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Abstract

Due to concerns over the potential impacts of climate change on the
environment, there is a growing interest in developing renewable forms of
energy. Tidal streams are a potential source of renewable energy that can be
harnessed for electricity generation using tidal stream turbines. However, due to
the technology being a relatively new development, with limited testing and
commercial applications, the flow dynamics and environmental impact of such

devices is still poorly understood.

This research investigates the flow dynamics downstream from a horizontal axis
tidal stream turbine device using a physical modelling experiment in the Total
Environment Simulator laboratory flume, using a channel which measured 11m
long, 1.6m wide and 0.6m deep. Detailed flow measurements were collected
using a two-camera submersible Particle Image Velocimetry (PIV) system to
quantify the three-dimensional flow velocities and turbulence downstream from
the model tidal turbine device. A wide range of rotor positions and flow
conditions were tested, including current flow and combined wave-current flows.
The data collected will be used to validate numerical models developed by
project partners, which will assist with developing full-scale operational tidal

stream turbines.

The presence of the tidal stream turbine within the channel had a significant
impact on the flow downstream. A significant velocity deficit was observed in the
wake of the turbine. This was particularly skewed, owing to the turbine rotation,
to the right hand side of the centreline, where the deficit was greater than the
left hand side. Subjecting the turbine to wave-current flow reduced this deficit

considerably, with the shortest wake length occurring under the troughs of



waves. Positioning the turbine closer to the bed resulted in a substantial
increase in shear stress, with vertical and horizontal asymmetry observed in the
wake of the turbine and horizontal asymmetry observed in the resulting scour

below the turbine.

The work outlines the impact of these variables on seafloor scour and integrity,
and highlights and discusses the optimisation of turbine efficiency with minimal

wake and seafloor scour impacts.
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Chapter 1

Introduction

1.1 Climate change

Climate change is defined as the long-term, large scale change in the global
weather patterns and temperatures (Met Office, 2017), and is often attributed to
human activity which changes the composition of the atmosphere (United
Nations, 1992). Although there was previously considerable debate and
speculation about climate change, it has now become widely accepted by the
majority of scientists that climate change caused by anthropogenic activities
exists (IPCC, 2014; Cook et al., 2016). Although climate change has been
occurring for centuries, for the last 60-70 years, the measured changes have
been unmistakeable, with clear observations of changes in the sea level and
temperature and atmospheric temperature (IPCC, 2014). It is now understood
that human activity, particularly power generation from burning fossil fuels,
which releases greenhouse gases, has led to global climatic change (IPCC,

2014).

Although greenhouse gases can be natural, anthropogenic greenhouse gas
emissions have increased significantly since the industrial revolution in the 18™
century, and are continuing to increase (figure 1.1; IPCC, 2014). The increase
in economic and population growth have led to the increase in emissions of

carbon dioxide, methane and nitrous oxide (United Nations, 1992; IPCC, 2014).

Climate change impacts both natural and human systems across the planet.

There are impacts on precipitation and melting snow and ice which impact



hydrological systems and water resources (Stroeve et al., 2007; IPCC, 2014).
Climate change also affects species across terrestrial, freshwater and marine
environments, causing changes in abundance and migration, amongst other
changes (Johnston et al., 2013; IPCC, 2014). There are also impacts in a
number of regions on crops, leading to reduced crop yields. (IPCC, 2014). In
Europe, there have been observed impacts on glaciers, snow, ice and
permafrost; wildfires; marine ecosystems; and health and economics (IPCC,
2014). Continued emission of greenhouse gases will lead to further climate

change (IPCC, 2014).
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Figure 1.1: Total annual anthropogenic greenhouse gas emissions (gigatonne

of CO2 equivalent per year, GtCO»-eg/year) between 1970 and 2010. (Edited
from IPCC, 2014, figure 1.6, pg. 5).

1.2 The state of the art in tidal renewables

There has been a shift in the last 30 years, which has seen a significant
reduction in the use of coal for electricity production. More recently, in the last
20 years, there has been a significant increase in the uptake and use of

renewable energy for electricity production (figure 1.2). There is a European
2



Union target to achieve 20% of energy consumption from renewable sources by
2020 (European Union, 2009; European Commission, 2017). Renewable
energy sources include solar, hydro, wind, wave, bioenergy, tidal and
geothermal. Each source of renewable energy will be considered in more detail
in chapter 2. However, the focus of this research is on tidal power generation.
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Renewable sources (excluding hydroelectric) Natural gas sources
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Figure 1.2: Electricity production sources as percentage of total energy
production in the United Kingdom. Data source: The World Bank (2017). Black
dashed line represents the potentially extractable resource of tidal power
around the United Kingdom (Black and Veatch Ltd, 2005).

There is the potential to generate a significant amount of electricity from tidal
energy in the United Kingdom (McCall et al., 2007; Burrows et al., 2009) with
two different approaches to extracting energy from the tides: tidal barrages and
tidal stream turbines. This thesis will focus on tidal stream turbines, which make
use of tidal flows, whilst tidal barrages use the tidal range (Elliott, 2012). There
are two main types of tidal stream turbines: horizontal axis and vertical axis.
The research presented herein uses a model horizontal axis turbine (figure 1.3).
Horizontal axis turbines will be discussed briefly below, but the different types of

devices will be discussed further in chapter 2.



There is a wide range of horizontal axis turbine devices which have been
proposed and developed, but they all have many similarities in their design

(figure 1.4). Each element (A-G) is briefly described below.

Composite turbine blades (A) typically use an aerofoil design (Bir et al., 2011).
Commercial turbine designs are typically either two-bladed or three-bladed, with
the length of the blade varying by turbine design. The main gearbox (B) is used
to match the rotational speed of the blades to that which is suitable for electricity
generation and energy conversion. The nacelle and pitch control gearboxes (C)
connect the blades to the drive shaft, and control the blade pitch and angle of
attack. The generator (D) connects to the main gearbox (B) and convert rotation
into electricity, while the electronics (D) control the voltage and current that is
supplied to the shore. The yaw thruster (E) rotates the turbine on a pivot at the
top of the structure to allow the turbine to operate in both the tidal floods and

tidal ebbs. The support structure (F) connects the turbine to the bed using a

mounting base (G) (Walker, 2014).

Figure 1.3: Model three-bladed horizontal axis tidal stream turbine used during

experiments.
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Figure 1.4: Schematic diagram of a tidal stream turbine (Walker, 2014, pg. 20).

The uptake of the technology which harnesses tidal energy is limited, with only
a small number of demonstrator sites currently operational in the United
Kingdom (RenewableUK, 2002). This may be related to the uncertainties in the
potential environmental impacts of tidal stream turbines on the bed of the ocean
and/or estuaries. There is the potential for adverse impacts on sediment on the
bed due to erosion and scour, as well as potential habitat and other
environmental impacts. Despite these concerns, there is a lack of laboratory
and field data which attempts to understand the potential environmental impacts
of tidal stream turbines.

1.3 Project aims

The physical modelling and experimental programme described herein were
undertaken as part of the “Interactions of flow, tidal stream turbines and local
sediment bed under combined waves and tidal conditions” (INSTRON) project

funded by the Engineering and Physical Sciences Research Council (EPSRC).
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The INSTRON project aimed to investigate the processes surrounding the
interactions between tidal stream turbines, flow and sediment, and to improve
the prediction methods that can be used for full scale planning and design, as
well as monitoring the environmental impacts of tidal stream turbines (EPSRC,
2017). It is important to understand tidal stream turbine flow dynamics and how

the turbines interact with the surrounding environment.

1.4 Research objectives

The general aim of this research is to understand the wake development and
bed interaction downstream from horizontal axis tidal stream turbines, and to
contribute to the current knowledge surrounding tidal stream turbine flow

dynamics. The specific research objectives are:

1. To improve the understanding of how the wake of a tidal stream turbine
(TST) develops

2. To improve the understanding of how the wake of a TST is affected by
the distance of the rotor from the bounding surface

3. Toidentify how the wake of a TST is modified by waves

1.5 Synopsis

This thesis presents an experimental study designed to quantify the changes to
the flow-field in the near-field of a tidal stream turbine, with a particular focus on
the parameters that are of importance to the influence of tidal stream turbines
on environmental processes, such as velocity deficit and shear stress. The
remainder of this thesis will be divided into seven chapters. A brief description

of each of these chapters is given below.

Chapter 2 consists of a detailed and comprehensive overall literature review,

which looks at the current state of the field of tidal renewable energy. The
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development of tidal stream turbine devices and the current research within the
area is discussed. An overview of the current state of the research on the flow
dynamics of tidal stream turbines is also provided. Following this, an overview
of the existing research and findings regarding the environmental impacts which

are associated with tidal stream turbines is also provided.

Chapter 3 details the overall methods used to conduct the experimental
modelling used within this research. It will focus primarily on the experimental
setup and will describe the horizontal axis tidal stream turbine and flume facility
which were used during this research. The data collection methods used during
this research will be described and considered. The processing and analysis of

the collected data will also be discussed.

Chapter 4 presents the results of one phase of the experimental modelling,
which focussed on the initial wake development, and will address the first

research objective.

Chapter 5 focuses on addressing the second research objective, and will look at
the wake interaction with the bounding surface, and will present the results from

the second phase of the experimental modelling.

Chapter 6 presents the results of the final phase of the experimental modelling,
and will address the final research objective. This chapter will focus upon the

modification of the tidal stream turbine wake under waves.

Chapter 7 provides overall discussions and findings from the research
conducted, and the primary results obtained during the research. Details of
further work and research ideas which have arisen as a result of this research

are identified.



Chapter 2

Background and Justification

2.1 A brief background of renewable energy

Due to concerns over climate change, and the potentially irreversible effects of
these changes, alongside a growing energy demand, there is a perceived need
to generate power using technologies that have the potential to generate less
environmental damage such as renewable energy sources (Johansson et al.,
1993; Barber, 2014). However, there are difficulties in defining what constitutes
a renewable energy source, as there is no single agreed definition of renewable
energy. For example, Sgrensen (2004) defined renewable energy as “energy
flows, which are replenished at the same rate as they are “used”™ (p. 16) and
“the usage of any energy storage reservoir which is being “refilled” at rates
comparable to that of extraction” whilst Twidell and Weir (1986) defined
renewable energy as “energy obtained from the continuous or repetitive
currents of energy recurring in the natural environment” (quoted in Boyle et al.,
2012, p. 14). Whilst both of these definitions have a similar basis to one another,
the lack of a clear and consistent definition can lead to difficulties and
inconsistencies when considering renewable energy. A working definition of a
renewable energy source that will be used throughout this thesis is: a naturally

occurring and continuously replenished form of energy.

Renewable energy can be split into a number of different subsections,
separated by the source of the energy being harnessed. The main types of
renewable energy include tidal, wind, wave, hydroelectric and solar power, as

well as bioenergy and geothermal (Boyle et al., 2012). However, this research
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will focus primarily on tidal energy. There are two different approaches to
utilising tidal power: tidal barrages (or tidal lagoons), and tidal stream turbines.
Each type will be discussed in further detail on pages 13-14 under ‘Tidal power

devices'.

There appears to be a future for renewable energy in electricity generation, but
the extent to which it will and can be used is currently under debate. Turner
(1999) believed that renewable energy technologies should be developed and
implemented very rapidly, whilst Sgrensen (2004) recognised that renewable
energy sources must take over non-renewable sources at some stage, but the

timings were not certain.

2.1.1 UK tidal stream resource

The tide is controlled by the gravitational forces of the Sun and the Moon. The
tide has both daily and monthly variations. Each day, the tide rises (floods) and

falls (ebbs).

Each month, spring and neap tides occur, alternating approximately every 7
days. Spring tide occurs twice a month when the Sun, Moon and Earth form a
line, leading to the tidal force due to the sun reinforcing the tidal force due to the
moon, causing the tidal range to be at its maximum. Neap tide occurs twice a
month, between spring tides, when the Sun and Moon are at right angles to
each other, and the solar tidal force partially cancels the tidal force of the Moon,

causing the tidal range to be at its minimum (Hicks, 2006).

The Moon and the Sun are both tide generating forces, and each can be
represented by a cosine curve, with M2 and Sz being the tidal constituent (or
cosine curve) for each tide-generating force. M2 is the principal lunar

semidiurnal constituent, and occurs every 12.42 solar hours. Sz is the principal
9



solar semidiurnal constituent, and occurs every 12 solar hours (Sinha and

Pingree, 1997; Hicks, 2006).

There is a potential to generate around 20% of the UK’s electricity requirements
through wave and tidal energy (RenewableUK, 2016), with the tidal resource
able to provide around 5-6% of the UK’s electricity requirements (Black and
Veatch Ltd, 2005; Walkington and Burrows, 2009). Figure 2.1 shows a map of
the average annual tidal energy resource for the UK. The areas of the UK with
the greatest tidal resource are the Pentland Firth and the Channel Islands
(Black and Veatch Ltd, 2005; ABP Marine Environmental Research Limited,
2008). It has been identified that much of the UK’s tidal energy resource is
found at depths greater than 40m, with approximately 63% of the UK'’s tidal
energy resource being found at depths in excess of 40m (Black and Veatch Ltd,

2005).

A significant proportion of the UK’s tidal energy resource is expected to be
harnessed in areas with spring tide velocity ranges of between 2.5 ms™ and 4.5
ms* (Black and Veatch Ltd, 2005). The average neap tide velocities are
typically 50% of the spring tide velocity (Black and Veatch Ltd, 2005). The
optimum tidal current speed is around 2-2.5ms* (Fujita Research, 2000).
Speeds in this range are typically obtained during spring tides, as neap tide
speeds are substantially slower. Speeds within this range limit the stress placed
on the tidal stream turbines, whilst still ensuring that the energy extraction is
economical (Fujita Research, 2000). The greatest current speeds are typically
in areas of headlands, constricted or inter-island channels, as well as open sea
sites (Black and Veatch Ltd, 2005; Walkington and Burrows, 2009). A number of

these sites can have complex flows, but can still represent a significant tidal
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current resource (Black and Veatch Ltd, 2005). However, there is still some
debate surrounding the placement of tidal stream turbines near headlands.
Edmunds et al. (2014) noted that placing a closely spaced row of turbines led to
a positive blockage effect, and therefore a higher power output from the
turbines. Frid et al. (2012) and Neill et al. (2012), however, suggested that the
presence of tidal stream turbines too close to a headland could affect the
sandbanks and morphodynamics of the headland as well as the ability of the

sandbanks to dissipate and refract waves.
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Figure 2.1: Map showing the average UK annual tidal power (ABP Marine

Environmental Research Limited, 2008).
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2.1.2 Tidal power devices

Tidal power has been harnessed for centuries in the form of mills, but is
becoming of greater interest for generating electrical power, particular using
tidal stream turbines (Hardisty, 2009). Charlier and Justus (1993) suggested
that effective extraction of electricity from tides required tidal barrages or dams
but these potentially have large environmental impacts, such as altering
discharge, water quality, and sediment transport dynamics, as well as having a
detrimental effect on aquatic organisms (O Rourke et al., 2010). Hardisty (2009)
suggests that there should be more focus on tidal power generation with a
smaller environmental impact, including tidal stream turbines. The main
difference between tidal barrages and tidal stream turbines is that tidal barrages
(or tidal lagoons) use the tidal range (the vertical difference in the heights
between the low tide and the following high tide), whilst tidal stream turbines

use the tidal current as the tide floods and ebbs (Tedds et al., 2014).

Tidal barrages are the traditional method of deriving power from the tides.
Barrages capture the potential energy of the water by trapping tidal water
behind a barrage at high tide, then releasing the water as the tide ebbs (Kerr,
2007; Elliott, 2012). During the release, water passes through a turbine,
generating electricity, similar to a hydroelectric dam (Elliott, 2012). Tidal lagoons
usually refer to smaller containment structures that function in the same way as
a tidal barrage (Elliott, 2012). Tidal lagoons typically occupy a subsection of the
channel, whereas tidal barrages are constructed using a barrier that spans the
full channel, leading to lagoons typically having less impacts on the channel

than barrages (Xia et al., 2010).
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Tidal stream turbines use the horizontal movement of the tides, rather than the
vertical movement of the tide (Elliott, 2012). Tidal stream turbines are very
similar to wind turbines, but differ in their potential energy extraction due to
water being 800 times denser than air, meaning that a water flow speed of 1
ms has a similar energy density to a wind flow speed of 9 ms™, and therefore
the tidal turbines can be smaller than the wind turbines (Coiro et al., 2006; Kerr,
2007; Elliott, 2012; Barber, 2014). Tidal stream turbines can take the form of
horizontal or vertical axis turbines, with each having its own advantages and
disadvantages, which will be explained in the following sections (Kerr, 2007;
Hardisty, 2009; Elliott, 2012). However, the tidal power device and technology

used would depend upon the individual circumstances of each potential site.

2.1.3 Benefits of tidal stream turbines

Tidal power provides a predictable sources of renewable energy (Pelc and
Fujita, 2002; Bahaj and Myers, 2003; Plew and Stevens, 2003; Hardisty, 2009);
and when they are located off-shore, tidal stream turbines are also likely to have
fewer environmental impacts than other forms of renewable energy (Osborne,
1998; Pelc and Fujita, 2002). Fraenkel (2002) identified that sea-based
renewable energy technologies have less constraints than land-based
renewable energy technologies, due to there being less impact and conflict.
Tedds et al. (2014) noted that tidal stream turbines allow water to pass straight
through, and therefore have a minimal impact upon the marine and tidal
environment. Their relatively low tip speed, relative to wind turbines or
propellers, would also make them less of a threat to marine life (Fraenkel, 2002).
It was suggested that tidal barrages would negatively affect marine life to a
higher degree than tidal stream turbines due to the differences in location, as

well as the tidal barrage affecting the entire width of the estuary, and the tidal
14



stream turbines only affecting a portion of the tidal stream (O Rourke et al.,
2010). The tidal stream turbines are less visually impacting than tidal barrages
due to them usually being fully submerged (Fraenkel, 2002; Tedds et al., 2014).
Tidal stream turbines therefore appear to be a positive form of future renewable
energy technology. However, the impacts of both tidal barrages and tidal stream
turbines are site specific, and therefore understanding the environmental
impacts of tidal power devices is still an area which requires research and

assessment (O Rourke et al., 2010).

2.1.4 Tidal stream turbine designs

Numerous designs and configurations of tidal stream turbine designs have been
proposed and considered (Hardisty, 2009). Many designs are based upon those
of wind turbines, and are engineered from well-known concepts (Fraenkel,
2006). Fraenkel (2002) and Amin and Xiao (2013) identified two different tidal
turbine configurations that can be used: horizontal axis (or axial flow) turbines,
and vertical axis (or Darrieus) turbines. More details and some examples of
these configurations are given below. However, as with wind turbines, the
horizontal axis turbine seems to be the most popular, feasible and efficient
design (Fraenkel, 2002; Bahaj et al., 2007a, Bahaj et al., 2007b; Amin and Xiao,

2013).

2.1.4.1 Horizontal axis

Horizontal axis turbines are similar to horizontal axis wind turbines (Bir et al.
2011). The rotational axis of a horizontal axis turbine is parallel to the flow
direction. Due to the current advances that have been made with wind turbine
technology, Bir et al. (2011) suggest that horizontal axis tidal stream turbines

are a promising technology. A number of different prototypes of tidal stream
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turbines, particularly horizontal axis turbines, have been proposed and
developed (Hardisty, 2009; Bir et al., 2011), including the Clean Current turbine,
the Marine Current Turbines’ SeaGen turbine and the Lunar Energy Rotech
tidal turbine (Hardisty, 2009; Clean Current, 2014; Lunar Energy, 2014a; Marine
Current Turbines, 2014a). There is a consensus that the optimal shape of the
tidal stream turbine blades are hydrofoils, with an increase twist and blade width
towards the hub (Andrews and Jelley, 2007 in Hardisty, 2009; Hardisty, 2009).
This shape is optimal because the angle of the flow decreases near the hub as
the blade is moving slower, and therefore the twist and blade width which
increase towards the hub maintain an optimal angle of attack and generate lift
for optimal turbine efficiency (Andrews and Jelley, 2007 in Hardisty, 2009).
Whilst a lot of research has been done into horizontal axis tidal stream turbines,
more research is still needed, particularly in terms of their operation and

interactions with the environment in which they are sited.

