 2 1 4518 245 4 4 2 1 4656
54 1 4 2 2 4298 118 2 4 2 2 3166 182 3 4 2 2 4058 246 4 4 2 2 4196
50 1 4 2 3 418 119 2 4 2 3 3053 183 3 4 2 3 3946 247 4 4 2 3 4083
56 1 4 2 4 4486 120 2 4 2 4 3353 184 3 4 2 4 4246 248 4 4 2 4 4383
57 1 4 3 1 5263 1212 2 4 3 1 4131 18 3 4 3 1 5023 249 4 4 3 1 5161
58 1 4 3 2 4803 122 2 4 3 2 3671 186 3 4 3 2 4563 250 4 4 3 2 4701
50 1 4 3 3 4691 123 2 4 3 3 3558 187 3 4 3 3 4451 251 4 4 3 3 4588
60 1 4 3 4 4991 124 2 4 3 4 3858 188 3 4 3 4 4751 252 4 4 3 4 4888
61 1 4 4 1 5513 125 2 4 4 1 4381 189 3 4 4 1 5273 253 4 4 4 1 5411
62 1 4 4 2 5053 126 2 4 4 2 3921 190 3 4 4 2 4813 254 4 4 4 2 4951
63 1 4 4 3 4941 127 2 4 4 3 3808 191 3 4 4 3 4701 255 4 4 4 3 4838
64 1 4 4 4 5241 128 2 4 4 4 4108 192 3 4 4 4 5001 256 4 4 4 4 5138
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6.7 Fluid dynamics study

With the obtained combinations from the superposition model and Table 6.4, the
optimised turbine is designed in SOLIDWORKS 2017. The initial design with
SOLIDWORKS shows that the weight of optimised design is 17% less than the baseline
design; hence it requires less material and it can be manufactured cheaper. A
comprehensive CFD simulation of the baseline and the optimised designs is carried out
using ANSYS Fluent 2019 (as described in section 2) and the results are presented in
this section. Using Eg. 5.10 and the CFD results, the power output of the optimised turbine
is calculated to be 3830 W, which is suitable for the mentioned desalination system to

produce 1 m%h freshwater (see section 2.4).

Figure 6.12 shows a comparison of the variations of power coefficient (Cp) with TSR for
the baseline and optimised HAT turbines. When comparing the performance of the
presented HAT turbines at various tip speed ratios (TSRs), the change of the blade size
and number of blades helps to increase the power coefficient (Cp), however, after a
particular TSR, the power output of the turbines decreases due to the increased
turbulence. According to the obtained results, C, of the optimised model is 0.44, while for
baseline design it is 0.40 at TSR=5 (i.e., it is 10% more for the optimised model).
Moreover, the optimised 5-bladed HAT turbine performs better at lower TSR (3-5.5) and
the baseline 3-bladed HAT turbine works better at higher TSR (5.5-6.5) in both designs.

To further investigate this, it is necessary to simulate both turbines at different TSRs.
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Figure 6.12 Variation of power coefficient (Cp) with tip speed ratio (TSR) of baseline and

optimised designs.
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Figure 6.13 shows the streamline contours across the revolving turbine in four different
tip speed ratios (TSRs). These contour plots explicitly illustrate that the velocity deficiency
is dependent on the TSRs which are provided by different inlet velocities. The water
rotates the HAT turbine and the passing stream rotates in an inverse direction of the
turbine. While water moves through the turbine, the turbine absorbs the energy of the
water and that is why there is a difference in the velocity of upstream and downstream.
The higher the inlet velocity, the greater is the difference in velocity. In both turbines, the
flow runs normally at low TSRs and from upstream and downstream. In the baseline
turbine, according to Figure 6.13, there is a heavy turbulence in the streamline
distributions when the TSR changes from 5.5 to 6.0. However, in the optimised turbine
this occurs after TSR=5.0 and the streamlines of downstream face a huge turbulence.
These results provide further evidence for the findings in Figure 6.13, which show the