The Marine Current Turbines’ SeaGen Turbine (shown in figure 2.2) uses two
twin-blade turbines. The blades are able to be pitched at 180 degrees and can
operate in bi-directional flows. It differs from some other tidal stream turbines
(such as the Clean Current Tidal Turbine and the Lunar Rotech Tidal Turbine)
in that the rotors are positioned higher in the water column (the top third) as
tidal currents are stronger (Marine Current Turbines, 2014c). The SeaGen
Turbine, with rotors that are 16m in diameter, has a generating capacity of

1.2MW (O Rourke et al., 2010).
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The Lunar Rotech Tidal Turbine (shown in figure 2.3) is a bi-directional
horizontal axis turbine which can be deployed in tidal depths in excess of 40m,
allowing it to make use of a large energy source (Black and Veatch Ltd, 2005;
Lunar Energy, 2014a). The Lunar Rotech Tidal Turbine has a generating
capacity of 1 MW and is 11.5m in diameter with a duct which is 19.2m in length
and 15m in diameter (O Rourke et al., 2010). The Lunar Rotech Tidal Turbine
uses a venturi shaped duct system and a gravity foundation (O Rourke et al.,
2010; Lunar Energy, 2014a). The venturi duct makes use of the venturi effect,
which occurs when the flow rate of a fluid increases as it passes through a
constriction in a tube (Barber, 2005). Figure 2.4 shows the results of a
computation fluid dynamics (CFD) analysis which shows the change in the
speed at which the water passes through the ducted Lunar Rotech Tidal
Turbine. The change in colour (green to red) shown in figure 2.4 shows that the
duct accelerates the flow, thereby increasing the power available and energy

captured by the device (Lunar Energy, 2014b).
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Figure 2.2: Artist’'s impression of Marine Current Turbines’ SeaGen array
(Marine Current Turbines, 2014b).
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Figure 2.4: Computational Fluid Dynamics

(CFD) analysis result showing flow through
Figure 2.3: Lunar Rotech Tidal Lunar Rotech Tidal Turbine as a result of
Turbine (Lunar Energy, 2014a). the venturi duct in a Lunar Rotech Tidal
Turbine. Green indicates a slower flow
speed, whilst red indicates a faster flow

speed (Lunar Energy, 2014b).
2.1.4.2 Vertical axis

Vertical axis turbines differ from horizontal axis turbines in that the rotational
axis is perpendicular to the flow direction, as seen in figure 2.5 (a) and (b).
Some designs of vertical axis tidal turbines have existing prototypes which have
been built and tested at a commercial level (Hardisty, 2009; Khalid et al., 2013).
This includes a prototype of Neptune Proteus, a cross-flow vertical axis tidal
turbine (Hardisty, 2009). Other vertical axis turbine designs such as the Blue
Energy ocean turbine have started to be developed and tested (Hardisty, 2009;

Blue Energy Canada, 2014).

The Blue Energy Canada vertical axis turbine, shown in figure 2.5 (a) and (b), is
based upon the concept of a Darrieus wind turbine. It consists of four fixed
hydrofoil blades which generate hydrodynamic lift. This is a result of Bernoulli's

principle, which works in a similar manner to the venturi effect. The Bernoulli
18



principle states that the pressure within a fluid decreases as the velocity of the
moving fluid increases. The converse also applies, in that as the velocity of the
fluid decreases, the pressure within the fluid increases. It is this Bernoulli’s
principle which can lead to hydrodynamic lift and lead to the blades of the tidal
stream turbine moving faster than the surrounding water speed (Barber, 2005;
U.S. Department of Transportation, 2009). The turbine is bi-directional and can
therefore operate as the tide both ebbs and floods. The turbine rotor is fully
submerged but the machinery room which houses the generator and electronic
controls is situated above the water surface (Blue Energy Canada, 2014).
However, as with horizontal axis tidal stream turbines, vertical axis tidal stream
turbines are a developing technology, and the environmental impacts, as well

as the engineering aspects of the turbines, require further research.
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Canada turbine (Blue Energy Canada, 2014).
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2.2 Flow dynamics and characteristics downstream of horizontal axis tidal
stream turbines
It is important to understand tidal stream flows to be able to determine how the

presence of tidal stream turbines can affect the flow dynamics.

2.2.1 Bi-directional

The flow in tidal stream channels fluctuate in a predictable and periodic nature
diurnally due to being controlled by the tides (Hardisty, 2009; Khan et al., 2009).
Tidal streams are bi-directional, rather than uni-directional (Fraenkel, 2002;
Khan et al., 2009; Turnock et al., 2011) due to the tidal streams being controlled
by the tides which ebb and flood. This feature will allow tidal stream turbines to
extract energy during both the flood and ebb tides (Khan et al., 2009), and will
also affect the location and direction of a tidal stream turbine with respect to the
flow (Turnock et al., 2011). However, the ebb and flood flows are asymmetric
and do not flow in exactly opposite directions (Lu and Lueck, 1999). The bi-
directionality of tidal stream channels leads to more complex erosional and
depositional features and characteristics (Fagherazzi et al., 2004) which need to
be considered when assessing the effect of placing turbines within a tidal
stream channel. Alongside these bi-directional characteristics of tidal stream
channels, there will also be other variations such as vertical differences in

velocities within channels.

2.2.2 Vertical velocity differences

The flow within a tidal channel as well as the vertical velocity differences varies
depending on the distance from the shore as well as the topography of the tidal
stream channel (Khan et al., 2009). However, it is the vertical velocity

differences that tends to have a more significant influence on the placement of
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tidal stream turbines and the effects that the turbines have on the flow of the
tidal stream channel. As height above the channel bed increases, the speed of
the current and water flow within the tidal stream channel increases rapidly
(Stacey et al., 1999; Hardisty, 2009). This is likely to be due to a reduction in
shear stress and friction as the distance above the bed increases. Shear stress
is discussed in more detail below. The energy flux (change) at the water surface
of a tidal stream channel is higher than that at the bed of the channel as the
energy flux is dependent upon the density of the fluid, the cross-sectional area,

and the cubed velocity of the fluid (Khan et al., 2009).

2.2.3 Shear stress

Shear stress in its broadest sense is the stress which acts tangentially to an
area (Bansal, 2010). In the case of tidal stream channels, the shear stress is the
frictional force exerted on the bed by the flowing water (Ji, 2008). Water in a
tidal stream responds to the stress which is applied to it by flowing, and the rate
of flow and changes to a given flow are dependent upon the magnitude of the
stress which is applied to the fluid (Hardisty, 2009). The shear stress of the flow
within a tidal stream channel is applied to the sediment on the bed of the
channel, with the amount of shear stress being dependent upon both the flow of
the water as well as the type of sediment on the channel bed (Hardisty, 2009).
When the force in shear stress becomes greater than the friction and
gravitational forces that are acting on the sediment in the channel bed,

sediment entrainment occurs and leads to the onset of sediment transport.

2.2.4 Cavitation

Cavitation is the appearance of vapour cavities (or bubbles) within a liquid,

including flowing water (Franc and Michel, 2005). Cavitation can occur on a
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turbine blade when the local pressure level falls to or below the pressure level
of the ambient water vapour pressure (Batten et al., 2006; Wang et al., 2007).
Cavitation can occur below a certain level before it causes a significant loss in
the performance of a tidal stream turbine (Batten et al., 2006). The cavitation
can, however, lead to flow instabilities, vibrations, and damage to the turbine

(Escaler et al., 2006; Wang et al., 2007).

2.2.5 Wake of a turbine

The presence of a tidal stream turbine within a channel impacts upon the flow
dynamics around the turbine. A wake is typically characterised by a reduction in
the velocity of the flow both upstream and downstream of the turbine, and an

accelerated flow either side of the tidal stream device (McCombes et al., 2011).

Figure 2.6 shows, in a basic form, the wake behind a solid object. It can be
seen from figure 2.6 that a wake consists of a near field wake and a far field
wake. The wake behind a tidal stream turbine has a similar basis to the wake
behind a solid object, with the addition of helical vortices, which are shed from
the rotating blades of the turbine. However, vortices can still develop
downstream of a solid object such as a cylinder. At the downstream boundary of
a cylinder, vortices (also known as eddies) begin to develop and grow, forming
an oscillatory wake in the flow downstream of the cylinder (Rapaport and
Clementi, 1986).

Figure 2.7 shows how the water flow varies around different shaped objects. It
indicates that as water flows around an object, the boundary layer between the
water and the object becomes detached, and vortices begin to form, which are
then transported downstream in the wake (Andrews and Jelley, 2007 in Hardisty,

2009). Figure 2.7 shows that the shape of an object influences the amount of
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disruption that occurs to the water flow and the vortices that are produced, with

a cylinder having less impact than a plate, but a hydrofoil having an even lower

impact and effect upon the flow. The size and development of the vortices can

be limited by the distance from the bounding surfaces such as the channel bed

and the free surface (Stacey et al., 1999).

Solid

object Near field wake

I |

Far field wake

=

Figure 2.6: Basic diagram of the wake behind a solid object.
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Figure 2.7: Diagram showing how the water flow varies around different shaped

objects. The top image is a plate, middle image is a cylinder, and the bottom

image is a hydrofoil (Hardisty, 2009).
24



2.2.5.1 Wake behind a porous object (e.g. rotor)

Tidal stream turbines cause a wake to be created downstream in a similar
manner to how cylinders and other solid objects do. These wakes are
characterised by hub and tip vortices, a velocity deficit, as well as an increase in
turbulence intensity (Neary et al., 2013). The wake behind a tidal stream turbine,
like that of a solid object, typically takes the general form of a gradually
expanding cone shaped area (Myers et al., 2008; Myers and Bahaj, 2010).
Figure 2.8 shows the vorticity field of an expanding turbine wake. It can be seen
that the wake of the turbine develops and grows downstream of the turbine, with
the vortices becoming less well defined as distance downstream increases.
There are a number of factors which affect the structure and development of the
wake of a tidal stream turbine, as shown in figure 2.9. The wake of a turbine
features a near field and a far field section, which will be discussed in more

detail below.
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Figure 2.8: Side view of the vorticity field of a turbine wake. The top image
shows the early stages of the wake development (after 42 seconds) and the
bottom image shows the wake development after 189 seconds (Vybulkova et al.,
2013).
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Figure 2.9: Some of the factors affecting the wake of a tidal stream turbine and

the device performance (Bahaj et al., 2007c).
2.2.5.2 Near field wake

The exact extent of the near field area of the wake is not well defined, with it
having been defined as anywhere between 0 and 7 rotor diameters downstream
of the turbine (Bahaj et al., 2007c; Tedds et al., 2014). The near wake typically
consists of the momentum and velocity from the flow being harnessed by the
turbine which, combined with the mass of the water staying constant, leads to
wake expansion (Bahaj et al., 2007c, McCombes et al., 2011). The turbine will
generate electricity by converting the energy from the flow into a mechanical
motion. In doing so, vortices (or eddies) are shed from the turbine, particularly
the blade tips. Circulation of tip vortices limits the rate of expansion of the flow
of the turbine wake into the faster moving free-stream flow (Bahaj et al., 2007c).
Further downstream, the turbulence from the free-stream flow causes the
vortices to break down (Bahaj et al., 2007c), which leads to the far wake and its

associated characteristics.
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2.2.5.3 Far field wake

The far field wake behind a tidal stream turbine consists of the transition
between flow conditions which were established in the near field wake and the
re-development of the flow to the condition which it was in upstream of the tidal
stream turbine. The far field wake consists of two main mechanisms which drive

the changes which occur: convection and turbulent mixing (Bahaj et al., 2007c).

Turbulent mixing causes the wake to re-energise and regain velocity that was
lost as a result of energy being extracted from the tidal stream. This mixing
causes the vortices which were shed from the turbine to break up. The breaking
up of vortices and an increase in velocity occurs until the velocity returns to that
which existed upstream of the turbine (Bahaj et al., 2007c). This process can
also be seen in the velocity profiles of a tidal stream, such as those shown in

figure 2.10 below.

2.2.6 Velocity profiles for a tidal stream channel

Velocity profiles which show the vertical velocity in a channel can be used to
determine the impacts that a tidal stream turbine may have on the flow in a tidal
stream channel. Figure 2.10 shows the vertical velocity profiles for a model tidal
stream turbine at various distances both upstream and downstream of a tidal
stream turbine. The model tidal stream turbine had a hub height of 0.425m and
a rotor diameter of 0.5m (Neary et al., 2013). It can be seen from figure 2.10
that the turbine causes changes in the velocity of the flow. There is a noticeable
decrease in the velocity in the near wake of the turbine compared to the velocity
upstream of the turbine. This is most significant around the hub of the rotor (at
0.425m). However, in the far wake of the turbine, the flow recovers much of its

velocity. There are discrepancies seen in the velocities measured by the two
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different measurement instruments (acoustic Doppler profiler (ADP) and
acoustic Doppler velocimeter (ADV)) due to the manner in which the
instruments operate. ADP collects flow velocities over the entire depth of the
water column, whilst ADV provides single point measurements (Nortek AS,
2017). Neary et al. (2013) determined the differences were due to errors in the
ADP measurements, due to the nature of the flow near the turbine. However,

the overall trend seem in the data is consistent between data collection

methods.
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Figure 2.10: Vertical stream-wise mean velocity profiles for a tidal stream
turbine (Image taken and edited from Neary et al., 2013). Measurements are
shown for acoustic Doppler profiler (ADP) and acoustic Doppler velocimetry
(ADV).
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Figure 2.11: Recovery of reduced velocity (velocity deficit) as downstream

distance (position) increases (Sun et al., 2008).

Figure 2.11 shows how the velocity deficit develops through the wake of a tidal
stream device. The velocity deficit is a reduction in the velocity of the flow within
a tidal stream channel. It can be seen from figure 2.11 that the velocity deficit
occurs immediately downstream of the device, and then gradually recovers as
the distance downstream increases (Sun et al., 2008). Figure 2.11 shows that
the majority of the velocity deficit has recovered by 6m downstream of the tidal
stream device, which in this situation has a diameter of 0.5m. Therefore, the
majority of the velocity recovery in this situation is within 12 rotor diameters
downstream of the turbine. Neary et al. (2013) identified that the majority of the
flow recovery from the wake of the turbine occurs within 10 rotor diameters
downstream of the turbine, which does agree with the findings of Sun et al.
(2008). The research conducted by Neary et al. (2013) and Sun et al. (2008)
had depths of 1.15m and 1m respectively, and rotor diameters of 0.5m, leading
to the depth to diameter ratio being similar in both cases. However, Sun et al.

(2008) primarily used numerical modelling, whilst Neary et al. (2013) used
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physical modelling. Although Sun et al. (2008) did not specifically state the flow
velocity used, it was deduced to be approximately 0.7 metres per second (ms?),

whereas Neary et al. (2013) used a flow velocity of 0.4ms™.

2.2.7 Transient velocities and flow

Tidal streams consist of transient and residual flows. The transient flows and
velocities refer to the instantaneous flows which fluctuates with time, and the
residual flow refers to the net or mean flow which occurs over one or a number
of tidal cycles (Nihoul and Ronday, 1975; Fluid Mechanics Ltd, 2014, Iglesias et
al., 2014). Tidal stream turbines are likely to affect the transient and residual
flows, with the residual flow being modified over a large area, whereas the
transient flow is affected within the vicinity of the tidal stream turbine (Ramos et
al., 2014). The transient flow is affected both upstream and downstream of the
tidal stream turbine which is characterised by a weakening or reduction in the
flow velocity (Ramos et al., 2014). However, at both sides of the turbine, the
transient flow is intensified and the velocity increases. However, this change is
to a lesser extent than the change downstream of the turbine (Ramos et al.,

2014).

2.3 Environmental impacts of tidal power and tidal stream turbines

There is a lack of understanding of the environmental impacts of tidal stream
turbines (Boehlert and Gill, 2010; Malki et al., 2014). For example, Shields et al.
(2011) suggest that the ecological impacts of removing kinetic energy from the
marine environment is poorly understood, whilst Boehlert and Gill (2010) and
Ahmadian et al. (2012) identified the importance of understanding the spatial

and temporal environmental impacts of tidal power.
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Pelc and Fujita (2002) recognised that tidal turbines are likely to be the most
environmentally friendly form of tidal power, whilst Osborne (1998) in Pelc and
Fujita (2002) suggested that tidal turbines have less environmental impacts than
other forms of tidal power as they do not block the channel, and have no impact
on fish migration or the hydrology. Charlier and Justus (1993) believed that tidal
power plants have little environmental impact. However, they continued to
discuss that there was evidence of the relocation of some sand banks, and the

disappearance of some fish species.

2.3.1 Impact on sediment

Whilst it is sometimes thought that tidal stream turbines have minimal
environmental impact, it has been suggested that there will be impacts upon
sediment transport dynamics. Neill et al. (2009) recognised that extracting
energy from a tidal system can have a significant effect on the sediment
dynamics of the stream, both in the immediate vicinity of the turbine, as well as
further downstream from the turbine. The presence of tidal stream turbines too
close to a headland could lead to increased erosion of the headland sandbanks
as well as affecting the wave dissipation and refraction and therefore coastal
protection that the sandbanks present (Neill et al., 2012). The presence of a
tidal stream turbine is likely to cause sea bed scour around the turbine
(Rambabu et al., 2003; Cada et al., 2007; Chen and Lam, 2014, Hill et al., 2014;
Hill et al., 2016). There are a number of factors which could influence the
degree of sea bed scour from a tidal stream turbine, including, but not limited to:
turbine structure and design, height of the turbine above the bed and water
velocity (Cada et al., 2007; Polagye et al., 2010). The changes in velocity as a
result of the tidal stream turbine being present could lead to either increasing

scour (in the case of increases in velocity) or increasing deposition (in the case
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of decreases in velocity) (Polagye, 2009). Increasing the distance between the
sea bed and the turbine shaft and blades should avoid severe impacts occurring
to the bed sediment (Wang et al., 2007; Chen and Lam, 2014). An increase in
the water velocity would lead to an increase in the lift and drag forces which
drive scour, and therefore lead to an increase in sea bed scour (Rambabu et al.,
2003). However, much more research into the impact of tidal stream turbines is

needed to fully understand the interactions and effects that occur.

2.3.2 Impact on suspended sediment

Suspended sediment is the sediment load which is carried within the water
column (United States Environmental Protection Agency, 2012). For the
sediment to remain suspended, the velocity of the upward currents and eddies
must be equal to or greater than the velocity at which the particle falls through
the water column (known as the particle fall velocity) (Bagnold, 1966; Rijn,

1984).

Ahmadian et al. (2012) used a 2D numerical model to predict the impact of tidal
stream turbines on the suspended sediment concentrations within a channel.
Ahmadian et al. (2012) used an array that consisted of 2000 turbines each with
a diameter of 10m, occupying an area of 7.2km?2, with a turbine spacing of 50m
in all directions. The results show that the suspended sediment concentrations
were noticeably affected within 15km of the turbine array. The levels of
suspended sediment were predicted to substantially decrease upstream and
downstream of the turbine array, as well as within the array (Ahmadian et al.,
2012). However, the 2D hydro-environmental model was designed to simulate
tidal stream turbines, and may be lacking in accuracy due to it not using a 3D

physical model with physical turbines and primary physical modelling data.
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Ahmadian et al. (2012) did not directly explain why the suspended sediment
concentration decreased around the tidal stream turbine array. However, it was
noted that the installation of a tidal stream turbine may increase the levels of
suspended sediment within the stream. This is a result of sediment being
released into the water column during installation (Cada et al., 2007; Faber,
Maunsell and Metoc PLC, 2007). These effects will be limited in extent and
duration due to the tidal stream being a high energy and dynamic environment
which has continual changes to the levels of suspended sediment (Faber,
Maunsell and Metoc PLC, 2007). However, Cada et al. (2007) indicated that
site-specific studies would be required in order to understand the potential
impacts upon suspended sediment as a result of constructing and operating

tidal stream turbines at a given site.

2.3.3 Noise/acoustic impacts

Another potential environmental impact that needs to be considered is the
acoustic/noise impacts of the tidal stream turbines. The noise produced by a
tidal stream turbine will be affected by a number of factors including blade
design, water depth, water velocity and bathymetry, and is therefore site and
device specific (Lloyd et al., 2011). However, there is some disagreement

surrounding the levels of acoustic impacts of tidal stream turbines.

Li and Calisal (2010) noted that turbines generate noise when they are rotating,
which has been determined to be an important environmental impact of tidal
stream turbines that needs to be considered. They also noted that tidal turbines
generate noise in two areas: hydrodynamic noise and mechanical noise.
Mechanical noise is produced from the gearbox and bearings within the turbine

(Li and Calisal, 2010). Hydrodynamic noise is generated from the fluctuating
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hydrodynamic lift acting on the turbine blades. The categories used to
determine the different types of noise emitted from a tidal stream turbine vary,
and Lloyd et al. (2011) separated them into the categories of self-noise (which
includes vortex shedding from wake instabilities), interaction noise (which
includes cavitation) and hydroelastic noise (which was characterised as being
similar in tone and vibration to vortex shedding). Wang et al. (2007) recognised
that the noise from tidal stream turbines shedding vortices from the blades
would impact marine life. There was further concern about cavitation of the
turbines increasing the noise levels which are radiated from the turbine,
particularly where multiple turbines are concerned (Wang et al., 2007;

Vybulkova, 2013).

The construction and installation processes, as well as the decommissioning of
tidal stream turbines, are also likely to have noise/acoustic impacts. The noise
and vibration that occurs during construction activities such as drilling may
disturb fish, birds and marine mammals, potentially leading to avoidance of the
area (ABP Marine Environmental Research, 2005; Faber, Maunsell and Metoc

PLC, 2007).

The actual impacts of the noise and acoustic levels that tidal stream turbines
may produce is also under dispute. Parvin [undated] (pers. comm. cited in
Fraenkel (2006)) carried out underwater acoustic measurements which
indicated that current technology, specifically the Marine Current Turbine Ltd
Seaflow project, would not produce noise at levels and frequencies which would
impact marine fauna. However, Li and Calisal (2010) indicated that marine
mammals which communicate within the turbine noise frequency bands are

likely to be impacted by the tidal turbines. The foregoing review indicates that
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there is a lack of consistency on the noise levels expected to be produced by
tidal stream turbines, and the potential impacts that these noise levels may

have upon the environment.

2.3.4 Impact on marine fauna

There is a lack of evidence and research surrounding the impacts that tidal
stream turbines may have on marine fauna. Guerin et al. (2014) recognised the
importance of understanding the potential environmental impacts of marine
renewable energy devices, including tidal stream turbines, particularly on fish

species.