optimised turbine has better performance at lower TSRs.
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Figure 6.13 Streamline distributions in 4 different tip speed ratios (TSR).
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The vorticity contours of the CFD simulations of both turbines through a cross section (YZ
plane) at azimuth angles of 40°, 80°, and 120° are presented in Figure 6.14. For these
contours to be comparable, one of the turbine blades is marked with letter Q (indicator
blade) and the value of azimuth angle is defined according to this indicator blade. The
results show that the baseline turbine (three-bladed turbine) experiences greater vortex
and wake in comparison with the optimised turbine (five-bladed turbine), which results in
better performance. The vorticity is indeed greater on the top of the blades due to
rotational impact of the turbine blades, and the velocity gradient is much wider. The lower
magnitude of vorticity at the bottom of the blades can be attributed to the separation of
the flow on the blade surface, and it is very visible at the proximity of turbine hub. The
energy contribution of both HAT turbine’s blades near the hub is also less than the section
near the tip portion. Since CFD simulation in ANSYS Fluent considers the solid parts as
rigid body and it does not consider the deformation and vibration, in reality, this increase
in the vortex at the end of the turbine blades causes an increase in vibration as well as
deformation, which reduces the lifetime and the efficiency of the turbine. This is another
reason that confirms the superiority of the optimised turbine, which has smaller blades

(20% smaller) than the baseline turbine.
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Figure 6.14 Vorticity contours at azimuth angles of 40°, 80°, and 120°. For these contours to
be comparable, one of the turbine blades is marked with letter Q.
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Finally, to better understand and compare the effect of different hubs on hydrodynamic
performance of the HAT turbines, the velocity contours at three different azimuth angles
on the ZX plane are shown in Figure 6.15. All contours are plotted at TSR of 5.0. As can
be seen from this Figure, type 11l hub, which is used in the optimised model (compared to
the type | (baseline model)), can be used to suppress the flow separation at different
azimuth angles. On the other hand, in the baseline model, after water hits the nose of the
hub, it causes separation and turbulence immediately, which can reduce the kinetic
energy of water and the efficiency of the turbine. It can be concluded that the combination
of the number of turbine blades and the type of hub can affect the performance of the

turbine, as predicted in the previous section by the ANOVA method.

The obtained optimised turbine with rough (500 um) and smooth blades was simulated at
TSR=5 using ANSYS Fluent 2019 to investigate the effects of surface roughness on the
optimised turbine. Figure 6.16 shows the velocity contours using the CFD Post
programme. As expected and previously observed for vertical turbines, surface
roughness increases the turbulence in the flow, which reduces the output torque and
ultimately reduces the output power of the turbine. The power loss for the turbine with a
roughness of 500 mu was calculated as 13% using Eq. 4.13 and the data obtained from

the simulations in ANSYS Fluent.
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Figure 6.15 Velocity distribution at azimuth angles of 40°, 80°, and 120° (ZX plane) (left:
optimised model and right: baseline model).
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Figure 6.16 Distribution of velocity of optimised turbine with (a) smooth and (b) roughed
blades and (a) at TSR=5.5
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6.8 Conclusion

The Taguchi method and extensive CFD simulations were utilised in this study to
minimise the geometry of a HAT turbine, which can be used to power a desalination
system. The results show that the Taguchi method is an effective tool for complex HAT
turbine optimisation by using only few experiments. The main conclusions of this chapter

can be summarised as follows:

(1) The optimum combination of the tested factors by the Taguchi method was achieved
as (design 6): size of blade: 0.8b; number of blades: 4; hub radius: 0.125 m; and hub
shape: type IV. The B indicator of variables A, B, C, and D, was calculated as 11.32,
12.2, 6.1 and 5.72 respectively. This indicates that number of blades (B), is main
influential factor among the four assessed factors. The hub radius (C) and hub shape
(D) have the least influence on the HAT turbine's hydrodynamic output.

(2) The results from ANOVA analysis show that all four parametric variables have a visible
interaction with each other. Among the analysed factors, the relationship between
number of blades (B) and other variables is very strong.

(3) The results of the superposition model show that the minimum S/N ratiois
25.01 for design 103. This value is for the combination of size of blade: 0.8b; number
of blades: 5; hub radius: 0.150 m; and hub shape: type Ill. The weight of optimised
model is 17% less than the baseline model, indicating that the optimised model would
require less material and can be made cheaper.