Hammar et al. (2013) noted that the effects of turbines on fish are mostly
unknown. There is limited information about the interaction of tidal stream
turbines and marine fauna, but it has been suggested that marine mammals,
fish, and diving birds may be able to see or hear the device and therefore either
avoid the area entirely, or take action at close range to avoid contact and
collision with the tidal stream turbine (Wilson et al., 2006). Hammar et al. (2013)
partially agreed with Charlier and Justus (1993), identifying that whilst no fish
directly collided with the turbines, some fish appeared to divert around areas
where turbines were present. Hammar et al. (2013) focussed their research on
vertical axis turbines during daylight hours, and indicated that fish appear to
avoid the near-field area of the turbines, and that turbine farms with multiple
turbines may have larger and more restrictive effects on the fish movements.
Viehman (2012) agreed with Hammar et al. (2013) by determining that fish
appeared to avoid the turbine during daylight hours. However, Viehman (2012)
expanded this by identifying that fish interacted with turbines much more during

the night than during the day, with this effect being greater in smaller fish.
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Hammar et al. (2013) furthered their research by indicating that the colour of the

turbines could be a contributing factor to the effects that they have on the fish.

Tidal stream turbine farms may have cumulative environmental and ecological
impacts, particularly with regards to local habitat changes (Polagye et al., 2010).
Nash et al. (2014) used a numerical model to identify potential changes to the
tidal range in an estuary as a result of the introduction of a tidal turbine array.
This found that the overall tidal range was reduced due to the extraction of
energy by the turbines, with the reduction becoming more significant as the
density of the turbines in the array was increased. The presence of a turbine
array caused blockage effects, which led to time lags in the water flow, and
delays at which high tide and low tide occurred (Nash et al., 2014). It was
determined that the change to the tidal range and timing as a result of the
installation of a tidal turbine array would affect the intertidal zone. The intertidal
zone is the area which is dry during low tide, but underwater during high tide.
Changes to the tidal range affect the water levels in the inter-tidal zone. It was
determined that up to 25% of intertidal zones could become permanently wet,
and up to 7% could become permanently dry as a result of the tidal turbine
arrays, potentially leading to damage to ecosystems and the loss of habitats in

these areas (Nash et al. 2014).

However, the validity of the results by Nash et al. (2014) are somewhat
debateable due to the findings being based on numerical modelling, rather than
physical modelling. Kregting et al. (2016) determined, through collecting benthic
community data at the location of the SeaGen development in Northern Ireland,

that in the far field area, tidal turbine arrays in high flow environments are
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unlikely to have a significant effect on marine life on the seabed. Kregting et al.

(2016) did not, however, specifically define the extent of the far field area.

It has been identified that there are many potential factors which may influence
and affect the impact that tidal stream turbines have on marine and tidal fauna.
However, there still appears to be a lack of coherent and thorough research into
the impact of horizontal axis tidal stream turbines on marine and tidal fauna,

particularly the differences between daylight and night-time hours.
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Chapter 3

Experimental Programme

3.1 Introduction

The experimental work described herein aimed to measure the flow-field around
a model tidal stream turbine and to provide sufficient detail to establish several
parameters of importance to environmental modelling. In particular, the variation
of bed shear stress due to the proximity of the turbine and wake to the channel
bed, and the effect of waves on this. The intention of this work is to address
how reducing the height of the turbine above the bed affects the wake and
sediment transport (addressed in chapters 4 and 5), and how waves at the free-
surface affect the wake and sediment transport through a wave cycle

(addressed in chapter 6).

Figure 3.1 shows the predicted differences in turbine performance when the
rotor is positioned at various heights above the bed under a range of flow
conditions. Under current only conditions, it is expected that the turbine
performance increases with distance from both the water surface and the bed.
Although the effects of the water surface and the channel bed on the turbine
performance will differ in extent and rate, they can both affect the performance
of the turbine, and therefore the optimal vertical position of a turbine under
current only conditions is at mid-depth. Where mid-depth is will depend on the
tidal height. As the water depth will change with the tidal ebbs and floods,
consideration needs to be given to these water depth changes to find the

optimal vertical position of a turbine under tidal conditions.
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Under combined current and waves, it is expected that there will be a significant
drop in turbine performance near the water surface due to the presence of
waves affecting the water speed and turbine operation (figure 3.1). As with
turbines operating under current only conditions, turbines operating under
combined current and wave conditions are expected to have an increase in

performance further away from the bed and water surface.
A

Height

LU T
Turbine Performance
Figure 3.1: Diagram showing the predicted turbine performance under

differing flow conditions and turbine heights. Channel bed is indicated by
1. Solid blue line shows performance under current only conditions at
high tide. Dashed blue line shows performance under current only
conditions at low tide. Green line shows performance under combined
current and waves. Diagram is not to scale and is designed to be a

representative estimate only.
This chapter describes the experimental work undertaken for this research. The
experimental facility which was used for the study is introduced and then
described in detail. The measures which were taken to ensure a steady, uniform
flow are described, and the measurements to quantify the plain channel flow
characteristics are also detailed. This chapter then explains the flow
measurement techniques that were used for this research, and describes the

set of experiments that were carried out to address the research objectives
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identified in chapter 1. The research described herein uses a 0.2m diameter
three-bladed horizontal axis turbine, designed by the University of Strathclyde.

The rotor will be described in more detail in section 3.3.

3.2 Experimental facility/channel

The experimental study used the University of Hull’'s Total Environment
Simulator (TES) recirculating flume. The TES is 16m long and 6m wide with a
maximum water depth of 1.6m. The experimental flume was designed by
Armfield Ltd. It features two recirculating pumps sited below the flume, and
each pump is capable of recirculating up to 500 litres of water per second. The
upstream end of the flume features 8 wave paddles, manufactured by HR
Wallingford, which can be controlled either together or individually and are
capable of producing a range of wave sizes and frequencies, depending on the
user specifications, up to a height of 0.5m. The inlet and outlet of the flume both
consist of a 3m deep end tank. The inlet can have baffle plates (with various
porosities and grid layouts (e.g. honeycomb)) installed to assist with flow
uniformity. The downstream end can be fitted with weirs to alter the water depth

within the flume.

The experiments had a bulk Reynolds number (Re) of ~1.7 x 10° indicating
turbulent flow. This is similar to the experimental modelling carried out by Rose
et al. (2011) (cited in Tedds et al., 2014) which had a Reynolds number of 1.2 x
10°. However, experimental modelling carried out by Myers and Bahaj (2009)
and Mycek et al. (2011) (cited in Tedds et al., 2014) had slightly greater
Reynolds numbers of 3.2 x 10° and 3.5 x 10° respectively, whilst CFD modelling
carried out by Harrison et al. (2009) had a slightly lower Reynolds number (Re =

1.1 x 10°) compared to the research presented herein.
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The experiments described herein had a Froude number of 0.13 indicating
subcritical flow. Consul (2011) investigated the effect of variations in Froude
number from 0.082 and 0.131 on the power and thrust of a tidal turbine and
determined that within this range, the Froude number had very little impact on
the power and thrust of the turbine. Whelan et al. (2009) and Stallard et al.
(2015) all conducted experiments which had a Froude number of 0.2. Although
it is higher than the Froude number of the experiments described herein, it still

indicates subcritical flow.

Assuming a 1:100" scale, applying Froude scaling, this equates to a 20m
diameter turbine in a water depth of 60m, with a mean flow speed of 3.2m/s. A
water depth of 60m is viable, and found in the Pentland Firth and Orkney waters
(The Scottish Government, 2011). The Reynolds number at full scale would be
1.7 x 108. As long as Froude scaling is applied, and the Reynolds numbers
remain in the same classification (turbulent flow), the discrepancies in Reynolds

number is acceptable (Myers and Bahaj, 2010).

Research by other authors has used similar flow speeds and turbine diameters.
For example, Stallard et al. (2013) conducted experiments at 1:70™ scaling,
which represented a 19m diameter turbine in a water depth of 31.5m and a

mean flow velocity of 3.76m/s,

A test channel was constructed within the TES for the purpose of this study.
The test channel had a length of 11m and a width of 1.6m. At this channel width,
any sidewall effects on the Tidal Stream Turbine (detailed below) used in the
experiments would be minimised, and it also enabled the Particle Image
Velocimetry (PIV) system, detailed below, to be set up in an area of still water

outside the main channel. A working flow depth of 0.6m was used during all of
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the experiments described herein. This water depth ensured that the rotor was
sufficiently far from the water surface. Figure 3.2 shows a basic schematic
diagram of the layout of the flume. Figure 3.3 shows a more detailed schematic
diagram of the flume, and is scaled to show the relative locations of the
equipment. Flow conditioning, shown in figure 3.4, was used immediately
downstream from the inlet to ensure uniform flow. The flow conditioning
consisted of a number of short plastic tubes aligned lengthways along the
channel. The tubes were encased in a metal grid structure to ensure their

location remained fixed.

Experiments were conducted over a number of channel surfaces. The first type
of surface used in the experiments was a smooth surface which was
constructed from varnished marine plywood boards. The second surface used
was also constructed from marine plywood boards, which were then coated with
sand that was fixed using a thin coat of varnish to maintain the surface
roughness. The sand had a median grain size (Dso) of 425um, with grain sizes
ranging between 120pum and 1180um. The grain size distribution curve is
shown in figure 3.5. The roughened bed surface created a rough boundary layer.
Experiments were also run with an area of mobile bed inset into the roughened
fixed bed. This inset measured approximately 1.15m long and 0.72m wide. The
sediment within this inset was the same as that used to create the rough
boundary (Dso =425um). The inset of mobile bed allowed the investigation of the
sediment transport threshold by observing the sand deformation in this zone.
Assuming a typical full-scale turbine diameter of 20m (Walker, 2014), the
experiments described herein used a 0.2m diameter turbine which would
approximate to a scale of 1:100. If the sediment was scaled to the same degree,

it would represent sediment with Dso of 4.25cm (42.5mm). Sediment with a Dso
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of 42.5mm is classified as pebbles (Farrell et al., 2012). Using a smaller
sediment size in the experiments presented herein could have caused the
sediment to be affected by electrochemical cohesive forces (Sutherland and
Soulsby, 2010). The sediment bed used (Dso = 425um) did not move under the
imposed flow conditions, and sediment entrainment was only initiated when the
rotor caused the bed shear stress to increase above the entrainment threshold.
The entrainment threshold is the point at which particles of all sizes within the
sediment are transported (Kramer, 1935 in Dey, 2011), or particle motion is
observed at any location along the sediment bed (Vanoni, 1964; Dey, 2011).
During the experiments described herein, a technique similar to the latter
method was used, as the sediment entrainment was determined based on the

observed sediment motion.

Experiments were undertaken across a range of flow conditions. This included
flow only, waves only, and combined wave and flow conditions. The plain
channel profile under flow only conditions is shown in figure 3.6. The mean
stream-wise velocity in the plain channel was 0.32m/s. During the wave only
and combined wave and tidal flow, a series of data were collected using 8 wave
gauges in order to monitor the waves that were present within the channel. The

locations of these wave gauges within the channel are shown in figure 3.3.

Flow
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Figure 3.2: Basic schematic diagram of the flume set-up. Flow direction is from

right to left. (Not to scale).
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Figure 3.3: Flume schematic with measurements showing the channel set-up within the larger flume facility. The locations of the wave

gauges (WG) are also shown. Flow direction is from right to left.
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Figure 3.4: Flow conditioning device at the channel inlet, constructed using

short plastic tubes aligned lengthways, contained within a metal grid structure.
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Figure 3.5: Grain size distribution curve for CH30 sand (Sibelco UK,

personal communication, 2014).
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Figure 3.6: Mean of the velocity components u, v and w for the plain
channel. Location of channel bed indicated by dashed grey line. The scale

on the y axis is normalised to rotor diameters (0.2m).
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3.3 Turbine models

The experiments used two three-bladed, horizontal axis model Tidal Stream
Turbines (TST), which were designed at the University of Strathclyde (L.
Vybulkova, personal communication, 03 February 2014). The first rotor (shown
in figure 3.7 (a)) is unshrouded with a 0.2m diameter and three blades with a
NACA 63415 aerofoil shape and a polynomial twist of 17.6 degrees from root to
tip. The turbine is assumed to be a constant-speed device with a constant blade
pitch of 5 degrees. The second rotor (shown in figure 3.7 (b)) is unshrouded
with a 0.2m diameter and three blades with a NACA 0012 aerofoil shape and a
polynomial twist of 13 degrees from root to tip. The turbine is assumed to be a
constant-speed device with a constant blade pitch of 4 degrees. In the
experimental setup described herein, the blockage from the turbine was 3.2%.
The rotor rotated in a clockwise direction, if viewed from upstream. The
measurements taken in the experiments described herein used the second rotor.
The second rotor was chosen for the experiments described herein as its
design led to it having a greater impact on the flow than the first turbine design.
The turbine design used (NACA 0012 aerofoil shape) was similar to that
investigated in numerical modelling by Vybulkova (2013). This allowed
comparative work to be carried out as part of the INSTRON project, although

the comparison is not considered within this thesis.

The TST rotor was mounted on an 8mm shaft, which was attached to a 32mm
diameter housing for a 25W DC motor. The motor was controlled by software
which ensured that the TST rotated at a specified speed, which enabled the
rotor to be operated at a set tip speed ratio (TSR). Data on rotation speed were
collected by the ESCON Studio computer software so that the TSR could be

determined. The motor housing was attached to a 68mm x 6mm solid fin
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supported from above. This allowed the height of the rotor within the water
column to be controlled. Figure 3.7 (c) shows rotor 2 attached to the housing
described, and mounted 200mm above the mobile bed inset. When in use for
measurements, the rotor was positioned in the centre of the channel at ~6.6m
downstream from the inlet (Figure 3.3). The height of the rotor above the bed
was changed depending on the individual experimental requirements, as

detailed later in this section.

(a) : (b) : ) ==

Figure 3.7: (a) CAD image of rotor 1 with a NACA 63415 aerofoil shape (b) CAD

image of rotor 2 with a NACA 0012 aerofoil shape (c) rotor 2 mounted on

housing and solid fin, positioned in the centre of the channel above the section

of mobile bed.

3.3.1. Rotor data analysis

As the raw rotor data was in revolutions per minute (RPM), this needed to be
converted into the tip speed ratio, taking account of the free-stream velocity in

the channel.

The tip speed ratio (TSR) is calculated using the following equation:

TSR = — Equation 1
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where Q is the rotational speed in radians per second, R is the rotor radius in
metres and V«~is the free-stream velocity in metres per second (Coiro et al.,
2006). In the experiments described herein, Q is between 14.75 and 15.66
radians per second and V~is between 0.29 and 0.33 ms™, measured at the

vertical centre of the turbine at each rotor height.

Initial analysis of the rotor data showed variations in TSR during the
experiments. Figure 3.8 shows the results of this analysis. The tip speed ratio
was calculated using the velocity at the vertical centre of the rotor. The tip
speed ratios presented could have had less variation if they were calculated
using the average velocity over the swept area of the rotor. The optimal tip
speed ratio was 5.5, as this corresponds to the maximum for the power curve
for the flow velocity, as shown in figure 3.9. During the experiments, the
average TSR varied between ~4.9 and ~5.9, depending on the rotor height, with
the optimum average TSR (5.5) occurring when the rotor was positioned at
180mm above the bed. Figure 3.9 shows the band of operating tip speed ratios
during the experiments described herein. The power co-efficient (Cp) remained
close to the optimum within the operating tip speed ratio range. Using
momentum theory, the power co-efficient can be derived using:

Cp = 4a[1 — a)? Equation 2
where a is the axial induction factor (Hansen et al., 2000; Manwell et al., 2003).

The axial induction factor is:

_U1-U;

Equation 3
Uy

where U, is the inflow, free-stream velocity, and U, is the velocity at the rotor plane

(Manwell et al., 2003).
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The rotor thrust is shown in figure 3.10. The original thrust curve was not
available, and therefore the thrust coefficient (Cr) is calculated using Momentum
Theory. Buhl (2005) and Manwell et al. (2003) determined that the thrust

coefficient can be derived using:

Cr =4a(l—a) Equation 4
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Figure 3.8: Tip speed ratios for rotor 2 at various heights above the channel bed

(triangle markers), derived by using the average velocity across the entire rotor
diameter. The TSR variability (standard deviation) at each height is also shown
(diamond markers). The optimal TSR of 5.5 (representing the maximum for the
power curve) is also shown by the vertical dashed line.
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Figure 3.9: Power curve for rotor showing optimal tip speed ratio of 5.5. Grey
banding shows the tip speed ratios during the experiments described herein
(edited from L Vybulkova, personal communication, 22 June 2016).
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Figure 3.10: Thrust curve for rotor at tip speed ratios used during experiment

described herein.

3.4. Particle Image Velocimetry System

3.4.1. Principles of PIV

PIV is a non-intrusive form of velocity measurement, which measures
instantaneous fields of scalars and vectors of the velocity field (Adrian, 1991,
Adrian, 1997; Prasad, 2000; Dantec Dynamics, 2014a). PIV works by recording
the position of seeding particles over time, and uses the displacement of the
seeding particles over time in order to calculate the velocity of the fluid (Prasad,

2000; Adrian and Westerweel, 2011).

Alternative measurement techniques, such as acoustic Doppler velocimetry
(ADV) could have been used. Prior to the full data collection, ADV and PIV were
compared for accuracy and practicality. ADV and PIV were found to have a high
level of agreement between measurements (Moshin et al., 2011). However,
unlike PIV, ADV probes may partially obstruct the flow of the fluid, potentially

affecting the measured velocity, although ADV probes are designed to restrict
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the obstruction as much as possible (Lohrmann et al., 1994). PIV has another
advantage over ADV, in that it provides velocity measurements over a plane,
rather than point measurements, as is the case for ADV (Brossard et al., 2009;

Sulaiman et al., 2013).

Figure 3.11 shows the typical setup of PIV systems. PIV systems can take the
form of two-dimensional (2D) systems, stereo two-dimensional three-
component (2D3C) systems, and tomographic three-dimensional three-
component PIV (3D3C) systems (Brossard et al., 2009; Dantec Dynamics,
2014a). Figure 3.11 shows the typical setup of a 2D PIV system, whilst the main
differences that can be noted between a 2D and a 3D PIV system are that a 2D
system comprises of a single camera and measures two velocity components,
whereas a 2D3C system comprises of multiple cameras and measures three
velocity components (Dantec Dynamics, 2014b; Dantec Dynamics, 2014c).
Regardless of whether the PIV system is 2D, 2D3C or 3D3C, it will still typically
consist of a laser with a pulsed light sheet, seeding particles within the fluid, and
imaging optics (cameras). As well as these components, a PIV system will also
comprise of a target area within the fluid, as well as a computer for data storage
and analysis (Adrian, 1997; Prasad, 2000; Adrian and Westerweel, 2011,
Dantec Dynamics, 2014b). The research described herein uses a 2D3C PIV

system, as described above.
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Figure 3.11: Typical set-up of a two dimensional PIV system (Brossard et al.,
2009).

3.4.2. PIV system

A stereoscopic two camera, three-component, submersible, double-pulse laser
Particle Image Velocimetry (PIV) system, manufactured by Dantec Dynamics,
was used. The Nd:YAG laser was mounted on a Rexroth frame above the
channel. The laser produces green light at a wavelength of 532nm and has a
maximum output of 1000mJ. The laser optic was positioned ~2m downstream
of the TST. The data were collected using two SpeedSense 1040 4 megapixel
digital cameras mounted on a traverse system and encased in submersible
housing. Mounting the cameras on the traverse system allowed the cameras to
be positioned across a range of stream-wise, cross-stream and vertical
positions. The submersible housing consisted of mirrors in either end to enable
the cameras to view upstream and downstream positions within the channel
looking through a clear Perspex channel wall. The layout and set-up of the PIV
system is shown in figure 3.12. The flow was seeded using Plascoat Talisman

20, a copolymer coating powder with a specific gravity of 0.99g/cm3. The
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powder was wet-sieved to refine the size of the seeding to be between 106um

and 212um.

3.4.2.1 PIV Computer System

The PIV system was controlled and operated using two Dell Precision T5500

Workstation computers (shown in figure 3.12). Each computer had the same

components and specifications, as detailed in table 3.1.

Table 3.1: PIV workstation computer specifications

Component Specification

Hard Drives Hard Disk Drive (HDD) = 1TB Seagate
Solid State Drive (SSD) = 900GB Crucial

Motherboard Main board = Dell Inc 0OCRH6C

Central Processing Units (CPUSs)

Main CPU = Intel Xeon E5620 2.4GHz

Riser CPU = Intel Xeon E5620 2.4GHz

Random Access Memory (RAM)

Main board = 48GB (6x8GB DDR3-1333)

Riser = 24GB (3x8GB DDR3-1333)

Operating System

Windows 7 Professional 64-bit
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Figure 3.12: PIV system. Top right image shows an overview of the PIV system,
and the inset images show close up views of the laser unit and optic, the
computer systems and a close up view of one of the two 4MP cameras.
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3.4.3. PIV system calibration

A 3D calibration, acquired using a multi-level target, was obtained so that the
two camera images could be combined to derive 3D vectors of the flow. Figures
3.13 and 3.14 show the multi-level target used to obtain this 3D calibration.
Figure 3.13 shows a close up view of this calibration target, whilst figure 3.14
shows the target location within the channel in postion for the calibration. The
calibration was valid for all camera positions since the optics remained

submerged and there were no changes in image refraction.

The calibration target was a multi-level dot matrix target (shown in figure 3.13)
measuring 800mm by 600mm. It had a zero marker diameter of 7mm, an axis
marker diameter of 5mm and main marker diameter of 5mm. The distance
between the markers was 45mm and the distance between the two levels was

8mm.

In order to calibrate the PIV system, the calibration target was positioned in the
centre of the channel, with the front of the multi-level target facing the PIV
cameras. The side edge of the target was in line with the laser. The
experimental flume was then filled with water to a depth of 0.6m. A single image
of the calibration target was obtained for each camera. A Direct Linear
Transform (DLT) imaging model fit, explained below and shown in figure 3.15,
was generated for each camera in the Dantec Dynamics PIV software. The
calibration target could then be removed to allow the rotor to be positioned
within the channel. The calibration remained valid for all PIV measurements as
the laser unit and cameras were always moved by equal amounts in the same

cross-stream direction.
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Figure 3.14: Calibration target within the channel. The PIV optic can be seen in
the lower of the image, with the multi-level target visible upstream.
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Table 3.2: Direct Linear Transformation imaging model fit numeric values

Camera 1l

A11

A1z

A13

A1a

-5.04936E+000

9.40687E-002

-2.01905E+000

1.15946E+003

A21

A22

A23

A24

-1.76228E-001

5.41108E+000

5.81209E-001

8.63159E+002

Azl

A3z

A3z

Aza

-2.14834E-004

-1.74757E-005

4.34205E-004

1.00000E+000

Camera 2

A11

A1

A1z

A14

-4.64337E+000

-5.65422E-002

3.08560E+000

1.16019E+003

A1

A2z

A23

A2a

2.12694E-001

5.49688E+000

5.14507E-001

8.64458E+002

Azl

As2

A3z

ARV

2.09913E-004

-788319E-006

4.15132E-004

1.00000E+000
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The calibration used a Direct Linear Transform (DLT) imaging model fit. This is
derived from geometrical optics and is based on physics. It cannot describe
non-linear phenomena such as the image distortion which occurs when
measuring from air into water (Dantec Dynamics, 2016a). However, this was not
an issue in the experiments during this study, as the PIV cameras were fully

submerged in water. A DLT matrix can be described as follows:

Ky Aq1 Ay A1z Aqs §
ky = |Az1 Azz A3 Ags 7 .
ko Azq A3y Azz Azg 1 Equation 5
Ky ke
X = k—o, y = k_O

where X, Y, Z (uppercase) represent the object coorinates (in millimeters) and x,
y (lowercase) represent the corresponding image co-ordinates (in pixels)
(Dantec Dynamics, 2016a). A and k were not defined by Dantec Dynamics.
Each of the two cameras requires a separate DLT calibration as each camera
observes the light sheet from a different viewpoint to the other. The numeric
view of the DLT for one camera is shown in table 3.2 and an image of the DLT

over the calibration image (one camera only) is shown in figure 3.15.
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Figure 3.15: DLT over camera 1 PIV calibration image. This calibration was
used during the experiments described herein.

Data was collected in such a manner that allowed the computation of three
component velocity vectors in a two dimensional plane (i.e. a light sheet). This
was achieved by combining data from the two PIV cameras using the above
calibration. As each of the cameras views the light sheet from a different angle,
the out-of-plane motion will be viewed different from each camera. It is this
difference that can be exploited to infer the third velocity component and is due
to the Scheimpflug condition (Dantec Dynamics, 2016b). Figure 3.16 shows
this difference. The displacement is shown by the blue vector, and the green
and red vectors show what it looks like from camera 1 and camera 2
respectively, when projected onto the light sheet or object plane (Dantec

Dynamics, 2016b).
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Figure 3.16: lllustration of the Scheimpflug condition for two PIV cameras.
(Dantec Dynamics, 2016b).

3.4.4. PIV errors

PIV as a method of fluid velocity data collection is subject to a number of
inherent sources of error. These include the use of the wrong particle seeding
or inadequately seeded fluid, incorrect experimental conditions and setup, as
well as improper use of processing algorithms (Huang et al., 1997). Errors were
minimised as far as possible during this research. Test data were collected to
determine the quality of the data, the concentration of seeding within the flow
and the calibration data prior to the full experimental programme being carried
out. As the seeding powder had a size of 106pum and 212um, this equated to an
average particle size of 3.25 pixels, and an average of 17 particles per 32x32
pixel interrogation area. An interrogation area is a sub-window of the overall
measured flow-field which is used to split up the analysis. There is overlap
between each interrogation area. A seeding density of 10-20 particles for a

32x32 pixel interrogation area window size has been used by other researchers
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(e.g. Willert and Gharib, 1991). It has been determined that a seeding density
of >5 particles per interrogation area, with each particle occupying between 3
and 6 pixels improves the effectiveness of the interpolation (Keane and Adrian,
1992; Hardy et al., 2005). The seeding densities in the research described
herein satisfy these conditions. The PIV images and camera calibration were
deemed to be of an acceptable quality and reasonable accuracy, as the
reprojection errors were approximately 0.8 pixels (camera 1) and 0.6 pixels
(camera 2). This equates to approximately 0.15mm and 0.11mm for camera 1
and camera 2 respectively, and is within the acceptable region specified by

Dantec Dynamics (2016b).

The potential errors in the PIV data collected were minimised as far as possible.
Adaptive PIV, explained in more detail below, was used for the majority of the
data processing to provide a higher quality data analysis. All reasonable steps
were taken to achieve the highest quality data collection and analysis, and

therefore errors in the velocities measured were minimised.

3.5 PIV data collection and analysis

The research described herein uses a 2-dimensional-3-component PIV system.
The two cameras in the PIV system were operated in double frame mode,
which resulted in a pair of images being recorded each time the camera was
activated. When the double-pulsed laser was activated, the first pulse triggered
the first frame to be captured, whilst the second frame was captured when the
second laser pulse was fired. For the majority of the data collection, 5350
double frame images were captured for each camera. The images had a grid
size of 2320 x 1726 pixels. A frequency of 50Hz was used for most data

collection, with a set of high frequency (96Hz) measurements also taken in the
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area closest to the rotor. When a frequency of 50Hz was used, PIV data were
collected for 107 seconds at each position. This was the maximum period of
data collection possible due to the Random Access Memory (RAM)
configuration available in the PIV system. When a frequency of 96Hz was used,
PIV data were collected for 55 seconds at each position. Depending on the
individual experiment series being run (detailed further in this section), either
three or nine different camera positions were used for data collection, as shown
in figure 3.17. The horizontal distance between the positions was ~290mm and
the vertical distance between the positions was ~175mm. There was an overlap
between each position to ensure that the flow field was fully captured, as shown
in figure 3.17. The entire flow field could not be captured with four camera
positions, and therefore three horizontal and three vertical locations were
needed, equating to a total of nine camera positions. The positions of the
images were such that the horizontal overlap between each position was the

same, and the vertical overlap between each position was the same.
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Figure 3.17: Basic schematic diagram of the flume set-up showing the location
of the overlapping PIV image capture positions. Flow direction is from right to
left. Inset: overlapping PIV slices. Thick black lines indicate the nine (numbered)

slices. Darker filled areas indicate areas of overlap. (Not to scale).

3.5.1. PIV data analysis

The collected PIV data were initially processed using Dantec Dynamics’
Dynamic Studio v4. The majority of the analysis of this data made use of
adaptive PIV and adaptive correlation algorithms. The adaptive PIV algorithm
will typically use a grid spacing of 16x16, and a minimum interrogation area size
of 16x16 and a maximum interrogation area size of 32x32. This equates to a
grid spacing of approximately 3x3mm.These grid spacing and interrogation area
sizes were chosen based on preliminary test results. These were carried out in

order to determine the grid spacing and interrogation area sizes which was
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most appropriate for the data collected, as well as for the processing time
available. The processing time for the previously specified adaptive PIV grid
spacing and interrogation area sizes is approximately twelve hours per 5350
images with a size of 2320x1726px (totalling approximately twenty four hours

per slice of data collected) using a quad-core 3.60GHz desktop PC.

The adaptive correlation will typically use a grid size of 32x32. This equated to a
grid spacing of approximately 6x6mm. Adaptive PIV will be used for the majority
of the data processing as it produces higher quality results than adaptive
correlation (Theunissen et al. 2007; Wieneke and Pfeiffer, 2010). This is
achieved as the adaptive PIV algorithm adjusts the size of the interrogation area
in relation to the seeding densities and flow magnitude and gradients within that
area. However, adaptive correlation was used for some analysis since it is a
much faster method of processing the data. Therefore, it can be used as an
initial analysis prior to further, more detailed analysis being carried out. The
processing time for the previously specified adaptive correlation grid spacing is
approximately thirty minutes per 5350 images with a size of 2320x1726px
(totalling approximately one hour per slice of data collected) using a quad-core

3.60GHz desktop PC.

Following the adaptive PIV and adaptive correlation analysis being carried out,
the data will be further analysed using stereo PIV in order to combine the data
from the two cameras to provide three-component data. Vector statistics can
then be derived from this information in order to determine the mean flow
characteristics at each position. For the PIV data collected with a flow consisting
of waves, the vector statistics will be produced selectively using conditional

sampling in order to separate the various stages of the waves (i.e. the wave
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crests and wave troughs) passing the rotor. The vector statistics will be further
processed in data visualisation software Golden Software Surfer v11, to

produce contour and flow maps.

3.5.1.1. Estimating Shear Stress

The vector statistics produced by analysing the PIV data can also be further
analysed in order to calculate the bed shear stress within the channel. Shear
stress is an important component to consider when linking flow conditions to
sediment transport (Biron et al, 2004). It is key in explaining the force acting
upon sediment particles (Sulaiman et al., 2013). When bed shear stress
exceeds the critical shear stress level, sediment transport occurs (Luque, 1974;
Wu et al., 2010). It is, however, difficult to accurately estimate this variable.
Due to this, there are a number of different methods for estimating bed shear
stress (Biron et al., 2004). These estimates include Law of the Wall, Reynolds
stress, and turbulent kinetic energy (TKE) (Biron et al., 2004; Pope et al., 2006).
The accuracies of the various methods varies considerably depending upon the
environment and conditions in which they are used, such as varying boundary

layers and in simple or complex flow fields (Biron et al., 2004).

Law of the wall
The law of the wall approach is related to the von Karmet-Parndtl equation.

Therefore, law of the wall can be defined as:

u 1 z
n K In (g) Equation 6

where u is the velocity at height z above the bed, u, is the
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friction or shear velocity, z, is the roughness length and « (=0.4) is the von
Karmen constant (Biron et al., 2004; Sime, 2007). The shear velocity (u,) can be
defined as:

u, = (10/p)°%° Equation 7

where p is the density of the fluid (Biron et al., 2004).

The relationship between u, and bed shear stress 1, is defined thus as:
Ty = pu,? Equation 8
where p is the density of the fluid (Pope et al. 2006). Although the law of the

wall is a commonly used method of estimating shear stress, its validity in

complex flow fields is uncertain (Biron et al, 2004; Pope et al., 2006).
Reynolds stress

Shear stress derived from Reynolds stress can be defined as:

7o = p(—u'w’) Equation 9
where u’ and w’ represent the standard deviation of the stream-wise (u) and
vertical (w) velocity components respectively (Pope et al., 2006). The Reynold
stress method may be unsuitable in some situations such as those which

include meandering or rotating flows (Kim et al., 2000).

The friction or shear velocity (u,) cannot be measured directly as it is a derived

quantity (Pope et al., 2006). However, for fully turbulent flow, a direct estimation

of u, can be derived using:

u, = —-u'w’ Equation 10
where u’and w’ denote the standard deviation of the stream-wise (u) and

vertical (w) velocity components respectively (Kim et al., 2000).
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Turbulent kinetic energy

Turbulent kinetic energy, k, is defined as:

k= % @2 %+ W) Equation 11
where u’, v’ and w’ denote the standard deviation of the stream-wise (u), cross-
stream (v) and vertical (w) velocity components respectively. The ratio of TKE to
shear stress is constant, and the TKE represents the product of the absolute
intensity of velocity fluctuations and variances from the mean velocity (Pope et
al., 2006). The ratio of TKE to shear stress has been determined to be constant.
Therefore, the relationship between shear stress and TKE can be defined as:

To = 1k Equation 12

where C, is the constant. Previous studies such as Stapleton and Huntley
(1995), Thompson et al. (2003) and Pope et al. (2006) have used a C, value of

~0.19.

No single method of estimating shear stress can be identified as perfect, and
each one has advantages and disadvantages. However, the turbulent kinetic
energy approach has been identified as one of the most reliable and consistent
methods of estimating shear stress (Kim et al., 2000; Thompson et al., 2003).
This research will mainly use turbulent kinetic energy as an estimator of shear
stress, but the other methods of estimating shear stress will be considered and

compared.

3.5.2. Measurement programme

A series of different measurements were collected in order to address the
research objectives specified in chapter 1. These examined wake development

and asymmetry, wake interaction and wake modification by waves. More
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information about these measurements is provided in the following sections

within this chapter.

Data was collected in a number of different flow conditions for the rotor housing
without the turbine blades in place. This data allowed any effects that the rotor
housing has on the flow to be determined and accounted for. However,
preliminary analysis of the results indicates that the vertical extents of the wake
are in line with the blade tips, which indicates that the housing has little, if any,

impact on the turbine wake.

3.5.2.1. Wake development and asymmetry

A series of measurements were taken to capture the full flow field and attempt
to identify any asymmetry in the turbine wake. Table 3.3 shows the locations of
the slices which were taken on either side of the rotor centreline. The location of
these slices relative to the channel can be seen in figure 3.18. In all cases, the
rotor was located at 120mm (0.6D) above the channel bed. This distance above
the bed was determined to be the height at which the rotor led to sediment

transport being initiated, as detailed in chapter 5.

Table 3.3: Details of the slices taken to investigate wake development and

asymmetry
Measurement position Number of slices
1D to left hand side of centreline 3

0.5D to left hand side of centreline

Centreline

0.5D to right hand side of centreline

3
3
3
3

1D to right hand side of centreline
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Figure 3.18: Flume schematic showing the locations where PIV data were collected during the wake asymmetry experiments. Flow
direction is from right to left.
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3.5.2.2. Wake interaction with bed and distance to bounding surface

Measurements were taken with the rotor at a number of different heights within
the water column, as detailed in table 3.4, with the highest being with the rotor
at 300mm above the bed, and the lowest being 120mm above the bed. The
height above the bed is measured from the centre of the rotor, rather than the

tip of the blades.

Under standard flow only conditions, when the rotor was at 300mm and 200mm
above the bed, 9 slices of data were collected for each rotor height. When the
rotor was between 180mm and 120mm above the channel bed, a total of 3
slices of data were collected for each rotor height. At these rotor heights, three
PIV slices close to the channel bed were deemed sufficient to capture the full

wake flow field.

Table 3.4: Details of the slices taken for each of the rotor heights

Rotor Height | Slices on the
Above Bed centreline
(mm)

300

200

180

160

140

W W w w| | ©

120

3.5.2.3. Wake modification by waves

When the flow conditions included waves, six different wave scenarios were
used, with varying wave frequencies and wave heights. The waves were

generated using wave paddles at the upstream end of the flume. Two wave
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paddles which covered the width of the channel generated regular waves,
parallel to the channel sides, at a user controlled size and frequency. At the
downstream end of the channel, a wave dissipation board was installed to break
up the waves and minimise any wave reflection. The wave sizes and
frequencies chosen ranged from small 1Hz 6cm waves, to 1Hz 10cm waves,
with two scenarios with a wave height of 10cm and frequencies of 1Hz and

1.5Hz. These three wave scenarios were run over a fixed bed.

Table 3.5 details the locations of the slices of data that were collected for each
wave scenario with a fixed bed in place. In all cases, the rotor was positioned at
200mm above the channel bed. This allowed a comparison to a range of
different scenarios that were carried out with the same rotor position above the
bed as part of the INSTRON project. This additional data is not presented in this
thesis. In all of the different flow conditions, data were also captured for the
plain channel (i.e. without the rotor and housing in place) in order to allow the
influence of the rotor on the flow to be determined. In these experiments, there
was no rotor and no housing, and data was captured along the channel bed on
the centreline plane of the rotor. However, the plain channel data is not

presented in this thesis.

Table 3.5: Details of the slices taken with wave-current flow over a fixed bed

with the rotor at 200mm above the bed.

Wave frequency | Flow Slices on the centreline
and height

None — flow only Yes 9

1Hz 6cm Yes 9

1Hz 10cm Yes 9

1.5Hz 10cm Yes 9
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3.6 Wave gauge data collection and analysis

In order to quantify the waves which were generated during the experiments,
data were collected using 8 wave gauges, manufactured by HR Wallingford,
situated at approximately 1 metre intervals down the length of the channel.
There were 6 wave gauges positioned upstream of the TST and 2 wave gauges
positioned downstream of the TST. They were positioned approximately 10cm
from the right hand side wall in order to minimise the impact that they had on
the flow and turbine wake. As the waves were generated as regular waves, it
was deemed that they would be symmetrical across the width of the channel.
Figure 3.19 shows a number of the wave gauges situated within the channel, as
well as a close up view of the wave gauge which was situated furthest
downstream close to the laser optic. Data were collected from the wave gauges
during each run which consisted of waves. The data collection software
(TracerDAQ) was externally triggered by the PIV system. This allowed the wave
gauge data collection to be exactly coincident with the PIV data collection,
allowing cross referencing between the data. Wave gauge calibration data were

collected at the start and end of each day.

i
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Figure 3.19: Left image: Wave gauges situated along the right hand side of the

channel. Right image: Close up of furthest downstream wave gauge, positioned

close to the laser optic. 73



3.6.1. Wave gauge data calibration

The raw data collected from the 8 wave gauges was in millivolts. This data
needed to be calibrated in order for the data to be converted from millivolts to
metres. At the start and end of each day, calibration data was collected for 2
minutes at three different wave gauge heights. This calibration data could then
be used to determine the intercept and slope in order for a regression equation

to be applied. The regression equation is:

Y=mx+c Equation 13

where Y refers to the dependent variable (in this case it refers to the
depth/wave height), m is the gradient of the regression line, c is the intercept
and x is the independent variable (in this case, the raw voltage measured by the
wave gauges). For the data collected during the research described herein, the

linearity of the slope was between 1.000 and 0.998.

3.6.2. Wave gauge data analysis

Once the value of the calibration coefficients had been determined, equation 13
could be applied to the raw wave gauge data. This enabled the raw data of
millivolts to be converted into metres, and therefore the wave height could be
determined. The wave heights measured throughout the entire measurement
period could then be processed as required. This included finding the maximum
wave height, the average wave height, and the minimum wave height, amongst

other measurements and outputs.

The wave gauge data were used to determine when the wave crests and wave
troughs occurred. Peaks and troughs in wave heights indicated a wave crest or

wave trough was present. The time stamp from the wave gauge data was then
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matched to the time stamp on the PIV data to enable the wave crests and wave
troughs to be separated within the PIV data to allow conditional sampling of the

data.

Wave gauges 5 and 6 (shown in figure 3.3) were the primary wave gauges used
for the conditional sampling. At the point at which a wave trough was recorded
passing wave gauge 5, a time lag was elapsed according to the speed at which
the wave was moving down the channel, and the distance the wave crest had to
travel to reach the first PIV measurement position (as shown in figure 3.17). The
accuracy of the speed and timing of the wave was verified using the data at
wave gauge 6. Therefore, for each of the 9 PIV positions, the wave trough was
positioned approximately in the horizontal centre of the measurement window.
This process was carried out for all measurement positions (as shown in figures
3.17 and 3.20), adjusting the time lag depending on the distance of the PIV
measurement position from wave gauge 5. Each flow map comprised of the 9
different PIV positions overlapped and combined. Therefore, each flow map
shows the majority of the flow field under a wave trough, rather than only a
small part of the flow field being under a wave trough. The same process was

applied for wave crests.
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Figure 3.20: Basic schematic diagram of the flume set-up showing the location
of the overlapping PIV image capture positions and position of waves. Flow
direction is from right to left. Inset: overlapping PIV slices. Thick black lines
indicate the nine slices. Darker filled areas indicate areas of overlap. Green
lines indicate approximate position of wave troughs within measurement
windows (Not to scale).

3.7 Summary

This chapter has detailed the experimental programme used to collect and
analyse the data used in this thesis. The facilities and instrumentation used in
this thesis have been described and explained. A number of different flow
conditions were produced in the Total Environment Simulator experimental
flume, and the velocities were measured using Particle Image Velocimetry. In
the cases where waves were generated, wave data was collected using wave

gauges. The Particle Image Velocimetry data was analysed to determine the

flow field downstream from the tidal stream turbine.
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Chapter 4

Wake Development and Asymmetry

How does the wake downstream from a tidal stream turbine develop?

This chapter presents the results of an experimental investigation to evaluate
how the wake downstream of a tidal turbine develops and will examine the

cross-channel asymmetry in the wake.

4.1 Introduction

To date, there is a lack of laboratory data and numerical modelling which
identifies and characterises the development of flow asymmetry in the wake of
tidal stream turbines. There are some limited data covering wake asymmetry
behind other objects. One example is hydrofoils, where wake asymmetry was
identified by Ellenrieder and Pothos (2008). However, Ellenrieder and Pothos
(2008) focussed more on vertical wake deflection and asymmetry, rather than
cross-channel wake asymmetry (i.e. asymmetry to the left and right of the
centreline, rather than above and below the centreline). The asymmetry of wind
turbine wakes has also been studied (e.g. Tescione et al., 2014), but there are
differences between the fluid dynamics of wind and water, as well as between
the dynamics of different turbine structures. Therefore, there is a need to
identify and understand the development of flow asymmetry behind tidal stream
turbines, due to the potential impact which it may have upon future large scale

developments, particularly in tidal stream turbine farms.
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4.2 Methodology

This chapter will use experimental data collected during a series of experiments
in which a 0.2m diameter tidal stream turbine was positioned at 120mm above
the channel bed, and measurements were taken on the centreline, as well as up
to 1 rotor diameter either side of the centreline (as described in Chapter 3). This
chapter will look at the flow velocity deficit in the wake, as well as the flow
direction, to understand wake development and growth downstream from the
rotor. This chapter will also look at the cross-stream asymmetry that is present

in the turbine wake.