(4) According to the CFD simulations, Cp of the optimised model is 0.44, which is 10%
higher than the baseline model (0.40) at tip speed ratio (TSR) of 5. The optimised HAT
turbine works better at lower TSR (3-5.5) and the baseline HAT turbine performs better

at higher TSR (5.5-6.5).
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Chapter Seven: Conclusions and
Recommendations

7.1 Abstract

A literature review of ocean-powered desalination systems and optimisation of tidal
turbines was conducted in Chapter 2. Moreover, the effects of surface roughness on
hydrodynamic performance of tidal turbine were reviewed. Also the history of optimisation
of vertical and horizontal axis tidal turbines was reviewed. For optimisation of a turbine
with genetic algorithm or similar optimisation algorithms, hundreds of numerical
simulations are needed. One of the limitations of 3D CFD is that it is highly time
consuming, since for obtaining reliable results, different parameters must converge
simultaneously. Computational time of combination of the genetic algorithm with the 3D
CFD would be extremely expensive. However, the Taguchi method and superposition
approach can provide a reasonable estimate of optimised parameters with a limited
number of numerical simulations, and current PhD thesis is a valid example of this claim.
It should be mentioned that the superposition model is a kind of simple of surrogate model

and was used in this work.

7.2 Main conclusion remarks

A review of research on VAT turbines indicates that three parameters, namely twist angle,
camber, and chord/radius ratio could have significant effect on turbine performance. The
impacts of these three parameters on performance of VAT turbines have not been
investigated in detail and their combined effects are unknown thus far. In this research,
the effects of these three parameters on turbine performance were studied
simultaneously. A horizontal turbine consists of two main parts: the hub and the blades.

The solidity ratio, which is the ratio of the total turbine blade area over the swept area, is
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the most important factor affecting turbine performance. The solidity ratio varies greatly
with the blade size and the number of blades. Thus, optimisation of this ratio is
accomplished by changing these two factors. On the other hand, the type of hub can be
changed based on the hub radius and shape of the hub. In this work, four factors were
considered to be optimised including size of blade, number of blades, hub radius, and

hub shape.

Chapter 3 presented design of a RO desalination system. Combination of RO desalination
system with clean energy sources decreases the environmental effect of carbon
emissions by fossil fuels. The general objective of optimising the renewable energy
powered RO desalination system is to reduce overall system costs and energy needs
while still maintaining system performance. In this work, by adding a storage tank and a
PV panel to a previous design of RO desalination system, a new design was introduced
which can be powered with tidal turbines. In this chapter, conventional RO desalination
systems were reviewed which showed the energy consumption for modern RO
desalination systems is between 2-4 kWh/m3. The most similar RO desalination system
with this work, that used tidal energy, was reviewed. In the current research, a new design
of desalination system was introduced (by adding a water storage tank for stabilising the
driving energy and a PV panel for powering the booster pump), which can be powered by
HAT or VAT turbines. Since in the proposed design, the most important part is the tidal
turbine, the focus was placed on optimisation of the turbines and then, an appropriate

Location of the desalination system was identified.

The coastline of South East England is suitable for installation of a tidal power devices
for RO desalination system; not only it has low salinity and high current speed, but also
in future it will have a higher demand for water. The mean tidal current velocity and salinity
of water were assumed as 1 m/s and 30 ppt respectively. The energy required for the

produced RO desalination system was determined. Therefore, the total energy required
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for RO desalination system for desalinating 1 m3/h freshwater system was determined as

2.7 KWh/m3.

In Chapter 4, the effects of surface roughness on hydrodynamic performance of a tidal
turbine were investigated in detail. Although improving the hydrodynamic performance is
a key objective in the design of ocean-powered turbines, some factors affect the efficiency
of the device during its operation. In this study, the impacts of a wide range of surface
roughness, as a tribological parameter, on stream flow around a hydro turbine and its
power loss were investigated. A comprehensive program of 3D Computational Fluid
Dynamics (CFD) modelling, as well as an extensive range of experiments were carried
out on a tidal turbine in order to measure reduction in hydrodynamic performance due to
surface roughness. It was shown that the surface roughness increases the turbulence
and decreases the active fluid energy that is required for rotating the turbine, thereby
reducing the performance of the turbine. The following conclusions can be drawn from

the results obtained in this chapter:

1) Velocity distributions showed that turbulence will increase with increasing the
surface roughness of DH turbine. Turbulence reduces the kinetic energy, which in turn,

reduces the total turbine efficiency.

2) The surface roughness degraded the margin of pressure coefficient, especially at

high values of roughness.

3) The drag coefficient increased as a second order polynomial function of Hr. When
NACA 0015 airfoil was used in DH turbine, the drag coefficient was very sensitive to the
variations of Hr. The drag coefficient of roughed turbine (with Hr=1000 ym) studied in this

chapter was 20% higher than the smooth blade.