Results are presented for the stream-wise velocity (u), vertical velocity (w),
cross-stream velocity (v) velocity components for the centreline as well as 0.5D
and 1D either side of the centreline. Results are also presented for the shear
stress, using turbulent kinetic energy (k) of the flow (see equation 11) and the
Reynolds stress (u'w’) (see equation 9), which can be used as a method of
estimating shear stress (Biron et al., 2004; Pope et al., 2006). In order to
account for asymmetrical onset flow within the channel, velocity values are
normalised using the plain channel data for the centreline and the data from 1D
either side of the centreline for the left hand side and right hand side of the
channel. It was determined that 1D either side of the centreline was sufficiently
far from the wake zone to allow this data to be representative of the plain

channel.

The stream-wise velocity will be used to identify the wake extent and
asymmetry based on the velocity deficit. Cross-stream and vertical velocities
will be used to understand wake interaction with the surrounding flow and the

internal wake structure. The estimators of shear stress (turbulent kinetic energy
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and Reynolds stress) will be used to identify the turbulent structures and to

understand wake recovery.

4.3 Results

On the centreline, the wake extends to the blade tips (1 rotor diameter), both
horizontally and vertically, with the greatest velocity deficit occurring close to the
rotor (figure 4.1 (b) and figure 4.2 (a) to (c)). Along the entire length of the

measured wake area, the wake appears to interact with the channel bed.

At 0.5D from the centreline, there is a significant difference in the wake length at
either side of the centreline (figures 4.1 (a) and (c)). The wake of the TST is
significantly longer towards the left hand side of the TST, with a slower wake
recovery (figures 4.2 (a) to (c)). The difference in velocity is greatest closest to
the rotor, between 1 and 2 rotor diameters downstream (figures 4.1 (a) to (c),
4.2 (a) to (c) and 4.3). The flow on the left hand side of the channel is ~12%
greater along the vertical rotor centreline than on the right hand side of the
channel. As distance downstream from the rotor increases, the differences
between the right hand side and the left hand side of the channel become more
pronounced. The boundaries of the wake are less well defined on the left hand
side of the channel due to the wake interacting with the channel bed. The
interaction between the wake of the TST and the flow above the channel bed on
the left hand side of the channel begins at approximately 1 rotor diameter
downstream of the TST and the interaction increases with distance

downstream.
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Figure 4.1: Flow structure maps for normalised stream-wise (u) velocity component
for (a) 0.5D to the right hand side of the centreline (b) centreline (c) 0.5D to the left
hand side of the centreline. Normalising velocities: right hand side = 0.26ms™1,
centreline = 0.29ms™, left hand side = 0.27ms. Scales on the axes are normalised
to rotor diameters (200mm). Areas covered by upward diagonal line shading indicate
areas where data could not be collected as the camera image was obstructed by the

rotor and housing or the channel support structure.
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turbine. Scales on the y-axes are normalised to rotor diameters (200mm). Y-

axis origin is water surface. Solid black line indicates rotor centreline. Dashed

black lines indicate blade tips.
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Figure 4.3: Plots showing the percentage difference in the normalised
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On the centreline (figure 4.4 (b)), there is an area of upwelling immediately
beneath the rotor. Further downstream, there is downwelling below the wake
and upwelling above the wake. At 0.5D off the centreline (figures 4.4 (a) and
(c)), there are clear differences in the direction of the vertical flow. On the left
hand side of the centreline, there is upwelling above the wake and downwelling
below the wake. On the right hand side of the centreline, there is strong
upwelling in the wake area, with an area of downwelling above and below the

wake.

On the centreline (figure 4.5 (b)), immediately downstream, there is positive
negative cross stream flow above and below the wake, and positive cross-
stream flow within the wake. From approximately 2 rotor diameters
downstream, there is positive cross-stream flow on the edge of the wake, and
negative cross-stream flow within the centre of the wake. There are noticeable
differences in the cross-stream velocity on the right hand side and the left hand
side of the centreline. At 0.5D from the centreline (figures 4.5 (a) and (c)), there
is a strong negative cross-stream flow below and immediately downstream of
the rotor on the right hand side of the centreline, and strong positive cross-
stream flow below and immediately downstream of the rotor on the left hand
side of the centreline. Further downstream, there is positive cross-stream flow
on the right hand side of the centreline and negative cross-stream flow on the

left hand side of the centreline.

Close to the rotor (approximately 1.5 rotor diameters downstream), on the
centreline, areas of upwelling correspond to areas of positive cross-stream flow,

and areas of downwelling correspond to areas of negative cross-stream flow.
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At 0.5D from the centreline, areas of upwelling occur in approximately the same
location as areas of negative cross-stream flow and areas of downwelling occur

in the same location as areas of negative cross-stream flow.

On the centreline, there is an increase in the turbulent kinetic energy (k)
immediately downstream of the rotor (figure 4.6 (b)). There are two separate
regions of increased magnitude of k which develop, with the lower of the two
regions having a much smaller increase in k than the upper region. There is
interaction between the lower region of k and the channel bed. At 0.5D from the
centreline, there is a greater increase in the magnitude of k on the left hand
side of the centreline compared to the right hand side, particularly beyond 2
rotor diameters downstream from the rotor (figures 4.6 (a) and (c) and 4.7). The
increase in the magnitude of k occurs over a larger area on the left hand side of
the centreline than on the right hand side of the centreline. By 3 rotor diameters
downstream, the turbulent kinetic energy (TKE) on the left hand side of the
centreline is approximately 100% greater than the TKE on the right hand side of

the centreline above the wake, and approximately 60% greater within the wake.
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Scales on the axes are normalised to rotor diameters (200mm). Areas
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housing or the channel support structure.
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On the centreline, the increase in Reynolds stress is concentrated around the
wake area that is in line with the rotor blade tips (figure 4.8 (b)). There are two
separate regions of increased Reynolds stress which develop, with the lower of
the two regions having a smaller increase in Reynolds stress than the upper
region. At 0.5D from the centreline, there is a greater increase in the Reynolds
stress on the left hand side of the centreline compared to the left hand side of
the centreline (figures 4.8 (a) and (c) and 4.9). The increase in the Reynolds
stress occurs over a larger area on the left hand side of the centreline than on
the right hand side of the centreline. By 3 rotor diameters downstream, the
Reynolds stress is approximately 60% greater at the vertical centre of the rotor

on the left hand side compared to the right hand side of the centreline.
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Figure 4.7: Plots showing the percentage difference in normalised turbulent
kinetic energy between the left hand side of the centreline and the right hand
side of the centreline at 0.5D from the centreline. These are taken at (from top
left to bottom right) 1.5D, 2D, 2.5D, 3D, 3.5D and 4D downstream of the rotor.

A value greater than 0% indicates left hand side is greater than right hand side.
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Figure 4.9: Plots showing the percentage difference in normalised Reynolds
stress (u'w') between the left hand side of the centreline and the right hand
side of the centreline at 0.5D from the centreline. These are taken at (from
top left to bottom right) 1.5D, 2D, 2.5D, 3D, 3.5D and 4D downstream of the
rotor. A value greater than 0% indicates left hand side is greater than right

hand side.
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4.4 Discussion

Significant differences can be seen between the wake on the left hand side and
the right hand side of the rotor centreline. The wake appears to be more
inclined towards the left hand side of the channel, where the wake is extended
and the velocity deficit is greater. The wake length is shorter on the right hand
side of the centreline where there is greater vertical motion with upwelling and
downwelling. The upwelling and downwelling from above and below the wake
assist with wake recovery by drawing faster moving free-stream flow into the
slower moving flow of the turbine wake. The differences observed are evident
close to the rotor, but also further downstream. Although some research
suggests that the wake should become more symmetric as the near-field
distance downstream increases (Thomas and Liu, 2004; Tescione et al., 2014),

this is not the case in these experimental results.

The lack of wake symmetry further downstream suggests that the asymmetry
would be transported in the wake beyond this near-field region, and not simply
localized to the rotor (Tescione et al., 2014). The asymmetry could therefore
partially be a result of deflection of the flow during the turbine rotation, in a
similar manner to the Magnus Effect (Briggs, 1959; Tescione et al., 2014).
However, further analysis of the data and the vortex shedding would need to be
performed in order to determine whether or not this is the case. The asymmetry
observed could also be related to the re-circulating flume in which the data were
collected having a non-uniform lateral distribution of the flow (Myers and Bahaj,
2012). The possibility of a non-uniform onset flow was minimised as far as
possible in the experiments described herein as a result of flow conditioning
being used at the inlet. The plain channel profile (figure 3.6) shows very little

cross-stream flow on the centreline. This potential issue was also further
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reduced by normalising the data collected at 0.5D from either side of the
centreline with the data from 1D either side of the centreline. It was deemed that
1D from the centreline was sufficiently far from the rotor to enable the data to be
representative of the plain channel. The cross-stream asymmetry, as observed
in the results presented herein, is unlikely to be a result of free-surface and bed
proximity, as is the case with vertical asymmetry (Stallard et al., 2013, Stallard

et al., 2015; Tedds et al., 2014), which is discussed in more detail in chapter 5.

Although research into the wake asymmetry of horizontal axis tidal stream
turbines is limited, some numerical modelling has previously been carried out by
Vybulkova (2013) in which a similar wake asymmetry was observed. Vybulkova
(2013) noted that the asymmetry which was observed was related to the
direction of rotation of the tidal stream turbine. Those results may partially
explain the observations seen in the results herein. There are two counter
rotating vortices within the wake. The vortices within the centre of the wake
rotate in the opposite direction to the turbine, as shown in figure 4.10. However,
on the outer edge of the wake, the flow rotates in the same direction as the
turbine. The wake asymmetry could therefore be related to the counter-rotating
vortices and the interaction between vortices which are shed from the rotor

blade tips (Tescione et al., 2014).

Similar asymmetrical results have been seen in the wake of wind turbines.
Although there are differences in the fluid dynamics between air and water, the
observations seen in wind turbines can still be considered when investigating
tidal stream turbine wakes. Ryan et al. (2016) observed asymmetry in the vortex
structure within the wake of a vertical axis wind turbine. The asymmetry was

linked to the tip speed ratio of the turbine, particularly in the near wake of the
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turbine. However, the increased tip speed ratio aided flow recovery downstream
due to greater mixing with the free-stream flow (Ryan et al., 2016). Tescione et
al. (2014) observed similar results with wind turbines to those presented herein,
as their results showed a cross-stream asymmetry in the wake which did not
become more symmetric downstream. Lebron et al. (2009) also observed
asymmetry in the turbine wake, but attributed some of this to the blockage and
the velocity gradient of the boundary layer. It is unlikely that blockage had a
significant impact on the results presented herein, as the blockage ratio was
approximately 3.2%, which is similar to that used in research by other authors
(e.g. Olczak et al.,, 2015). The blockage ratio can affect turbine performance
and wake velocity deficit and length, and is derived from the diameter of the

turbine and the area of the channel (Creciun, 2013).

The asymmetry in the wake of a tidal stream turbine needs to be considered
when designing large scale developments and tidal farms. Although this aspect
has not been studied in depth for tidal stream turbines, the asymmetry in the
wake of an array of wind turbines has been studied. As indicated above, the
wake of a tidal stream turbine and a wind turbine hold similar characteristics.
Therefore, the findings of research into wind turbine arrays can be used to
provide some information on the likely interactions between tidal stream turbine
arrays and wake asymmetry. Bartl et al. (2012) determined that when wind
turbines were placed in an array, the wake becomes more symmetric behind
the second turbine compared to the first turbine in the array. The cross-stream
asymmetry can also be linked to the cumulative effect of all turbines within an

array rotating in the same direction (Lebron et al., 2009).
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Figure 4.10: Diagrams incorporating flow maps to show flow direction when
rotor is positioned at 120mm above the channel bed (a) stream-wise flow (b)

vertical flow (c) cross-stream flow.
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It is important to consider the implications that turbine wake asymmetry can
have when designing tidal turbines and placing them within channels and/or in
arrays. Both vertical and cross-stream asymmetry can affect the sediment
transport beneath the rotor and routed through arrays, and therefore the
proximity of the turbines to the channel bed and each other should be
considered in the design of turbines and arrays. It has also been identified, by
reviewing the research by other authors, that the cross-stream asymmetry in the
turbine wake can also be affected by other turbines within an array, and this

should be a consideration when developing tidal turbine arrays.

4.5 Conclusions

Detailed flow maps of the stream-wise, vertical and cross-stream velocity
components for the centreline and 0.5D to the left-hand side and the right hand
side of the centreline have been presented. The TKE and Reynolds stress
(u'w"), which can be used to estimate shear stress, have also been presented
for the same measurement locations. Figures showing the percentage
difference between the left hand side and right hand side of the centreline have
also been presented for the stream-wise velocity component as well as the
TKE. There is clear asymmetry in the turbine wake, which extends through the
measured extent of the wake length. The asymmetry is greater towards the left
hand side of the centreline. The results presented herein demonstrate the
importance of considering wake asymmetry, which could have implications,

particularly for large scale developments and arrays of tidal stream turbines.

Further research should consider the effect of the tip speed ratio on wake
asymmetry and flow recovery lengths. The proximity of the turbine to the
bounding surface may affect the wake asymmetry, and this should therefore be

a consideration of further research.
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Chapter 5

Wake Interaction

How does the wake of a tidal stream turbine interact with the bed surface?

This chapter presents the results of an experimental investigation which aims to
evaluate how moving a tidal stream turbine closer to the bed affects the flow
field downstream from the tidal stream turbine. This chapter will also investigate
how the wake of a tidal stream turbine develops downstream from the rotor and

how it interacts with the bed surface below the rotor.

5.1 Introduction

It has already been determined that the wake of a tidal stream turbine is
characterised by an area of decreased velocity downstream from the turbine,
with accelerated flow in the surrounding areas (Bahaj et al., 2007c; Sun et al.,
2008; Myers and Bahaj, 2010). When a tidal stream turbine is located close to a
bounding surface (i.e. the bed or the water surface), the accelerated flow
between the turbine and bounding surface is restricted, resulting in the loss of
vertical wake symmetry (Bahaj et al. 2007c; Myers and Bahaj, 2010). These
effects have previously been studied to an extent using actuator disks. For
example, Myers and Bahaj (2010) determined that closer proximity of a device
to the channel bed caused greater lateral motion and therefore a longer wake
as a result of the flow below the device being restricted. However, actuator
disks are known to fail in fully replicating the shedding of vortices from the blade
tips or the swirl as a result of turbine rotation, which are particularly important in
the near wake (Batten et al., 2013). Olczak et al. (2015) used a numerical

model tidal stream turbine and identified that the depth to diameter ratio
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affected the transition of the near wake to the far wake. Decreasing the depth to
diameter ratio (and therefore the blockage ratio) led to the depth average
moving closer to the rotor plane. However, there is a need to experimentally
investigate the effect of the height of the turbine above the channel bed on the
turbine wake using small scale tidal stream turbines The results and research
presented within this chapter will build upon those from Chapter 4 which

examined wake development.

5.2 Methodology

This chapter will use experimental data collected during a series of experiments
in which a 0.2m diameter tidal stream turbine was positioned at various
distances from a roughened bed surface (as described in Chapter 3). It will look
at the shape and length of a TST wake and how the wake and flow recovery
varies as the distance of the TST from the channel bed is varied. The
interaction of the TST wake with the channel bed will be considered, along with
the effect that the TST proximity to the bed has on shear stress. There is a need
to experimentally investigate these impacts and to determine the implications

for full scale, operational turbines.

The rotational speed of the rotor was kept constant during the data collection for
consistency. However, due to the changes in rotor height and the nature of the
plain channel profile, this led to a change in the tip speed ratio (TSR) of the
rotor, as shown in figure 5.1. When the rotor was positioned at 300mm above
the bed, the TSR was 5.12. This increased to 5.42 when the rotor was
positioned at 200mm above the bed. The optimal tip speed ratio of 5.5,
corresponding to the maximum of the power curve, occurred when the rotor was

at 180mm above the channel bed. The TSR further increased to 5.6, 5.67 and
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5.74 as the rotor was lowered to 160mm, 140mm and 120mm respectively.
Some variation in tip speed ratio could be attributed to the tip speed ratio being
calculated using the flow speed at the vertical centre of the turbine (as
explained in section 3.3.1). However, due to the velocity profile of the channel,
this would not account for all of the variation seen in figure 5.1. The change in
TSR can impact the wake downstream from the TST. Higher tip speed ratios
have been shown to lead to greater velocity deficit in the wake of wind turbines
(Parker and Leftwich, 2016). The wake recovery is dependent upon the TSR as
the power extracted from the flow by the TST is a function of the TSR (Whelan
et al., 2009; Chamorro et al., 2013), leading to an increase in wake length at
greater tip speed ratios (Chamorro et al., 2013). Wake expansion is also greater
with increasing tip speed ratio downstream from wind turbines (Grant et al.,
2000; Vermeer et al. 2003). However, as the overall difference in the tip speed
ratios during this study is minimal (x0.38), it is unlikely that the wake

downstream from the TST will be significantly affected.

300
250
200

150

Height of Rotor Above Bed (mm)

100
4.8 5 5.2 5.4 5.6 5.8 6 6.2

Tip Speed Ratio

Figure 5.1: Tip speed ratios for the rotor at various heights above the channel
bed, derived by using the average velocity across the entire rotor diameter. The
optimal TSR of 5.5 (representing the maximum for the power curve) is also

shown by the vertical dashed line.
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Results are presented for the stream-wise (u), vertical (w) and cross-stream (v)
velocity components for rotor heights of 300mm, 200mm, 180mm, 160mm,
140mm and 120mm above the bed, as well as the standard deviation of the
stream-wise, vertical and cross-stream components. Results are also presented
for the bed shear stress, using turbulent kinetic energy (TKE) of the flow (see
equation 11) and the Reynolds shear stress (see equation 9), which can be
used as a method of estimating shear stress (Biron et al., 2004; Pope et al.,

2006). The turbulence intensity (u'/U,) is also presented, along with the

normalised shear velocity. The normalised shear velocity is:
U, /U Equation 14

where u, represents the shear velocity with the rotor present, and u,,
represents the shear velocity of the plain channel. An asymmetry measure for

the stream-wise velocity is also given. This is derived from:

Utz

Equation 15
U—z

where u,,and u_, represent the stream-wise velocities above and below the

rotor respectively.

The stream-wise velocity will be used to identify the wake extent and
asymmetry based on the velocity deficit. Cross-stream and vertical velocities
will be used to understand wake interaction with the surrounding flow and the
internal wake structure. The turbulence intensities and estimators of shear
stress will be used to identify the turbulent structures and to understand wake

recovery.
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When the rotor was positioned at 300mm and 200mm above the channel bed,
data were collected for the full vertical height of the channel (3 rotor diameters).
When the rotor was positioned at 180mm to 120mm above the channel bed,
data were only collected at ~1.5 rotor diameters above the channel bed as this
area sufficiently captured the key dynamics of the wake flow field downstream

from the rotor.

5.3 Results

There is a clear symmetry in the stream-wise velocity of the wake of the TST
when the rotor is between 300mm and 180mm above the bed (figures 5.2 (a) to
5.2(c)). At these heights, the wake is well developed and characterised by a
zone of decreased flow velocity that extends beyond 5 rotor diameters
downstream and close to the rotor has a vertical width of approximately 1 rotor
diameter (figures 5.3 (a) and (b)). There is a clear separation between the wake
of the rotor and the flow above the channel bed. Close to the rotor (2 rotor
diameters downstream), the velocity at the vertical centre of the wake is ~18%
of the free-stream velocity (figure 5.3 (a)). The greatest velocity deficit at this
location occurs when the rotor is positioned at 300mm above the bed. Between
1 and 2 rotor diameters downstream, the flow recovery rate is similar at all rotor

heights.

The wake starts to become asymmetric as the rotor is lowered to 160mm
(figures 5.4 (a) to (d)). When the rotor is lowered to 160mm above the bed
(figure 5.2 (d)), the wake becomes slightly asymmetric from approximately 3
rotor diameters downstream (figure 5.3 (c)). At this downstream location, the

velocity deficit at the vertical centre of the wake is between ~35% and ~45% of
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the free-stream velocity, with the greatest deficit occurring when the rotor is

close to the channel bed.

The asymmetry in the wake at 140mm and 120mm above the bed is evident.
The wake is more inclined towards the channel bed. When the rotor is at
140mm above the bed, the downstream edge of the wake is approximately 0.2
rotor diameters closer to the bed than when the rotor is at 300mm above the
bed (figure 5.3 (d)), and at 5 rotor diameters downstream, the asymmetry
measure (figure 5.4 (d)) at the rotor blade tip increases from 1.13 when the rotor
is at 300mm above the bed to 1.34 when the rotor is 140mm above the bed.
When the rotor is at 140mm above the bed, the interaction between the wake
and the channel bed is clearly evident at approximately 3 rotor diameters
downstream (figures 5.2 (e) and 5.2 (f)). When the rotor is lowered to 120mm
above the bed, the interaction is evident immediately downstream from the TST.
At both 140mm and 120mm above the bed, the asymmetry in the wake
becomes much more pronounced (asymmetry measure of 1.4 and 1.53 at
140mm and 120mm respectively (figure 5.4 (d)) with an inclination towards the
bed, as shown by the asymmetry measure values greater than 1. At this
downstream location, flow at the vertical centre of the wake has recovered to
between ~48% and ~58% of the free-stream velocity, with the fastest recovery

occurring in the higher rotor positions.
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Figure 5.2: Flow structure maps for the stream-wise velocity component for the rotor positioned at (a) 300mm above the bed and (b)

200mm above the bed. Flow direction is from right to left. Scales on the axes are normalised to rotor diameters (200mm). Areas
covered by diagonal shading indicate areas where no data could be collected.
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Figure 5.2: Flow structure maps for the stream-wise velocity component for the rotor positioned at (c) 180mm above the bed (d)

160mm above the bed. Flow direction is from right to left. Scales on the axes are normalised to rotor diameters (200mm). Areas

covered by diagonal shading indicate areas where no data could be collected.
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Figure 5.3: Velocity deficit profiles for the rotor positioned at 120mm, 140mm, 160mm, 180mm, 200mm and 300mm above the channel
bed at (a) 2 rotor diameters downstream from the turbine (b) 3 rotor diameters downstream from the turbine. Scales on the y-axes are

normalised to rotor diameters (200mm).
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Figure 5.3: Velocity deficit profiles for the rotor positioned at 120mm, 140mm, 160mm, 180mm, 200mm and 300mm above the channel
bed at (c) 4 rotor diameters downstream from the turbine and (d) 5 rotor diameters downstream from the turbine. Scales on the y-axes

are normalised to rotor diameters (200mm).
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There is a similar pattern in the vertical velocity (w) at all rotor heights (figures
5.5 (a) to 5.5 (f)). Immediately beneath the rotor, there is an area of downwelling,
which extends from the rotor tip to approximately one rotor diameter
downstream. This area of downwelling decreases in size and extent as the rotor
is positioned closer to the bed. Immediately behind the rotor is an area of
upwelling. Further downstream, there is upwelling below the TST wake and
downwelling above the TST wake. The area of upwelling is approximately two
rotor diameters in height when the rotor is positioned at 300mm above the bed
(figure 5.5 (a@)), and decreases in size down to approximately 0.25 rotor
diameters in height as the rotor is lowered. The extent of the upwelling is
greatest when the rotor is furthest from the bed, and decreases as the rotor is
positioned closer to the bed. When the rotor is positioned at 300mm above the
bed, this area of upwelling occupies approximately 31% of the total measured
flow area, and when the rotor is positioned at 120mm above the bed (figure 5.5
(), this area of upwelling occupies approximately 15% of the total measured

flow area.

There are significant areas of strong positive cross-stream flow (v) at the upper
and lower boundaries of the wake close to the rotor (shown in figures 5.6 (a) to
(f)). Within the central area of the wake, there is an area of negative cross-
stream flow, with an area of positive cross-stream flow that develops in the
centre of the wake at approximately 3 rotor diameters downstream. This area of
positive cross-stream flow is greatest in magnitude and size when the rotor is
positioned at 300mm and 120mm above the channel bed (figures 5.6 (a) and
(f)). At these rotor heights, the area of positive cross-stream flow has a
maximum height of approximately 0.5 rotor diameters. Beneath the wake, there

is an area of negative cross-stream flow. There appears to be no discernible
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impact on the magnitude of the cross-stream flow as a result of lowering the
rotor closer to the bed. However, the size of the areas of strong negative cross-
stream flow within the centre of the wake and below the wake, as well as the
positive cross-stream flow at the upper and lower boundaries of the wake is
significantly reduced when the rotor is closer to the bed. The area of negative
cross-stream flow below the wake is most drastically reduced in size as a result
of moving the rotor closer to the bed. When the rotor is positioned at 120mm
above the bed, this area of negative cross-stream flow is almost negligible,
accounting for less than 1% of the total measured flow area. When the rotor is
positioned at 300mm above the bed, this area of negative cross-stream flow

accounts for approximately 28% of the total measured flow area.
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There are two distinct areas of increased standard deviation of the stream-wise

velocity (u) and turbulence intensity (u'/U,) downstream of the rotor that are

aligned with the tips of the rotor blades (0.5D above and below the rotor
centreline) (shown in figures 5.7 (a) to (f) and 5.8 (a) to (d) respectively). As the
rotor is lowered closer to the bed, particularly beyond 180mm, the lower of
these two regions becomes less pronounced. There is reduced turbulence in
line with the lower blade tips when the rotor is positioned closer to the channel
bed. When the rotor is positioned at 140mm and 120mm above the channel bed,

there is a clear interaction between the wake of the rotor and the channel bed.

When the rotor is positioned at 300mm (figure 5.9 (a)) and 200mm (figure 5.9
(b)) above the bed, there is an area of increased standard deviation of the
vertical velocity (w') beneath and downstream of the rotor, particularly within the
extents of the blade tips, with decreases in the standard deviation of the vertical
velocity outside of the main wake area. The increase in the standard deviation
of the vertical velocity continues downstream of the rotor (as shown in figures
5.10 (a) to (d)) in a clearly defined zone that is evidently separate from the
channel bed. When the rotor is lowered, there is still an area of increased
vertical turbulence, but it is less pronounced than when the rotor is positioned at
300mm and 200mm above the channel bed. As the rotor is lowered, the upper
half of the wake has a much greater increase in the standard deviation of the
vertical velocity than the lower half of the wake (as shown in figures 5.9 (c) to (f)

and 5.10 (a) to (d)).

There is a distinct area of increased standard deviation in the cross-stream flow
(v') aligned with the upper and lower blade tips (figures 5.11 (a) to (f)). In this

region, the standard deviation of the cross-stream flow is approximately three
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times greater than that of the free-stream flow. When the rotor is positioned at
300mm (figure 5.11 (a)) and 200mm (figure 5.11 (b)) above the bed, there is an
obvious zone of minimal standard deviation in the cross-stream velocity below
the rotor and wake. When the rotor is lowered closer to the bed (figures 5.11 (c)
to (f)), there is an obvious convergence between the flow in the wake of the
turbine and the channel bed, with no clear separation zone or boundary. At
these lower rotor positions, the standard deviation in the cross-stream velocity
is greater on the upper side of the separation zone compared to the lower side

of the separation zone.
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above the bed (d) 160mm above the bed. Flow direction is from right to left. Scales on the axes are normalised to rotor diameters

(200mm). Areas covered by diagonal shading indicate areas where no data could be collected.
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Figure 5.9: Flow structure maps for the standard deviation of the vertical velocity component for the rotor positioned at (a) 300mm

above the bed (b) 200mm above the bed. Flow direction is from right to left. Scales on the axes are normalised to rotor diameters

(200mm). Areas covered by diagonal shading indicate areas where no data could be collected.
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Figure 5.9: Flow structure maps for the standard deviation of the vertical velocity component for the rotor positioned at (c) 180mm

above the bed (d) 160mm above the bed. Flow direction is from right to left. Scales on the axes are normalised to rotor diameters

(200mm). Areas covered by diagonal shading indicate areas where no data could be collected.
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There is a noticeable increase in the turbulent kinetic energy (k) immediately
downstream from the rotor, particularly in line with the blade tips (0.5D above
and below the rotor centreline), as shown in figures 5.12 (a) to 5.12 (f) and
figures 5.13 (a) to 5.13 (d). The turbulent kinetic energy is greatest when the
rotor is at 300mm from the bed. At this rotor height, there are two symmetrical
separate regions of increased magnitude of k which develop at ~2 rotor
diameters downstream. The turbulent kinetic energy is greatest at 3 rotor
diameters downstream from the turbine. At this location, the turbulent kinetic
energy at the blade tips when the rotor was positioned at 300mm was ~59%
greater than k at the centre of the turbine. These narrow regions of increased k
grow in extent as distance downstream increases. The regions appear to merge
at ~3.75 rotor diameters downstream from the turbine. As the rotor is lowered
closer to the bed, the turbulent kinetic energy becomes more asymmetric and
the lower of the two regions has a smaller increase in k compared to the upper

region.

Immediately above the bed in the area upstream of the rotor, k decreases with
increasing proximity to the rotor. There is a noticeable decrease in k in the
immediate vicinity of the rotor, and then a noticeable increase downstream of
the rotor. The turbulent kinetic energy continues to increase downstream. This
pattern is true for all of the rotor heights. However, the greatest increase in k

occurs when the rotor is closest to the bed (120mm) (figure 5.14).
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Figure 5.12: Flow structure maps for the turbulent kinetic energy (k) for the rotor positioned at (a) 300mm above the bed and (b)
200mm above the bed. Flow direction is from right to left. Scales on the axes are normalised to rotor diameters (200mm). Areas
covered by diagonal shading indicate areas where no data could be collected.
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Figure 5.12: Flow structure maps for the turbulent kinetic energy (k) for the rotor positioned at (c) 180mm above the bed (d)
160mm above the bed. Flow direction is from right to left. Scales on the axes are normalised to rotor diameters (200mm).

Areas covered by diagonal shading indicate areas where no data could be collected.
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The general patterns seen in the Reynolds shear stress (u'w') flow maps
(figures 5.15 (a) to (f)) and vertical profiles (figures 5.16 (a) to (d)) are similar to
those in the TKE profiles (figures 5.12 (a) to 5.12(f) and figures 5.13 (a) to
5.13(d)). When the rotor is positioned at 300mm above the bed, the Reynolds
shear stress is greatest in line with the rotor tips (figure 5.15 (a)). These zones
of increased Reynolds shear stress become larger and they begin to merge
further downstream, as shown in figure 5.15 (a) and figures 5.16 (b) to 5.16 (d).
The point at which the zones of increased Reynolds shear stress merge
downstream is at the same point where the zones of increased TKE merge. The
greatest Reynolds shear stress occurs at 4 rotor diameters downstream when
the turbine is located at 300mm above the channel bed. At this location, the
Reynolds shear stress at the blade tips was ~74% greater than the Reynolds
shear stress at the centre of the turbine. When the rotor is lowered to 200mm
above the bed, the Reynolds shear stress is greatest in line with the upper
blade tip, and significantly lower in line with the lower blade tip. This disparity
increases as the rotor gets closer to the bed and this region of increased
Reynolds shear stress in line with the lower blade tip diminishes significantly,

particularly from ~2 rotor diameters downstream from the TST.

The exact entrainment and shear velocity threshold were not directly measured
in the experiments described herein (as detailed in section 3.2). However, it is
known that this threshold was not reached under plain channel conditions.
Therefore, the plain channel conditions are used to normalise the shear velocity
and represent a threshold that can be exceeded due to the presence of the tidal
steam turbine. The normalised shear velocity of the plain channel is 1 (indicated
by the dashed black line on figure 5.17). There is a significant effect on the

normalised shear velocity due to the presence of the rotor. Immediately
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downstream of the rotor, the normalised shear velocity is increased, with the
greatest increase occurring when the rotor is positioned at 120mm above the
bed. However, further downstream, the normalised shear velocity is reduced

compared to when the rotor is further from the channel bed (figure 5.17).

The normalised shear velocity of the plain channel is exceeded at all rotor
heights up to ~2.5 rotor diameters downstream. Further downstream, the
normalised shear velocity does not exceed 1 when the rotor is positioned at
120mm and 140mm above the channel bed. At rotor heights between 160mm
and 300mm, the normalised shear velocity exceeds 1 until approximately 3.75

rotor diameters downstream.
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Figure 5.15: Flow structure maps for the Reynolds shear stress (u'w') for the rotor positioned at (a) 300mm above the bed and (b) 200mm
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Figure 5.15: Flow structure maps for the Reynolds shear stress (u'w') for the rotor positioned at (c) 180mm above the bed (d) 160mm
above the bed. Flow direction is from right to left. Scales on the axes are normalised to rotor diameters (200mm). Areas covered by
diagonal shading indicate areas where no data could be collected.
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5.4 Discussion

Significant differences can be seen in the flow in the wake of a TST and within
the Reynolds shear stress, bed shear stress and turbulence patterns
downstream from a TST as a result of changing the proximity of the TST to the
channel bed. As the rotor is lowered closer to the bed, the vertical expansion of
the wake is restricted. Lowering the rotor leads to an increase in the wake
length, as shown in figures 5.2 (a) to 5.2 (f), and therefore a prolonged effect on
the mean flow field and turbulence structure downstream from the rotor. The
longer wake length is linked to a decrease in downwelling when the rotor is
closer to the bed, as shown in figures 5.5 (a) to 5.5 (f). The flow around the
wake is more restricted as there is less free-stream flow beneath the wake, and
therefore less free-stream flow is brought into the wake to aid with wake

recovery.

Previous research in the field identified similar results to those observed herein.
Myers and Bahaj (2010) observed a greater wake velocity deficit when the
device was closer to the bed, with a greater wake length as a result of slower
wake recovery. This change in flow recovery rate is linked to a decrease in
shear stress and an increase in free-stream velocity further from the channel
bed (Bahaj et al. 2007c), as seen in the plain channel profile in figure 3.6. The
results in Myers and Bahaj (2010) agree that as distance from the bed
increases, the turbulent kinetic energy in the wake area is greater than the free-
stream levels, which aids with mixing the free-stream fluid into the wake, and
therefore aiding wake recovery by reducing the velocity deficit within the wake.
When the rotor is closer to the bed, the increased turbulence in the upper half of
the wake does allow wake recovery to occur due to a higher energy influx from

the top of the wake, albeit at a slower rate than if it was occurring at equal rates
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both above and below the wake, as is the case when the rotor is further from
the channel bed (Chamorro et al., 2013). The increased turbulence intensity
when the rotor is further from the channel bed aids with wake recovery by
increasing mixing of the faster moving free-stream fluid with the slower moving
flow in the wake. The maximum turbulence intensity is observed at two rotor
diameters downstream from the turbine, which is similar to the results presented
by Stallard et al. (2015), as shown in figure 5.18. The wake width can be
defined by the maximum turbulence intensity. Therefore, as seen in figures 5.8
(@) to 5.8 (d), the wake width is approximately one rotor diameter in the

experiments described herein.
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Figure 5.18: Vertical profiles of turbulence intensity at X = 1.5D (@), 2D (O), 4D
(+), 6D (x), 8D (4) and 12D (*). Curves indicate trend only (Stallard et al., 2015,
pp. 245).
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There is a noticeable and enhanced asymmetry of the TST wake as a result of
moving the rotor closer to the channel bed. This vertical asymmetry starts to
become apparent when the rotor is positioned at 140mm above the channel bed
(asymmetry measure of ~1.4), but becomes much more noticeable when the
rotor is lowered to 120mm above the bed. When the rotor is at 120mm above
the channel bed, the wake has a greater stream-wise velocity in the lower half
of the wake close to the rotor (asymmetry measure of ~0.8), but further
downstream the wake becomes more asymmetric with a greater velocity deficit
close to the bed (asymmetry measure of ~1.7), and therefore a greater stream-
wise velocity in the upper half of the wake. The asymmetry leads to a greater
interaction between the wake and the channel bed, which has an impact upon
the interactions between the rotor and the bed sediment. The asymmetry seen
at these rotor heights can be explained by the close proximity of the rotor to the
bounding surface of the channel bed. The close proximity leads to
disproportionate amounts of flow passing above and below the rotor, with more
flow passing above the rotor than below (Bahaj et al., 2007c; Myers and Bahaj,

2010, Stallard et al., 2013).

The wake asymmetry could also be attributed to the turbulent mixing, as
indicated by the turbulent kinetic energy, Reynolds shear stress and turbulence
intensity. When the rotor is far from the bed, turbulent mixing is greater, and
equal both at the top and bottom of the wake area. When the rotor is positioned
closer to the bed, the turbulent mixing is greatest in the top of the wake area.
This reduction in turbulent mixing in the lower half of the wake slows down wake
recovery, and therefore leads to an asymmetric wake, where the velocities are
slower in the area of the wake that is closest to the channel bed. The turbulence

appears to be related to the high levels of standard deviation of the cross-
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stream flow. Previous research in the field which used mesh actuator disks to
simulate a tidal stream turbine identified similar wake characteristics as those
observed in the results presented herein, and determined that the actuator disk
acted as a submerged flow obstruction when located close to the channel bed
(Bahaj et al., 2007c; Myers and Bahaj, 2010). Churchfield et al. (2013). They
attributed the vertical asymmetry in the turbine wake to the vertical shear in the
mean flow. Research by Stallard et al. (2013) indicated that a rotor placed at
mid-depth leads to asymmetry immediately downstream of the rotor, with the
wake becoming more symmetric further downstream. A similar observation can
be seen in figure 5.3 (a) which shows a slight initial asymmetry when the rotor is
positioned at 300mm above the bed. This asymmetry is not present at 5D

downstream (figure 5.3 (d)).

Studies have indicated that rotors can increase the shear stress on the sea bed,
as well as generate sea bed erosion and scour (e.g. Vybulkova et al., 2013; Hill
et al., 2014; Mdller et al., 2016). Moller et al. (2016) carried out experiments in
order to quantify the bed shear stress changes as a result of moving the rotor
closer towards the bounding surface. It was identified that there was a 22%
increase in bed shear stress compared to the free-stream when the rotor was
positioned at 0.65D above the channel bed compared to at 1D above the
channel bed (figure 5.19). In the case of the study described herein, this would

correspond to rotor heights of 200mm and 130mm above the channel bed.

The results observed by Moller et al. (2016) can be compared to the results
presented in figure 5.17 at rotor heights of 200mm and 120mm above the
channel bed. Mdller et al. (2016) observed a significant increase in the

normalised friction velocity in the immediate vicinity of the rotor when the rotor
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was positioned close to the channel bed, but not when the rotor was positioned
further from the bed. In the results presented herein, the increase in the
normalised friction velocity in the immediate vicinity of the rotor was observed.
However, it was observed for all rotor heights, rather than just one. The
decrease in the normalised friction velocity further downstream, as observed by
Moller et al. (2016), was also observed in the results presented herein. Whilst
there are similarities in the results presented herein to those in Mdller et al.
(2016), there are also significant differences. For example, Mdller et al. (2016)
observed that the normalised shear velocity for the lower of the two rotor
heights was significantly greater than the normalised shear velocity of the
higher rotor height to approximately 4.5 rotor diameters downstream. However,
in the results presented herein, after 2 rotor diameters downstream from the
turbine, the normalised shear velocity is greatest when the rotor is positioned
further from the channel bed (160mm-300mm). In the results presented herein,
it was observed that the normalised shear velocity was lower than that of the
plain channel (where the normalised shear velocity of the channel is 1) when

the rotor was positioned at 120mm and 140mm above the channel bed.

The results presented herein show that whilst the rotor height above the
channel bed does impact the wake, it is not necessarily the case that lowering
the rotor leads to an increase in shear velocity and bed shear stress. The
turbulence is therefore more important for understanding wake recovery and

vertical asymmetry than shear velocity.
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Figure 5.19: Normalized shear velocity (u./u.,) ) along the turbine axis at
Zhub=1.04 and znu=0.65 (Moller et al., 2016, pp. 528).

The bed shear stress is still an important observation as it is linked with bed
scour and sediment transport. When the TST was placed within close proximity
to the channel bed (120mm), bed shear increased and bed scour and sediment
transport were observed downstream from the rotor, as shown in figure 5.20.
The scour was most prominent from approximately 2 rotor diameters
downstream from the turbine, and continued to the extent of the area of mobile
bed over which sediment transport could be observed. This corresponds to the
increase in turbulent kinetic energy from ~1.5 rotor diameters downstream
(figure 5.14). This also corresponds with the normalised shear velocity, which
decreases beyond ~1.5 rotor diameters downstream (figure 5.14). This
indicates that turbulent kinetic energy, which takes into account the velocity
fluctuations in all three directions (stream-wise, cross-stream and vertical)

provides a more accurate indicator of increased shear stress resulting in scour
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in the results presented herein, compared to the normalised shear velocity. The
general trends in the scour presented herein are in agreement with the findings
of Hill et al. (2014), who observed scour beneath and downstream from a tidal
stream turbine, as shown in figure 5.21. Scour and sediment transport were not
observed when the rotor was placed further away from the channel bed. It is
important to understand the possible scour which may occur as scour of the bed
can adversely impact the environment, including affecting benthic communities
and increasing the water turbidity (OSPAR Commission, 2008). The scour and
resulting deposition can occur at a considerable distance from the tidal stream
turbine (Roberts et al., 2016), so the environmental impact is not necessarily

limited to the immediate vicinity of the tidal turbine.

Figure 5.20: Image of scour in the mobile bed inset when the rotor was at
120mm above the bed. The actual extent and degree of the scour and sediment

transport were not quantified. Blue arrow shows flow direction.
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Figure 5.21: End topography from large-scale clear water experiments with the

fully operational turbine; flow is left to right (Hill et al., 2014, pp. 4).

5.5 Conclusions

Detailed flow maps of the stream-wise, vertical and cross-stream velocity
components, as well as the standard deviation of those velocity components
have been presented for 6 different rotor heights above the bed. The TKE (Kk),
an estimate of shear stress, turbulence intensity, normalised shear velocity and
the Reynolds shear stress (u'w') have also been presented. The results show
that the wake of the TST is significantly affected, in terms of velocity deficit,
turbulence and vertical wake symmetry, as a result of lowering the TST closer

to the channel bed.