4) The average torque showed small changes at low flow velocities. The adverse

impact of surface roughness was significantly greater at high inlet velocities (i.e., in high
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Reynold numbers). In the CFD simulation, all parameters in the Re equation were
constant except the velocity of water. It was shown that the negative impacts of roughness

are much greater at high Reynolds numbers.

5) The decrease in torque due to surface roughness reduced the power output of the
turbine. For the turbine studied in this chapter, for Hr=1000, the maximum reductions in
power output in the numerical and experimental models were about 27% and 22% pm

respectively.

In Chapter 5 optimisation of a VAT turbine for powering a RO desalination system was
performed. Vertical Axis Tidal (VAT) turbines can be used as ocean-powered devices to
power the RO desalination systems from movements in ocean as a renewable source of
energy. The energy required for desalinating 1 m3/h was determined. Accordingly, a VAT
turbine was designed to fulfil this amount of energy. A number of CFD simulations were
carried out using the mixed-level modified Taguchi technique to determine the optimal
hydrodynamic performance of a VAT turbine. The influence of four parameters: twist
angle, camber position, maximum camber, and chord/radius ratio were studied. The
interaction of these parameters was investigated using the Variance of Analysis (ANOVA)
approach. The findings of this chapter can provide guidelines for optimisation of vertical
turbines. The following conclusions can be drawn from the results presented in this

chapter:

(1) The highest average moment coefficient (Cm) and power coefficient (Cp)
correspond to case 12 which are 0.134 and 0.202 respectively. The value of C, (0.202)
obtained for case 12 was 26% higher than the baseline case (0.16). The S/N ratios of the
18 different cases were calculated. The maximum S/N ratio occurred at the maximum

power coefficient. The maximum S/N ratio is 8.232 which corresponds to case 12.

(2)  The results of the Taguchi method showed that the combination of A4, B3, C2, and

D2 results in the maximum output. The values of 6 for factors A, B, C, and D are 0.863,
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0.136, 0.151, and 0.684 respectively. This implies that twist angle is the most significant

factor among the 4 tested factors, affecting the hydrodynamic performance of the turbine.

3) Superposition was used to estimate all possible responses (S/N ratios) outside
orthogonal array (OA). The superposition results showed that, the case 104 provides the
maximum signal-to-noise ratio (9.456) with the combination A4, B3, C2, and D2 that is
considerably greater than the optimal case (case 12), calculated by 18 cases in the

Taguchi orthogonal array.

(4)  The power coefficient (Cp) of the optimised turbine was calculated as 0.210, which
is 26% higher than the baseline case. In addition, the optimised model reduced the
required material by 57% compared with the baseline model, indicating that the new
model requires less material. Moreover, the size of the wake generated in the baseline
model was greater than the optimised model, resulting in a decrease in kinetic energy

and a reduction in turbine output.

In Chapter 6, optimisation of a HAT turbine for powering a RO desalination system was
carried out. Horizontal Axis Tidal (HAT) turbines also can be used to power RO
desalination systems. The Taguchi-CFD (Computational Fluid Dynamics) approach was
used as an inexpensive and rapid tool for optimising HAT turbine. The effects of blade
size, number of blades, hub radius, and hub shape were studied and optimised. The
Taguchi results revealed that the most important parameters influencing the power output
of HAT turbine are the number of blades, size of blade, hub radius, and hub shape

respectively.
The main conclusions of this chapter can be summarised as follows:

(1) The optimum combination of the tested factors by the Taguchi method was
achieved as (design 6): size of blade: 0.8b; number of blades: 4; hub radius: 0.125 m;

and hub shape: type IV. The 0 indicator of variables A, B, C, and D, was calculated as
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11.32, 12.2, 6.1 and 5.72 respectively. This indicates that number of blades (B), is the
main influential factor among the four assessed factors. The hub radius (C) and hub

shape (D) have the least influence on the HAT turbine's hydrodynamic output.

(2)  The results from ANOVA analysis showed that all four parametric variables have
a visible interaction with each other. Among the analysed factors, the relationship

between number of blades (B) and other variables is very strong.

(3)  The results of the superposition model showed that the minimum S/N ratio is 25.01
for design 103. This value is for the combination of size of blade: 0.8b; number of blades:
5; hub radius: 0.150 m; and hub shape: type Ill. The weight of the optimised model was
17% less than the baseline model, indicating that the optimised model would require less

material and can be made cheaper.