The near bed turbulence increases significantly when the rotor is moved closer
to the bed, although the overall wake turbulence develops significant
asymmetry in the lower half of the wake. When the rotor is positioned at 120mm
above the channel bed, the near bed turbulent kinetic energy is 50% less than
the initial turbulent kinetic energy by 1 rotor diameter downstream compared to
immediately downstream from the turbine. By 4 rotor diameters downstream,

the near bed turbulent kinetic energy is 50% greater than immediately
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downstream from the turbine. However, when the rotor is positioned at 300mm
above the channel bed, the turbulent kinetic energy near the bed remains

relatively constant downstream.

The opposite pattern is true for the normalised shear velocity. Immediately
downstream of the rotor, there is a significant increase in the normalised shear
velocity. However, beyond 1.5 rotor diameters downstream, the normalised
shear velocity starts to decrease. The normalised shear velocity decreases
below that of the plain channel beyond 2.5 rotor diameters downstream. The
extent to which it decreases is greatest when the rotor is closer to the channel

bed.

The results presented indicate the importance of the vertical positioning of the
rotor within a tidal channel, and the impact that the vertical location of the TST
can have on the bed shear stress and seabed scouring. Due to tidal stream
turbines still being a relatively new technology, there is no standard agreed
vertical positioning of the turbine. Therefore, further research needs to be
undertaken to fully quantify the impacts of lowering the rotor on both the wake
downstream from the rotor, as well as near bed impacts, for developers to be
able to make an informed decision regarding the vertical positioning of tidal

stream turbines.
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Chapter 6

Wake Modification by Waves

How is the wake of a tidal stream turbine modified by waves?

This chapter presents the results of an experimental investigation to evaluate
how the presence of combined wave and current flow affects the development

of the flow field downstream from a tidal stream turbine (TST).

6.1 Introduction

Tidally-driven currents are often combined with waves, with significant temporal
and spatial variability in the flow forcings (Dalrymple and Choi, 2007). To
determine the potential impacts of waves on tidal stream turbines, it is important

to understand wave motion and linear wave theory.

6.1.1 Basic wave motion and theory

Ocean waves occur when the free surface of the water is disturbed by an
external force, most commonly wind. These waves then propagate due to the
fluid nature of water. The simplest form is that of a sinusoidal wave, as shown in

figure 6.1, and is used to define basic wave properties.

MWL denotes the mean water level. This can also be referred to as the still
water level (SWL), and is the average height of the water surface over a long
period of time. The tops of the waves are known as crests, conversely the low
points are known as troughs. The total vertical distance between a crest and
subsequent trough is known as the wave height (H). The amplitude (a)
represents the vertical height of the crest above the MWL. The water surface

elevation (n) is the vertical distance between a point on a single wave and the
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MWL. The wavelength (L) is the horizontal distance from any point on one wave
and the equivalent point on the next wave, for example, between two crests.
The wave period (T), is the length of time between consecutive wave crests as
they pass a fixed point, the inverse represents the wave frequency (f). The
waves propagate with a velocity, also known as celerity (C). Finally, the water

depth between the bed and the MWL is denoted by d (Williams, 2015).

t// & SN
J

L

Figure 6.1. Wave definition sketch based on a sinusoidal wave (Williams, 2015,

pg. 8).

When the wave height is small in comparison to both the wavelength and the
water depth, small amplitude wave theory (Airy, 1845) can be used to describe
this behaviour, assuming the following requirements are met: constant depth;
water is incompressible; water is inviscid; irrotational motion; and two

dimensional motion (Williams, 2015).

The theory is based on the linear theory for the propagation of waves on the
surface of a potential flow over a horizontal bottom. The surface elevation of the
waves can be described by a sinusoidal curve, and is a function of the
horizontal position (x) and of the time (t). This results in the surface elevation (n)

being expressed as:
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n = (x,t) = acos(k,x — wt) Equation 16

where k,, is the wave number, defined as the measurements of repeating units
of a propagating wave, and is related to the wave length (L) by k,, = 2n/L. w is

the angular frequency, and relates to the wave frequency (f) by w = 2xrf.
The relationship between k,, and w is represented by the dispersion relation:
w? = gk,, tanh(k,,d) Equation 17

When considering a wave field in the presence of a uniform stream-wise flow
velocity (U) representative of a tidal current flow, the time and length scales are
much larger for the current than those of the wave period and wavelength. This
allows kinematic properties of plane waves to be applied on uniform currents
(Williams, 2015). By applying a depth uniform current (U) and using a reference

frame moving with the current then:
w,? = (w? — kU) = gk,, tanh(k,,d) Equation 18

where wr is the relative frequency composed of the angular frequency and the
Doppler shift that the wave experiences on a mean flow. By applying this

method, the same value of k is generated as for no current.

6.1.2 Tidal stream turbines with wave-current flow

It has already been determined that the wake of a TST can be affected by the
flow speed and direction (Bahaj et al., 2007c; Umeyama et al., 2010) and
therefore the presence of waves in combination with a tidal current will most
likely impact the shape and extent of the wake. Wave-current interactions have
been studied to some extent (e.g. Wolf and Prandle, 1999; Umeyama et al.,
2010), and the impact of wave-current interactions on turbine performance,

including parameters such as power and thrust have also been previously
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studied (e.g. Gaurier et al., 2013; Jesus Henriques et al., 2015). However, there
has been limited physical modelling conducted to investigate in detail and in a
controlled manner, the impact of wave-current interactions on the flow field

around, and the downstream wake of, TST devices.

This chapter will examine the shape and length of a TST wake and explore how
the wake and flow recovery zone varies in the near field (up to 5 rotor diameters
downstream from the rotor tip) as the TST is subjected to waves and combined
wave and current flow. There is a lack of studies to date that assess the impact
of different flows using scaled rotors rather than actuator disks. As previously
mentioned, actuator disks fail in fully replicating the vortex shedding from the
blade tips or the swirl as a result of turbine rotation, which are particularly
important in the near wake (Batten et al., 2013). There is therefore a need to
experimentally investigate the impact of these various flow conditions using
scaled tidal stream turbines and to determine the implications for full scale,
operational turbines. The results and research presented within this chapter will
build upon those from Chapter 4 and Chapter 5 which examined wake

development and the interaction of the wake with the channel bed.

6.2 Methodology

This chapter will use experimental data collected during a series of experiments
in which a 0.2m diameter TST was subjected to various flow and wave
conditions, as described in chapter 3. The flow conditions which will be studied
in this chapter are: ii) 1Hz, 6cm waves with a unidirectional current, ii) 1Hz,
10cm waves with unidirectional current, iii) 1.5Hz, 10cm waves with

unidirectional current, and iv) unidirectional current-only (U,=0.32m/s). In order

to allow comparison with other studies and research, the relative depth,
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steepness and wavelength for each of the various flow conditions needs to be
determined. The relative depth is defined as d/A, and the steepness is H/A
where d is water depth, H is wave height and A is wavelength. For 1Hz, 6cm
waves with current, there was a relative depth condition of 0.241, a steepness
of 0.024 and a wavelength of 1.56m. For 1Hz, 10cm waves with current, there
was a relative depth condition of 0.38, a steepness of 0.064 and a wavelength
of 1.56m. For 1.5Hz, 10cm waves with current, there was a relative depth

condition of 0.19, a steepness of 0.03 and a wavelength of 0.7m.

Results are presented for the wave gauges to show the variation in wave height.
Results are also presented for the stream-wise (u), vertical (w) and cross-
stream (v) velocity components for the wave crest and wave troughs of three
different wave-current scenarios: 1Hz, 6cm, 1Hz, 10cm and 1.5Hz, 10cm. The
wave crests and wave troughs are extracted from the overall PIV data using
conditional sampling, as detailed in sections 3.5.2.3 and 3.6.2, such that the
flow map represents the majority of the flow field being under a wave crest or

trough, rather than when the wave crest or trough was at a single location.

Results are also presented for the ensemble average of these scenarios, as
well as the current only flow case. The ensemble average refers to the flow field
averaged across the entire measurement area and time (9 measurements
positions, with data collected for 107 seconds in each position), and includes
entire wave cycles, including wave troughs and crests. The shear stress is
represented using the turbulent kinetic energy (TKE) of the flow (see equation
11) and the Reynolds stress (see equation 9), which can be used as methods of
estimating shear stress (Biron et al., 2004; Pope et al., 2006). The turbulent

kinetic energy and Reynolds stress, as well as the turbulence intensity (u'/U,)
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and normalised shear velocity are presented for the ensemble average and the
wave crests and wave troughs. Under wave-current flow conditions they will
include wave induced kinematics, and are therefore expected to differ from that

of the current only flow.

The stream-wise velocity will be used to identify the wake extent and
asymmetry based on the velocity deficit. Cross-stream and vertical velocities
will be used to understand wake interaction with the surrounding flow and the
internal wake structure. The estimators of shear stress (turbulent kinetic energy
and Reynolds stress) will be used to identify the turbulent structures and to

understand wake recovery.

6.3 Results

Wave data were recorded on wave gauges situated at various stream-wise
locations within the channel (as described in Chapter 3). A subsample of the
data from two of these wave gauges are shown in figures 6.2 (a) to (c).
Upstream of the rotor, the waves are generated at regular intervals, and
maintain a relatively consistent wave height. Downstream of the rotor, the
waves are still regular, but their steadiness and height is affected by the

presence of the rotor.

Figures 6.3 (a) to (d) show the variation in the tidal stream turbine tip speed
ratio under the previously specified flow conditions. In all cases, the average tip
speed ratio is 5.12. However, there is greater variation in tip speed ratio under
wave-current flow conditions (figures 6.3 (b) to (d)) than under current only flow
conditions (figure 6.3 (a)). This variation in tip speed ratio is greatest under 1Hz,
10cm waves with current, where the variation led to the tip speed ratio nearly

doubling, but also led to the rotor stalling, as shown in figure 6.3 (c)). However,
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the stalling only accounted for 0.1% of the rotor revolutions. The greater range
in tip speed ratio occurring under a wave cycle for wave-current flow will result
in a greater range of thrust coefficient. As a result, the average thrust, and
therefore power generation, will differ compared to the steady flow (current only)

cases presented in chapters 4 and 5.

There is a clear difference in the stream-wise velocity (u) and the wake length
between the current-only flow regime (figure 6.4 (a)) and the simultaneous wave
and current conditions (figure 6.4 (b) to figure 6.4 (d)), although the vertical
extent (approximately 1 rotor diameter) remains similar in all flow cases. At 2
rotor diameters downstream from the turbine (figure 6.5 (a)), the velocity at the
vertical centre of the wake (in line with the centre of the rotor at y=~-2.15D) is
similar in all flow cases, and is approximately 20-30% of the free-stream velocity.
Between 3 and 4 rotor diameters downstream (figures 6.5 (b) and 6.5 (c)), the
flow recovery rate is significantly greater in the wave-current flow conditions
compared to the current only flow conditions. At 5 rotor diameters downstream
(figure 6.5 (d)), under wave-current flow conditions, the flow in the vertical
centre of the wake has mostly recovered, to approximately 85% of the free-
stream velocity. However, under current only flow conditions, there is still a

significant velocity deficit of approximately 60% of the free-stream velocity.
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Figure 6.2: Subsample of the wave gauge data showing the recorded

wave height for (a) 1Hz, 6cm waves with current (b) 1Hz, 10cm waves
with current (c) 1.5Hz, 10cm waves with current. Solid line shows wave
gauge data from ~3.5m upstream of rotor. Dashed line shows wave gauge

data from ~1.1m downstream from rotor.
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Figure 6.3: Subsample of the rotor data showing the recorded tip speed ratio of
the rotor for (a) current-only flow (b) 1Hz, 6cm waves with current (c) 1Hz, 10cm
waves with current (d) 1.5Hz, 10cm waves with current. The cross (X) indicates
rotor stalling.
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For the ensemble average of the stream-wise (u) velocity component for the
wave and current flow conditions, the wake length is shorter under all wave
heights and frequencies than under current only flow conditions (figures 6.4 (a)
to (d)). The velocity deficit is substantially lower under wave-current flow

conditions than current only conditions (figures 6.5 (a) to (d)).

Under the wave crest, the wake length is similar under 1Hz, 6cm waves with
current and 1.5Hz, 10cm waves with current. However, under 1Hz, 10cm waves
with current, the wake is longer (figures 6.6 (a) to (c)). The velocity within the
wake is similar under 1Hz, 6cm waves with current and 1.5Hz, 10cm waves with
current up to 4 rotor diameters downstream. The velocity within the wake under
these two wave conditions is substantially lower than the velocity within the

wake under 1Hz, 10cm waves with current (figures 6.7 (a) to (d)).

Under the wave trough, the wake length is shorter under 1.5Hz, 10cm waves
with current compared to 1Hz, 6cm waves with current and 1Hz, 10cm waves
with current, where the wake length is similar under both flow conditions (figures
6.8 (a) to (c)). Up to 4 rotor diameters downstream, the velocity within the wake
is lowest under 1Hz, 10cm waves with current, and greatest under 1Hz, 6cm
waves with current. However, by 5 rotor diameters downstream, the velocity
within the wake is lowest under 1Hz, 6cm waves with current and greatest

under 1Hz, 10cm waves with current (figures 6.9 (a) to (d)).

In all cases, there is an area of downwelling immediately beneath the rotor, and
upwelling further downstream below the turbine wake. Under current only
conditions (figure 6.10 (a)), above the wake is predominantly downwelling, with
areas of upwelling close to the turbine support structure. Under wave-current

flow conditions (figures 6.10 (b) to (d)), zone above the wake are predominantly
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upwelling, with an area of downwelling in line with the rotor hub. However, when
the wave size is increased to 10cm (figure 6.10 (c)), the area of upwelling above
the wake significantly increases by extending further downstream. Increasing
the frequency of the waves to 1.5Hz (figure 6.10 (d)) further increases the size
of this area of upwelling, and there is very little downwelling present other than

directly beneath the rotor.

Under current only flow conditions (figure 6.11 (a)), there is a significant area of
strong positive cross-stream flow immediately beneath the rotor, which extends
beyond 3D downstream, and approximately 0.3D vertically. There is an area of
negative cross-stream flow immediately behind the rotor hub. Under wave-
current flow conditions (figures 6.11 (b) to (d)), the area of positive cross-stream
flow immediately beneath the tidal stream turbine is significantly smaller,

extending less than 0.5D downstream, and 0.1D vertically.

There is stronger negative cross-stream flow in this region immediately beneath
the turbine. Immediately downstream of the turbine, an area of negative cross-
stream flow, seen in the current only flow conditions, is not present under the
wave-current flow conditions. Further downstream there is a similar pattern to
the cross-stream flow under all the wave-current flow conditions. Beneath the
wake, there is strong negative cross-stream flow and above the wake, there is
strong positive cross-streamflow. There appears to be little change in the
magnitude of the cross-stream velocities as either the wave height or wave

frequency increase.
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Figure 6.4: Flow structure maps for the stream-wise velocity component for (a) current-only conditions (b) 1Hz, 6cm waves with current

-3 -3.

(ensemble average) Flow direction is from right to left. Scales on the axes are normalised to rotor diameters (200mm). Areas covered by

diagonal shading indicate areas where no data could be collected.
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Figure 6.4: Flow structure maps for the stream-wise velocity component for (c) 1Hz, 10cm waves with current (ensemble average) (d)

1.5Hz, 10cm waves with current (ensemble average). Flow direction is from right to left. Scales on the axes are normalised to rotor
diameters (200mm). Areas covered by diagonal shading indicate areas where no data could be collected.
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current and current only flow conditions at (a) 2 rotor diameters downstream from the turbine (b) 3 rotor diameters downstream

from the turbine. Scales on the y-axes are normalised to rotor diameters (200mm).
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Figure 6.5: Velocity deficit profiles under 1Hz, 6cm waves with current, 1Hz, 10cm waves with current, 1.5Hz, 10cm waves with
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from the turbine. Scales on the y-axes are normalised to rotor diameters (200mm).
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Figure 6.6: Flow structure maps for the stream-wise velocity component for the crest only of (c) 1.5Hz, 10cm waves with current.
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Figure 6.7: Wake deficit charts showing the velocity in the turbine wake under wave crests as a percentage of the free-stream

velocity under 1Hz, 6cm waves with current, 1Hz, 10cm waves with current and 1.5Hz, 10cm waves with current at (a) 2 rotor

diameters downstream from the turbine (b) 3 rotor diameters downstream from the turbine. Scales on the y-axes are normalised

to rotor diameters (200mm).
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Figure 6.9: Wake deficit charts showing the velocity in the turbine wake under wave troughs as a percentage of the free-stream
velocity under 1Hz, 6cm waves with current, 1Hz, 10cm waves with current and 1.5Hz, 10cm waves with current at (c) 4 rotor

diameters downstream from the turbine and (d) 5 rotor diameters downstream from the turbine. Scales on the y-axes are normalised

to rotor diameters (200mm).
179



o
R TN -— — -
(a) :
0.5 —
-1 —]
O -1. s
=
N
s T
-5 —
-=3 L] T L T T
-s —a.s -a -3.5 -3 2.5 -=
>
x/D
CH =
- .5 —
—1 —
1 =]
a
N
=
_2_5—
-3 T T T T T T
-= —a.s —a -3.s = =2.s =
x/D

Figure 6.10: Flow structure maps for the vertical velocity component for (a) current-only conditions (b) 1Hz, 6cm waves with current
(ensemble average). Flow direction is from right to left. Scales on the axes are normalised to rotor diameters (200mm). Areas

covered by diagonal shading indicate areas where no data could be collected.

180



© T

z/D

-1.5— = 0.04

=

-5

-= -4.S -4 -3.5 -3 2.5 —-= -1.5

x/D
o B2

-0 .5 —]

—t S —

z/ID

—_—

-0.072
-0.08

ms1

.S

-= T T T T T T T
-S -a4.s -4 -3.5 -3 2.5 -=2 -1.5

x/D
Figure 6.10: Flow structure maps for the vertical velocity component for (c) 1Hz, 10cm waves with current (ensemble average) (d)

1.5Hz, 10cm waves with current (ensemble average). Flow direction is from right to left. Scales on the axes are normalised to rotor

diameters (200mm). Areas covered by diagonal shading indicate areas where no data could be collected.

181



B e - > E= T— e 0.1 1
(@)

0.1
0.09
0.08
0.07
0.06

~0.05
0.04
0.03
0.02
0.01
= -5 -3 .5 -1 -3.5 -3 —2'_5 -= -1.5 —!l —OI.5 0
= 3D -0.01
-0.02
. 003
-0.04
-0.05
-0.06
-0.07
-0.08
-0.09
-0.1
-0.11

ms1

x\

-5 —

0

=

-5

-3

3, T T T T T T
-5 > 3 -3 2.5 -2 -1.5 -1 -O.S o

x/D
Figure 6.11: Flow structure maps for the cross-stream velocity component for (a) current-only conditions (b) 1Hz, 6cm waves with

current (ensemble average). Flow direction is from right to left. Scales on the axes are normalised to rotor diameters (200mm).
Areas covered by diagonal shading indicate areas where no data could be collected.

182



0.11
0.1

0.09
0.08
0.07
0.06
0.05
10.04
0.03
0.02

, - 0.01
-5 —a.s -a -3.5 -3 =5

0
x/D -0.01
(o]

-0.02
. -0.03
-0.04
-0.05
-0.06
-0.07
-0.08
-0.09
-0.1
-0.11

ms1

©

-2

x/D

Figure 6.11: Flow structure maps for the cross-stream velocity component for (¢) 1Hz, 10cm waves with current (ensemble average)
(d) 1.5Hz, 10cm waves with current (ensemble average). Flow direction is from right to left. Scales on the axes are normalised to
rotor diameters (200mm). Areas covered by diagonal shading indicate areas where no data could be collected.

183



Under all flow conditions, there is a significant increase in the turbulent
kinetic energy (k) and Reynolds stress (u'w’) in the wake of the TST. For the
ensemble average of the flow conditions, the magnitude of the turbulent
kinetic energy and Reynolds stress are greatest under 1Hz, 10cm waves
with current when compared to current-only flow conditions, the 1Hz, 6cm
waves with current conditions and 1.5Hz, 10cm waves with current
conditions (figures 6.12 (a) to (d), 6.13 and 6.14 (a) to (d)). However, when
the crest and trough are separated, the turbulent kinetic energy under 1Hz,
10cm waves with current is lower than the turbulent kinetic energy for the
1Hz, 6cm waves with current and 1.5Hz, 10cm waves with current (figure
6.15). Overall, the turbulent kinetic energy is greatest under wave crests than
wave troughs. A large portion of the increase in turbulent kinetic energy seen
under the waves with current flow conditions can be attributed to the

presence of the waves, and the wave induced kinematics.

Under current-only flow conditions, the increase in the magnitude of the
turbulent kinetic energy and the Reynolds stress is concentrated around the
wake circumference, in-line with the rotor blade tips. Under wave-current flow
conditions, the entire flow area has a significant increase in turbulent kinetic
energy and Reynolds stress. When looking at the ensemble average of the
flow conditions, the greatest increase in the turbulent kinetic energy occurs at
around 2 rotor diameters downstream from the tidal turbine (figure 6.13). The
greatest increases in the turbulent kinetic energy and Reynolds stress occur
in the upper area of the flow close to the water surface (figures 6.12 (a) to
(d)). The increase in the magnitude of the turbulent kinetic energy close to

the water surface is greatest under 1Hz, 10cm waves with current (figure

184



6.12 (c)). The increase in the magnitude of the Reynolds stress close to the
water surface is greatest under 1Hz, 10cm waves with current (figure 6.14 (c))

and 1.5Hz, 10cm waves with current (figure 6.14 (d)).

Comparing the turbulent kinetic energy and Reynolds stress for all of the
wave-current flow conditions shows that increasing the frequency (figures
6.12 (d) and 6.14 (d)) leads to a lesser increase in the magnitude of the
turbulent kinetic energy downstream from the rotor compared to the lower

frequency waves (figures 6.12 (b), 6.12 (c), 6.14 (b) and 6.14 (c)).

The turbulence intensity (u'/U,) for the previously specified flow conditions is

shown in figures 6.16 (a) to 6.16 (d). Overall, the turbulence intensity is
higher under wave-current flow conditions than under current-only flow
conditions, particularly just downstream from the rotor. At 2 rotor diameters
downstream (figure 6.16 (a)), there are two distinct areas of increased
turbulence intensity downstream of the rotor that are aligned with the tips of
the rotor blades under all flow conditions. Further downstream, these areas
of increased turbulence intensity are still present, but are much less
pronounced. Beyond 4 rotor diameters downstream (figure 6.16 (c)), the
difference in turbulence intensity between wave-current flow conditions and
current-only flow conditions lessens. At all locations downstream, the

turbulence intensity is greatest under 1Hz, 10cm waves with current.
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Figure 6.12: Flow structure maps for the turbulent kinetic energy for (a) current-only conditions (b) 1Hz, 6cm waves with current
(ensemble average). Flow direction is from right to left. Scales on the axes are normalised to rotor diameters (200mm). Areas
covered by diagonal shading indicate areas where no data could be collected.
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Figure 6.12: Flow structure maps for the turbulent kinetic energy for (c) 1Hz, 10cm waves with current (ensemble average) (d)
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Figure 6.14: Flow structure maps for the Reynolds stress (u'w') (c) 1Hz, 10cm waves with current (ensemble average) (d) 1.5Hz,
10cm waves with current (ensemble average). Flow direction is from right to left. Scales on the axes are normalised to rotor

diameters (200mm). Areas covered by diagonal shading indicate areas where no data could be collected.
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The normalised shear velocity is presented in figures 6.17 and 6.18. Overall,
there is an increase in the normalised shear velocity immediately
downstream of the tidal stream turbine, with the greatest increase under
current only flow conditions compared to the ensemble average for the wave-
current flow conditions (figure 6.17). The normalised shear velocity for the

ensemble average flow conditions reduces further downstream (figure 6.17).

Overall, the normalised shear velocity under the wave crests and wave
troughs increases immediately downstream from the tidal stream turbine,
and reduces further downstream (figure 6.18), as seen in the ensemble
average of the wave-current flow conditions and current only flow conditions
(figure 6.17). The normalised shear velocity is greatest under the wave crest
than the wave trough immediately downstream from the rotor, except under
1Hz, 6cm waves with current (figure 6.18). There is a greater fluctuation in
the normalised shear velocity under the wave crests and wave troughs than
in the ensemble average of the wave-current flow conditions. However, this
could be a function of the analysis method which separates the wave crests
and wave troughs, and therefore differs from the ensemble average as wave
crests and wave troughs only take into account a subset of the collected PIV

data.
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Figure 6.16: Charts showing the vertical profile of the turbulence intensity (u'/U,) under current only, 1Hz, 6cm waves with

current, 1Hz, 10cm waves with current and 1.5Hz, 10cm waves with current at (a) 2 rotor diameters downstream from the turbine

(b) 3 rotor diameters downstream from the turbine. Scales on the y-axes are normalised to rotor diameters (200mm).
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Figure 6.17: Normalised shear velocity (u./u.q) for current only flow, and the ensemble average of 1Hz, 6cm waves with current, 1Hz,
10cm waves with current and 1.5Hz, 10cm waves with current. Coloured points: Original data points. Solid coloured line: Moving average
trend line. Dashed black line: incoming flow normalised shear velocity. Flow direction is from right to left. Scale on the horizontal axis is
normalised to rotor diameters (200mm). Rotor is positioned immediately upstream of x=0. The shear velocity is measured in the
measurement cell closest to the channel bed.
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measured in the measurement cell closest to the channel bed.
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6.4 Discussion

The results above highlight significant differences in the wake structure and
dynamics, the bed shear stress and turbulence flow properties in the lee of a
TST between current only flow conditions and wave-current flow conditions. The
overall wake structure seen in the results of this research are consistent with
those presented in previous research. The velocity deficit is greatest closest to
the tidal stream turbine in all flow conditions, and reduces downstream, but the
deficit is much greater under current only flow conditions compared to the wave-
current flow conditions. The results presented by Stallard et al. (2013) and
Stallard et al. (2015) (figure 6.19) also show that the greatest velocity deficit
occurs close to the TST, and the velocity deficit reduces as the wake
downstream expands. Full flow recovery does not occur in the measurement
area of the results presented herein. This is consistent with previous work that
has shown that full flow recovery is expected to occur beyond 20 rotor

diameters downstream (Stallard et al., 2013).

Previous research examining the effect of wave-current interactions on the near
wake of tidal stream turbines (e.g. Stallard et al., 2013; Jesus Henriques et al.,
2015) produced results which are in agreement with those presented in this
paper. Jesus Henriques et al. (2015) identified that there is a significantly lower
stream-wise velocity deficit under wave-current flow than under current-only
flow conditions. Jesus Henriques et al. (2015) also determined that the wave-
induced velocities in the wave-current flow conditions enhance the mixing
between the flow in the turbine wake and the free-stream flow. This increases
the downstream velocity recovery, and therefore shortens the wake under
wave-current conditions compared to current only flow conditions. This is in

agreement with the findings of the research presented herein. The ensemble
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average results for the wave-current flow conditions (figures 6.4(a) to (d)) show
that the wake length is significantly shorter under wave-current flow than current

only flow conditions.
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Figure 6.19: Vertical profiles of velocity deficit at X = 1.5D (@), 2D (O), 4D (+),
6D (x), 8D (A) and 12D (). Curves indicate trend only (Stallard et al., 2015, pp.
245).

Across the conditions examined, the results indicate a number of differences in
the stream-wise and cross-stream velocities because of altering the wave
height or frequency. Vertical velocities become more positive, and there is
therefore greater upwelling, as the size and frequency of the waves are
increased. Additionally, the vertical velocities are dissipated faster under
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current-only flow compared to wave-current flow. By 3 rotor diameters
downstream from the turbine, the area of upwelling has dissipated and become
downwelling under current only flow. Under 1Hz, 6cm waves with current, the
area of upwelling has mostly dissipated by 3 rotor diameters downstream.
However, under 1Hz, 10cm waves with current and 1.5Hz, 10cm waves with
current, the area of upwelling above the wake is still present up to 5 rotor
diameters downstream. This is in contrast with the results presented by Jesus
Henriques et al. (2015). The results by Jesus Henriques et al. (2015) showed
that both negative and positive vertical velocities dissipated faster under wave-
current flow conditions compared to current-only flow conditions. The significant
differences seen in the vertical velocity component in the results presented
herein are related to the presence of waves, which increases the vertical
movement of the flow as the waves move between wave crests and wave
troughs. The increased vertical velocities under wave-current flow increase flow

mixing and therefore aid in wake recovery.

There is little research to date studying the effects of waves on the flow within
the wake. However, Barltrop et al. (2006) studied the effect of wave height on
turbine performance, and the torque of the rotor is sensitive to the wave height,
in particular that of longer waves. Jesus Henriques et al. (2014) and Jesus
Henriques et al. (2015) noted that fluctuations occurred in the power and thrust
of the tidal turbine when the turbine was subject to wave-current flow, and that
these fluctuations occurred at the same frequency as the waves. It is therefore
important to understand that a change in wave frequency could impact the

turbine power and thrust.
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In the research described herein, it was observed that the rotor stalled under
large waves. Although this did not occur regularly, and did not appear to affect
the turbine wake, it could have significant impacts on the rotor performance.
Barltrop et al. (2006) observed rotor stalling under some wave-current flow
conditions, and noted that it reduced the turbine torque and increased the thrust.
In the research described herein, the rotor stalling only accounted for 0.1% of
the rotor revolutions under the 1Hz, 10cm waves with current flow conditions,
and is therefore unlikely to have had any significant impact on the wake

structure.

There are significant differences seen in the turbulence, normalised shear
velocity and shear stress (indicated using TKE and Reynolds stress) under the
different flow conditions explained herein. Whilst the normalised shear velocity
is lower under wave-current flow than current only flow, there is a significant
increase in turbulence intensities and shear stresses under wave-current flow
compared to current only flow, particularly under 1Hz, 10cm waves. Luznik et al.
(2013) indicated that increased turbulence and shear stresses are found in the
blade tip region in unsteady flow, which is consistent with the findings of the
results presented herein. The increase in turbulent kinetic energy under wave-
current flow conditions compared to current-only flow conditions will aid wake
recovery by mixing the free-stream fluid into the wake, which leads to the faster
wake recovery under the wave-current flow conditions (Myers and Bahaj, 2010,
Jesus Henriques et al., 2015). The increased turbulence intensity under wave-
current flow aids with wake recovery. The maximum turbulence intensity is
observed at 2 rotor diameters downstream, which is similar to the results
presented by Stallard et al. (2015), as shown in figure 6.20. The wake width can

be defined by the distance between the maxima of turbulence intensity.
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Therefore, as seen in figures 6.16 (a) to (d), the wake width is approximately 0.8
rotor diameters under 1Hz, 10cm waves with current, 1.5Hz, 10cm waves with
current flow conditions and current only flow conditions, and approximately one

rotor diameter under 1Hz, 6cm waves with current.
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Figure 6.20: Vertical profiles of turbulence intensity at X = 1.5D (@), 2D (O), 4D
(+), 6D (x), 8D (A) and 12D (). Curves indicate trend only (Stallard et al., 2015,
pp. 245).

The overall wake structure and velocity deficit can have implications, particularly
when building tidal turbine farms, as the spacing of the turbines within an array
will be affected by wake length and wake recovery (Myers et al., 2010, Jesus
Henrigues et al., 2015). The increased turbulence and shear stresses may lead
to enhanced wake recovery under wave-current flow due to enhanced mixing

(Luznik et al., 2013). These factors can therefore have implications for the
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spacing of turbines in arrays (Myers et al., 2010; Luznik et al., 2013; Jesus

Henriques et al., 2015).

There has been limited work undertaken which has attempted to characterise
the wake of a tidal stream turbine under wave-current flow, or to compare the
wake of a tidal stream turbine under both wave-current flow and current only
flow. To the authors’ knowledge, no research has been conducted to date which
investigates how the wake of a tidal stream turbine differs under the wave crest
and the wave trough. Previous research has investigated the impact of wave-
current flow on TST performance (e.g. Gaurier et al., 2013; Payne et al., 2015)
but these do not focus on the flow dynamics or characteristics downstream from

the tidal stream turbine.

The limited research which is available shows that wave-current flow affects
both the wake velocity (Jesus Henriques et al., 2015) and also the output and
loading of the tidal stream turbine (Jesus Henriques et al., 2014). The impact of
wave-current flow on turbine loading was not measured as part of this research.
However, a number of studies (e.g. Barltrop et al., 2006; Gaurier et al., 2013;
Luznik et al., 2013; Galloway et al. 2014) have looked at the effect of wave-
current flow on turbine performance. It was identified that surface waves have a
significant impact on the power production and blade loading of the turbine
(Luznik et al.,, 2013), and that the main issue surrounding wave-current
interaction with tidal stream turbines is not an impact on power output, but the
effect that the loading will have on the turbine life (Galloway et al., 2014). Wave-
current interactions can cause large additional loading on turbines compared to

current only flow, and can therefore lead to accelerated fatigue of the turbine,
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and must therefore be taken into account when designing tidal stream turbines

(Gaurier et al., 2013; Galloway et al., 2014; Payne et al., 2015).

6.5 Conclusions

Detailed flow maps of the stream-wise, vertical and cross-stream velocity
components have been presented for the ensemble average of 4 different flow
conditions, as well as the stream-wise velocity components for the wave crest
and wave trough of the three wave and current flow conditions. The TKE, an
estimate of shear stress, and the Reynolds stress (u'w') have also been

presented for the ensemble average of the 4 different flow conditions.

The results show that the TST wake is significantly affected in terms of the
stream-wise velocity deficit as a result of the wave-current flow compared to the
current only flow. The TKE and Reynolds stress downstream from the rotor are
significantly increased under wave-current conditions, and this further increases
with increasing wave height. The results demonstrate that the effect of wave-
current flow on the wake behind a TST is significant and therefore
understanding the impact of wave-current flow on tidal turbines and the wake
behind a turbine is important, particularly as it may impact turbine placement
and turbine design. Moreover, the wake structure dependence on wave height
and flow conditions highlights the need to account for wave-current conditions in
TST array design in order to maximise array performance across a range of
wave-current conditions. As such, there is a need to better examine a range of
wave-current conditions across a set of parameter space to better inform and

guide TST deployments in various environments.
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Chapter 7

Conclusions and Future Work

The research presented herein has investigated the flow field around a small
scale tidal stream turbine, and attempted to understand the wake of a tidal
stream turbine, and the impact of various flow conditions on the wake flow field,

as well as the impact of the turbine on the bed.

The results presented herein show a cross-stream asymmetry and transverse
drift in the turbine wake, with a greater velocity deficit on the left hand side of
the centreline, compared to the right hand side of the centreline. At 1.5 rotor
diameters downstream, the normalised stream-wise velocity is 5% greater on
the right hand side of the channel at the vertical centre of the rotor. However, by
4 rotor diameters downstream, the normalised stream-wise velocity is
approximately 10% greater on the left hand side of the channel compared to the
right hand side of the channel at the vertical centre of the rotor. The cross-
stream asymmetry and drift observed in the wake would have implications when

determining the lateral spacing of turbines within a channel.

It has been determined that the proximity of the turbine to the channel bed has
a significant impact on the wake downstream of the turbine, as well as on the
scour of sediment beneath the turbine. Positioning a turbine too close to the
channel bed leads to an increase in turbulent kinetic energy and significant
sediment scour. The near bed turbulent kinetic energy is approximately 65%
greater at 4 rotor diameters downstream, compared to immediately downstream
from the rotor when the rotor is positioned close to the channel bed. Conversely,

the shear velocity decreases downstream when the rotor is positioned close to
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the channel bed. The normalised shear velocity beyond 3 rotor diameters
downstream is below the observed critical threshold for sediment transport, and
is approximately 50% of the normalised shear velocity immediately downstream
from the turbine. Positioning a turbine in close proximity to the channel bed
leads to a greater velocity deficit within the wake, and a longer wake length. It is
therefore necessary to consider the vertical placement of tidal stream turbines

within the channel.

It has been shown that the presence of waves significantly affects the wake of a
tidal stream turbine, and would have significant impacts on the turbine
placement within a channel. Under wave-current flow, the wake length is
considerably shorter than under current flow. However, due to the impact of the
waves on the flow and turbine, it would be necessary to locate the turbine lower
in the tidal channel to minimise these impacts. However, this would then need

consideration of the scour that may occur on the bed.

The results presented herein show that the near bed turbulent kinetic energy
under the ensemble average of 1Hz, 10cm wave-current flow conditions is
approximately 40% greater than the near bed turbulent kinetic energy under the
other flow conditions presented in this research. The turbulent kinetic energy is
slightly higher under the wave crest compared to the wave trough. However, the
near bed turbulent kinetic energy under the wave crest and the wave trough is
approximately 3 times lower under 1Hz, 10cm wave-current flow conditions
compared to the other flow conditions. The normalised shear velocity is
approximately 30% greater under current only flow conditions than wave-current
flow conditions up to approximately 1 rotor diameters downstream. Beyond this,

the normalised shear velocity for the ensemble average is similar in all flow
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conditions. The normalised shear velocity is greater under the wave crest than
the wave trough for 1Hz, 10cm wave-current flow. Under the remaining flow
conditions, the normalised shear velocity is greater under the wave trough than

the wave crest.

There are disparities seen in the results presented herein between using the
turbulent kinetic energy or the normalised shear velocity as measures of shear
stress. The turbulent kinetic energy takes into account the stream-wise, cross-
stream and vertical velocities, whereas the normalised shear velocity only takes
into account the stream-wise velocity. This may account for some of the
discrepancies seen between the two methods. The methods used for estimating
shear stress would need to be investigated further to determine the most

suitable method for estimating bed shear stress.

The results presented herein show that consideration needs to be given to
vertical placement within a channel, both to maximise turbine performance, and
to reduce the potential for the turbine to cause bed scour. Figure 7.1 shows an
updated version of figure 3.1, which has been modified to present additional
information based on the results presented herein. It shows the predicted
differences in turbine performance when the rotor is positioned at various
heights above the bed under a range of flow conditions. Under all flow
conditions, it is expected that the turbine performance increases with distance

from both the water surface and the bed.

Near the water surface (s), the wake and turbine performance will be affected
by the wave amplitude and the rising and falling tides. In the results presented
herein, only one flow depth was used, so it is not possible to fully determine the

impact of the rising and falling tides on the turbine wake. However, it was shown
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that waves affect the turbine wake. Although the turbine was not situated close
to the waves in the results presented herein, it is expected that positioning a
turbine too high in the channel would lead to the wake and turbine performance
being negatively affected by both the change in water depth that occurs with the
waves, but also from the motion of the waves themselves. When the turbine
was positioned at one-third of the depth, it was determined that the combined
current and wave conditions at this turbine height led to a reduced velocity
deficit, and 25% greater recovery by 5 rotor diameters downstream, compared
to current only conditions. Therefore, the optimal vertical position of a turbine

subject to combined wave-current flow would be slightly below mid-depth.

Turbine Performance

Figure 7.1. Diagram showing the predicted turbine performance under
differing flow conditions and turbine heights. Channel bed = /////]. Blue line
= performance under current only conditions at mean sea level. Green line
= performance under combined current and waves. Dashed green line =
area affected by water surface. Dashed orange line = area affected by bed
proximity. Dashed purple line = optimal placement. Diagram is not to scale

and is designed to be a representative estimate only.
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Positioning the turbine too close to the channel bed (b) must be avoided,
otherwise sediment entrainment can occur, and the wake length and recovery
can be negatively affected. In the results presented herein, sediment
entrainment occurred when the rotor was positioned at 0.6D from the bed,
which was one-fifth of the water depth. Increasing the distance between the
turbine and the channel bed reduced any interaction between the wake and the
bed. In the results presented herein, the majority of data was collected with the
rotor at one-third of the water depth. At this location, the bed effects and surface
effects were minimised. However, it would be possible to position a turbine
slightly higher than this, as long as the changes in water depth due to the tidal

range, and the wave amplitude, are considered.

The optimal vertical placement of the turbine within the channel requires
avoiding the water surface (s) and channel bed (b) to minimise the effects of
these, and the potential impacts of the wake on the channel bed. The ideal
range at which the turbine should be sited (0) needs to take into account the
varying flow depth due to the rising and falling tides, the effect of waves, and

the effect of bed proximity.

Further data collection with the rotor positioned at various heights under wave-
current flow conditions would be required to more fully determine the optimal
vertical placement of the turbine subject to wave-current flow conditions. It
would also be necessary to collect data with varying flow depths to determine
the impact of the varying tidal height. However, based on the results presented
herein, positioning a turbine slightly below mid-depth would be optimal under

both combined current and wave flow as well as under current only flow whilst
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allowing for the tidal ebb and flood. It would also minimise blockage from turbine

obstruction as flow can pass unrestricted both above and below the turbine.

The work presented in this thesis provides a large dataset of wake
measurements which can be used to compare with numerical models. Some of
the data presented herein has already been used as a comparison to numerical
models. However, further comparison of the experimental data with numerical
models would allow for validation of numerical models, and therefore greater

accuracy in their modelling abilities.

Data surrounding power and thrust of the turbine were not collected during this
work, as a result of the setup and turbine construction. It would be beneficial to
collect data for these parameters, and to be able to combine it with the flow data,
particularly under combined wave-current flow, where experimental data in that
research field is currently limited. This data is of particular importance as rotor
stalling was observed under large waves in the research presented herein.
Rotor stalling accounted for 0.1% of rotor revolutions in this work. Although this
is only a small percentage of the rotor revolutions, it should still be a
consideration when determining rotor performance when located in areas

subject to waves.

The effect of the tidal stream turbine on the channel bed was considered during
the experimental programme. It was determined that the rotor had a significant
impact on the bed sediment beneath the turbine, particularly when the rotor was
positioned close to the bed. However, it is important to consider different bed
structures, including different sediment types, as well as sediment with
vegetation, in order for the environmental impact of tidal stream turbines to be

better understood.
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Due to the experimental design, and significant ethical issues, it was not
possible to experimentally measure the impact of the tidal stream turbine on
marine fauna. It is of significant interest to the research field to fully understand
the potential impacts of tidal stream turbines on all areas of the environment.

Future work should attempt to model and understand these impacts.

This thesis has attempted to discuss the possible implications of placing tidal
stream turbines in arrays, as is likely to be the case when turbines are
implemented at full scale. However, the experimental programme did not collect
any data for an array of turbines. Further experiments should be conducted in
order to identify the impact of both the turbine wakes upon one another, and
also the impact of combined turbine wakes upon the flow and surrounding
environment (such as the channel bed). This would expand on the work by
other researchers, including Myers et al. (2011) who investigated the flow field
around turbine arrays with various turbine spacing arrangements. However, as
is the case with a large proportion of the research in the field, Myers et al. (2011)
used porous disks for the research, rather than a model tidal stream turbine,
and also did not consider the impact of wave-current flow on the flow field within

the array.
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