(4)  According to the CFD simulations, Cp of the optimised model is 0.44, which is 10%
higher than the baseline model (0.40) at tip speed ratio (TSR) of 5. The optimised HAT
turbine works better at lower TSR (3-5.5) and the baseline HAT turbine performs better

at higher TSR (5.5-6.5).

The main contributions and achievements of the current research in this field are

summarised as follows:

e A new conceptual desalination system was introduced which can be powered by
HAT or VAT turbines.

e A comprehensive 3D CFD simulations and a number of laboratory experiments
were carried out, covering a wide range of roughness values for a vertical hydro
turbine, in order to quantify the impacts of roughness on the hydrodynamic
performance of hydro turbines.

e The Taguchi method was developed and used to optimise a VAT turbine in order

to maximise its hydrodynamic performance. The combined effects of twist angle,

170



cambered blades, and solidity on performance of the VAT turbine was
investigated. Using the mixed-level modified Taguchi approach and
comprehensive 3D CFD simulations, a new set of optimised factors were identified
and tested.

e The geometry of the HAT turbine was optimised with combination of 3D CFD
simulations using the Taguchi method. The effects of size of blades, number of
blades, hub radius, and hub shape on power output of HAT turbine were studied
and optimised.

e The results of this study provide a comprehensive guidance for tidal turbine

optimisation process.

7.3 Contributions of the work

e The effects of roughness on performance of tidal turbine has been quantified over
a wide range of roughness.

e For the first time, the combined effects of twist angle, camber position, maximum
camber, and chord/radius ratio on performance of the VAT turbine were
investigated.

e For the first time, the effects of size of blades, number of blades, hub radius, and
hub shape on power output of HAT turbine were studied.

e |t was shown that there is a great interaction between the type of the hubs and the
size and number of blades of horizontal turbines, and they must be optimized

together.

7.4 Recommendations for Further Research

1) In this work, the effects of vibration and deformation of turbine blades have not been
considered. The interaction between water and structure and turbine frame is another

factor that was not taken into consideration.
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2) The blade roughness which is caused by erosion or/and dogged marine animals,
affects the hydrodynamic performance of turbines and can be considered as a factor in
the Taguchi method and its individual impacts as well as combination with other factors

can be investigated in future work.

3) An economic analysis of HAT and VAT turbines based on different materials is a

potential area for future work.

4) Research and feasibility study of different combinations of ocean power desalination

systems, which are listed in Tablel.1, could be another area of future research.

5) More work needs to be carried out to find an RO unit, which can desalinate seawater

at a much lower energy.

6) Another possible field for future research is investigation on different methods to reduce

corrosion and roughness of turbines.

7) The use of other turbines for desalination system, including Archimedes screw

turbines, is also recommended.

8) Further research is required to investigate the impact of roughness on HAT turbine

performance.

9) Construction and testing of turbines and RO unit on a laboratory scale can lead to

practical results in this field.

10) Combination of Kriging method and CFD simulations can be employed to predict the
optimised combinations of parameters. Furthermore, the RMSE (root of the mean
squared error) and El (expected improvement) also can be used to guide the next
experiment until a good accuracy around the optimum is achieved with comparable

number of runs.
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11) The proposed RO desalination system work can be improved in design by adding a

control system consisting of sensors and switches.
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Appendix A: Experimental cases with different roughness values

H:: 0 um (smooth)

H: 50 um
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H:: 100 pm

H:: 250 pm
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H:: 1000 pm

Figure A.1 Experimental cases with different roughness values.
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Appendix B: All turbine designs :

Case 1 Case 2

Case 3 Case 4
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Figure B.1. All turbine designs according to the Lig Orthogonal array (OA).
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Case 1 Case 2
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Case 5 Case 6
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Case 9 Case 10

Case 11 Case 12

184



Case 13 Case 14

Case 15 Case 16
Figure B.2. All turbine designs according to the Lis Orthogonal array (OA).
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Appendix C: Moment coefficients

0.32;

Moment coefficient (Ct)

0

Figure C.1. Variations in moment coefficient for single revolution, form 0° to 360° at water
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Figure C.2. Changes in moment coefficient (Cm) of all cases for one revolution (0-360°)

at TSR=5.
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